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Why do we need it?

The Failure of Classical Physics

The mechanics of classical particles and fields cannot explain the experimental facts of our world. In our
companion text, “Where Classical Physics Comes From” (henceforth “the Original” or “Orig.”), we found that
classical point particles of finite mass and charge do not have well-defined interactions with electromagnetism
or gravity and that extended rigid bodies, which can have well-defined such interactions, are inconsistent
with relativistic causality. Thus, we need a new theory of matter which is more dynamic, not squeezed
into a point state and not of fixed shape. Such matter can be described by a classical field, and that will
be how we get started with quantum mechanics. We also found in the Orig. that classical field theory
and statistical mechanics are incompatible, causing the Ultraviolet Catastrophe. Classical field theories do
not reach thermodynamic equilibrium at nonzero temperature. This and various related statistical prob-
lems will lead us from single particle quantum mechanics inexorably into our main topic: quantum field theory.

Quantum Confusion

For historical reasons, quantum mechanics is typically described in far more mysterious terms than other
topics in physics without a fundamentally good reason. High quality, sane, and nonmystical explanations of
scattered pieces of quantum mechanics exist in literature (and have existed for decades). This work hopes to
collect those pieces in one place to build a coherent story of how the quantum world works. I hope to convince
you that all of the important structures of quantum mechanics can be derived to the same degree that the
corresponding structures of classical mechanics can. Once you understand a slight shift in thinking, it will
just make so much sense. To summarize my perspective, I think quantum mechanics is just deterministic
unitary time evolution all the way down, and that the apparent randomness of the Born rule and collapse are
macroscopically emergent from statistical mechanics. I will base my case for this perspective on [1,7,36,38,54]
and the theory of decoherence. I will explain how this perspective is fully consistent with the various quantum
experiments (physical or thought), including Bell-type theorems. In this perspective, the Born rule and
collapse can be derived properly for some specific quantum systems (see the references, and we will explore
examples), but are very difficult to derive on fully general grounds. However, as we will show, they are
essentially the only possibilities consistent with ideal (maximally correlated, fast, macroscopic) quantum
measurement. In my view, this is analogous to how it is nigh impossible in classical (statistical) mechanics
to properly derive from the Liouville equation n that a generic interacting macroscopic system evolves in
time average toward the canonical ensemble, but because that ensemble is in many cases the only possible
equilibrium allowed by symmetry and factorization properties, it must be the answer.

Audience & Style

We will maintain all of the conventions and notations of the Orig. Each section has accompanying
homework questions. It is essential for understanding this work that you at the very least solve
the homework questions marked with x . In undergrad, Kyoungchul Kong told me to really claim to
have read a physics book you have to solve at least half of its homework questions; at the time I thought that
was too strict, now I see it is quite wise.

This book is physics graduate level in general and mainly oriented toward theory. The required math
background will mostly be vector calculus, linear algebra, differential equations, partial differential equations,
and complex analysis. When more advanced mathematics is necessary, references for learning will be given.
For students needing to refresh their knowledge of vector calculus, I suggest [13,14,58]; for linear algebra,
[20,41]; for differential equations, [8,60]; for partial differential equations, [40]; and for complex analysis,
[23] and [11].

This is a physics book. Mathematical deductions and derivations which culminate in “theorems” will not
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be proven or stated as rigorously as they would be by a mathematician. Some derivations and conclusions may
need to be rigorized to be satisfying to a mathematician. For example of the imperfections we will endure, we
will typically work as if all unspecified functions we are working with are analytic or at least smooth. We
will work with the Dirac delta distribution without a discussion of measure theory or a treatment of test
functions. We will commute limits without proving if it is safe to do so (although we will comment on some
places where it is not). We will only mention briefly the difference between Hermitian and self-adjoint and
then neglect the distinction. We may refer to the “position basis” and “momentum basis” even though neither
the position nor momentum “eigenstates” are in the Hilbert space of square integrable functions. I place a
high value on rigorous mathematics and so all “theorems” here are intended to be understood as “proven at
the standards of a physicist” by proofs which are “correct in spirit”. That is, when the proofs given lack full
rigor, there typically exist proofs which have a similar line of thinking starting from appropriately formalized
hypotheses but with full rigor which prove the appropriately rigorized conclusion of the theorem. That
rigorous conclusion will have the same meaning for all intents and purposes of this work. I have attempted to
the best of my ability to give results essentially provable by rigorous mathematics formulated in a way which
is more palatable to a typical physicist but which has not lost the heart of the underlying mathematics.

Geometry
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Figure 1: The map of the regimes of physical theories together with just some of the successes of each theory.

Outline

This text serves to finish the explaining Figure 1 as began in the Orig. There we developed three different
theories of the geometry of the universe: flat space with invariant time (Euclidean with Galilean Symmetry),
flat spacetime with invariant speed of light (Minkowskian with Poincaré Symmetry, and curved spacetime
with invariant speed of light (Lorentzian with Diffeomorphism Symmetry). We did so purely with classical
degrees of freedom (interacting particles and waves). Here we will develop the second row to fix the problems
of classical physics. In the resulting quantum theory, matter and all forces are different interacting modes
of one big wave on the space of classical configurations. These two independent selections of a theory of
geometry and theory of matter and forces lead to a grid of six different regimes of physics. Each regime but
the bottom right corner has known issues with theoretical consistency and/or matching experiment which
led to the discover of a new regime. For each regime I have selected a pair of concepts in red which are
experimentally necessary but theoretically at odds within that regime; reconciling these pairs requires the
discovery of the new regime it points to. Then, the new regime reduces approximately to the old regime
when the circumstance shown in green is valid. The bottom right corner, which by the logic of the diagram
would be our ultimate theory, is at this time not well understood theoretically and even once understood may
very well have new problems. It is also presently inaccessible experimentally. The overwhelming majority of
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ongoing physics research is done in the 5 “non-final” regimes, which each still contain exciting questions and
applications, not in the final one, which presently is too far out experimentally to warrant saying much about
with any confidence.

In Chapter 1 we will develop single particle quantum mechanics, in which a single matter particle is
described by a wave-packet, not a moving point. This chapter derives the fundamental results of single particle
quantum mechanics (and its interactions with electromagnetism) from basic definitions and symmetries. For
further exposition see [2,38,51]. As described, single particle quantum mechanics is just a classical field theory.
Quantum mechanics becomes deeper and more interesting when we start to think about the properties of a
multiparticle system. In multiparticle quantum mechanics the system is described by a single wave on the
space of all possible classical configurations of the particles, not by an independent wave in physical space for
each particle. This causes the statistical properties of quantum mechanics to be significantly different from
classical field theory. In order to resolve that statistical difference, we will develop quantum field theory and
we will find that that theory finally resolves the tension between statistical mechanics and classical fields. In
quantum field theory the entire universe is a single large quantum system.

Chapter 2 will derive the general structure of quantum mechanics and its common tools, such as density
matrices, the von Neumann equation, the difference between classical and quantum symmetries, the classical
limit, the theory of measurement, and the basic structure of quantum statistical mechanics. This chapter
establishes all of the most important formalism for going further with quantum mechanics in general.

In Chapter 3 we will take all of our general quantum mechanical tools to properly understand the
basics of quantum field theory. This chapter will develop the field representations of the Lorentz group,
spin-statistics theorem, the path integral, free field theory, and a few basic interacting field theories. These
interacting theories will serve as guiding examples to teach us how to do quantum field theory calculations
more practically, introducing renormalization and how to extract scattering observables from the path integral.
From this point [42,59] are very helpful supplements.

Chapter 4 will develop gauge theory, which is a general formulation of all three forces that are relevant
in particle physics, electromagnetism, the nuclear weak force, and the nuclear strong force. This will bring us
to a wonderful geometric view of all interactions while also giving us enormous power to do real calculations
of real observable processes in particle colliders.

Chapter 5 will combine quantum electrodynamics, quantum chromodynamics, and further fields (neutri-
nos, the Higgs, etc.) to form the Standard Model of particle physics, the most successful theory of physics of
all time. As a quantum field theory, the Standard Model is able to explain almost every phenomenon we
have observed in nature. We will also discuss briefly some proposed physics beyond the Standard Model and
discuss what the future of particle physics might hold.

Unfortunately, one of the most glaring failures of the Standard Model is its lack of a theory of gravity.
Chapter 6 will discuss why it is so difficult to adapt the Standard Model to include a theory of gravity and
discuss what are considered future prospects for how such a thing might eventually be done.
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Quantum Mechanics can be understood, and it can be understood by you.



Chapter 1

Single Particle Quantum Mechanics

If you feel a function ¥(t,T) is abstract, imagine a whole system
full of jello - beautiful green jello of the best transparency - and
Y(t, T) representing some disturbance of that quantum jello from
equilibrium. No position © moves. It is the jello that jiggles,

shakes, and twists, always and forever. It’s beautiful!
— John P. Ralston [47]

A new scientific truth does not triumph by convincing its opponents
and making them see the light, but rather because its opponents

eventually die.
— Max Planck [43]

If it’s not in your equations, it’s not in your theory.

Let’s fix the point particle problem. We found in the Orig. that interacting point particles tend to have
infinite energy, do not interact consistently with electromagnetism, and experimentally do not produce the
observed macroscopic properties of matter. The most obvious solution is to try particles with a non-zero
size. However, if the shape and size of a body are rigid then when one part of it moves the rest must
move correspondingly. Hence, a force applied at one end of a rigid body causes the other end to move
instantaneously, communicating faster than light. As such, exactly rigid bodies are inconsistent with causality
in relativistic theories. Therefore neither point particles nor rigid bodies are ultimately viable for fundamental
physics. The size and shape of matter must themselves be dynamical. We need a description about how much
matter is at each point in space which is allowed to change in time. That is, there will be some field(s) Q(¢, %)
which ultimately give the amount and configuration of matter at the location & and time ¢, a classical field
theory of matter. Of course, given the success of the point theory of matter under certain conditions, we also
need our field theory of matter to reduce to the point theory in those conditions. While when we modeled a
unit of matter as being a point particle we ended up with classical mechanics, when we model a unit of matter
as being a wave the theory we end up with is called single particle Quantum Mechanics. That name is a
probably a bit confusing, but over the course of this and the next chapter it will come to make sense.

Before continuing onto the details, we must take a moment to dispel some common misconceptions. In
this chapter we cover single particle quantum mechanics, meaning we will describe a single blob of matter by
a classical field (and will have it interact with stuff we already know about, like electromagnetism). Quantum
mechanics is more general and powerful than covered this chapter; it is the focus of this entire volume. Some
readers with prior studies are likely to object to thinking about quantum mechanics like a classical field theory
at all, but when considering a single particle it literally is so. They are different when considering multiple
interacting particles; we will get there next chapter. Less experienced readers are likely to be very confused
that linguistically quantum particle is corresponding to a classical matter wave. The world particle is used
because when our classical matter wave is only in a small region of space compared to all experimentally
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relevant length scales and all parts of the wave are moving at about the same velocity, the center of mass
and total momentum of that classical matter wave approximately satisfy the classical particle equations of
motion (we saw the first sign of this fact in the Original in problem 4.48 and will prove it more generally
in section 1.5). Under those circumstances that wave is said to be “in the classical limit” and the relevant
physical consequences are generally accurately described by classical point-particle theories. Remember that
particle in general does NOT mean point-particle. It means the constituents/ingredients of our physical
description, not a moving point in space. A point-particle is a specific model of matter particles which has for
more than a century now been known to be WRONG at the level of fundamental physics.

What does the name quantum theory mean? The full definition will come next chapter, but for now we
can take it to mean anything described by the Schrédinger equation (or the related von Neumann equation)
introduced in section 1.2. That equation is enormously generic. Quantum theory translated into less magical
sounding words would just be called “generic Hamiltonian linear wave theory”. Readers are likely to encounter
some of the following claims about quantum mechanics:

1. Electrons are point particles which instantly jump between discrete atomic orbits (the Bohr model).

2. Everything in quantum mechanics is discrete. The action of any quantum system can only ever be a
half-integer multiple of Planck’s constant i (the Bohr-Sommerfeld theory).

3. Due to the uncertainty principle! it is impossible to know both the position and momentum of a particle
at once. Knowing one makes knowing the other impossible.

4. An electron is both a wave and a point-particle at the same time except when you don’t look at it
because then it is neither and except when you do look at it because then it chooses to be one or the
other (wave-particle duality as it might be described in a popular science magazine).

5. When an observable is measured, the system instantaneously, fundamentally randomly, and in a way
which cannot be explained collapses to an eigenstate of the operator representing that observable and
the experiment records the corresponding exact eigenvalue of that eigenstate as the measured value
(naive collapse postulate).

6. Nobody really understands quantum mechanics. — Richard Feynman [18].

These are a few among many similar common paradoxical statements about quantum mechanics. Each
of these statements is somewhere between misleading and completely wrong. They are based on an incom-
plete understanding of both the math and physics of quantum mechanics from a century ago. These have
long since been explained by much clearer and more reasonable thinking. That thinking has so far failed
to propagate into lower level courses, unfortunately, or into the minds of people who just “shut up and
calculate”. The era from 1900-1925 was bizarre. Problems with classical physics were known but the actual
equation defining quantum mechanics (the Schrédinger equation) was not discovered until 1925. For 25 years
many physicists said a great deal of wrong, or at best deeply confused, things now called “old quantum
theory”. Old quantum theory is NOT the basis of modern quantum mechanics at all and learning
it is mostly actively detrimental to your physics education. While it may be interesting from a historical
perspective, it is not helpful for understanding quantum mechanics. Because science is iterative and gradual
and it takes time to iron out inconsistencies and change minds, many scientists continued to think about
and teach quantum mechanics using old quantum theory terms while presenting actual quantum mechanical
equations even well after 1925. Actual quantum mechanics contradicts old quantum theory in countless
fundamental ways and old quantum theory was never a coherent theory to begin with, just a loose collection
of claims. The tension between those claims has caused enormous confusion for many years among students
learning quantum mechanics. This confusion is rooted in history, not physics, and is not necessary for you
to experience. I will briefly? respond to the above misconceptions, with the fullness of detail to come from

1Readers familiar with quantum mechanics are likely to have been taught to use the name “Heisenberg uncertainty principle”,
named after Werner Heisenberg, who was the scientific head of the Nazi nuclear program. While that program failed, his
willing participation and persistent nationalism during the Nazi era make him, in the author’s view, ineligible for veneration,
rehabilitation, or apologism.

2Here I am a victim of Brandolini’s law: the amount of energy needed to refute bullshit is an order of magnitude bigger than
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reading the rest of this book.

1. In 1925 the Schrédinger equation completely replaced the “old quantum theory” Bohr model of the
atom. While the Schrodinger equation does have resonances (specific frequencies it responds very
strongly to), it contains no instant jumping nor a discrete response to external sources. The Schrodinger
equation is fully consistent with experiment and produces atomic solutions that are smooth in space
and time. The resonances of the Schrédinger equation lead to macroscopic behavior which is jump-like
on macroscopic time scales but fully continuous on microscopic time scales.

2. Space, time, the action, energy, the fields, the observables, nearly everything in quantum mechanics
is continuous. Quantum mechanics is actually more continuous than classical mechanics, because it
is about waves, not discrete point particles. Some systems have discretely separated eigenvalues, but
that does not correspond to having discrete physical properties. For some simple integrable systems
those eigenvalues can be calculated approximately using a mathematically souped-up Bohr-Sommerfeld
method that explains why that approzimation ever gave any useful results and why usually it doesn’t.
You should completely drop the old quantum theory belief that everything is discrete.

3. The uncertainty principle is not about measurement. The unqualified “position” of a body of finite
size is not uniquely defined. Nobody believes it is a deep principle that you cannot know the exact
definite position of a coffee cup. It is exactly as true as saying you cannot know the exact position of
an electron. There are infinitely many points on a coffee cup I could call the position; because it is
spread out in space it has no definite position. However, the center of mass position of the coffee cup
is perfectly well defined and can be known arbitrarily well. Similarly, while there are infinitely many
points you can call the position of a wave, the center of mass position of that wave (such as an electron)
is perfectly and exactly well defined and can be known arbitrarily well. There is no fundamental tension
between defining the center of mass position of a wave to any given precision and defining the total
linear momentum carried by that wave to any given precision.

When stated properly, the uncertainty principle is actually just a theorem of mathematics (proven
in section 1.5). A wave cannot be both a Dirac delta §(z) (meaning all located at one place) and a
plane wave (meaning consisting entirely of one wavenumber) e*** at the same time. This is as obvious
as it sounds. One can do a bit better and show that the closer to being a Dirac delta a wave is, the
further it is from being a plane wave, and vice versa; there is a precise bound on how close you can be
to one for a given closeness to the other. There is a purely mathematical a limit to how scrunched up a
wave can be in space for a given range of wavenumbers it is allowed to be a linear combination of.

The uncertainty theorem only connects with physics in the classical limit (the limit that a quantum
system approximately behaves like a simpler classical system). Under circumstances where a wave packet
behaves approximately like a localized particle, how spread out a wave is in space (call the characteristic
spatial width o) has to be much smaller than our experimental length resolution w,. (Otherwise you
would see the wave having obvious finite size, so not approximately point-like.) How spread out a wave
is in Fourier space (call the characteristic Fourier width o) tells you about relative velocities between
different parts of the wave, because as we found in Orig. problem 4.43 the wavenumber can be used to
compute a wave’s group velocity. When a wave contains many wavenumbers, its different parts will
move at different speeds, dispersing it in space. If the classical limit is to be a valid approximation for a
given experiment, the wave packet needs to remain approximately spatially localized and so we need it
to also be approximately localized in Fourier space to limit its dispersion. Therefore, the classical limit
requires that both o, and oy, are small with respect to our experimental resolutions. The uncertainty
theorem gives a limit on how small ¢, and o} can simultaneously be, and thus sets a limit to how good
of an approximation the classical theory can be to the full quantum theory.

4. The above explanation hopefully helps you develop the intuition that an electron is always described
by a wave equation and that only under the circumstances of the classical limit can we approximate
that wave by a localized classical particle. We still tend to call the electron a particle, in the sense
that it is a basic constituent of the theory, but it is never a point-particle. This real and self-consistent
statement of the wave-particle duality is sometimes called the “opticomechanical analogy” and it is just

that needed to produce it.



Scheopner 4 1.1. Linear Algebra of Fields

the observation we made in Orig. problem 4.48 that under suitable approximations the center of a wave
packet moves around like a classical particle.

5. Effectively random instantaneous collapse is a macroscopic approximate phenomenological description of
the results of some measurement devices. In a real measurement process the system of interest interacts
with a measurement device. Because quantum systems are very small compared to real experiments,
which are always done in a thermal background of many degrees of freedom in which statistical me-
chanics is relevant, measurement of individual events in quantum mechanics has to be treated with
statistical mechanics. The full system can be treated with continuous deterministic quantum time
evolution, will the statistical properties Born rule can emerge dynamically for the measured system
from this description. Collapse to an eigenstate is a situationally appropriate approximate model of
some measurements after a finite amount of time. This will be explained in sections 1.5.5 and 2.4, based
on [1,7,36,38,54].

6. Feynman’s quote is from 1964. Maybe when he said it almost everyone was confused. Sixty years
of science have been done since then and his view, given when my grandparents were children, does
not represent the present. Many essential technologies of the modern world work only because of how
incredibly well we understand quantum mechanics. Do not fall victim to magical thinking. The day
you do, you have turned from a scientist into a priest. This is the 215 century. This is the century
when everybody must understand quantum mechanics. — John P. Ralston [46].

1.1 Linear Algebra of Fields

Call the field we will use to describe matter Q(t, Z) and its conjugate momentum field P(¢,Z). We don’t
really know at this point whether @ should be single number valued (like the scalar potential), spatial vector
valued (like the vector potential), or something else. So, for now we will proceed allowing ) to have an
arbitrary unknown number of components. Still then, Q(¢,Z) at a fixed point in time is a vector valued
function of position (in the math sense, meaning an element of some vector space, not in the sense of a vector
in space or spacetime). Let us call the vector space that @ at a particular (¢,Z) lives in Hju (¢, Z) so that
Q(t, %) : R x R — Hi,, (in d spatial dimensions). This Hiy is called the “internal space” or space of internal
degrees of freedom. We notate Hiy (¢, &) with the (¢, &) simply to indicate that because @ is defined at each
(t,Z), there is a different “copy” of the vector space Hiy at each (¢, Z). The set of vector valued functions of
Z with addition and multiplication by constants is closed under such operations and so itself a vector space
which we will call H(¢). That is, Hj, is the space of possible values of Q(¢, %) at a particular (¢, Z) whereas
H{(t) is the space of all configurations of the function Q(¢,-) at a particular time.

Recall the defining feature of the Dirac delta:

f(f):/sf(f’)é(f—f’)ddf’. (1.1.1)

That is, any function f can be written as a linear combination (integral) over itself times the Dirac delta. If
we view the function f(Z) as a vector in the vector space of (locally integrable) functions, then (1.1.1) says
that any (locally integrable) function can be written as a linear combination of deltas with different centers
(the center of a delta is the location of its peak) with appropriate coefficients (those coefficients being the
value of the function in question at the center of the corresponding delta). As such, this means that the
deltas form a basis of the vector space of (locally integrable) functions in space. We call the vector space of
functions we are considering Hg where S is for space. This motivates introducing so-called Dirac notation
to make the linear algebra here more apparent. In Dirac notation, we write |Z) to mean a Dirac delta with
center at location &, a specific point in space, and |f) to mean a specific element f(Z) in the vector space of
functions. Rewriting (1.1.1) in this notation:

= [ r@matz (1.12)

This simply makes the thinking more clear: |f) is a linear combination of the basis vectors |Z) and the
coefficients in the expansion are f(Z). & is like an index which is summed over, just like when we first
developed classical field theory. This notation is also very useful for writing inner products. For two real
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vectors @ and ¥ with components u* and v® in an orthonormal basis, the inner product is defined as:
D
iv=Y u". (1.1.3)
a=1

. 7 def _, . .
This allows one to define @7 = @ as the “row vector”, “dual vector”, “covector”, or “linear functional”

(depending on your favorite flavor of name) as the object which when matrix multiplied onto ¥ returns the
inner product:

AT (1.1.4)

In the Dirac notation, the dual vector to |f) is written as (f|. Because our vector space now has a
continuous basis, the sum in (1.1.3) becomes continuous (and so is an integral). Hence the inner product on
the vector space of real valued functions is defined as:

(f]g) % / F(@)g(@)d". (1.15)

For complex vectors, the mathematically convenient definition of the inner product is slightly different.
The complex inner product in an orthonormal basis is defined by:
D
@5 ut,. (1.1.6)
a=1
The space of complex numbers is equivalent to the plane of ordered pairs of real numbers (identifying the real
and imaginary parts as the components of the ordered pair) along with a multiplication rule (the definition of
complex multiplication). As such, we can think of a complex vector of complex dimension D as a real vector
of dimension 2D. We can see why this definition of the complex inner product is natural by looking at what
it does to two 1 dimensional complex numbers a + ib and ¢ + id:

d

Thus, the real part of the complex inner product matches the real inner product of the real vectors formed
from the complex numbers and the imaginary part matches the signed area of the parallelogram spanned
by those real vectors. Both the real and imaginary parts of the complex inner product carry geometrically
meaningful information about the vectors!

For complex valued functions f and g then we define the inner product by:

(flg) < / J*(@)g(@)d". (1.18)

Following from the definition of the inner product and |Z):

(a+1ib) - (c+id) = (a — ib)(c + id) = ac + bd + i(ad — bc) = (a,b) - (¢, d) + idet (2 b) . (1.1.7)

(@2 = /5@ —@No(@ — )T = 5(& — ) (1.1.9)
S
@l = @l [ 1@ = [ p@aeas = [ f@se-aes =@ a1
oV (Z|diz|f) = [ |ZVE|f)diE = [ |@)f(@)dE = |f). 1.
[@@atan = [1o@nas = [1os@as =10 (1.111)

Equation (1.1.9) is what we mean by an orthonormal basis on our vector space of functions Hg. Equation
(1.1.10) gives a way to think about the explicit function f(Z) just as the inner product (Z|f). Equation
(1.1.11) shows that acting [ |Z)(Z|d*Z on any element of Hs space returns that element. Hence, it is the
identity operator on His:

[ 1@tz =1 (11.12)

This is called the completeness relation.

We let |Q(t)) € H(t) be our field configuration at a specific time. When we look at that field configuration
at a specific £ (which in this linear algebraic perspective is done be considering its coefficient on a Dirac delta
centered at that ), the result is in arbitrary Q(¢,Z) € Hiye. This vector in Hiyg can be decomposed into its
components in a basis of that space. An arbitrary |Q(t)) € H(¢) thus is a linear combination of a product of
basis elements of Hg (Dirac deltas in space) with basis elements of Hj,;. This is precisely the structure of a
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tensor product! So, H = Hs ® Hj,t. At this point it is a good idea to revisit Orig. section 4.7.1 and Orig.
problem 4.74 to better understand tensor products.

When the field @ is real and has multiple components, (Q)| is still defined as a vector in the dual vector
space so that the inner product matches the existing definition:

(Q| defined so that for all |Q") : (Q|Q") = /QT(f)Q’(f)ddf. (1.1.13)

s
Here the transpose is taken on the internal space. For complex valued fields this generalizes exactly as before:
@ (QIY) = /S(QT)*(f)Q'(f)dd*: /SQT(f)Q’(f)ddi (1.1.14)

The complex conjugate of the transpose is clunky to write, so in the above we introduced the Hermitian
adjoint or conjugate, notated with the dagger: Qf = (QT)*.

In Dirac notation, we think of fields as vectors in an infinite dimensional vector space (there are infinitely
many choices for Z) allowing us apply the results about the analytical mechanics of vectors. There are some
significant technical details necessary to properly extend results of finite dimensional linear algebra to infinite
dimensional vectors spaces that we won’t cover. There will be some theorems and results for which we give a
finite dimensional argument and then just assume the corresponding infinite dimensional result holds. This is
because proving the infinite dimensional result in that case would be extremely technically challenging and
for our purposes not worth the extra effort. See [6] for a proper introduction to functional analysis.

Since we gave our vector space an inner product, we can use it to define the norm ||7| or length of a
vector [¢) in the standard way by the by non-negative square root of the inner product of a vector with itself.
Having a norm then allows us to define the distance d(u,v) between two vectors |u) and |v) by the norm of
their difference. That is:

9] € V@R, du,v) € Ju—ol|. (1.1.15)

We will find in the next section that we will naturally be considering fields of finite norm as our vector space
of functions Hg. Such functions are said to be square-integrable because finite norm is thus equivalent
to their magnitude squared having a finite integral over all space. A technical but mathematically essential
property of the vector space of functions with finite norm is that any sequence of such functions so that the
distance between neighboring functions in the sequence limits to 0 itself limits to a function which also has
finite norm. Thus, said space is called “complete” as it is closed under this class of limits. A vector space
which both has an inner product and is complete in this sense is called a Hilbert space.

Theorem 1.1: Linear Algebra of Fields

A field theory with configuration fields Q(¢,Z) of finite norm can be represented as a vector |Q(¢)) in
a Hilbert space in the Dirac notation by:

(1)) = /SQ(t,f)\f>ddf (1.1.16)

where the vector |Z) corresponds to a Dirac delta centered at & and the inner product on the Hilbert
space is given by:

o) = [ 1@a@)i's (1.1.17)
The |Z) states satisfy the orthogonality and completeness relations:
(@2 = 6(F — &) / |Z)(Z|d?Z = 1. (1.1.18)
S
Exercises

Problem 1.1: Practice with Dirac notation. Consider a system in 1 spatial dimension with trivial
internal space (and so with the Hilbert space of square-integrable functions of one real variable). In particular
consider the following two vectors in H:

B e S e I T
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for positive constants o, N1, Ny and real constants p1, k1, p2, k2. Compute the following:

[l [[¥2]], (V1l2),  d(¥1,¢2).

Identify what values of Ny and Ny make |¢1) and |¢2) have norm 1. Using geometric thinking about the
nature of the inner product defined in the section, try to come up with a reasonable definition of the angle ¢
between the vectors |1;) and |¢3). Find a formula for that angle and compute it for this example.

1.2 Schrodinger Equation

The argument of this section is based on [45]. Now that we have reformulated our field theory as a
vector theory in an appropriate Hilbert space, let us study the general Hamiltonian for a vector of arbitrary
dimension. We let @ be our coordinate vector (on the configuration space, a vector space of dimension D,
potentially infinite) and P be our conjugate momentum (making phase space a vector space of dimension
2D). Because we would ultimately like to find a wave theory of matter and the properties of matter do not
inescapably grow with time, our theory should be stable in the sense that finite initial conditions should
remain finite for arbitrarily long times. Consequently, this guarantees that our system has an equilibrium
point (a point in phase space so that if we start at that location, we stay at that location forever) [50]. Let us
define (@, P) so that (0,0) is such an equilibrium of our Hamiltonian (if in some coordinates this were not
true, we would define new canonical coordinates equal to the old ones with the coordinate values of such an
equilibrium subtracted. Subtracting constants is a canonical transformation so this is always possible). Then,
we can Taylor expand the Hamiltonian nearby equilibrium and apply the theorem of normal modes (Orig.
Theorem 1.14). Doing so, we know that in appropriately chosen canonical coordinates our Hamiltonian can
be written as a series of decoupled harmonic oscillators, up to corrections which are at least cubic in our

canonical variables:
D

b
H(Q, P) = Z (G;Qi + ;P,f) + Higher Order Terms (1.2.1)
k=1
for constants a, and by with the property that agbg > 0 for each k. Now define wy, so that:

wr = v/ apbrsgn(ak) (1.2.2)

and make the complex canonical transformation known as John (Ralston)’s Quantum Map to new coordinates
¢, and momenta ¢,, defined by:

1

1 ((aa\" . (ba)? (b (e )

You can check quickly that these new coordinates (¢, ¢y, ) are indeed canonical (i.e. they satisfy the canonical
Poisson brackets with each other). Writing the Hamiltonian in terms of them (dropping higher order terms):

M= %anQansn = an(ﬁz@bn = an|¢n|2 (124)

By (1.2.3), ¢, = ¢}, the conjugate momentum can be written in terms of the complex conjugate and so the
complex numbers ¢,, determine the entire state.

Now define a D dimensional complex Hilbert space with basis vectors |ng) written in components as
column vectors so that [ng) has 0’s in each entry except entry n and has entry n equal to 1. (The meaning of
the subscript Q in |ng) will be made clear shortly.) As well, define |¢) as a vector in this Hilbert space and
(| as a vector in the dual Hilbert space by:

6) = oulna), (ol =D @nlnal =Y i¢h(nal =i(4]. (1.2.5)

By defining the angular frequency operator we can give a basis independent expression for H:
A A 1 N N
Q=Y walna)(nal = OF = H = ~(plQe) = (9IQ9). (1.2.6)
n
It is now natural to see why the Hilbert space of fields with finite norm is of interest to us. If (¢|¢) is not finite,
the H is liable to also be nonfinite as we could make |¢,|? arbitrarily large for a particular n. Thus, because

we are physically interested in finite energy states we also take ($|¢) to be finite. We can see clearly what is



Scheopner 8 1.2. Schrédinger Equation

the motivation for the subscript  on |ng). It is a notation to help remember that [nq) is an eigenvector of
the ) operator:

Qlng) = wnlnq). (1.2.7)
From our Hamiltonian, we can compute the Lagrangian:
L= gnbn —H =i(6]d) — (6]00). (1.2.8)
n

Hence, any stable Hamiltonian to quadratic order can be written in the form of (1.2.6) or correspondingly its
Lagrangian can be written in the form of (1.2.8) as long as we make sufficient variable transformations to find
the appropriate expression for |¢). It is important to note that we started with the real configuration space
vector space of dimension D, went to the real phase space vector space of dimension 2D and then mapped
that phase space down into a complex vector space of complex dimension D. The appearance of complex
numbers was completely unmysterious. We introduced them in a coordinate transformation to organize an
equation nicely. With the Lagrangian and Hamiltonian we have found, we can now create a field theory for
matter in a weak field limit about equilibrium in the correct coordinates. That is, our field theory for matter
is defined by whatever |¢) and  are.

So far in this section we have worked under the assumption that the Hamiltonian # for our field would
have time translational symmetry (because we believe that to be a true symmetry of the universe). However,
when our field interacts with external forces we know from experience it may be interesting to consider an
explicitly time dependent Hamiltonian to capture at least some of those external effects. So, sometimes
we will find it useful for the angular frequency operator Q to be explicitly time dependent. When Q( ) is
explicitly time dependent the eigenvectors |ng(t)) will generally also be time dependent. This makes them
usually an inconvenient basis to use for computations. It will be important for us to understand how to make
calculations in a generic constant basis of orthonormal vectors |n):

(n|n'y = Gpnr. (1.2.9)

Because the |n) form a Hilbert space basis, \qb) can be written in terms of them for some coefficients ¢,,:

= |¢) = > _((nl))In) = <Z|n n|> 6) V¢) = ) |n}n|=1. (1.2.11)

n
As we are now in a generic orthonormal basis, these ¢,, are not the same ¢,, used before in the |ng) basis.
For the rest of this section whenever we write ¢,, we will always mean ¢, as defined in this constant arbitrary
basis. In an arbitrary basis we define the matrix elements of ) as:

Qi (t) = (n|Q(t)|E). (1.2.12)

Notice in (1.2.6) that by construction Qs equal to its own complex conjugate transpose (adjoint) and so is
called self-adjoint. Because of this:

we = (IR = (KO In) = (k|QUn) = Q. (1.2.13)
Using the completeness relation in (1.2.11) we have:
(6129) = ZZ oln) (n|2|k) (k|¢) = Zﬂnkqb .- (1.2.14)

With this our Lagrangian becomes:
L= Ghon— > Qurdon. (1.2.15)
n nk
This gives the equation of motion for the theory:

oL d 9L ! g
i i — ;an% =0 = id, = ;Qnmk. (1.2.16)

In terms of the Dirac notation this becomes:

i) = idnln) =D [n)Qurdr = Y [n)(n|QUk) (k|@) = Qo) = ild) = Q¢). (1.2.17)
nk nk

n
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The conjugate Euler-Lagrange equation gives the equation of motion for (¢|:

oL d oL S . . A

—— —— == Qn — 198 =0 = i) = — Qrndy, = (| = —(9|Q. 1.2.18
We can put the whole theory into a bit more refined form using some properties of the equations of

motion. Notice that our equation of motion always conserves the magnitude of the state vector in time:

@016 = 200y 4 (6102 = _Lig1019) + Hai0e) = 0. (12.19)
Because this magnitude is constant, we can divide it out of the theory. Define Planck’s constant® h:
hE (Glo) = lonl* >0 (1.2.20)
and the normalized state vector |): '
W) & i) = W) = 1. = £ = iml) ~ K. (1.2.21)
From the first term of this Lagrangian and using that (¢|¢)) = 1, we can identify the units of h:
[£] = (][ ]))] = % = [h] = [5] (1.2.22)

where T is the unit of time. That is, i has the same units as the action. We introduced the symbol h
previously in Orig. problem 4.48, in Orig. (5.2.4), and in Orig. (5.12.93); this is not an accident. The % in
Orig. (5.2.4) was allowed to be any positive constant with the units of the action, and we take from now on by
definition that % to be chosen to be the same h appearing in the Schrédinger Lagrangian. Electromagnetism
is a field theory with a quadratic Hamiltonian and so by the argument of this section can be put into the
form of the Schrodinger equation (in fact the homework questions in Orig. section 4.4 basically do this) and
so the h appearing in Orig. problem 4.48 enters the same way it does in the Schrodinger Lagrangian. It isn’t
obvious right now that the h introduced in Orig. problem 4.48 has the same value as the h introduced in
the Schrodinger Lagrangian in general. At the level of classical field theory, there is no reason these values
should be related, because h is capturing the overall magnitude of the field as an arbitrary initial condition.
However, it will turn out that due to quantum field theory, everywhere we used h in the Orig. it really is the
same h. We will derive that fact in part at the end of this chapter and finish properly doing so next chapter.

For now, we just observe that we can divide out h, some positive constant parameter of the theory, from
the field magnitude and that doing so results in an overall multiplier on the Lagrangian. Having |¢) set so
that (1|¢) = 1 is said to “normalize” |¢). Now then our Hamiltonian is given by:

H = (8IQe) = (V[RQI) = (Y| H|v) (1.2.23)
where we have defined the Hamiltonian operator:
H(t) =nQ)(t) = H' =H. (1.2.24)

This gives us:

Theorem 1.2: Lagrangian for the Schréodinger equation

There exist coordinates in which a generic stable lowest order (i.e. quadratic) field theory is described
by a complex field (¢, Z) in a Hilbert space satisfying:

(Ylv) =1 (1.2.25)
with Lagrangian given by:
L= il(y|) — (Y[ H (b)) (1.2.26)

where i > 0 is a constant and H is a self-adjoint operator called the Hamiltonian operator which
defines the dynamics of the theory. Correspondingly the conjugate momentum 7 and Hamiltonian H

30ften A is called the reduced Planck’s constant and 27h is called Planck’s constant; we will not do this.
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are given by:
oL t .
=G =it A= () - L= i) = (x| 1), (1.2:27)
The state |¢) then satisfies the Schrodinger equation:
oL d oL . . | . .
—— — ——— =ihlY) — HlY) =0 = dhly) = H 1.2.28
0] @) ) — H|¢) ) = H|¢) ( )
and its adjoint satisfies the adjoint Schrodinger equation:
oL d oL d
_ == H——Zh 20 = ih H. 1.2.29
oy " aia = (vl (Wl = —l (12.20)

The Schrédinger equation of motion (1.2.28) is the central equation of all of quantum mechanics.
Going forward, we will generally call 1)) the wave vector or state vector and (¢, Z) the wavefunction. We
will not retain the use of the symbol ¢ as used in this section past this point and will consistently stick with
only using 7. You might object that the Lagrangian in theorem 1.2 is not real-valued, which does seem odd
considering we arrived at it through canonical transformations of a system initially in real variables. However,
it is actually real-valued up to a total time derivative and so can be made real-valued with an appropriate
surface term. In particular:

£= () — SR — (1) + < (in{le) (1.2.30)
o D () — (1)) — e ) = —Alm((l) — (1] (1.2.31)

which is now manifestly real-valued. (Here we recall the notation in the Orig. that ~ between Actions/La-
grangians/Hamiltonians indicates equivalence up to adding a surface term.) In order to arrive at the
Schrédinger equation we dropped all possible terms in the Hamiltonian above quadratic order. We will show
next chapter why in a truly fundamental formulation of quantum mechanics no such terms appear. But,
single particle quantum mechanics, which is just an effective theory for that more fundamental formulation,
can actually have nonlinear terms appear. We will even see some this chapter. Even when terms beyond
quadratic in 1, the ¥ coordinates are most often the most efficient and transparent coordinates in which to
treat those higher terms as perturbations, and so remain useful. Even if you’ve seen some quantum mechanics
before, you likely haven’t seen it in Lagrangian form as in (1.2.26). As you can see here, quantum mechanics
is not a replacement of analytical mechanics. It is a specific special case of it! The power of this perspective
will make itself very clear over the coming sections.

1.2.1 Hermitian vs. Self-Adjoint

We have referred to the Hamiltonian operator as self-adjoint. However, when dealing with fields (and so
infinite dimensional vector spaces instead of finite dimensional) self-adjointness is a delicate property. There is
a related concept known as being Hermitian, which for finite dimensional vector spaces is the same thing. For
infinite dimensional vector spaces they are different (being self-adjoint is a special case of being Hermitian)
and many nice theorems we would like to use only apply when the operator to which we would apply them is
specifically self-adjoint. For the rest of this subsection we are going to be careful in treating the concepts of
Hermitian vs. self-adjoint but beyond this subsection we will not be so careful.

The subtlety in dealing with infinite dimensional Hilbert spaces comes from the fact that in such a space
the inner product (1 |¢2) between two vectors contains an infinite sum when expressed in components and
the convergence properties of that sum can be quite delicate. Suppose we have a linear operator O on the
Hilbert space H. Colloquially this means that when O acts on a vector [1)1) € H the output is some other
vector in H. Let |[¢2) be that vector:

[th2) = Olahr). (1.2.32)
|11), by being a vector in the Hilbert space, is required to have finite norm. However, depending on the
particular matrix elements O, and components 1, it may be the case that |¢)2) fails to have finite norm
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and thus to be part of H. Explicitly:
(Palt2) = (¥1|OTOWp1) = > (Wha|n) (| OF|m)(m| Olk) (k|vr) =Y 17,05 Omthrk- (1.2.33)

nmk nmk

This infinite sum may not converge. In order to rigorously define the operator O we have to, in addition to
its matrix elements in some basis, supply a set D(O) called the domain of @ which is a linear subspace of
the overall Hilbert space H. This set D(O) is the set of vectors |u) in H on which we define Olu) to exist.
Necessarily, it can only contain vectors |u) so that (’)|u> has finite norm. We will basically always require that
whatever operators we are working with are densely defined in the Hilbert space. An operator O is said to be
densely defined if for any given vector |v) in H and & > 0 there always exists a vector |u) € D(O) so that the
distance between |v) and |u) is less than €. This essentially means that every vector in H can be arbitrarily
well approximated by a vector in D(@)

In order to rigorously define of, suppose we have a densely defined operator O on a domain D(@) The
domain D(OT) of the adjoint O1 is the set of all [v) € H so that there exists a |w) € H satisfying:

(vl(Olu)) = (wlu) (1.2.34)

for all |u) € D(@) Because O is assumed to be densely defined we can use the Riesz representation
theorem to guarantee that such a |w) is unique if it exists and then we take by definition O to act on |v)
according to:

Ot o) = |w). (1.2.35)

(The Riesz representation theorem is the formal theorem that proves that each vector |u) € H has a unique
dual vector (u| and vice versa. For finite dimensional vector spaces this is obvious; for the infinite dimensional
case it is still true but requires a more complicated proof to show it.) Importantly, the domain of an operator
and the domain of that operator’s adjoint are generally not the same.

A densely defined operator @ is Hermitian if for all vectors |u) and |v) which are both in D(O):

{ul(Olv)) = ((u|ON)]v). (1.2.36)

The parentheses are important because they control the order in which infinite sums are taken which in
general may affect the result. In order for this equation to be well defined, by definition it means |v) is
in D(OT). Therefore, if this equation holds for all [v) € D(O) then D(O) must be a subset of D(OT). A
Hermitian operator O is said to be self-adjoint whenever additionally D(O) = D(O'). Then, the above
equation holds without the need for parentheses:

w|Ov) = (u|Of|v). (1.2.37)

In physics we generally just assume the parentheses to be unnecessary as part of our bad habit of recklessly
commuting limits. In the homework you will work through a simple concrete example of an operator which is
Hermitian but not self-adjoint, due to domain issues.

1.2.2 Spectral Theorem

It will be extremely useful to know some basic properties of self-adjoint operators, since those will then
be properties of our Hamiltonian operator. Consider a self-adjoint operator @ and an eigenstate |1) of that
operator with eigenvalue \:

Ol) = Al¢h). (1.2.38)
Then:
5 (@|O) «_ WIOTY) _ WlOlw)
Oly) = A A= —— A= = =\ 1.2.39
WIOW) =MWl = A= Ty = A S Ty T ) (1:2:39)
Hence, the eigenvalues of a self-adjoint operator are always real. Taking the adjoint of (1.2.38) gives:
WIOT = X (] = (¥|0 = A(Y| (1.2.40)

and so the left eigenstates and right eigenstates of o are related by taking the adjoint and share the same
eigenvalue. Further, consider another eigenstate |¢') of O with eigenvalue of X # A:

WIOW) = (WlO) 1) = Wl (OW)) = (WIAI) = (WINw) (1.2.41)
— A=)l =0 = (@ly) =0. (1:2.42)
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Hence, eigenvectors of a self-adjoint operator corresponding to distinct eigenvalues are guaranteed to be
orthogonal. In fact, there is a deep and general result from linear algebra which we will use regularly known
as the Spectral Theorem. It holds not only for self-adjoint operators, but for a larger class of important
operators which are called normal operators.

Spectral Theorem: Every normal operator O on a Hilbert space H possesses an orthonormal basis of
eigenvectors. (A normal operator is one which satisfies [0, Of] = 0.) Every operator which possesses an
orthonormal basis of eigenvectors is normal.

Rigorously proving the spectral theorem for an infinite dimensional Hilbert space requires significant
mathematics (functional analysis) we are not going to touch. Here we will provide a proof which is valid for
finite dimensional Hilbert spaces, but the result does hold with appropriately rigorous careful treatment for
infinite dimensions. To prove the spectral theorem we will need a few smaller results first.

Lemma: Every operator has an eigenvalue. Proof:

Consider an N dimensional Hilbert space H and an operator O. For all vectors |t)) € H, we can consider
the N + 1 vectors [¢), @|1/)>, ey @N\w. Because we have N + 1 vectors in an N dimensional vector space
they cannot all be linearly independent. Therefore, there must exist some coefficients a,, such that:

N
> a,0"fy) = 0. (1.2.43)
n=0
Let m be the largest value of n for which a, # 0. Every polynomial on the complex numbers can be factored
by the fundamental theorem of algebra and so for some constants ¢, A1, ..., A\,,, we have for any z:

ag+ a1z + ... +amz™ =clz = A)...(z — ). (1.2.44)

Returning this to our linear dependence sum we have:

>, 0" i) = (O = M 1)...(0 = Ap1)[¢h) = 0. (1.2.45)
n=0
Thus, at least one of these operators O — i1 for some k must send a nonzero vector to 0. Let K be such a
value of k and |vk) be such a nonzero vector that O — Ax 1 sends to 0. Then, automatically:

(O = AgDvg) =0 = Olvg) = Ak|vL) (1.2.46)

and so Ak is an eigenvalue of O.

Lemma: Every operator has an upper triangular matrix representation. Proof:

(A matrix is called upper triangular if its only nonzero entries occur on or above its main diagonal, i.e.
entries for which the column number is greater than or equal to the row number. Matrix representations
here are only considered in orthonormal bases.) We proceed by induction. Consider a 1 dimensional Hilbert
space H. Trivially any operator O on that space represented by a matrix is just a number and so is upper
triangular. Let S, be the statement “Every operator on a Hilbert space of dimension less than or equal to n
has an upper triangular representation”. We have already proven that S is true. Now suppose that for a
particular n S,, is true. Then, consider a Hilbert space H of dimension n + 1 and an operator on that space
O. Let A be an eigenvalue of o (which is guaranteed to exist by our previous lemma) and consider for any
vector [i):

Olyp) = (O — A1)|) + A|h). (1.2.47)

Let [v) be a normalized ((v|v) = 1) eigenvector of @ with eigenvalue A. Any |)) € H can be written as a part
parallel to |v) and a piece orthogonal to |v):

) = Alv) + [¥1),  (vly1) =0. (1.2.48)
(To see this simply define |1, ) = [¢) — (v[y))|v) and A = (v]h).) Now acting O on |¢)):
Olp) = A} + (O = AL)[hu). (1.2.49)

The first term is A|yp) = AL|yp) and A1 is plainly upper triangular, because it is diagonal. The second term
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can be decomposed into a piece parallel to |v) and a piece orthogonal to |v):

(O =AD)L) = Blo) + (O = AD)J)) - (1.2.50)
The second piece here is then some linear operator on |1, ) that returns a vector in H,, which is a Hilbert
space of dimension n. Let |u1), ..., |u,) be an orthonormal basis of H, on which O has an upper triangular

representation, which is guaranteed to exist by S,. Then, we can complete a basis of H adding |v) to the end
of the list. In that basis, both pieces of (1.2.50) are upper triangular, and thus the full expression for O is
upper triangular, showing S,,+1. By induction then, S,, is true for all n.

Proof of the Spectral Theorem:
Consider a normal operator O on a Hilbert space of dimension N and an orthonormal basis |n) on which
it is upper triangular, which is guaranteed to exist by the previous lemma:

Oln) = Ognlk) (1.2.51)

for coefficients Oy,,. Using the completeness relation:

ZZ Opalk)(n| = OF = ZZOZn\anI. (1.2.52)
n=1k=1

n=1k=1

Because O is normal:

IO1)|1? = ($|OTOf) = ($|OOT|v) = |OT[v)|>. (1.2.53)
We can compute both sides easily for |¢) = |n):
IOm)||* = Z Owl?, 10Tm)|1? = Z O (1.2.54)
and these two must be equal for each n. For n = 1 this requires:
N N
|01 |* = Z |O1)? = |01 |* + Z |O1x % (1.2.55)
= k=2

This is only possible if Oy, = 0 for k > 1. Consequently, the first row in O’s upper triangle is 0 after the first
entry. Using this, we have for n = 2:

N
|O0* = [00]* + > |Oa|? (1.2.56)

k=3
from which we get that Oy, = 0 for k > 2. Tterating further, we get at each n that O, = 0 for each k > n.
This leaves only diagonal entries in O. So, if O is normal and written in a basis in which it is upper triangular
then in that basis it is automatically diagonal. Because we used an orthonormal basis to diagonalize O, this

proves that every normal operator has an orthonormal basis of eigenvectors.

The other direction is easier. Suppose O has an orthonormal basis of eigenvectors. Then, in that basis:

O => Anln)(n| (1.2.57)

for eigenvalues \,. Automatically:

=Y " Nifn)n| = [01,0] = 070 — 001 = 3" XiAuln)(n] = 3 AuAiln) (n] = 0. (1.2.58)

Thus, if O has an orthonormal basis of eigenvectors then it is a normal operator, completing our proof of the
spectral theorem. H

Self-adjoint, operators are of course normal as [0, O] = [©,0] = 0. But, there are many normal
operators which are not self-adjoint. Another important class of such operators we will see often is that of
unitary operators. A unitary operator U is an operator whose adjoint is its inverse:

Ut=0t. (1.2.59)

In finite dimensional vector spaces the left inverse and right inverse of an operator are the same. In the
infinite dimensional case an operator may have a left inverse but not a right inverse and vice versa. Because
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of this, the notation U~ for an infinite dimensional Hilbert space is only defined when the operator has
both a left inverse and a right inverse and when those two inverses are the same operator. Unitarity can
equivalently be written as:

Ut =00t =1. (1.2.60)

Unitary operators are automatically normal because: [, U] = UUT — UTU = 1 — 1 = 0. There are also
many normal operators which are neither self-adjoint nor unitary.

Consider a normal operator O with orthonormal eigenvectors |n) and corresponding eigenvalues O,,. The
eigenvector-eigenvalue equation, together with the completeness relation for the basis, gives us the so-called
spectral expansion of O in terms of its eigenbasis:

Oln) = Apn) = @Z |n)(n| = Z)\n|n><n\ — 0= Z/\n|n> (n| (1.2.61)

and a correspondingly simple expression for <w|@|w>:

(W|O[p) = ZA In)(n|y) = ZA (W|n)(n|y) = ZA |thn]?. (1.2.62)

This final sum is like a weighted combination of the eigenvalues A, with (nonnegatlve) weights [, |? (that sum
to 1 if |1) is normalized). The set of eigenvalues of an operator is known as the spectrum of that operator?.

It will be useful to understand how to change between different orthonormal bases. Consider one basis
labeled as |n1) and another labeled as |nz2). Consider a vector expanded in terms of the first basis:

and another vector expanded in terms of the second basis but with the same expansion coefficients:

- Z¢n|n2>, (1.2.64)

This second vector is then related to the first some change of basis from the first to the second basis in which
orthonormality is preserved. Then:

= alng) =Y (m|)ne) = <Zln2 n1|> ). (1.2.65)

And so, [¢') and |1)) are related by the operator U:
U= [na)(ml, W) = Ulw). (1.2.66)

It immediately follows that U is unitary:

O =3 Inahnal 3 Inb)nh] = 3 ) o) (m | = 37 Ima)Sr (m] = 3 fmadma| =1 (1.2.67)
00T =3 ) ] S Infy sl = 3 Inad(manyns] = 37 [no)Sur (] = 3 Inghinal = 1. (1.2.68)

Thus a change of basis between orthonormal bases is represented by a unitary operator. In the
other direction, given any orthonormal basis |n1) and a unitary operator U we can define as second basis |n2)
by |ng) = U|ny) from which it immediately follows that |ns) is also an orthonormal basis:

(nalnb) = (n1|UTUny) = (na|Lin}) = e (1.2.69)
Z n2)(na| =Y Uln)(m|UT = U10T = 1. (1.2.70)
Thus, every unitary operator is equlvalent to an orthonormal change of basis.

Sometimes we will have two normal operators A and B to work with at the same time and it would be
nice for calculations if we could make them both diagonal. Suppose that it is possible to find an orthonormal

4This definition of spectrum is valid for operators on finite dimensional operators. It is not quite correct in the infinite
dimensional case but does capture the correct intuition. For our purposes, the definition given here will suffice.
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basis |n) so that in that basis both A and B are diagonal:
A= Anln)(n], B=>"By|n)(nl|. (1.2.71)

Then, automatically:

AB—BA=> (A,B, — B,Ay)n)(n| = 0. (1.2.72)

Therefore, if two normal operators are simultaneously diagonalizable then they commute. Conversely, assume
that |n) is an orthonormal basis so that in that basis A is diagonal but B may not be:

A=>"A,n)(nl, B =Y Bun|n)(ml. (1.2.73)

nm
Now let us assume that A and B commute:
(nl[A, Bl[m) = (A — Am)Bum = 0. (1.2.74)

Therefore, for each n either A, = A,, or B,,. If A, has no repeated eigenvalues then A, = A,, if and
only if n = m. So, in that case this equality requires B,,, = 0 for all n # m in which case B is diagonal.
Therefore, if two normal operators commute and one of them has no repeated eigenvalues then they are
simultaneously diagonalizable. If A does have repeated eigenvalues, then on each eigenspace A s proportional
to the identity operator and we can redefine the eigenvectors within that space to diagonalize B on that
subspace. Whatever choices we make A will remain diagonal on the space due to being proportional to the
identity. Therefore, even if the operators have repeated eigenvalues, if they are normal and commute then
they are simultaneously diagonalizable. Altogether then, two normal operators commute if and only if
they are simultaneously diagonalizable.

It is important to understand that the sum of two self-adjoint operators is guaranteed to be self-adjoint
but the product is not:

(A+B)t=AT+ B =A+ B (1.2.75)
(AB)' = BfAT = BA #+ AB (Unless A and B commute). (1.2.76)

(The order of multiplication is reversed under the adjoint due to the transpose that it takes!) However, the
symmetrized product of A and B is self-adjoint whenever A and B are self-adjoint:

o« AB + BA
Sym(4, B) & % (1.2.77)
oo BTAt + AtBt  BA+ AB o
— Sym(4, B)f = ‘g - ‘g — Sym(A, B). (1.2.78)

The overall factor of % is put in so that when A and B commute, Sym(fl, B) reduces to simply AB. Tt will
be useful later to have defined the symmetric product of N operators as the sum of over all N! orderings
of the operators with a 77 normalization. Let o : {1,..., N} — {1,..., N} be a permutation of the numbers
1,..., N. Then, the symmetric product in general is defined as:

Sym(@l, ..., A def 1 Z Oa(l 0(2 O o(N)- (1.2.79)
All o
This definition is convenient mathematically because it is automatically self-adjoint if all of the input operators
are self-adjoint, treats no order of multiplication of the input operators preferentially, is linear in the input
operators, and reduces to the simple product of the operators in the case that all the input operators commute.
In fact, this is the unique function of N operators which satisfies all of these properties simultaneously.
Finally, the commutator of self-adjoint operators is guaranteed to be anti-self-adjoint:

NN oA Lo\ T A PR
([A, B]) - (AB - BA) = BTAt — ATBt = [B, A] = -|A, B). (1.2.80)
Usually it will be nicer to express this by saying that 7[121 B] is self-adjoint if both A and B are:

(hAB])T %[;1 Bl (1.2.81)
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1.2.3 Adiabatic Invariants in Quantum Mechanics

If H has no explicit time dependence, then the Schrodinger Hamiltonian is integrable. (This should
be a surprise, because we started with a bunch of harmonic oscillators and changed coordinates to get the
Schrodinger equation, and the harmonic oscillator is integrable.) Consider a time independent Hamiltonian
operator with orthonormal eigenvectors |n) and eigenvalues F,:

Hin) = E,|n), (nn') = G, > In)in| = 1. (1.2.82)
Expressing |¢) in that basis and returning the result to the Schrédinger Lagrangian:
=Y valn) = b= (lY) = L= (ihsthn — Batithn) - (1.2.83)
n n
Legendre transforming this to the Hamiltonian gives:
oL
Ty = =1ih = H= E, . 1.2.84
0 v o Z W (1.2.84)
Each 1, then evolves quite simply as:
. 87‘[ 1 i@ ¢
I = g = Bt = n(t) = € HE,(0) (1.285)
That is, each 9, (and consequently =) is periodic with period 7, = 255 and does not interact with the other

coordinates. Immediately then, the theory has adiabatic invariants:

27h

Iy = 2 mdi, = = /E iy dw" dt = Bloom (0)2. (1.2.86)
0

om 2

Because h is simply a constant, the quantities |1, (0) [t (t )|2 for each n are adiabatically invariant in
quantum mechanics. This means that when the Schrédinger theory is interacted with by an external force
(which could make H develop explicit ¢ dependence), the |, (t)|? evolve much more slowly and stably in time
than the other degrees of freedom in the theory (such as the phase of each of the 1, (t) or the magnitudes
of the components of |¢) in bases other than the eigenbasis of the Hamiltonian operator). Because of this,
|1, (t)|? is stable enough on experimental time scales to be directly relevant to observations. We
can also express this quantity as:

| 2 _

[Yn (&) = [(n|v)*. (1.2.87)
We call this the intensity of the projection of |1} onto |n). In general in quantum mechanics we call the
quantity |[(¢|v)|? the projective intensity of ¢ onto |1/) or vice versa. In a very literal sense, these intensities
often measure the signal strength of various experimental quantities, such as the amount of incident electric
charge on a screen from a quantum system.

Instead of using the word intensity, most other sources on quantum mechanics call the above quantity a
probability. In several cases these intensities do manifest experimentally as probabilities. This is because in
an experiment in which a single microscopic quantum system is measured by a macroscopic measurement
device, due to the thermal background of the experiment and the interaction of the quantum system with the
macroscopic measurement apparatus, the system becomes chaotic and the combination of imperfect knowledge
of the exact physical state of the full interacting system with the time averaging present in measurement
necessitates a statistical mechanical treatment of the quantum system. In giving such a treatment, one finds
that due to the adiabatic invariance of |1,|?, the system approximately behaves as an eigenstate of the
interaction Hamiltonian operator and which eigenstate is selected is effectively random from the perspective
of the experiment, with the probability of selecting state |n) given by |¢,|? at the time the measurement
interaction begins. This is the Born rule. We will describe how it is applied in more detail in detail in
subsection 1.5.5 and how it arises from statistical mechanics in section 2.4. While the projective intensities
sometimes manifest as probabilities, that is a derived result and not their only use, so I believe for clarity
(and so they are not interpreted as probabilities in inappropriate contexts) they deserve their own name.

It is an unfortunate result of history that while almost every quantity in classical mechanics is named
very intuitively and accurately (force, energy, power), many quantities in quantum mechanics are traditionally
named poorly, or even misleadingly. As a result, we will make several other particular language choices to
avoid confusion. For example, a quantum system with a state vector |¢) that lives in a Hilbert space of
dimension N we will always call an N dimensional quantum system (because that is the dimension of the
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Hilbert space) whereas one is often likely to hear it called an “N state quantum system”. The “N state”
description is literally incorrect as there are an infinite number of different state vectors belonging to an N
dimensional Hilbert space. The “IN state” description is used because any vector in the Hilbert space can be
written as a linear combination of at most IV linearly independent terms; it is just an inconsistent use of
the term. There will never be confusion between the Hilbert space dimension of a system in question and
how many spatial dimensions we are considering because we will always say spatial dimension when referring
to spatial dimensions. We will also always call H the Hamiltonian operator of the system and never just
the Hamiltonian. The Hamiltonian of the system is (1/1|ﬁ |1}, as we have established. However, it is a very
common bad habit in other sources to incorrectly simply call H the Hamiltonian.

Exercises

Problem 1.2: Functions of an Operator. We will often use the notion of a function of an operator. For
example, f(H). For an analytic function f(z) and an operator O, the notation f(O) is defined by applying
the Taylor series expansion of f(z) to O. That is:

flx)= Zanx" — f(O) = Zan@".
n=0 n=0

Consider an analytic function f(r) and a normal operator O. Let |n) be an orthonormal basis of eigenvectors
of O and let O,, be the eigenvalue corresponding to |n). Show that:

FO)n) = f(On)ln),  F(O) = F(On)In)(nl.
This second expression is used to define the notation f (@) when f is not analytic but O is normal.

Problem 1.3: x Silver Bullet Solution to the Schrodinger equation. Consider a quantum system
with a time independent Hamiltonian operator H. Assume that you have solved the eigenvector problem for
H and thus identified an orthonormal basis of eigenvectors |n) of H with vector |n) having eigenvalue E,.
Show that the solution to the Schrodinger equation for arbitrary initial conditions can be written as:

(1)) = e FHp(0)) = Y e FEnn) (nfy(0)).

Thus, solving the dynamics of a time translationally symmetric quantum system is equivalent to solving the
eigenvector /eigenvalue problem for the Hamiltonian operator. Notice that the angular frequency of oscillation
of the component of |¢) in the |n) direction is £=. Show as well that the total energy of the system is:

E =Y El(ny)*

Problem 1.4: Practice Diagonalizing Hamiltonians. Consider a two dimensional Hilbert space H and
a quantum system with Hamiltonian operator:

i— vz‘ Uy — 10y
Vg + 10y —V,

for some real constants v, vy, v,. This notation is defined in a basis we will label |u;) and |us) as:

1 0
w=(5). =) =0 0. =0 .
(a) Show that Hamiltonian operator given is self-adjoint.
(b) Let v = ,/v2 4+ v2 + vZ. Show that the eigenvalues of the Hamiltonian operator are +v.

(c) For the rest of this question it is useful to treat (v, vy, v,) as a vector in a 3 dimensional space and to
introduce standard spherical coordinates so that v, = vsinfcosp, v, = vsinfsiny, v, = vcosf. Let
|+) be the eigenvector of H with eigenvalue v and |—) be the eigenvector of H with the eigenvalue —v.
Show that they can be chosen to be:
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(d) Show that in the |+) basis H can be written:
H = o[ +){+| = v|=)(~|

and verify the orthogonality properties and completeness relation of the |+) basis.
(e) Show that the solution to the Schrodinger equation for arbitrary initial conditions is:

. . t j t\ -
(1)) = U(8)[1(0)) where: U(t) = cos (%) 1- %sin <%) .
(f) Show by explicit calculation that U is unitary.

Problem 1.5: Hermitian but Not Self-Adjoint. Consider a system in 1 spatial dimension on an interval
of length 1 so that the Hilbert space H is the space of complex valued functions ¥ (x) of a single real variable

x so that fol |t(x)|?dx exists and is finite. Define the operator p; as the operator so that:

(alph) = ~i57

and so that the domain of p; (meaning the set of |¢)) € H on which it is defined, written D(p;)) is the set of
periodic functions (meaning ¢ (z) = ¥(x + 1)). Define the operator ps as the operator so that:
O

(alali) = —i"

and so that D(pz) is the set of functions with Dirichlet boundary conditions (meaning 1(0) = ¢ (1) = 0).
(a) An operator L is said to be Hermitian if for all |u) € D(L) and |v) € D(L):
(wl(E1e)) = ((Wl(Efu))”

Show by direct calculation that both p; and p; are Hermitian.

(b) The adjoint domain D(L") is defined as the set of all [v) € H such that there exists a |w) € H satisfying:
(v|(Llu)) = (wlu)
for all |u) € D(L). Then, the adjoint L' is defined so that for such |v) and |w):
Lilv) = |w).
Show that D(ﬁJ{) is the set of periodic functions and so is equal to D(p;1). As well, show that:

. .0V
(wlpllv) = —i5

Thus, p; is Hermitian and has the same domain as its adjoint, i.e. p; is self-adjoint (py = ﬁJ{) Show that
D(ﬁ;) is simply H and so is larger than D(ps). Because D(p2) # D(ﬁg), even though po is Hermitian,
it is not self-adjoint.

Problem 1.6: Hilbert’s Hotel. For a finite dimensional vector space, if an operator has a left inverse then
it has a right inverse and they are equal. This is not true for infinite dimensional vector spaces. Consequently,
in order for any operator U to be unitary it is not enough to check UTU = 1. One must also show UUT = 1.
We reserve the operator inverse notation only for operators which have both a left and right inverse and
whose left and right inverses coincide. Consider an infinite dimensional Hilbert space with orthonormal basis
|0),1),2), ... Define the shift operator:

Sln) = |n +1).
(a) Show that S is given by:
S=> " In+1)n|.
n=0
(b) Show that St is the left inverse of $ (and so you might suspect S to be unitary):
STS=1.

(¢) Show that ST is not the right inverse of S and thus that $ is not unitary:
SST =1 —10)(0].
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The classic story around this shift operator is to imagine an infinitely tall hotel that has one room on
each floor and is completely full. The shift up operator, corresponding in this analogy to S , makes each
guest move up one floor to a new room. Because the hotel is infinite, every guest is able to go to that
room above them while simultaneously leaving the room on floor 0 empty, free for a new guest to take.
But, the shift down operator, corresponding in this analogy to St makes each guest on floors 1 and up
move down a room, and keeps the guest on floor 0 out of the hotel. Shifting up and then down (575)
returns the hotel to its original state (1) after rudely admitting and then ejecting a new guest. Shifting
down and then up (SS1) kicks a guest who is already there out and leaves room 0 empty (1 — [0)(0]).

1.3 Wigner’s Theorem

We found in theorem 1.2 that the Lagrangian for quantum mechanics takes a very specific form. Only
a very restricted class of canonical transformations can preserve that form and thus only a limited set of
transformations can be symmetries in quantum mechanics. The Schrédinger Hamiltonian depends directly on
exactly 1 power of |¢)) and exactly 1 power of (| (such a function is said to be a sesquilinear form in ¢*, ).
If we rewrite that Hamiltonian in terms of the real and imaginary parts of 1, then it becomes a real quadratic
form in terms of them (which is where we started in (1.2.1)). Suppose we make some transformation of
our field at a single time into a new field also at a single time 1) — 1’ so that the Schrodinger Hamiltonian
has the same form in terms of ¢’ as it does in terms of ¢ (possibly with a new Hamiltonian operator). We
could express that transformation in terms of how the real and imaginary parts of " depend on the real and
imaginary parts of 1. If the real and imaginary parts of ¢’ depend linearly on the real and imaginary parts
of 1, then the new Hamiltonian will automatically be a quadratic form in the real and imaginary parts of v/,
just as we want. If the real and imaginary parts of v’ depend nonlinearly on the real and imaginary parts of
1 then the new Hamiltonian will not be a quadratic form in the real and imaginary parts of ¢’. Instead, all
of the nonlinear terms (if we were to express the real and imaginary parts of ¢’ in terms of a Taylor series on
the real and imaginary parts of ¥) would generate cubic and higher terms in the Hamiltonian. But, these are
precisely terms we are insensitive to due to our truncation in section 1.2. And so, we are not interested in
them. Because of this, we need not consider nonlinear transformations of the real and imaginary parts of [¢).

So, the only relevant transformations ¢ — v’ at a single time are those for which v’ is a linear combination
of the real and imaginary parts of our untransformed 1, or equivalently a linear combination of i and ¥*
(because the real and imaginary parts of a complex number can be written as linear combinations of the
complex number and its conjugate):

@) = Ul) + V|v*) (1.3.1)

where U and V are as yet unspecified linear operators. It will be useful to note that any complex number is
by definition equal to its own transpose and therefore for any operator O and vectors |¢) and |¢):

W|Olg) = (IO19)T = (1e)TOT ((¥[T) = (16)")TOT (w")T = (¢"|O0T |v"). (1.32)
By definition (¢|1)) = 1 and so to preserve this:

W) = (@0 + @IV (Ol + V167)) (1.33)
= (| (TT0 +VTV*) 19) + @ VIT19) + V70" ) (1.3.4)

= (wly) V) (1.3.5)

— (@] (010 + V7V = 1) o) + @ VTT1) + (V70 |p*) =0, (1.3.6)

Let us put (1.3.6) in components by using a real orthonormal basis |n) and introducing a few quantities:

W)= tuln), A=UTU+VTV*—1, B=VU, A= (n|Alm), Bum=(n|Bm). (137

Then, define F(1,1*) by:
F(, ") = (YIA[) + (% [Blp) + (|B*[¢*) = > (Apm¥thm + Bum®ntm + Bintnts,) . (1.3.8)

nm
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(1.3.6) requires F' to vanish fro all ¢. So, all of its derivatives must vanish for all ¢ as well. In particular:

827]:—3 +Bun=0 = BT=—-B (1.3.9)
81/}n8¢m_ nm mn — - . I
Thus, B must be antisymmetric. Then by (1.3.2):
(" |Bly) = (| BT [) = —(¥*|Bly) = (¢*|By) =0. (1.3.10)
Further requiring the derivatives of F' to vanish:
0’F .
=Am=0 = A=0 = F=0. 1.3.11
Fbtm (310
Thus, we must have:
Uto+vive=1, ViU=-0Tv" (1.3.12)
Now let us transform everything in our Lagrangian, even allowing time to be transformed:
£/ =ih(y [y — (/| B ) (1.3.13)
dt P A A PRSPPI TSI
=i (WIOTO1) + WITTON) + (6 VTO1) + (6 V10 1))
dt . Ar AL S Ao
itz (VT 67) + @OV + @GV TV ) + VT 7))
- IUTH Ulg) = W VIH'U) — ([UTH'V ") — (0[VTHTV*[). (1.3.14)

Let o be the sign of dt so that dt = U|‘Z—tt' . Under a canonical transformation in the Lagrangian, the new
Lagrangian is given by a Jacb01an factor |%| times the original Lagrangian plus a total time derivative
(Orig. (1.9.101)). So, in order for our transformed Lagrangian to be of the same form as our untransformed
Lagrangian we must have, for some function f(t,|v), (1/J|):

, dt | . .
=0 <m<¢|¢> wlie) + 2L +Zawn Zaw* ) (1.3.15)
For convenience of notation, deﬁne'
of of
o0 Zéwn Byl ~ 2 g™ (13.16)
= o (inguriy — ity + of
— = o (inteld) - i) + 5+ 01 + i), (13.17)

We can then match terms from (1.3.14) to (1.3.17). If t’ has any dependence on [¢) or (| then there
are nonlinear terms ¢ in (1.3.17). There are no such terms to match against in (1.3.14) and therefore ¢’ must
be a function of ¢ only. Matching the (4| terms in both equations:

% = ihaVIV*|4) 4+ ihaVTU*|[yp*). (1.3.18)
In components and making use of (1.3.12):
& [ VTO m) — VIO m) = (VIO ) — VT = (PTOMT = 017 (1.3.19)
— VIO = 077 = - (VT07) = - (019) = V10 = V0 =0 (1.3.20)
With this (1.3.18) becomes:
i = VIV 1) = f(t,,07) = iho IV TV 18) + 9(t, ). (13.21)
Next matching the [¢)) terms between (1.3.14) and (1.3.17):
a?i> (t,0) = iho (Y| (UTU VTV - 011) . (1.3.22)

The left hand side is a function of ¥ only. Therefore, its 1* derivative must vanish. Taking the ¢* derivative
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of both sides then gives:

U -vTvs —ol =0. (1.3.23)
Using (1.3.12) then gives:
nen 1 (a1 —
Ut = ;011, Viv = 2011. (1.3.24)
Returning this result, it follows that:
9y
—— =0 = g(t,v) = g(?). 1.3.25
e (t,4) = g(0) (1.3.25)

So, g(t) appears only in the transformed Lagrangian through the % term in (1.3.17). % does not depend on
1 or ©* and so there is no other term to match it against. Thus, it must be 0. As such, ¢g(¢) must just be
some constant number. However, because the surface term only enters the Lagrangian through its derivatives,
we can choose such a constant to be 0, giving:

F(t,07) = iho (VI [). (1.3.26)
Now let us do some case analysis. First, assume time is not reversed so that o = 1. Then by (1.3.24):
Ut =1, viv=o. (1.3.27)
So, for all |1)):
A N 2 N A
W) =0 = HV\@H —0 — V) =0 — V =0. (1.3.28)
The last step only following because this is true for all |¢)). Because V is 0, we then have:
[¥') = Ul). (1.3.29)
Because a coordinate transformation is by definition invertible, U~ must exist and by (1.3.27):
Ut =0t (1.3.30)

So, U must be unitary. Then, f = 0 and the remaining terms in matching (1.3.14) to (1.3.17) give:

d P PRSP dt - axmye dE o[- P
ih— (W(0TU ) — WOV Ol) = =SS @lH) Yo = OMH0 = 2 (A +i0T0)  (13.31)
Using the unitarity of U we can see that:
NN A A Iy N AL A N dt - N 0 N
U'U=1 = UU+UU=0 = U=-UU'U = H = ymid (H - ihat) Ut. (1.3.32)
Now let us analyze the case in which time is reversed so that ¢ = —1. Then by (1.3.24):
Ut =o, Viv =1. (1.3.33)
So, for all |1)):
PPN A 2 A A
W|OT0w) =0 = HU|¢>H —0 — U)=0 — U =0. (1.3.34)
Again with the last step following because this was true for all |¢). Because U is 0, we then have:
) = V). (1.3.35)
A coordinate transformation is by definition invertible so V! must exist and by (1.3.33) we see that:
vi=vyt (1.3.36)
and so V is also unitary. We have f = —ih(¢[¢)) and finishing matching (1.3.14) to (1.3.17) gives:
dt , Ao NS dt - - dt |~ [ ~ 0\ ~
ih@(vaV*h@ — WVTHTV* ) = S WHY) v = H = ik <HT + mm) Vi (1.3.37)

These two cases together give us:
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Theorem 1.3: Wigner’s Theorem

Any canonical transformation in quantum mechanics at a single time in which time is not reversed is
given by some unitary operator U under which [¢) and H transform as:

- . dt ~ ( ~ 0\ ~
!/ ! .
= Ul), H =—U(H-ih=|U". 1.3.38
) = Ol 0 (7 -ingy) (1.3.38)
As well, no surface term can be added to the action under such a transformation. Any canonical
transformation in quantum mechanics at a single time in which time is reversed is given by some
unitary operator V' under which [¢) and H transform as:

. . dt |« (- 9\ ¢
N = * H = |— HT +ih= | V. 1.3.
[y = V™), o V( +Zh6)t>v (1.3.39)
As well, the surface term added to the action must be f = —ih{y)|y)) under such a transformation.

Importantly, in the above the surface term f = —ih(i|¢) should not be set to f = —ih by using
(¥|) = 1 in the Lagrangian, because (¢|1)) = 1 is actually a constraint on the initial conditions. In order to
use it as a constraint in the Lagrangian, you are required first to add it as a Lagrange multiplier. If you do
not use it in the Lagrangian and instead simply require it of the initial conditions used when actually solving
the equations of motion, then dynamically it will be preserved.

When we studied time reversal as a subset of canonical transformations in the Orig., we identified that
all time reversing canonical transformations can be understood as a composition of a time nonreversing
(orthochronous) canonical transformation together with a simple time reversal. In a simple time reversal,
t' = —t, Q' = Q. Consequently we found P’ = —P and H' = H. These considerations from Orig. chapter
1 were done assuming real valued canonical variables. In section 1.2 each component of |i)) was defined so
that a previous canonical coordinate was its real part (up to a constant multiplier) and the corresponding
previous canonical momentum was its imaginary part. So, under a simple time reversal the real part should be
unchanged but the imaginary part inverted, which is precisely complex conjugation. Therefore, the quantum
mechanical special case of a simple time reversal is the transformation:

[¥') = [¥"). (1.3.40)
Careful readers may object to the notation |¢)*) because it requires a meaningful notion of taking the complex
conjugate of the coefficients of ¥ without also taking the Hermitian adjoint of the basis elements. This is in
general a basis dependent procedure, therefore ambiguous unless a natural basis is specified. This is okay, one
just needs to understand that [*) is defined with respect to some basis. This is not surprising as the notion
of a simple time reversal is coordinate dependent. (A simple time reversal in one set of coordinates is not a
simple time reversal in another set of canonical coordinates.) In fact this property is essential because we need
all time reversing transformations to be related to any designated simple time reversal by an orthochronous
transformation, which is precisely a change of coordinates/basis.

While we motivated considering only transformations so that 1)’ depends linearly on ¢ and * using the
structure of the Schrodinger Hamiltonian, it is possible with significant extra effort to prove rigorously that
this linearity is forced upon us by other structures as well. For example, we can also prove the results of this
section by instead requiring intensities |(t)1]12)| to be preserved instead of the form of the Hamiltonian. This
is reasonable because such intensities are generally directly experimentally measurable. For a detailed proof
of Wigner’s theorem starting from this perspective, see [62].

For now our interest will be nonrelativistic quantum mechanics, in which the only transformations of
interest that change time are time translation and time reversal, both of which map the wavefunction at
a single time to itself at a single other time, consistent with the hypotheses of this section. Later we will
consider Lorentz boosts which do NOT satisfy the single time assumption. Consider, for example, a Lorentz
scalar ¥ (t,Z). Under Lorentz boost by ¢ about the origin then:

V) =t ) = V(D) =v(y({t— T D), T+ (v — 1)lwly - T — y0t). (1.3.41)
Plainly, this mixes |[¢)) at many different times and so isn’t a map from the Hilbert space at one time to the
Hilbert space at another, avoiding the conditions of Wigner’s theorem entirely. Consequently, this map may

not be unitarity. We will return to this when we study relativistic quantum mechanics and quantum field
theory.
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Exercises

Problem 1.7: x Time Evolution Operator. The Schrédinger equation for given initial conditions has a
solution which exists and that solution is unique (for a finite dimensional Hilbert space this is easily proved
because the Schrodinger equation is linear; for infinite dimensional Hilbert spaces it is more difficult to prove
but still true). Because the Schrodinger equation is linear, the solution at time ¢ is related to the solution at
time g linearly. Thus, there exists a time operator U (t,to) defined so that:

[4(t)) = Ut to) |4 (to))-
(a) Show that the time evolution operator satisfies the identity condition:
Ulto, to) = 1,
the composition condition:
U(t,t1)U(t1,to) = Ult, to),

and the operator-Schrodinger equation:

T (t,t .
in ULt _ H®)U(t, to).
ot
(b) Using the operator-Schrodinger equation, show that U (t, o) is unitary for all t. That is, show that:
o1 =00 = 1.
(¢) Using the composition condition, show that U(t, to) also satisfies:
aU(t,t A 5
in ULt _ —U(t, to)H(to).
Otg

Because U is unitary and gives all quantum mechanical time evolution, by Wigner’s theorem we see
that once again time evolution is just a particular canonical transformation.

Problem 1.8: Hamilton-Jacobi Solution to the Schrédinger Equation. Solve the Hamilton-Jacobi
equation for the Schrédinger equation to show that its on-shell action is given by:

Se(tsstos g, o) = (molUT (g, to)vbs) — (moltbo)

in terms of the time evolution operator U(t, to). Verify all of the Hamilton-Jacobi conditions for this function.
Funnily, it happens to take the numerical value 0.

Problem 1.9: A Hint of Decoherence. Consider a time dependent Hamiltonian operator H (t) so that at
time ¢ it has orthonormal basis of eigenvectors |n(t)) and eigenvalues E, (¢):

H(t)|n(t)) = En(t)n(1)).

Assume none of the eigenvalues of H (t) are repeated (such an operator is called nondegenerate).
(a) Take the time derivative of the eigenvalue equation. Show, for m # n, that:

B, = (nlHn),  (m) = {m|H]|n)

En - Em
(b) Let 1, () = (n|tp(t)). Show that these components evolve in time according to:

. B, (n|H|m)
Uy = 1f¢n + mz#:n mf/fm
(c) Let p(t) = |1bn|? and @, (t) be defined so that v, (t) = \/pn(t)e’*" ). Further, let V;,,,,(t) and ¢y, (1)
be real valued functions so that:
(n|H|m) = Vyme'nm.

Using that H is self-adjoint, show that Vi, = Vinn and énm = —dmn. Show that p,(t) and ¢, (t)
evolve according to:

. 2Vnm

Pn = Z mvpnpm Ccos (Qom — Pn + ¢nm)

m#n
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. E, Vaum Pm .
n=——7F7 T = & A/ SIn m n+¢nm
4 h m§7é:n E,—En\ pn (SD 4 )

Explain how these equations show that if H (t) changes slowly with time compared to the periods
Tn = % then p,, is approximately constant and ¢,, varies very quickly with time. Explain how
this establishes further the adiabatic invariance of |(n|y)|?. The fact that these phases oscillate very
rapidly in many physical scenarios causes them to be difficult to access experimentally while the slow

evolution of the p,, causes them to be directly experimentally meaningful.

1.4 Continuous Transformations in Quantum Mechanics

This section is based on [25]. As was true in classical physics, we are most often interested in continuous
transformations. A continuous transformation is necessarily continuously connected to the identity transforma-
tion and of course the identity transformation does not reverse time. So, due to Wigner’s theorem, in quantum
mechanics every continuous transformation at a single time is represented by a unitary transformation:

W) =Ul), UU=00" =1 (1.4.1)
From Noether’s theorem, the generator G of a continuous transformation is given by:
G = (n|2|Y) - HIt - D f (1.4.2)

where & represents the derivative at the identity with respect to the transformation parameter ¢ and f is the
surface function added to the action by the transformation. As established in Wigner’s theorem, f = 0 and
so Zf = 0. If we consider transformations which leave time untransformed, 2t = 0 and so:

G = (x| F|p) = ih(p| D). (1.4.3)
Now using (1.4.1):
_dw)| _dOW)|  _dU _(of
=S| = | | =@ (1.4.4)
Thus, G becomes:
G = ih{l(20)]6) (1.4.5)

and so a generator in quantum mechanics is defined by some linear operator G = zh(@ﬁ) Let us see what
unitarity implies near the identity:

d (s d1 avt . . dU
— (U7 = — — = = 1.4.
dg(UU>L=0 &, <d5U+U da) . 0 (146)
— (2U0)'1+1(20)=0 = (20) = —9U — G' = —in(20)! = in(2U) = G. (1.4.7)
Thus, every generator of continuous transformations of the wavefunction in quantum mechanics is of the form:
G = (¥IGlv) (1.4.8)

where G is a self-adjoint operator. One tends to also call G the generator of the transformation, because
there is a one-to-one correspondence between G and G, however this is a bit of abuse of language. Many
sources call both these G and G “observables” rather than generators. | will avoid this terminology as it is
overly metaphysical and seems to suggest that all experimentally observable quantities are of this form and
that all quantities of this form are experimentally observable, neither of which is true. (For examples, the
parameters of the Hamiltonian, such as a particle mass, can be extracted from experimental observables and
so are observable but not of this form and there are many quantities one could write down of this form which
are not gauge-invariant and so not observable in that they aren’t even experimentally well-defined.) From the
self-adjointness of G it immediately follows that G is real valued:

& = (wieh)” = (wiehn)' = wdte) = wieh) = ¢. (1.4.9)

How let us consider the Poisson bracket corresponding to the Schrédinger Hamiltonian in a generic
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orthonormal basis |n), recalling (1.2.84). It takes the form:

0A 0B 0B 0A 1 0A 0B 0B 0A
A, B} = — | == — . 1.4.1
4. 51 zn: <51/1n omy Oy 37rn) ih zn: (3% by, O, 51/)}2) (14.10)
Let us use this to see how |1)) evolves under the transformation generated by G using Orig. (1.4.1) (which told
us that for any quantity A under a continuous transformation with parameter ¢ by generator G, % ={A,G}):
oY) Ol¢)
= = 1.4.11
o aw Zwml =l B w*Zwmlm 0 (1.4.11)
oG _ oY ool _ (o) A oG (9G\'
S = GGl + WIGGE = (SE) G+ wiGi) = wiG). 57 = (55) = il
(1.4.12)
d
— I _ )01 = Lo (1413

This allows us to compute the nt® derivatlve of [t)) with respect to e:

drly ANV i L iad Y i A"
19 ()7 (Caw) = fet (e
and so applying the Taylor expansion for |¢) in terms of &:
, en (") e (i " ie
W) =) =35 ()| =S 5 (7€) W= (14.15)

=0 = n!
Comparing (1.4.15) with (1.4.1) we can see that the unitary transformation operator U is related to the
transformation parameter ¢ and the generating operator G by:

U =e w6 (1.4.16)

Thus, we have:

Theorem 1.4: Continuous Transformations in Quantum Mechanics

Any continuous transformation which leaves time unchanged in quantum mechanics is generated by a
function G of the form (with G a self-adjoint operator):

G = (¥|Glv) (1.4.17)
Under such a transformation with transformation parameter ¢, [¢)) changes as:
§') = e <G y). (1.4.18)

The exponential relationship between G and U is not incidental. Let us now establish an important fact:
for an operator U, there exists a self-adjoint £ so that U = e~ iF if and only if U is unitary. Proof:
Suppose U can be written in the form U = e~ for a self-adjoint F. Then, because F is self-adjoint it is
diagonalizable and we can identify an orthonormal eigenbasis |n) for F. Automatically then by the definition
of the operator exponential:

F:ZFMn)(n\, U=eif — ﬁzze—im

n)(n| (1.4.19)

and the F), coefficients are real. With this, we immediately have that Uis unitary:

Uut = Ze_lF”e’F"’ In)(n|n')(n'| = Z [n)(n| =1 (1.4.20)
Ut = ZeiF"e_iF"’ In){n|n")(n'| = Z [n)(n| = 1. (1.4.21)
nn’ n

Now for the other direction. Suppose that U is unitary. Then, it is diagonalizable by the spectral theorem
with some orthonormal eigenbasis |n). Let u,, be the eigenvalues of U:

Uln) = up|n). (1.4.22)
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Take the norm of both sides:
1T = lun|n)[|? = (n|UTUIn) = ujun(nin) = |un|* =1 (1.4.23)

by using that U is unitary. So, for each n we can define real numbers F, so that u, = e~ "F»_ From these real

numbers define F' by:
F =" Fuln)(nl|. (1.4.24)

Automatically it follows that:
U=e (1.4.25)

as desired.l

Because the form <¢|C¥|1/)> will continue to appear often, it is useful to give it a name. For an operator
@, the quantity (w|(’>|z/}> is called the operator summary or “operator expectation” of O. I will mostly
avoid the term operator expectation because the word expectation invokes concepts from probability and
statistics which are not intended in general. There is an emergent connection between operator summaries
and statistical expectations that is experimentally important, but the mechanism behind that is statistical
mechanics and not always appropriate. We can see from theorem 1.2 that even the Hamiltonian is the
operator summary of a self-adjoint operator (the Hamiltonian operator). We also introduce a short hand
notation (-) for operator summaries:

G = (G) = (¥|G[v). (1.4.26)

The Poisson bracket of two operator summaries has a very nice structure. Consider A = <A) and B = <B) for
some operators A and B. Then:

(4.3 = 1A, B = 55 (5550~ v o) (1427
= 55 2 (1idm{alBv) — I3 ol 1) (1.4.28)
= (WIABIY) - WIBAY)) (1.4.29)
= <¢%VL BJ|). (1.4.30)

This argument is due to [44]. Hence, the Poisson bracket of two operator summaries is itself an operator
summary. Furthermore, suppose A and B are self-adjoint. Then by (1.2.81) the Poisson bracket of two
operator summaries of two self-adjoint operators is itself an operator summary of a self-adjoint operator.

Now suppose we have some symmetries of interest whose generators together form a Lie algebra. That
is, we have a basis of generators 7, whose Poisson brackets, for some constant f,;¢ satisfy:

{TaaTb} = fabcTc- (1431)
It follows from theorem 1.4 that we must have self-adjoint operators 7, so that 7, = (7,). Then, by (1.4.30):

{(7a), ()} = far(7e) = %[ﬁ;ﬁbb = fS(1e) = (| ([fa, ] — ihfar°Fe) [0) =0, V|¢)  (1.4.32)
= [Ta, 76| = ihfap Te- (1.4.33)

Hence, the Lie bracket structure of the generators reproduces itself on the generating operators with %[, ]
replacing the Poisson bracket.

Suppose we have a wavefunction with internal degrees of freedom. Under many transformations of
interest, the way that the transformation acts on |¢)) will be to transform the spatial dependence in a
particular way and to transform the internal components of |t) in a completely independent way. That i is,
the continuous transformation U corresponding to the overall transformation often factors into a piece US
which acts on the spatial dependence of ) and Uy, which acts on the internal space for [1)):

[¢) = Ulyp) = UsUini|1). (1.4.34)

This is the form taken for a broad class of transformations we will be interested in. In order for U to be
unitary, it immediately follows that Us and Ui,y must individually be unitary on their respective spaces. As
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well, they commute with each other because they are operators on different vector spaces:

U =0t = 0505 =00, —= o5t =0d, Ul=01,. (1.4.35)
Then, differentiating (1.4.34) with respect to the transformation parameter about the identity:
d N N
L—? - ((@US) 1+1 (gUmt)) ). (1.4.36)
Thus, if we define:
G =in(20), Gs = ih(2Us), Gint = ih(DUiy) (1.4.37)

we can see that the overall generating operator G can be written as a sum of a generator on the spatial
dependence of the wavefunction and a generator on the internal space of the wavefunction:

Gly) = (Gs + Gint) ), V) = G = Gs + Gint. (1.4.38)

If we have a group of transformations which all factorize in the above way, then let 7, be the generating
operators for those transformations as identified in (1.4.33). Then, we must have:

T - T + %lnt [7A—a77ﬁb] = ihfabcf-c (1439)
= [ 2]+ 1) = il fay®72 + ihfan 7 (1.4.40)

where this last line follows because the internal and spatial generators necessarily commute with each other.
Because the internal and spatial generators act on different spaces, these pieces must cancel independently

and so we have:

[75: 7] = ih fap“T, (7 A3 = i fap 7R (1.4.41)
and so the Lie algebra structure reproduces 1tse1f mdependently on the spatial and internal spaces®. Together
this gives us:

Theorem 1.5: Quantum Poisson Brackets Theorem

The Poisson bracket of two operator summaries is itself an operator summary given by:

{(A), (B >}—< w4, B). (1.4.42)

If A and B are self-adjoint then the Poisson bracket of their summaries is itself the operator summary
of a self-adjoint operator.

In quantum mechanics, any Lie algebra of generators 7, with structure constants f,;,¢ can
be written in the form 7, = (7,) for some operators 7, which satisfy:

[Tas Tp] = thfop“Te- (1.4.43)
If those generators correspond to transformations which factorize in how they act on the spatial
and internal degrees of freedom of the wavefunction then the generating operators can be written
as T, = 7' + 71t where the 7 T act only on the spatial dependence of the wavefunction and the 7int

act only on the internal degrees of freedom. As well, the spatial and internal generating operators
independently reproduce the Lie algebra as:

(75, 35) = iR fap?, [Fint pnt] — g7 7. epint (1.4.44)

From the Schrodinger equation, if we consider two wavefunctions which are related by multiplying by a
constant phase [¢)') = e*?|¢)), we can see that they both satisfy the same equation of motion:

e ey = et (0B~ A ) =o (1.4.45)

Thus, this fixed phase difference is preserved for all time. As well, any operator summary is completely

5There is a subtlety that one could add a term proportional to the identity to one of these if one subtracts the same term
from the other. However, this effect would cancel in the combined transformation and so can essentially be reabsorbed into the
definition of Us and Ujpt so that no such term appears.
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unaffected by this phase:
WIGIY) = (Wle”*Ge™|¢) = (¥|G|y). (1.4.46)

So, because all generators in quantum mechanics and all terms appearing in the Lagrangian are of this
form, this overall phase drops out of the results of everything which could couple the wavefunction to other
variables (such as electromagnetism) or any of its mechanical quantities such as energy, momentum, or
angular momentum. Because it is through such quantities that we make measurements, this overall phase ¢
has no experimental consequences. This is to say, the wavefunction can be modified by an arbitrary
overall constant phase with no physical effects. This is unsurprising as such a phase could have been
absorbed into our original definition of the components of the wavefunction in (1.2.3) without changing any
of the arguments which followed. Because the wavefunction’s normalization is set to 1 and the phase is
arbitrary, any vector |¢) € H which is proportional to |¢)) by a complex number: |¢) = z|i) produces all of
the same physical predictions as |¢), independent of the value of z. A family of vectors which are all mutually
proportional to each other by a complex number is called a ray. Because of this you will often hear people
who are being careful say “the state of a quantum system is represented by a ray in Hilbert space” as the ray
corresponding to |[¢) is unique, not |¢) itself. Later on we will generalize our approach to quantum mechanics
in terms of a quantity known as the density matrix, in which meaningless junk like this overall phase doesn’t
appear. It is essential to understand that only the single overall phase of |¢) is meaningless, the relative
phases of the 1, when [¢)) is written in a basis are extremely important.

It turns out further that |¢) can be determined up to an overall phase (so the physical state, the ray to
which [¢) corresponds, can be determined) from the operator summaries of self-adjoint operators. To see
how, consider a set of orthonormal basis vectors |n) and the operators S'mn and Amn defined by:

o _Iml kg mml+lmial L
A, Iml=mm] gl =l L)
24 —2i
Then, computing the operator summaries of these operators in this basis:
Q ;1 n + :L m 2 ;kn n — ;: m A LA *
(Spun) = Ln ¥ Unom, (A} = Dm0 =000 s 48 ) 4 i Ar) = Ut (14.49)

Take a particular value of n, ng, such that (S, n,) 7 0. Such an ng must exist because the diagonal elements

of (Sy.n) are automatically real, nonnegative, and sum to 1 by definition:

(Sun) = U3thn = Y (Sun) = D htbn = Y _($ln)(n|v)) = ([¢) = 1. (1.4.50)

Choose the phase of 1) so that t,, is rez;l and posit?ve. Then, '
(Snomo) = [no|> = Yy = \/ (Snono) (1.4.51)
(Snon) + i{Angn) = Vs = \/ (Snone) ¥n- (1.4.52)

So the wavefunction can be fully reconstructed from these summaries by:

0) = Y vy = 3 [ o) £ van) ) (1453)

n <S’ﬂ0n0>
A complete set of these generators is enough to reconstruct ¢ and thus determine the physical state! If a
complete set of generators can be measured experimentally (which is typically approximately true, in the
sense that it is possible to measure an arbitrarily large number and approximate the full series), it follows
that the wavefunction (viewed as a ray in Hilbert space) is observable. Reconstructing the quantum
state of a system systematically through operator summaries is known as quantum tomography. A very
careful reader will notice that only a subset of the operator summaries (Sy,,) and (A,,,) were sufficient, to
determine |¢)) and may worry about the possibility that if a different subset had been chosen a different |4)
would have been found. Later we will realize that interacting quantum systems necessitate representing the
state of the system by a more general object known as the density matrix. It is possible that a given set
of operator summaries may be incompatible with the existence of a [1), and in that case a density matrix
is necessary. However, for describing a single matter particle at a time with a definite known state as we
are committing to in this chapter, a wavefunction description is sufficient. Typical quantum measurements
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are typically highly destructive, in the sense of majorly affecting the state of the system of interest while
measuring it, due to the necessary strength of the interaction coupling. Consequently, state reconstruction is
typically a statistical process. Le. typically one must prepare a system in (approximately) the same initial
state many times, measure it many times, to progressively determine the values of the operator summaries
necessary for quantum tomography.

Exercises

Problem 1.10: x Ehrenfest’s Theorem and the Quantum Noether Theorem. Let G = (1)|G(t)|1))
for some self-adjoint operator G be a generator of interest.
(a) Using the Schrodinger equation, show that:
d(G) oG 1
a o T
This result is known as Ehrenfest’s Theorem. You should be able to see that it is a special case of Orig.
(1.4.22). Because of this result, it is sometimes a useful shorthand to introduce the convective operative
D

derivative o7 as:

G, H)).

DG G 1 . .
— = —+ —|G,H|.
Dt ot T z’h[ 4
(b) Consider the continuous transformation generated by G with parameter €. Show using Noether’s
theorem that regardless of whether this transformation is a symmetry:

oirer)| DG
Oe Dt
e=0
Show that the transformation is a symmetry if and only if:
DG
— =0.
Dt

This is the quantum mechanical special case of Noether’s theorem.

Problem 1.11: x Active vs. Passive Picture. Just like with statistical mechanics and continuum
mechanics, it is possible and sometimes useful to introduce a notion of an active picture and a passive picture.
The passive picture (also known as the Schrodinger picture) is the one we have been using in which the
operators are specified in how they act on Hilbert space and the wavefunction evolves in time according to
the Schrédinger equation. Using the time evolution operator, one can see:

W@IGBG(@) = (1)U (t, 1) GOU (t, to) 1 (to)).
The active picture operator G A(t, to) relative to the time ¢( is then defined so that:
Gal(t,to) = UT(t,to)G(1)U(t, to).

Because operator summaries are the quantities of interest in quantum mechanics and these active picture
operators can be used to compute all operator summaries using the constant state vector |1 (t)) (for a fixed
to), the evolution of these operators contains all of the time evolution of quantum mechanics.

(a) Show that the active picture operators satisfy:

dGa _ 51 DGy
dt Dt
(b) Suppose that G does not explicitly depend on time. Show that:
dGa 1 . -
— = H,l.
@ Al

This is then the natural “operator equation of motion”. Comment on its similarity to Orig. (1.4.14).
The activity picture is unfortunately commonly also named after a previously mentioned Nazi scientist.

1.5 Summary and Spread Coordinates

The argument of this section is based on [44,45]. It is time to try to relate the Schrodinger Hamiltonian
back to our previous point particle theories. When we model matter by point particles, our fundamental
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degrees of freedom are the point’s position Z(t) and its conjugate linear momentum p(¢). Now that we are
considering a wave theory, we ought to expect that point-like behavior would be approximately valid whenever
the that wave is contained in a region of space small enough to treat as point-like for our experimental
purposes and when that whole wave packet is all moving together with itself at about the same overall
velocity so that it remains essentially localized relative to our experimental resolution over time. In such an
approximation, the point around which the wavefunction is essentially localized defines the classical position
Zq. To translate that position defined by the center of the whole wave, one must then translate the whole
wave. Thus, its conjugate linear momentum is the generator of translations of the entire wave which is by
definition its total linear momentum. That is, the conjugate momentum p,; to the classical position should
be the total momentum carried by the wave packet.

We can directly compute p.; using Noether’s theorem. By definition, under a translation by &, a Dirac
delta with peak at Z becomes a Dirac delta with peak at ¥ + £. Let T(g) to be the unitary operator
corresponding to a translation by &:

T8 Liz+s = T= /|x+§> (#|dz (1.5.1)

using the completeness relation. A short calculation confirms that T is unitary. Under T, the translated
wavefunction . (¢, Z) becomes:

belt, B) = () = (@ T = (@T /S ) E |2 ) = /S (FT + T )T (15.2)
- /5(5’ E— Bt 7T = (t, F — &), (1.5.3)
S

So, a translation simply shifts the argument of the wavefunction. Then, by theorem 1.4 and (1.4.5), the total
linear momentum of the wave py| is given by the generator of translations of that wave as:

= intu| (FT) [0) = i [ i) (@1 (T) jo)a'z (154
—zh/uﬁ dd}s ) B dfih/Sw‘W

:in/s¢f(—v¢)ddf= (] (—m/|a?>v<fddf> ). (1.5.6)

Thus the total linear momentum of the wavefunction can be written as the operator summary of “the
momentum operator” p defined by:

pE / BV@EE = = WIF). (15.7)

We can see that this momentum operator is self-adjoint, as we know it should be from theorem 1.4, by
considering its inner product between two functions ¢ and :

GIFT) = (4] (—zh/|x (7|4 ) ) = ¢|m/ (V]2)) (#dF]) (1.5.8)
— i /S (Vo(E)" )b (2)dF = ih / (V(6°) — ¢°Vup) d'. (15.9)

Functions ¢ and ¢ which are square-integrable (meaning (¥|¢)) and ($|¢) are finite, precisely the class
of wavefunctions for which our theory is defined) must decay sufficiently quickly for |#] — oo for their
normalization integrals to converge. As such, the total derivative term in the above integral becomes a
vanishing surface term for large |Z|. So:

@10 =0 in [ 6°ate = (o) (<in [l viaiate) ) = o) (1.5.10)

Because this holds for all such ¢ and 3, we have:

diz (1.5.5)
£=0

pi=p (1.5.11)
€ Cca.

With this momentum operator by theorem 1.4 we can express the translation operator as:

T=e"

&

:v\ .
iSI8

(1.5.12)
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In this form we can see quite explicitly how the translation operator actually just reproduces Taylor’s theorem
for analytic functions in the position basis. Using the exponential form:

i =

Ve(t:) = (@ve) = (@ATI) = (7™ 37710) (15.13)
“lzn. () = i) = 3 S e ) (1.5.14)
n=0 '

Using®
(@p1e) = (@ (—ih/lf’W’@’lddf’) ) = —ih/<£’|£”>v’(f’|w>ddf’ (1.5.15)
S S
= fih/é(a?f YWYt i)dT = —ihVi(t, T) (1.5.16)
S
we can evaluate the inner product above by applying this formula n times:

(P[0 = (@I B) (& 5" 1)) = ih(E V)@ P ) = . = (=ih)"(E- V) (6, 7). (15.17)
Then, (1.5.14) becomes:

velt.®) = 3 OO (i (e vy e ) = V)", 8) (15.18)
n=0 n=0

This last expression is the formula for the Taylor expansion of ¥ (t, & — £) in powers of £ around &= 0 and so
from this we recover:

Ve(t, @) = ¢(t, 7 —¢€) (1.5.19)

exactly as expected.
There is another way we can arrive at the expression for the momentum operator From our study of the
Legendre transformation, we know that if we compute the right hand side of P = 2% with Q as the amount

we have translated 1, then the conjugate momentum P to that @ will be the generator of translations of .
Explicitly in the position basis, the Schrédinger Lagrangian is:

—zh/w* dd*—//uﬂ (t, )T H|Z)ip(t, &) dZd T . (1.5.20)

Notice that this field theory may be non-local depending on the coefficients (Z|H|#'). We don’t know at this
point what to choose for H (we will return to that question soon) but for now the choice does not matter. If
we make a time dependent translation of an untranslated wavefunction ty:
- . Lo O S - Lo
Y(t, T) = Po(t, @ — Et)) = Y(t, %) = %(t,x —£&(t)) — &€ - Vpo(t,Z — £t)) = a6 £V (1.5.21)
Here the partial time derivative of ¢ indicates differentiating the explicit time dependence but not . Then,
applying a time dependent translation to the Lagrangian gives:

oY

— Tohgds T(t =1\ gd = 3d =/
L zh/gaw »d* T //w P (Z|H|Z ) (t, 2 )d zd 7 (1.5.22)
—ih /S Pt (%f s w) diz — /S /S i (8, 2) (@ H|TZVop(t, Z)dizd (1.5.23)
s S o a g B I\ 1d = 1d
— . T d T d= t 4 N d =2 3d =
ihe /Sw Vd $+Zﬁ/s¢ ot d*z /S/Sw (t, Z){(Z|H|Z" ) (¢, &)d*2d* 2. (1.5.24)

The conjugate momentum to a translation is given by the derivative of the Lagrangian with respect to the
velocity of translation (as always and in accordance with Orig. (1.7.12)):

pn=2L =i / A (1.5.25)

exactly as we had before!
Let us now diagonalize the momentum operator, since it is self-adjoint. That is, consider an eigenvector

6In many beginning quantum books one is likely to see the equation “13': —ihV”, which is horrible notation. The left hand
side is supposed to be an operator in the Dirac notation while the right hand side represents how that operator acts as a
differential operator in the position basis. The correct version of this statement is (Z|ply) = —ih V.
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|p) of the momentum operator ﬁ which is labeled by a vector p intended to indicate its eigenvalue:

1P = plp). (1.5.26)

This notation is always a little hard to parse the first time you see it. Taking the inner product with (Z| we
have:

(@plp) = p&I) = —ihV(@|p) = F(FP) = VIn((FP) = *p — (#|p) = Nex™? (1.5.27)

where here N is an arbitrary constant. Thus, the eigenvectors of the momentum operator are just complex
exponentials! We can choose the normalization factor N so that the |p) vectors satisfy the same orthonormality
condition as the |Z) vectors, using the fundamental Fourier integral:

@) = iﬂt/[Iw (Fd'T) = jg<iﬂa»< 7'z (1.5.28)

:/(Ne%f'ﬁ) Net@# qdg = \N|2/e%f'(ﬁ’—ﬁ)ddf (1.5.29)
S S

_ 2 d ﬁ_ ﬁ/ _ d 2¢(= i

= |N|“(2m)% — )= (2mh)*IN26(F — p7). (1.5.30)
By convention we choose the normalization N = - 1h) T so that:

T 2
kT
{@|p) = ) P1p") = 0(p = p"). (1.5.31)

Consequently, the momentum eigenstates also satisfy the same completeness relation as the position eigenstates
and the momentum operator admits a nice expression in terms of its eigenstates (letting K be the R? vector
space of all values of p):

/ﬁwmwzf//m@@mw@w%wm /// T izt dtE (15.32)
K (2wh)z (2mwh)2

//|a: (& — &) (2'|d*Zdz = 1. (1.5.33)

p= it [ viatats =in [ |15
_ _m/ /\x (F|P) (FldiEdlp = /Kﬁ]ﬁ)@]ddﬁ. (1.5.35)

Thus, there is a momentum eigenvector for each real vector p and these vectors are orthonormal and
complete. This allows us to make a few nice identifications. For example, we can define the “momentum
space wavefunction” (¢, p) analogously to our “position space wavefunction” ¥ (¢, Z) by:

b(t, ) = (Pl (t)). (1.5.36)

Using the completeness relation, this function just gives the expansion coefficients for |¢)) when written as a
linear combination of the elements of the momentum basis:

W=A@Wﬁ%=4%@@ﬁi (1.5.37)

Let us see how the position and momentum space wavefunctions relate:

_ig.py
Dt 5) = / (BE) (F ) dE = / N bt 7). (1.5.38)
s (2mh)z

The momentum space wavefunction is simply the Fourier transform of the position space wavefunction with
the wavenumber k = g ! This is actually quite straightforward to understand. We found that in the position
basis, the momentum operator acts as (or proportionally to) the spatial derivative and so its eigenvectors are
exponential functions, the eigenfunctions of the derivative. The inverse Fourier transform exactly expresses
a spatial function as a linear combination of complex exponentials and the Fourier transform gives the
coefficients of linear combination. That is all that has happened by identifying the momentum basis; we have
simply put the Fourier transform into Dirac notation!

Now that we understand the momentum basis a bit better, we can naturally define “translations” of the

~—

zddp (1.5.34)



1.5. Summary and Spread Coordinates Scheopner 33

momentum space in exactly the same way as we did for position. That is, define the operator S’(g) as the
unitary operator which acts as:

S def | & A — -
S@W E r+a — = [ p+auias (1.5.39)
Then, under a momentum translation the wavefunction . (t, ¥) becomes:
0e(t.) = (alwe() = (@510(0) = [ [ @7+ 1) o) a'sals (1.5.40)

i =

LJ(P-F?) —+Z P L o
// er2 h 62 ﬁh)d ¢( —’/)ddﬁddgz-'/ ﬁez/é x—x f’)ddf/ — eﬁaww(t7f)' (1.5.41)
™ ™

Hence, a translation in momentum simply multiplies the wavefunction by a phase factor which is linear in
position. We can see by direct calculation that this does in fact add momentum &’

= {wlitod = el (=in [0 @atal) o) = —in [ v1vv.a'e (15.42)
= —ih / Yple w€Ty *¢) diz = —ih / PIVYdiE + & / Piypdiz (1.5.43)
= (Y[PIY) + e(W[v) = P + & (1.5.44)

Next we wonder, how should we extract the classical position? Whatever Z. (the associated classical
position to [¢)) should be) is, it must make a canonically conjugate pair with p,;. Notice that in general
Q' =P, P =-Q, t'=t, H =His a canonical transformation. That is to say the conjugate momentum
to P is actually —Q. Applying this, one could consider the Lagrangian £'(t,Q’,Q’) gotten by Legendre
transforming in these primed coordinates:

L(tQ.,Q)=QP —H = P' = gg,. (1.5.45)
In the unprimed coordinates, this reads:
!
L'(t,P,P)=-PQ-H — —Q= ‘2;. (1.5.46)

So if we write the Lagrangian in terms of P and P, we can actually recover Q from (1.5.46) in the same way
we would usually get P from a Lagrangian” written in terms of Q and Q. Before we derived the expression
for pg by differentiating the Lagrangian with respect to a time dependent translation of position. This line
of reasoning allows us to derive —.; by differentiating the Lagrangian with respect to a time dependent
translation of momentum. Applying such a translation to a generic ¥y:

— ig. i T igg — Lg*a - i o 0

Y(t,T) = en ST (t,7) = o = 7€ aen Po(t, @) +er ;io(t,x):ﬁs-xz/}—l—(%. (1.5.47)

Then, applying this to the Lagrangian:
L—ih / Whpdds — / / Wt (B @ BT (¢, 7 )d e (1.5.48)
= m/w < =L + > diz — //w (t, 2T H|Z Vb (¢, ) d Zd T (1.5.49)
—_z. /wxwdd + h/w 0 i //w VEH|E Yt &) dAEd T (1.5.50)

And so, the classical p051t10n is given from (1.5.46) as:

T =— /wxzpddx—/<w|x>f<*| P)diF = w|/x|x )(Z]dF|ep). (1.5.51)

Defining then the position operator 7
i= /f\f><f|ddf — Zq = (QZY). (1.5.52)

s

7One.may be concerned about calling both of these quantities the Lagrangian. Notice that this new “Lagrangian” in terms of
P and P is actually related to the typical expression for £ by adding a total time derivative and so there is nothing to worry
about.
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The position operator is immediately self-adjoint, because position values are real valued:

it = / |2 (Z|dE = . (1.5.53)
S

As well, we can see that the form in (1.5.52) is analogous to (1.5.35) for the momentum operator. Equation
(1.5.52) is quite a reasonable expression for what we mean by the position operator as from (1.5.51):

T = (WIF1) = /S FPd's (1.5.54)

and so the result is a weighted average position where the weight is [1|>. Thus, when the wavefunction
is essentially all located around a particular position, |1|? will only make significant contributions to this
integral near that position and Z will coincide with that position, exactly as we intended with the meaning
of classical position. Because —Z.; is the generator of momentum translations, by theorem 1.4 we can express
the momentum translation operator as:

S(8) = e, (1.5.55)

Now that we have identified the classical position and momentum within the wavefunction, we ought to
check that they are in fact canonically conjugate in the way we intended. By the canonical brackets in Orig.
(1.4.7) then we would like to check:

O ? J ? RN ?
{xclaxcl} =0, {chlapcl} =1, {pclapcl} =0. (1556)
From theorem 1.5, these are equivalent to:
1#,4] =0, [Z,5] = ihl,  [p,p] = 0. (1.5.57)

So, let us compute these commutators. To do so, it is easiest to work in components and to consider these
operators acting on an arbitrary vector |¢):

(89, 8|0 = (294 — $23)|) = /|x ) (F]dE (295" — °57) |o) (1.5.58)
:/|:f> (z22® — 2%2%) <f|z/)>dd:?:=/\f>0(5:‘\¢>dd£=0. v (1.5.59)

S S
(2%, po][Yp) = (2Pp — Pp2)|¢)) = / |Z) (Z|dZ (2" Po — Ppd®) |¥) (1.5.60)

= [ tatinto) ~ @lparton at = [ o) (<inet 55 4 in s (@lation) ) ' (1501

/|m (-m —+mi( azp)dd*_/m (-m 881/; + iR + iha ad;) d'z

(1.5.62)

:m&g/g|f><f|¢>dd5=m&gm). v (1.5.63)

s 1) = s = )10 = [ 17515 Gt = o) 1) (1.5.64)
= [ = i) G)'5 = [ 17005 =0. V. (1.5.65)

These computations should remind you of Orig. section 1.3. The commutation relations are exactly as
suspected in (1.5.57) and thus the Poisson brackets are exactly as suspected in (1.5.56).

Theorem 1.6: Classical Variables in Quantum Mechanics

The position and momentum operators are self-adjoint operators defined by:
5= / HE) (Fd'E, = —ih / 1#)V (77, (1.5.66)
S S
They satisfy the canonical commutation relations:
[Z,1] = 0, [Z,p] = ik, [5.p] = 0. (1.5.67)




1.5. Summary and Spread Coordinates Scheopner 35

The quantities ¥, = <.%> and py = (ﬁ’) always correspond to the spatial-average position and total
linear momentum of the wavefunction and when the wavefunction is approximately localized they
correspond to the position and momentum present in the classical theory of point matter. They always
satisfy the canonical brackets:

{fCl?i:Cl} = 07 {fd)ﬁd} = ]la {ﬁclvﬁcl} =0. (1568)

1.5.1 Operator Spreads

We say that Z. and p,) correspond to classical particle-like position and momentum, but under what
precise circumstances should we recover classical mechanics from our wave theory of matter? As we said, this
wave should produce essentially classical dynamics for Z.; and p.; whenever that wave is essentially localized
in its position and the whole wave moves with an essentially well-defined velocity. Because the Legendre
transformation acts as a way to trade in position and velocity dependence for position and momentum
dependence, having an essentially well-defined position and velocity implies having an essentially well-defined
position and momentum. Thus, we expect classical mechanics to be recovered for Z.; and p.; whenever the
wavefunction is not very spread out over space and simultaneously also not very spread out in momentum
space, exactly like in Orig. problem 4.48. Let us study how to quantify such conditions.

Consider an operator O and a normalized eigenstate 1) of that operator with eigenvalue A. Then:

Olp) = Ay) = (®|Of) = Ml) = A= (O). (1.5.69)
Further consider the nonlinear operator 60 defined by:
50 = 0 — (@|0|)1 = 0[¢) = Olyy) — (O)[) = Alwy) — Aly)) = 0. (1.5.70)

And so, 5O annihilates any normalized eigenstate of O. In fact, the converse is true as suppose instead that
for a vector |¢) the operator O annihilates that vector:

501¢) =0 = Ol¢) — ($|0|¢)|¢) =0 = Ol¢) = ($|O|¢)|8). (1.5.71)

Hence, |¢) must be an eigenvector of O with eigenvalue <¢|@|¢> It further follows by taking the inner
product of both sides with (4| that (¢|¢) = 1®. And so, 6O annihilates a vector if and only if that vector is a
normalized eigenstate of O. A vector in a normed vector space has norm 0 if and only if it is the 0 vector:

2
[lw)* = (u|u) =0 <= |u) =0 (1.5.72)
and so the fact that 60 annihilates a vector if and only if that vector [¢) is a normalized eigenstate of Ois
equivalent in both directions to the condition that §O|y) has norm 0:
A~ N ~ 2 P
[¢) is a normalized eigenstate of O <= JO|Y) =0 «— H60|w>H = (h|6OT60p) = 0. (1.5.73)

Thus, the quantity 60? defined by:

50% = (1h|6O16O|) (1.5.74)
for a general state [¢) is 0 if and only if |¢)) is a normalized eigenstate of O. This expression is called the
operator spread of O in the state |[¢)) and is generally written as:

Spr(0) = 60° = (Y|(O — (0)*1)(O — (O)1)[). (1.5.75)

Because the operator spread is expressible as the norm of a vector, it is non-negative. Further, if Ois
normal then using the spectral expansion of the operator O:

Spr(0) = > [ = (O) P[], (1.5.76)

When all of the non-zero ,, correspond to eigenvalues \A,, which are near each other, <(§) will be near those
An and all of the |\, — <@>|2 will be small, leading to a small spread. So, when [|¢) is nearly an eigenstate
of O the operator spread of O will be nearly 0. The operator spread of o essentially measures the extent
to which 1) fails to be an eigenstate of ©. When we want to consider a wavefunction which is localized

8There is a slight exception in the case that (¢|(’5\¢) = 0 in which case no condition on normalization can be derived. The
rest of the steps of reasoning presented here still follow, just with the word normalized removed. Ultimately, this case will not
affect our final conclusion.
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in position, we will concretely mean a wavefunction for which the operator spread of the position for that
wavefunction is negligible (for the purposes at hand; how large of a spread will count as negligible will of
course depend on experimental resolution). As well, a wavefunction which is localized in momentum will
mean that it has negligible momentum operator spread.

An occasionally useful way of interpreting the operator spread comes from what it tells us about how far
the operator summary is from the nearest eigenvalue of O. For a normal operator O and fixed normalized
|1} which is not necessarily an eigenvector of O, define the operator Vw by:

Vy = (01 = (@[0[) 1)(O — (|Ofy)1) — Spry,(O)1 (1.5.77)
where the operator spread given above is intended as being taken with respect to the vector |¢). It immediately
follows by computation that [V, VJ] = 0 and so Vj, is normal as well. Further, any eigenvector |n) of O with

eigenvalue A, is also an eigenvector of Vw with eigenvalue v,, given as:
Vypln) = valn) = v, = [An — (O)? — Sprw(@). (1.5.78)

So, all of the eigenvalues of Vw are real. Let v, be the least eigenvalue of Vw (or, more rigorously, the greatest
real number less than or equal to v, for all n, i.e. the infimum of the spectrum of V;,). Let A, be the
associated eigenvalue of O corresponding to v,:

v, = [ A — (O))? — Sprw(@) (1.5.79)

Then, we have:

(WIVl¥) = 10+ Vo = 0. DI6) = v 300 = o)l (1.5.80)

Each term in the sum in the final equality is nonnegative, and so we have:

(Vi) > v, (1.5.81)
Using the definitions of Vw and \,:

(1 (O = (WI01) 1)(O — (WIOW)L) = Spry (O ) [) > ve = v. <0 (1.5.82)

= |\ —(O)] < \/Spr(0). (1.5.83)

Hence, for any state |¢) and normal operator O, there always exists an eigenvalue of O within one square-root
of the spread of O from the summary of O. The operator spread tells you at most how far the operator
summary is from an eigenvalue of the operator.

Another quantity which is very closely related to the operator spread but generalized to two operators is
the operator correlation. For two operators A and B , their correlation is defined by:

(AT — (A" 1)(B ~ (B)1) + (B — (B)1)(AT — (4)*1)

Cor(A, B) = (¢ 5 ). (1.5.84)
One can see immediately that the correlation satisfies: Cor(A, B) = Cor(B, A)*. The operator spread of a
normal operator is just a special case of the correlation:
A A Of —(0)'1)(0 — (0)1) + (0 — (0)1)(OF — (0)*1
cor0,0) = (@ IO DO= O+ O OO = (01D, (1555
= (|(O" —(0)"1)(O — (O)1)|v)) = Spr(O). (1.5.86)

All of this gives us:

Theorem 1.7: Spectral Spread Theorem

The operator correlation in a state |¢)) between two operators A and B is defined by:
(AT — (A 1)(B - (B)1) + (B - (B)1)(A! — (A)*1)
2

Cor(A, B) = (1)) ) (1.5.87)

and satisfies:
Cor(B, A) = Cor(A, B)*. (1.5.88)
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The operator spread in a state |1) of an operator O is defined by:
Spr(O) = Cor(0,0) = (0T — (O)*1)(O — (O)1)). (1.5.89)

The operator spread is 0 if and only if |¢) is a normalized eigenstate of O. The spread is non-negative
and acts as a measure of the extent to which [¢) fails to be an eigenstate of O. For any [¢) and

normal operator O, there is always an eigenvalue of O within a distance of 1/Spr(O) from (O).

The summary position can be written in a way which makes it look quite like the definition of the center
of mass:

() = (YIF1) = /S HPdi, (1.5.90)

This precisely would be the center of mass (see Orig. (2.8.28)) if we interpret dm = m|y|>d?# and thus
interpret the wavefunction as having mass density p,, = m|¢|?> where m is its total mass. As well, the
correlations of the components of the position are quite closely related to the moment of inertia tensor I

Cor(#?,2%) = /(xa — (@) (a" — @) Pd?F = I°® =m (Cor(z° £.)6* — Cor(2*,2")).  (1.5.91)
S
We will find that this identification for the mass density is more than just an analogy in the coming sections.
The fact that we are not dealing with a rigid body is expressed in I’ having generic time dependence, rather
than simply rotating its indices (as in Orig. section 2.8).
Consider two vectors |u) and |v) and assume |v) # 0. Define a third vector |w) by:

lw) = |u) + alv) (1.5.92)
for some constant a.. Let us choose « so that |w) and |v) are orthogonal:
(o) (o)
(v]v) (vlv)

By definition of the norm, (w|w) > 0 with equality if and only if |w) = 0. Therefore:

g 8 N (N () el = el
(olu) = (1= {9701 ) (1 = {20100} = tuh) = 5 > 0 — qupiytod = o, 1590

Precise equality can only hold in the event |w) is 0. When |w) = 0, |u) and |v) are then colinear and in fact
one can see immediately from (1.5.93) that the converse holds as well. To derive this inequality we had to
assume |v) # 0. However, if |v) = 0 the inequality holds trivially. Thus, we have the Cauchy-Schwarz
inequality, that for all vectors |u) and |v):

(wlw) = (v|u) + alv|v) 20— a=—

—> ) = Ju) -

|v). (1.5.93)

| (ulu) (vlv) > [(ulo)[?. | (1.5.95)

with equality holding if and only if the two vectors are colinear. Now let us consider two operators Aand B
and a state |¢)) and define:

W= A (A1), =B B, (15.96)
Then:
(ulu) = (W|(AT — (A)*1)(A — (A)1)|¢) = Spr(A) (1.5.97)
(v]v) = (V|(BY = (B)*1)(B — (B)1)|¢)) = Spr(B) (1.5.98)
(ulv) = (P|(AT = (A)*1)(B — (B)1)|v) (1.5.99)
(A)*1

) (1.5.100)

= (WI3A" — (4)'1, B~ (B)1]|4) + Cor(4, B) (1.5.101)
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=S4T, B)) + Cor(4, B). (15.102)

Thus, by the Cauchy-Schwarz inequality:

Spr(A)Spr(B) > ';qfﬂ, B]) + Cor(4, B) (1.5.103)
For the special case of A and B being self-adjoint, we have:
(wlu) = %<[A,B}>* + Cor(A, B)* = %([A, B]) + Cor(A, B) (1.5.104)
[(ulv))? = <<[A,B]> + Cor(A4, B)) <—;<[A, B]) + cor(A,B)> (1.5.105)
— Cor(A, B)? — i([fl, B]) = Cor(A, B)* + (211,([/1, B}>>2. (1.5.106)
And so, (1.5.103) becomes:
Spr(A)Spr(B) > Cor(A, B)? + (;i<[,4, B]>)2. (1.5.107)
Together this gives us the uncertainty theorem:
For any two operators A and B:
Spr(A)Spr(B) > %([AT,BD + Cor(A4, B) i (1.5.108)
For the special case of two self-adjoint operators:
Spr(A)Spr(B) > Cor(4, B)® + (21¢<[A’B]>>2' (1.5.109)

1.5.2 Classical Limit

The correlation and commutator of operators Aand B place limits on how small the spreads of A and
B can be made simultaneously. The most basic special case of interest is when the operators are the position
and momentum operators in the same direction 7. That is, define & = 7i- ¥ and p = 7 - p where 7 is a constant
unit vector. Then:

(2,9 =[7-Z,7-p| =7 [T,p] it =ihl. (1.5.110)
Consequently:
1 2 1 2 op?
Spr(@)Spn(i) = Cor(a ) + (1)) = (5r0nm) ) =1 (15.111)

Thus, there is a limit to how small the spreads of position and momentum can be made simultaneously. This
is not surprising. As a state’s position spread gets smaller, it comes closer to being an eigenstate of the
position operator and thus gets closer to being a Dirac delta. As a state’s momentum spread gets smaller,
it comes closer to being an eigenstate of the momentum operator and thus gets closer to being a complex
exponential. A Dirac delta is entirely localized to a point whereas a complex exponential does not decay in
magnitude at all with distance. So, there is a limit to how well a function can simultaneously approximate
these two very different behaviors. This is a general fact about the Fourier transform, is purely
mathematical, and is not derived from any physics.

Suppose we have the experimental sensitivity to physics only on length scales of at least w, and momenta
up to a resolution wy,. The classical regime is whenever the wavefunction spreads are essentially negligible
compared to these resolutions. So, with o, = +/Spr(#) and o, = 1/Spr(p), classicality requires:

O K Wy, op K Wp. (1.5.112)
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o, and o, are called the position and momentum widths of the wavefunction. Using (1.5.111):
72 2 2 2
2 ~ -~ 2 ~ ~
w? > Spr(p) > ———— = Spr(z ws > Spr(z) > ——— =— Spr
» > Spr(p) = 15pr(3) pr() x> Spr() > Sor) pr(p)
So, we have that in order for a wavefunction to be in the “classical regime” for given experimental resolutions
we must have the position and momentum widths sit in the ranges:

el —— (1.5.113
> 4w’ > 4w? ( )

h h
% L0, K Wy, m < 0p<<wp. (15114)

As well, simply multiplying the two pieces of (1.5.112) using the uncertainty theorem gives:
h
WaWp > 3 (1.5.115)

That is, the classical limit is only achievable in an experiment with position and momentum resolutions
satisfying (1.5.115) and for wavefunctions satisfying (1.5.114). If your experimental resolution is too good, so
that wywy, is too small, then you will intrinsically have to deal with the full wavefunction and cannot expect
any sort of simplification to classical mechanics. Because much of the world is well described by classical
mechanics, the constant & in (1.5.115) must have a very small numerical value when expressed in the SI unit
system (as the scales in SI units — the meter, second, and kilogram — that comprise the units of % are all of
orders of magnitude in which classical mechanics is typically a very good approximation). This suspicion is
confirmed by experiment (see the homework of next section).

The requirement that under classical conditions the Schrédinger equation should reproduce classical
mechanics places some restrictions on what H can be. The quantum Hamiltonian is exactly (¢|H|) and so
the exact dynamics of the operator summaries of the position and momenta are given by:

d¥ 1 .~ - dpi 1.~ &
= {Ga My = (R H), T = (P MY = (D). (1.5.116)
There are just special cases of Ehrenfest’s theorem as proven in problem 2.10. Under approximately classical
conditions, these should reproduce Hamilton’s equations for the corresponding classical system. Therefore,
for approximately classical wavefunctions, we must have:
(i)~ T (o - S
? Pcl ? Ll
where Hci(t, Zel, Per) is the Hamiltonian of the corresponding classical system that our quantum system is
supposed to reproduce. Generally, these conditions will NOT be enough to determine the Hamiltonian
operator H. However, requiring that the quantum system should have some symmetries of interest and
reproduce the classical equations of motion in the classical limit is sometimes (but still not always) enough to
determine what the Hamiltonian operator H should be for the system. A quantum system is not defined by
its classical limit! The less fundamental theory (classical mechanics) is defined by the (limit of the) more
fundamental theory (quantum mechanics). A quantum system is just constrained by its classical limit.
We can see more precisely what classical physics tells us about the Hamiltonian operator by using the
results of Orig. problem 4.48 for wave packet solutions to a generic quadratic field theory. The Schrédinger
Hamiltonian can be written explicitly in the position basis:

= i) = [ [elea@nomeesds (1.5.118)

Using the Taylor expansion of ¥ (¢, Z):

(1.5.117)

oo

A 1
M= / / PUEDEAWE) S (@ =2 (), (DT PE (1.5.119)
sJs o
Then, we can define the differential operator H(t,Z, —ihV) by:
0o 1 L
H(t,# —ihV) =Y = (/(fH(t)|f’>(x’a1 —2%).. (2 — xa"')d3§:"> o (1.5.120)
ne0 n. S

With this, the Schrédinger Hamiltonian becomes:
H = / YU, B H (t, &, —ihV )(t, T)d>Z (1.5.121)
S

precisely in the form found in Orig. problem 4.48.
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If our wavefunction is approximately localized in momentum space then |i(t, 7)|? (where ¥ (t, p) =
(Pl (t))) will be small outside of a small neighborhood surrounding the classical momentum g (¢). The

momentum space wavefunction 1Z is just the Fourier transform of (¢, Z) up to multiplying by h% and
2

replacing the wavenumber k with % . Therefore, if the wavefunction is approximately localized in momentum

space then it is also approximately localized in Fourier wavenumber space around a wavenumber K (t) which
is related to p.(t) by:

P = hK. (1.5.122)

This is known as the de Broglie relation. If the wavefunction is approximately localized in momentum
space then the H(t,Z, —ihV) operator immediately acts on ¢ approximately by:

H(t, &, —ihV)(1, &) ~ H(t, 7 5a) (1, ) (1.5.123)
If the wavefunction is also approximately localized in position space, |¢(t,Z)|? will be small outside of a
small neighborhood surrounding the classical position Z(¢) allowing us to complete the position integral in

(1.5.121) to find:

H~ H(t,fcl,ﬁcl). (15124)
In order for this to produce classical physics then, H must approximately be the classical Hamiltonian
Hea(t, Ze1, D). This does not fully fix H (one can’t simply just say H = H as functions) because no
wavefunction is exactly localized in both position and momentum space and so there is no exactly classical
wavefunction. Instead, we can only require that H = H.+ corrections which are small when the wavefunction
is approximately classical. We can be more formal and exact about how what extra terms can be in H that
are missing from ., but we will save that for chapter 2.

Under the classical limit, we can also use (1.5.123) in the Schrédinger equation to see:

ih(t, T) =~ H(t, T, )0 (t, T). (1.5.125)

If Z is near &) then we can approximately replace H (t, T, pr1) with H(t,Zc1, o). If & is far from &) and 9 is
approximately classical then (¢, Z) ~ 0. In either case:

H(t, %, pa)y(t, ) ~ H(t, Lo, pa)P(t, T) (1.5.126)
and so we can see that an approximately classical wavefunction has approximately well defined angular
frequency €2 given by:

H(t,Za, pa) = hE2. (1.5.127)
This last condition is known as the Planck relation. The approximate equations of motion derived for Z
and K in Orig. problem 4.48 were:

diq 90 dK o0
~ Pl 1.5.128
dt OK dt 0T ( )
Using the Planck and de Broglie relations we have:
dig OH dpe OH
~ , N ——— 1.5.129
dt OPe1 dt 0T ( )

which are just Hamilton’s equations (when we use that H ~ ). Therefore, classical physics emerges as
the wave packet approximation of quantum mechanics.

1.5.3 Meaning of h

In Orig. (5.2.61) and (5.2.63) we found that the whole of analytical mechanics is agnostic to the choice of
the units of the action and that rescaling our choice of units of action is equivalent to rescaling our choice of
units of mass. Therefore, when we chose the kilogram as a reference unit of mass it implicitly (when combined
with our choices of units for length and time) determined a numerical value of 7 in that unit system. This is
just like how when one chooses the meter as a reference unit of length and the second as a reference unit
of time it implicitly determines a numerical value of c¢. However, we know that ¢ can be eliminated from
all equations and set to a numerical value of 1 by choosing our unit of length to be the distance traveled
by light in our unit of time. This choice is uniquely special because ¢ is the only invariant speed (due to
Lorentz symmetry). A very similar choice can be made for i. Due to the Planck and de Broglie relations, the
momentum 4-vector (E,p) of a normalized wave with well defined angular frequency and wave number is
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related to the wavenumber 4-vector (w, k) by:
p" = k" (1.5.130)

But, the units of energy and momentum depend on our choice of the units of action and so can be rescaled
one time only by an arbitrary factor. So, if we define our units of the action so that the energy
of a normalized Schréodinger wave of well-defined angular frequency is equal to that angular
frequency then h =1 identically. Thus, just like ¢, h is not a fundamental constant.

In units in which ¢ # 1, one needs to perform an experiment in order to measure c. This can
be accomplished through any experiment which can measure how far light travels in a measurable time.
Alternatively, in units in which ¢ = 1, one needs to perform the same experiment in order to calibrate what
numerical value to assign to the distance traveled by the light. That is, if one lets light travel for 1 nanosecond
and measures how far it goes, marking the start and end points of its travel, the distance between those
two points defines the distance of a light-nanosecond. Light identically travels one light-nanosecond per
nanosecond and so has speed 1. Similarly, in units in which & # 1, one needs to perform an experiment in
order to measure h (see the homework next section). Alternatively, in units in which & = 1, one needs to
perform the same experiment in order to calibrate what numerical value to assign to the mass used in that
experiment. No more or less experimental information is necessary no matter what units you use.

There is further analogy between ¢ and h. How velocities compare to ¢ controls the nonrelativistic
limit. So, formally taking ¢ — oo (as it is the equivalent of v/¢ — 0) turns relativistic equations into their
nonrelativistic counterparts. Similarly, the classicality conditions (1.5.114) and (1.5.115) show that the extent
to which it is impossible to have a wavefunction which is simultaneously completely localized in position
space and in momentum space is controlled by k. Therefore, i — 0% formally gives the classical limit. The
reason I am saying these are formal limits is that ¢ and & in reality always have fixed numerical values (and
are 1 in my favorite units). In every experiment they are always fixed; there is no experiment in which ¢ — oo
or h = 0. Properly, the nonrelativistic or classical limit is approximately achieved whenever the genuinely
dynamical relevant experimental parameters (velocities or wavepacket spreads) are small.

For the rest of this and the next chapter we will keep around factors of A and not choose its value to be
1. However, beginning in chapter 3 we will set it to 1 just as we have with ¢ and €y and we will keep it that

way unless stated otherwise. We found in (1.2.22) that h has units of the action and in Orig. (5.2.62) that the
ML?
T

. In modern SI units the kilogram is defined so that & takes the exact value [15]:

- 6.62607015 < 10

2w S

In order to establish this value experimentally (meaning to take an object and measure its mass in kilograms

as defined by h having this value) requires an experiment that can compare macroscopically measurable

quantities to h. We describe a few ways to do this in the homework throughout this chapter in problems

1.49, 1.50, 1.51. Once we have defined our unit of mass so that A = 1, we will have an induced unit of mass

M = % so that the action is unitless. The unit system in which ¢ = 1 and & = 1 we call Schrédinger

Natural Units (SNU). This leaves time and length as the only independent units. We have not set ¢ =1

because for the bulk of this chapter we consider nonrelativistic theories, so ¢ does not appear anywhere. If we
use meters and seconds as our units of length and time, then in SNU the unit of mass is 5.

Quantum mechanics also makes it possible to define the second at a level of precision that was previously
impossible. In SI units, the second is defined exactly as the duration of 9192631770 periods of the electromag-
netic radiation emitted by the transition between the hyperfine levels of the unperturbed ground state of
the 133Cs atom. To unpack this phrase, when modeled as a quantum system, the Cesium-133 atom has a
lowest energy state (the ground state) and due to the interactions of the electromagnetic fields generated
by the atomic nucleus with the electrons in the atom, there is a characteristic resonant angular frequency
w of electromagnetic waves emitted in the transition of this atom between its lowest energy configurations
(the ground state and its nearest neighbor eigenstate of the interacting Hamiltonian operator). That angular
frequency of electromagnetic radiation then defines a period 7 = %’“ and the second is defined to be exactly
91926317707. This gives the second a universally reproducible definition and it for all but the most precise of
purposes coincides with the more colloquial understanding of a second as 1/86400'" of a solar day on Earth.

Looking ahead to when we do incorporate relativity and so use ¢ = 1 units, h = ¢ = ¢g = kp = 1 units
leave only one single remaining independent unit. A unit of time can be converted to length using ¢, or to a
mass using h and ¢, or to a charge using h, ¢, and €, or to a temperature (in separate temperature units
rather than energy units, gross) using h, ¢, and kp. This is our final unit system, and it is called either

action has units [S] =

k 2
—34 S8 (1.5.131)
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Natural Units (NU) or High Energy Units (HEU). It is the standard system used in particle physics.
For the last remaining unit, if you want to correspond as closely to SI as possible, you should take the free
unit to be time in seconds (with the second defined as above in terms of Cesium). Alternatively, to correspond
to particle physics practice as closely as possible, you should take the free unit to be energy in electronvolts
eV. The electronvolt is defined exactly as the energy gained by an electron when it is accelerated through an

electrostatic potential difference of 1 Volt (1 Volt = 1k§2r(’312 in ST units where C is the ST unit of charge the
Coulomb defined so that the electron charge is precisely 1.602176634 x 10~19C). Using the SI definition of

the second gives that in HEU the electronvolt and the second are exactly related by:

1.602176634 1 1
16V = 2mr———————— 10" = ~ 1.51926744787862620125 x 10'°=. 1.5.132
¥ T 62607015 s S ( )

So, for HEU we take either the eV or the second as our one defining unit and use the number presented here as
a conversion factor between those two choices. Alternatively, using the Cesium definition, the electronvolt is
defined so that the energy difference due to hyperfine splitting of the unperturbed ground state of Cesium-133
is exactly:

_6.62607015 x 0.919263177 5 o
AE = 1602176634 x 1077 eV =~ 38.0176702609049942617 peV (1.5.133)

in terms of microelectronvolts (10~%eV). The electronvolt is an extremely convenient unit for atomic, nuclear,
and particle physics. Unfortunately, it is a bit gross for every day quantities. Using h =c=¢y =kp =1
(and for the case of the Coulomb, the experimental value of the fine-structure constant «, see problem 1.52),
all of the more familiar SI units of the meter, second, kilogram, Coulomb, and Kelvin can be expressed in
terms of electronvolts. In particular:

SI Unit H eV Equivalent

1s ~ 1.5192674479 x 1015 eV~ T

1m ~ 5.0677307162 x 106 eV ! (1.5.134)
1kg ~ 5.6095886038 x 103° eV o

1C ~ 1.8900670154 x 10'8

1K ~ 8.6173332621 x 1075 &V.

The huge range of exponents and unobvious way to verbally pronounce eV ! make it clear why we don’t use
high energy units in daily social life. The range of human reasonable temperatures isn’t so bad in electronvolts,
with the range —50°C to 50°C corresponding to 19.2meV to 27.8meV and a comfortable room temperature
of 20°C corresponding to 25.2meV.

1.5.4 Rigged Hilbert Space

The position and momentum operators are surprisingly mathematically complicated objects even though
in the position basis they simply multiply by a real number or take a derivative. We found that their
eigenstates satisfy:

(@) =o(@ -2,  (plp') =6(p—1"). (1.5.135)
Automatically it follows that if we set |¢p) = |Z) for a particular value of Z, then |¢) does not have finite norm:
(¢lo) = o(Z — &) = 0(0). (1.5.136)

§(0) is not a number, because the Dirac delta is not a proper function. It effectively acts like +00. To
understand it in any meaningful sense you can consider a sequence of functions |¢,) which limit to |Z) and
see that the norm of |¢,) limits to oo as n — oo. For example, if you take |¢,) to be a Gaussian in position
space centered at I and with width proportional to % then you can find explicitly what the normalization of
that Gaussian has to be in order for |¢,,) to behave (when inner producted with other functions) as |Z) in the
n — oo limit. You can then see explicitly that that normalization scales like y/n, and so blows up for large n.
The Gaussian is a particular choice where the calculation can be done completely explicitly but the result is
independent of how |Z) is approached as a limit. Because |Z) has infinite norm, it isn’t mathematically a
proper element in the Hilbert space H. The identical argument holds for |p).

Neither |Z) for any & nor |p) for any p'are in H. This isn’t actually a crazy thought. The Hilbert space
is supposed to be the space of physically reasonable states of our system (finite momentum, finite energy,
finite generators in general, and so finite norm) and both |Z) and |p) are quite pathological states if taken too
seriously. |Z) is entirely localized in position space, and so effectively represents a point particle, which we
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know from the Orig. is fundamentally an unphysical idea. |p) is not localized at all in position space as it is a
plane wave with infinite spatial extent. Even though it carries a finite energy density, it carries that energy
density uniformly throughout all space and so carries infinite total energy. The fact that neither |Z) nor |p) is
in our space of exactly allowed physical states is thus a good thing; they are quite unphysical!

However, mathematically |%) and |p) are useful tools for doing calculations. It is important to in some
way formalize what they are and to what space they belong. After all, it doesn’t make sense in a purely
rigorous sense to say that the |Z) form a “basis” of the Hilbert space if they aren’t even in the Hilbert space
to begin with. The appropriate mathematical fix is called a Rigged Hilbert Space, which is a set of three
vectors spaces, the first and smallest we call ®, the second is our usual Hilbert space H, and the third and
largest we call ®. ® is called the space of test functions. It is the subset of H that is the space of smooth
(infinitely differentiable) functions of compact support (only nonzero in a closed finite region). The Hilbert
space H of functions of finite norm is a subset of ®. D is the space of distributions. A distribution (like the
Dirac delta) is an object that is not generally a well defined mathematical function but has well defined
behavior when integrated against a test function. In other words, the inner product of a test function with a
test function, Hilbert space element, or distribution is well defined and finite; the inner produce of a Hilbert
space element with a test function or Hilbert space element is well defined and finite but not generally so
with a distribution; and, the inner produce of a distribution is generally only well defined and finite when
with a test function. Both |Z) and |p) are distributions in ®, but not vectors in H.

The spectral theorem in infinite dimensions guarantees that a normal operator has an orthogonal spanning
set of generalized eigenvectors. Generalized eigenvector here means a “vector” which is only guaranteed to be
an element of ®, not necessarily of H. These generalized eigenvectors are orthogonal in the sense that different
ones have vanishing inner products with each other. They cannot generally be normalized to a finite value
but a normalization condition can still be imposed (such as fixing (p]p”) = 6(p'— p”) with no prefactor on the
Dirac deltas). They are a spanning set in the sense that each element of H can be written as a (potentially
infinite) linear combination of them. So, we informally say that the operator has an orthonormal basis of
eigenvectors, in analogy with the finite dimensional linear algebra. Physicists tend to be pretty relaxed
with this language as opposed to mathematicians that study functional analysis who are very careful. The
takeaway from this subsection is that we will maintain only about the typical physics level of rigor in our
discussions of Hilbert spaces but it should be known that an entirely rigorous treatment can be done and
that while our proofs given here could be improved in term of rigor, our essential results are durable when
treated with higher level analysis (and phrased in appropriately rigorized language).

1.5.5 Phenomenological Born Rule

An individual quantum particle, such as an electron, is extremely small and not directly detectable
by human senses. In order to make meaningful measurements of quantum systems, we have to couple that
microscopic system to a macroscopic measuring apparatus (we call it a detector). Beyond our control, that
microscopic system will also inevitably be coupled (however weakly) to an enormous environment of variables
(think of all the degrees of freedom in the air all around you) which we for the purposes of the description
include as part of the detector (in actual practice, the environmental degrees of freedom are infinite, due to
fields). The distinctions microscopic and macroscopic used here are precisely those from statistical mechanics.
A macroscopic apparatus necessarily consists of an extremely large number of microscopic degrees of freedom,
as physical objects are comprised of many many microscopic constituents. The part of the detector we can
read is called the meter (some particular macroscopic variable of the detector) and all of the many microscopic
parts of the detector we cannot read are called the environment. We might wish that it would be possible
to build a detector so that the reading of the meter was completely determined by the system we wish to
measure, however the fact that the environment is necessarily large makes this overly optimistic. In order
to make the meter sensitive to the microscopic system we want to measure, we have to make it able to be
perturbed macroscopically by small microscopic fluctuations. This sensitivity inevitably also makes it at
least partly sensitive to the environment, which has unaccounted for microscopic dynamics. Because we have
to treat the environment as having many averaged out degrees of freedom, a proper treatment of the
measurement of quantum systems requires using statistical mechanics.

Such a detailed proper treatment will have to wait for chapter 2, once we have built up more technical
machinery. The main results of that analysis are two approximate effective principles known as the Born rule
and the collapse rule. While we won’t go deep on them yet, for making connection to experimental results
it is useful to at least describe them now. An ideal measurement is the optimal measurement scheme
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possible consistent with quantum mechanics and statistical mechanics, in the sense of introducing the least
error. Suppose we have a microscopic quantum system with state |¢) for which we are going to measure a
single property by an ideal detector. In an ideal measurement, it is possible to divide the Hilbert space H of
our microscopic system into orthogonal subspaces Hy, Hs, ... which span the full Hilbert space and so that if
|¢)) € H,, then the meter is guaranteed to read off a particular value M,, which is distinct for each different
value of n. We define the projector operator 7,, to project vectors in H into the subspace H,,, i.e. is 1 on H,
and 0 for vectors orthogonal to H,,. Such a projector is automatically self-adjoint:

o = F1. (1.5.137)
The requirement that the subspaces are orthogonal is given by:
Fmfn = Omnfn. (1.5.138)

The requirement that the subspaces span the full Hilbert space is given by:
> =1 (1.5.139)
n

One may wish that for each |¢) € H there would be a guaranteed corresponding meter reading, however
due to the statistical mechanics of the system-meter-environment interaction, this is too much to ask. The
large number of interacting degrees of freedom makes the full system-meter-environment system chaotic,
and consequently a probabilistic description of the effective results becomes necessary due to our imperfect
knowledge of the exact microscopic initial state of the meter-environment system (the detector) and our
inability to exactly calculate the dynamics of the interaction system. These subspaces H,, are stable, in the
sense that under the full system interactions |1) will stay in one if it is already in one. But, if |¢) is composed
of a linear combination of subspaces, it will dynamically and chaotically (and so effectively randomly from a
macroscopic perspective) decay into one of the subspaces and thus select a meter value. Which subspace is
selected depends sensitively on the initial conditions of the full system, but by calibrating the detector to be
unbiased on average, one can derive the probability of selection for each subspace. Doing so gives the Born
rule: the probability that the meter M will read the value M, is given by:

Prob(M = M,) = (|itn|t)). (1.5.140)

This use of projectors to generate probabilities is called a projection valued measure (PVM).

After the interaction has occurred, the wavefunction will have been driven into the corresponding subspace
H,, so that we also have the collapse rule: if the meter takes the value M, the system wavefunction |¢,,)
after the interaction is given by:

Rl
n) = Ty (15141

Sometimes it is useful to express the 7, explicitly in terms of an eigenbasis. Let |n,a) (with a a label)
be a set of orthonormal vectors which span H,,. The range of the label a is the dimension of H,,. Then:

Tm|n, @) = Smn|n, a), T = Z In, a){a,n|. (1.5.142)
a

So, the resulting probability for M = M,, in terms of this basis is:
Prob(M = My) = (¥|in|t)) = > [(n, alt)[*. (1.5.143)

In the special case that for a particular n = n, the corresponding subspace Hl, is 1 dimensional, a only takes
the value 1 and we can let |¢) = |n., 1). Under that circumstance, these formulas simplify to:

e =¢)(@l.  Prob(M = M.) = |{g|s)|*. (1.5.144)

Because of this expression, most sources will call the quantity |[(¢|¢))|?> the probability that when |¢) is
measured, it will be found to become |¢). Importantly, this is only valid for the special case of a 1 dimensional
subspace and under the circumstances that a real measurement may be approximated by an ideal one. Further,
it is only valid in the physical context of an actual measurement in which |¢){(¢| is one of the stable states
produced by that particular measurement apparatus because measurement is a dynamical interactive process.
|(1|)|? has no meaning as a probability outside of a specific measurement context. Conceptualizing it as a
probability is not a fundamental or exact principle, which is why I call it an intensity or projective intensity
and avoid overuse/misuse of the term probability.

If the meter is going to tell us anything about our system of interest, we want the subspaces H,, on
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which it takes predictable values to be physically meaningful subspaces for that system. Consequently, in an
ideal measurement we further require that these subspaces correspond to the eigenspaces of some operator of
interest G in the quantum system. That way, there is a correspondence between the eigenvalues G,, of G and
the meter readings M,, so that if |¢)) is an eigenstate of G with eigenvalue GG,,, the meter predictably reads
the value M,,. This structure lets us (in an ideal measurement) correlate as much as possible the reading of
the meter with the value of some operator summary of interest in the system we are measuring. Using the
properties of the 7,, this condition gives a simple formula for any function f of G:

Zumw 1£(G)[ebn) Zf W), V) = 1(G) =3 F(Ga)fn. (1.5.145)

To understand Why in an ideal measurement a correspondence between the stable subspaces H,, and the
eigenspaces of an operator of interest G is natural, let us consider an example. Suppose we have a detector
screen with pixels sensitive to incoming charges. The width of a pixel is w. If the incoming wave-packet is
entirely localized to a single pixel, then an ideal screen would only have that corresponding pixel light up.
We can define the subspace H,, as the subspace of the Hilbert space which has wavefunctions that are only
nonzero on the n*® pixel. Then, we can define the coarse-grained position of that pixel by the position value
T, at that pixel’s center and the coarse-grained position operator by:

B =Y Tnfn. (1.5.146)

Each eigenvalue x,, of Z,, corresponds to the meter value, in this case n, of which pixel lights up when the
charge is incident.

Many sources will say that an ideal measurement acts as an uncertain measurement of G , which is very
misleading (not maliciously, just a poor choice of words). Most pedantically, the meter is what is observed,
not anything related to G. Of course, we do want to interpret that meter result in terms of something about
the system, so that element of the leap is forgivable. However, G isn’t a variable, it is just an operator; the
state of the system is |¢) and any measurement reveals information about [¢), not G, which doesn’t even
depend on the system’s state. Saying that a measurement measures an operator and gives some probability
distribution makes G sound like a random variable, which it isn’t. The state is |¢)). The operators are just
(possibly infinite dimensional) matrices of state-independent numbers. The operator ;5' is no more or less of a
random variable than the matrix (21 g (which is to say, not at all).

Instead, it is much more accurate to say that the repeated ideal measurement described above acts as an
uncertain measurement of (G) (which actually does depend on the state |t)). Because an ideal measurement
of a microscopic quantum system by a macroscopic detector gives probabilistic results, in order to learn specific
facts about the state |¢)) one needs to prepare the system many times and perform many measurements.
Suppose we prepare and measure the same state [1)) a total of N times and that in observation k we observe
the meter reading M, () where o(k) is the function that maps which observation is considered to the specific
relevant value of n. Let K,, be the number of times we observe the value M,,, or in other words the number
of values of k for which (k) = n. Then, because we have made N observations:

> K,=N. (1.5.147)
We can define the empirical frequency ¢, of outcome M, as:
K,
= =0 1.5.14
I = 7 (1.5.148)

In the large N limit, ¢, — Prob(M = M,,) due to the definition of probability. In an ideal measurement, if
we read a value M,, on the meter, we infer that [¢)) has collapsed to |¢,) € Hj, which is then an eigenstate of
G with eigenvalue G,,. Correspondingly, in that state:

(Pn| Glihn) = G- (1.5.149)

Thus, we identify that our uncertain measurement of (G) has given the value G,, a fraction ¢, of the time.
Consequently, our sample mean G of the empirical values is:
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In the large N limit then we have:
lim G =Y G,Prob(M = M,) = Gn(@|fn|t)) = (¥ > Guinlt)) = (P|Gl) = (G).  (1.5.151)

N—o00
n

That is, G (which is fully determined by the meter readings) in the limit of large data converges to the
true value (G’}, so that repeated ideal measurements act as a measurement of (G} This correspondence
between the statistical quantity G' and the operator summary (G) in the large data limit is why most sources
call (G’) an expectation value or operator expectation. However, I view this as a derived correspondence
emergent in the ideal measurement model, not a fundamental physical fact, and so avoid this language.
Importantly, in this understand <G’> is a real physical property of the system taking the same value in every
single experimental instance before the measurement happens. It is in the dynamics of the measurement

process that each value G, is realized and from the distribution of these resultant values that the true

value (G) is reconstructed. B
In life we always have a finite amount of data so let us determine the behavior of G at finite N. Let
prn = Prob(M = M,,). We can alternatively write G as:

N
L1
= = . 1.5.152
G N};Gg(m (1.5.152)

Because o(k) takes the value n with probability p,, G, takes the value G,, with probability p,. As well,
the o(k) and hence G,y are identically independently distributed for different k. Thus:

N N
L1 1 1. .
EG = ;E[Gg(k)] =¥ ; %:pnan =y N(G) =(G). (1.5.153)
As well:
_ _ _ 1 LK R
Var[G] = E[(G)’] = (EG)® = —5 Y Y E[Go)Gor)] — (G)° (1.5.154)
k=1k'=1
1 N 1 N N N
= 5 > B+ 5 D Y ElGopGoun] — (G)? (1.5.155)
k=1 k=1Fk'=1
k' #k
N et LS S 6 - oy = GG spr(@) (1.5.156)
= 7 npn ” N2k:1k’71 = ¥ =N 5.
K 4k

Therefore, we can view G as giving a statistical measurement of <C¥> with a quantifiable variance that decays

with the number of trials. We can also identify the operator spread Spr(G) as the variance of a single ideal
measurement, of (G’) Recalling the idea of quantum tomography, we now see that by preparing a system
many times with the same state |¢)) and measuring many different generators many different times each, we
can develop increasingly precise knowledge of the value of each generator, and approximately reconstruct
|t) from these values. Thus again, the state |i)) as a ray in Hilbert space is entirely observable in the limit
of large data. While for individual measurements we have statistical results due to the Born rule, for large
numbers of measurements we have predictable statistical behavior. Consequently, well-prepared beams of
many particles produce reliable intensities.

The similarity between the Born rule and the adiabatic invariants of the Schrodinger Lagrangian is not
accidental. In an ideal measurement, the interaction between the system-meter-environment will cause a
distinct response of the meter on each subspace H,,. Consequently, the term added to the Hamiltonian to
account for the interaction between the system and the detector will be of the form:

Hine = Y (W|7n[t))hn (1.5.157)

n
where h,, is a function of the meter-environment variables distinct for each n. By each h,, being distinct, the
meter will have a distinct response on each subspace. During the interaction, H;,s must completely dominate
over the free Hamiltonians in order for the system and the detector to become properly correlated and so
for the short time that the interaction happens, Hi,y is effectively the total Hamiltonian. Eigenstates of the
Hamiltonian operator ) 7,h, are precisely the eigenstates |n,a) of the ,, and the adiabatic invariants of
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this Hamiltonian |(n, a|y))|? are precisely the ingredients of the Born rule. In fact, it is because these Born
rule intensities are adiabatically invariant i.e. stable enough on experimental time scales that they are the
only possible quantities to manifest as effective macroscopic probabilities in the Born rule.

You might wonder to what extent it is possible to simultaneously (in one experimental trial) measure
two properties of a single instance of a quantum system. Because the projectors 7, have to be selected based
on the associated predictable response of the meter and the property G = <G> of the quantum system which
is measured is built after this selection in terms of those projectors, it is only self-consistent to infer values of
another property G/ = (G” ) as well if it can also be built out of those projectors in the same measurement
process. Therefore, G and G/ must commute (which is automatically true if they are both built out of the
same 7). Conversely, if G and & commute, it is possible to simultaneously diagonalize them and thus build
a simultaneous set of eigenspace projectors around which an appropriate detector could be designed. That
is, two properties are simultaneously measurable in a single ideal experimental instance if and only if the
corresponding generating operators to those properties commute.

The inability in an ideal measurement to simultaneously measure properties corresponding to noncom-
muting operators emphasizes an important point: probabilities in quantum mechanics are contextual.
What does this mean? Suppose that the probabilities of quantum measurement actually existed regardless
of measurement or experimental context. Then, it would be possible to define a single probability space in
which all of the probabilities of quantum mechanics live. It would be possible to answer the question of what
is the probability of simultaneously reading off any two particular meter values corresponding to different
properties. However, if the two properties do not commute there is no shared eigenspace, in contradiction with
the conditions under which a meter value is read. Noncommuting operators indicate properties that cannot
coexist in a single probability space. This makes perfect sense as it is the chaotic dynamical measurement
process from which probabilities emerge. Measurements of different properties require physically different
detector setups. We will see rigorously when we study Bell inequalities next chapter that generically for
a quantum system it is mathematically impossible to define a probability space that can simultaneously
describe all of the results of different possible measurements of that system when considering measurements
that cannot be performed simultaneously. Attempting to put the properties corresponding to noncommuting
operators into a shared probability space leads to genuine mathematical contradictions.

Exercises

Problem 1.12: x Commutators becoming derivatives.

(a) Show by repeating and generalizing the arguments between equations (1.5.118) and (1.5.121) that a
generic operator F on Hg may be written as a function f(t, a:c' 1%') (replace H in those equations by a
and define f the way H is deﬁned then complete the argument)

(b) Show that if F' commutes with x then it is not a function of p.

(¢) Show that if ' commutes with ' then it is not a function of .

(d) Show that if F' is not a function of # then:

- OF
[Z, F) = ih—.
op
() Show that if F' is not a function of p then:
5 o2 L OF
[p7 F] = %
0%

If the operator derivative is defined appropriately to take care of commutation difficulties, the results of
this and the previous part actual hold for F' which depend on both & and p.

Problem 1.13: x Restoring factors of h. Occasionally, you have to compare equations with someone who
prefers to use unit systems in which % is not set to 1 by definition. Suppose you have a quantity of interest F'
whose units are known in Schrédinger Natural Units (in which i = ¢y = 1) to be [F]sny = T%L? where L
indicates units of length and T indicates units of time and known in your friend’s unit system (for example
SI units) to be [Flriend = MYT*L*Q¥ where L indicates units of length and @ indicates units of charge.
Show that:

14 14
7+>\—§=a, —27+u+§=6
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and that F' in your two unit systems are related by:
Frriend = h’H_%GOEFSNU
with h and €y being their respective values in your friend’s unit system. Explain then that applying this to

every quantity of interest in an equation allows you to restore powers of A and ¢y in equations whenever you
would like to and thus you have lost nothing by choosing units which eliminate them.

Problem 1.14: Understanding Natural Units. From the defined values of h = c=¢; = kg = 1 in
natural units and the defined numerical values of &, ¢, kg, g. in SI units, together with the measured value of
the fine-structure constant « (defined in problem 1.52), reproduce the values in table (1.5.134).

Problem 1.15: Dilation Operator. Consider a system in 1 spatial dimension so that H is the space
of square-integrable complex functions of a single real variable. For constant z and p, define the dilation
generator G and dilation operator D(g) by:

G (w—Jlx)(p—llp);(p—llp)(w—h)’ D(e) = e—#5C.
(a) Define |1h(e)) = D(e)|tho) for a fixed normalized wavefunction |tg). Show that:
L dlP(e) _
(b) Show that the above in position space becomes:
oy N . v
ng(xfx)af ﬁp(:cfz)zlﬂrf =0

and show that this can be rewritten as:

% (e%*%ﬁw}) + (z — i)% (egf%miﬂ) =0.

Show that this is solved by:
dlew) = e BRSO, + e (o — 7).

(c¢) Suppose we choose the constants Z and p so that they equal () and (p) when |¢g) is used to compute
these operator summaries. Show that for all e:

(W(e)elp(e)) =z, (P()plY(e)) =p.
(d) Show that:
(DY@~ 10)D) = D@~ 10D, (DG~ 1p)D) = —Di(p— 1p)D
and that these are solved by:
D (& — 12)D = *(& — 1%), DY (p—1p)D = e~5(p — 1p).
(e) Now define the central moments M,,, by:

Mpn(€) = (¥(€)[Sym((& — Z1);m, (p — pL); n)[¥(€)).
Here in the symmetrized product the ;m indicates that they are m factors of £ — z1 and ;n indicates
there are n factors of p — pl. Show that:
Mo (g) = ™= M, (0).

Use this result to explain how the dilation operator stretches the wavefunction out uniformly in position
space and squeezes it in uniformly in momentum space. Explain further why if a transformation does
one of these then it must do the other as well.

Problem 1.16: Nondegenerate Time Independent Perturbation Theory. As usual, most systems are
too hard to solve exactly. Suppose we have a time independent Hamiltonian operator Hy whose eigenvector
problem we can solve exactly with orthonormal eigenvectors |ng) and eigenvalues EY. Assume for this
question that none of the eigenvalues of Hy are repeated. Suppose that the actual Hamiltonian operator H
for our system is time independent and related to H, by:

FIZﬁQ‘FEﬁl
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for a small parameter ¢ and H, some operator. The goal of this question is to find the first few terms in
powers of ¢ for the solution of the eigenvectors |n) and eigenvalues F,, of H. These series will take the form:

E,=EW +¢EM 4+ 2E® 4+ 0(%), In) = |no) +eln1) + £2|na) + O(e3).
(a) Expand the eigenvector equation for H to order £2 to show that:
Holn1) + Hilno) = B |n1) + EV|no), Holns) + Hilny) = B |ng) + EXV|na) + B no).

(b) The phase of eigenvectors can in general be chosen arbitrarily. Show that we can choose the phase of
|n) so that:

<n0|n1> =0.

(c) Assume we have made the above phase choice. Show that the first two energy corrections and first state
correction are given by:

R B _ |(no| H1|mo)|* _ M
En - <n0|H1|n0>7 Z E(O) E(O ’ |n1> - Z En E(O)l >

m#n m#n
Problem 1.17: Degenerate Time Independent Perturbation Theory. Consider the same setup as
the previous problem except now there may be repeats among the eigenvalues of H,. Because of this, the
eigenvectors of H, are not uniquely defined (as linear combinations of eigenvectors with the same eigenvalue
remain an eigenvector). But, only certain choices of eigenvectors allow the ¢ series is exist and precisely which
choice is necessary is dependent upon H;. Assume that we choose the phase of [ng) so that (ng|ni) = 0.

(a) Show that:
Er(ll) = (n0|I:11|n0>.
(b) Show that for m # n and E,(ff) # E,(IO):

~ (mo|Hino)
T
Show that for m # n and E(O) E(O)
(c)
<m0‘1{[1|n0> =0.

Explain that this implies that the unperturbed eigenvectors must be selected so that the perturbation
H, is diagonalized on each eigenspace of Hy. Often this is enough to fully specify the proper choice of
unperturbed eigenvectors. However, if there exist n, m so that E(O) = ET(,?) and E(l) E(l) then the
degeneracy is said not to be lifted at first order and the proper choice of unperturbed eigenvectors is
still not determined. In that case one must keep going to higher orders until enough conditions are
placed to fully specify the unperturbed eigenvectors.

(d) Show that:

)= Y M, D+ Yy Jmelfik)Uolfhln)

0 0 0
w0 Zpo B — B e o (nolHalno) (17 — E”)

E(O) E(O)

ED - % |<n0|H1|mo>\2.

" (0) (0)
BOzp P~ Em

Problem 1.18: Time Dependent Perturbation Theory. Consider a system with a Hamiltonian operator
of the form H(t) = Ho+eH,(t) for a small parameter & and Hy a time independent operator whose eigenvector
problem we can solve exactly with orthonormal eigenvectors |n) and eigenvalues E,,. Importantly, note that in
this question |n) and F,, are the eigenvectors and eigenvalues of Hy and we do not care about the eigenvectors
or eigenvalues of H. Define the coefficients a,, (t) by:

an(t) = eF Pt (nfy(t)).

=2 H M an(Oln).

Show that |¢(t)) can be written as:
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Further, show from the Schrodinger equation that a,,(t) satisfies:

. dap(t) L(Bp—Em)t /o | ]
ih—g— =& 2 et B Enlt nl Hy(8) ) am (2).

m

Explain how this equation can be used to develop a series solution for a,(t) in powers of £ and thus can be
used to approximately solve the original Schrodinger equation.

Problem 1.19: Fermi’s Golden Rule (Approximate Form). Consider a perturbation H, which “turns
on” at time ¢ = 0 and which is constant until a time ¢ = 7 at which point it is “turned oft” (ﬁ 1 is a non-zero
constant operator for 0 < t < 7 and 0 otherwise) so that the total Hamiltonian is H = Hy + cH,. Suppose
that the system begins at ¢ = 0 in an eigenstate |¢) of Hy with energy eigenvalue E, .

(a) Show that the a,, coefficients of time dependent perturbation theory can be written as:

an(t) = Op, + €dan(t) + O(e?)

where the da,,(t) coefficients satisfy:

dba,, (t v i ~
= ekl
(b) Show that the da,(t) are given by:
1— e%(EnfEL)t R
San (1) = T {al 1)

(As written, this formula assumes F,, # E,. Also find the correct formula for F,, = E, and show that
the above formula correctly limits to that one in the F,, — F, limit.)

(c) Let P,_,; be the “transition intensity” for beginning in the eigenstate |¢) of Hy at time ¢t = 0 and ending
in the eigenstate |f) of Hy) at time ¢t = 7 with f # ¢. That is, P,_,; is defined by:

Py = |(flo(m).
Explain mathematically how P,_, ; measures how close |1(7)) is to being | f), with a value of 1 indicating
that they are identical and a value of 0 indicating that they are orthogonal. Show that to lowest order
in perturbation theory:

42[(FIHL[0))* . 5 ((Ef — BT
P_ = i L o(e?
N (E; - B, sin o7, + 0(e?)
The finite time transition rate v, ; is defined by the time rate of change of the transition intensity as
we leave the perturbation on for slightly longer. Show that:

et dP, 202|(f|H )2 . [(Ef—E,
(O h(EfI—Jlj)l ) + 06,

(d) Show for an arbitrary smooth function F(z) (by making the integral change of variables y = ax) that:

lim SIOT) pvde = F(0) / ST .
a—oo | o €T o T
(e) Define the function G(f) by:
G(B) :/ ST —ha gy
0 X
Show that:
1 [ sinz dG o 1
= - 1. = —_— —ﬁI 51 = =
G(0) 2/_Oo . dx, ﬂl_{{.loG(ﬂ) 0, 3 | e sin zdx e

Use these to show:

o .
sinx
/ dr = .
oo T

(f) Use the results of the previous two parts to show:

lim sin(az) = mo(x)

a—0o T

(g) Consider the long term behavior of the finite time transition rate v, for 7 — co. Show using the
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result of the previous part that the long time transition rate (also simply called the transition rate)
I',, s is given by:

. 27 -
Cimg = lim 55 = e |(fIH])[*5(Es = E,) + O(?)

This formula is the approximate form of Fermi’s Golden Rule. We see that it gives the lowest order
in perturbation theory estimate of the stabilized rate at which a state nearly approximated by |¢)
transitions to a state nearly approximated by |f) under the perturbation £H,. Later in this chapter
when we study scattering, we will derive the exact form of Fermi’s Golden Rule for transition rates.

Problem 1.20: Positive Operators.
(a) Let O be a self-adjoint operator such that for all |¢) € H:

®|Oy) > 0.

Such an O is called nonnegative. Show that all of the eigenvalues of O are nonnegative. Show that if
the above > can be replaced by > then all of the eigenvalues of O are positive (such an operator is
called positive).

(b) Show that if > above cannot be replaced with > then O must have 0 as an eigenvalue and that 0 is its
least eigenvalue. Thus, show that for a self-adjoint operator V if v is the greatest real number such that:

WV]) > v

for all [¢) € H then v is an eigenvalue of V and v is the lowest eigenvalue of V. An operator V for
which such a v exists is said to be bounded below.

Problem 1.21: x Baker—Campbell-Hausdorff formula. For operators A and B which do not commute:
eAeB — O ”; cA+B

for some C. The goal of this question is to find the first few terms of a formula for C' (known as the BCH
formula).

(a) Consider the function C(e) defined by:

C(e) _ cA _eB

e e e

Taylor expand both sides in powers of € to show:

N g3 N

C(e) = e+ B+ SIA B+ S 1A~ B4 B + 0.

—_

The all orders BCH formula is quite complicated.
(b) The above series does not terminate for general operators and the exact expression for C' is very
complicated. However, assume the special case that:

[Aﬂ [A7BH = [Ev [Aa EH = 0.
Show that in this case, we have the exact “simple” BCH formula:
eAeB — JA+B+3[AB]

Problem 1.22: General Gaussian Integrals. Recall the result of the single variable Gaussian integral
from Orig. problem 3.7.(m) that, for complex a,b, ¢ satisfying Re(a) > 0 or if Re(b) = 0 then also for
Re(a) = 0:

/OO e~ sT bRy — 2—ﬂ-e%"'c,
o a
(a) Show that:
/ eféAabmaquLBax“%»Cdn 2 (27T) 2 B%A’“bBaBbJrC
n Vdet A
for a real symmetric positive definite matrix A with components A,;, complex vector B with components
B,, and a complex number C. Do so by diagonalizing A,; and changing coordinates in the integral to
show that the integral becomes a product of n independent single variable Gaussian integrals, which
you know how to perform.



Scheopner 52 1.6. Scalar Theory - Galilean Schrédinger Equation

(b) Use analogous techniques to show:
e2
iz+v/det A
for a real symmetric nondegenerate matrix with components Ay, a real vector with components B,,
and complex number C.

/ e 5 Aapz®a’+iBaz®+iC qnz _ (2m)2  ia-etp,By,tic

Problem 1.23: Wavefunction of Minimum Uncertainty is a Gaussian. Consider a quantum system
in 1 spatial dimension. Due to the uncertainty theorem we know the minimum value possible for 0,0, among
all wavefunctions in H is % In this question we will find all wavefunctions which achieve this minimum value.
(a) For a given normalized wavefunction [¢), let q = (%) and p = (). With |u) = (Z — q1)]¢p) and
|v) = (p — pl)|y), use the Cauchy-Schwarz inequality to show that:
h ih
020p = 5 & Cor(z,p) =0and 3£ C : |v) = 272|u>
(b) Show that the final condition of the previous part, when put into position space components becomes
the differential equation:

oY i —q

i T

Solve this differential equation to show that for some real constants N, ¢:

(x) = Ne~ 53+ hnativ,
(¢) Show that ¢(x) is only of finite norm if £ € R (and take, without loss of generality, £ > 0). Show that
we can choose N and ¢ so that (¥|¢) = 1 and so that ¢ (z) becomes:

1 (z—q)2 iap
P(x) = ———e e
(=) (2me2)3
Confirm that (#) = q, (p) = p, Cor(#,p) = 0, and 0,0, = 2. Show as well that o, = ¢, giving the
interpretation of £. Therefore, a wavefunction is of minimal uncertainty if and only if it takes the above
form, known as a Gaussian or coherent state.

Problem 1.24: x First Look at Coherent States. Let |g,n) be the coherent state with (Z) = q, (p) = n
and o, = ¢ (with ¢ fixed throughout this problem). That is, in position space:

1 _(e—q)?
716 102
(2m2)1
Because coherent states are maximally localized in momentum space for a given amount of localization in

position space, they are “maximally classical”.
(a) Show that the coherent states at ﬁxed 14 Satisfy'

qdr)
\q p){a, nl5 =

This looks like a completeness relatlon but it should properly be called an over-completeness relation
because the coherent states are NOT a basis. They are over-complete in the sense that they are not a
linearly independent set. Explain how it is possible to fully determine an operator O from its coherent
state matrix elements (q, p|(§|q’ n’). In fact, it is actually possible to completely recover the operator
from its diagonal coherent state elements (g, p|O|q,n), although doing so is more difficult.

(b) Show that the coherent states have the inner products:

qu

<x|q,p> =

(a—a)2 _2(p-pH2

(g.plg’ /) = e sz~ ar tamlar’=a'p)

Thus, the coherent states are approximately orthogonal for significantly different (g,n) and (g, p’)
(where significantly different is determined by ¢, k).

1.6 Scalar Theory - Galilean Schrodinger Equation

We are finally ready to look at our first explicit theory of matter without any point particles. Ultimately,
we know we will have to consider quantum mechanics with Lorentz symmetry, because Galilean boost
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symmetry is not fundamental, but it is very fruitful to learn about Galilean Quantum Mechanics first. Since
all we are changing from Galilean Classical Mechanics in the Orig. is that we are taking a wave theory of
matter, we take as our assumptions exactly those of GCM with a single replacement:

Assumption :: GQMI - Matter is wave-like

A unit of matter is described by a matter wave field called the wavefunction (¢, Z).

Assumption :: GQMII - Galilean boost symmetry

Isolated systems have symmetry under shifting the position of all objects at the same fixed rate
(boosting by a constant velocity) while keeping time unchanged.

Assumption :: GQMIII - Space is static and Euclidean

The background space on which waves propagate is not itself dynamical and is instead fixed without
any curvature or holes, extending infinitely in all directions.

Assumption :: GQMIV: Parity Symmetry

Isolated systems have parity symmetry.

We first consider a scalar particle with no internal degrees of freedom so that H = Hs. Recall from Orig.
section 2.1 that the Poisson brackets for the classical Galilean theory are:

{(2,G}=0, {p.Gt=ml, {3,G}=1 (1.6.1)
where ¥ is the velocity and G is the generator of Galilean boosts at the time the boost is applied. We found
that the classical position is given by (Z) and the classical momentum by (p). We also know from Theorem
1.4 that as generators, whatever the effective classical 7 and G are they must be expressible as (111') and (é)

for some self-adjoint ¥ and G. Then, because we know that the Poisson brackets induce the same algebra
onto the operators by Theorem 1.5 as the original quantities:

i#,d] =0, 5, G) = ifim1, 5, G] = inl. (1.6.2)

By the result of problem 1.12, G can be written as a function ¢, 5%,]% and because G commutes with aic’, it
cannot depend on p (which does not commute with Z). Therefore:

7,0 =0 = G =0t (1.6.3)
5,G) = ihm1 = m[#, 5] — [5,G +m&] = 0. (1.6.4)

Similarly, because G + mZ commutes with ﬁ, it cannot be a function of Z. Thus, G + mZ can only be a
function of time times the identity operator:

G = —mi+at)l. (1.6.5)
[7,G) = ihl = [0, —mZ+adl] = [Z,p] = [Z,5—mi] = 0. (1.6.6)

]3’ — m¥ commutes with i’, S0 it cannot be a function of ]3 Hence, there exists a function K (t, a:c') so that:
— .6.

Now we will find an explicit relationship between the velocity operator and the Hamiltonian. We intend

¥ = (U) to represent the best effective classical position of the wavefunction, but because (Z) is the best

<
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U= %f). Then, using Ehrenfest’s theorem:

2 <f> 1
W) =" ih
where the last step follows because the previous must hold for all |¢). Together (1.6.7) and (1.6.8) give:

classical position, we ought to just take

= ([ A) = i= [ 4] (1.6.8)

1o~ p—K(t7)

— % H| = ———=. 1.6.9

ih[ H] m ( )
It is not obvious how to solve this equation for H in general. But, the general solution can be constructed
from a reasonably guessed particular solution. Consider Hy:

By
o (p2 ) (1.6.10)
m
1o o0 1 p2—p K-FK.-f+ K2
= *h[fEaHo]*ﬁ[% T ] (1.6.11)
1 - 1 ooz 1 2 -
= 75— —[77] K — K-[Zp 1.6.12
Smin 0P = g P Smin L 15 P10 (1.6.12)
1 5oa A A A A 1 > 1 =
- ([x,p] p+p~[x,p]) — il K — oK - ihl (1.6.13)
1 . N K
= <zh1~p+p.zm) - (1.6.14)
R
:pm . (1.6.15)

Hence Hy is a partlcular solutlon to (1.6.9). T his particular solution was a reasonable guess because commuting

with a function of p’ with z just takes the p derivative of that function and this Hy is an antiderivative of ¢
with respect to p. Now consider the difference between H, a general solution, and Hy:

1 1 1

— H

ihl A=
So, H — Hy cannot be a function of ]5’ This leaves H determined up to adding a function U (t, ;%')

z, H — Hy| = —[Z Hy) =0 (1.6.16)

. (- Rt3)
P )

2m
Thus (1.6.17) is the general solution for the Hamiltonian operator consistent with our necessary symmetries.
Now that we know the Hamiltonian operator, we can compute the equation of motion via (1.2.28)

L= ih(p) — (WH ) = ihl) = H|yp) (1.6.18)

+U(t, 7). (1.6.17)

= |ing @(h (V PR >) +U(t,f>>¢<t,f>. (1.6.19)

Equation (1.6.19) is an extremely successful model, the Galilean Schrédinger equation. The Hamiltonian
operator appearing here has a strikingly similar form to Orig. Theorem 2.1. However, at the moment we

cannot justify associating the parameter m appearing here and the functions U and K with the classical
mass and potentials. To interpret these quantities we need to look at the classical limiting behavior of this
equation.

Let us compute the dynamics of Z.; predicted by the Galilean Schrodinger equation:

% — %qf’ H]) = @_mua (1.6.20)

2(3 : ¢

% = %({ﬁ’ H)) (1.6.22)
= oo (1700 = R = K + (= KI5 K*) + (701 (1629
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1 /0K, oK, .
= (e ) —(vo 1.6.24
2< o o > V) (1.6:24)
dE) oK) 1, . K 10K, 0K
i~ ot T HD = = 4 S Gt g (16.25)
Collecting these together:
PE 0K o] R N .
m—Zh = (=S = V0) - 3 <(v x K) x v> +3 <v X (V x K)>. (1.6.26)

This is satisfied exactly for all wavefunctions in the theory.

Importantly, the operator summary of a function of an operator is NOT the same thing as that function
of the operator summary. And so, in general this differential equation does not close (meaning it does not
contain sufficient information to solve for Z from initial data about Z. only). However, we can find what
happens in the classical limit by considering a wavefunction which has approximately well defined position
and velocity (as always, relative to a given experimental tolerance). For a highly localized wavefunction:

<ﬂ®>=WV@M@=éf@mwfﬂzﬂ@ﬁéWVﬁﬂ=ﬂ@DWW%=ﬂ@D (1.6.27)

because the only significant contributions to the integral come from the region near (a:c’> and if the function f
does not vary much over this region then we can approximate its value anywhere on this region by its value
at <3::'> This allows us to approximately move f outside of the integral. Making the same approximation that
the velocity is approximately well defined and so can be approximately replaced by its operator summary

%, we then have that in the classical limit:
- 0K . .
mTa & ==t Fa) = VU(t, Fa) + Za x (V x K(t.Za)) (1.6.28)

Hence the center @, of a highly localized wavefunction approximately satisfies the classical equation of motion
making the identification of m with the classical mass and U and K with the classical potentials. Again,
typically no wavefunction exactly satisfies (1.6.28), but the fact that a highly localized one approximately
does explains how the Galilean equation of motion was a successful macroscopic description of particles.
Together we have:

Theorem 1.9: The Galilean Schrodinger Equation

In general, the Hamiltonian operator for a scalar Galilean Schrédinger wave is given by:

ﬁz@;§$®y+0@® (1.6.29)

where m is the mass of the wave and U (¢, Z) and K (t,Z) are the scalar and vector potentials experienced
by the wave.

1.6.1 Interaction with Electromagnetism

In classical mechanics, when the potentials appearing in the Hamiltonian are due to electromagnetic
fields, we identify K= q/f and U = q¢ with ¢ the electric charge of the body and ¢ and the A the scalar
and vector potentials. This identification is still true in quantum mechanics because the potentials in the
Hamiltonian operator correspond to the potentials in the classical Hamiltonian (as identified in (1.6.28)).
Then, for an electrically charged wavefunction of charge g:

2.7 ™2 .
N L (1.6.30)
2m

where ¢ = ¢(t,7) and A = g(t, f:’) We also know that the potentials are only actually defined up to the
gauge transformation:
of

A =A+vf W=¢—5; (1.6.31)
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If we insert these transformed potentials into the Hamiltonian operator, we arrive at the transformed
Hamiltonian operator:
o (B—qA)? o (F—gA—qVi)? 8f
H = ( +q¢’ = +
om a0 om L
where f = f(t, aiﬂ') In order for us to not violate the redundancy in the potentials, we need this transformed
operator to be equivalent to our untransformed Hamiltonian operator up to symmetry transformation. Because

the gauge transformation does not affect time, time is not reversed and so by Wigner’s theorem there must
exist a unitary operator U so that H and [¢) are transformed by:

(1.6.32)

) =Ul), H=U (H - mi) Ut (1.6.33)
For a generic wavefunction and with a bit of algebra:
; n? g7 .4 of
SIE o\ Y .42 4 _
@) = o (V=LA iL9 ) o+ gy’ — Oy (1.6.34)

= (& <6 #fHemitf — ineit 8815 (eigf)) ). (1.6.35)

Therefore:
U=eid — §/(t,7) = AT D1, 7). (1.6.36)

This derivation, by just running Wigner’s theorem, shows that our Lagrangian is then invariant under the
combined transformation:

V(T =erly A =A+V, ¢ = 88{ (1.6.37)

= L' =i [¢") = W H [¢) = ih([d) — (VH|p) = L. (1.6.38)

So, the interacting theory of the wavefunction with the electromagnetic potentials still has exactly the same

gauge symmetry. Under the gauge transformation, ¢ is multiplied by a spacetime dependent phase. We

reasoned at the end of Orig. section 3.1 that electromagnetism has local U(1) gauge symmetry. Here we
literally see those 1 x 1 complex unitary matrices manifest in how the wavefunction is transformed!

In classical mechanics, p’is not gauge invariant but p'— qzﬁf is (and similarly so for H versus H — q¢).

In quantum mechanics, ]5’ — q/_f likewise behaves simpler under gauge transformations than ;3’ (and H-— qu;
simpler than H). In particular, using (1.6.36), we have:

O(H —gd)0t = (B —qd), UG- A0 = (5— gAY, (1.6.39)

It immediately follows from these that (ﬁ + qQAS)W)) and (]3’ — q/_f)|1/1> transform the same way under gauge
transformation that [1) does, meaning:

(( +adw) =0 + a0y (G+adlw) =06+ ad)w). (1.6.40)

Thus, the operators H— q¢ and p — qA are said to be gauge covariant, as they preserve the gauge
transformation properties of quantities they act on. H and p on their own do not have this property. In
position space, the momentum operator acts (up to a scalar multiplier) as taking the spatial derivative and in
the Schrodinger equation, the Hamiltonian similarly acts proportionally to a time derivative. Thus, we define
the gauge covariant derivatives %; and g by:

7 8—7’” +i ¢>z/;, G vy - qup (1.6.41)
so that:
ihDep = @ = qd)0),  —ihGw = (@7 gD (1.6.42)
The gauge covariance of these derivatives is expressed by the facts:
(2w) =erT D, (D) =R G (1.6.43)

The Galilean Schrodinger equation (1.6.19) in terms of the gauge covariant derivatives is very simply:

R .
ihDp) = —%.@2;& (1.6.44)
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where %2 = - &. This is just the equation of motion for a free particle (meaning with no potentials) with
all the derivatives replaced by the gauge covariant derivatives! Compare all these results with Orig. problem
6.13.

We can write our Lagrangian explicitly in the position basis as:

: —ihV — gA)?
L= /S <m¢*¢ oy (“mq) n q¢> w) ds (1.6.45)

—

—R*V2 + ihgV - (Ap) + ihgA - Vi + AP
2m

- /S <;h¢*¢ + %mmb — qw*qu) ds (1.6.46)

v+i%A’) qp*.(v fi%A) "

. . 2
- (o ogo) - 3 st i

S 2m
(1.6.47)
R =
~ / (—mm(w@tw) _ |@¢|2) ds. (1.6.48)
S 2m
Therefore we have:
Theorem 1.10: Galilean Schrodinger Scalar with Gauge Theory
The Lagrangian density for a scalar Galilean Schrodinger field experiencing electromagnetism is:
R
£ = —hIm(Y* Z4)) — %@W (1.6.49)

where 2,9 = (at + i%qﬁ) 1 and 9?1# = (V . z%ff) 1) are the gauge covariant derivatives. This theory
has local U(1) gauge symmetry:
W= e REEDy @ = of

=L A=A . 1.6.
o +Vf (1.6.50)

1.6.2 Gauge Transformation Geometry

Local U(1) symmetry has a fundamentally geometric interpretation. For the purpose of this subsection,
it will save words and symbols to use the 4 coordinate notation t = x°; no actual relativity is required here,
this is just a notation choice. At each point in spacetime, 1(x) is a complex number. A complex number
a + ib may be viewed as a vector in the plane with coordinates (a, b), identifying 1 and ¢ with the unit vectors
(1,0) and (0,1). Multiplying a complex number by e simply rotates that vector by an angle # in the complex
plane. So, our gauge transformation can be seen as us having the freedom to rotate ¥ (x) independently in the
complex plane at each event in spacetime by an angle £ f(x) provided we simultaneously change A and ¢ in
the described way. Imagine a Hilbert space V isomorphic to the complex plane but with a copy at spacetime
event so that we have V(z). For each z, V() is then a two dimensional real vector space to which we can

identify two orthonormal basis vectors 51(3:) and 52(33)

&6 =1, & & =0, & =1 (1.6.51)
where these inner products are taken with both vectors at the same x as for different x the vectors are in
different vector spaces and so their inner products are not defined. We can consider the wavefunction ¥(x) as

being for each point in space and time an element of the corresponding vector space V(z). In that space it
will have two real components 1! (z) and ¥?(z) so that:

U(z) = ¢! (2)6(2) + V(@) (2) = * (@)a(@) (1.6.52)
Here we define ¥, and 15 to be real and related to our usual complex valued wavefunction by:
1 12
Y(z) = Y@t iia) (1.6.53)

V2
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with the /2 just being a nice convention. Under our U(1) transformation:

Y(x) = e @y(a) (1.6.54)
. W _ (cos (‘;Lf) ©isin (th>) W (1.6.55)
T — cos(”) Vs ("ff) ¥ = plsin (Qf) Tty (qf) (1.6.56)

Now you can see plainly that this is a rotation. If under the U(1) transformation we also require our basis
vectors &1 and & to transform so that the ¥ is unchanged we have:

| - — - -
"= = P+ 9P =9 + Y. (1.6.57)
Using (1.6.56) and that this holds regardless of the values of 9] and 5:

£} = cos <th> 51—sm( f)&, £l = sin <q{> & +cos< f) &. (1.6.58)

In this view the gauge transformation is simply a change of basis of the internal space V(x). We transform
our basis vectors {1 and 52 and components ¢! and 12 together in such a way that the actual geometric
object they contribute to, ¥, is unchanged. The ability to choose our basis vectors independently at each
point in spacetime just means that there is no preferred basis of the internal space. Thus, gauge symmetry
really just corresponds to local internal rotational symmetry within the internal space V. Automatically the
transformation (1.6.58) preserves our inner product conditions (1.6.51).

Now that we are thinking of the wavefunction at x as an element of V(x), it is not meaningful to form
linear combinations of W(x) at different values of x, as they live in different spaces. Thus, it is not meaningful
to take naive partial derivatives of W¥(zx). This is ezactly like how in general relativity the components of a
vector field at each different point in spacetime lie in a different tangent space, and we can solve this problem
in exactly the same way. We need a notion of parallel transport, which will be provided by T (¥, z,z’) so
that for x and «’ sufficiently close to each other, this map takes ¥ € V(z) and produces a vector in V(z') and
which continuously becomes the identity map as ' and x are taken to coincide. Just like in general relativity,
in order to be compatible with the vector space structure of V(z) and to respect its inner product (which is
what is meant by being parallel), we need:

Y(a¥y + 0V, z,2") = aY (¥, z,2") + bY (Vy, z,2'), Y(Uq,z,2") - Y (Vo,z,2") =0y - Uy (1.6.59)
for constants a and b and vectors ¥, Uy € V(). Then, just like in Orig. (7.2.4), we define the covariant
derivative of ¥(x) so that for any vector v*:

o, o % 1 T(U(x +ev),x +ev,x) — \Il(m)

e—0 3

(1.6.60)

By following the steps to Orig. (7.2.8), the linearity of parallel transport written in components gives:
D0V =4 Dya + (0,0 (1.6.61)

The quantity v“@uf_; is the limit of a difference quotient of vectors in V(z) which all depend linearly on v*
and so is also a vector in V(x) which depends linearly on v*. That is, just like in general relativity, there
exist connection coefficients I'°,,,(x) so that:

Dyéa(x) = T00, ()6 (2). (1.6.62)
With this so-called gauge connection, the covariant derivative can be written as:
2,90 = (Z)ay Dt = 8" + T %, 0" (1.6.63)

Because the range of the a and b indices on I'%,, is {1, 2}, the two linearly independent directions in
V(z), at each & I'%, is a 2 x 2 matrix of spacetime vectors. However, because the parallel transport map
must preserve inner productb the components of that matrix are not independent of each other. In particular,
the basis vectors satisfy fa & = bap by (1.6.51) by definition. Under parallel transport then:

Y(&o(x 4 ve), x4 ve, ) - Y(E(x + ve), & + ve, ) = Sap. (1.6.64)

Differentiating both sides with respect to €, evaluating at € = 0, using that the result holds for all v*, and
applying the definition of the gauge connection:

o Dby +Ep Db =0 = 80l + 6l ap = 0. (1.6.65)
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Thus, the matrix 64,1y, must be antisymmetric under swapping a and b. The space of 2 x 2 antisymmetric
matrices is 1 dimensional, and so we can define the single vector field A, (z) = %Flzﬂ(az) from which it follows:

o _ 4 0 —1\*
'Yy, = _hA“ <1 0 ) . (1.6.66)
The covariant derivatives of our basis vectors and field components become:
g q g g q g q q

Dy = =3 Aubo, Dubo =3 A6, Dut =00 + LAWY D)t = 007 - S AT (1.6.67)

If we now collect our field components back into our complex representation in (1.6.53), it follows that:

.4

Db = 0ptp — zﬁAm (1.6.68)

which is exactly the original definition of the gauge covariant derivative, confirming the geometric picture
we are building is consistent with what we already know! Thus, the electromagnetic vector potential A,
is actually geometrically the connection on the internal space on which ¥ lives, the wavefunction ¥ is
just a complex component representation of the abstract ¥, and electromagnetic gauge transformations
are just local changes of basis of the internal space. We can further confirm that this picture reproduces
electromagnetism by looking at what a gauge transformation does to A,,. Taking the covariant derivative of
the gauge transformation (1.6.58) and using (1.6.67), we have:

. q N 5 q 5
which is exactly of the same form as (1.6.67) but with the gauge transformed potential:
Al (z) = Au(z) + 0, f () (1.6.70)

as the electromagnetic potential should always have.

The combination of the collection of vector spaces V(z) among all « and the parallel transport map
T is called a vector bundle V. The vector potential is then said to provide the connection on that vector
bundle as it gives the geometric information that connects V(z) and V(') for 2’ very nearby z. Because
we can now literally see the gauge transformation properties of the potentials as arising entirely from our
ability to freely choose our basis vectors for V(z) at each x, we can further see that the outdated view that
one sometimes encounters that the potentials are unphysical is as ridiculous as claiming that all vectors are
unphysical because their components are basis dependent. The components of all vectors are not uniquely
defined because I can choose my coordinate axes to be whatever I want! Similarly, the potentials are not
uniquely defined because I can choose the axes of V(x) to be whatever I want. But, not uniquely defined is
not the same as unphysical. While the z component v, of a vector ¥ is not uniquely defined, it does contain
information that may be physical as it is necessary to compute || which is uniquely defined under changes of
your coordinate axes. Similarly, while the numerical value of the potentials at a particular = is not uniquely
defined, the potentials as functions carry all of the physical information of electromagnetism!

You might worry that there is more to the geometry of the vector bundle V than what is in the connection.
However, the connection determines the entire parallel transport map, just like Orig. (7.5.82) but easier
because electromagnetism is Abelian. Consider a path v in spacetime with coordinates z* () parameterized
by a real parameter A. Suppose we have a vector ¥(0) € V(z(0)) which we want to parallel transport along
the curve so that v(\) is the parallel transported vector in V(z(\)) for each A\. From z(\) we can transport
to a nearby z(A + ¢€) using T to define a new vector ¥Z(A):

TL(A) = Y (T(N), z(N\), z(A + €)). (1.6.71)
We can then parallel transport this back to z(\), which is the inverse process and so this is guaranteed to
simply undo the original parallel transport:
T(UL(A),z(A+¢€),z(N)) = T(A). (1.6.72)
Since U(A) represents the parallel transported vector for each A, we have that for e sufficiently small,
TL(A\) = 0(A +€) + O(g?). Then, in the ¢ — 0 limit:
i TOA+e,z(A+¢e),2(N\) —T(N)
=50 c

dz*

just like as in gravity. This differential equation can be solved to give the fully parallel transport map from
the gauge covariant derivatives.
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To solve (1.6.73), let v(X) be the complex representation of ¥(A). Then, (1.6.73) becomes:

v+t @—z—A e ()\))(?—:v. (1.6.74)

v(A) = 7 N

This is exactly solved by:

VUfinal = ei@['y] Vinitial (1675)

where the path angle 0[] is defined by:
0] = g/A#dx“. (1.6.76)
hJy

Thus in the complex representation Y[vy] = e?l]; electromagnetic parallel transport of the wavefunction just
picks up a path dependent phase.

In general relativity, in Orig. (7.5.14), we derived the Riemann tensor and the notion of the local
curvature of a connection as the measure of the failure of parallel transport around a closed loop to be trivial.
Similarly, in electromagnetism parallel transporting a vector in V around a small loop will tell us about the
electromagnetic curvature of V. Parallel transporting a vector a small amount just changes it by the gauge
covariant derivative along the transport path, and so going first in one direction, then in a second, backward
along the first, and backward along the second to achieve a closed loop will result in the vector changing
by the commutator of covariant derivatives in the two directions, just like in Orig. (1.11.25) and (7.5.13).
(Because we are currently in flat spacetime we don’t need the final correction to close the loop needed in Orig.
(7.5.13)). So, let us compute the commutator of covariant derivatives to see what electromagnetic curvature
really means:

(D, D)0 = (a,t - i%A#) (aﬂ/) - i%Auw) - (a,, - i%A,,) (aﬂw - i%/w) (1.6.77)
= —id (0, A, = 0, A = —i% Fuu. (1.6.78)

The electromagnetic field strength gives precisely the local curvature of V! The magnetic field is the curvature
of V in spatial directions while the electric field is the curvature in mixing space and time and directions.

We actually already organically found how important electromagnetic parallel transport is indirectly
when studying classical electromagnetism in the Orig. Consider an area A bounded by a continuous closed
loop v = JA in space at fixed time. Then 6[v] becomes, using Stokes’ theorem:

h/ﬁ f:f/B dA (1.6.79)

which is just the magnetic flux through the loop, up to an overall multiplier! That is, magnetic fluxes are the
electromagnetic Wilson loops.

Both gravity and electromagnetism are fundamentally geometric theories, and the structures of the two
are highly analogous. That analogy is made most clear when comparing to the gravitational spin connection.
Vector fields f474 in general relativity can be thought of at each point in spacetime as being valued in a
copy of Minkowski space at that point. Each copy has Lorentz transformation symmetry so that the theory
has local Lorentz gauge symmetry. These different copies of Minkowski space are connected by the spin
connection w? Bu- The curvature of that connection is the Riemann tensor RAp uv- Charged wavefunctions
1/)“5(1 experiencing electromagnetism can be thought of at each point in spacetime as being valued in a copy
of C at that point. Each copy has rotational symmetry so that the theory has local U(1) gauge symmetry.
These different copies of C are connected by the electromagnetic connection —if A,. The curvature of that
connection is proportional to the electromagnetic field strength —if 7. We could plainly generalize these
structures to gauge theories of other Lie groups too, and doing so will actually discovery other forces of
nature when we study the Standard Model of Particle Physics. There is only one additional structure that
gravity has that gauge theories of generic Lie groups don’t have, the vierbein. Uniquely, because the tangent
space at any point in spacetime is itself Minkowski space, V4 u provides a way to relate the coordinate basis
vectors €, and the Minkowski basis vectors /4 of gravity’s version of V(z). No such invertible map between
the coordinate basis vectors and the basis vectors of a generic Lie algebra exists or even makes sense.

¥* automatically has the opposite gauge transformation property to v, so that the inner product ¥ *v is
gauge invariant. That is, its equivalents of (1.6.43) and (1.6.68) are:

W= Y = gt = Moy, At =0t +id A (1.6.80)
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Importantly, note how the gauge covariant derivative operators are defined to act differently on ¢* than ¥, so
that in either case it is compatible with the gauge transformation. Similarly, for objects which are gauge
invariant we define the gauge covariant derivative to act on them just as the normal derivative, again so
that it is compatible with its transformation property. With these definitions, the gauge covariant derivative
automatically follows the product rule:

2,(AB) = 9,AB + A9, B. (1.6.81)

1.6.3 Charge Conservation

Now that the wavefunction in the Lagrangian density in theorem 1.10 is interacting with the electro-
magnetic potentials, the wavefunction carries an electromagnetic current. We can compute that current by
seeing what terms the Schréodinger Lagrangian contributes to Maxwell’s equations. By Orig. (3.1.18) the
charge density and current density that appear in Maxwell’s equations due to an interaction are given from
the interaction terms in the action Siy by (using (1.6.49)):

O0Sint 0L 9 - 0Sint 0L ihg @ - 9
=— =——-= J=—7"=—= v \Y% A . 1.6.82
p 56 g VI SAT o AT~ 2m VYT T YTVY) - A (1.6.82)
In terms of the gauge covariant derivative:
" S = o qh .3
plt.3) = gt DI, T3 = Tim (9" Fy). (1.6.83)
These expressions quickly confirm that both p and J are gauge invariant:
g 2
p=al? = elﬁfw‘ = qly|* = (1.6.84)
- h ~ h . -
J =L (w’*%’) = Py (eﬂ%fzp f%) Im(y* ) = J. (1.6.85)
m m
As well, ¢ is indeed the total charge of the wavefunction:
Total Charge = /pdS = /qWJ|2dS = q(Y|Y) =¢ (1.6.86)
s S
and the continuity equation is satisfied, as required by gauge invariance (using (1.6.44)):
dp

ot

ihq
+V- J*—(qw )+ V- <2m

(v(Guy w*%)) (1.6.87)

- * hz 2 ok _
= (—m@tw + 57 ) b = 0. (1.6.88)

While Maxwell’s equations are linear in the potentials at fixed electromagnetic current and the Schrédinger
equation is linear in 1 at fixed potentials, the coupled system of 1 to Maxwell’s equations is absolutely not
linear because p, J_'7 and the covariant derivatives of 1 contain quadratic and cubic terms in the full set of
fields (¢, ¥*, ¢, /Y) The interacting theory is nonlinear! The Lagrangian density in (1.6.49) contains cubic
and even quartic terms in the fields (¢p* is cubic while |/_1'|21/1*w is quartic).

Using p = ¢|¢|?, we can find a quite nice formula for s electric dipole moment (recalling Orig. problem
3.68 for its definition):

_2 * . o2 _g
_ihw (zh.@ﬂb—i— Qm@ ¢>

/ﬂms /mw%fx—«|awzq@» (1.6.89)

As well, we can find a nice formula for the magnetic dipole moment (defined in Orig. problem 3.77) with a
little integration by parts:

1 ah
0= 5 /S x JdS = 2meabcza1m /S 2Y* D pdS (1.6.90)
_ . Z’a/xb (w ) — i€¢*AC¢—aC¢*¢ - #Acw*w) ds (1.6.91)
4im S
h
_ ﬁimeabcra/( (1/}*80¢ 22—¢*A61/J+¢* czp) + o ¢) (1.6.92)

/¢ Dot — i%ACw) ds = %@m% x D) = 21@' x (—ih D)) (1.6.93)

22m
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where Z is defined so that —ihJ = ﬁ’— q/f.
The operator Z % (—zh@) has a definite physical interpretation in terms of the angular momentum of .
Because ¥(t, ) is a scalar field, under a rotation by a rotation matrix R, ¥'(t', Z’) = (¢, %), thus:

Y'(t,7) = (t, R713). (1.6.94)
Differentiating both sides with respect to the rotation angle 8 near 6 = 0:
c OV dl) b ba
wl ., = — 2 eapedp°I0). 1.6.95
d6e|, T e 7 e |, T Rer VY (1.6.95)

The generator of rotations (and thus the angular momentum) of just the wavefunction is given by Noether’s
theorem (or its special case, theorem 1.4):

df¢)
oo |,_,

>

N ~ A~

L, = (x| = (e’ ) = L= WILIY) = W|ExPY) = L=Fxp  (1.6.96)

This L is only the free angular momentum of the wavefunction, neglecting its interactions with other fields,
which makes sense because in the Noether’s theorem expression we used above we included no other fields.
This L is also specifically orbital angular momentum because it all comes from changing the evaluation point
Z and not from intrinsic changes in the direction of ¥ (because v is a scalar under rotations, its direction
does not change at all, i.e. it has no spin angular momentum).

To derive the total angular momentum of the interacting theory we have to use the action for the fully
interacting theory (and thus include the Maxwell terms in our Lagrangian density in theorem 1.10). Then,
Noether’s theorem gives the total angular momentum:

R

dlw

dge
where Py = —E is the conjugate momentum field to the vector potential. There is no surface term because
the Lagrangian density is invariant under rotations. Recycling the results of Orig. problem 4.31, under a
rotation the vector potential transforms as:

Jo = (| ds (1.6.97)

0=0

. L dA A
A(t,7) = RA —lz — = €, Ayin, — eqp°a® . 1.6.
(t,Z) = RA(t,R™'X) 20 » € ble — €ap T 5 o (1.6.98)
Then, following standard steps of calculation:
L - - p OA
Jo=ZxP)a)+ [ (=E) - | e Apis. — €ap°a® pyes ds (1.6.99)
s
- B X b 04 c b T
= ((Z X D)a) + (Ex A)g + €ap’z’E - Dae ds + V Eea, 2 AdS — q|¢| x A)adS (1.6.100)
s
N s & - L 9A Ed
= ((Z x (P — qA))q) +/ ((E X A)g + €apa’E - g— + eapxb A, g) ds (1.6.101)
s
o - 044 0A
— 2 c,.brd c
= (& x (—ih2))a) + /Seab ’E <81’C - 8wd) ds. (1.6.102)
So, we see that the total angular momentum is given as:
= (G x (—ihD) + /f x (E x B)dS. (1.6.103)
s

The second integral is exactly the free electromagnetic angular momentum from Orig. problem 4.31 and the
first term is the free orbital angular momentum from (1.6.96) except with p replaced by the gauge covariant

combination ;z%’ — qff. Thus, the total orbital angular momentum of the wavefunction, including its contribution
due to interacting with electromagnetism as:

L = (Z x (—ihD)) (1.6.104)
with the previous formula (1.6.96) holding in the case of no vector potential. With (1.6.93), the magnetic
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dipole moment of the wavefunction is given by:

. 4L

= —. 1.6.1
=5 (1.6.105)
Exercises

Problem 1.25: Free Quantum Wave. Consider a free Galilean Schrodinger wave (meaning U = 0 and

K =0) in d spatial dimensions.
(a) Show that the free Schrodinger equation becomes:
2
% _ —h—v%z;.
ot 2m
(b) Fourier transform the free Schrodinger equation and solve it in Fourier space. Then, Fourier transform
it back to position space to show that it has general solution given by:

d o,
w(t, 7) :/( m )2 CIEE (0 a0
S

ih

2miht
(c) Let Zq = (), fur = (p). Show that they exactly satisfy:
dfcl ﬁcl dﬁcl - - ﬁcl(o) - -
dt m’ dt 0 = xcl(t) xcl(o) + m pcl(t) pcl(O)

Thus, the center of mass of a free quantum wave packet moves exactly classically.
(d) Define:

X = Cor(i%,2%),  Pu = Cor(pa,pp),  C% = Cor(® pp).
Show that these exactly satisfy the equations of motion:
anb _ Cab +Cba dcab _ Pab dPab _
dt m dt m’ dt

Finally then show that these are solved by:

x0(1) = xob(0) 4 C2O) as @, P ng 2, co(t) = ey + L a;(o)t, Pas(t) = Pus(0).

(e) Consider a single spatial dimension (d = 1) for simplicity and an initial wavefunction which is a coherent
state of position space width ¢. Show that the position space spread at later times is:

At \?

Thus show that after a long time the wave spread grows linearly with ¢.

Problem 1.26: x Double-Slit Experiment Revisited. Consider the setup of the a slit experiment with
an otherwise free Galilean quantum wave passing through two slits on its way to a screen.
(a) First consider a single slit at the origin. Away from the origin ¢ (¢, Z) will satisfy the free Schrodinger
equation. Thus, the problem has spherical symmetry about this origin and so we model ¢ (¢, Z) as being
a function of ¢, 7 only. Let ¢(¢,r) = r¢) and show that it satisfies:
oo  ih 0%¢
ot 2m or?’
Now assume the incoming wave to the source has angular frequency w and that the momentum of the
outgoing solution should be directed outward from the origin (the wave is leaving the slit). Show that

for some complex number &:
[ Zma
w(t,f)=§eZ T zwt.
r

This is the simplest model of the outgoing wave from the slit, called a spherical wave.
(b) Now consider two slits, one placed at #; = (0, 5,0) and the other at #5 = (0, —3,0), with the screen at
z = d. Show that the combined solution is:
gleik\a‘c’—fcﬂ—iwt §2€ik|f—fc2\—iwt

P(t, T) —

|£L’*f£1| |£L_"73_3"2|
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where k = MT“ Show further that on the screen:

i 2412w _iksy iksy 1
UL 0,y,d) = (6 )ity (516 3 4 gpe' ) +0 (dQ) :

(c) The screen is able to measure impinging charges and so is sensitive to [¢|? (as p = q|v|?). Let T = |[]?
define the intensity of the incident wave and show that on the screen:

iksy

7= % (|§1|2 + |&* + 2Re (5’{526 a )) +H.O.T.

where the higher order terms fall off like d%_ or faster.

(d) Assume that the slits are equally spaced from the incoming wave source so that the components of
the wave which reach each slit have equal magnitude and are in phase. Explain that & = & and let
A =& |. Show that the intensity pattern on the screen becomes:

44% (ksy

I = e cos ) + H.O.T.

2d

This is precisely the same intensity pattern we found in Orig. section 4.6.4!

(e) Now assume that there is a detector at one of the slits (choose the second one for this part). Such
a detector interacts with the incoming wave as it passes through, adding a local perturbation to
the Hamiltonian operator. Argue using what we have found about adiabatic invariance in quantum
mechanics that if this local perturbation is brief then it will cause the wave passing through the detector
slit to maintain its magnitude but pick up a phase which depends very sensitively on the details of
the detector. Thus, we can model the presence of the detector by setting & and &; to be related by a
randomly oscillating phase:

§o = GW(t)fb

Show that now the time averaged resulting intensity pattern is:

T(Z) = % (J&1> +1&]*) + H.O.T.

Explain how this is the intensity pattern predicted from an incoming beam of classical particles. Thus,
classical behavior can also often be recovered when there is decoherence between the phases of different
components in a quantum system. (Decoherence here is modeling the detector interaction as introducing
a rapidly changing phase, essentially random due to the unmodeled detector degrees of freedom.)

Problem 1.27: Wave in an impenetrable box. Consider a Galilean Schrédinger wave in one spatial
dimension which is in an impenetrable box of side length ¢, meaning K =0 and U = 0 inside the box and
U — oo outside the box.
(a) Show that all finite energy eigenstates of the Hamiltonian operator must satisfy:
h? 8%
s = EY, () = () =0
where F is the energy eigenvalue corresponding to . (Outside of the interval 0 < x < ¢ the box enforces
Y(t,x) = 0, so all formulas in this question are assumed only to hold on the inside of the box.)
(b) Solve the eigenvector problem to show that the energy eigenstates are labeled by n € {1,2,3,...} and
that once normalized are given by:

2 . /nwx n2n2h?
o) =G (). BT

(¢) Show that the solution to the Schrodinger equation for arbitrary initial conditions is given by:

> in2. 2 4
U(t,x) = ;Ane;@r:@“ \/zsin (?) where: A, = /0 \/gsin (nt;x) ¥(0,x)dx.

(d) Notice that the eigenvalues of the Hamiltonian operator for this system are discrete. It is a very common
error to say “the energy of the particle in a box is discretized” in quantum mechanics. This error is
made by those who do not understand the difference between the energy (the conserved quantity due
to time translation symmetry, given by E = H = (¢|H|1)) and an eigenvalue of H. Show that the
interpretation of the eigenvalues of H is that % gives the angular frequency of eigenstate n and that
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the actual energy E of the wave is in general not an eigenvalue of H and can take any continuous value
greater than or equal to Fj.

Problem 1.28: Wave in a penetrable box. Consider a Galilean Schrédinger wave in one spatial dimension
which is in an penetrable box of side length ¢ (I? =0 and U = 0 inside the box and U = ¢ outside).
(a) Show that the eigenstates of the Hamiltonian operator must satisfy:
h? 9%y h* 9%y
—%@_Ew 0<z<d), ~9m a2
where E is the energy eigenvalue corresponding to .
(b) Consider eigenstates of the Hamiltonian operator which decay to 0 far away from the box. Show that
for some constants k > 0, A, B, C, D:

=(E—e) (x<0orz>{)

Aet®, z <0
i 2me _ .2 i 2me _ .2
Y(@) = BV " 10TV T 0<a<t
De™ %, x> /.

(¢) Show using the boundary conditions at the box walls that:

ik\ A ik\ A " k .
B—(l—k>27 C_<1+k)2’ D=e (cosk:ﬂ—i—lism/d)/l

kzw%—ﬁ'?.

Don’t waste your time normalizing the solution. Further show that due to the boundary conditions the
possible values of k are the discrete values satisfying:

where:

k‘ 2me _ kz

Some people are very surprised when they learn quantum mechanics to see that the wave in the box is
not fully contained in the box (¢ is not zero outside). There is no reason to be surprised; that is how
waves work and the exact same thing happens in electromagnetism. They are confused because they are
imagining a point-particle, but no such point-particle exists here to be found. Tunneling isn’t magic.

(d) Consider eigenstates of the Hamiltonian operator which do not decay to 0 far away from the box. Show
that they take the form:

Aetk® 4 etk x<0
W(x) = VEZE 82 4k g p oi(k—VRP ) iV R F8% | VREESE kg ik VTR o~V () < g <
B 2vVk2+62 2Vk2+462 ’
tAetke x>

where k is a real parameter, A is a coefficient, and:
2me 0% tan((VE2 + 02)
W T V107 —i(2k2 + 02) tan(VEE £ 02)
e kvVEkZ 4 §2e k¢
kvVEZ + 02 cos(0VE2 + 02) —i (k2 + &) sin(0vV/k2 + 02)
(e) Recall the definitions of reflection and transmission coefficients at an interface in electromagnetism.
Show that r and t given above correspond to the reflection and transmission coefficients of this system

when a wavepacket is sent toward from the box from far away to the left (for k£ > 0). Show that in this
case these coefficients satisfy:

6:

2 4+ 142 = 1.

Later we will prove that this must hold very generally, not simply for this system.

Problem 1.29: Bloch’s Theorem. Spatially periodic Hamiltonian operators occur in many applications
(for example a crystalline material will produce a periodic potential). Let V() be analytic and decay to 0
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sufficiently quickly for large |x|. Consider, for a constant ¢, in 1 spatial dimension:
%
H=— —|— Z V(& — ntl)
neEZ
(a) Define the lattice translation operator:

T = e_%e’}.

Show that 7' is unitary and that this system has symmetry under the transformation |¢’) = T|4p).
(b) Show that a general eigenstate of T' takes the form:

) = ch|pn>
nez
for some coefficients ¢, and where |p,) are momentum eigenstates with momentum eigenvalue:
2mhn
4
and 0 < k < 27”. Show that 7" and H are simultaneously diagonalizable and use this to explain that

Pn = hk +

there exists a choice of the ¢, so that |1)) is also an eigenstate of H.
(¢) Prove Bloch’s theorem: each eigenfunction of a spatially periodic Hamiltonian operator can be written,
for 0 <k < 2“ and a u(x) with the same spatial period as the Hamiltonian operator, as:

9(a) = e ().
Problem 1.30: Amplitude and Phase Variables. Define the real valued fields n(t, Z) and S(t, Z) by:
(8, &) = V/n(t, F)er ).
(a) Show that the Lagrangian density in theorem 1.10 can be written in these coordinates as:
VS — q/Y|2> B3Vl
2m

Sz—n<5+q¢+

8mn
Show that this Lagrangian density produces the equations of motion:

—qA —qAP?  B*V?
a"+v<vsmq>:0 95 | go VS —aAl _NVIVn_

ot ot 2m 2m/n

VS—qA
m

Notice that the first is a continuity equation with velocity field v = and the second is almost
the Hamilton-Jacobi equation for a classical charge particle’s canonical action S.

(b) Assume that m is everywhere small compared to V.S — q/f. Explain that this means that we assume
[y|? is approxmlately steady on the length scale of the gauge invariant fluctuations of the phase of 1.
Show that under these circumstances the above equations of motion have a smooth i — 0 limit and
reduce exactly to the results of Orig. problem 6.13. Because h — 0 formally represents the classical limit,
it is common the consider a series solution for n and S in powers of A with the lowest order solutions

being these classical results. This is known as the Wentzel-Kramers—Brillouin (WKB) approximation.

Problem 1.31: * Aharanov-Bohm Effect. Consider a double-slit experiment with the same setup as in
problem 1.26 except that now between the two slits is a closed impenetrable solenoid of cross sectional area A
with a uniform magnetic field of magnitude B pointing in the z direction inside it.

(a) Show that it is possible to choose the gauge of A so that the part of the wave that passes through the
top slit is always in a region of A = 0. Show that it is possible to choose instead the gauge so that the
corresponding result is true for the bottom slit. Show that it is not possible to pick the gauge so that
this is true for both of them.

(b) Show, using (1.6.79), that a gauge invariant phase difference is accumulated between the parts of the
wave from each slit, given by:

qBA

Show under the assumptions of problem 1.26(d) that thls produces the new interference pattern:

4A2 ksy qBA 1
(i) ol
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The spatial shift in the interference pattern detected on the screen is known as the Aharanov-Bohm
effect. We see that even though the wavefunction is only nonzero in regions of space with E =0 and
B =0 it is still affected by electromagnetism. This is to be expected because the Schrodinger equation
depends directly on A and ¢, not only on E or B. The well-established observation of this effect serves
as experimental proof that the potentials are physical, as here they are interacted with directly®.

Problem 1.32: * Generator of Gauge Transformations. Show using Orig. (4.4.14) that the generator
of gauge transformations for the Schrédinger equation is:

G=- [ fe.oalof + V- Puis
Further, show that the resulting gauge transformation property produced by this generator is:

d¢ of  dA - AP, . i
k|~ & Aay=vs.  — B {Pa,G} =0, — . = {4,G} =

Show that when integrated these produce the correct gauge transformation property for each of these quantities.

Problem 1.33: * Quantum Harmonic Oscillator (QHOI) - Creation and Annihilation Operators.
Consider a Galilean Schrodinger wave in 1 spatial dimension subject to the harmonic oscillator potential so
that, for positive constants m and w:

2

. H2 1
g=2 252,

= — + -nmw
2m 2
(a) We found in (1.2.3) a useful coordinate transformation for a harmonic oscillator. Taking that transfor-

mation as inspiration, define the “annihilation operator”:

P Lo S S
2h \/Qmwhp.

Show that a is not self-adjoint and is not a normal operator. In particular, show that:
[a,a'] = 1.
Therefore, by the spectral theorem G cannot be diagonalized by an orthonormal basis of eigenvectors.
(b) Show that H can be expressed in terms of a by:

1
H = hw (a a+ - ]l>
Define the number operator N by:
N =ala.
Show that N is self- adjoint.

(c) Let ) be an eigenstate of N with eigenvalue A. Show that |¢) is an eigenstate of H with eigenvalue
hw (A + 3). Further, show that al¢) is an eigenstate of N with eigenvalue A — 1 and that af|¢)) is an

eigenstate of N with eigenvalue A + 1. Because a lowers the eigenvalue of N it is called the annihilation
operator (or lowering operator) and because a' raises the eigenvalue of N it is called the creation
operator (of raising operator). As a pair, &' and @ are sometimes called ladder operators.

(d) Let |¢) be a normalized eigenstate of N with eigenvalue . By considering ||a|i)]|, show that X > 0.

(e) Use the results of the previous two parts to show that there exists a normalized eigenstate |¢) of N
with eigenvalue A > 0 such that a|¢) = 0. Show further that this |¢) has eigenvalue A = 0.

(f) Show that the |¢) described in the previous part in position space satisfies the differential equation:

¢=0.

0 mwz
o

9Historically there was a lot of confusion over this result and it was suggested that instead this was proof that quantum
mechanics is non-local. The thinking here starts from a priori assuming that 1, A ¢ are unphysical but |2, E B are physical
because they are gauge invariant. There is no local equation of motion equivalent to the Schrodinger equation that can couple
]2, E, B and so since they experimentally are coupled, this must mean quantum mechanics is not local. This thinking is
ridiculous because the Schrédinger equation is entirely local as a field theory. This silliness stemmed from a prejudice against the
potentials which has since been rendered incompatible with a basic understanding of field theory. In the modern day there are
many experiments in which the potentials are directly essential. Grow up.




Scheopner 68 1.6. Scalar Theory - Galilean Schrédinger Equation

Solve this equation for ¢ and normalize it. Show that:
mw % T’LW(EQ
= (=) e,
#(@) ( mh ) c
Call this state |0) = |¢) because its AZ\AT eigenvalue is 0.
(g) Show that all of the eigenstates of N are given by:
[n) = Cy (a¥)" 0)

for some coefficients C,, and that N has only nonrepeated eigenvalues given by {0,1,2,3,4,...}. Show
that once normalized:

af)"
|n>:(\/%0>7 aln) = v/nln — 1), afln) = vn+1jn+1)

and that these |n) are an orthonormal and complete basis for the Hilbert space. The value n is called
the excitation number or occupation number of the state |n).
(h) Show that in position space:

o) = o) = = () o ([ ) e

where H,(z) is the n'® Hermite polynomial defined by:

H,(z) = (=1)"e* (i)ne—*.

Show that H,(z) is a polynomial in z of degree n. Plot 1, (x) as a function of x for several different n.
Notice that v, (z) always decays for large x| and has n + 1 bumps.
(i) Show that the |n) are the eigenstates of H and have associated eigenvalues:

1
E,=h — .
w<n+2>

Use the familiar fact that the Hamiltonian may be shifted by a constant with no physical consequences

and the interpretation of % as the angular frequencies of the system to show that the quantum

harmonic oscillator (QHO) can be thought of as having angular frequencies coming in integer multiples
of the classical frequency w. Use problem 1.3 to show that the QHO’s time evolution is given by:

(1) =Y e 2t Ry (n](0)).

n=0

(j) Let £ = 1/% and recall problems 1.21 and 1.24. Show that coherent states may be written:

s || 2 e o™ mw 7
) =e T =e” 2 ——I|n) where: a=,/—q+ —n.
la, n) 10) > ™) Vot ot

n=0

As well, show that coherent states are eigenstates of a with eigenvalue a:

alq, ) = alq, p).

Problem 1.34: x QHOII - Moment Evolution Equations. Consider again the quantum harmonic
oscillator. Define the first and second order moments of the wavefunction:

T = <£>7 b= <ﬁ>a O’_% = Spr(i), Ozp = COI‘(SE,]A)), O—i = Spr(ﬁ)

(a) Show these exactly satisfy the equations of motion:

dv. _ p dp o do? 2 dogp 0127 2 2 d0127 2
- == = = — L = —0up, = £ , _P__9 -
dt— m’ dt T T T o it —m T e G
(b) Solve those equations of motion to show that:
p(0
Z(t) = z(0) cos wt + 11% sin wt, p(t) = p(0) cos wt — mwz(0) sin wt,
204, (0) a5(0)

o2(t) = 02(0) cos?(wt) + sin(wt) cos(wt) + sin? (wt),

m2w?
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Ozp(t) = 04(0) cos(2wt) + 0127 (0) — m*w?a3(0)

ST sin(2wt),

oo (t) = 02(0) cos®(wt) — 2mwog,(0) sin(wt) cos(wt) + m*w?c2(0) sin® (wt).
Interpret what these tell you about how the quantum harmonic oscillator wave sloshes around.
(c) Show that the QHO active picture operators (Z4,p4) exactly satisfy the classical equations of motion:
dia _Pa o dpa _ oo
at — m’ dt A
and that these are solved by (taking to = 0):

i;A(t):fccoswt—#isinwt, pa = pcoswt — mwi sin wt.
mw

(d) Define the normalized central moments Ny ,, by:

k—n

Nin = (mw) = (Sym((& — z1); k, (p — pl); n)).

Show that their time dependence is given by:

k n
k n : m
Ni = Z Z (=)™ (l) ( ) cos" == () sin T (W) N — 14 m st —m (0).

m
=0 m=0
Interpret what this tells you about how the quantum harmonic oscillator wave sloshes around.

Problem 1.35: x QHOIII - Evolution of Coherent States and Propagator. Consider again the
quantum harmonic oscillator and use the results of the previous QHO problems.

(a) Show that if the initial state vector is a coherent state |qg, py) with £ = 4/~ then the second order

moments of the wavefunction satisfy for all ¢:

h hmw
2 2

O':E(t) = %, U'xp(t) == 07 Up(t) S T

Use this and the fact that a state of minimal uncertainty is necessarily a coherent state to show that for
all ¢ the wavefunction is, for some real functions ¢(t), q(t), p(t), of the form:

(1)) = e la(t), p(t))
(b) Show that ¢(t), q(t), p(t) satisfy:

. W .n . 2
90——57 q=— n=-—-mwyq.
m
Solve these to show that:
t
p(t) = —%, q(t) = q¢ cos(wt) + Po sin(wt), n(t) = pg cos(wt) — mwq sin(wt).
mw

(¢) Now consider a wavefunction with arbitrary initial conditions and use that the coherent states are an
over-complete set to show that:

vt = [ Ultra0.2)

— 00
where U (¢, z,2'), called the propagator, is given in terms of the time evolution operator by:
mw _7nw((12+1/2)cos(wt)ffzmw/)
e 2ih sin(wt)
2mih sin(wt)
Thus, this propagator fully solves the quantum harmonic oscillator.
(d) Consider a classical harmonic oscillator with the same value of m and w as our quantum oscillator. Let

S(t,z,x") be the value of its action along the classical trajectory with initial condition z’ at time 0 and
final condition = at time ¢t. Show that:

Ult,z,2') = (z|Ut)|2)) =

mw((2? + 2'?) cos(wt) — 2zx")

S(t,z,x') =
( ) 2 sin(wt)
Use this to show that the propagator for the quantum harmonic oscillator may be written exactly as:
2 .
Ult,2,0') = |~ ch St

V2mih V  Oxdx’ '
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Problem 1.36: x QHOIV - Driven Oscillations. Consider yet again the quantum harmonic oscillator.
(a) Assume that a linear force F'(t) is applied to the oscillator. Show that this can be modeled by the
Hamiltonian operator:
A 21
= f—m + mw’d? = F(t)i.
(b) Show that under such driven oscillations, a coherent state still remains coherent and so has solution:
. . w t)F(t . .
00) = & Olg),p(0) where: o=+ WO 5Py g tp ),
Solve these to show that:
q(t) = q(0) cos(wt) + (0 sin(wt) + 1 /t F(t')sin(w(t —t"))dt'
mw mw Jg
t
n(t) = n(0) cos(wt) — mwq(0) sin(wt) + / F(t') cos(w(t —t'))dt'
0
wt 1
t)=——=+ = t)F(t")dt'.
o) = =5+ 55 [ aw)F@)
(¢) Following the steps used for the free quantum harmonic oscillator, show that the propagator for the
driven quantum harmonic oscillator is:
Ult,z,2') = me e mw(((%Q)thi,nzg;icEi(St)72(17@1,)+i”%w€27ig’;“ QO+ [ Q) F(t)dt’
T 2mih sin(wt)
t /
P N
here: t) = — t—t))dt.
where Q(t) /0 s sin(w( )
Consider a classical harmonic oscillator with the same value of m and w as our quantum oscillator
experiencing the same linear force F'(t) so that its Hamiltonian is given by:
2
1
n=24 §mw2x2 — F(t)x.
- 1 : 1 ! ! / /
+maeQ —5mQQ+5 [ QE)F()dt
0

2m
Let S(t,z,2’) be the value of its action along the classical trajectory with initial condition z’ at time 0

(d)
and final condition x at time t. Show that:
mw(((z — Q)? + 2'?) cos(wt) — 2(z — Q)’)
2 sin(wt)
Use this to show that the propagator for the driven QHO is exactly:
1 _ 9*S 6%S(t,x,x')'
V. 0x0x’

U(t) z7x/) = \/m

S(t,z,z') =
Problem 1.37: ¥ QHOV - Multivariable Oscillator. Consider a quantum system of d coupled quantum
harmonic oscillators with undriven Hamiltonian operator Hy experiencing a linear force F,(t) so that the
z°.

I:I = E[O — Iy (t)
Consider as well the classical system with the Hamiltonian H given by replacing & and p in H with classical

driven system has Hamiltonian operator:
1
2mih Oze0x’®’

Vap(t,z,2') =
The determinant of this matrix is called the Van Vleck determinant. Show, using the theorem of normal
modes, that the propagator for the general quantum harmonic oscillator system may be written exactly as:
Ut,z,2') = (z|U]&') = e#5E52) /et V.

x and p. Let S(t,x,2") be the value of that classical system’s action along the classical trajectory with initial

condition z’ at time 0 and final condition x at time ¢. Define the Van Vleck matrix V as having components
%S

by ~ba Leabipn s

+2"Da) + W (£)Pabo-

()33 + ST ()

1
ﬁa + 7Kab

Problem 1.38: x QHOVI - Fully general quadratic Hamiltonian. Consider a quantum system of d
2

coupled coordinate operators £® and d momenta operators p, with a Hamiltonian operator that is any time
Da

dependent quadratic polynomial:
H = E(t) — F,(t)z% 4+ v*(t)
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Consider as well the classical system with the Hamiltonian # given by replacing Z and p in H with classical
x and p. Let S(ty,xy,t0,20) be the value of that classical system’s action along the classical trajectory with
initial condition z¢ at time ¢y and final condition z; at time ¢;. Define the Van Vleck matrix V' as:
1 9%S
2mih 8m}3x8 .
(a) Show that for some functions Aup(tys,to), Bab(ts,t0), Cap(tr,t0), Io(ts,to), Jo(ts, to), L(ts, to) the solved
action S(ts,z,to, o) can be written:

Van(ts,xs,to, x0) =

1 1
S(ty,xf,to,x0) = §Aabm?‘x?‘ + Babx?xg + 56};,:1:8378 + Lax§ + Jozg + L.

Do not try to calculate these functions explicitly; simply show that they exist.

(b) For now, take the Hamiltonian operator and corresponding H to be piecewise constant, meaning that
there is a list of times ¢,, with to < t; < ¢2 < ... <ty so that between any two adjacent times in this
list, its coefficients are constant. Show (using all of our previous harmonic oscillator results) that:

i
U(tn+17 Tn+1, tna xn) =eh S(tn+1,wn+1,tn,xn) \/det V(tn+17 Tn+1, tn7 xn)

(¢) Continuing with piecewise constancy, show that:

S(tn+27 Tn+2, tn> xn) = S(thrQ» Tn+2, tn+1; jn«kl) + S(tn+1> i‘n+1 5 tn7 :En)
where T, satisfies:
0
a..a (S(tn+27 Tn+2, tn+17 xn+1) + S(tn+17 Tn+1, tn7 xn)) =0.
8mn—‘—l =z
Tn41=Tn41

Further, show that:

3%S(t x t x ) %S (t T tn,Tn)
2 n+2:¢n42,n41,4n41 n+1Lnt1,ln,In
0 S(tn+2»$n+2atm$n) _ (_1)ddet Oy 420Tp 1 det 0Tn4+10Tn
0% 1201y, det 82(S(tn,+27$n+27t71+17xn~2+~1)+S(tn+17mn+lvtnaxn))
Tot1

det

(d) Continuing with piecewise constancy, using the composition property of the time evolution operator
from problem 1.7, the results of the previous parts, and the general Gaussian integral, show that:

U<tn+27 Tn+2, t'rn xn) = eﬁs(tn+27xn+27tn7xn) \/det V(tn-&-Qa Tn+2, tna xn)

By repeatedly applying the above arguments, show that:

Ulty,xzg,to,20) = e%S(tf’g”f’tD’”)\/det V(ts, ¢, to, o).

(e) Drop piecewise constancy and now assume that all the functions of time in the Hamiltonian are
continuous. Explain that because a continuous function may be arbitrarily well approximated by a
piecewise constant function, that even for our fully general quadratic Hamiltonian operator, we have:

Ulty,xzg,to,z0) = e%s(tf@f’to’“)\/det V(ts, g, to, o).

Problem 1.39: Landau Levels. Consider a Schrédinger wave with electric charge ¢ in a uniform magnetic
field B. For convenience, define your coordinates so that B points in the z direction with magnitude B. Show
that one may choose the gauge of the vector potential so that the Hamiltonian operator is given by:

2m 2m 2m

Show that the eigenvectors (up to a normalization factor) and eigenvalues of the Hamiltonian operator are
labeled by a nonnegative integer n and real numbers k,, k. by:

A= Bz, — A —

ikyy-+i hk 1 R2k?
Uy (2,y,2) = N Thsg, (o — =) - B =hw(n+ s |+ 5=
o mw vl 2 2m

where w = % is called the cyclotron frequency and ¥, (z) is the n*® quantum harmonic oscillator eigenfunc-

tion for an oscillator of mass m and frequency w.

Problem 1.40: Time Reversal Pseudo-Operator and Time Reversal Symmetry. Let K denote the
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simple time reversal pseudo-operator, defined so that (in some specific orthonormal basis |n)):
Klg) =47) = K (Z wn|n>> = ¢nln).

The object K is called a pseudo-operator because it is not complex linear.
(a) Show that K is complex “anti-linear” or conjugate linear, meaning that for complex numbers a and b
and vectors in Hilbert space |11) and |12):

K(altpr) + bleo2)) = a*Klghn) + 0"Klebn).
(b) Show, using Wigner’s theorem, that if T is a time reversal pseudo-operator, meaning the transformation
|") = T|) is a time reversing transformation then there exists a unitary operator V so that:
T =VK.
Show that 7 is also conjugate linear. Show that 7 can be understood as a linear operator over the real
numbers when [¢) is broken up into real and imaginary components.

(¢) Show that:
TiT™' =—
(d) For an operator (’j, define the time reversed operator @T as the operator which when acting on a time
reversed state gives the time reversed behavior of O acting on a non-time reversed state. Show that:
Or(Tlw)) =T(O¥)), Oy =TOT "

(e) Let [n) be an orthonormal basis of states which are invariant under time reversal: T|n) = |n). Show
that for any operator O, the matrix elements of the time reversed operator are related to the matrix
elements of the original operator by:

(n|O7(n') = ((n|OIn"))".
(f) Explain why, based on the time reversal properties of spatial position Z, it is natural to define:
T\Z) = |7).
Show that this implies:

TET ' =&, TPT ' =P
(g) Show that if the quantum system has time reversal symmetry then its Hamiltonian operator satisfies:
T -
Suppose that H can be written solely as a function of the z and p operators and has time reversal
symmetry. Show that this requires H to be an even function of p.

(h) Consider a scalar Schrodinger field. Show that for such a field we can take the time reversal transformation
to simply be given by complex conjugation, by confirming that it satisfies the conditions in part (f):

W) = TIw(t) = ¢/(t, &) = v*(~t, &).
Problem 1.41: Schrédinger Transport Equations. Consider the Schrodinger Lagrangian density (1.6.49)
together with that for Maxwell’s equations (ignoring for now their differing boost symmetries).

(a) Show that the total energy and total linear momentum of the interacting theory are given by our
familiar expressions from electromagnetism plus the contributions:

2
Eqm = /SdS, Pym = /ﬁdS where: € = %I%IQ, G = hIm()* ).

Thus &, @ are the real gauge invariant energy and linear momentum densities carried by ).
(b) Because the Galilean Schrodinger equation is Galilean symmetric, it must satisfy the nonrelativistic
transport equations in Orig. theorem 6.1. Show that it does, in particular:

apm apa ab __ a T R)a @
e 5t = p B + (J, x B)Y, 6t+VI Jy-E
b

where p,, = m|)|? is 1’s mass density, 0% = o®? is its total stress tensor, p, its charge density, j(; its

+V. 0,
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charge current density, 7 its energy current density, and ¢%® and 7 are given by:
2

h * * h3 *
Oap = =5 —Re(Dat)" D) — " Do D)), L:Z;mmﬁw%@wy

1.7 Angular Momentum

The most important and common internal degree of freedom is spin. In Orig. (2.8.84) we found that the
total angular momentum of a rigid body decomposes into a sum of orbital angular momentum (that due to
center of mass motion about a chosen origin) and spin angular momentum (that due to the rotation of the
body about its own center of mass). This orbital and spin decomposition appeared later in electromagnetism
in Orig. problem 4.42.(i). That same decomposition exists in quantum mechanics as well. There is orbital
angular momentum due to the wavefunction flowing about around a location in space. The wavefunction
can also have at each location in space an orientation in its internal space, called its polarization, which
rotates under spatial rotations. The generator of such transformations on the internal space is the spin
angular momentum'®. In this section we will classify the representations of angular momentum in quantum
mechanics.

Under a rotation of the wavefunction, the different components will get rotated in some way and thus
become some linear combination of each other. As well, due to rotating the space by rotation matrix ]?i, the
underlying point of evaluation will be rotated as well so that ' = RZ. That is, the rotated wavefunction
'*(t, @) will then be related to the unrotated wavefunction by:

Wt @) = VO (0)Y(t, R™1E). (1.7.1)
for some coefficients V', (6) which depend on the rotation applied. Then, if we say that the wavefunction has

D components and orthonormal basis vectors for the internal space |n) where n goes from 1 to D, we can
write the wavefunction as:

Z/wn 7)|T) ® |n)d x—Z/w" )| &, n)d* (1.7.2)
where we use the tensor product notation:
|Z,n) = |Z) ® |n). (1.7.3)
Differentiating (1.7.1) at the identity with respect to the rotation angles (with %, meaning the 6 derivative
at the identity):

d .
D" (8 7) = —o (V“cwc(t,R_lf))

a

9_0=—ebcd:ccgfd (BVe) 0 (1, 7). (1.7.4)

Then, we have:
n ﬂ = 3#_ c. b n b = = 3=
D) = § :/9 W (t, B)|F, n) P = ;_1:/8 (—eab S+ (V) (t,x)) 1, n)d* 7 (1.7.5)

D

Z/p@ n ( ai @Zn|+ > (2.V"n) (f,m) d3E|ep) (1.7.6)

m=1

D,D
<Z In) n|>®eabx / ) e 8T + | 32 2Vl / &) (@) (17.7)

107t is a very common error among quantum mechanics books to say that spin has no classical analog. This is entirely wrong
but is a second-order error (it is a wrong result derived from a more basic error). The first-order error which is the parent of
this mistake is the belief that the quantum mechanics of a single particle is about a single point-particle. Hopefully by now
you understand why that belief if fundamentally misguided and know that quantum mechanics of a single particle is about
the dynamics of an extended wave-packet. It is true that point particles do not have any spin (spin is finitely proportional to
the moment of inertia which itself scales like the squared radius of the body, so 0 in the point case) but neither the classical
mechanics of spinning bodies nor quantum mechanics of a particle have anything to do with point particles. Obviously classical
bodies of finite size do have spin.
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. D,D
= e ® car’ 8" 2D) + | D ZuV" il (m| | © Ll (17.8)
nzh
. D,D
= — 5 (@ x Dlalw) + 2 ZaV"nlm)(ml | ). (1.7.9)
m=1

In the last line we have applied a common abuse of notation. If A is an operator in Hilbert space H; and 1o
is the identity on Hilbert space Hsy, when acting the operator A® 1, on a vector |1} in the Hilbert space
H; ® Hs, it is common to write A|’l/}> even though more rigorously A ® 15|v) is intended.

From the change in |¢) under a rotation and (1.4.5), we have that the generator of rotations (the total
angular momentum J,) of the wavefunction and the corresponding total angular momentum operator J, are
given by:

Jo= ih(W|Zaw) = WlJule),  T=L+§ (1.7.10)

where the orbital angular momentum operator [_:, which acts only on spatial degrees of freedom, is the same
as we found in (1.6.96) and the spin angular momentum operator, which acts only on the wavefunction’s
internal degrees of freedom, is given by:

o

D
V™ |n)(m. (1.7.11)

i

S:_ﬁ

33
I Il
—_

This J=L+ S decomposition is just as a special case of theorem 1.5. The calculation as done here is only of
the free angular momentum of the wavefunction, since we didn’t include possible contributions from any fields
it might interact with. As always for the wavefunction, the generating quantities are given by the operator
summaries of their corresponding operators:

J=()h, L=(), S=(, J=L+S (1.7.12)
We found in Orig. (2.4.53) that angular momentum must satisfy the so(3) algebra and consequently due to
Theorem 1.5 we must have:

(Ja, b} = €T = [Ju, Jy) = ihewC .. (1.7.13)

We will call these commutators the su(2) algebra (wait! What? Why isn’t it called the so(3) algebra?? What

gives? Don’t worry. Just be patient for a few pages). By direct computation, the orbital angular momentum
operator E =7 x 13' we found already satisfies:

[La, L] = iheqa°Le (1.7.14)

as it should. Because the orbital angular momentum operator acts only on the spatial degrees of freedom

of |¢) and the spin angular momentum operator acts only on the internal degrees of freedom of |¢), they
commute automatically:

[La, Sp] = 0. (1.7.15)
Then, because ja = I:a + S‘a, in order for ja to satisfy the su(2) algebra, S’a must satisfy it as well:
[Sa, Sy] = iheq®Se. (1.7.16)

This must be true for the spin operators of any quantum system! As well, from Theorem 1.5, ja, ﬁa, and S,
must all be self-adjoint.

1.7.1 Representations of SU(2)

Let us now classify all of the ways in which the su(2) algebra can be satisfied and the SU(2) group can
be represented. To do so, we will use J but because all of the results follow from the algebra, everything
applies for L and S as well until noted otherwise. Representations of a Lie algebra can be classified as
reducible or as irreducible. A representation is irreducible if there is no subset of that representation which
is itself a nontrivial representation of the algebra. A representation is reducible if there is such a subset.
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For example, 3 x 3 rotation matrices form an irreducible representation of the group SO(3). There is no
subset of those matrices which is also a representation of SO(3) (except the identity matrix which gives a
trivial representation of SO(3)). The 3 x 3 rotation matrices represent how a single vector is rotated. An
ordered pair of 3 x 3 rotation matrices represents how two separate vectors are rotated. That ordered pair of
3 x 3 rotation matrices forms a reducible representation of the group SO(3) (the ordered pair (R, Ry) can
be reduced into (Ry,1), (1, Ry) which are both irreducible representations). We only need to understand
all irreducible representations of a group or algebra and can build the reducible representations by just
combinations of the irreducible ones.
Now turning our attention to angular momentum, for convenience define J 2, ji as:

JP=JE+ 02+ J2, Ji = J, +il,. (1.7.17)
Automatically J2 is self-adjoint and J_ = jl As well, by (1.7.13):
(T2, Ja) = [Jpd?, Ja] = Ju[ I8, Ju) + [, Ja] I = JPihepa® . + ihepa T d? = [J?, Ja) =0 (1.7.18)

Hence J2 commutes with the angular momentum operator along any particular axis. By convention we tend
to designate the z axis when making explicit calculations, just like with spherical coordinates. From (1.7.18)
we conclude in particular that:

[J2,.J.] = 0. (1.7.19)

Because J2 and J, are self- adjoint, they are diagonalizable by the spectral theorem and because they commute
they are simultaneously diagonalizable by some orthonormal eigenbasis |7,m). Here j labels the eigenvalue of
J? and m labels the eigenvalue of J.. When I say “labels” I don’t mean that j and m are necessarily equal
to the eigenvalues of J J2 and J., simply that there will be an invertible map between j and the eigenvalue
of J2 and between m and the eigenvalue of J.. We will choose that map for convenience as we continue.
In particular, we choose hm to be the eigenvalue of J. but we use A(j) for the eigenvalue of J 2 which will
be specified later. Because the J, are all self-adjoint, they all have real eigenvalues and hence JE are all
nonnegative operators. Therefore,

(J?) = (D) + () + (J2) = (J2) (1.7.20)
for all |¢). In particular, for our eigenstates:
(G, m|J?|j,m) = h*m?, G, m| 2|5, m) = A(j) = h*m? < \(j). (1.7.21)

Hence the eigenvalues of J. are bounded at least this strongly by the eigenvalues of J2. From the definitions
of Ji, a short calculation gives:

[J2,J4] =0, [J.,Ji] = £hJy. (1.7.22)
Now consider the action of J1 on the |j,m) eigenstates:
Jo|j,m) = hml|j,m) = JiJ.|j,m) = hmJy|j,m) (1.7.23)

Therefore, J4 |7,m) is an eigenstate of J. with eigenvalue h(m £ 1). Completing the same with J2:

Hence J|j,m) is an eigenstate of J2 with eigenvalue A(j). With these two facts together7 we conclude that
up to normalization N (j, m):

Jilj,my = Ne(j,m)|j,m % 1). (1.7.26)

We can see that j+ acts as a raising operator, increasing m at fixed j, and that J_ acts as a lowering operator,
decreasing m at fixed j. It appears that we can keep raising or lowering the eigenvalues of J. indefinitely
using J1. However, because hm?2 < \ by (1.7.21) this raising and lowering must terminate if pushing further
would cause this bound to be violated. Since we are to only be able to raise m a finite amount, there must be
some m4 so that attempting to raise it any further causes the right hand side of (1.7.26) to go to 0 (else
we could solve for the higher m state appearing on that side). That is, there must exist an m4 so that
j+| j,m4) = 0. Similarly if we are only able to lower m a finite amount, there must be some m_ so that
J_|j,m_) = 0. Starting with |j, m_) and iteratively applying the raising operator must eventually give 0
which is precisely the condition which defines m. However, iteratively applying the raising operator will only
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increment by m_ by 1 each time. Hence, by incrementing m_ by 1 sufficiently one reaches m, and therefore
m4 — m_ is a positive integer. (You may argue that there may be two different values of m,. However,
having two such branches would then give two families of eigenvectors |j,m) which do not mix under the
algebra and so would give us a reducible representation.) Further, because we go through one state for each
m, we have my —m_ + 1 eigenvectors for J, at fixed j. So the dimension D(j) of the subspace of the vector
space with a particular value of j is D(j) = my —m_ + 1.

Now rewrite J2 in terms of the J. operators instead of J, and J and use the commutation relation

between J+ and J_. Short calculations give:
I A
2 ’ v 2
JP=J,J —nh.+J=J_J, +hJ. + J% (1.7.28)
Now let us act these relationships on our eigenstates |7, m).

Pljomy) = JJyljmy) + h.ljmy) + J2)j,my)

[J-‘m —] - 2tha j.L =

( )
= AG)lj,my) = 0+ B2mylj,my) + R*mA|j,my) = B2my (my +1)[j,my) (1.7.30)
— A\(j) = B®my(my +1) (1.7.31)
Jljome) = Jod-|j,mo) = hd.|j,m-) + J2|j,m-) (1.7.32)
— X§)|j,m_) =0—R*m_|j,m_) + R*m%|j,m_) = B*m_(m_ — 1)|j,m_) ( )
— A() = BPm_(m_ —1). (1.7.34)
Hence we have two expression for A\. Equating them:

R2(m% +my) =k (m% —m_) = (my+m_)(my —m_+1)=0 (1.7.35)
= D()myr+m_)=0 = m_ =—my (1.7.36)
because D(j) is never 0 (even if the internal polarization space of the wavefunction is trivial so that there is

only 1 single state in it, D = 1). We now define j = m; = —m_. Then:

D—-1

D@G)=my—m_+1=2j+1 :>j:T. (1.7.37)
Hence the value j comes in discrete half-integer values (because D comes in natural numbers). This is
purely necessitated by the algebra. For D as 1,2,3 we have j as 0,1/2,1 and so on. These different j give
different representations of the angular momentum and some common ones are named. In the case that we
are discussing spin angular momentum in particular, we write s instead of j and systems with s = 0 are
called spin-0 or scalars, systems with s = 1/2 are called spin-1/2 or spinors (although spinor is sometimes
used for any half-integer spin), systems with s = 1 are called spin-1 or vectors. Because D = 2s + 1 gives
the dimension of the angular momentum space at fixed s, different fields with different spins have different

spin spaces. From (1.7.31), A = h%j(j 4+ 1). Therefore, we have that the angular momentum eigenvectors are
fundamentally defined to satisfy:

J?j,m) = B2 + 1)|j,m), J2ljsm) = hm|j,m) —j<m<]. (1.7.38)

We can now compute the normalization factors N1 to get exact expressions for the raising and lowering
operators.

Jelj,m) = Ne(Gym)lg,m £1) = |45, m)* = Ny (G, m)ld,m + 1)])? (1.7.39)
1.7.40
— N_(j,m+1) = Ni(j,m). (1.7.41)

Now using the commutator between j+ and J_:
J_Jy|j,m) = J_Ny(j,m)lj,m + 1) = Ny (j,m)N_(j,m + 1)|j, m) = [Ny (j,m)|?|j, m) (1.7.42)
Jyd_|jm) = JeN_(j,m)|j,m — 1) = N_(j,m)Ny(j,m = 1)|j,m) = [Ny (j,m = D|*|j,m) ~ (1.7.43)
— 20%mlj,m) = 20J.1j,m) = [Ty, J)lj,m) = (IN+ (G, m = 1)) = [Ny (G, m)[*) |3, m) (1.7. 44)
— 2m = [N, (o — D) — N (jym) 2 (1.7.45)
We know that N, (j,7) = 0 because the |7, j) state when raised must go to 0 by definition. Now take (1.7. 45)
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and sum from m =1 to m = j:
J

2h22m Z NG Gom = D)2 = 7 N2 (o) ? (1.7.46)

m=l m=l
— 2n° ( (331) - (121”) = [Ny (j,l — 1)[2 (1.7.47)
= Ni(j,m) = he?U™ /5 + 1) = m(m + 1) (1.7.48)

for some phases ¢(j, m) that are undetermined because the phase of eigenvectors is set only by convention
even after normalization. From a given single state, |4, j), if we define all the other eigenvectors |j, m) for
m < j by lowering without a phase, then we absorb these phases into the definitions of the eigenstates, leaving
us with:

Jeljym) = 0/§ (G +1) — m(m + 1)]j,m + 1). (1.7.49)

Now that we know exactly how the J. and raising and lower operators act, we can find explicit forms for all
of the angular momentum operators.

Here we will split our discussion into considering spin and orbital angular momenta separately. For spin
angular momentum, if the wavefunction has D components which all mutually become linear combinations of
each other under rotations we have that it is described by spin s = %. Then, because S, is self-adjoint
and therefore normal, its orthonormal eigenvectors form a basis for the spin space. This allows us to use the
completeness relation:

S

Z ls,m) (s, m| = 1. (1.7.50)

Beginning with the S2 operator:
S2|s,m) = h’s(s + D|s,m) = S > [s,m)(s,m| =hs(s+1) > [s,m)(s,m| (1.7.51)
— 5% =h2s(s+1)1. (1.7.52)
The next easiest is S, :
S.|s,m) = hm|s,m) = S. Z [s,m)(s,m| = Z him|s, m)(s, m| (1.7.53)
m=—s m=—s
= 5, = Z hmls, m)(s, m|. (1.7.54)

The raising and lower operators are slightly nastier because they are not diagonal:

Syls,m) = hy/s(s+1) —m(m +1)|s,m + 1) (1.7.55)

— S, Z [s,m)(s,m| = Z h/s(s + 1) — m(m + 1)|s,m + 1) (s, m| (1.7.56)

— S, = Z hn/s(s + 1) —m(m + 1)|s,m + 1) (s, m| (1.7.57)

— § =51 = Z h/s(s +1) —m(m — 1)|s,m — 1)(s, m]|. (1.7.58)
m=—s+1

Finally we can use these to complete the S, and S”y operators by (1.7.27). Hence we can compute the spin
matrices in general and in principle have all of the setup for use with any spin s.

Theorem 1.11: Spin Representation Theorem

The spin angular momentum of a wavefunction in quantum mechanics is given by S, = (S’a> where S,
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are the internal self-adjoint spin operators which satisfy the su(2) commutation relations:
[Sa, 5] = iheq®Se. (1.7.59)

The spin operators have irreducible representations labeled by s, the total spin, which takes values
0,1/2,1,3/2,2, ... determined by the eigenvalue of the S? operator as:

$2|yp) = (52 + 52+ 52) ) = h2s(s + 1)[v). (1.7.60)

The representation of spin s has dimension D = 2s + 1 and is spanned by the orthonormal states
|s,m), —s < m < s, defined by:

S2|s,m) = h%s(s + 1)|s,m), S.|s,m) = hml|s,m). (1.7.61)

In terms of these states, the spin operators have the explicit forms:

s—1
=% h\/s(s+1)—m(m+1)|‘97m+1><5’m|;‘S’m><s’m+” (1.7.62)
s—1
. 1 - 1
Sy= Y h\/s(erl)—m(m+1)|S’mjL M, m] %\s,m><s,m+ | (1.7.63)
S.= > hmls,m)(s,m|. (1.7.64)

m=—s

An initially curious (and later highly consequential) fact comes from looking at what happens when we
rotate about a particular axis by 2m. Take it to be the z axis for convenience. By (1.7.1), we can see that the
V@, appearing there are simply the components of the operator Ui, appearing in (1.4.34). Thus, we have
that:

Ui (6) = e~ 705+ (1.7.65)
for a z axis rotation by 6 from Theorem 1.4. We can compute this matrix exponential explicitly by using the

fact that S, is diagonal:

S

Uit (0)]s,m) = e~ 7955, m) = 705, m) = Upne(0) = Z e” ™95, m) (s, m|. (1.7.66)
m=—s

Now let us look at what this becomes for a 27 rotation. If s is an integer then so is m and e~ 2™ for all

integer m is just 1. If s is an integer plus a half then so is m and e~27™ for all half-integers m is —1. These

can both be captured by (—1)2¢, and so:

Uins(27) = (-1)2°1 = V%, = (—1)%62. (1.7.67)
Then, under a rotation by 27, (1.7.1) becomes:
YUt ) = (=1)2 (&) = @) = (=1)*|y). (1.7.68)

Here ¥ = ¥ because under a 27 rotation any point in space returns to itself. Under such a rotation the
wavefunction may or may not pick up a minus sign, depending on its spin! This fact surprises everyone
the first time they see it, because shouldn’t a 27 rotation always return the world back to the way it was?
Those who aren’t careful think of the possibility of a minus sign on |¢) after a 27 rotation as one of the
great mysteries of quantum mechanics, proof that it can never be understood. It is true that you cannot
understand quantum mechanics if you ignore how quantum mechanics works. But, in fact that sign makes
total sense. Recall that the wavefunction carries one single overall meaningless phase and a minus sign is
precisely a phase of w. In particular, |¢)') and |1)) here produce all of the same operator summaries:

WNGW') = (=(@NG(=I)) = (LIGlp) (1.7.69)
and so because these are the quantities which we relate to experiment, all of the physical properties of the
system are returned exactly to what they were after a 27 rotation, exactly as you would expect. This sign
does have consequences though for the global structure of the group of rotations in quantum mechanics; it is
why (1.7.13) is actually the su(2) algebra and not the so(3) algebra. Due to this minus sign, it actually takes
a rotation by 4w to return the wavefunction back to itself in full generality. The group SO(3) (of orthogonal
3 x 3 matrices with determinant one) only has representations which return to themselves after a 27 rotation
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(and thus only have integer s) whereas the group SU(2) (of unitary 2 x 2 matrices with determinant 1) actually
has the exact same Lie algebra as SO(3) but has group representations that allow for half-integer s. These
half-integer representations are allowed for spin because [1) and —|¢) correspond to the same physical state.

Let us unpack all of that a bit further by looking at the simplest representations of our algebra. We
start with D = 1, and we see from Theorem 1.11 that:

s=0= $,=58,=85.=0. (1.7.70)

These operators do in fact satisfy the commutation relations trivially and so this representation is called the
trivial representation. The smallest representation which satisfies the commutation relations without making
all of the operators 0 (called the fundamental representation) is for D = 2 and consequently s = % Then, we
see from Theorem 1.11 that:

1 5 h(0 1 h (0 —i (1 0

These are all 2 x 2 self-adjoint matrices with 0 trace and so the rotations they create on the internal space
are 2 X 2 unitary matrices:

Uint — 6_%(9msm+91;57/+92*§Z) —_— UT — e%(0m§m+0y9y+925'z) — U_l. (1772)
As well, because these S’a are traceless, the determinant of (A]int is automatically 1. This can be shown by
using that the determinant of a diagonalizable matrix is given by the product of its eigenvalues and the trace
is given by the sum of its eigenvalues:

det(Uint) = det (ef%ea‘éa) = H)\n = Heln)‘" — XnnAn — Tr(n0) _ 61&(7%9“5‘&) =e’=1. (1.7.73)

Thus, the Lie group made by the internal rotations is the Lie group of 2 x 2 Unitary matrices of determinant
1, i.e. SU(2). All of the other angular momentum representations are just different representations of SU(2).
All the way back in (2.4.53) when we found the Poisson brackets for angular momentum we did so considering
3 x 3 rotation matrices, which form the SO(3) group. Because the generators of SO(3) and SU(2) have the
same Poisson brackets, they have the same Lie algebras, i.e. so(3) = su(2). However, the Lie groups are not
quite the same. For every SO(3) matrix there are two SU(2) matrices which correspond to it (a particular
matrix and its negative). So, the Lie group SU(2) is the “double-cover” of SO(3) as there is a map from SU(2)
into SO(3) which preserves the commutation relations but it is 2-to-1, not 1-to-1. Since we tend to think in
3 dimensions rather than 2 x 2 matrices, we also call the group of rotations as given here by SU(2) as the
group Spin(3).

A very important advantage of SU(2) over SO(3) is that SU(2) is simply connected, while SO(3) is not.
A 3 x 3 rotation matrix is determined by a unit vector 7 as the axis of rotation and a magnitude 0 as the
angle of rotation. We only ever need to define rotations with magnitude < 7 because a rotation by an angle
of greater than 7 is equivalent to a rotation in the opposite direction by an angle less than 7. With this, we
can visualize SO(3) as a ball in 3 spatial dimensions of radius 7. Every point in the ball specifies 6 by its
distance from the origin and 7 as the unit vector from the origin to that point. However, antipodal points
on the surface of the ball (points which are directly opposite each other, like the north pole and the south
pole) actually correspond to the same rotation. A rotation in the z direction by 7 is the same as a rotation
in the —z direction by 7. One can consider a path running directly from the north pole of the ball to the
south pole. This path is technically a closed loop because the north and south poles are the same rotation.
However, there is no way to continuously deform this closed loop within the ball so that it shrinks down to a
single point. Because of this, SO(3) is not simply connected. Because SU(2) is the double-cover of SO(3), we
can visualize it as two balls of radius m where the north pole of one ball is identified with the south pole
of the other (and similarly so for each antipodal pair). In this two ball picture, every closed loop can be
continuously deformed to a point, and so SU(2) is simply connected.

1.7.2 Spherical Harmonics

Let us now study the angular momentum commutation relations with specific attention to orbital angular
momentum. To do so it is nicest to use spherical coordinates (r, 8, ¢). Then, the orbital angular momentum
operators become:

. s, 0 9] 9]
(| Lo |¥) = (Z|(9D= — 2Dy)|¢) = —ih <yaf - ZGZJ) =ih <sin @a—qg + Egi?(;ﬁ) (1.7.74)
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I dian oan , 0 0 ) 0 sin ¢ 0
(Z|Ly|v) = (Z|(2Dy — Tp2)|¢) = —ih <2819/c] — méﬁ) =ih <— cos goa—;b + tani@qi) (1.7.75)
I e ) 0 0 L0
(Lal) = (31D, — ipl0) =it (250~ y 52 ) = ~inGL. (1.7.76)
As well, L? becomes after a bit of effort:
- 0% 1 oy 1 0%
S 720 32 [
L7 = =h <aa2 T tan6 00 5?0 54,02) (L.7.77)

Let us define # = /22 + §2 4 22, which we can immediately see commutes with all 3 L, because
they contain no r derivatives when put into coordinates. Since they commute, we can find a simultaneous
eigenbasis. In fact, at fixed r, ¢ is only a function of § and ¢ and so we can define the Hilbert space Hg of
(square-integrable) functions of (6, ), i.e. functions on the unit sphere . Let Y, (6, ) be an orthonormal
basis of such functions. At fixed (¢,7), ¥ (¢, Z) can necessarily be written as a linear combination of them and
for different values of r and ¢ the coefficients of linear combination may be different, so we have:

G(t,E) =Y Ra(t,r)Ya(b, ). (1.7.78)

A point on € is specified by a unit vector 7(0, ) = ;. = (sin 0 cos p, sin § sin ¢, cos §) from the origin to
that point. We let |7i(6, »)) be the surface area Dirac delta on €2, so that for any function ¥ (8, ¢) on :

b(8,9) = (78, ) = / 5(cos — cos 0')5(p — @ Y(8, ' )aSY (1.7.79)

where d€)' = sin 0d0'dy’. The §(cos—cos ') as opposed to §(0—8") is required for the surface area Dirac delta
to cancel the sin # factor in the surface area measure. Immediately, these deltas satisfy the orthonormality
and completeness relations on Hgq:

(56, Q)|ii(0', ) = d(cos b — cos0')d( — ), / 70, )0, Q) =1 (1.7.80)
Q
Our angular momentum operators can be considered as operators on only Hq. We let |I,m) be the
eigenbasis of angular momentum in that space:
L2|1,m) = R21(L + 1)|1,m), L.|l,m) = hml|l,m) (1.7.81)
and we let Y}, (0, ¢), called the spherical harmonics, be the corresponding wavefunctions:

Yim 1 Y 1 Y

Yim (6, 0) = (78, @)l m), 062 tan® 00 sin?0 Op?

+I1(14+ )Y, =0, " = 1mYim.

The last of these is easily solved to give the ¢ dependence of the spherical harmonics as:
Yim (0, ¢) = €™ Py, (0) (1.7.83)

for some P, (0), called the associated Legendre functions. Equation (1.7.82) demands that the Y, be
differentiable, which first demands they be continuous. Because the points at ¢ = 0 versus ¢ = 27 for fixed 6
are identically the same, this requires Yy, (6,27) = Y},,(0,0). By (1.7.83), this demands e*™*™ = 1, which
holds if and only if m is an integer. m is an integer if and only if [ is, therefore while half-integer angular
momentum is perfectly allowed for spin, for orbital angular momentum only integer eigenvalues
are allowed. The orthogonality and completeness of the eigenbasis |I,m) then in components becomes:

oo l

/ Vi (0, 0)Yims (0, 9)dQ = SurSmmrs D Y Y (0,0) Y55, (6/,¢') = 6(cos 6 — cos 0')5 (0 — ). (1.7.84)
=0 m=—1

And, (1.7.78) can be written more specifically, for some radial wavefunctions Ry, (t,7), as:

fo%e) l
Y6, F) =D > Rim(t,7)Yim(0,¢) (1.7.85)

=0 m=-1

Having solved for the ¢ dependence of Y},,, (1.7.82) becomes:

82le 1 8le m2
1) — P, =0. 1.7.
00? * tan® 00 * (l(l +b sin? 0) o (1.7:86)
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We can solve this differential equation for the Py, (6) by using our Ly operators. By definition:

. < . 1 9y, .0Yy 0Py l .y
= L = P —_— _— = P P == N 1 .
0= (7(0, )| L+|l,1) = ihe (tan9 i 8 ) = 50 = tmgtl = 1 (0) sin'6  (1.7.87)

for some normalization factor N, which we can set by using (1.7.84) with [ =1’ = m = m’. Doing so gives:

27 T
. 1 /@204 1)!
1=|NJ?[ d 21 9dg N|= =1/ —=F 1.7.
|N| /0 <p/0 sin = |N]| S]] pp (1.7.88)
were we have used an integral identity which is proven in problem 1.45
T 12
sin? ! gdg = 22— 1.7.89
/0 S 20+ 1) (1.7.89)
We choose N to be real and to have sign so that it is positive for even [ and negative for odd [, giving:
NGOG VP
Yu(0, ) = S gy #sin’ 6. (1.7.90)
We motivate this alternating sign convention in 1.44. We can lower m using (1.7.49):
1 N 1 Y .aYzm)
Yiim_1) = the "% +1 1.7.91
D T R 0+ 1) — m(m — 1) <tan9 O 00 (179
1 0P, m )
= Pym_1(0) = — + P |- 1.7.92
om0 = = T — = D) ( 90 " tan@ (17.92)

Starting from Py;(6), we can use equation this to recursively compute all of the P, for m < . In particular,
using an integrating factor we can write the right hand side as:

1 1 9

Then, defining = = cos 6 and Qy,(x) = sinm(H)le(Q) this becomes:

1 8le

- l—m
= Qun(z H (%l D _n(n_1)> <aax> Qu(z). (1.7.95)

sin™ 0 Pyy,) . (1.7.93)

(1.7.94)

This last formula is gotten by applymg (1.7.94) [ — m times. Renaming the product variable to k =1 —n, we

have:
-1 l—m
1 1 (
H _ H + m) (1.7.96)
L \VI(+1) —n(n—1) i VEQI+T—k
Then, recalling = = cos @ and simplifying (1.7. 95) nd (1.7. 83)
(I 21
S0 (8) Py (0) = Qum () = + mt (0" (=1 [ * (1.7.97)
oz 251'
/2l+1 l+m. eime b l
= |Yin(0, ) ) s 0 8cost9) (cos®8 —1)". (1.7.98)
Exercises

Problem 1.42: Spin Precession. Consider a quantum system with a spin s wavefunction and, for a
constant w and constant unit vector 77, the Hamiltonian operator:
H=uwi-S
(a) Show using Ehrenfest’s theorem that the total spin angular momentum of the wavefunction satisfies:
ds

= —wiix§.
dt x
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(b) Solve this equation of motion to show that the spin evolves in time as:
S(t) = §(O) cos wt + 7 - §(0)(1 — coswt) + 7 X §(0) sin wt.

Interpret this result geometrically.

Problem 1.43: Spin-1/2 Rotations. Recall the results of 1.4. By the logic leading to (1.7.65), for a spin s
wavefunction, a rotation by angle 6 in the unit direction 7i is represented on the internal spin space by:

In this question we will specialize our interest to wavefunctions of spin s = 1/2.

(a) Let S, =ii-S. Show that the eigenstates of S, are given by:

e F cosg e ¥ sing A h
|+> = iv . g ) |_> = i 0 s Sn|i> = if|i>
€2 sing €72 Cos 5 2

where 7i = (sin 6 cos ¢, sin #/sin ¢, cos ) as usual in spherical coordinates.
(b) Show that the general rotation operator U on the internal space can be written explicitly as:

Uzcos(i)]l—isin(i)ﬁ-é’

where & is the vector of Pauli matrices:

(0 1 (0 —i (1 0
92 =11 0)° =\i 0)° 7%= =\o -1)"

Problem 1.44: Spin-1 and electromagnetic polarization vectors. A three dimensional vector rotates
irreducibly and carries 3 independent components, thus it must correspond in spin representation to spin-1,
as it is the irreducible representation of dimension 3. Suppose we have a spin-1 (vectorial) wavefunction.
(a) Explicitly compute the spin matrices for spin-1 using Theorem 1.11 to show that:
N h
r = = s T ) ) s ) ) ) ) 9
S. ﬁ(|1 1)(1,0] + |1,0)(1, —1] + |1, 1)(1,0] +|1,0)(1,1))
N ih
Sy =—=
Yy \/i
SA’Z :h|17 1><1a 1| - h|1a _1><17 _1‘

(|17 71><1’0| - |170><1’ 71| + |1’0><17 1| - |1a 1><170|)a

(b) Show that each of S'I, Sy, S, have an eigenvector with eigenvalue of 0. Explain that consequently any
rotation on the internal space leaves a particular direction vector unchanged. Define |z), |y),|z) as the
unit vectors in the directions left unchanged by x,y, z rotations respectively. Explain why this means
|), |y), |z) must correspond geometrically to the x,y, z coordinate directions. Show that we can choose
the phases of |z),|y), |2) so that:

1

z) = —(|1,—=1) + |1, —1)), =
|z) \/§(| )+, -1)) ly)
and that these can be inverted to give:
=z +ily) ) —ily)

V2 V2
Let Em = {2 1, be the electromagnetic helicity polarization vectors as in Orig. problems 4.38 and 4.42.
Show:

2(|1’1>+‘17_1>)7 ‘Z> = |1’0>

S

|171> = |170> = |Z>a |17_1> =

& = (@1, m).
Thus explain how the |1, m) states are precisely these polarization vectors in Dirac notation.

(¢) Show that in terms of |x), |y}, |2), the spin-1 matrices can be written as:

Se =ih(l2)(yl = )z Sy =ih(e)(z| = |2)(z) 5. = ih(|y)(z| - |z)(y))
and show that using the J matrices originally defined in Orig. section 2.4 these are given simply by:
Sy = ihd,.

Show that the internal rotation matrix U for spin-1 can be identified precisely with our previous
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definition of a 3 x 3 rotation matrix R:
U= e_%aag“ = eeaj“ =R.
(d) Show that the ! = 1 spherical harmonics can be written as:

3 .
Y, m 9; = 7_; “Sm-
1m (6, ¢) IS
The (—1)! was inch_l'ded as a convention in (1.7.90) so that Yy is a positive and Y3, is positively

proportional to ;. - &,.

Problem 1.45: An Integral Identity. For this question it is useful to recall the definitions of the Gamma
function I'(z) and the Beta function B(z,y). For nonnegative integer I, consider the integral:

I(l) = / sin?*+1 9df.
0

(a) Let z = cos? @ to show that the integral becomes:
! 1 r(Hre+1)
I(l) = x_él—xldsz(,l—|—1>:2
W= [ e ta-a) : o

(b) Use that the Gamma function satisfies I'(z + 1) = 2T'(z) and the definition of the factorial to show:

r(i) ¢ : (20 +1)! i

3 B . _ 02l+1
r(ie3) =g Meern, Tlern=200 — -2t
k=0 k=0

Problem 1.46: The Schwinger Model. Consider a quantum system with Hilbert space spanned by
the orthonormal states labeled |n,,ny) where n, and n, each run from 0,1,2,3,4,... which represent the
eigenstates of two independent quantum harmonic oscillators with annihilation operators a and b. That is:

[a,a'] = [37 BT] =1, [d,l;] = [dT,l;] =0, alng,ne) = VNalna — 1,m), ?)|na,nb> = /Np|ng, np — 1).
Define the operators:
A h

P A h, ix = - h o ~ h P
Jr = 5(aTb+ bia), J, = ?(?ﬂb —bla), J. = 5(&*@ —b'D), J= 5(&% + b'h)
1
(a) Show that J,,J,, J. satisfy the su(2) algebra and that J satisfies:
[Jay o] = ihea©Je, [Ja, J] =0,  J24J2+J2=J(J+h1).

(b) Show using knowledge about the quantum harmonic oscillator that the eigenvalues of J come in
half-integers (0, 1/2, 1, 3/2, ...) and that the eigenspace of J with eigenvalue hj forms an irreducible
representation of the space of angular momentum j. Show explicitly that the |j,m)am angular
momentum states can be related to the |ng, ny)po harmonic oscillator states by:

l7,m)am = |j +m,j —m)uo.

(¢) Show that this two harmonic oscillator model of angular momentum, called the Schwinger model,
contains precisely one representation of every possible angular momentum.

Problem 1.47: Central Potential Problem. Consider a mass M nonrelativistic scalar Schrédinger wave
in 3 spatial dimensions subject to a spherically symmetric potential U(r) so that it has Hamiltonian operator:
=2

3 p N
H=—+4U(7).
o TU@)
(a) Let p, be the natural self-adjoint operator which is conjugate to the radial coordinate 7. Show that:
R .- o L (O vy o L2
[#,pr] =ih1,  [pr,La] =0,  (Z|p,[Y)) = —ih (é)r + r) o PTED T

(b) Show using the decomposition in (1.7.85) that the eigenfunctions of this Hamiltonian operator with
eigenvalue F can be written in the form:

YEim (L) = Rei(1)Yim (6, ¢)
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where Y}, are the spherical harmonics and the radial functions Rpg; satisfy:

82RE1 2 0REg; l(l + 1) 2M
Or2 ; or - 2 Rgi — F(U(T) - E)REl =0.

Thus, the spherically symmetric eigenvalue problem reduces to this radial ordinary differential equation.

Problem 1.48: Eccentricity Vector in Classical Mechanics. Let us study a purely classical mechanics
system to develop insight for a corresponding quantum system that will be of interest. Consider a nonrelativistic
point particle with mass M evolving according to the Hamiltonian:

_ P K
H_ZM T

for a positive constant K. Define the eccentricity vector £ and the Laplace-Runge-Lenz vector D by:

1 .7 . M
= _pxL-2,  D=K|-pt
TTMEPRT SN

(a) Show that £is conserved in time, that it is colinear with the vector from the point » = 0 to the point
on the orbit at which r is smallest, and that |€] is the orbit’s eccentricity.
(b) Show that:

{DaaH} = 07 {Daa Db} = _Sgn(H)eabcha {Daa Lb} = GabCDca {Lava} = €abch~

(c) Explain that for unbound orbits, D, and L, form precisely the Lie algebra so(3,1), the same algebra as
that of the connected Lorentz group. Interpret this geometrically within the phase space of the system.

(d) Explain that for bound orbits, D, and L, form precisely the Lie algebra so(4), the same algebra as that
of rotations in 4 dimensions. Interpret this geometrically within the phase space of the system.

Problem 1.49: x Solving the Hydrogen Atom. A hydrogen atom consists of a proton of positive charge
ge and mass m,, and electron of negative charge —¢g. and mass m.. (The proton charge magnitude is by all
experiments equal to the electron charge magnitude. This enormous “coincidence” will get more attention in
later chapters.) The electron-proton separation is very large compared to the size of either and the proton
mass is about 2000 the electron mass. So, in the neighborhood of the electron the electric field produced by
the proton is approximately that of a point charge ¢, (using the exterior multipole expansion) and we can
approximate the proton as not moving.
(a) Explain based on the above why we can approximate the electron’s Hamiltonian as:

7O S
2me  4dmegT
2
For the rest of this question let M = m, and K = 437; = (Like in classical mechanics, the reduced mass
mm;";f:p would give a better approximation than m..) Our goal is to find all of the eigenstates H for

bound states of the system (states in which the electron stays finitely close to the proton).

(b) Using the radial equation from problem 1.47, show that bound orbits must have energy eigenvalue E' < 0
as for E > 0 the solutions become asymptotically plane waves (and so are not spatially bounded; the
electron extends arbitrarily far from the proton). The magnitude of the energy of a bound state is called
the binding energy ® of that state. The unbound “eigenstates” are actually generalized eigenstates in
the rigged Hilbert space, in the sense that they are not square-integrable. They have take any positive
energy as an eigenvalue. For the rest of this problem, we consider only bound states.

(¢) Define the eccentricity vector operator £and D exactly analogously to the classical quantities:

. 1 .~ > 5 . F -, M -
= ——(pPx L—1L - = D=K —£.
£= omE P P~ 5 2|
Show that these operators are self-adjoint and that:
poay 2y, Bn-o,  LD=DB-i-0
MK? ’ ’ ’ '
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(d) Let:
2, [_: + 13 N 2, 2, N 2, 2,
Bi:T’ Cy=B2+ B2, C_=DB? - B%.
Show that:
[Eiv I:I] =0, [BJraa B+b] = ihéach+cv [BJraa be] =0, [B,a, be] = Z‘heabc-éfc

and that on the genuine Hilbert space, which consists only of bound states, there exist |1} which are
simultaneous eigenstates of H, Cy, L?, L, and that these satisfy, for b an arbitrary half-integer:

IR P1 200 =0, Oy lu) = 2020+ 1))

(e) Consider simultaneous eigenstates of H, C’+, I2,L.. Let n = 2b+ 1 be an arbitrary positive integer
with b as previously. Show that the energy eigenvalues of the hydrogen atom are given by:

MK? meqst

" onZn? _327r263ﬁ2n2

07:0, [C’+,ﬁ]:[é+,f4a]:0, ]].+

and that the total orbital angular momentum eigenvalue [ must satisfy [ < n.
(f) Show that the radial part of the wavefunction R,,; for eigenstates of H satisfies:
R, 20R, 1(1+1) 2 1 R 4weoh?
- — Ry+ —Ru— —=Ru=0 here: =—=
or? + r Or r2 et aor ! n2a2 ! where 0= MK q@?me
known as the Bohr radius is the characteristic length scale of the hydrogen atom. Experimentally, its
value is ag = 5.29177210903(80) x 10~ ''m [37]. While we have established the values of g, €g, and m,
by previous experiments or choices of units, in order to calculate ag we need the value of h, which we
will determine in the next problem.
(g) The radial equation is still quite nasty. Change variables to = —2-r and define f,,;(z) so that:

nag

!
2r __r 2r
Ryi(r) = <> e %0 fuy ()
naop nag
Show that f,;(x) satisfies:

ofl () + Q2L +2—2)f () +(n—1—1)fu(x) =0.
(h) The differential equation satisfied by f,,; can be put in a more standard mathematical form by defining
a=2l+1and k =n—10—1. Then, let f(x) be a generic function satisfying the differential:

af’(x) + (a+1—2)f'(z) + kf(x) = 0.

This can be solved by the Frobenius method. Near x = 0, 2” f(x) is guaranteed to have a well defined
Taylor series for sufficiently large 8. Explain why, by returning to the original wavefunction, that for a
physically reasonable bound (i.e. square-integrable) solution we must have § <1+ 1. Using this, show
by inserting the Taylor series for 2° f(x) into the differential equation that 4 = 0 and that:

o 4 E— i
fx) = ZCJ’»T]’ Cjt1 = — J
=0

G+DG+at)¥

(1) (k+ «
Cj = ]' k‘—_j Co
(a)

and that %f) is a polynomial (known as the generalized Laguerre polynomial of L,/ (x)) given by:

f(iL’) o a (71)j k+0¢ 1 %" 0 g —z o ¢ 0 F a
o=@ = () = () =T (g 1) e

J=0

(i) Show that the ¢; are solved by:

(j) Choose ¢y to normalize the 9 to finally show that the radial solution to the Hydrogen atom is given by:

] !
2\2 /(n=01=1! /[ 2r @i+1) [ 2r __r
Ru(r)=(—=) JL = () ) e
1(r) (na()) 2n(n +1)! <na0> n==1 \ nag .
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(k) Show that each hydrogen energy level (determined by n) has degeneracy n? and that that, for some
initial conditions C,;,,, any of its bound state solutions can be written as:
oo n—1 1 )
’(/)(t,f) - Z Z Z Cnlme_%EntRnl(T)Yim(evw)
n=1 =0 m=—1
Problem 1.50: x Atomic Spectral Lines and Measuring h. This problem is based on chapter 9 of [30].
Consider an electron in an atom, modeled so that the electron has wavefunction (¢, ) with Hamiltonian
operator Hy. This Hamiltonian operator will take the form:
N LN
where U(Z) is some potential which encodes the atomic structure. The particular details of this potential
will be generally irrelevant for this question. We assume that we know the normalized eigenstates |n) of Hy
and that they have (possibly degenerate) eigenvalues F,,. Now consider this electron to be perturbed by an
incoming electromagnetic plane wave. Choose the gauge of the plane wave so that it takes the form:

¢ =0, A= cRe (E_‘ei(’;'ffwt))

where € is a constant encoding the strength of the plane wave, E is a complex unit vector encoding its
polarization with k- { =0, and w = c|lZ| due to Maxwell’s equations in free space.
(a) Show that the perturbed electron now satisfies the Schrodinger equation with a new Hamiltonian
operator H which can be put in the form:
H = Hy+eH, + O(?) where: H; = —ieik'f_i“tf_'j%— ie‘“"’““‘”?‘ P
2m 2m
(b) Assume that the electromagnetic plane-wave has wavelength much longer than the atomic size. Show
that this allows us to approximate H, as:

H, = ~4Re (e*i“’tg) - p.
m

Show that for the hydrogen atom this approximation is valid for w such that:

@mec

260712 .

(c) While we have not yet discussed precisely how to apply thermodynamics and statistical mechanics
to quantum mechanics, you should be unsurprised to learn that in thermodynamic equilibrium the
distribution of states of a statistical sample of atoms will be proportional to e~ T where E is the energy
of that state and T is the temperature. If there is a significant gap between the ground state (the lowest
energy state) energy eigenvalue of the atom and the energy eigenvalue of the next lowest state (called
the first excited state) compared to the temperature of the system, the atoms will overwhelmingly be
in the ground state. For now, we will simply assume this to be true (physically it is very accurate for
ordinary atoms at or below ordinary temperatures'!). Let |g) be the ground state of the atom and let it

have energy eigenvalue Ey. Assume that the atom is initially in the ground state before being perturbed
by the electromagnetic field. Show that the solution to the Schrédinger equation has the form:

W) = T g) + o ®) + O()
where |d9(t)) evolves according to:

d|o . By N -
B0 — ofos) — L e+ Re (= 1E) - ).

Solve this differential equation to show that |d1(t)) is given explicitly by:

|04(t)) = ieﬂ%tz e + G - (n|plg)|n)
om '\ E, — B, —fw ' E,—E, thw Plgrm-

11 Those who do know how to treat this with statistical mechanics may object that the partition function of the hydrogen atom
is divergent. This divergence is due to the very slow fall off of the Coulomb interaction and can be removed as a problem by
cutting off the involved integrals at a finite volume, computing physical quantities from the cutoff results, and then taking the
cutoff to infinity at the end. See [5]

w K

ih




1.7. Angular Momentum Scheopner 87

(d) Using (1.6.83), compute the integral of the current density J over all space. Show that:
[ a7 = Ll ad)iv)

(oto) + LRe (Z (E TR m) ' <nﬁ19><gﬁ1n>>
ERG (5 71wt) + 0(62).

Using the results of Orlg. problems 4.53 and 4.54, show that (in the fully nonrelativistic limit), the
electromagnetic radiation vector @(t, 6, ¢) becomes:

2 —iwt & iwt &k 2
L qPwe emiwtg et N, e (6w
= I - . - I .
4T Tz m(; (En—Eg—hw En—Eg+hw> <”|ﬂg><gﬁ1”>> mm(se
(e) Show using the result of Orig. problem 4.57 that the total electromagnetic scattering cross section of
light off of the atom is given by:

3\@ 3\

2.4

_ Mo 2
o= 1o m2Tr(J_K (w))

where 1 is the 3 x 3 matrix that pI‘Q]eCtS out components of a vector in the direction of the incoming

wavenumber k ie. lab— §ap— Lkbk where 1}, = T

ik
Kop(w) = S0 — %Z (<glpa|n><nﬁb|g> N <g|ﬁb|n><nﬁa|g>> .

and K is the matrix with components:

Ep—E,—hw = E,—E,+ hw

Notice that the cross section becomes very large whenever E, + hw approaches an eigenvalue of H, (due
to the denominator E,, — E, — hw in the definition of K). Notice further that because E, is the lowest
eigenvalue of Hyand w > 0 by definition, the denominator E, — E, + hw never gets near 0 and so never
contributes the same peak behavior that the E,, — F;, — hw denommator does. Because of this, when
the incoming beam of light on the atom is tuned to have appropriate frequency, a stimulated emission of
light from the atom will occur, which is confirmed by experiment. That significantly increased response
of the atom thus occurs at hw = E,, — E, for some n and gives a direct probe of the atomic energy
eigenvalues and a way to measure the value of h. These peaks in the emitted light of stimulated atoms
are called the atomic spectral lines. They provide a direct access point to the (relative to the ground
state) energy eigenvalues of an atomic system. Note that this amplified response at discrete separated
values has nothing to do with any magical fundamental quantum discreteness. All results are derived
from the fully continuous equations of motion.

(f) Suppose we target hydrogen atoms with our light. Let w,, be the angular frequency at which peak
emission occurs for transitions from the hydrogen ground state with energy eigenvalue £, = E; to a
state of hydrogen energy eigenvalue F,. Show that the value of h is given by:

1
h _ meqé 1 — # ’
o 32123 wy

and that by scanning over a range of such n allows the accurate measurement of the value of h. In SI
units the value of h is exactly [15]:

6.62607015  _s,ke m?
27 S
(The value of & is exact because as of 2019 SI units defines the unit of the kilogram so that & takes this
value. Historical SI units chose a particular arbitrary object as having a mass of a kilogram, in terms
of which the value of h could be measured.) Explain how alternatively using natural units in which
h = eg = 1, this same experiment provides a measurement of the electron mass in natural units.

(g) Use the given value of h to check the value of the Bohr radius given in problem 1.49.

(h) Show using the formula for the hydrogen spectrum that the hydrogen ground state energy is [37]:

By = —13.605693122994(26) V..

Compute the energy of the first excited state of hydrogen and show that at any reasonable temperature
our assumption that the hydrogen is in the ground state is valid.
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Problem 1.51: x Photoelectric Effect. This problem is based on [29]. When we solved the hydrogen
atom previously, we only considered states in which the electron was bound to the proton. Consequently, the
electron wavefunction decayed quickly at large distances. It is also possible to consider unbound states in
which the electron becomes arbitrarily far away from the proton.

(a)

Consider the setup of the the previous problem with the electron in the atom beginning in its ground
state |g) with energy E, = —® subject to an incoming electromagnetic plane wave but also subject to
a uniform voltage V. Generalize the result of Fermi’s Golden Rule from problem 1.19 by considering
the time dependent perturbation found in the previous problem to show that to lowest order in e the
transition rate for the electron from |g) to a different eigenstate |n) due to an unpolarized light beam is:
T St 5 5
w= TS S(B + @ — hw)nlilg) L (gliln).

Let I be the total transition rate for electrons to go from the ground state to an unbound state and
suppose that in the unbound region the uniform potential has dropped off to zero. Let T(E,V) = |t|?
where ¢ is the transmission coefficient for an unbound electron in the region of voltage V to escape to
the region of voltage 0 so that its final energy is E. Show that I' is given by:

P= [ ZLCTEE.VISER + & - oV i) siia) L (lilvnd’s

where E(p) = % and [1(p)) is the unbound atomic eigenstate which asymptotically at large distances
becomes a conventionally normalized eigenvector of the momentum operator ﬁ

Suppose that an unpolarized beam of light is shone on a material so that effectively N electrons in a
material are subject to the perturbation and suppose that the electrons which escape due to the light
(called photoelectrons) travel toward a conducting wire so that they produce an electrical current I

which can be measured. Show that the electrical current is given by:
I =¢gNT.

Notice that the current is proportional to the intensity of the incoming light and that there is a critical
frequency wpin = % below which no current is produced at V = 0. Now suppose we adjust the voltage
V' until the electrical current drops to 0. The voltage at which this occurs is called the stopping voltage
Vstop- Show that the stopping voltage is given by:
hw — @

Ge
Explain that given that we know the electron charge magnitude from previous experiments, by measuring
the stopping voltage across many different frequencies of incoming light we can measure the values of h
and the binding energy ® of our material by plotting Vi:op versus w. Notice that the stopping voltage
depends only on the frequency of the light and not at all on its intensity'2.

Vstop =

Problem 1.52: x Fine-Structure Constant. Let E. = m.c? be the electron rest energy (using the
relativistic energy zero-point).

(a)

(b)

()

Using the previously established value of the electron mass, show that E. is given by [37]:
E. = 510.99895000(15) keV

(keV = kiloelectronvolts = 103 eV). This is the value of the electron mass in natural units.
Show that the energy eigenvalues of the hydrogen atom can be expressed as:

2
a’E,
E,=— -
" 2n?
where «, known as the fine-structure constant, is a dimensionless physical constant defined by:
_a
dreghe

Explain from all three perspectives of historical SI units in which g., €g, h, ¢ are measured, modern SI in

12Readers who have heard introductory explanations of the photoelectric effect before are likely surprised to see an explanation
of the effect without any reference to the concept of a photon. This is because the photon concept has nothing to do with the
photoelectric effect; the common confusion to the contrary is a historical accident.
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which ¢ is measured and ¢, h, ¢ are defined by exact values, and natural units in which ¢, is measured
and ¢y = h = ¢ = 1 that by combining the results of previously described experiments we can measure
the value of a. Show using the established values of g., €g, i, ¢ that a takes the value [37]:

a = 0.0072973525693(11).

From this show that the magnitude of the electron charge in natural units, more generally called the
elementary charge e is:

e = Vdra = 0.302822120872(22).

a or equivalently e is a dimensionless fundamental parameter of our universe; it cannot be gotten rid of
by any choice of unit system. It is determined only by experiment. If you found a theory that could
derive the value of @ mathematically, you would have an instant Nobel prize. The elementary charge
(also called the electromagnetic coupling constant) e is always unitless. It is related to the magnitude of

the electron charge ¢, in SI units by:
ge = ey/ €ghc.

Because the proton has exactly charge ¢., the neutron has exactly charge 0, and the electron has exactly
charge —¢. and all atomic matter is comprised of these constituents, the electric charge ¢ of any object
consisting of these particles is of the form:

q = Qqe = Qe/eohc

where @ is an integer known as the “charge number” of the object (we will see in later chapter
that particles other than protons, neutrons, and electrons exist, but even for those particles 3Q) is
experimental always an integer). Essentially, ) is the charge of the object “in units of ¢.”. Unfortunately,
myself and other physicists will lazily call ¢, e, or @ simply “charge” from time to time, and one has to
understand which is intended from context.

Problem 1.53: Legendre Polynomials. Often problems have an axis of symmetry, and then there is a
natural reduction of the spherical harmonics, which are a basis of functions of (6, ¢), to the so-called Legendre
polynomials P;(cos 8), which are a basis of functions of 6.

(a) Consider an azimuthally symmetric function on €, (). Show, using (1.7.84), that:

20 +1 ! 4
b(O) = + WiP(cos) where: = | (0)Pi(cosf)sinfdf, Py(cosf) = | ——Yio (0, ).
£ 2 0 20 +1

(b) Explain why the P;(z) are naturally viewed as functions on the interval [—1, 1], that they are polynomials
of degree [ which are even/odd for even/odd I, that P;(1) = 1, that Py(z) = 1, and that they have
explicit form and orthogonal and completeness relations:

1 /d\ 1 2 220 +1
@) =g () @V [ R@R = 2, > 2 ARG = e )
=0

(¢) Using their explicit formula, show that the Legendre polynomials satisfy the recurrence relation:
(+1)Pyi(z) +1P_1(x) — (2l + 1)xzPy(z) = 0.

(d) With f(t,z) as defined below, show from the above recurrence relation that f satisfies the shown
differential equation and has the solution:

= of _ S S
f(t,x)_;a(x)tl = (1—2xt+t2)a+(t—$)f—0 = f(t,z) = N

This f(¢, ) is called the generating function function for the Legendre polynomials, as its derivatives at
t = 0 contain the full list of them.

Problem 1.54: Spherical Harmonic Projection Theorem. For spherical parameters (6, @) and (6', '),
let = 17i(0, ) and i” = 7i(¢, ') be the corresponding points on the unit sphere. Let 7; be the operator
which projects functions on Hy, into the subspace of functions for which L? has eigenvalue A%I(I + 1).
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(a)

(b)
()

Show that:
o l
iy = O, d =1, w=Y_ [L,m)(I,ml, 71, La] = 0,
=0 m=—1
def :
m(6,,6',¢') E (@0, Q) mlA(0', ") = Y Yim(8,0)Y (0, ¢).
m=—I

Show, using either (1.7.98) or the continuity of the Y}, as functions, that Y;,,(0,¢) = 0 for all m # 0.
Explain why 7; is rotationally invariant, i.e. for U the representation of any rotation, UnUt = #,.
Using this, explain why necessarily (0, ¢,0',¢') = F,(r'- ") for some function F;. By considering
U" = I, explain that (0, p,0,¢") = F;(cos ) and show using the previous results and the definition of
the Legendre polynomials that therefore:

l
- am *
BT = > Yim(0,0)Yin (0, &),
m=—1

2041

Problem 1.55: Spherical Harmonic Conjugation.

(a)
(b)

()

Explain why it is natural to define the Dirac delta basis |77) to be real: |77)* = |7) and show that with
this definition, |[,0)* = |I,0) because Y}§ = Y.

Show that the raising and lowering operators are given in components as below, and by conjugating
that expression show that they satisfy:

i o i o
— potip sl bl
(AlLa|p) = he (i 90 ' tan0 0y

By iteratively applying L to [1,0), show using the above that the spherical harmonics satisfy:
Y = (=1)"Yi—m)-

) =i

Problem 1.56: Spherical Harmonics and Symmetric Traceless Tensors. Let ¢(60, ) be a function in
Hg. This function could be written in terms of the components of 7i. By the Stone-Weierstrass theorem and
a little analysis, because the unit sphere is compact, any such 1) can be written as a power series'? in the
components of 7.

()

(b)

(d)

Show, using that 77 - 7 = 1, that we can take the coefficients of expansion of 1 to be fully symmetric
and traceless between any pair of indices:

o0
P(0,0) =D U0, (0, 0). 10, (0,), e = g, [ 0010 = 0.
=0

Show by explicit calculation that:

o0
FIEA0) = SR+ D" (0, 9)o 0, (0, 9).

1=0
Explain based off of the above that the term for each [ in the expansion of v is in the eigenspace of Hg
on which L2 has eigenvalue hQZ(l +1). Explain why this means each such term can be written as a sum
over spherical harmonics with that value of [. Show that consistent with this, there are 2] 4+ 1 linearly
independent symmetric traceless tensors of rank .
Let ST denote the symmetric traceless part of a tensor defined by first symmetrizing over all of its indices
and then symmetrically adding terms that are products of Kronecker deltas and lower order tensors
until the result is traceless in all pairs of indices. Based off of the above results and the consideration of
having the correct ¢ dependence, show that for some constants Nj,:

Yim (0, ) = NipST(E2 giiml gl €dn, g

sgn(m)*""Ssgn(m)>0 i

with Eh the polarization vectors as defined in Orig. problems 4.38 and 4.42.
For m < 0, consider the highest power of cosf that occurs in the above right hand side and in Yj,, as

13Up to differing on sets of measure 0.
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given by (1.7.98). By matching the coefficients of the two and using the result of 1.55(c), demonstrate:

21 + 1 2Iml a1 gl
21 lu TTm) (&xgn(m) - Esgn(m) o

€a|m|+1

Yim (0, 0) 0 May ---Ng,

(e) By using the above and the original definition of the Legendre polynomials, show that:

@
-PZ(L'L/) 2[“2 ST( )ST( al)
Problem 1.57: Multipole Expansion in Sp}}erlcal Harmonics.
(a) Show, with r = |Z|, v’ = |Z'|, = T, " = & and using the results of problem 1.53, that the Coulomb

Green’s function for the Poisson equation can be written using the Legendre polynomials as:
1 0 1

.
G(#7) = ———— P
&)= Tr—a lzg%m (@ 7)

(b) Show, using the results of problem 1.54, that the electrostatic multipole expansion can be written in
spherical harmonic components as:

le }/lm 0 <P) . 47 -
ZmZ e vheres Qu= g [ (@)Y (6, 0)dS.

(¢) Show, using the results of problem 1.56, that the electrostatic multipole expansion can be written in
terms of true symmetric traceless multipole moments as:

o(F) = i ey gy where: ar.a (20)! (H)ST (™ ..o )dS
o e Amegrit! ' ! Tol2 S,O '

Problem 1.58: Spherical Bessel Functions.
(a) Using the original definition of the Legendre polynomials in terms of Yjp and (1.7.82), show that the
Legendre polynomials satisfy the differential equation:
(2 = 1)P!(x) + 2P (x) — (L + 1) P (&) = 0.
(b) Define the spherical Bessel function of the first kind j;(s) by, up to normalization as below, the inverse
Fourier transform of P;(x) over its interval of definition. Show that j;(s) satisfies:
1
21!

(¢) Consider the above differential equation for I = 0. Show that two linearly independent solutions are:

Ji(s) = /_16“”71’1(96)@3 = 575/ (s) +2sji(s) + (s* = 1(L + 1)) ju(s) = 0.

. sin s cos s
Jo(s) = P Yo(s) = — s
where jo(s) is as defined before and yo(s) is called a spherical Bessel function of the second kind.
(d) Show, using their explicit form in problem 1.53(b), that the Legendre polynomials satisfy the relation

below use this fact to show that the j;(s) satisfy the recurrence relation:

Plii(2) = aP/(z) + [+ 1)P(z) = jipa(s) = —ji(s) + éjz(s)-

Define y;(s) to satisfy the same recurrence relation replacing j;. Show that j;(s) and y;(s) provide a
basis of solutions to the differential equation satisfied by j;(s) in (b). Another often useful basis is
provided by the spherical Hankel function h;(s) = ji(s) + iy:(s) and its conjugate hy(s).

(e) Show that the recurrence relations for j;(s) and y;(s) have the solutions below and that h;(s) is given
by:

i) = (o) (3 d) S () = () (1;’) 2 — o) = —il-a) (] d) <

sds s s T dx

Show that j;(s) is smooth for all real s and that y;(s) and h;(s) are smooth everywhere except s = 0.
(f) Show that for |s| very large, h;(s) has the asymptotic behavior:

hi(s) = (—i)l“'l? (1 +0 (:2))

(g) Using the completeness of the Legendre polynomials and with k = |E\, r = |Z|, and krcosf = k%
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show that a plane-wave can be decomposed as:

eFE = Z(Zl + 1)ijy(kr) Pi(cos 6).
1=0
(h) Using the orthonormality of plane waves and the above, show that the j;(s) satisfy:
T

OO~ . N 1.2 _
/0 ) Wk = 57

(i) Let |9) be an eigenstate everywhere in space except a small ball around the origin of the free Hamiltonian
operator ﬁo = % with eigenvalue % Show that for some constants Aj,, and Bj,:

(%S) l

Y(T) = Z Z (A i (kr) 4+ Bimyi (k1)) Yim (6, @).

=0 m=—1

S(r—r").

Explain that if ¢(Z) is an eigenstate of Hy everywhere then all of the By, = 0.

1.8 Spinor Theory - Pauli Equation

The natural next theory to study after the scalar (spin-0) theory with spin space dimension D =1 is
the spinor (spin-1/2) theory with spin space dimension D = 2. While the spin-0 theory is pretty good for
describing the behavior of electrons in some experiments, it turns out that electrons are spin-1/2 particles
(we will study how this is demonstrated experimentally in the homework). Because the wavefunction of a
spin-1/2 particle has 2 components, we write 1 (t, Z) as:

vie.d) = o0 (o) + oo (1) = (1) (18.1)

where the vector with the upper component 1 corresponds to |%, %), the vector in the spin space with S,

eigenvalue of 1/2, and the vector with lower component 1 corresponds to |%, —%), the vector in the spin space

with S, eigenvalue of —h/2, and ¢+ correspond to the components of ¢ in each of these two directions in the
spin space. From Theorem 1.11, immediately in this notation the spin matrices for spin-1/2 are given by:

A h 0 1 0 —z 1 0
Sy, = 5% where: Or = (1 O) , Oy = (z 0 ) , 0, = (0 _1> (1.8.2)

are called the Pauli matrices. Every quantum mechanic has these matrices memorized! By direct calculation,
they satisfy several very nice properties. In particular:
040 — Op0q = 2i€ 0, 0a0p + 0p0q = 2043 1. (1.8.3)
The first of these had to be true by definition of the spin operators but the second is non-trivial and highly
convenient. Together, these allow any product of Pauli matrices to be reduced to a linear combination as:
040y = Oap 1l + i€t 0. (1.8.4)

Now let us go through the commutators in (1.6.2) again to find the Hamiltonian for a spin-1/2 particle,
mirroring what we did in the scalar case:

5.0 =0 — G=0a(t339). (1.8.5)

Because G commutes with & it still cannot be a function of ﬁ However, now that we have spin degrees of

freedom, each of the vector components of G is a 2 x 2 matrix on the spin space. Next commuting with the
momentum:
[0.G) = iml =m[Z,p] = [p,G+mi]=0 = G=—mi+F(23). (1.8.6)
Now let us use parity symmetry. Parity by definition inverts space and so a Dirac delta at £ becomes a
Dirac delta at —Z:

Pl €| -7 = 75:/8\ — Z)(|dS. (1.8.7)

Because this is supposed to be a symmetry transformation (and time is not reversed), this better be unitary
by Wigner’s Theorem. A short calculation shows that it is, that it is self-adjoint, and that it is its own inverse
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(this should not be surprising as inverting space twice brings everything back to its original orientation):
Pl_p, PP (1.8:8)
This tells us how parity acts on the Hilbert space. It is also possible to act parity on the operators. Consider

an orthonormal basis |n) and act an operator O on it. By definition, @|n) must be in the Hilbert space and
so can be written as a linear combination of the |n). Therefore, there exist coefficients O, so that:

Oln) = Z Opmnlm) = O = Zomn|m><n|. (1.8.9)
mn mn
Given how the vectors transform under parity, we can calculate how operators transform under parity if their
components are held fixed, as:

O =" Opn|m'Y(n'| =Y OmnPlm)(n|PT = POPT. (1.8.10)

From this, with a little algebra, we can see unsurprisingly that the # and ;5' operators are inverted by parity:

PPt = —3 PP = —p (1.8.11)
exactly matching their classical parity properties as proper vectors. Just like in classical mechanics, the
angular momentum is a pseudovector:

PLPT = Pear "pPT = €apPi"PIPpPT = ep*(—2")(—be) = La. (1.8.12)
Because orbital angular momentum is a pseudovector, spin angular momentum must be as well (angular
momentum conservation conserves only the total S + L; for this to hold under parity reversal we need S
to also stay unchanged). The fact that spin is parity even allows us to define the parity transformation to
act trivially on the spin space. Since Z is a proper vector, so is the velocity v. Therefore, under parity a
velocity boost goes to a boost by the same amount in the opposite direction which means that the generator
of velocity boosts is also a proper vector in a theory with parity symmetry. So:
PPt = —v, PGPt =-G. (1.8.13)

PSPt =8,
Now applying this to (1.8.6):

A S oA

PGPt = P(—md + F(1,5)PT — —G =m# + F(t,9). (1.8.14)

By matching (1.8.14) to (1.8.6) we see that F = 0. Continuing with the final commutator from (1.6.2):

5,G] = ihl — [5,-md] = [3,§] = [FF-—mil=0 — §—mi=f(t,55) (1.8.15)

for some f(t, :%, 5) which is again a 2 x 2 matrix on the spin space.
To this point we haven’t actually used that we are working with spin-1/2 (and so the results to this

=

point apply to any spin, up to changing the matrix size of f) but now spin-1/2 will be critical. The space
of 2 x 2 complex matrices is 4 dimensional as a complex vector space. Because the identity matrix and the
3 Pauli matrices are linearly independent, it automatically follows that any 2 x 2 complex matrix can be
written as a linear combination of them. Further, because the identity and the Pauli matrices are self-adjoint,
any self-adjoint 2 x 2 complex matrix can be written as a linear combination of them with real coefficients.
This means that for spin-1/2 we don’t have to consider arbitrary functions of the spin and can instead take
without loss of generality:

fa(t,2,5) = Ko(t, )1 — mYyy(t, 2)S° (1.8.16)
where K is an operator vector and Y an operator matrix, neither acting on spin space. Then (1.8.15) becomes:

Z%*[% - N SN
Y.-S=v=—[¥ H]|. 1.8.17
Ky §oi= L (1817)

This is a pretty complicated restrint on H, but we can solve it in steps. We know how to produce part of it
from the spin-0 theory, and so define Hy just as in (1.6.10):

=

] _(ﬁ_K)2 Aab:'_l ~a T 2

Next we need to find a term with produces the left hand side of (1.8.18). It has no dependence on }%’ and is
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the result of commuting with . Commuting with 7 kills one power of ﬁ and so the term will be some linear
function of p. Consider, for some 3 x 3 matrix of operators with components with O, (¢, Z):

1 - 1. 4 1 as 4
— (&0, H] = 205" + ZOF, §° 1.8.19
Zh[x ) 1] 9 b + ) ab ( )
where @lb means the operator adjoint of the operator Oup and no transpose is taken on the ab components.
By identifying:

> @ab + @T

1 ~ =« N N ~ N N ~ ~ 5
Yo = fab = 0= ﬁ[f,H—HO—Hl] = H— Hy— H, = Hy(t,Z,95) (1.8.20)

] 1 ~a A S\ na
Hl = 5 Oab( )Sb + Sboab( )p -

for some Hy(t, z, S). We can use our spin-1/2 trick from before to expand H, as:

Ho(t,7,8) = U6, 3) + 51, %) - § (1.8.21)

for some self-adjoint scalar operator U and self-adjoint vector operator 7. Put together, we have that the
Galilean symmetric spin-1/2 Hamiltonian operator takes the form:

- 7— K(t,7))? N 1,4 Ay A 1 . - A -
H= w +U(t, ) + —ﬁ“@ab(t, 7)S + fOlb(t, 2)p*S® + U(t, Z) - S. (1.8.22)
m
We can simplify our Hamiltonian operator a bit further by expanding O in terms of its self-adjoint and
anti-self-adjoint parts. By (1.8.20), Yab(t x) is its self-adjoint part, and so let Zab(t m) be its anti-self-adjoint

part:

. OO N
ab = Tb = Oup = Yar +iZu, Ol = Yoy — iZap (1.8.23)
N 5 IA_() T ) LA NN i WA A Ay
— = W +U(t,7) + Sym (5, Vap)S® + %[ﬁa, 7%, + 5(t, 7) - . (1.8.24)

Now simplifying the commutator, we have:

Aa Zab - _
[Pa; 2] &T“ 2m

. . h oZba
+ U (t, %) + Sym(p®, Yup)S® + ( + 555 ) S,.

(1.8.25)

That is, the term Z% contributes can be completely absorbed into a redefinition of 7. Similarly, in anticipation
of gauge invariance considerations, it would be nicer to have p* — K® in the Yy, term than just p*. This also

just amounts to shifting the definition of 7 since the extra term K,Y %S, is of the same form as 7/ - S. Thus,
after these choices, we have that for some real scalar field U (¢, &), vector fields K (¢,Z) and #(¢, ¥), and matrix
field Y (¢, Z), the Hamiltonian operator takes the form:

> 2 32 .

H= W + U(t, %) + Sym(p* — K@, Yau(t, £))S° + 0(t, %) - S. (1.8.26)

Let’s see what parity transforming our Hamiltonian operator does. For a free particle, we know the

Hamiltonian operator will have no nontrivial external fields available to interact with. In general though,

U, K 7Y may originate from interactions, and so may transform under parity based on what fields they are

comprised of. Parity symmetry then will require that the Hamiltonian operator takes the same form in terms
of their transformed values:

_E_PRPH? . 1
PHP' = % +PUPT + 5 Sym(=p" — PKYPH PY,, P S + Popt. § (1.8.27)
R 5 — [:(" 2 R . N A
LH = 0 5 ) + U’ + Sym(p® — K", Y/,)S* + v’ - S. (1.8.28)
m
— PKP' =K', PUPT =T, PYu Pl = Y/, PPt =i (1.8.29)

That is, U is a proper scalar, K a proper vector, I/ a pseudovector, and Y a pseudotensor.

If the spin-1/2 particle is free, the Hamiltonian will necessarily have translational and rotational
symmetries, causing all of these to be uniform constants. A uniform constant U can be removed by gauge
transformation. The vectors K and 7 become 0 and Yy, becomes proportional to d4, by rotational symmetry.
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Y., then becomes 0 due to its parity transformation property. So, a free spin-1/2 particle has H= :u just

like a scalar particle. The case of a spin-1/2 particle interacting with electromagnetism is naturally more
interesting. The logic of making local U(1) gauge transformations as in (1.6.50) is completely unchanged from
the scalar case, so we define the gauge covariant derivative in exactly the same way and still identify K= q/_l'
and U = g¢. Indeed, ¢ is a proper 3-scalar and Aaisa proper 3-vector, matching our parity requirements.

For Y and 7, we can use famlhar effective theory logic. To maintain gauge invariance, we need them
to only be functions of E and B. At leading order, we need not consider derivatives of E and B as those
contribute at shorter length scales. Out of E and B we can form three 3- vectors, E, B and E x B, so UV
must be a linear combination of these with coefficients that are rotational scalars made out of E and B. The
available rotational scalars are their inner products |E |2 E- B, |B |2. We also need Galilean boost mvarlance,
which by Orig. (3.3.75) only permits the pseudovector B proper scalar \B|2 and pseudoscalar E - B. Because
7 must be a pseudovector, we have that for some function Do(|B|?, (E - B)?), 7 = DoB. The leading order
behavior of Dy for weak fields is then for it to just be some constant —v, so that /' = ffyB' with corrections
that are at least cubing order in the electromagnetic fields. This parameter  is called the gyromagnetic ratio
of the particle.

Next for Y. Due to Galilean boost invariance, the only allowed dependence on Eis through E-B. The rank
two tensors that can be formed then are d4p, €458, and B, By, all of which are proper tensors. Because Y must
be a pseudotensor, this means for some functions Dy, (|B|2, (E-B)?), Yap = (E-B)(D18ay+Da€ape BS+D3 B, By).
At leading order for weak fields each D,, will be some constant, and so the leading D; term in Y is quadratic
in the electromagnetic field, the leading Dy term cubic, and the leading D3 term quartic. The overall leading
term is thus Yy, = ﬁ(ﬁ - é)éab for some constant 3. So, up to corrections which are at least cubic in the
electromagnetic field, the Hamiltonian operator is:

> A2 R ST 5 oa
- % +qb+ BSym(p- S, E-B)—~B-§ (1.8.30)

There is another symmetry which is natural to impose on our Hamiltonian operator. Although we
never explicitly demanded it, all of the electromagnetic, gravitational, and particle theories of the Orig.
automatically had time reversal symmetry. It is a genuine experimental question whether we should expect
such symmetry in our universe. Time reversal symmetry is genuinely observed to hold in experiments where
nonrelativistic quantum mechanics is appropriate. Therefore we take:

Assumption :: GQMYV: Time Reversal Symmetry

Isolated systems have time reversal symmetry.

The Hamiltonian operator (1.8.30) is not automatically time reversal symmetric. Let T be the time
reversal pseudo-operator. That is, we write |[¢)') = T |¢) for the time reversed wavefunction. By problem 1.40,
the position operator is time reversal even while the momentum operator is time reversal odd. Immediately it

follows that the orbital angular momentum operator L=27x ]%' is time reversal odd, and so the spin operator
must be as well (since only the total angular momentum has a conservation law):

TiT ' =2,  TpT '=-p = TLT '=-L = TST '=-6 (1.8.31)
Let’s see explicitly what time reversal does to the wavefunction in components. For some unitary 2 x 2 matrix
t on the spin space we must have:

W' (t,7) = tp*(—t, 7). (1.8.32)
Now computing the spin:

§' = w/IS|y) = WTISTIYT) = (0](e1Se) |¥) = =S = —(@ISly) = tlo"t=—(c")". (1833
By expanding t with general components and checking these three conditions, it follows that t must be
proportional to o5. The proportionality must be an overall phase so that t is unitary. By convention, we
take t = i0y so that it has real coefficients. that is:

Y (t, ) = iogyp*(—t, 7). (1.8.34)

Interestingly, if you time reverse the spin-1/2 wavefunction twice, you do not get back to the original state
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vector. Letting ¥” be the time reversal of 1/, instead you find:

' (t, ) = —(t, T). (1.8.35)
This is perfectly okay, since because 9" and v different only by an overall phase, they produce all of the
same operator summaries and represent the same ray in Hilbert space.
By Orig. problem 4.83, the vector potential and magnetic field are time reversal odd while the scalar
potential and electric field are time reversal even. Thus, under time reversal, H transforms as:

A (_ﬁ;;fA)Q +qb+ BSym((—p) - (=8), B - (=B)) —7(~-B) - (-§) £ A = B=0.  (1.8.36)

The B term is time reversal odd, and so time reversal symmetry requires 8 = 0. Finally then:

Theorem 1.12: The Galilean Spinor Schrodinger Equation

Up to corrections which are cubic in the electromagnetic fields, the general parity and time reversal
symmetric Hamiltonian operator for a Spin-1/2 Galilean quantum wave of mass m, charge ¢, and
gyromagnetic ratio v interacting with electromagnetism is:

S G-gd)? . x
P s 5§ (1.8.37)
2m

After much ado, when we include all symmetries we only get one new term for spin-1/2. Plainly, the
Schrédinger equation in position space now reads:

2 N
ihDpp = *2%9221/’ — 4B - Si. (1.8.38)

Let’s see how this extra term affects the motion of the center of mass of the wavefunction, following the same
steps as those that led to (1.6.26). Most of the calculation is completely unchanged, and the extra term just
tacks on at the end:

% = %q;’ H)) = % = mddi? _ %qﬁ_ qu, H)) - q(%—?> (1.8.39)
— mddi? = q(E(t, 7)) + g<(3 x B(t,¥) — B(t,Z) x {7)> A (V(B(t,5) - 5. (1.8.40)

If this new term is very small in a situation which is already approximately classical, then this will lead
to the same classical equation of motion as the scalar particle. This new term will be small as long as the
magnetic field does not vary too much over the scale of the size of the wave (size meaning the width of the

region in which it is mainly localized). Because the two spin eigenvectors of B - S have opposite eigenvalues,
the new term will have equal and opposite effects on the two components of 1 projected into the directions
aligned and anti-aligned with B. So the presence of a magnetic field gradient causes these two components to
be pulled away from each other (which is known as the Stern-Gerlach effect). If B changes persistently in
approximately the same direction, this will cause an initial wave-packet to separate into two wave-packets
each with spin polarized according to being either aligned or anti-aligned with that change, which leads
immediately to interesting experimental consequences. In particular, because it rips the wave-packet apart, it
can be used to break the validity of the classical limit.

The calculation leading to the Schrodinger Lagrangian density (1.6.49) carries through just the same
also with this new term, so that for a spin-1/2 particle:

R - Lo
L= / (ith@tzp — 2—|_@¢|2 + ' B- Szp) ds. (1.8.41)
S m
From this Lagrangian density, we have an unchanged charge density but the new term does affect the current
density: Therefore the charge density is unchanged but the current density picks up a new term:

_ _5Lint _ 2 r_ 6[-:int _ ﬂ t 1-:'
p=—pt =P, T =22 = T G0) +9Y x (0150). (1.8.42)

The new current density is again automatically gauge invariant as the phase added by gauge transformation
cancels between v and 1f. The continuity equation follows easily using (1.8.38) because the divergence of
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any curl is 0:

VT = ol + V- (B 50) 497 x (0750)) (1.8.43)
h2

= %1/;* (ih_@tw + Qm@%z;) - % <ih.@ﬂ/1* + m@%*) Y+0 (1.8.44)

- %W‘ (—’yé - 5) b — %¢*(—7§ .Y = 0. (1.8.45)

Because the charge density is the same as in the scalar theory, (1.6.89) still holds for the electric dipole
moment. For the magnetic dipole moment, we have a new contribution (using some integration by parts):

1 - 1 h = >
i== /:E x JdS = —/f X (qu(uﬁ@w) + 9V x (wsw)) s (1.8.46)
= L (i x (-in) + / (V! Sa)a® — 2oV, (0! 5 ) ds (1.8.47)
s
- ziﬂ+v<§> - iﬂ+y§. (1.8.48)
The new contribution to the magnetic dipole moment is proportional to the spin_ of the particle! If the
gyromagnetic ratio v = 5%, then p is proportional to the total angular momenutm L+S8. So, we define the
g-factor:
2my L9 o
= = ji=—(L+g¢gS). 1.8.49
9= fi=g - (L+g5) ( )

Particles for which p o« J have g = 1. However, for different species of spin-1/2 particles g or equivalently
can take any value and is unrestricted by symmetries. There are particles with ¢ = 0 and v # 0, such as the
neutron, and so the g factor is not well-defined for every species of particle.

The Hamiltonian operator (1.8.37) can be written nicely using the Pauli matrices and the g-factor. Using
(1.8.3): In terms of the g factor, the Hamiltonian operator can also be written nicely using the Pauli-matrices.

(O-a(ﬁa - qAa))Q = (5ab]1 + ieabcgc)(ﬁa - qAa)(ﬁb - qAb) ( - qA) 2 abe Uc[ Pa qA pb - qAb] (1850)
— (f—qA)? + 3¢ e ihq(Da Ay — OyAg) = (B — qA)? —2¢B - S. (1.8.51)
Returning this to our Hamiltonian operator, we have that it can be written in Pauli form as:
. 7 (5 — gA))? . -2)5 &
g i L) e S | 0¥ 4 (1.8.52)
2m 2m

This form is particularly nice if the particle of interest has g = 2 or very close to it. Historically, for reasons
we will partly understand when we study relativistic electrons, the electron was originally believed to have
a value of g = 2 exactly, motivating this form. When g = 2, this is known as the Pauli equation. It turns
out that due to higher order interactions between the electron and the electromagnetic field (and with other
fields we haven’t yet discussed), the g value of the electron gets renormalized so that it instead has the true,
experimentally measured value [37]:

ge = 2.00231930436118(27). (1.8.53)
Exercises

Problem 1.59: Rabi Flopping. Consider a spin-1/2 particle which is approximately localized in an
approximately uniform but time-dependent magnetic field B(t).
(a) Show that the relevant Hamiltonian operator for the system’s spin evolution is:

=B §
Show that due to the approximate localization of the particle, we can describe the evolution of the
wavefunction’s spin degrees of freedom by components ¢ (t) and ¢_(¢t) which represent the total
wavefunction of the particle at the localized location in each of the two spin polarization directions.

(b) Consider the magnetic field to have a constant component along the z axis and a rotating piece in the
xy plane so that for some constants By, By, w

B(t) = (B coswt, — By sinwt, By).
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()

1’730

Show that he Schrédinger equation of motion for the wavefunction’s components becomes:
. 1By . ivB1 _,; 1By
Yy = Yy + —— 5 ety Y- = — ¢ Whipy — 5 Y.

Define a new Wavefunctlon |¢) by rotating the system about the z axis at angular velocity w. That is,
with U(6) the representation of an angle 6 z-axis rotation on a the spin-1/2 Hilbert space:

|6) = Ulwt)[4)
Show that the equations of motion for ¢, and ¢_ become:
. i
—5 9 - = ¢4 — 5 (vBo —w)o-.

by = %(730 —w)dy + > 5

Solve the equations of motion for |¢) and return them to the definition of |¢) to show that:

Py (t) = e3®t ((cos (?) — isinésin (Q )) 4 (0) + i cos I sin (?) ¢(0)>
W_(t) = e 3 (z cos § sin (Qt) ¥4 (0) + <cos (%’5) + isindsin (?)) W (0))

where w — vBy = Q2sind, vB; = Qcosd.
Suppose the particle begins initially in the “spin-down” state (|t)—(0)| = 1). Let I(¢) be the projection
intensity of |¢)(t)) onto the “spin-up” state. Show that:

2 ’VQB% 2 t 2 R2 2
I(t) = )| = i f\/ B —~B .
(0 =1 OF = g2 Py s (5B + (0 =B
Information can be stored in the spin state of the spin-1/2 particle. By keeping a spin-1/2 particle in a
background uniform magnetic field (given by By), it stably precesses about the direction of that field

wBl ivBy

“saving” its state. By then turning on an oscillatory field (given by B;) we can change the spin state of

the particle. Show that by choosing the frequency w of the oscillatory field correctly, for an arbitrarily
weak applied field By, we can fully flip the spin state of the particle (change spin-down to spin-up or
vice versus). Find the characteristic time 7 necessary to completely flip the spin.

Problem 1.60: * Stern-Gerlach Experiment. Consider a spin-1/2 particle experiencing an interior
quadrupole magnetic field:

B = (0,—My, M=)

for a constant M. (This magnetic field may be produced in the interior region of two appropriately spaced
current carrying coils which are oppositely oriented.) Assume further that the particle is charge neutral
(¢ = 0) but has a gyromagnetic ratio (v # 0).

()

For the moment, assume the particle is localized as a wave packet and that it remains localized as it
evolves. Show that the center of the particle Z(¢) and the spin angular momentum S(t¢) of the particle
satisfy the equations of motion:

mi = vV(B(t,Z) - S(t)), %j =S(t) x B(t, Z(t)).

Suppose further the particle is initially moving in the = direction with velocity v beginning from an
emitter at the origin and travels from where it is emitted to a screen a distance ¢ away at which it is
detected (through some interaction with the screen). Show that to leading order in M, the particle hits
the screen at z coordinate:

'yM 2

 2me?
Suppose we now have a beam of particles of the same mechanical properties (m, ¢,~) emitted as above
with different initial spin directions but the same initial velocity. Show that if all initial spin directions
are present in the beam, then the beam of particles will produce collisions on the detector in an interval
of z coordinates which has length d given to leading order in M by:

Mhe?
d= ¥

2mu?

S.(0) + O(M?).
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Show that the single particle projective intensity per unit z direction length on the screen is given by:
Mnhe?
I(z)=94 (z _ 0059)

4dmu?

where S.(0) = % cos#. Show that if the initial spins in the beam are uniformly distributed the resulting
average intensity per unit length on the screen is given by a uniform distribution from f% to g.
There is a critical flaw in the preceding analysis. It is the result for classical spinning particles as

derived from the classical limit of the Schrédinger equation, assuming the particles actually remain as

well-packed little wave-packets during their evolution. However, due to the (V(S - B)) term in (1.8.40)
the different spin polarizations are dynamically separated during the actual evolution of the wave. Let
Z4+ and Z_ be the summary positions gotten from using the components 14 and 1_ as wavefunctions
respectively (and normalizing them appropriately). Show that to leading order in M, Z; and Z_
separate in the z direction so that by the time they have reached the screen they have a separation of d
as given above. Therefore, if that separation is large enough to be experimentally meaningful to us, the
full wavefunction cannot be said to be in the classical limit. Using this, show that instead the classical
limit can be valid for each of the two polarizations separately and that the resulting more accurate
estimate of the projective intensity per unit length on the screen for a beam of N particles with the
same spin is given by:

0 Y M2 . 0 yYMhe?
_ 2 (2 _ 2(Z
Z(z) = N cos (2>5<z 2 > + Nsin (2>5<z+ )

Using this show that if the initial spins in the beam are uniformly distributed the resulting average
intensity per unit length on the screen is given by:

E[I]:Zé@—i)ﬂ!é(wi).

Thus rather than a uniformly dense line segment of collisions on the screen (which would be expected
from pure classical mechanics), a better approximation of the Schrédinger equation suggests one should
expect two bright spots with clear separation between them on the screen. The two bright spots in
reality will certainly not be point-like Dirac deltas and there will be some intensity of signal inbetween
them if one uses the full Schrodinger equation (which can be confirmed with numerical simulations
or more detailed analytical calculations). But, the prediction of two brighter regions near j:g with a
reduced signal between them is correct.

Historically, this experiment was first done with silver atoms, which are charge neutral. Silver
atoms have 47 protons, 47 electrons, and stable forms have either 60 or 62 neutrons. The lowest energy
configuration of the silver atom involves 46 of the electrons coming in pairs of oppositely oriented spins
and forming a spherically symmetric charge density around the atomic nucleus. This causes the total
magnetic moment of a silver atom to be very nearly the magnetic moment of the single unpaired electron
and so to act as spin-1/2 with the electron’s value of v (protons and neutrons are also spin-1/2 and
do have nonzero magnetic moments, but they are much smaller than the electron magnetic moment).
The fact that such a beam splits into two bright spots acts as a confirmation that in fact the elec-
tron is spin-1/2. (For generic spins, the number of spots formed on the screen is 2s+ 1; think about why.)

Problem 1.61: Stern-Gerlach Polarizer. The Stern-Gerlach experimental setup from the previous
question can be used like a “spin polarizer”, in the sense that it separates the beam of incoming atoms of
various spin directions into two beams, each of which has a specific spin-direction. By keeping only one of the
separated beams, we then have ideally a fully (or in reality a mostly) polarized output beam. When we use a
Stern-Gerlach magnet setup as in the previous question with the beam separation occurring in the direction
7 and keep for future use only the separated beam which has its spin aligned in the 7 direction, we call it a
Stern-Gerlach polarizer in the direction ©. The mathematical structure of this polarizer is nearly identical to
the mathematical structure of polarizers of light.

(a)

Suppose that |ty ) is the (spatially localized, and so given simply by two complex numbers) wavefunction
of a spin-1/2 particle entering a Stern-Gerlach polarizer in the direction 7. Show that the wavefunction
of the polarizer output [t)oy4) is given by:

‘wout> = €mj|¢in>
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(b)

()

where « is some phase accumulated while traveling through the polarizer and J, called the Jones matrix
of the polarizer, is given by:

. 147G
J=——
2
Suppose there is an angle 6 between the spin directions of |[¢i,) and [tout). Let Zin = ||t |* and
Tout = ||%out||? be the projective intensities of the two (not necessarily normalized) beams. Show that:

Tout = Liy cOS> 5

Compare this result to Malus’ law from Orig. 4.39.
Suppose we pass the incoming beam through a sequence of three Stern-Gerlach polarizers with Jones
matrices Jl, JQ, Js in the order 1, 2, 3. Show that the resulting wavefunction of the final beam is:

[Yout) = Jada 1 |tim).

Problem 1.62: Partially Polarized Particle Beams and Density Matrices.

()

Let G be a quantity of interest that depends on the spin of a particle so that it takes the form
= (¥|G|y) where G is a self-adjoint operator on the spin space. Show that equivalently:

G =Tr(Gp), I=Tr(p) where: p= )t

is a non-negative self-adjoint operator called the density matrix corresponding to |¢).

Now consider a particle beam source which does not produce particles with exactly predictable spins.
Instead, due to our incomplete knowledge we model the source as producing wavefunctions [i1), [12), ...
each with probabilities py, p2, ... Each particle emitted from the source will have some independently
selected |11) from this distribution. Explain then that as is typical in experiment by sampling many
waves from the source one can measure the expected value of the previous mentioned quantity G by:

= an<¢n‘é|¢n>-

As well, show that one can NOT in general identify a wavefunction o) so that E[G] = (1ho|G|1o) and
thus that there is no way to define an effective wavefunction for a probabilistic source. However, show
that one can in general define the density matrix p so that:

p= paltn)(Wal,  E[G]=Tr(Gp).

As well, show that in addition to reducing to the original expression given for the density matrix in the
case that only one value of |} is possible, this general density matrix is also self-adjoint, has nonnegative
eigenvalues, and has trace given by the expected intensity of the beam. Thus, while the wavefunction
description cannot be generalized to the case of a probabilistic source, the density matrix description
can. Many sources are probabilistic due to them having very complicated internal dynamics and little
if any bias toward any particular directions of polarizations. Thus, for modeling real equipment the
density matrix formalism is often necessary.
Show that if the beam from such a source passes through a sequence of 3 linear components with Jones
matrix Ji, J, Js, the density matrix afterward is given by:

5 = dydadp AL
Show that there exists an effective wavefunction |¢g) for a given density matrix (meaning p = [1o)(¢0|)
if and only if Tr(p?) = (Tr(p))? or, if the beam is of spin-1/2 particles, equivalently if and only if
det(p) = 0. Such a source is called completely polarized.
Consider an unpolarized spin-1/2 beam source, i.e. one which produces all polarizations uniformly.
Show that the corresponding density matrix is proportional to the identity matrix. Show that an
unpolarized beam produces the same expected values as a source which takes spin-up and spin-down
along any particular axis each with probability 1/2.
For a spin-1/2 beam, using that p is a 2 x 2 Hermitian matrix, show that for real Stokes’ parameters
So, 51,52, 53 the density matrix can be written exactly as in Orig. problem 4.40(i). Show that S
is the intensity of the beam and that the vector %(Sl, Sa,S3) gives the total expected spin angular
momentum of the beam. Let d, the “degree of polarization” be defined also exactly as in Orig. problem
4.40(i). Show that 0 < d < 1 with d = 0 if and only if the source is unpolarized and d = 1 if and
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only if the source is completely polarized. Show that the density matrix can be written as the sum
of a completely unpolarized part of intensity Z, and a completely polarized part of intensity Z, and
polarization (normalized wavefunction) |¢) as:

1
p=Tug + T l0)0]

and find the relationship between Z,,, Z,, the explicit component expression for |¢), and the four Stokes
parameters. As well, show that the total expected intensity Z is given by Z = Z,, + Z,, and that the
degree of polarization can be reexpressed as:

7,

d= L
I, +1,
and thus can be understood as the fraction of the total intensity which is due to the polarized beam.
(g) Repeat Orig. problem 4.41 in its entirety, but applied to spin-1/2 waves rather than electromagnetic
waves.

Problem 1.63: Pauli Transport Equations. Consider the Lagrangian density (1.8.41) together with
that of Maxwell’s equations, analogously to problem 1.41. Show that spin-1/2 wave has mass density py,,
momentum density , energy density &, total stress tensor 0% = ¢®*, and energy current density Z given by:

B -1 5 R = &
pmo=mlpf, G=RmI oY) + 5V x (W1SY), € =S| T —10TB - Sy,

2 N
oot — Q%Re(w@(a@% — ot ) 4t (B - Gt — Blagh)y — %vcxm(;pfﬁdecd(a@bWL

3 ~ ~
T, = %Im(@bw%@aw) - %Im(wé - §Dat) — YW (E x §)at)

in the sense that, using (1.8.42), these satisfy the same nonrelativistic transport equations as in problem 1.41.

Problem 1.64: Schwinger Model Revisited. Consider a spin-1/2 particle which is effectively localized in
position space, so that its spin state can be represented with a single spinor |¢(t)). Call the component of
this spinor aligned with the z-direction a(t) and the component anti-aligned b(¢).

(a) Show that the Poisson brackets of the components of the spinor are (hint: just use (1.2.27)):

{a,a} = {a,b} = {a,b*} = {b,b} =0,  {a,ax} = {b,b*} = _%,

(b) Show that the spinor’s spin angular momentum of the spinor are (hint: just use the Pauli matrices):

h h h

Sy = §(a*b+b*a), Sy = ?(a*b—b*a), S, = §(a*a—b*b).

i

Compare these to the expressions for the angular momentum operators in Problem 1.46. Explain
that by “quantizing” this system, meaning taking it as a classical system and defining a Hilbert space
with operators @ and b whose operator summaries have the correct Poisson brackets, we arrive at the
Schwinger model of angular momentum.

(¢) The Schwinger model thinking is extremely useful for creating multitudes of representations of generic
Lie groups. It is also an important hint at how quantum field theory will work. Suppose you have a Lie
algebra of interest with generators 7, and structure constants fu;°:

{Tcu Tb} = fabCTc~
If 7, are some self-adjoint operators on some Hilbert space satisfying:
[’ﬁu 7A-b] = Z.75'.]011176710
then by Theorem 1.5 the operator summaries (7,) form a representation of the algebra. Now consider

the components of the wavefunction as ¥* (and of its conjugate as 1. Let (f’a)b ¢ be the components of
T, as a matrix. Show:

{W,wb} =0, " vp} = _%61(71’ Ta o (Ta) = (fa)b PR e

Now define a quantum system with wavefunction |¥) and operators ¢, ¥} so that (%) and (¢f) satisfy
the Poisson-brackets satisfied previously by 1%. Explain that these operators ¥* for each a act like an
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independent set of creation and annihilation operators for a quantum harmonic oscillator. Show that
this Hilbert space consists of linear combinations of states |nq,...,np) where there is an n; € N for each
component of ¥* and where each nj represents the excitation number corresponding to the harmonic
oscillator of wk Show that the 7, on this Hilbert space are represented by the operators T, as:

Ta - (Ta) cwbwc'

(d) Suppose there is a subspace of the Hilbert space of |¥) which is closed under the unitary transformations

e~ #9"Ta for real parameters 6%. Explain that this subspace is itself a representation of the original Lie
group of interest. Thus, this construction allows us to take an initial representation of our Lie group
(which had Lie algebra generating operators 7,) and produce a bigger Hilbert space which may contain

many different representations (in the case of SU(2) it contains all representations).

1.9 Scattering Theory

Even more so than in classical mechanics and electromagnetism, scattering experiments are immensely
important in quantum mechanics. In scattering we are interested in the question: given an incoming state
from the distant past, what will its outgoing state be in the distant future? This may seem bizarre as
certainly all experiments take place over finite time. But, if we wait for a time much longer than the time it
takes our system to stabilize it is effectively like waiting forever. More rigorously, we could treat scattering
as the lowest order approximation in a series expansion in powers of teyolve/twait Where tevolve 1S & typical
characteristic timescale of the Hamiltonian of our system and ¢, is how long we let it evolve before making
measurements. For many quantum systems, toyolve is orders of magnitude smaller than a microsecond and
twait 1S & macroscopic human relevant time scale so their ratio will be extremely small that we can effectively
treat as 0. Because the interaction happens over the small time feyolve, in scattering we treat the quantum
system as being essentially “free” initially, interacting for a little while, and then being free again in the end.

More formally, for scattering we consider a Hamiltonian operator:

H = Hy+ H, (1.9.1)

where Hy, is the “free-part” (corresponding to the Hamiltonian operator when the system of interest is isolated)
and H; is called “interacting-part” (corresponding to everything due to not being isolated). We consider
initial and final states which are approximately free. This is made precise by requiring that at very early
times (as ¢ — —oo) and at very late times (as t — o), H; should approximately annihilate the state:

Jim 1 [ (1))]I7 = 0. (1.9.2)

In practice, H; will usually depend on external fields (like electromagnetic fields or atomic potentials) which
are only nonzero in a finite region of space and the incoming/outgoing states will be wavepackets coming in
from far away or going out to far away, so there is very little (asymptotically 0) overlap between the regions
in which H; and |t) are mutually nonvanishing.

You might worry that the assumption that we can treat our system as asymptotically not interacting
will miss important physics. It can! Check the assumptions of scattering theory before blindly applying it.
Scattering theory is excellent at perturbatively giving an approximation to the full theory as a power series in
parameters that control the interaction strength. However, sometimes the physical properties of a system
may have some nonperturbative behavior that cannot be captured by a power series, such as e~ x as A — 0.
Scattering theory, by treating the interaction as an eventually vanishing deviation from the free system,
is essentially intrinsically perturbative and it is just a mathematical fact that perturbation theory doesn’t
always tell you everything. There may be genuine interacting states of your system no matter how long you
wait that need some effective description as a composite object, and such things are missed by perturbation
theory. There are many advanced tools for how to treat these naively missed pieces within scattering theory
and try to develop something more complete, but we will only touch on some of them briefly.

Because of (1.9.2), scattering essentially separates time into three sections. First, it has the very distant
past of the experiment in which the incoming state is approximately free (a beam of freely propagating
wavepackets). Next, it has the present middle in which that beam is close to whatever target it is fired at and
all the interesting interactions happen. Finally, it has the distant future in which the state is approximately
free again and which ultimately becomes a spray of free particles onto a detector surrounding the experiment.
Because the states we are considering are nonzero very far away, they will not be square-integrable and thus
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not in the proper Hilbert space. Instead, the asymptotic incoming and outgoing states will look like plane
waves and only be part of the rigged Hilbert space.

1.9.1 Interaction Picture

Because we consider incoming states which asymptotically evolve according to HO, it is useful to
decompose those states into eigenstates of Hy. Under the time evolution generated by Hy in the Schrodinger
equation, an eigenstate of Hy will remain that same eigenstate, up to a phase, for all time. Consequently, it
is useful to define a way of “dividing out” this phase, so that asymptotically the object we consider becomes
genuinely constant. We do this by introducing the interaction picture. Consider a system with state |¢(t))
evolving under the time independent Hamiltonian operator H:

0~ Ay = Jp) = e (o)), (193
As well, any operator summary (of an operator @) can be computed in time as:
O(t) = (D)0 (1) = W(O0)]er ™ e [4(0)). (1.9.4)
We define the interaction picture state |1;(t)), relative to an arbitrary time ¢ = 0, by:
[1()) = er ot 7y (0)). (1.9.5)
Using (1.9.1), the interaction picture state evolves according to:
inrk i, <;ﬁoeéﬁoteém|¢(0)> + ot (—%H) e~ A(0 )>> (1.9.6)
= —Holubs (1)) + eF" (Ho + Hy ) e Flloter ot £11 (o)) (1.9.7)
_ e%ﬁotﬁle*%ﬁot\%(t)). (1.9.8)

So, in terms of an interaction picture Hamiltonian operator H 1(t), we have the interaction picture Schrodinger
equation:

d|¢1>
=

We can see that the interaction picture has the advantage that the state only evolves “due to the interaction”.
That is, if H; = 0 then the state does not evolve at all. Because we consider past and future states on which
H, asymptotically vanishes, this means that as ¢ — +o0o, |1(t)) becomes asymptotically constant.

Inverting (1.9.5) and returning it to (1.9.4), we find that operator summaries can be written in terms of
interaction picture operators as:

= Hr(O)lgr),  Hy(t) = eh ot fr e~ o, (1.9.9)

O(t) = (Wr(D)|Or(D)r(t)),  O1(t) = ei ot Qe i Mot (1.9.10)

That is, in the interaction picture the operators evolve in time according to the free Hamiltonian operator ﬂo
only while the state evolves in time according to the interaction part.
Since we consider states satisfying (1.9.2), |¢;(¢)) asymptotically becomes constant. The value that it
takes in the distant past is called |ti,) and the value it takes in the distant future is called |t)o,t). Precisely:
W) = lm |Yr() = Q_|$(0))  where:  Q_ = lim erHote—iHt (1.9.11)
t——o0 t——o0
is the “backward operator” as it takes the state [¢(0)) in the interacting present and pulls it all the way back
into the free past, and:
Woue) = lim [07(t)) = Q4 [p(0))  where: Qo = lim enHote—ntt (1.9.12)
t—00 t—oo

is the “forward operator” as it takes the state in the interacting present and pushes it all the way forward
into the free future.
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We can see automatically from their definitions that the forward and backward operators are unitary'*:

. . . oNT
Qi —"' = lim ernfte—nHot — ( lim e;LHUte_;th> = Ql (1.9.13)
t—+oo t—too

Combining (1.9.11) and (1.9.12), we can see that the incoming and outgoing state are related by the Scattering
Operator S or “S Matrix”:

S=0,0" = | [thour) = S|tin)- (1.9.14)

It follows from this definition that the S matrix is unitary:

5= (af) e = a0l = (a.0) =gt (1.9.15)

The unitarity of the S matrix is very important in proving several other important results. The S Matrix pulls
a state from the free past and pushes it into the free future and the whole theoretical side of the business of
scattering amounts to computing it.

1.9.2 Dyson Series

The most direct way to compute the S matrix is to simply solve the interaction picture Schrodinger
equation perturbatively. Because (1.9.9) is linear, we know that [¢;(t)) is related to [¢;(to)) by some
interaction picture time evolution operator U(t, ) as:

[$1(8)) = U, to) [11 (to)). (1.9.16)
Taking the limits that ¢ — oo and tg — —oo and using (1.9.14) we have:
S = tliglo U(t,to). (1.9.17)
to——00
By inserting (1.9.16) into (1.9.9) we find:
dU(t,t A R
m% — B, (00t t),  Ulto,to) = 1. (1.9.18)

This equation is extremely analogous to Orig. (7.5.69) and we will treat it in exactly the same way. Integrating
both sides of the first of these with respect to t from ¢y to ¢t and using the second:

ot

Ult,to) =1 — % Hi() U, to)dt'. (1.9.19)
to

Equation (1.9.19) is not obviously helpful as U is expressed in terms of itself. But, by inserting another copy

of (1.9.19) back into itself on the right hand side we see:

.t t ot
Ult,tg) =1 — % Hi(tdt' — % / / Hi(YHEU" to)dt"dt’. (1.9.20)
to to Jto

We can again circuitously insert equation (1.9.19) back into this again and again and after several iterations
we arrive at:

. t o N t ta R R R
to to to

As N gets larger, t spends an increasing portion of its integral close to ¢ty and so as N — oo we have
U(ty,t0) — Ul(to,to) = 1. Thus, in the N — oo limit we have:

Ult,to) = » (;j)n/t n 2fl;(tn)...fll(tl)dtl...dtn. (1.9.22)

to

n=0

This series expansion is called the Dyson series. Cutting off the series after a finite number of terms at least
gives an approximation for U(t, to) and thus can be used then to obtain an approximation for S. Equation
(1.9.22) is often the most useful equation for perturbatively computing the time evolution operator U. However,
it can be simplified in terms of notation (though made less useful for calculation), by introducing the time

14Permitting some lack of care on the commutation of limits. This issue is actually extremely technically subtle, but the details
are not necessary for any of our analysis.



1.9. Scattering Theory Scheopner 105

ordering transformation 7 : which is NOT an operator. It is a notation for how to write a product of time
dependent operators. That is, for 2 operators A(t;) and B(tq):

A(t)B(ta), t1 > to
T A(ty)B(ty) = § 2B BE)AM) - 4y, (1.9.23)
B(tg)A(h), t1 < to

and similarly so for products of 3 or more operators. Then, following exactly the same steps as from Orig.
(7.5.73) to (7.5.80), we have that:

Ultite) = T s e # o T 15— g =i S Hiat (1.9.24)
This formula is true but usually not very useful, at least in ordinary quantum mechanics. However, it does
have applications that we will see later.

1.9.3 Lippmann-Schwinger Equation

There is another other way of computing the S matrix which has the advantage of taking the t — +o00
limits early rather than at the end. Let {|ag)} be an of orthonormal basis of eigenvectors of the scattering
states of the free Hamiltonian operator Hy. That is:

folas) = Ealao), [ lao)(aolda =1, (aols) = dla ) (1.9.25)

where the 1 operator is understood as the identity operator on the scattering subspace of the rigged Hilbert
space (meaning we exclude all the “bound states” which decay too quickly to reach a far away detector). Here
we will use «, 3,7~ as labels on these states. Because often these labels will be continuous (such as labeling
the outgoing wavenumbers of plane waves), we write “sums” over them as integrals. Because we assume we
know how to diagonalize ﬁo, the scattering operator S can be written as:

5= [ 180)(Bulass [ lac)(aolda = [ |30} (BolSlaa) coldads. (1.9.20
So, all we need to fully specify the S matrix are the “S matrix elements”:
Sga = {Bo|S]ao). (1.9.27)

Suppose we begin our system with the incoming state as an eigenstate of Hy, [tin) = o). Then, the

present state is given by [1(0)) = QF |ag). If we now act the full Hamiltonian operator H on this state:

Hp(0) = H lim _eFflte i 00t ag) = lim /1! (ﬁfo + H’l) e~ HHot| ) (1.9.28)
= Eu|1(0)) + <tgm eémﬁleéﬁt> [1(0)). (1.9.29)

)

This second term is the expression for the interaction term of the Hamiltonian operator in the “active picture’
going into the distant past. Because of (1.9.2), it must be 0, which is a significant restriction on how H can be
divided into Hy and H;. Automatically |1(0)) is a (generalized) eigenstate of the total Hamiltonian operator
H and it has the same eigenvalue as |ag). Thus, at the very least requiring the interaction to asymptotically
vanish demands that H and Hy have the same spectrum of scattering states. Since we have pushed our
incoming eigenstate |ag) of H, into the present, we call the resulting eigenstate of H |y ):

‘Oé_;,_> = QJr—|040>a ﬁ|a+> = E(x|a+>- (1930)

Similarly, suppose instead that our system ends up as an outgoing state which is an eigenstate of ﬁo,
[out) = |g). Then, the corresponding present state would be [1(0)) = Qﬂ_|a0>. And, if we act the full
Hamiltonian operator on this state:

HIp(0)) = H Jim ef e 70t ag) = lim ef " (flo + f{1> e~ #H0t| o) (1.9.31)
= Balw(0) + ( Jim e# At frem 1) [(0)). (1.9.32)

For the same reason as in (1.9.29), the second term vanishes from (1.9.2) so that Ql|a0> is also an eigenstate
of H. Since we have pushed our outgoing eigenstate |ag) of Hy back into the past, we call the resulting
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cigenstate of H |a_):

la_)y =0l jag),  Hla_)= Eyla_). (1.9.33)

The plus and minus states give a convenient formula for the S matrix elements:
Ssa = (BolSlao) = (ol QL Jao) = | Spa = (B-la). | (1.9.34)

Thus, finding how to compute |ay) will be our next goal.
Using (1.9.30) and (1.9.33):

(Ho + H)|ay) = Ealay) = (Ea — Ho)lay) = Hijas). (1.9.35)

E, — Hy is shorthand for E,1 — Hy where 1 is the identity operator. The operator E, — Hy is not invertible
because it annihilates any eigenstate of H, with eigenvalue F, (and we know at least one such state, |ag),
exists). But, because Hy is self-adjoint and so has real eigenvalues only, E, — Hy + ie annihilates no state in
the rigged Hilbert space for any real € # 0 and thus it is invertible. So, letting ¢ be a positive real number:

(Eo — Ho +ie)|ax) = Hylog) £ icas) (1.9.36)
— |ax) = (Ey — Ho +ie) ' Hi|ay) + ie(Ey — Hy £ i) o). (1.9.37)
Now use the integral fact that for a complex number z with positive real part:
e 1
/ e *dx = —. (1.9.38)
0 Z

The operator € Fi(E, — I;To) has complex eigenvalues with positive real part only and so (recalling how an
operator exponential is defined and inserting the completeness relation over eigenstates of Hy):

/ e~ FilBa-Ho)agy - L (1.9.39)
0 Ea — H() +ie
Now returning this to (1.9.37) and taking the ¢ — 07 limit (as it is valid for all positive ¢):
1 A o - 2
o . —(eFi(Ea—Ho))z
|t sli%h T _Hie i5H1|ai> + algng 5/0 e dz|oy). (1.9.40)

You need to be careful handling the limit on the first term because at € = 0 the operator E, — Hy + ic loses
invertibility. The second term is more straightforward using another integral fact. Consider a function f(x)
which has a finite limit as z — co:

lim e f(x)dx “=2) fim / e f (E) du:/ e™™ lim f(x)du = lim f(x). (1.9.41)
e—0t 0 e 0

e—=0t Jo T—00 T—00
Then:
o) . N oo i R

lim 5/ e EFiUEa—Ho)z| Vg = lim 5/ e_(Em(E"“_H“))I/|5O><60|d6|ai>dx (1.9.42)

e—0+ 0 e—0t 0
= lim [ e Fa=80)2|5,)(B)|ay)df (1.9.43)

T—0o0

_ —ifot L Ht _¢ _
—t_lginooe R0ten Ty ) = Qzlag) = |ao). (1.9.44)

Returning this to (1.9.40) gives us the Lippmann-Schwinger equation:

= lim ——H . 1.9.45
) = o) + lim i) (1.9.45)

Similarly to U in (1.9.19), |+ ) appears on both sides of the Lippmann-Schwinger equation and like in (1.9.19),
we can solve it perturbatively in powers of H, by iteratively inserting the equation into its own right hand
side over and over. The resulting series is known as the Born series.

There is another useful (and equivalent) way to solve the Lippmann-Schwinger equation by using a
Green’s Operator (which is just the operator way of writing a Green’s function, also called a resolvent
operator). Define, for a complex number z:

G(z) = (z — Hy) ™Y, R(z)=(z— H)™\. (1.9.46)

G is the Green’s operator of the unperturbed Hamiltonian operator Hy and R is the Green’s operator of the
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full Hamiltonian operator H. As long as z has non-zero imaginary part these inverses exists because the
eigenvalues of Hy and H are purely real. We will often be interested in the behavior of these operators as
the complex number z limits toward being real (surprisingly perhaps, they have sensible limiting behavior).
Consequently, we define for a real number E:
G+(E) = lim | G(E =+ ie), R.(E) = lim R(E =+ ie). (1.9.47)
e—0

e—0+

Soon we will understand precisely why G+ cannot possibly equal G_ (and identically so for Ri) From the
definition of R(z):

(z—Hy— H)R(z) =1 = G '(2)R(z) — H1R(2) =1 = R(z) = G(2) + G(z)H1R(z)  (1.9.48)
Thus:

(1 — G(2)Hy)(1 + R(2)H,) = 1. (1.9.49)
Using this, by solving for |ag), the Lippmann-Schwinger equation solution can be written in terms of R(z)
. . . -1
o) = (1= G (Ba)) Mifas) = (1+ Re(Ba)IT) o) (1.9.50)
R X . 1 R
- |Ozi> = |050> —|—Ri(Ea)H1|OéQ> = |Oéo> + lim 7H1\a0>. (1951)

e=0+ F, — H +ic
Iteratively applying the right side of (1.9.48), we have that R(z) is given by:
R=G+GH,G+ GH\GH,G + GH,GH,GH,G + ... (1.9.52)
Truncating this series after a finite number of terms gives an approximation of the full Green’s operator.
1.9.4 Transition Matrix

Both the S matrix and the Lippmann-Schwinger equation can be nicely understood in terms of the
transition matrix. The transition operator (or transition matrix) 7" is defined to satisfy:

Tlao) = Hilay) (1.9.53)
and theTransition Amplitudes T, are defined by:
Tsa = (BolT|ao) = (Bo| Hilary). (1.9.54)
In terms of the transition operator, the plus Lippmann-Schwinger becomes:
1 .
lay) = [ag) + lim ———————Tay). (1.9.55)

e—0t Ea — I:IO + i€
With this, we can find a nice formula for the S matrix. From (1.9.51):
- 1
a_| = (ao| + (| H; lIm ———. 1.9.56
(@[ = (o] + (ao T ( )

Then, using that |a.) is an eigenstate of H:

Spa = (B-|ay) = ((Bol + (BolHa lim, W) oy ) (1.9.57)
= (Boloy) + 51_i>%1+ Eﬂ_é.m<50|ﬁ1|a+> (1.9.58)
= (Bo| <a0> + lim, Wﬂm) + lim, W%'T'O@ (1.9.59)
=0a=f)+ T i, <Ea—;ﬁ+i5 - Ea—;ﬂ—is) (1.9.60)

The above limit is a little tricky. Let:
1 1 —21
f(z) = lim ( - ) = lim — (1.9.61)

B - 1m
e—0+ \ T +1ie T — e e—0+ 12 + g2
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and consider a smooth function g(z). Then:

° . ° —2ie T=cu . =2
[m f(@)g(z)dx = sl—l>%1+ . mg(z)dx = 81_1%1+ - mg({—:u)du (1.9.62)
= /_OO T_Hg(O)du = —2mig(0) = /_OO(—2m(5(;E))g(m)dac. (1.9.63)
Because this holds for all smooth g(x), we have:
1 1
lim ( — — - ) = —2mid(x). (1.9.64)
e—0t \ T +1& X —1€

This kind of limit of ﬁ will be repeatedly useful, so it is also worth looking at how the sum (rather than
difference) of these two behaves. Define the so-called “Cauchy Principal Value distribution of %”, written ’P%
by, for any smooth g(x):

o] 1 oo _ _
lim g(x)P—dx = lim de. (1.9.65)
e—=0t J_ x e—=0t /. x
Plainly this principal value distribution under integration is a linear functional on healthy functions, just like
the Dirac delta. As well, by just changing x — —z in the second term below and using the evenness of the
resulting integral:

lim < — + - > g(x)dz =2 lim Mdz = 2/ g(x)P—dzx. (1.9.66)
e=0t J_ o \T+1e T —1E e—0t Jo o P x
Combining this with (1.9.64), we have the useful identity:
1 1
lim — =P— —imd(x). (1.9.67)
e—0+ T + 1€ T

Applying (1.9.64) to (1.9.60), the S matrix can be written in terms of the transition matrix as:
\ Sga = 0(o — B) — 2miTsa6(Eq — Eg). \ (1.9.68)

So, the S matrix can be thought of as decomposing into a part in which nothing happens (the é(a — 8) term)
and a term which contains the scattering (the transition matrix term). Further, the scattering term conserves
energy'® between the incoming and outgoing states due to the §(E, — Ej). One can see immediately that if
Hy = 0, then T, = 0 and Sz, = 6(a — ) and so all scattering is due to the interaction part ﬁl, as it must
have been. Because the S matrix can be written in terms of the transition matrix and the transition matrix
elements can be written as in (1.9.54) involving only the | ) and not |a_), we only ever really need to study
the + solutions to the Lippmann-Schwinger equation.

Like the Lippmann-Schwinger equation or the Green’s operator, the transition matrix can be computed
perturbatively. Using (1.9.53) and (1.9.54):

Tlag) = Hilag) + H1 Gy (Es)T| ). (1.9.69)
Reinserting this formula into the expression for T on the right hand side repeatedly gives:
T|a0) = (ffl + Hlé_,_f‘[l + g1G+H1G+FI1 + )|a0> (1970)

where each copy of G'+ is evaluated at E,. Because the argument of G+ depends on «, it is not possible to
simply equate the term in parentheses with T'. But, it remains true that:

Tga = <ﬁo‘(H1 + I:.rlé+f:fl + H1é+ﬁ1é+ﬁ1 + )\a0> (1971)
Using (1.9.64) we can identify the precise nature of the difference between é+ and G_:
R R 1 1 -
Gi(FE)—G_(E)= lim ( — — - ) = —27id(E — Hy) (1.9.72)
e—0F E+iE—H0 E—’L.E—HO

(with an analogous identity for Ry and H ). So é+ and G_ differ by an operator which annihilates any
eigenstate of Hy that does not have eigenvalue E. As well, neither of G+ are self-adjoint, instead they are

15The energy conservation occurs because we did not allow bound states to form. If we modified the completeness relation
among scattering states to include bound states, then the outgoing state’s energy may be different than that of the incoming
state.
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each other’s adjoint:

GL(E)= lim ———— =G_(E). (1.9.73)

1.9.5 Transition Rates and Fermi’s Master Equation

The transition matrix is essential in characterizing the time averaged rate at which physical processes
happen. Suppose at time ¢, our system begins in an eigenstate |¢) of H, (when represented in the interaction
picture) and is subject to the perturbation H, until a final time ¢. Let P,_, ¢ be the transition intensity for
transitions to a different eigenstate |f) of Hy at the time ¢. That is:

Py = [(flo)]*. (1.9.74)
Using the interaction picture and that |f) is an cigenstate of Hy:
Py = [(Flem ot r (0) [ = [l @) = [(F1T (¢, t) 1) (1.9.75)

The instantaneous transition rate is defined as the present rate at which transitions occur (and so the ¢
derivative of the transition intensity). Using the interaction picture Schrodinger equation, we can simplify it
significantly:

dP, d - A dU N A
ot (1 0N = (10 + AT (19.76)
1 PSP - T, 2 A
—gmmmwwwwﬁmmxwmﬁ>fMme>Ummuwwmm)uam
The long time transition rate, also simply called the transition rate I',_, ¢ is defined as the limit of dP(;jf after

we have allowed the process to go on for arbitrarily long. (The transition rate is the answer to the question,
“At what rate will the process be happening now, if we started it a very long time ago?”) Let 7 = ¢ — tg
be the duration for which the interaction has occurred. Keeping t to be in the finite present while taking
T — 00, requires that ¢y is changed in the limit. Thus:
dP, 2 .
Fip = lim =20 = lim ~Im (<f|H,( YO (t,t — 7))t O (8t — T)m) . (1.9.78)

T—00 t T—00

The only 7 dependence is in the time evolution operator. By using (1.9.5) and (1.9.16): the definition of the
interaction picture wavefunction:

1 (1)) = entotewHteittog—f Hoto |y (40)) = U(t,ty) = et HotemnHl(t=to) =7 Hoto (1.9.79)

Then, the 7 limit is actually quite simple:
lim U(t,t —7) = lim et Hote— kA7 o Hom o= Hot — o Hot(yt o= Hot (1.9.80)

T—>00 T—>00

Returning this to the transition rate and using the definition of the interaction Hamiltonian:

2 1) SIS i 7 i fr o4 A i 7 i frog A i f
Iy= ﬁIm ((f|eﬁH°tH1e_ﬁHoteﬁHotQT_e_ﬁHot\L><L|eﬁH°tQ_e_ﬁH0t|f>> (1.9.81)
2 AoA N
~ ~Im (<f|HlQT_|L> <L\Q_|f>> (1.9.82)
By using the definition of the plus states, (1.9.54), and (1.9.55):
(FIH QN |0) = (FIHyley) = (fIT]e) = Ty, (1.9.83)
A 1 T
Of = = li — Tl =1 T L— 1.9.84
L1 = (fles) = (710 + il ) = i e (L0389

where in the last step we used that we are considering a final eigenstate |f) # |¢). Using these, we can simplify
the transition rate to arrive at Fermi’s Golden Rule:

2 T}, Ty |2 1 1
Toyp= 2 lim Im (Tp— L) = 2 i _ _ 1.9.85
O et m( d EL—Ef—ze> hesor 20 \E,— Ef—ic E,— By +ic (1.9.85)

2
= |[,y = f|be|25(ch —E,).

(1.9.86)
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Because the microscopic timescales of quantum systems are typically so fast, I',_, ; often serves as an extremely
dP, t— f

good approximation to on the experimentally relevant timescale.
The total decay rate T', for the state |¢) is defined as the long term value of the rate of change of
|(t|1(t))|?. That is:

P,
I, = lim P (1.9.87)

r—oo dt

Due to the unitarity of time evolution (and inserting a complete set of eigenstates |n) of f[o, where a sum
versus an integral is used as appropriate for the system of interest):

d d d
0= Stilir) = 3 @il alin) = 5 | P+ Y Py | = [Tu==Y Ty (1989)

dt
f# f#e

where in the last step we have taken the 7 — oo limit.
It is often useful to consider separately the magnitude and phase of each component of the interaction
wavefunction (in the basis of free eigenstates). So, define p,, and ¢,, as real quantities so that:

(nler(1)) = Vo (£ = p, = [(nfer ()] (1.9.89)
We found in section 1.2 that the p,, are adiabatic invariants and so evolve much more slowly in time than the
phases ¢,. As well, the operator summary of the free Hamiltonian and anything that commutes with it only
depends on the wavefunction through the p,,. Therefore, often the p,, are all that is accessible in a direct way
experimentally as the phases are generally much more temperamental (in some experiments, phase differences
may be quite well-behaved, so this argument is only one which is often useful but not always). Using the
definition of the time evolution operator, we can compute an exact formula for the time evolution of p,,, valid
for all ¢ and ¢q:

palt) = (Tt b (o)) = 3 o o)) (07 1) Ol () (1.9.90)
ml
=Y (m|U ) (n|U )/ (to) pu(to)e’ ¥ (0o (to]) (1.9.91)
ml

Every experiment is performed in a background of weakly coupled junk throughout the universe (for example,
the electromagnetic field is everywhere and has infinitely many harmonic oscillator modes because it can
oscillate with any frequency; those modes interact weakly with basically everything). Consequently, it is
typically accurate to assume that the experiment is prepared in such a way that the initial phases of the
system are completely random with respect to our preparation and to use that the phases evolve very quickly
in time, effectively randomly so due to their weak bombardment from an inescapable background of degrees
of freedom. The p,, are saved from this fate specifically due to their adiabatic invariance. Using this, we
can define a sensible notion of a phase-averaged behavior of this equation. If ¢, () is uniformly randomly
distributed and each phase is independent, then averaging over such phases immediately gives:

E [ez‘(wo)wm(to))} — O (1.9.92)

When it is reasonable in regard to experimental knowledge to treat the phases of a quantum system as
effectively random (essentially due to them having unknown uniformly distributed initial conditions and
oscillating extremely rapidly and subject to uncontrolled interactions with the environment), the system is said
to be decoherent. Macroscopically large systems are essentially guaranteed to be decoherent because of the
number of background degrees of freedom necessarily affecting them. Under the decoherence approximation
then, (1.9.91) becomes:

pult) = S IO ) (1O 1)/ P (o) pe(E0) bt = S | BIT ) Pom(t0) = 3 Prcsmpm(to).  (1.9.93)
ml m m

Note that the decoherence approximation involves both a time averaging (over the fast scale of the phase

evolution) and an ensemble averaging (over the many realizations of phase initial conditions). Differentiating

with respect to time gives:

dpy, APy _sn APy n
D 57 T b)) = 3 T (1, 0) (1) — () (1.9.94)
m m#n

We now use the adiabatic invariance of p, to further approximate this. The explicit duration dependence
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of %(t, to) is determined by the microscopic physics and so by the microscopic timescale Tiiero Of the
quantum system. That timescale is very small compared to the experimental resolution timescale 7oy, on
which we will apply this equation, and so by taking ¢t — o to be of order 7eyp,, we can approximately replace
dp’é%(t,to) by its long duration value of T',,_.,,. However, due to the adiabatic invariance theorem, the

Texp

P and so if t — ¢y is of order Teyp, then
pn(to) is approximately p,(t) as there is not a significant enough time difference between ¢ and ¢y for p, to
have changed appreciably. This hierarchy of timescales is valid precisely only because the p,, are the adiabatic
invariants of Hy. Under this approximation, (1.9.94) produces a closed differential equation for the p,,(t):

dpn(t)
dt

timescale Tagiabatic On which the p,, change significantly is of order

= Z Fm—m(pm(t) - pn(t))' (1995)

m#n

This “equation” (which is only truly an often very good approximation valid for a decoherent system on long
time scales) is called the Fermi Master Equation. The Fermi master equation is only valid because there
is a systematic information loss in treating the phases as decoherent. In general in a quantum system an
enormity of the information in the system state is stored in the phases, and phase information is necessary
for the existence of unitary, invertible time evolution. Decoherence occurs due to the assumption of a weak
coupling to a large number of background degrees of freedom and a time averaging, with essentially identical
thinking to how the canonical ensemble is achieved in statistical mechanics from those same factors.

1.9.6 Analytic Properties of the S Matrix

By using (1.9.51) and (1.9.53), we can define a generalization of the transition operator T to a function
of the energy eigenvalue T'(F) in terms of the Green’s operator of the full system Ry (E):

T(E) = H, + HiR,(E)H, = T|ao) = T(E,)|) (1.9.96)

Because of this formula, the behavior of the matrix elements of T(E) (and thus equivalently, the matrix
elements of the S matrix) as a function of E can reveal information about the bound states of the full
Hamiltonian operator H. The matrix elements of R+ corresponding to any square-integrable eigenstate |i)
of H with energy eigenvalue Ey, develop poles at that energy. One can see this by considering the operator

summary of R+ in such a state:

; — B S IR (lpy 1
WIR(E)Y) = lim (W] o—p V) = i 5 =

(1.9.97)

where the last equality is okay if the expression is only evaluated numerically and not used as a distribution to
be integrated against. Consequently, through its dependence on R+(E), the matrix elements of T(E) develop
poles at values of F corresponding to the eigenvalues of normalizable eigenstates of the full Hamiltonian.
The normalizable eigenstates are precisely states which decay sufficiently quickly at large distances to be
square-integrable, i.e. bound states. Therefore, bound states of H appear as poles in the transition amplitudes
(even though we originally set out when doing scattering to study unbound states!) Moreover, the only place
in (1.9.96) that poles may appear is in R+, and so each bound state of the full theory manifests as
a real energy pole in the transition amplitudes, and each real energy pole in the transition
amplitudes indicates a bound state in the full theory.

I was careful to indicate that bound states correspond specially to poles of the matrix elements of T(E)
which occur at real values of E. It is also insightful to study the behavior of T (E) as a function of E treated
as a complex number. Because the Hamiltonian operator H is self-adjoint, all of its eigenvalues corresponding
to states in the rigged Hilbert space are guaranteed to be real. However, it may be possible (and often
is) to construct “states”, called virtual states, which are not actually in the Hilbert space (but are in an
appropriately larger set containing the Hilbert space) which have complex eigenvalues under H. For example,

if H were the simple free particle Hamiltonian 2— in one spatial dimension, the function ¢ (z) = €'** is an

“eigenstate” of this operator for every complex value of k, however if x has any nonzero imaginary part then
this function blows up at either large positive or large negative x, and so is not even in the rigged Hilbert
space. Consequently, such a 1 for general complex « is called a virtual state. Virtual states are sometimes
useful because while no state in the Hilbert space may actually be a virtual state, a real state in the Hilbert
space may be (at least for finite times in some regions of space) well-approximated by a virtual state and
virtual states have very simple time evolution. This may sound odd but the situation is actually familiar

1RT
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from electromagnetism where we know the electromagnetic fields on all space can be expressed in terms of a
linear combination of plane waves but in certain regions of space (such as in a box) may be very accurately
approximated by spatially or temporally decaying solutions. Because a virtual state |i(t)) is like an energy
eigenstate with complex energy FEjy, its time evolution is given by:
d|¢> dlt i iR _iRe(B

=ity = W TRy — o) = B e(0) = RO ). (1999
We see that the real part of Eo simply gives oscillations in time in line with the behavior of real states while
the imaginary part of Ej gives either exponential growth or decay (depending on its sign) which is very much
unlike the behavior of real states. It is useful to introduce the symbol Fj so the real part so that % is the
real angular frequency and I' as the decay rate of the virtual state:

~ 2Im(E, ;
=Re(Ep), I'= —% — |(t)) = e~ 7 Fote 3 y(0)). (1.9.99)

Because we are discussing a virtual state, it necessarily has infinite norm. However, we could consider a cutoff
(like only integrating over a finite region of space or summing over a finite number of terms, depending on
the system) controlled by a parameter A so that when A — oo the full norm is taken but at finite A a finite
result is achieved (A could be the volume of the integration region, for example). Then:

|4 (t)||% is finite and Jim |2(t)[|7 = oo (1.9.100)

Im(EO)

We can see that the complexity of Ey causes the norm of |1(t)) to change:

(@13 = e ™l (0)II3 (1.9.101)

which is why I' (when positive) is identified with the decay rate of the virtual state. Virtual states with
positive I' are for many purposes more interesting than virtual states with negative I', because they are
often much better approximations of true physical behavior. The reason why is because for positive I' the
virtual state decays and so the fact that a real state can only be approximated locally and for a finite time is
compatible with the fact that after a finite time the virtual state is negligible and so the other components
of the wavefunction dominant while for negative I', the virtual state explodes with time and so necessarily
becomes a very poor approximation of the physical state as the part approximated by the virtual state
comes to dominate any other components. (However, negative I' virtual states are interesting for studying
instabilities in systems.) Going forward we will assume I" > 0 for the applications desired.

When viewed as a decay rate, I' can also be related to a “lifetime” 7 of the state. Let p(t) be defined by:

w1 OB L9102
Il (0)I1%
be the fraction of the state s magnitude which has not decayed after a time ¢. The instantaneous rate of

decay of the state is then < 2 and the average decay time (meaning average time at which a given amount of

state magnitude has decayed), called the lifetime, is:

e dp 1
= =dt = 1.9.103
4 /0 " T T ( )
The half-life of the state, meaning the time 75 after which half of the magnitude of the state has decayed is:
T 1 In2
e T2 =5 = 71/2271n2:T. (1.9.104)

Because a virtual state corresponds to a “complex eigenvalue eigenstate” of H in an extended state
space, it similarly corresponds to a complex pole of R4 (E) and T(E). We can see this through an analogous
calculation to (1.9.97):

WIRA(B))r _ 1 1 I

WE e wEYE g T o ar

Therefore, by exactly the same thinking as in the bound states, each virtual state of the full theory
manifests as a complex energy pole in the transition amplitudes, and each complex energy pole
in the transition amplitudes indicates a virtual state in the full theory.

Many physical observable quantities of interest (such as scattering cross-sections or Fermi’s Golden Rule
transition rates) depend on the magnitude-squared of transition amplitudes. Suppose H has a virtual or
bound state so that there is a pole in a particular transition amplitude T'(E) (some particular matrix element

(1.9.105)
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Ty,) when viewed as a function of energy E at a complex value Ey — %, exactly as above. Then because of

(1.9.105), for energies in the neighborhood of that value, the transition amplitude will take the form:
A

TFE)= ———
®) E—Ey+ %t

+ B(E) (1.9.106)

where A is some constant and B(F) is a complex function which is finite at £ = Ey — ”%F Suppose that I is
sufficiently small that B(E) is finite and smooth as a function of E around E = Ej with a radius larger than
% (the state, if virtual, is thus assumed not to decay too quickly). Consequently, the magnitude-squared of

the transition amplitude becomes:

» AP = BIm(A* B(E))
(E - Eo)? + B2

We can see that when the full theory has a virtual or bound state, there is a local maximum in the energy

dependence of the observable (which depends on E through |T'(E)|?) at E = Ey. The local maximum value
of |T(E)|? is:

IT(E)| +|B(Ey)|> + O(E — Ey). (1.9.107)

|A]2 — hDIm(A* B(Ep))

Muyax = 4 o + |B(Ey)|* + O(E — Ey). (1.9.108)

For sufficiently small T', this first term dominates the rest so that nearby the maximum we may approximate:
R?r?

IT(E)]? ~ 1 Minax. (1.9.109)

(E - E0)2 + h24F2

This gives the characteristic profile of the shape of peaks in scattering observables as a function of energy.
This profile is known as the Breit-Wigner distribution. Conversely, peaks in scattering observables (which
are directly experimentally measurable) imply the existence of virtual or bound states in the interacting
system. Notice that for a virtual state, the peak is of finite height (and is simply called called a resonance)
whereas for a bound state (I' — 0) the peak is of infinite height (and is also called a resonance, but more
specifically a pole) as My,ax — co. We can give another interpretation to the decay rate in terms of the
profile of the resonance. The Full-Width-at-Half-Maximum (FWHM) of a profile is the length b — a of the
smallest interval [a, b] which contains the maximum of the profile and so that at each of the endpoints a, b
the profile is at half of its maximum value. From (1.9.109), that interval is simply [Eo — %F, Ey+ %F] so that
the FWHM for the Breit-Wigner profile is:

FWHM = AT (1.9.110)

For further understanding and an example of how a physical state may reasonably be approximated by a
virtual state, I like section 16.6 of [2].

Exercises

Problem 1.65: Nonrelativistic Single Scalar Particle Scattering. Consider a nonrelativistic scalar

~ 292 ~
particle scattering in d spatial dimensions so that its free Hamiltonian operator is Hy = 7 and so that H
acts on wavefunctions in position space as:

(@ H[w) =V (&, —iV)y(2)
for some differential operator V (Z, —iV) which is written by convention so that all of the explicit & dependence
occurs to the left of explicit V dependence (exp}ain why this can always be done).

(a) Explain that the scattering eigenstates of Hy are planewaves. By convention, we normalize them slightly
differently than we usual do for momentum eigenstates to shave off some explicit factors of 27, as:

(@] ag) = e Fk,
Explain that with this normalization and (1.9.25), we need the label o = % Show that the corresponding
energy eigenvalue of |ag) is By, = F‘;—:ﬁf where k2 = |k|2.

(b) Let ¢, (¥) = (¥|ax) be the wavefunction solution to the Lippmann-Schwinger equation. Show that
the Lippmann-Schwinger equation becomes:

R 2 ~
Yo, (T) = T 4 h—”; / G (b, &, 2 )WV (&, —iV ), (F)dF
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o, 72 . ., ) eiE’.(f—f’) A4k
where: Gk, 2,7) = %@Wi(&c)‘x )= 51—1>I(r)1+ k2 — k2 £ie (2m)4
are (up to a convenient normalization) Green’s functions of the unperturbed Hamiltonian operator.
(c) Show that G (k,Z,%') = G_(k, &, '), that Gi( ') = Gx(k, 7', 7).

(d) Let Ty, = (Bo|T'|evg) with a = ; and = Show that (1.9.54) becomes:

Trz = /e—““"fV(f, —iV )Y, (£)d’Z.

(e) Let Si,; be defined from S the same way T, i 1s defined from T. Show that (1.9.68) and the unitarity
of the S matrix become:

2mm . , oL
e = (2n)0(R — ) + 2 TS (R = IR, L/swwst%&k’f<%o”&kfk%

Problem 1.66: 1 dimensional Scattering. Consider the same setup as the previous problem, but in 1
spatial dimension, and recall the results of that problem.
(a) Show using partial fraction decomposition and contour integration that:
1 oo eik’(m—x’) dk’ 1 S eik’(:c—:c') dk’ ez’\k(w—x')\
Gy(k,z,2") = = i —— + — i —_ =
+(k,z,2) 2kai%1+/_oo Ftie—k 2m QkEi%i/oo k+ic+ K 2m 2i|k|
(b) Consider an initially right moving wave (explain why this means k > 0). Show, using the Lippmann-
Schwinger equation, that asymptotically for very large x:

) = ) wheresH(8) =1 o [ R Vi (s
1 —oco

is called the transmission coefficient of the system, as it gives how strongly the wave transmits in the
long run out into the same direction it was originally going. Verify that this formula for the transmission
coeflicient remains valid for left moving waves.

(¢) Consider an initially right moving wave. Show, using the Lippmann-Schwinger equation, that asymptot-
ically for very large —x:

Vs (x) = * 4 p(k)e™ ke where: r(k) =

e [V )

is called the reflection coefficient of the system, as it gives how strongly part of the wave is reflected
toward the opposite of its initial direction. Verify that this formula for the reflection coefficient remains
valid for left moving waves.
(d) Show that the reflection and transmission coefficients are related to the T and S matrices by:
tk)=1+ h2|k|Tkk’ r(k) = h2\k;|T Kk Sk = (2m)t(k)o(K' — k) + 2mr(k)S (K + k).
Everything in 1 dimensional scattering is determined by the reflection and transmission coeflicients.
(e) Show that unitarity of the S matrix is equivalent to the conditions:

tE)? + e =1, ¢ (=k)r(k) +r*(=k)t(k) = 0.
Problem 1.67: 3 dimensional Scattering. Consider the same setup as the previous problem, but in 3
spatial dimensions, and recall the results of the previous two problems.

(a) Show, by completing the angular integrals in the same way as Orig. (3.9.17), using partial fraction
decomposition, and contour integration that:

Gy (k,7,2") = lim

e—0+ 7r2|x -z

— k2 +ie An|Z — 7|

k’ sin(|Z — &' |k’ etklZ—2'|
a5 = -
(b) Show that for very large r = |Z] the solution to the Lippniann—Schwinger equation becomes:

o . zkr
@) = R4 k) 0 (%)

m m
——Teg=——">=

o2 F'F 2mh?
is called the scattering amplitude of the process.

e~ K T (7, iV ) (7)d3T

where: flk k") =— P
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(¢) Show that the scattering amplitude is related to the S matrix by:

An%i | -

f(k, kNS(K| — [K']).
7 (k, k")o(1k| — k"])

Since they determine everything, 3 dimensional scattering is all about scattering amplitudes.

(d) Let Q indicate the unit sphere, {6, ¢) indicate a unit direction on 2, and d2 be the usual area element
on the sphere. Explain that f(k, k) is only nonzero when |k| = |k’| and in the case unitarity of the S
matrix requires the so-called Optical Theorem:

Spp = (21)%6(k — k') +

I *"/“_i|E| YT o\
PR = R = G [ DS Fae.

(e) Just as originally in Orig. problem 3.56, the scattering cross section g—g is defined as the ratio of the

outgoing current per unit solid angle J,,¢ on the detector sphere to the incoming current per unit cross

sectional area J;, of the source beam, i.e. g—g = % Show, using (1.6.83), (with 7}, = %)
T = P55, ), i = ¢,
Jowe = T lim 127, - I (3 P o = 1 EY 0 ()
d o
— 2= fER)P

Thus, the differential cross section is very cleanly given in theory-land in terms of the scattering
amplitude. Ji, is set by the design of the particle beam and J,,t is measured in the particle detec-
tor. Therefore, the differential cross section is directly experimentally observable and an excellent
comparison point between theory and experiment, just as in classical mechanics and in electromagnetism.

Problem 1.68: Scattering through a d-potential. Consider a nonrelativistic scalar quantum particle of
mass m in one spatial dimension experiencing an attractive Dirac delta potential so that:
2
=2 _as)
2m
(a) Show that the plus Lippmann-Schwinger equation for this system becomes:
- mmo
Uiy () = e + ek lyy (0).
h”[k|
(b) Show that for £ > 0 the solutions to the plus Lippmann-Schwinger equation give:
e*® r(k)ehr 2 <0 imo R’k
= . where: r(k) = ———, tk) = —5————.
Vi (@) {t(k)e““, z>0 ) Rk — ima (k) Rk — ima
Show as well by considering negative k that r and ¢ are both even functions of k.

(¢) Show that the unitarity conditions in problem 1.66 are satisfied by r and t.
(d) Show that the S-matrix (look at ¢(k)) has a pole at k = “,.:‘20‘ and thus energy E = h;’f = —’;L;j;,
indicating the presence of a single bound state for this system. Show by explicitly solving the eigenvalue

problem for H that indeed it does have a single bound state and that it is given by:
mq _ mals|

Y(z) = 57 ¢ n?

Problem 1.69: Born Approximation and Perturbative Unitarity. Consider the total Hamiltonian
operator to be of the form H = Hy + AH; in 3 spatial dimensions and take the perturbative expansion of the
scattering amplitude in powers of some parameter A which characterizes the strength of the interaction:

FEE) = MO (kB + N fP (R k") + O(N%).
(a) Show that the corrections to f are related to the those of the Lippmann-Schwinger equation by:

SRR = - / e F Y (&, iV (@) d
with V' defined as in problem 1.65.
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(b) Show that the optical theorem relates scattering amplitude corrections at different orders by:
.. o E Lo
FO kK = (R E) zl | / Zf Dk |RJ) £ (R, (RO
Q]

Explain how this formula, known as the perturbatlve optlcal theorem, can be used to provide a helpful
consistency check on calculations of the scattering amplitude.

Problem 1.70: Forward Scattering and the Optical Theorem. Forward scattering is the limit that
the outgoing wave is aligned with the incoming beam. That is, k&’ — k in f(E, E’) Show, using the optical
theorem that the total cross section for scattering of an incoming beam of wavenumber k is given in terms of
the imaginary part of the forward scattering amplitude by'

a:/m Q—| 7 m(f(k, k)).

Problem 1.71: First Born Scattering. Consider a scalar particle scattering in 3 spatial dimensions with
the same conventions as problem 1.65. Let ¢ = k' — k be the “wavenumber transfer”.
(a) Show that at lowest order in perturbation theory/in the first Born approximation:

W = —
FOER) = 2

is the Fourier transform of V' with respect to its first argument, normalized without any 27’s.
(b) Suppose that V is spherically symmetric so that it is a function of r, V2 only, i.e. V = V(r,v/—V?2).
Show that the Fourier transform can be reduced to a single integral (where k = |k|):

47
lal
(¢) Show, recalling that k= kii(0, p) with 0 the scattering angle, that:

VO —EF)  wheree  V(GF) = / Y (7, )P

V(T k) = V(r, k) sin(|qr)dr

0
= 2]{; 31 —
|41 sin 5

and show that to lowest order in perturbation theory the differential cross section for scattering of an
energy F = L™ per particle incoming beam by a spherically symmetric potential with can be written:
2

do 1 o0 0
do_ L V(r, k) sin ( 2k kdr) +H.O.T.
o= 13 sinzg (/0 rV(r, k) sin ( rsin — ) r) +

Problem 1.72: First look at the Yukawa Potential. The effective potential between some particles is
described by the so-called Yukawa potential, which takes the form:

A
Vir)= —?67”

for constants A and k > 0. This is like an exponentially suppressed Coulomb potential. We will derive it
from more fundamental considerations in the coming chapters.

(a) Show that:
oo 2Ak? sin §
/ rV (r)sin | 2krsin o kdr = ——SH.lQZe.
0 2 k2 + 4k? sin® 5

(b) From this, show that the differential and total cross sections at lowest order are given by:

A\? 1 2rmAZ 1
do _ (A +HOT., o=270 — +H.O.T.
ds? 4 F22 20\ hPKk2 E 4 h2k2

(—Sm + E'sin 5) gm

By fitting data to these functional forms for different £ and €, one can measure A and k.

Problem 1.73: x Rutherford Scattering Revisited. As you have become well aware, an electron
interacting with a single proton at distances much further away than the proton size far from the experiences
the perturbation:

Vi =%

47T60r
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Because the Coulomb potential decays very slowly with distance, we will have to treat the large r behavior of
integrals with slight care. Explain that the Coulomb potential can be treated as the x — 07 limit of the
Yukawa potential, and from this show that the differential cross section for Coulomb scattering at lowest
order in perturbation theory is given by:

do (g \'_1

dQ  \16meoE sm4 g
Note that this exactly matches the classical Coulomb cross sectlon from Orig. problem 3.58. In fact, sur-
prisingly even though we derived this at leading order in perturbation theory, it is the exact quantum result [35].

Problem 1.74: Higher Energy Scattering and the Eikonal Formula. Consider 3 dimensional scalar
particle scattering with the same conventions as problem 1. 65 and with V = U (Z).

Using that is an eigenvector of H with eigenvalue 2 ® and decomposing as = /n(@)er 5@
+ 2 +T
for real n, S akin to problem 1.30. Show that n and S exactly satisfy:
|VS|? R*V2/n  hk?
2m 2my/n - 2m’
(b) Now begin to consider the hlgh energy (large k) behavior of the scattering. Show that n and S can be

+U(Z) - V- (nVS) =

given series expansions in k27 with b= 7 — Lptg - € called the “impact parameter” and z = i}, - Z, as:

U(z}' + si},)ds.

k h)

(¢) Show that in the high energy limit, for finitely large scattering angle 6 the amplitude f goes to 0 due to
its integral expression oscillating wildly. Show that if the wavenumber transfer ¢ is kept finite then at
high energies # is small and:

- o k AN - S 1 [ hk
flek+q) ~ — /e—“ﬂ’ (er(b’k) - 1) d®b  where:  x(b,k) = —ﬁ/ U <b+ t) dt

211 —0o0

1 1
n1+(9(k2> S=hk %+ Sl()+(9(k3> where: Sl(f):—m

is called the eikonal phase. Explain how hy is exactly the high energy limit of the interaction picture
classical on-shell action for a particle with initial momentum hk.

Problem 1.75: Spherically Symmetric Scattering. Consider 3 dimensional spherically symmetric scalar
particle scattering with the same conventions as problems 1.65 and 1.71(b).

i Tt

(a) Demonstrate that the scattering amplitude f(k, k) is a function only of k = |k| and 7 - 7} where 7j =

and 1} = % From the completeness of the Legendre polynomials, show that for some f;(k):
oo
PR EYy =D @+ 1) fulk) Pk - ).
1=0
(b) Show, using the spherical harmonic projection theorem from 1.54 and the optical theorem from 1.67(d),
that unitarity of the S matrix is equivalent to the f;(k) satisfying:

fik) — fi (k) = 2ik| fi(k)[*.
(c¢) Show that f;(k) satisfy the above if and only if there exist real functions ¢;(k), called the partial wave
phase shifts, so that kf)(k) = ¢ sin ;. Then, show that f(k, k') and the total cross section are:

- 1 &
flk,k") EZ (20 + 1)e i sin ;P (iy - i) = o= k2 Z 20 + Sln2 1.
1=0 =0
(d) Assume that simply V = U(r). Show, using the projection theorem from 1.54 that G, (k,Z,i’) as in
problem 1.65 can be written in terms of spherical harmonics, the spherical Bessel functions, and the
spherical Hankel functions as:

Gy(k,2,3") = —zkz Z Yim (8, 0) Y (6", " b (k max(r, 1)) ji (k min(r, ).

=0 m=—1
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To do so, the following integral fact will be useful, for 0 < @ < 1 and real 3:

oo - 2
) Ji(x)ji(ax)x?de w3 )
1 — = dr=—h .
m [ IO e = Do)t
For extra challenge, prove this integral (using contour integration and the results of problem 1.58).
(e) Show that for spherically symmetric scattering we can take the |ag), for some unimportant normalization

N, as below and that the resulting o) states then take the form:

(Zlaw) = NYim (0, 0)51(kr),  (Zlog) = NYim (0, 0) Ra(k, 7)
for some R;(k,r). From these and the above form of the Green’s function, show that the spherically
symmetric Lippmann-Schwinger equation becomes:

Ri(k,7) = ji(kr) — 2;:;”{;/ r2U (r" by (k max(r, 7)) i (k min(r, ') Ry (k, ") dr’
0

e—0t

and that the partial wave phase shifts are given by:
2mk [
iy / v2U (r)ji (k) Ry (k, v)dr.
0
(f) Using the above formula for the phase shift, show that the leading behavior of §; at low energies (small
k) is proportional to k21, Thus, low [ wave scattering dominates at low energies.

e sind; = —

Problem 1.76: Hard Sphere Scattering. Consider 3 dimensional scalar particle scattering with the same
conventions as the previous problem and with V giving an impenetrable sphere at r = » for a constant +.
(a) Show that the exact scattering radial wavefunction R;(r) and the partial wave phase shifts are given by:
_ Tm(hj (kv)hu(kr)) _ Jilkr)
ihy(kv) ’ yi(kv)
(b) Show that in the low energy limit k — 0, the total cross section becomes o = 472, the full surface
area of the sphere. Conceptually explain why this is the result.
(c) Show that in the high energy limit k& — oo, the total cross section becomes o = 27+2, twice the classical
result of 7+#2. There is no regime in which this system gives the classical answer. Quantum interference
effects are genuinely fundamentally important in scattering at all energies.

Ry (r) tan d;

Problem 1.77: Electric Dipole Scattering. Consider the scattering of a charged particle ¢ by an electric
dipole potential:

) =-——=.
9() dreo|Z|3
(a) Show that in the first Born approximation, the scattering amplitude for the charged particle is given by:
img_ @~ (k" — k)
21h2e |E’ — E|2 '
(b) Let the plane spanned by the incoming particle’s momentum and the electric dipole moment be the
xz-plane. Choose the z direction as that of the incoming particle’s momentum (which has magnitude
hk). Show that for constants p and « the electric dipole moment can be written as:

f(l)(];];/) —

¢ = p(sina, 0, cos a)
and show that to leading order the differential cross section of the charge’s scattering becomes:
do mqp 2 . 9 4 COS™ 3 . cos % 9 3
— = —— sin” o cos — sin(2a) cos +cos*a | +0O .
dQ <47‘reo7’12k) wsinz (20) Pein? (a)

sin 2
Note that the total cross section is infinite unless the beam and the dipole moment are perfectly aligned.

[ V)
N

SIS

2

Problem 1.78: Magnetic Dipole Scattering and measuring the electron dipole moment. Consider
the scattering of a spin-1/2 charged particle ¢ of gyromagnetic ratio v by a magnetic dipole potential:

T [L()M X T
A@) = =
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(a)

Explain that the eigenstates of the free Hamiltonian are labeled by k and + where + indicate whether
the spin of the planewave is aligned or anti-aligned with a particular axis of choice. For this question,
choose that axis to be the direction M. Explain that the scattering amplitude is then a 2 x 2 matrix
fet (E, k' ) where each =+ indicates the spin alignment of the incoming or outgoing plane wave. Let &1
be constant unit spinors with spins aligned and anti-aligned with M. Show that:

ikr
— ik-@ € 1
V(i g+ (T) =€ BTt e - (frmtou st T frm—oné-) + O <7~2) .

Show that the magnetic field produced by the given vector potential is:

- 2 - L - -
B(¥) = g/,Lon(x) + 4'1;%(3@” M —M).
To do so, recall that VQ% = —47§(Z). Show that in the first Born approximation, the scattering

amplitude for the charged particle is given by:

ipog M - (k x k' m
ffl@r—l-ffl&_— Ko ( ) _ Homy

_ GRS o Ge M - M-S
2nh | £ o 72 ((L SEL)M - & Sfi)

where 7is the unit vector in the direction of the momentum transfer, i.e. k' — k = k" — k|7

Let the plane spanned by the incoming particle’s momentum and the magnetic dipole moment be the
xz-plane. Choose z direction as that of the incoming particle;s momentum (with magnitude hk). Show
that for constants M and « the electric dipole moment can be written:

M = M(sina,0, cos a)

and show that to leading order in perturbation theory the differential cross section of the charge’s
scattering (recalling the definition of the g-factor) becomes:

d M\ (sin? asin® 2,0 0 0\ :
d—g = (/Z)zh ) (Smt;;?g 14 + (%) cos2§sin2 o+ <cosac052(:osgasinozsin 2) +O(M?).

Show that in the limit that the incoming beam is aligned with the magnetic dipole moment of the
dipole, the cross section simply becomes:

do_ ( poggM

dQ 8mh
Explain how the angular distribution of scattering particles can be used to determine the values of ¢ and
of the g-factor if the dipole moment strength M of the source dipole is known. Thus, using scattering
experiments it is possible to measure g for charged particles, such as the electron.

2,0
) cos? 3 + O(M3).

Problem 1.79: Scattering with time reversal symmetry. Consider scattering in a system with time
reversal symmetry by a time reversal pseudo-operator 7 (both the free and full Hamiltonian operator are to
have symmetry under this transformation). Suppose the unperturbed eigenstates |ag) have been chosen to be
time reversal symmetric:

()

(b)

()

Tlao) = |ao).
Show that the time evolution operator satisfies:
TU(t,to)T = Ut (~to, —t).
Show further that this implies its matrix elements satisfy:
(BolU (¢, t0) o) = (0| U (~to, —t)|Bo)-
Show that the S matrix elements, transition matrix elements, and transition rates satisfy:
Sga = Sap, Tsa = Tag, Foss =Tsa.

Show that for 3 dimensional scattering, the scattering amplitude becomes a symmetric function
f(k, k") = f(k', k) and that the optical theorem becomes:

L L dD
T f (, i) = [ / 7R R 5 R

Problem 1.80: H-theorem for Fermi’s master equation.

(a)

Using the Born rule, explain that p,(t) in the Fermi master equation gives the probability that if the
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system is ideally measured at the time ¢ it will be approximately in the state |n) after the measurement.
(b) Let S(t) be the entropy of the distribution of measurement results at time ¢:

St)==> pnlnp,.

Show that S(t) satisfies:

%j = Z Z Fmﬁn(pn - pm) lnpn-

n m#n

(¢) Suppose the system has time reversal symmetry. Show that S(t) satisfies:

ds 1
E = 5 Z Z Fm—m(pn - pm)(lnpn - lnpm)-

n m#n

Show that % > 0 for all distributions which are not uniform and that % = 0 for a uniform distribu-
tion. Finally then, conclude that under time symmetric evolution by the Fermi master equation, the
equilibrium distribution of p,, is necessarily uniform. This is known as Boltzmann’s H-theorem. Explain
how this is consistent with unitary invertible time evolution because the Fermi master equation involves

the consistent ignoring of information by neglecting the phases conjugate to the p,.

1.10 Another Big Bold Leap

1.10.1 Trouble with Multi-particle Statistics

We already know that Galilean Quantum Mechanics cannot be the end of our story, since Galilean
symmetry isn’t fundamental. However, the wave theory of matter side of what we have done is extremely
successful and was able to address the problem of point-particle divergences (the electromagnetic field energy
stored in a finite size charge configuration never needs the divergent point limit). As such, the next natural
thing to do is to consider a wave theory of matter with Lorentz symmetry, and we will do this. But, there are
other important statistical problems with single particle Galilean quantum mechanics that would persist in a
Lorentz symmetric wave theory of matter. These problems are statistical in the sense that they all deal with
the properties of multi particle systems.

We said, without sufficient justification (with the details delayed until chapter 2), that ideal measurements
only let us access the state of the quantum system statistically due to its microscopic nature (the results
of this are summarized by the Born rule and the Collapse rule). We need to understand how quantum
systems interact in order to demonstrate this properly, so we need to study more than one particle. As well,
there exist experimental processes in which the number of particles change, such as when one decays into
multiple. There is no way to account for this within classical mechanics and the quantum mechanics we
have done so far this chapter does nothing to solve it. With the wave theory, one might believe that such a
process could be explained by considering a wave with multiple separated wave-packets and identifying each
wave-packet as a distinct particle. However, this has some problems. In particular, there exist processes in
which something charge neutral separates into two particles, one of positive charge and one of negative charge.
By our expression for the charge density in (1.6.83), the sign of the total charge matches the sign of the
charge density everywhere. Therefore, there is no way a charge neutral wave-packet could ever have non-zero
charge density in this theory when it splits into different wave-packets. Consequently multiple wave-packets
within one wavefunction cannot explain this phenomenon. The only alternative within our framework at this
time then is that each particle gets its own wavefunction. But, there is no way to produce more wavefunctions
from one within our theory so far. Seemingly the number of wavefunction is always conserved.

Another issue is that experimentally there exist “indistinguishable” particles, such as electrons. All
electrons we have ever observed have produced, to all precision we can measure, the exact same electric
charge, mass, gyromagnetic ratio, and all other physical properties. It seems to us experimentally impossible
to tell the difference between any two electrons. This is quite unlike the case in classical physics where we
certainly get objects with similar properties, but never apparently exact duplicates. In the wave theory of
matter as we have studied it so far, each electron would have a wavefunction. If each electron was represented
by an independent function from the others, it would theoretically be allowed to have independent physical
properties. It seems like a massive unexplained coincidence then that all electrons produce the same values of
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these parameters. One could assume such a massive coincidence has simply occurred, but it is more than a bit
suspicious; such an alignment of parameter values generally in the history of science has indicated that there
is an underlying pattern to explain it, that there is some underlying mechanism that requires all electrons to
be identical. So, we suspect there is something deeper going on to explain the existence of indistinguishable
particles which is unexplained by the theory we have discussed so far.

There are further problems still with simply treating each particle as having its own wavefunction.
Consider a spin-1/2 particle with wavefunction ¥ (¢, Z). We can define the functions:

v = (0D). e HVEFTE e () o

¢ X-
=\ X+(t75)¢(t7i") _ = =
= Y(t, %) = (x_(t,f)qﬁ(t,f) = x(t, %) o(t, T). (1.10.2)
Because |x4|? + |x_|*> = 1, it is possible to define angles a(t, %), 0(t, ¥), ¢(t, T) so that:

X+ = e~ 2% cos 2 X = e®e3?sin 7 (1.10.3)

In the classical limit, |¢|? = ¢?(t, %) becomes localized and so the only values of a, ¢, which effect
experiments are the values near the classical position. That is, in that limit we approximately can treat
a, p, 0 as functions of time only with their values being given by evaluating their spatial dependence at Z.(t).
Then, the spin angular momentum carried by the wavefunction becomes:

(8) = (wIS)y) = /S OGP ~ /S 821, 7)x (1S (1)d*7 = /S WREES)) = (S, (110.4)

In particular, a simple calculation gives:

_ 2 h =~ h

S = (x|S|x) = §(SiD9COS @, sinfsin p, cosf) = |S| = 3 (1.10.5)
So a spin-1/2 particle in the classical limit always carries a total spin angular momentum of exactly magnitude
%. Now consider an experiment in which two spin-1/2 particles with wavefunctions essentially in the classical

limit interact. After the interaction we measure a component of S for one of the particles using a Stern-Gerlach
device. If we repeat this experiment many times with the same setup of the initial particles (let’s say we
have polarized incoming beams for each) using multiple different orientations of the Stern-Gerlach device

5,

for the particle we measure, we can eventually get good statistics to measure (S) for one of the particles. If
we have succeeded in our experimental setup in making it reasonably precise enough that every trial can be

treated with the same wavefunction for that particle, then |(S)| must be B However, it is an experimental

fact that it is possible in this setup for [(S)| < g and this can be pushed all the way down to 0 for the right
intermediate interaction. There is no wavefunction for a spin-1/2 particle that could produce such a result,
and the imprecision of the experimental setup is not significant enough to explain the discrepancy. Therefore,
it cannot simply be correct to describe each particle in our theory by a different and completely separate
wavefunction. This can be explained by the outgoing particles after the interaction having a beam which is
unpolarized (and thus requiring a density matrix) but then it needs to be understood how the interaction
of two polarized beams could produced an unpolarized beam, which simply solving equations of motion for
interacting but separate wavefunctions cannot give.

These statistical problems have essentially nothing to do with Galilean versus Lorentz symmetry, and
so demand still some further theoretical insight to solve them. While single particle quantum mechanics
successfully describes many microscopic features, we need something superior to formulate multi-particle
systems. We can solve this by remembering the other fundamental statistical problem we have so far left
unsolved: the ultraviolet catastrophe from Orig. section 5.12.

1.10.2 Quantum Field Theory to the Rescue

We showed in detail in Orig. section 5.12 how electromagnetism can decomposed into an infinite number
of harmonic oscillators and that when those harmonic oscillators are treated with classical statistical mechanics
the resulting thermodynamic quantities all diverge and give unphysical results. The classical density of states
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of a harmonic oscillator of angular frequency w is:

ga(E) = ;f(Ei (1.10.6)

where hgpy is used here as the normalization constant introduced in the definition of the phase space density
in Orig. (5.2.4). This density of states does produce an experimentally accurate spectral radiance R(T,w) at
large temperatures (compared to hsmw) but it produces an experimentally inaccurate one at low temperatures.
Instead, we found in Orig. (5.12.112) that the experimental evidence predicts the density of states:

gPlaan(E) = Z 5(E - nhsmw)~ (1107)
n=0

We can understand how this density of states can sometimes be approximated by the g. by noting that if it
is integrated against a function f(E) which varies very slowly over a change in energy of hgyw then on each
such interval it can be replaced by its average value over that interval:

oo 00 00 1 (n+1)hgmw e
J R S e fE1E= [ fBa(BE.  (L108)
—o0 n=0 n —o0

hismw hsmw

n=0

Therefore, if hgyw is small compared to the scale on which relevant functions change, we can approximate
JPlanck =~ ge1 as distributions.

Now that we have studied a bit of quantum mechanics, gpjanck is very suggestive. We know it is closely

related to the harmonic oscillator (as electromagnetism is an infinite number of harmonic oscillators). As

well, we found in problem 1.33 that the quantum harmonic oscillator written as having Hamiltonian operator

H = % + %mwziQ has energy eigenvalues F, = hw (n + %) Of course, as always, the zero-point of the
energy can be set to be whatever you like by canonical transformation and is unphysical'®, so we could equally
well use the Hamiltonian operator H= % + %mwzﬁ — ﬁ7“]1, which then has energy eigenvalues F,, = nhw.
Consider the spectral density of the quantum harmonic oscillator in this gauge, meaning the function which
when integrated over an interval (a,b] gives the number of eigenvalues of the Hamiltonian operator between a
and b. Because E,, = nhw, that spectral density is precisely gpianck (E) where we identify hsy, = h, the actual
quantum mechanical h. That is, the experimentally correct density of states for electromagnetism
of a particular frequency at low temperatures is that of a quantum harmonic oscillator.

With all of these observations, we make a big bold leap, perhaps even bigger than that from Galilean
symmetry to Lorentz symmetry done in Orig. section 3.9, that even more fundamental than the classical
field theory of electromagnetism is a quantum field theory of electromagnetism. What the hell is
quantum field theory? In single particle quantum mechanics (also called first quantization), we replaced
our theory of a classical point particle of position Z(¢) with a theory of a complex wavefunction ¥ (¢, ), a
time dependent function on the space of positions. Our big leap, called quantum field theory (or second
quantization) is to now similarly replace the theory of a classical vector potential A, (¢, Z) by a theory of a
complex wavefunction(al) W(t)[A], a time dependent functional on the space of vector potential configurations.
This looks crazy! Motivating reason to do it right now is to explain the observed black-body radiation,
and that requires that electromagnetism should be a bunch of quantum harmonic oscillators. However, it
turns out that there are countless phenomena producible in experiments that require this theory of quantum
electromagnetism. We will give (in my opinion) theoretically more satisfying arguments where quantum field
theory comes from in the next chapter. In quantum field theory (QFT), the wavefunctional state vector |¥(t))
is our degree of freedom satisfying (¥|¥) = 1, and there is some Hamiltonian operator H on the Hilbert
space of such state vectors, so that the time evolution of the theory is derived from the Lagrangian:

L= il(U|¥) — (U|H|¥). (1.10.9)
That is, QFT is just quantum mechanics with the Hilbert space being the space of functionals of field
configurations of some fields.

For now, for quantum electromagnetism we will proceed by analogy to what has been done this chapter.
First we need to recall the results of Orig. section 4.4 and its homework questions, specifically Orig. problem

16Some readers may believe that the zero-point of energy is physical and can be observed, for example in the Casimir effect.
This is incorrect. It has been understood for a half-century [56] that the Casimir effect can be derived fully without reference to
zero-point energy, does not measure zero-point energy, and that in calculations that make it look like it is doing so it is because
one is being sloppy. It is measuring the difference between two simultaneously imposed conflicting conventions on setting the
zero-point energy and so is a measure of an energy difference.
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4.42. Classical electromagnetism is described by the Maxwell Hamiltonian in Orig. theorem 4.4:

B2 A2 oL =
,H:/<| Al” + 1V < A —J~A+¢(p+V-PA)> as (1.10.10)
s

2

which has ¢ as a Lagrange multiplier enforcing Gauss’ Law as a first class constraint. In Fourier space this
Hamiltonian becomes:

Y N2 i A VN2~ o~ . Lo . .
H:/ [Palt k)] +2|”” AGKE _ Fw k). Ak + 3R (ﬁ(t,k)+z‘k~PA(t,k)) &

(1.10.11)

Let fm( ) be the polarization vectors defined in Orig. problem 4.42. A Fourier transformed vector field F

can be decomposed into the helicity basis according to E,, = & In F . In the helicity basis the electromagnetic
Hamiltonian becomes:

Panl? + |21 An2  ~ Paol? v v e .
H = / <| an| 2' [F14x — Ji A, +%—J§AO+¢* (p+z|k:|PA0) PPk (1.10.12)
he{-1,1}

with the Poisson brackets and gauge properties:

{An(t,K), A (t,K)} =0, {Ap(t, k), Pam: (8, E)Y = G 6 (K + K), {Pam(t, k), Pam: (£, )} =0
(1.10.13)

¢ =¢— f A=A, A =Ag+ilklf, A=A (1.10.14)

Only the longitudinal mode of the vector potential is not gauge invariant. For the transverse modes, (1.10.12)
is precisely the Hamiltonian of a driven harmonic oscillator. However, for the longitudinal modes there are still
constraints to be handled for gauge invariance. We can clean up (1.10.12) by introducing “John’s Quantum
Map” coordinates just as in (1.2.3) or analogously just like in our analysis of the quantum harmonic oscillator
or as originally in Orig. problem 4.42. Define w(k) = |k| and the mode vector a(t, k) for h € {—1,1}:

At k) = a_1(t, F)E_1 (k) +ar(t, K)E(F),  an(t k) = \/gﬁh(t, k) + ﬁﬁ%(u k). (1.10.15)

Inverting these and returning them to the Hamiltonian gives:

Ap(t k) = \/z (ah(t, k) + as (¢, —1‘5)) . Pt k) =< =y h; (ah(t, k) — ai(t, —1‘5)) (1.10.16)
~ D 2 ~ o~ ~ -~ -
H= / < ( k)anan — 1/ sze(J,’;ah)> + |P’;o| —Ji Ao+ " (p+ ik|PAo)> d*k (1.10.17)

{an(t, k), an (6, k) =0, {an(t, k), af (¢, K)} = —%5hh,5(z¥ — k), {an, Ao} = {an, Pao} =0. (1.10.18)

The Gauss’ law constraint on the longitudinal modes requires:

aA
Pag = -2 + |klo = ﬁ (1.10.19)

Let A(t, Z) be a function whose Laplacian matches the divergence of the vector potential:
VZA=V- A (1.10.20)

Such a function is guaranteed to exist for vector potentials which decay at infinity due to the existence of
solutions to the Poisson equation. Then, we have Ay = \l; |A and that A is completely arbitrary under gauge
transformation as A’ = A + f(¢,Z). Thus, A is fully unphysical and undetermined by the dynamics (it is
pure gauge), but can be used to eliminate go from the theory. Using these constraints, the electromagnetic
Hamiltonian becomes:

[2h = > p(t, E)p(t, ') 5 3, = -
H= / hw(k)aja ““Re(Jja d3k+/ 7d3xd3x’—/J-VAd3x. 1.10.21
KZ ( h%h — W ( h h)) 5 87T|$ 7 | S ( )
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These last two terms do not at all depend on the dynamical degrees of freedom. They are necessary for
managing Lorentz and gauge invariance together, but are not dynamically independent. In terms of A and
the ay, the potentials (and P4) can be written:

- A p(t,Z) 4, - / e 2h d3k
t, @) = L R A At A+R Tat, k 1.10.22
o(t.) 8t+/4ﬂf,f,‘ ¥, Aen=vasre [ Ry BoS g0
v/ Z d3_"+1m/ V2haw i kd. (1.10.23)
47r\:v— d (27)2

Thus, all of classical electromagnetism can be expressed in terms of a fully arbitrary function A(¢, ) and the
gauge invariant functions a4 (¢, E) which represent the physical degrees of freedom of the system.

Now that we have reduced to something in plain harmonic oscillator form, we make a quantum theory
of electromagnetism by doing to it exactly what you would do to any other classical harmonic oscillator to
make it a quantum one. The classical physical degrees of freedom a1 (¢, E) will be given by the operator

summary of appropriate operators dil(ﬁ) on an appropriate Hilbert space H with respect to the system’s
state vector |U(t)):

a1 (t F) = (U ()]s (F) (1)), (1.10.24)
A does not receive an operator because it is just an arbitrary function, not a degree of freedom of the theory.
By theorem 1.5, if the classical quantities a41(t, k) are to satisfy the Poisson brackets in (1.10.18), the
operators a4+1 must satisfy the commutators:

[an (K), an (K')] = 0, [an (K), b, (E")]) = 06 (k — k). (1.10.25)
If the classical quantities ai1 (¢, ]2) are to have the correct classical equations of motion (those given by the
Hamiltonian (1.10.21)) then because those are simply the driven harmonic oscillator equations of motion and

we know that the quantum harmonic oscillator gives the classical harmonic oscillator equations of motion for
the operator summaries, we simply take the Hamiltonian operator of quantum electromagnetism to be:

Pats o [2hg s " p(t, B)p(t, T7) 13 05 = -
H= — . 3 o 3d® /]l—/ -VAdZ1  (1.10.2
/]K g (T’Lw (k) a an ” Sa(Jhah)> d k—l—/&g ST — 7 d°Zd’ % SJ VAd°Z1 (1.10.26)

where Sa 1ndlcates the self-adjoint part of an operator (we also use As as the anti-self-adjoint part):

. )+ OF N ) — Of . N N . .

Sa0 = O—;O , AsO = o QiO — 0 =8a(0) +iAs(0), (Sa(0))f =8Sa(®), (As(O)' = As(O).
(1.10.27)

It is useful for calculations to repackage the &il(/_ﬂ') commutators into commutators explicitly in terms of
(k). With d,(k) meaning component b of @(k), (1.10.25) becomes:

lia (), ap(E")] =0, [aa(K), af (K")] =Lap (K)5(k — )1 (1.10.28)

where | 43 (E) = Ogp — k‘;;‘k; is the projector orthogonal to k. Because the classical quantities ¢, /_1', Py depend

at most linearly on the a1 (t, ];) and the ay(¢, E) are given by operator summaries, it is natural to define
the operators:

L OA p(t, ) -, Lo /.,;,ﬂ;q 2k d3k
tE) =——1+ [ L2 g3z A(t,7) = VAL TGk 1.10.2
o9 =~ [ R AR = vaLess [ TS a0
A =1 . 3
PA(t,f):V/MdS:E’]lJrAs/ FEG(k)V2hw &k (1.10.30)
dmr|Z — T K (277)

where @ is given by @(k) = ay (k)& (K) + a—1(K)E_1 (k) (i.e. just (1.10.15) with everyone wearing a hat). Then,
the classical potentials and conjugate momenta can be expressed as operator summaries of these operators in
the natural way:

O(t,7) = (U)ot D)W(E)), A(t,F) = (C(O) A D|W(E), Pa(t,®) = (U(0)|[Palt, @)U (1)) (1.10.31)
Similarly, it is natural to define the electric and magnetic field operators:

E=-P,, B=vxA (1.10.32)
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and again due to the linearity of these expressions in the relevant operators, the classical E and B fields are:

E(t, %) = (V(t)|E(t,2)|P(t)), B(t, %) = (U(t)|B(t, Z)|¥(t)). (1.10.33)
By using these definitions, together with the Schrodinger equation for |¥) under the Hamiltonian operator in
(1.10.26) and the commutators in (1.10.25), it turns out that Maxwell’s equations are exactly maintained
in quantum electromagnetism. The difference between classical and quantum electromagnetism is that
in classical electromagnetism the potentials (b,/f contain all of the data in the theory but in quantum
electromagnetism it is possible to consider more complicated objects such as (A, (t1, Z1)A, (t2, ¥2)) and other
operator summaries of operator products which are quantities not found in the classical theory. Sometimes
those more complicated objects will couple to physical quantities of interest, leading to observable differences
between the theories. Quantum electromagnetism contains all of classical electromagnetism but it also
includes many many other degrees of freedom, due to fundamentally being described by a wavefunctional
|¥(t)) on an enormous Hilbert space.
The free Hamiltonian operator of quantum electromagnetism (meaning without any applied charges or

currents) is (by simply setting p = 0, .J = 0 in (1.10.26)):
H= / > hwaland’k. (1.10.34)
Ko

From (1.10.25), a, (k) has the canonical commutation relations of the annihilation operator (with d; being
the creation operator) for a harmonic oscillator. Let |0) be the normalized ground state of H, which because
H is a sum of harmonic oscillators corresponds to the state which is annihilated by by ay, (k) for all h and k:

an(K)|0) = 0. (1.10.35)

This |0) state is often called the “vacuum” state. However, it is dangerous (read: incorrect) to think of the
vacuum state as a state in which there is nothing going on. To see why it is useful to do two simple (though
slightly tedious) calculations. For the first, let us compute the electric field in vacuum:

N 1 - ~ - 2 d3E

(0| B(&)0) = —,/ (el’f'”«<0|a‘\0> - e—’k‘$<0|af\0>) V2ho 25 = 0. (1.10.36)
2 Jx (2m)2

Both (0|@|0) and (0|@’|0) are 0 because @ annihilates |0) in the first and (0]a@' = (@]0))" = 0 in the second.

For the second, let us compute the summary of a product of electric field components in vacuum:

N hvww’ ik (7 —ik-Z At (T ik (T —ik"@ AT 7 73T
<O|Ea(ac)Eb(x’)|O>z—/KKIWM (ek da(K) — e~iF ag(k)) (ek ap(K') — etk a;(k')) 0V RdPR.

(1.10.37)

Because @ annihilates [0) and @' annihilates (0|, only one of the four terms in the product survives, giving:

v ww!

(01 Eo () Ey(27)]0) = /K,K/ s e F R (0|6, (R)ad (K))|0)d3kd3 k' (1.10.38)

The final surviving summary inside the integral can be evaluated using the commutation relations:
(Olaa(k)ap(E")0) = (0l(aa (k)ah (k") = aj (k" )aa (k) + a} (k" )aa(k))]0) (1.10.39)
= (0[aa(K), ()]0} + (0laf (k")aq(K)[0) = Lap (B)S(k — k). (1.10.40)

Returning this to (1.10.38) gives:

- 37
(0| B, () Ey(2")|0) = / BIR) Lay (F)eF @2 4K

K 1673
The remaining integration can be completed to give the right-hand side an explicit distributional form, though
it isn’t very insightful. What is insightful is that this is a nonzero quite complicated object. Even in the
vacuum state, there are nontrivial correlations in quantum field theory.

Because the eigenstates of a single harmonic oscillator can be written all by acting the creation operator
some number of times on the ground state, the eigenstates of H here can be written by acting the creation
operator (for possibly many pairs of helicity and wavenumber) some number of times on |0). That is, we can
take as an eigenbasis of H, the states constructed by the following. Let D be a nonnegative integer and let
(n1, hq, El), ..o,(np,hp, ED) be a list of D triplets of a nonnegative integer n, a helicity h, and a wavenumber

(1.10.41)
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k with no triplets sharing simultaneously their values of h and k. Define the state |n1h1§1, ..nph DEp) by:

AT E ni AT E np
ahl( 1) ap D( D)
N —

Ranging over all possible lists o for a given D and then all values of D produces an eigenbasis of H. The

eigenvalues of H are found by directly applying the canonical commutation relations and that |0) is the
ground state:

|n1h1E1,...nDhDED) = ‘0> (1.10.42)

D
H|nyhyky, ..nphpkp) = hw(ka)nalnihaky, ..nphpkp). (1.10.43)
d=1
This eigenvalue spectrum precisely is exactly the distribution corresponding to the density of states necessary
to derive the black-body formula, as we hoped. We can now understand how unwieldy the Hilbert space of
quantum electromagnetism is by expressing a general state |¥) in this basis. Defining the components:

\Il(nlhl,nwnDhD)(E17 ceey ED) = <’I’Llh1E1, nDhDED|\I/> (11044)

and using that these form a complete basis, we have that an arbitrary |¥) can be written as:

=3 ¥ /K EDVDY /K Warnpnoy (B Ry nphpRp)d'Fs. o,

D=0n1=0h;e+£1 np=0hpe+l
(1.10.45)

Oof.

In the free theory (under evolution by H ), of course each eigenstate simply evolves by a phase determined
by its eigenvalue. Consequently, the occupation numbers ny, ..., np are constant in the free theory. We can
get a simpler intuition of what is going on with |¥) in the free theory by looking at the subspaces of the
Hilbert space of different occupation numbers. The total occupation number is of a state of definite number
simply given by eigenvalue of the total number operator N , which as always for each species of a harmonic
oscillator is given by a'a and so in total is giving by summing over such species. Therefore:

N= [ Y af(k)an(k)d’k. (1.10.46)
K het1

The subspace with all occupation numbers as 0 is simply the vacuum |0). A generic state |¥); with total
occupation number 1 can be written as a linear combination of occupation 1 eigenstates of H. Under the free
evolution given by Hy, an occupation 1 state remains occupation 1 (because N commutes with H) so takes
the form:

() = /K (1 (Rl (F) + voa (8, Byl ())]0)dF = /K (e, F) - & (R)0)d*F (110.47)

for some functions ¥41(t, k) or equivalently (¢, k) = ¥y (t, k)& (k) + ¥_1(t, k)E_1 (k). Such a ¥(t, k) can also
be thought of as an arbitrary vector function satisfying:

E-(t,k) =0 orequivalently L% ,(k)0P(t, k) = (¢, k). (1.10.48)
The normalization of |¥); requires:
1= (U|¥), = YRt KUt B (0aa ()l (k') |0)d>kd k" = / [(t, k)| d>k. (1.10.49)
KK’ K
Therefore, z/_;(t, E) must be normalized as a wavefunction on the single particle wavenumber space. We can
find the explicit time evolution of ¥ (¢, k) using the Schrodinger equation for the full theory:

d)w(t . OU(t, k) . - " oo -
ih% = H|V), = z’h/]Kz/}gt)aT(kﬂO)d?’k:/Khw(k)@b(t,k)ﬂT0)d3k (1.10.50)
— m% = hw(k)P(t, k). (1.10.51)

This is precisely the Schrodinger equation for a single particle wavefunction written in wavenumber space with

Hamiltonian operator hw(E) (where k would be the wavenumber operator for that single particle quantum
system)! Define then the Hilbert space H of states of ¥(¢, k) so that we now write [¢(¢)), with Hamiltonian
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operator Hy = hw(k) and |k4) the wavenumber eigenstates of helicity +1. Then, we can write:

W) ), e F) = Relu(o). (110.52)

As well, for any operator O, the operator summary in the state |¥); can be reduced to an operator summary
on the Hilbert space of configurations of w (t, k

(U|O|W); = (|O1]¢))  where: / > > [kn)(0lan(k)Oal, (k1)0) (k) |d*kd*E'. (1.10.53)
KK het1hex1

Therefore, the subspace of occupation number one reduces to just single particle quantum
mechanics. The particle (meaning wave-packet, not point-particle) created by a single application of the
electromagnetic creation operator is called the photon. Because of this, we call the occupation number the
particle number (and in the case of electromagnetlsm the photon number) and say that |¥); is a smgle
photon state. We could even define a wavefunction 1/)(t &) on position space by Fourier transforming w(t k)
in the usual way to give an even more direct look at a single photon wavefunction if we like. Quantum field
theory contains single particle quantum mechanics. Plainly, using the results of Orig. problem 4.42,
the total energy and momentum of |¥,) satisfy p, = hk, as seen in 1.5.130, justifying that h as it appears in
Orig. problem 4.48 is actually the quantum mechanical & for such states.

Now for an upgrade. What happens when we look at the subspace of photon number two? A state
of photon number two will involve acting two creation operators on the vacuum state in a generic linear
combination. Again the photon number is conserved by the free Hamiltonian, so under such evolution a
generic state will be characterized by some coefficients ¥y141 (¢, E, k' ) in the form:

| ( / > v (t. k" a) (k)af, (k')[0)d*kd*k. (1.10.54)
KK" hps
We can just as well define the bivector with components (¢, E k' ) by:
Ot kK =Y e (£, R (R)E (') = 9ky = 0. (1.10.55)

hh'

Because ! (k) and dl(lg ') commute, (¢, k, k') is automatically a symmetric under interchanging the order
of photon creation (because it is defined simply as whatever coefficients are in (1.10.54):
Wt R E) = (kL K. (1.10.56)
The normalization of |¥)s requires:
1= (U|W), = % /K e YRt ke, k)t kR (0]aa (K)as (B al (k")al (k") |0)dkd® k' d* k" d* k"
(1.10.57)

We can simplify by sufficient use of the commutation relations:
(0laa (k) (k" )al (K" )ak (K")[0) = (Olaq (k) (al (k" )an(k")+ Loe (K")6(k' — E"))@E(E"')IW
= (Ol (k)al (k") (K")aj(k")|0)+ Loe (K)o(K' — K"
= Lac (k) Loa (F)3(k —k")5(k" = E")+ Lag (F) Lo
Now returning this to the normalization and using the symmetry of 1®:
- Witk D (B B PRPE = 1. (1.10.58)

Therefore, 1 is like a normalized wavefunction on the Hilbert space Hs which is formed by the symmetric
elements of the tensor product of the Hilbert space H; with another copy of H;. We express this by:

Very interestingly and very importantly, Hy is not simply two copies of H;. That is, a state of photon
number two is not the same as a pair of states of photon number one. If we had two states |¥); and |¥’); of
photon number one (with corresponding single particle wavefunctions (¢, k) and ¢’ (¢, k)), then we could
form a state of photon number two by considering the creation of a photon with wavefunction 1/_; (t, E) and
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then the creation of another photon with wavefunction v’ (t, k). That is, we could define:

W)y =N [ 4t k)-al (k) (k') - at(k)|0)d>kd’k’. (1.10.60)
KK’
where A is some normalization factor. This is a two photon state with two photon wavefunction:
a oo N a o 7 a o 7
(R R = S (00 R0 B+ 0 (4 R)0b (). (1.10.61)

V2
This does not represent a generic state of Hy. In fact, the linear combination of just two states of this form
with linearly independent single photon wavefunctions produces a state which is not in this form (see the
homework). Therefore, the state space of a two photon system is significantly larger than two
independent copies of the state space of a single photon system. If the two photon state can be
written in the form of (1.10.61) it is said to be separable. Otherwise, it is said to be entangled. It should
be stressed that entanglement is the generic much more common case and separability is highly restrictive. It
is entanglement that is behind the spin-1/2 puzzle in (1.10.5). The state space of two spin-1/2 particles is not

just two copies of the single particle state space, and while, with S the spin operators for particle one, on a
single particle Hilbert space |(S})| = B for all states, on a multiparticle Hilbert space |(S1)| can take any
value from 0 to %, exactly consistent with experiment. How exactly this works is shown in the homework.
Just like in the single photon case, under the evolution given by H it is possible to define a reduced
effective Hamiltonian operator for 1@ (¢, k, k'). Inserting (1.10.54) into the Schrédinger equation with H as
the Hamiltonian operator we find:
d|¥),
dt

W = (hw(k) + hw(E" )yt (t, &, K'). (1.10.62)

ih = H|V)y = ih

Therefore the effective two photon Hamiltonian operator Hy on Hy is simply Hy = hw(E) + hw(/g N. Tt is
important to notice that if the initial two photon wavefunction is separable then it remains separable under
the time evolution given by Hy. However, under a more general time evolution (suppose there was some sort
of interaction present so that we did not reduce from H but instead from H+ a term that causes the two
photons to interact) even an initially separable wavefunction will become entangled dynamically. This is
analogous to (and related to) how initially statistically independent quantities in statistical mechanics lose
their statistical independence when they interact with each other. So, quantum field theory also defines two
particle quantum mechanics as living on the Hilbert space of the tensor product of two Hilbert spaces of
single particle quantum mechanics (the symmetrization is because in this example both particles are photons,
the same species).

Also just like the single photon case, it is possible to reduce operator summaries involving |¥)s to
operator summaries involving only (¢, E, K’ ):

A~ l A
(P|O[W)2 = (¥[O2]4) (1.10.63)
— O, = / > 1kn) @ [k5) 0lan (K)an (k") Odl,, (k")al,., (k") 0) (k| @ (k| d*kd*k'd* k" d*k" .
K4 hh/h/lh//l
(1.10.64)

It should be no surprise that at each photon number N it is possible to define an effective N photon
wavefunction of N different wavenumbers and helicities which is fully symmetric, evolves under a Schrédinger
type equation in the free theory, and for which it is possible to define reduced operators for operator summaries
in an N photon state. Because Hyy is formed from a (symmetrized) tensor product of Hj’s rather than simply
a direct sum (which would be a list of N copies of Hj), there are many independent quantities in an N
photon state which have no single photon description. Hy is properly written as:

Hy = Sym(H; ® ...(N total factors)... ® Hy). (1.10.65)

The full Hilbert space H of the quantum field theory of the electromagnetic field consists of the direct sum of
the Hilbert spaces of each particle number:

H=H ¢Hy s H3 ... (1.10.66)

as a general state in H can be formed by linear combinations of states of various D, n, h, k as defined in

(1.10.42). Such a Hilbert space constructed out of the direct sum of individual Hilbert spaces of various
particle numbers is called a Fock space.
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An N photon state remains an N photon state under the free Hamiltonian operator where p = 0, J=0.
What happens if J # 0 as in (1.10.26)? The number operator N no longer commutes with Hsoan N photon
state will not remain an N photon state. The commutator of N with H gives:

N H) = /Z\/7A5 Jia (1.10.67)

The easiest way to see that the presence of a current changes the number of photons is to simply look at
what H does to the vacuum state. Suppose for simplicity we consider a nonzero current but a charge density
of 0, and that we choose A = 0 by definition. Then, suppose we begin initially in the vacuum state |0) at
t = 0. The resulting initial time derivative of |¥) at ¢ = 0 is given by:

dv) = H|0) = /Z\/ Jn(F)al (F)0)dk (1.10.68)
t=0

ih i
which is a linear combination of one photon states. Therefore, an arbitrarily short application of the current
will cause a transition from the vacuum state to a linear combination of the vacuum state and one photon
states (and as time passes the full |¥) generically becomes a linear combination of photon states of arbitrarily
high and different numbers). Interactions cause particle production. As well, if we began in a state
with a nonzero number of photons, the current can drive transitions to state of a lower number of photons
(because J;‘;(E) multiplies the annihilation operator a, (k) in the Hamiltonian operator).

The properties of quantum field theory we have seen in this section are not unique to electromagnetism.
By theorem 1.2, the lowest order Hamiltonian of any stable classical field theory can be put into the form of
creation and annihilation fields (as ¢ in the Schrédinger equation satisfies the canonical Poisson brackets
with ¢* appropriate for creation and annihilation fields). So, when “quantized”, meaning that classical field
theory Hamiltonian is replaced by a quantum field theory with an appropriate Hamiltonian operator, its free
Hamiltonian operator (the lowest order quadratic part) will be that of an infinite number of quantum harmonic
oscillators and it will produce the subspaces of different particle numbers seen here for electromagnetism. The
inclusion of interaction terms (anything beyond that minimal harmonic oscillator Hamiltonian operator) will
generically cause transitions between the subspaces of different particle numbers. Therefore, if we describe
matter by quantum field theory then we can explain the experimental fact that particles can be created
and destroyed through interactions. Similarly, we can explain the existence of indistinguishable particles (as
they would simply be particles formed from the same set of creation and annihilation operators). We can
even explain the spin puzzle from (1.10.5). If we take electrons to be particles created by an appropriate
electron creation operator, then a single electron system will have a two component (due to being spin-1/2)
wavefunction ¥* (¢, ¥) but a two electron system would have a four component (due to the tensor product
of two spin-1/2 spaces) wavefunction (¢, %, Z'). The observation that no single electron wavefunction
can explain the single electron spin statistics observed in a two electron system is completely explained by
the fact that (¢, Z, #') will generically be entangled and so there will be no single electron wavefunction
appropriate for either individual electron.

The structure of quantum field theory explains the fact noted just after (1.2.22) that h, although it that
context seemingly derived from the specific wavefunction of interest, is actually universal. In QFT, h appears
in (1.10.9) and (¥|¥) = 1. All of the N particle subspaces of QFT are derived from this single Lagrangian
in the manner of this section, and each of those subspaces inherits the same value of h. Even if you have
multiple different species of particles, because all of their subspaces are derived from the same wavefunctional
of everything, they all inherit that same h. As explained around (1.5.130), this is what makes it possible to
universally use units in which i = 1, eliminating it from the theory. We will start to do that consistently in
the next chapter.

QFT also tells us how to put two quantum systems together. Suppose we have two different fields for
which we desire a quantum field theory (you could even take the plus helicity vector potential and minus
helicity vector potential as examples, or the vector potential and a matter field). Then, following the same
steps as done so far here, we would seek a Hamiltonian operator in terms of those field operators which would
act on the Hilbert space of wavefunctionals of field configurations of those two fields. The Hilbert space of
a function of two variables is the tensor product of the Hilbert spaces of functions of each variable, and so
when we have multiple field the full theory has Hilbert space given by the tensor product of Hilbert spaces
for each field. If we then look at the subspace of this Hilbert space in which there are n 4 particles of species
A and np particles of species B, again that Hilbert space is automatically the tensor product of the Hilbert
spaces of the individual two species types. So, in general in quantum mechanics, when you have one quantum
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system described by a wavefunction in Hilbert space H 4 and you bring it together with another quantum
system described by a wavefunction in Hilbert space Hp, then the combined system will actually have a
wavefunction in the Hilbert space Hy ® Hp.

Quantum field theory fully contains the single particle quantum mechanics of this chapter, by simply
restricting to the one particle Hilbert space for matter fields, but it also defines and explains what to do when
we have more than a single matter particle. The Schrédinger equation for a single electron just describes the
one electron subspace of a quantum field theory in which electrons are created and annihilated by appropriate
operators. Quantum field theory is not just a formalism for electromagnetism, it is a formalism for everything.
Ultimately, all species of matter of all interactions are described by interacting quantum field theory. It is, to
this day, our basic understanding of how the universe actually works.

Perhaps surprisingly at first, many particle quantum mechanics of a fixed number and species of particles
is inherently a nonrelativistic theory. This is because approximately the same energy scale determines whether
a particle is relativistic as well as whether particles of that species can be created in an interaction. For
a localized relativistic wave-packet, we have approximately E ~ 1/|p]? + m? in Lorentz natural units. If
|p] < m then the nonrelativistic approximation is appropriate. However, if |p] is of the some order as m or
larger, a special relativistic treatment is necessary. Consequently, at energies of order E = 2m, relativity is
important. But, an energy of 2m is enough energy to transition from a state with a single particle of mass m
to two particles of mass m. Therefore, particle creation has the same characteristic energy scale as relativistic
effects. Generically, the Hamiltonian of an interacting system will allow particle creation and annihilation and
S0 it is not possible to maintain a fixed number of particles of fixed species when the particles have relativistic
energies.

Exercises

Problem 1.81: Compton Scattering. Consider Compton scattering, which is the scattering of a single
photon off of a nonrelativistic electron without any particles being created or destroyed. Assume that in
both the initial and final states the electron and photon are each sufficiently localized wave-packets for the
purposes of relevant approximations.

(a) Explain that when they are far from each other the electron and photon energy can be written as:

E. = V3|p.|2 + m2ct,  E, = hd|k,|
where p, is the momentum of the electron and Ig7 is the wavenumber of the photon.

(b) Let us work in the frame in which the electron is initially at rest. Let A be the initial wavelength of the
photon and )\ be its final wavelength. Let 6, the scattering angle, be the angle between the photon’s
initial and final momenta. Show, using the conservation of energy and linear momentum, that the color
of light scattered off of an electron is shifted according to:

27h

MeC

N ==

(1 — cosb).

Problem 1.82: Statistics of a two particle system. Consider two distinguishable spin-1/2 particles that
are each approximately localized well enough that we can treat each of them as at some position with some
spinor describing their polarization. Let H; (Hsz) be the Hilbert space of the spinor of particle 1 (particle 2)
with basis vectors |[4+1) and |—1) (|+2) and |—2)) indicating the spin eigenvectors aligned and anti-aligned
with z-axis.
(a) Explain that the interacting system’s state vector is of the form (where | +1 £2) = |£1) ® |£2)):
) = Piq| 1 +2) + by 1 —2) F Yoy =1 o) F Y| —1 —2).

(b) Show that |¢)) is separable (meaning each particle has a well-defined wavefunction) if and only if:

Yyt =YYy,
Show that in this case and only in this case, with |1)1) (|1)2)) the state vector of particle 1 (particle 2):

V) = [1) @ [1h2).
(¢) Consider the state |¢) below. Show that in this state the total spin of each particle is 0:

9 = Z5(l+1 42+ 1 -1 =) = Si = (Bol) =S = (hod) =0

Thus this state is consistent with the results of the experiment described in the section.
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(d) Consider a generic state vector for which S; = S, = 0. Show that (after absorbing the meaningless
overall phase of the wavefunction) for real parameters 6, «, 8 the wavefunction can be written as:

cosf sinf , . )
) = (61ﬁ| +1—2) —e Py +2)) .

V2 V2

Show that 6, a, 3 can be determined from the values of the correlation matrix (S¢ @ S3). Show further
that if this matrix is required to be rotationally invariant then up to an overall phase:
) = | +1—2) — | =1 +2)
V2

Thus this is the only spherically symmetric state vector for the spins of two spin-1/2 particles.

(eia| +1 +2> +efia‘ — 72>)

Problem 1.83: Addition of Angular Momentum for Spin-1/2 Particles. Consider two interacting
well-localized spin-1/2 particles. Let H; (Hs) be the Hilbert space of the spinor of particle 1 (particle 2).

(a) Let S be the total (free) spin angular momentum of the two particles. Show that S = (S) where the
operator S is given in terms of the individual particle spin operators 51, 52 as § = §1 RILI+1; ® gg.
(b) Show that the components of S satisfy the usual su(2) commutation relations (1.7.13). Explain based
on theorem 1.11 that this means the Hilbert space H = H; ® Hs can be decomposed into a direct sum

of Hilbert spaces so that on each component of the direct sum S acts in an irreducible representation of
su(2).

(c) Compute how S, acts on each of the basis states | +1+2), [ +1—2), [ —1+2), [ =1 —2).

(d) From the results of the previous part, diagonalize S, and 52 S 24 S’ 24 S2 Show that H decomposes

specifically as H = Hy @ H; where for states in Hj S acts in an irreducible spin-0 representation and

for states in Hy S acts in an irreducible spin-1 representation. Let |s, m) be the eigenstates of SQ, Sz
with spin-s and z-component eigenvalue hm. Show that the eigenstates of total spin are related to the
individual particle bases by:

| +1—2) —|—1+2) | +1—2) +]—1+2)

V2 ’ V2 ’
Problem 1.84: Interaction of Spin-1/2 Particles. Consider, for some constant w, the interaction of two
localized spin-1/2 particles according to the Hamiltonian operator:

|0 O> |1>1> = | +1 +2>a |170> = |17_1> = | -1 _2>'

A w > JaR
H=-5-5,.
hl 2

Let S be the generating operators of the total spin of the two particles and |s,m) be the basis constructed in
the previous question. Show that:

~ 75PN ~ ~ ~ hw

H:ﬁ(sz—SffS@, H|5,m>:T(252+2573)\s,m>.
Problem 1.85: x Addition of Angular Momentum in general. Consider two quantum systems, the
first in an irreducible representation of angular momentum j; and the second in an irreducible representation
of angular momentum jo. Label a basis of states of system 1 by [m1), where fim; is the eigenvalue of /i, and
of system 2 by |ms), where hms is the eigenvalue of Js,.

=

(a) Let J be the total angular momentum of the two systems. Show that J = (J) where J=Jl10ly+1,®J
and J; and J, are the angular momentum operators of the two systems.

(b) Show that the components of .J satisfy the usual su(2) commutation relations (1.7.13). Explain based
on theorem 1.11 that this means the Hilbert space H = H; ® Hs can be decomposed into a direct sum of

Hilbert spaces so that on each component of thes sum J acts in an irreducible representation of su(2).
(c) Let |4, m) be a state in total angular momentum representation j with J, eigenvalue hm. Explain that

there exist some so-called Clebsch-Gordan coefficients C7™, . so that:

Gom) =Y Ol lma) @ [ma)
mimo

which do also depend on j; and js, but because those are fixed in this question we suppress the visibility
of that dependence to keep notation condensed.
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d) Define the operators Jy = J, +£4J, and compute Jy j,m) following the calculations of section 1.7.
y
Show that the Clebsch-Gordan coefficients satisfy the recurrence relation:

Vili+1) =m(m + )G = Vi (i + 1) —ma(ma F HCLY

+ \/j2(j2 +1—mg(ma F 1)05;:?(7”211)-

(e) By using the definition of S, show that Cym .. = 0 unless m = my 4+ my. Consequently, show that the
maximum value of j is j; + jo. Then, show that the dimension of the direct sum of Hilbert spaces of
irreducible representations of angular momenta |j1 — j2l, |71 — j2| + 1, ..., j1 + j2 equals the dimension
of the tensor product Hilbert space of H; ® Hs.

(f) For simplicity, assume we have labeled the systems so that j; > jo. Explain that using j_, if we know

all of the coefficients for C%7 we can determine all of CJ™ ,- Then show that:

my(j—ma) mim
i _ j2(j2+1)—(j—m1)(j—m1+1)cjj
(ra = math) = g1 +1) =ma(my — 1) ma(fma)”

Solve this recurrence relation and normalize |j, j) with the convention that ((j1| ® (j — j1|)|jj) be real
and greater than 0. Use this to show that the Clebsch-Gordan coefficients for m > 0 are given by:

\/(2j + 1)+ g1 — 52)1G — g1+ 52)Ga + G2 — J)!

ij :(ssm

mimsa mi+mz

(1 +je+j+1)!

x /(G +m)(G —m) (g1 +ma) (g1 — ma)! (G2 + ma)!(j2 — mo)!

(=D*
X
zk: k(1 +j2 — 3 — k)10 — ma — B)!(G2 + ma — K)I(j — J2 + ma + K)I(J — ji — ma + K)!

where the k£ sum is over all integers for which the arguments of all the factorials are nonnegative.
(g) Show that the coefficients for m < 0 can be determined by:

m _ j—J1—J2 )
cJ — (71)] J1—J C(

(=m)

mims —mq)(—ma2)"

In a general context, we will write ij:nl jam, for the Clebsch-Gordan coefficients. As well, for symmetry

convenience, it is typical to define the coeflicients for j; < jo by:
cim — (_1)j—jl—jzcj_'m

Jimaijama Jamajima®
h) Let H, indicate the Hilbert space of states in the irreducible representation of angular momentum j.
J g

Show that all of the results of this question together imply:
Hj, © Hj, = Hyjy—jo) © Hjjy—jp 41 © oo © Hyjy o1 © Hyy 1,

The collective results of this question are known as the Clebsch-Gordan theorem.

Problem 1.86: Wigner-Eckart Theorem. Let R(g) be a generic 3 x 3 rotation matrix, with components
R%,. As we have previously defined, a rank N rotational tensor T is an object with components 7%t %N
which under a rotation transform according to 7"~ = R, . RN, Tbi-bn,
(a) Let V be the vector space of 3 dimensional vectors. Explain why the vector space of rank N rotational
tensors is simply the N fold tensor product of V with itself, i.e. VRV ® ... ®V with N factors of V.
(b) Explain that V is the Hilbert space of the irreducible j = 1 representation of su(2).
(¢) Consider the irreducible angular momentum j representation of su(2). Define Wigner’s D-matrix:

DI, (0) = (G,m/|e” 0T

J,m).

Zn,m completely characterizes the j angular momentum representation of rotations.
Explicit formulas exist for D} , . but they are extremely too complicated to usually be useful. Let |v)
be a state vector in the Hilbert space of irreducible angular momentum j representation of su(2) with

components v, as below. Show that under a rotation the components of |v) transform as:

Explain how D

J J
|v> = Z Um|j7 m> = v7ln = Z vanm’vm"
m=—j m'=—j

(d) Using the Clebsch-Gordan theorem, explain why the vector space of rank N rotational tensors is not an
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irreducible representation of angular momentum and in fact actually contains a tower of representations
of different angular momenta. Show that there exists a single subspace of the vector space of rank N
rotational tensors which is an irreducible representation of su(2) with angular momentum N. A rank N
tensor which is in this subspace is called a rank N spherical tensor.

Let T™) be a rank N spherical tensor. Explain that there exist 2N + 1 rank N spherical tensors M. ,gN)

with the label £ running from —N to /N which form a basis for such tensors and components T,EN) s0

)

that T™) can be written as below and so that under a rotation the T,EN transform like:

N N
T(N) _ Z T,EN)M,SN) — T};(N) _ Z DIJchTv(nN)'
k=—N m=—N

In quantum mechanics, a spherical tensor operator of rank N is an operator TM) 5o that (T(N )> is a
spherical tensor of rank N. Show that this requirement implies:

J
TN Ja) = S (N, k|| Nm) TN

m=—j

Equivalently, show that this requires:

(TN, i) = h/N(N +1) — k(k F 1), TN J.) = mkTN).

From the above commutators, show that the matrix elements of components of a spherical tensor
operator satisfy (7, m|T,5N) |7/,m’) = 0 unless m' = m + k and also satisfy the recurrence relation:
VIG T —m/(m £ D), mT N5 m! £ 1) =50 + 1) — m(m F )G, mF 1T, m')
+ VNN +1) = k(k F DG, m| T m').

Show that the matrix elements of a spherical tensor operator satisfy all of the same conditions as the

Clebsch-Gordan coefficients except normalization, and thus based on the Clebsch-Gordan theorem show
that the matrix elements of the components of a spherical tensor operator satisfy:

. ~(N) - N i'm’
<J7m|TI§ )|]/3 m/> = Tj(j/ )ijNk:

where C9™ are the Clebsch-Gordan coefficients and TJ(J]Y) are called the Wigner-Eckart reduced

Jjimijzme

matrix elements of ™). This is known as the Wigner-Eckart theorem.

Problem 1.87: Quantum Maxwell’s Equations. Show by explicit calculation, using (1.10.9), (1.10.25),
(1.10.26), (1.10.29), (1.10.30), and (1.10.33) that E and B exactly satisfy Maxwell’s equations even in the
quantum theory. Explain why this is unsurprising given the results of problem 1.34.

Problem 1.88: Electromagnetic Wavefunctionals. Consider free quantum electromagnetism, defined by
the Hamiltonian operator in (1.10.26) with p =0 and J = 0.

(a)

-,

Let |A) be a functional Dirac delta in the rigged Hilbert space of functionals of all configurations of the

vector potential, i.e. an eigenstate of g(f) with eigenvalue some specific field configuration at a point
A(Z). We define the wavefunctional W[A] = (A|¥). Show:

o _ AL 1B, (2 _ SU[A
i@ = A@uA, AP = -5

~

—.

Let Wo[A] be the free vacuum state of H. Show that (1.10.35) implies:

B2 a-
— ‘B‘dSk

UolA] = \Ifo[o]e_f 2K

where B is the Fourier transform of the magnetic field B and U[0] is an irrelevant normalization that
would somehow be fixed by “integrating over all possible field configurations A and normalizing. Such
functional integrals are difficult to define rigorously, but conveniently W([0] can always canceled from
observables, so there is no need to worry about it. Plainly, the electromagnetic vacuum is a gauge
invariant Gaussian in the space of field configurations. A true state of “nothing going on” by contrast
would have a Dirac delta at a field value of 0.
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()

—.

Let ¥, [A] be a generic 1 photon state. Show that for some (k) satisfying (1.10.48) and (1.10.49):
4 2 T~
W, 4] = \/; JVIRA® - 50 0°F vl

Describe how this functional looks in field space. Show that (E(Z)) and (B(Z)) are both 0 for any 1
photon state.
Let W5[A] be a generic 2 photon state. Show that for some ¢ (k, k') satisfying (1.10.55), (1.10.56),
and (1.10.58):

L1 Y (2 e e~ Lo o
wald] = = [ w0 (EVRIFIAR TR - dud(E + F)) EFEE w0l

Describe how this functional looks in field space. Show that (E(Z)) and (B(Z)) are both 0 for any 2
photon state.

= —

Show that (F(Z)) and (B(Z)) are both 0 for any state which has exactly N photons but may be non-zero
for a state that is a linear combination of an NV photon state with an N + 1 photon state. Thus, classical
electromagnetic fields actually only arise due to states that are linear combinations of states of different
photon numbers.

1.11 Summary and Additional Reading

Important homework questions from this chapter (the QHO questions are mandatory):

Problem 1.3: Silver Bullet Solution to the Schrodinger equation and

Problem 1.7: Time Evolution Operator establish the basics of how to solve the time evolution of
a general quantum mechanical system.

Problem 1.10: Ehrenfest’s Theorem and the Quantum Noether Theorem derives the special
form that Noether’s theorem takes in quantum mechanics.

Problem 1.11: Active vs. Passive Picture introduces the active description of quantum mechanics,
in which the state vector of the system is constant and all of the time evolution is shuffled into the
operators and shows that it is equivalent to the more typical passive picture, in which the state vector
is dynamical and satisfies the Schrodinger equation.

Problem 1.12: Commutators becoming derivatives shows how commutators of an operator with
a variable effectively differentiates that operator with respect to the conjugate to that variable.
Problem 1.13: Restoring factors of % explains how to remove and how to restore factors of i when
going between natural units in which A = 1 and unnatural unit systems in which it is not.

Problem 1.21: Baker—Campbell-Hausdorff formula derives the basic extent to which the operators
in the exponents of a product of operator exponentials fail to add.

Problem 1.24: First Look at Coherent States introduces the “maximally classical” coherent states
which are as simultaneously localized in both position and momentum space as possible.

Problem 1.26: Double-Slit Experiment Revisited explains the experimental results of the
high-rate double slit experiment in terms of the wavefunction, resolving the tension of Orig. section
4.6.4.

Problem 1.31: Aharanov-Bohm Effect derives experimental consequences which involve the local
interaction of the wavefunction with the vector potential, not simply its gauge invariant byproducts,
thus demonstrating unambiguously that the vector potential is genuinely physical.

Problem 1.32: Generator of Gauge Transformations derives the canonical structure of gauge
transformations in the interacting theory of a single charged matter wave with electromagnetism.
Problem 1.33: Quantum Harmonic Oscillator (QHOI) - Creation and Annihilation Opera-
tors and

Problem 1.34: QHOII - Moment Evolution Equations and

Problem 1.35: QHOIII - Evolution of Coherent States and Propagator and

Problem 1.36: QHOIV - Driven Oscillations and

Problem 1.37: QHOV - Multivariable Oscillator and

Problem 1.38: QHOVTI - Fully general quadratic Hamiltonian derive all of the basic properties
of a quantum harmonic oscillator, which is the most important quantum system.

Problem 1.49: Solving the Hydrogen Atom shows how the spectrum of the hydrogen atom is
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directly determined by the Schrédinger equation, in excellent agreement with experiment.

e Problem 1.50: Atomic Spectral Lines and Measuring h shows how the atomic spectra can be
measured experimentally and how the placement of spectral lines can be used to infer the value of h in
unnatural units or calibrate the units of the action (so that A = 1) in natural units.

e Problem 1.51: Photoelectric Effect gives another way of measuring h and derives the photoelectric
effect, which is an experimental phenomenon that is not explained by classical mechanics.

e Problem 1.52: Fine-Structure Constant introduces the fine-structure constant «, which is a
fundamental unitless physical constant that determines the strength of the electromagnetic interaciton.
From «, we defined the elementary electric charge e.

e Problem 1.60: Stern-Gerlach Experiment describes and explains how the spin of electrons can be
measured and how the presence of an inhomogeneous magnetic field prevents the classical limit from
being a good approximation for the dynamics of an electron wave-packet.

e Problem 1.73: Rutherford Scattering Revisited shows that the scattering of one charged particle
off of another leads to exactly the same differential cross section in both classical and quantum mechanics.

e Problem 1.85: Addition of Angular Momentum in general defines the Clebsch-Gordan coeffi-
cients and explains how to construct the total angular momentum Hilbert space when two different
systems in their own angular momentum representations are brought together into one system.

In this chapter we developed the theory of single particle quantum mechanics. This theory replaced the
classical point-particle description of matter by a wave description, i.e. a classical field theory of a single
particle in terms of the wavefunction ¥ which satisfies the Schréodinger equation. Because that classical
field is not perfectly point-localized, it has finite interactions with electromagnetism, fixing the problem of
point-particle divergences. In section 1.1, we introduced the Dirac equation and the concept of a Hilbert
space to help us cast classical field theory in the language of linear algebra. In section 1.2, we showed that
a generic stable lowest order classical field theory when put into the right coordinates simply becomes the
Schrodinger equation with some self-adjoint Hamiltonian operator, introduced % as the constant relating the
energy of a normalized waves to its angular frequency, and showed that projective intensities (“quantum
probabilities”) are the adiabatic invariants of quantum mechanics. In section 1.3 we proved Wigner’s theorem
that all time nonreversing quantum canonical transformations are implemented by a unitary transformation
and all time reversing such transformations are implemented by a unitary transformation and a complex
conjugation. In section 1.4 we showed that all continuous transformation generators in quantum mechanics
take the form of an operator summary and showed how quantum tomography can be used to reconstruct
the entire wavefunction up to an overall phase from those operator summaries. In section 1.5 we found the
position and momentum operators as the natural quantities whose summaries track the wavefunction’s center
of mass and its total linear momentum. We studied the basics of the classical limit and the Born rule. In
section 1.6 we finally found the specific Hamiltonian operator of a nonspinning nonrelativistic charged particle.
We also studied the geometry of gauge transformations in which the vector potential provides the connection
on the wavefunction’s internal complex space with the electric and magnetic fields providing the internal
curvature. In section 1.7 we derived the basic facts of the quantum theory of angular momentum in which
we found that rotations of the wavefunction are captured by the SU(2) group. We classified all irreducible
representations of SU(2), computed the angular momentum operators in each representation, and studied the
spherical harmonics. In section 1.8 we found the specific Hamiltonian operator of a spin-1/2 nonrelativistic
charged particle. In section 1.9 we derived the basics of the theory of quantum scattering, which is the most
powerful way in which we can access quantum properties experimentally. In section 1.10 we discussed various
experimental troubles faced by naive applications of single particle quantum mechanics and found that these
troubles as well as our previous confusion around black-body radiation can all be explained by quantum field
theory, the deep properties of which will be the subject of the rest of our studies.

This chapter is simply not a complete treatment of essential topics in single particle quantum mechanics.
Refer to [2,33,48,51,57,63] for general treatments. For more on single particle quantum mechanics as a
classical field theory, refer to [25]. For more on the interpretative elements on quantum mechanics (which
we will also discuss thoroughly in the next chapter), refer to [38]. There are many more specialized and
technical topics in basic quantum mechanics not covered much in any of these. Because nonrelativistic
quantum mechanics of one or a few particles remains actively important for scientific research and is so young
compared to classical mechanics, there are far too many specialized applications for any one book to cover.
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Figure 1.1: Our perspective on physics as of the end of this chapter. Replacing our point particle theory of matter with a wave
theory has completely solved the problem of point particle divergences. However, so far we have only done so using Galilean
symmetry. We know that to combine Lorentz symmetry, quantum mechanics, and the correct multiparticle statistics, we need to
use quantum field theory.



Chapter 2

Quantum Mechanics in General

Ever since the advent of modern quantum mechanics in the late 1920’s, the idea has been prevalent
that the classical laws of probability cease, in some sense, to be valid in the new theory. More or
less explicit statements to this effect have been made in large number and by many of the most
eminent workers in the new physics. Some authors have even gone farther and stated that the
formal structure of logic must be altered to conform to the terms of reference of quantum physics.
Such a thesis is surprising, to say the least, to anyone holding more or less conventional views
regarding the positions of logic, probability, and experimental science: many of us have been apt —
perhaps too naively — to assume that experiments can lead to conclusions only when worked up by
means of logic and probability, whose laws seem to be on a different level from those of physical
scitence. The primary object of this presentation is to show that the thesis in question is entirely

without validity and is the product of a confused view of the laws of probability.
— Bernard Koopman [28§]

Something [is] rotten in the eigenstate of Denmark.
— Adam Becker [3]

Niels Bohr brain-washed a whole generation of physicists into

believing that the problem had been solved fifty years ago.
— Murray Gell-Mann [27]

We discovered at the end of the previous chapter that quantum mechanics can be more general than
simply replacing our point particle theory of matter by a wave theory. In this chapter we will understand
that quantum mechanics is actually a second branch of possibilities that we sped past all the way back in
Orig. chapter 1, though I did warn you. In order to get there, we need to remember our line of thinking in
Orig. section 1.3. This second branch of possibilities combined with the principles of locality and relativity
will lead naturally to quantum field theory, which is the formalism that is at the foundation of our status quo
understanding of physics.

2.1 Why Quantum Mechanics?

2.1.1 Quantum Ex Nihilo

There is another way of arriving at exactly the same Lagrangian and Hamiltonian as in section 1.2
but by apparently very different thinking. In Orig. section 1.3 we found that whatever dynamical variables
we have of interest, we can encode all of them as well as all transformation generators transforming those
variables as linear operators (for example an operator a ) so that under the transformation generated by some

137
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other generator (say G, with transformation parameter B):
dF A n
a5~ G, F]. (2.1.1)
This operator formalism is totally abstract and in order to do physics we need some way to map it into
numbers. In Orig. section 1.4 we found that if we wish to represent these operators with real valued variables
and functions then result is the Poisson representation. However, this is not the only possible representation.
In fact, it should be clear that the Poisson representation is not a faithful representation of the linear operators.
In particular, if the linear operators F and G do not commute, then F'G and GF are of course different
objects while if F and G are represented by phase space functions f and g in the Poisson representation,
then the products fg and gf are the same. We will prove more directly and explicitly in section 2.2 that
there is no bijection between our linear operators and real valued functions that is compatible with the Lie
bracket. In the rest of this section we will discuss a faithful representation of the objects of Orig. section 1.3.
The generators as written in (2.1.1) are normalized the way mathematicians typically normalize them®.
However, for physics that normalization is inconvenient. Let us label the generators as mathematicians
normalize them with a subscript L, short for Lie:
dd% =[Gy, Fr]. (2.1.2)
The coordinate operators Q¢ of Orig. section 1.3 were defined so that when acting on a function of the
coordinates at a particular coordinate value they simple multiply by the coordinate value. Suppose we have
d coordinate operators Ql, e Qd. Due to the commutativity of multiplication, these coordinate operators
automatically commute with each other and due to the use of real coordinates, these coordinate operators
are automatically self-adjoint. Then, consider a Dirac delta centered at coordinates @Q®, which as usual we
write as a vector using the Dirac notation |Q). Then, at the coordinate center Q%|Q) = Q%|Q) because the
coordinate operators multiply the coordinate value by definition and away from the coordinate center the
Dirac delta vanishes and so both sides of this equation evaluate to 0. Thus:

Q1Q) = Q"1Q), Q% Q" =0, Q=q" (2.1.3)

Hence these coordinate operators Q% are exactly like the % operators found in the previous chapter.
Automatically then we can recycle the identities:

Q@)=iQ-Q)  [lEie-1 ¢ - [eee (2.1.4)
If |¥) is a function of @) represented as a vector, then we can also recycle:
v - (v ¥ - @) (2.15)

The momentum operators of Orig. section 1.3 are generators and so we write them as P, and they were
defined so that they differentiate functions of the coordinates with respect to the appropriate coordinate.
Written in the Dirac notation, this is simply:

(QlEpalw) = 2@

0Q
Thus the Pp, are not quite exactly like the p, operators of the previous chapter. As defined, Py, is anti-
self-adjoint as it is equal to the negative of its own adjoint (the derivative picks up a negative sign under
integration by parts). If we include an i in the definition of the momentum operators, then like the p, of the
previous chapter they will be self-adjoint. Thus, we introduce the physicist normalization (which we write
without a subscript) by:

(2.1.6)

Gq = —ihGra (2.1.7)

for a generic transformation generator G,. The factor of 7 is there to control units of the action. The
momentum conjugate to a coordinate @ has units of action divided by the units of @ while the mathematician’s
momentum operator P, has units of L thus effectively being a convention in which the action is unitless.
The choice of the value of h as some specific real number implicitly defines the units of the action or conversely

IThere are possible convention differences by a minus sign between sources.
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so. So, we write the momentum operators P, so that:

- 0 (Q)
(Q|P,|¥) = —ih aQs (2.1.8)
From this we can automatically recycle:
~ L, 0 Ao B ) PPN ~ ~
P, = / Q) (‘”%Qa) (QldQ, [Q*, P,] = ihél 1, [P., Py =0, T =P, (2.1.9)

As well, we already know we can diagonalize the P, operators and we know how to do so:

Py — / eéQaP; Vg, (PP = 5(P — P, /|P><P|ddp =1, P,= /Pa|P><P|ddP.

(27h)
(2.1.10)
Using the physicist normalization for generators, (2.1.1) becomes:
dF 1 .
— = —|F,G]. 2.1.11

We can reorganize the generating operators of Orig. section 1.3 into a form that looks suggestive and
familiar knowing quantum mechanics, but that isn’t exactly the same as arriving at quantum mechanics. The
next step is where the real magic happens. So far we have been discussing these abstract mathematical objects
as linear operators. Experimenters do not read out linear operators from their equipment; they measure
numbers. Therefore, somehow these linear operators have to map somehow to a number that represents the
physical property the experimenter desires to measure. That is, there must be some map from our operators
into an appropriate space of numbers (we will take that space to be the complex numbers C, as they contain
the usual real numbers and sometimes provide convenient additional structure) with the output numerical
value of this map meant to represent the experimentally relevant number assigned to the linear operator

under consideration. Let the map from the operators into complex numbers be denoted (-) so that (F) is a
complex number. We will call (F) the summary of F. This notation obviously evokes the memory of the
operator summary notation used in the last chapter, but pretend you don’t know what an operator summary
means in that way for the time being.

Many of our quantities of interest are vectors in some vector space (such as literal spatial vectors or
4-vectors, higher rank tensors, et cetera) and so we express them as linear combinations of basis vectors
in whatever appropriate space. The summary map maps operators into complex numbers. So, the natural
definition for a summary of a vector of operators is to make it the vector whose components are the summary
of each of those respective operators. That is:

F=Fop, = (F) ¥ (F)z,. (2.1.12)
Under a change of basis for some real coefficients M %:
D= M0, F=Fop, = FPM%, = F'°T', — F'* = F°M%, (2.1.13)
A vector in a vector space is the same object whatever basis is used. Therefore, to respect the vector space
structure, we need the summary of a vector to be independent of the basis chosen. Thus:

(Fy = (F) iy = (B0, = (F') = (F*)5 = (F*M*)0, = (FY)M", 7, = (F"M®)) = (F")M*,,

(2.1.14)
This must be true for all change of basis coefficients M%,. Component by component this is just the linearity
property. That is, in order for the summary map to respect the basis independence of vectors, it must be
linear over complex numbers:

(aF +bG) = a(F) + b(G) (2.1.15)

and so we will require linearity of the summary map going forward.

The linear operators which we are taking the summary of act on some complex vector space (for example,
on some appropriate set of functions of the coordinates Q). Let us call the associated vector space H. We can
equip that vector space with a complex inner product (for functions on the coordinates, the usual integral
expression for the inner product of complex valued functions). Then, with that inner product, we can develop
an orthonormal basis of vectors |n) for H with usual adjoint vectors (n|. Due to our desire to be able to
take limits in physics, we require H to be complete, and thus we have that H is a Hilbert space. Then, the
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orthonormality and completeness relations read:

(nm) = Gpm, > In)(n| = 1. (2.1.16)

As well, for any operator F we can define the matrix elements of that operator by:

Fm & (n|Fm). (2.1.17)

Then, any operator may be expressed as:
F=>"|n)n|F) " |m)(m| = Z [n) (n|E'|m)(m| = Z Epm|n)(m. (2.1.18)
n m

It is useful to define the trace of an operator by:

Te(F) €3 (n| Fln) = ZFn (2.1.19)

n

Naively it appears that the trace is a basis dependent quantity. However, consider a new basis |n’) which is
also orthonormal and complete. Then, this basis must have some expansion in terms of the old basis elements:

=" Crr|m). (2.1.20)

Define the change of basis operator U so that it has matrix elements Chyp,:

Unn = (m|U|n) = Cor = [n') =Y [m)(m|Uln) = 1U[n) = Uln). (2.1.21)
Then the orthonormality condition becomes:
(' |0y = (m| U0 |n) = by = (mn) = (m] (UTU - 11) In) =0 (2.1.22)
— 3" m)(m| (UTU - ]1) n)(n| =0 = U0 =1. (2.1.23)
The completeness condition becomes:
S| =1 = Y Ut =1 = 00" = 1. (2.1.24)
Hence, U must be a unitary operator. For such a change of basis, the transformed trace is then:
Te(F) =Y (0'|Fln') = > (n|UTFU|n) = > (n|UT|m)(m|FU|n) (2.1.25)
= (m|FUn)(n|UT|m) =Y (m|[FULU |m) = Y "(n|F|n) = Tr(F). (2.1.26)

Thus, the trace of an operator is in fact basis independent. There is a subtly here. In an infinite dimensional
vector space, a change of basis and the trace both involve infinite series which may or may not converge
absolutely. Because of this, there may be ways to infinitely rearrange the series so that the result of the trace
operation appears basis dependent. The convergence of these series depend on the matrix elements of the
operator whose trace is being taken, and so there are operators for which the trace is not well-defined. We
are only allowed to properly apply the trace to so-called trace-class operators, which are operators whose
trace series/integrals converge absolutely. Going forward if we take the trace of an operator, we will always
be assuming it is trace-class. A very simple example of non-trace class operators is given in the homework.
Another important property of the trace is cyclicity. For any three operators A, B,C:

Te(ABC) = S (nlABCIn) = S (n| Alm)m| B (1C1n) = S (1IC ) {n] Alm) (m| Bt

= 3" (nlClm) (m| A1) (1| BIn) = Te(CAB). (2.1.27)
nml

Due to (2.1.15), (13’ ) is a linear functional of F'. Because F' depends linearly on its matrix elements and
(F > depends linearly on F', (F' > also depends linearly on the matrix elements of . So, for some coefficients
p™™ which are independent of 2

Y =" pnmFoun- (2.1.28)
nm
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Define then the operator p, called the density matrix, to have matrix elements py,,:

pum = (alplm) = (E) = 3" (nlalm) (ml Eln) = S (nlpFln) = Tr(5F). (2.1.29)
Hence, there must be some distinguished operator p which characterizes the summary map so that the
summary of any operator can always be written as:

(F) = Tr(pF). (2.1.30)

This is an essential discovery. The entire relationship between our abstract operator formalism and the

numbers we wish to measure is characterized by this single operator p. Let us now study its properties.
Consider the identity operator. Because the identity operator is always 1 when acting on any vector or

multiplied on any operator, its effective numerical value is necessarily 1. Thus, its summary must be 1:

(1) = Tr(pl) = Tr(p) = 1. (2.1.31)

And so, the density matrix must have a trace of 1.

Consider our self-adjoint coordinate operators Qa. Because they are intended to represent real-valued
coordinates, they must have real-valued operator summaries. However, physics knows nothing about what
coordinates we choose to describe it with, so any other choice of self-adjoint coordinate operators must
also have real-valued operator summaries. Consider some unspecified self-adjoint generator G and the
transformation given by using G asa generator:

dQ* 1 . dB, 1 . .

dﬁ - ﬁ[QQ,G], dﬂ == E[Pa,G]. (2132)

Because Q® and G are self-adjoint, automatically so is %[Qa, G'] Therefore, % is self-adjoint and so the

transformed coordinate is always self-adjoint. Thus, the operator summary of % must be real-valued for any

choice of é, as that represents a valid coordinate transformation. For a given value of a (say 1), the actual

operator on the right hand side defining % can be made to be any self-adjoint operator by appropriate

choice of G. Therefore, for % to have real operator summary for any choice of self-adjoint G, it must be the
case that the operator summary of any self-adjoint operator is itself real.
Let F' be any operator and split it into self-adjoint and anti-self-adjoint parts:

. FyFt . F—Ft . A .
Sa(E) = *; o AS(F) = = F=Sa(F) +iAs(P) (2.1.33)
Since both Sa(F) and As(F) are self-adjoint, they necessarily have real operator summaries:
(Sa(D)* = (Sa(F)),  (As(F))* = (As(E)). (2.1.34)
From this and linearity it immediately follows that:
(F)* = ((Sa(F) +iAs(F)))* = (Sa(F)) — i(As(F)) = (FT) (2.1.35)
Looking at each side in components:
<F>* = Z (Prm)” Frs <FT> = anmF;m (2.1.36)
= Z PrmFmn = Z PrmnFrpn = Z (Pmn = Ppm) Frn = 0, VFmn (2.1.37)
= Pon =P = P=0. (2.1.38)

Hence, requiring (Qa> to be real for any choice of coordinates demands that the density matrix p is self-adjoint.

Finally let us consider a nonnegative function of our coordinates f (Q) That is, f(Q) is a function such
that for any real valued @, f(Q) > 0. Because (f (Q)) is intended to represent the physical value of this
function and this function is nonnegative, we need (f (Q)> to be nonnegative. Because this f may be any
nonnegative function and we may perform arbitrary coordinate transformations of our coordinates which keep
the coordinate operators self-adjoint, we really need (ﬁ'} > 0 for every nonnegative operator F. Because p is

self-adjoint, the spectral theorem guarantees it is diagonalizable. Let |p;n) denote an orthonormal eigenbasis
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of p, with n a label, and let p,, indicate the eigenvalues of p:

ploin) = palpin),  (pinlpin) =6pn, D Ipm)pinl =1 = p="_ palpsn)(pinl.  (2.1.39)
The operator |p;n)(p;n| is automatically nonnegative for each n because for any vector |¢):
(W] (lo; n){psnl) [) = [(¥lpsm)[* > 0. (2.1.40)
Thus, we need (|p; n){p;n|) to be nonnegative:
0 < (lpsn)(p;n|) = Tr(plp; n){p;nl|) = pn. (2.1.41)
Therefore, the eigenvalues of p are nonnegative. Consequently, for any vector [¢):
(¥lpl) = an (¥lpsn)? = 0 (2.1.42)

and so p is a necessarily a nonnegative operator.

The operator Lie bracket formalism is the most general way to write down continuous transformations.
In that formalism every quantity is associated with a linear operator. The requirement that experiments
yield numbers demands that there exists a map from those operators into the complex numbers which we call
the operator summary. The requirement that the summary of a vector transforms according to the change of
basis formula for a vector demands that the summary depends linearly on the operator one is taking the
summary of. This linearity requirement implies that the summary can be written as a trace of the product
of the operator in question with a distinguished operator called the density matrix p. The requirement
that the summary of a constant number be that constant implies that the density matrix has trace 1. The
requirement that the summary of a self-adjoint operator be real implies that the density matrix is self-adjoint.
The requirement that the summary of a nonnegative operator be nonnegative implies that the density matrix
is nonnegative. So, we have:

(F) =Tr(pF),  VF (2.1.43)
Tr(p) (2.1.44)
p=p" (2.1.45)

(Wlply) >0, V). (2.1.46)

Time is itself a continuous parameter and so time evolution is a continuous transformation with some
generator which we call H 4 (glancing ahead, this will be the Hamiltonian operator in the active picture).
Because time is a real valued parameter its generator is real valued and so H 4 must be self-adjoint. Then,
any operator corresponding to a generator (call it FA) within our system evolves in time according to (2.1.11):

dFy 1

dt ik

This is precisely the evolution equation for an operator in the active picture of quantum mechanics. Define
the operator 0(1&, to), called the time evolution operator, by the conditions:

[Fa, Hal. (2.1.47)

A dU (t,t - 5
Ulto, to) = 1, m% — U (t, to) Ha(t). (2.1.48)
Then, we can see that at ¢t = ¢y the operator U is unitary:
Ut(to, to)Ulto, to) =1, Ulto, to)U (to, t0) = 1. (2.1.49)

As well, we can see that unitarity is preserved by the equation of motion:

d AU .. ~dOt (1o N o (1N 11
i : (L fopt (L __ 1 L t—
(UU) U+ 0 <ihUHA)U +U (,hUHA> —UHLU" + —UHAUT = 0. (2.1.50)

dt dt

d (oo dUT dU 1 1o 1 o

— (Ut — f —UH " _UHy=—-—H U U+ =UUH, = 2.1.51
dt(UU) dU Udt (ihU A) U+U hUA —HAU'U + —UTUHA =0 (2.1.51)

The first one is 0 automatically using that Hy is self-adjoint. The second is 0 because we see that
UTU — 1 satisfies a linear homogeneous equation of motion in terms of itself and that combination is initially 0
and thus remains 0 for all time under homogeneous linear evolution. So, U (t,tp) is unitary for all ¢,tg. From
here we can immediately define the passive picture Hamiltonian operator H (t) written without a subscript:

H(t) = U(t, to)Ha(t)UT (¢, 10) (2.1.52)
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— HOU(t,to) = Ut to)Ha(t). (2.1.53)
So, (2.1.48) can equivalently be written as:
dU (t,t f
m% = H(t)U(t,to). (2.1.54)
Recycling (1.9.24) we can in principle explicitly solve for U (t,tp) using the time ordering transformation:
Ut to) = T+ e+ Juo T (2.1.55)
For an operator FA(t) representing some generator within our system evolving with time we see that:
d - v . dF s . Ut
Ea®)U(t,t0)) = - Fa U f UF S 2.1.
= (U(t to)Ea(t) U (. 1) d AU+ U= 20T+ UFa— (2.1.56)
PN PN N 1 ~ A -
= ﬁUHAFAUT + Uﬁ(FAHA — HAE\)UT - ﬁFAHAUT (2.1.57)
—0. (2.1.58)
So, this combination is constant. At t =ty we see:
U(to, to) Falto)U' (to, to) = 1Fa(to)1 = Fa(to) (2.1.59)
— Fa(t) = Ul (t, to) Falto)U(L, to). (2.1.60)

Hence, the time evolution operator explicitly solves the evolution of any generator within our system by this
form. This is precisely the evolution of an operator in the active picture, and so we can honestly interpret
FA(t) with this time dependence as the active picture operator and define F' = FA(tO) as the passive picture
operator.

As we have discussed the density matrix so far, it simply exists to define the summary map (-) and so is
not a dynamical quantity; all the dynamics have been carried in the active picture operators. Going forward,
when viewing the density matrix this way, we will call that static density matrix p4. However, when we
reorganize to the passive picture, the linear operators representing properties of our system are stripped of
their time dependence, and we repackage that time dependence into the density matrix. We call the passive
picture density matrix simply p(¢). Looking at the operator summary and using the cyclicity of the trace:

(Fo(t)) = Te(Ea(t)pa) = Te(UT(t, t0)FU (L, to)pa) = Te(FU (L, t0)palUT (L, t0)). (2.1.61)
Thus, if we define the passive picture density matrix p(¢) by:
pt) = Ult,t)paUt (t,tg) = Tr(Fa(t)pa) = Tr(EFp) (2.1.62)

and so we can equivalently capture all of the dynamical information of the theory by time evolving the density
matrix while keeping all of the generator operators F constant. T hus, in the passive picture, the density
matrix contains the entire state of the system. By construction, the operator summaries in the active
picture using p4 exactly match the operator summaries in the passive picture using 6 and so nothing is lost
or gained in either approach.
We can find a nice equation of motion for the density matrix by differentiating (2.1.62) in time:
A 2 t . R R L R
% (ii[ipoUTﬁ-Up()% %HUﬁoUT—%UﬁoUTH — Z?-i- ;[ﬁaH} =0. (2163)
Equation (2.1.63) is known as the von Neumann equation. It is the fundamental equation of motion of the
density matrix, and thus of the entire state of our system. The von Neumann equation perfectly reproduces
Ehrenfest’s theorem; to see this consider a generator F‘(t) which in the passive picture we allow for generality
to possibly have some explicit time dependence:

UE) _ dioiy =, (flfm %f):n(;mﬁ—ﬁmﬁ)+<§>=<(§+;[F,ﬁ1>> 2164

using the cyclicity of the trace.

2.1.2 Why Density Matrices?

All of this density matrix formalism is mathematically interesting, but how is it quantum mechanics?
Previously when we studied quantum mechanics, the state of the system was represented by a state vector
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|¥). The density matrix can be seen as a strict generalization of the state vector description. Consider the
special case that there exists at some particular time ¢y a state vector |¥g) so that p takes the form:

p(to) = [To) (Tl (2.1.65)
Then, at a general time ¢t the density matrix can be written as:
pt) = Ult,t0)p(to)UT (1, t0) = (U (t,10)| W) (U (£, t0)|To)) T = [T () (T (t))] (2.1.66)
where we have defined the time dependent state vector |¥(¢)) by:
U (t)) = Ut o) Wo) (2.1.67)
which then automatically satisfies the Schrodinger equation by differentiation:
5 dY)
= H|V 2.1.68
int o = ). (2.1.68)

Thus the state vector description of quantum mechanics and the Schréodinger equation emerge as the special
case that the density matrix ever takes the specific form of (2.1.65). Such a density matrix is called a pure
state. Otherwise, it is called a mixed state. There is a simple basis independent way to tell if a density
matrix is a mixed state or a pure state. For a pure state:

L=Tr(p) = 3 (n|¥)(¥|n) = (V|T) (2.1.69)

n

and thus |¥) is normalized. Then:

Te(3%) = > (n|U)(¥|0) (T|n) = (¥|T) = 1. (2.1.70)

Hence, for a pure state Tr(p?) = 1. Alternatively, for a mixed state, we can still diagonalize p:
p="_ palpsn){p;nl. (2.1.71)
Because Tr(p) = 1, the p, sum to 1:

1="Tr(p an (p;m|p;n) an. (2.1.72)

And, because p is nonnegative, each of its elgenvalues is nonnegative. Thus, each eigenvalue must be less
than or equal to 1 and if any of the eigenvalues is 1, all of the rest must be 0. If one of the p,, is 1 and the
rest are 0 then p is a pure state. Consequently, for a mixed state:

0<pn <l (2.1.73)
Multiplying by py:
0<p2 < pn (2.1.74)

and so for a mixed state:

Te(5%) = D (nlpmlos m)(p; mlpilp; 1) (i 1n) = Smipmpr(p; llp;m an < an = =1

nml ml

(2.1.75)

Therefore, for all states Tr(p?) < 1 with equality if and only if p is a pure state.

The density matrix description is more general than the state vector description and so it doesn’t hurt to
take interest in it, but more fundamentally there are several reasons it is actually necessary for doing quantum
mechanics in general. In a real experiment, many trials have to be done and statistics have to be collected.
Consequently, the “same” state has to be attempted to be prepared many times (at least same within some
experimental equivalence class). As well, when state preparation is attempted, we do not actually know
everything about the state of the system we are preparing due to the enormity of variables in the world beyond
our control. Thus, in any real experimental setup there will be some probability distribution on the state of
the system at the time of setup. This is just a repeat of the logic used for classical statistical mechanics, and
really is the gateway into quantum statistical mechanics. Suppose we believed in a description of quantum
mechanics using only state vectors and suppose we had a probability distribution in our experiment so that
we prepare state |U,,) with probability p,, (these |¥,,) are normalized but we assume nothing about how they
relate to each other). Then, let G = (¥|G|¥) be some generator of experimental interest. The expected value
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of this quantity in our experiment is:

It would be mathematically convenient if we could identify a state vector |¥) so that E[G] = (¥|G|¥) with
|¥) independent of G as then this |¥) would contain all of the information of statistical expectations in our
experiment. However, this is almost never possible. Notice though that we can write:

ElG] =Tr <G Zml%}(%l) (2.1.77)
and thus can define the effective density matrix p:

so that:
E[G] = Tr(Gp). (2.1.79)

Quite short calculations reveal that p as defined here is self-adjoint, has trace 1, is nonnegative, and satisfies
the von Neumann equation. Thus, whenever the quantum state is imperfectly known or prepared over a
distribution of state vectors, there is generally no effective state vector that describes the system statistically.
However, there is always a density matrix which does so.

The density matrix structure is also self-reproducing. If we consider a distribution of probabilities p,
over possible density matrices p,, then we can still assign an effective density matrix to the statistics:

Again, short calculations reveal that p as defined here is self-adjoint, has trace 1, is nonnegative, and satisfies
the von Neumann equation. Thus when combining quantum mechanics with statistical mechanics a density is
absolutely necessary. Because probabilities themselves can be cast in the form of statistical expectations, we
know that in a statistical context the expectation map E contains all statistical information. Evidently, this p
is the statistical expectation of the system’s single realization density matrix. Because the expectation of
operator summaries is characterized by a density matrix, in quantum statistical mechanics, the state of the
system remains a density matrix. Interestingly, whether considering a single quantum system or a distribution
over quantum systems, the state is just a density matrix. (Technically, this is only true when the only
quantities of interest are the expectations of operator summaries. The distribution p,, and constituent density
matrices p,, contain more information than p itself when considering quantities beyond the expectations of
operator summaries. Expectations of operator summaries happen to be the experimentally relevant quantities
of interest in quantum statistical mechanics, allowing p to be sufficiently descriptive for it to be the only
thing we care about.)

It is extremely important to note here a subtle point of interpretation which is often gotten wrong. We
see that when one has a probability distribution on the density matrix one can identify an effective density
matrix for the statistical expectations of that distribution. That expected density matrix is the probability
weighted sum of density matrices in the distribution where the weights are nonnegative and sum to 1. Such a
sum is called a convex linear combination. Any given density matrix that is not a pure state can be written
infinitely many ways as a convex sum. So, if one has a density matrix p that can be written in the form
>, Pnpn where the p,, as numbers form a mathematically valid probability distribution and the p,, are each
a mathematically valid density matrix, that does NOT mean that p,, is the actual probability the density
matrix of a single instance of the system is p,. For example, on a two dimensional Hilbert space the density
matrix p = 11 can be written as p = 3(|+.)(+.| +|—.)(—=|) where |+.) = (}) and |—.) = (J). Naively
interpreting in the way I am telling you not to would suggest that this means p comes from a source which
in half of experiments is in the state |+,)(+.| and in the other half is in the state |—,)(—.|. However, it is
also possible to decompose p as p = 1 (|42)(+z| + |—2)(—z| where |+,) = % and |—;) = Hﬁ%
Naively interpreting this decomposition instead would suggest that p comes from a source which in half
of experiments is in the state |+;)(+.| and in the other half is in the state |—,)(—,|. This interpretation
is clearly inconsistent with the previous interpretation because none of these states match each other. So,
absolutely plainly you can NOT reverse engineer the distribution p,, and constituent density matrices p,, that
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go into forming the average density matrix p that describes statistical expectations of operator summaries
from the final average density matrix p alone.

It is a common misconception that density matrices are only useful or necessary for describing statistical
ensembles of quantum systems. In truth, the density matrix is also necessary outside of quantum statistical
mechanics. Suppose we have one quantum system which has operators acting on a Hilbert space H; and
another quantum system which has operators acting on another Hilbert space Hy. Then, what is the
appropriate Hilbert space of the combined interacting system? When we realized quantum field theory
was necessary, we learned that the two particle Hilbert space is given by the tensor product of each of the
individual particle Hilbert spaces (in the case that the particles were the same species, like photons, we also
saw that indistinguishability reflected in the Hilbert space, in that case by symmetrization). This is because
in general, when two quantum systems are combined, the combined Hilbert space is H; ® Hy. This is called
a bipartite quantum system. This tensor product structure is automatically necessary when the ability to
select two properties independently is combined with the linearity structure of quantum mechanics. Suppose
the two parts of our system are allowed to interact. Then, the combined system will have some state on the
space H = H; ® Hs. If we were to commit to a state vector description, then letting |n;) be an orthonormal
basis for H; and |ng) be an orthonormal basis for Hy, the state vector |¥) on H would take the form:

U) = Wpnlmr) @ ). (2.1.81)

Now consider the value of a quantity associated with the first system. Let A be a linear operator
associated to some generator on Hj;. On H there is then some operator F to represent this quantity. Because
this quantity is intended to only be a property of system 1, its value should be independent of system 2. As
well, F' should reduce to just A on system 1. So, F must take the form:

F=A®1 (2.1.82)
Then, the summary of Fis given by:
(O|F|W) = Z Ur mang A@ LY W [minh) = Y W Wy (ma|Alm) ) (na|Llnh)  (2.1.83)

m'n’ mnm’n’

mnm’n’ mm/

If we define the operator p; on Hj by:

(mh|prma) = U ¥, (2.1.85)
e WA = 3 A ) = 7 Al ) = Te(pr A). (21.86)

There is in general no ¥ so that (¥|F|®¥) is given by (¥;|A[¥,) for all A and corresponding F'. But, there
is a density matrix p; so that the properties of system 1 are described by that density matrix no matter the
state of the combined system (again the basic properties of trace 1, self-adjointness, and positivity can be
checked directly). Even if a combined quantum system’s full state is described by a state vector, there is
no guarantee that any of its subsystems can be described by a state vector. In general, a subsystem of a
quantum system must be described by a density matrix. This argument has nothing to do with the dynamics
of a quantum subsystem, which we will discuss later. The density matrix is necessitated simply by considering
a subsystem. However, every system in the universe other than the whole universe itself is a subsystem.
Therefore, every system ever relevant experimentally demands a density matrix if treated carefully. It is
essentially an occasional accident that the state vector description ever gives correct results; to consistently
be correct a density matrix is mandatory at high precision.

In this subsystem description, the density matrix structure again reproduces itself. Consider a system
with state density matrix p and Hilbert space H; ® Hs. Then, consider the same F and A structure as
previously. The operator summary of F gives:

(F) =Te(Fp) = Z<m1n2|(/1 ® 1)p|lming) = Z (ma|Almh) (mng|plming). (2.1.87)

If we define the operator p; on Hy by:
(mi]p1lma) =D (mina|plmins) (2.1.88)

n
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— () = 3 (malAlmd) md |1 fma) = Tr(Apy). (2.1.89)
mm/’
Thus there remains an effective density matrix for the subsystem. By using the density matrix description,
every subsystem of a quantum system has a well-defined state. We can see that the structure in (2.1.88)
keeps the system 1 labels (m; and m/) fixed while summing over a basis of system 2 (the ny labels). This is
called a partial trace. In particular, p; is the partial trace of p when traced over system 2 and is called the
reduced density matrix of system 1. This is written as (and defined properly by):

pr="Tra(p) = Y [ma)(maina|plming)(mi]. (2.1.90)

mm'n

2.1.3 Entanglement

When the state of a quantum system is a state vector in a bipartite Hilbert space H = H; ® Hs yet it is
not possible to describe the effective state on either H; or Hy by a state vector, the two subsystems are said
to be entangled (otherwise, they are separable). It is relatively simple to determine whether a state vector of
a bipartite quantum system is entangled or separable. Consider a state vector of a bipartite quantum system:

[T) = Wy |ma) @ ). (2.1.91)

mn
By definition if and only if the state is separable, the density matrix p; is a pure state and we can assign a
state vector |Wy) to system 1. That is:

pr=100) (], W) = U m) (2.1.92)

for some coefficients \117%). Using (2.1.85), we have automatically that for a separable state:

S U Wy, = WHW (2.1.93)

This is equation defines the \Ilgé) coeflicients, if they exist, and as always for a wavefunction we can redefine

all of the coefficients by multiplying by a single overall phase with no effect. For m’ = m:

o] = /Z |2 (2.1.94)

Let mg be a value of m for which \\I/£,P| # 0. Such an m must exist because p; # 0. Choose the arbitrary
overall phase so that \11552] = |\Il7(%())| Thus, using (2.1.93) with m’ = my:

o) — Zn \I'mn\p:non

"V W

Returning this expression to (2.1.93), renaming mg to m”, and simplifying gives:

(Z wmnw;,n> (Z|xpmun|2> = <Z \pmnw:n,,n> <Z \Ifm,,n\y:n,n> : (2.1.96)

While originally derived for m” such that Y |W,,,|* # 0, it is automatically also true if this condition is
not met as then both sides are automatically 0. Thus, for and only for a separable state, this equation holds
for all m, m’,m”. Whether a state is separable can then be determined by computing and comparing the two
sides of this equation. For a separable state, evaluate the above at m’ = m and then rename m” to m/':

2
<Z|\Pmn|2> <Z|\I’m’n|2> = Z‘Ijmn\p:n'n

Define the vectors |®,,) € Hy by:

(2.1.95)

(2.1.97)

Prn) =D Wy |n). (2.1.98)

Then (2.1.97) can be written simply as:
(DB | @) (Pt | 1) = [( Do | P )| (2.1.99)
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This is the saturated case of the Cauchy-Schwarz inequality for each m and m’. Thus, all of the |®,,) must
be colinear and we can define a vector |®) (which we take to be normalized by definition) and coefficients A,,
so that:

[P ) = A | @), (®|P) =1. (2.1.100)
Let |®) have coefficients B,,:
@) = > Bulna). (2.1.101)
Then, the definition of |®,,) yields:
U, = Ay By, (2.1.102)
Automatically, by (2.1.85):
vy = 4,47 (2.1.103)

%), we can take A, = \D%). Then, it automatically follows similarly

that py is a pure state with state vector |®) and so we can take B, = \115?) Thus, a separable state vector

|¥) is simply a tensor product of the form:

Because this is the only restriction on ¥

W) = |¥1) @ |Vs2) (2.1.104)
for some |¥1), [¥2). The converse that a state of such form is separable follows by a one line calculation.
For a two component quantum system with a pure state density matrix p = |¥)(¥|, entanglement

represents the extent to which the density matrices of the components of the system fail to contain all of the
information of the density matrix of the full system. Let FF = A ® B where A is an operator on H; and H is
an operator on Hy. For |¥) separable, we can write |¥) = |¥;) ® |¥3) and so:

(F) = (U|F|T) = (T |A[T;)(Us| B| W) = (A);(B)o. (2.1.105)

Alternatively, if |¥) is entangled, then there is a some minimum number K > 1 of terms, normalized

wavefunctions |\1/§’“>>, - \\Ilgk)), and coefficients ¢ so that:
K
) =" elwl?) @ (9 (2.1.106)
k=1
A K K !’ A~ ’ A
= (F) =33 crcp (WA ) (w )| Blw ). (2.1.107)
k=1k'=1

Thus for an entangled system it is not possible to reduce the summary of a joint operator to the subsystem
summaries of terms in the joint operator. In this way, the density matrix p contains information about the
joint properties of the two subsystem not contained in either of the subsystem density matrices p1, po.
Entanglement is also defined for a mixed state density matrix by generalizing the above concept. We
understood previously that if there is a classical probability distribution on the states of a system with density
matrix p(™ being appropriate with probability p,, then the effective density matrix of the ensemble is:

p= an;s("). (2.1.108)

Thus, a linear combination of density matrices with positive coefficients that sum to 1 is called a “classical
mixture”, meaning equivalent in terms of summaries to a classical probability distribution on the state of
the system. Any density matrix can be written as a classical mixture of pure states, because the diagonal
form of p is automatically so. The density matrix of a two component quantum system is said to be
separable if it is possible to write that density matrix as a convex linear combination of pure states which are
themselves separable. Otherwise, that density matrix is called entangled. Unfortunately, it is a very difficult
computational problem to determine whether a general density matrix on a large Hilbert space is entangled.
There is no known simple criterion to check.

There is an analog to the factorization property (2.1.105) possible for density matrices, but it is stronger
than separability. The subsystems of a bipartite quantum system are said to be totally uncorrelated if for all
operators of the form A ® B:

(A B) = (A)1(B),. (2.1.109)
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Automatically it follows that by considering A = |n1)(m4|, B = |n}) (m}]:

(mimy|plning) = (malp1lna)(my|pany) = p = p1 @ po. (2.1.110)
The converse follows by an equally short calculation. Thus the subsystems are totally uncorrelated if and
only if the combined system density matrix factorizes as p = p1 ® pa.

Much like interactions between subsystems create correlations in classical statistical mechanics, interac-
tions between subsystems create correlations and entanglement in quantum mechanics. This is because the
von Neumann equation only applies to an isolated whole system, not to an interacting subsystem. Consider a
bipartite quantum system. Let H; be the Hamiltonian operator of the first subsystem when it is free and
ﬁg be the Hamiltonian operator of the second subsystem when it is free. Then, let H’int be the interaction
term in the Hamiltonian operator between the two subsystems. So, the full Hamiltonian operator H of the
bipartite system is:

H=H ®1+1® Hy + Hy,. (2.1.111)

The full density matrix p evolves according to the von Neumann equation. Let us see how p;, the density
matrix of the first subsystem, evolves By definition:

% = %Trz(ﬁ) = ;wl |n2> Zn: %(nﬂ(ﬁﬁ — pH)|n2) (2.1.112)

1 ., X . . . ., =
== Z<n2|((H1 @1)p+ (1 ® Ha)p+ Hinep — p(H1 @ 1) — p(1 ® Ha) — pHint)|n2). (2.1.113)

By inserting complete sets of states, these terms can be simplified individually to give:

> (ol (Hy @ 1)plno) = Hipr (2.1.114)
> (n2lp(Hy @ 1)|no) = prH, (2.1.115)
Z<”2|(1 ® Hy)plng) = > |ma){na| Halnh) (manf|plm/na)(m)| (2.1.116)
n -
Z<n2|ﬁ(1 ® ﬁ2)|n2> = Z(nz\(]l ® ffz)ﬁ\”z)- (2.1.117)
Thus, after simpliﬁcat?on: '
% + %[ﬁl, Hy)+ %Tm([ﬁ, Hing]) = 0. (2.1.118)

So, the density matrix p; of the subsystem does not have an autonomous equation of motion. It is not
possible in the case of interaction to determine the exact time evolution of p; without knowing the full
state p of the combined system (it is sometimeb possible to come up with some useful approximations under
special conditions). The forcing operator iR L Try([p, Hing)) is essentially an arbitrary self-adjoint operator that
preserves the trace and nonnegativity of p;. Because of this, it is not in general possible to find an operator
V(t,to) so that py(t) = V(t,t0)p(to)VT(t, to) and consequently, even if j(to) is a pure state it is not in general
possible to identify a time dependent state vector so that p1(¢) can be written as a pure state in terms of that
vector. Thus, the presence of interactions causes pure states to become mixed states. From the subsystem
perspective, this means that interactions cause the subsystems to become entangled. A note to be careful:
partial traces only have the cyclicity property on operators entirely in the Hilbert space being traced over.
By that I mean, although Tr(pHmt) (Hmtp) is true, it is also true that Tro (pHmt) # Tro(Hintp), which
can be confirmed by a short calculation putting these expressions in explicit bases.

2.1.4 Canonical Structure of Density Matrices

In section 1.4 we found it is possible to reconstruct the state vector up to an overall phase from operator
summaries, thus making it observable up to that phase. Similarly and more generally, the entire density
matrix can unambiguously be reconstructed from operator summaries. Thus quantum tomography applies to
quantum mechanics in general. Consider a quantum system on a Hilbert space with orthonormal basis |n)
and define the operators Spm and A, b Ve

g, = Imnl+Imm] A = el = Im{m]

2.1.119
2 ’ 24 ( )
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From these, p is explicitly given by:
(Sn) + 1(Amn) = Tr(Jm){n|p) = (nlplm) = p =3 ((Smn) + i{Amn))ln)(ml. (2.1.120)

mn

The density matrix approach makes it extremely clear why the overall phase of the wavefunction/state vector
is meaningless. The true state of a quantum system is a density matrix, and in the case that density matrix is
a pure state it can be written in the form p = |¥)(¥| thus allowing one to identify |¥) as the effective state.
However, there is no unique way to decompose a pure state in this way as if and only if |¥’) = | W) for
some phase ¢ then p = |¥)(¥| = |¥')(¥’|. The density matrix itself is entirely physical, uniquely
defined, and determinable by quantum tomography. Of course, practically one still must complete
many many measurements for this and can typically only determine the full density matrix in an asymptotic

sense through the consequent enormity of data.
In this section we reorganized our entire operator formalism into the density matrix approach and found
that it naturally reproduces the mathematical structure of quantum mechanics while remaining faithful as a
representation to the structures introduced in Orig. section 1.3, unlike the Poisson representation. This new
representation is called the Schrédinger representation. However, it is possible to describe all of quantum
mechanics entirely within the Poisson representation and a classical Hamiltonian, as long as it is formulated
on the correct phase space. This should not be at all surprising to you as we established in Orig. chapter
1 that any system of differential equations can be described by a Hamiltonian on a sufficiently large phase
space. In the state vector description of quantum mechanics we know from (1.2.27), that the Hamiltonian is:
H = (H) = (V|H|T) (2.1.121)
where in an arbitrary orthonormal basis |n) the components ¥,, = (n|¥) have the Poisson brackets:
{V,,,¥,,} =0, {0, ¥} = %5,“71. (2.1.122)

We can rewrite the Hamiltonian in terms of the density matrix p = [¥)(¥]| as:

H = (H) = Tr(pH) (2.1.123)
and compute the Poisson brackets of the components py,, = (m|p|n) = ¥, ¥ using the product rule:
(o pvme } = {0 U5 W U2, Y = W WF AT W0} 4 0, U8 {0, U8, ) (2.1.124)
1 1
= —— PmnOmn + — PmnOmn - 2.1.125
7P + e ( )
From this Poisson bracket, the von Neumann immediately follows from the standard Hamilton’s equations:
dp . . 2
o = A= > Im)(m|{p, H}[n)(n| = {pmn, > P <n’|H|m’>} (n (2.1.126)
= Y m)(n/|H|m')(n| B+ = prn ~Yai-Lom (2.1.127)
- iy Om/m gy PmOmnt | = G P P -

mm/nn’
Thus, even though we derived the form of the Hamiltonian and Poisson brackets for a pure state they give
the correct results for a general density matrix.
The density matrix Poisson bracket can be written equivalently in terms of the operator summaries of
generic operators. Let A and B be two operators on the Hilbert space. Then:

(A, BY = 3l Alm) (0| B ) {pruns prvar (2.1.198)
= 3 (nlAm) (| Blm) (—;pmn,am,ﬁ;pm,n(sm,):%[A,BD. (2.1.129)

Thus, Dirac’s theorem is replicated for density matrices. This Poisson bracket determines the full density
matrix Poisson bracket by simply considering A = |m)(n| and B = |m/){n/|.

Summary 2.1: Mathematical Formulation of Quantum Mechanics

In quantum mechanics, the state of the system is represented by a trace 1, self-adjoint, nonnegative
operator p(t) (on a Hilbert space H) known as the density matrix.
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All of the properties of the state of the system are contained in the operator summary map () which
for a generic operator A on H is defined by:

(A) = Tr(pA). (2.1.130)

Real valued properties are the summaries of self-adjoint operators. This includes the Hamiltonian
‘H = (H) where the self-adjoint operator H is called the Hamiltonian operator.

The Poisson bracket of the density matrix is captured by Dirac’s theorem:
~ ~ 1 ~ 4
{{4),(B)} = (=14, B]) (2.1.131)
for arbitrary state independent operators A, B.

The resulting equation of motion for the density matrix is the von Neumann equation:

dp . dp 1. A
o = HE = o p H] =0 (2.1.132)
The time evolution of the density matrix is solved by:
p(t) = Ult,t0)p(to)UT (¢, to) (2.1.133)
where the time evolution operator U(t, to) is given by:
A dU (t,t . A N _i [t AV
U(t,t) =1, m% = HO)U(t,ty) = Ult,tg) = T e g TN (2.1.134)

When two quantum subsystems on Hilbert spaces H; and Hs are brought together to interact, the
Hilbert space of the combined system is H = H; ® Hs. The full system is described by a density
matrix on H. It is possible to identify an effective density matrix for either subsystem by using the
partial trace over the other subsystem:

po="Trs(p),  po=Tri(p). (2.1.135)

Quantum mechanics as formulated above is done on an arbitrary Hilbert space. Very often, the Hilbert
space of interest for us is of a particular form. Specifically, it is often the Hilbert space of square integrable
functions of some real valued coordinates Q. Because the space of coordinate values is called configuration
space, we call such a Hilbert space a configuration Hilbert space. There are several nice additional
formulas that can be derived for quantum mechanics on a configuration Hilbert space that we will derive
throughout this chapter. In our studies of single particle quantum mechanics, we already encountered a
configuration Hilbert space as the Hilbert space of square integrable functions of spatial position, and then
our hints of quantum field theory so far have also indicated that there is a configuration Hilbert space for the
Hilbert space of square integrable gauge-invariant functionals of the electromagnetic vector potential. We
have also encountered some non-configuration Hilbert spaces, such as the 2 dimensional Hilbert space of a
single spinor. It is always possible to embed any Hilbert space into a sufficiently large configuration Hilbert
space, though doing so may be inconvenient.

Importantly, whereas in single particle quantum mechanics the linearity of the Schrédinger equation
followed from a systematic approximation of a generic stable Hamiltonian, here in proper fully general quantum
mechanics, the linearity of the von Neumann equation is an exact property following from the existence and
properties of the summary map. While there are effective nonlinear corrections to the Schrodinger equation
for a single particle, we do not expect and have not observed any nonlinear corrections to full generic quantum
mechanics.

The appearance (and arbitrariness) of % in the formalism of this section explains why % is universal, i.e.
why wavefunctions of different particle species have the same value of h. All of the Hilbert spaces of different
species of particles exist as factors in a large tensor product forming the overall Hilbert space of the quantum
state of the entire universe. The value of h in the overall full state von Neumann equation then gets inherited
by every subspace. Thus, if we choose units that set A = 1 for one species, it will be 1 everywhere.

Exercises

Problem 2.1: Pass without a trace. An operator is trace class if its trace series in any orthonormal
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basis is absolutely convergent. For such an operator, the trace is the same in all bases. Otherwise, it is
possible to achieve any value of the trace. Here we will see the contradictions you find from taking traces
of non-trace-class operators. Consider the Hilbert space of square integrable functions in a single spatial
dimensions with operators & and p as usual. Beginning with the canonical commutation relation:

[#,5] = inl
show that if we assume & and p to be trace class, then the left hand side is 0, and that if we assume 1 to be
trace class then the right hand side is infinite, a contradiction! Show that the traces of Z, p, 1 each fail to

absolutely converge in the position and momentum bases, and thus none of these operators are trace class, so
we're safe.

Problem 2.2: Spread Theorems for Density Matrices. For operators 121 B define the operator
correlation in the state p between A and B exactly as in state vector quantum mechanics by:

Cor(A, B) = 5 ({(A — (AN1)(B — (BY1) +{(B — (B)(AT — (47)1)))
as well define the operator spread of o again by:
Spr(O) = Cor(0, O)

using the summary map provided by the the density matrix <@> = Tr(,é@).
(a) Let O be a normal operator. Let O, be the different eigenvalues of O. Using the spectral theorem,
show that @ can be written as below in terms of projector operators 7, which project a vector in H
into the subspace on which O has eigenvalue O,, and that these projectors satisfy the identities below:

O=> O, FnTk = Onk T, T = T, Y =1
n

(b) Let O be normal and #, be its eigenspace projectors as above. Show that the density matrix is in a
state of 0 operator spread for O (Spr(Q) = 0) if and only if then there exists an n so that:

P = Tppiy.
(¢) By following our previous proof of the uncertainty theorem, show that its conclusion is completely
unchanged when density matrices are used. That is, show that for any two operators A and B:

Spr(A)Spr(B) > ([AT B) + Cor(A, B)

(d) Show that the spectral spread theorem generalizes precisely to density matrices as well. That is, show
that for any density matrix p and normal operator O, there is always an eigenvalue of O within a

distance of at most 1/Spr(Q) from (O).

Problem 2.3: State Purification. Consider a density matrix p for a system with Hilbert space H.
(a) Explain that there exist nonnegative coefficients p, and linearly independent, but not necessary
orthogonal, normalized state vectors |¥,,) so that:

ﬁzzpnlmnM\I’nL anzl-

Explain that if p is a mixed state then there are infinitely many decompositions of p of this form.

(b) Consider one particular decomposition of p in the form of the previous part. Consider a new Hilbert
space H’ of dimension at least as large as the number of terms in the decomposition of p and define
the total Hilbert space Hiota = H® H'. Let |®,,) be orthonormal vectors in H’' where the range of n is
equal to the number of terms in the decomposition of p. Consider the state vector:

|\Pt0tal> - Z \/ZTR‘\IITL> o2y |q)n>

Show that the reduced density matrix on H derived from this state vector is precisely p. Thus, conclude
that every density matrix can be understood as the reduced state of a pure state on a Hilbert space of
sufficiently large dimension. Explain that there are infinitely many ways to “purify” a density matrix.
(¢) Show that the usual state vector definitions of operator summary, correlation, and spread for operators
that act only in H with this state vector |¥iota1) reduce to the density matrix definitions we have given
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for operator summary, correlation, and spread.

Problem 2.4: Action for Quantum Mechanics. Consider a density matrix p(t) and a unitary operator
U(t) on a Hilbert space. (Do not assume U(t) a priori to be the time evolution operator).
(a) Define the velocity operator V' (¢) and the variation operator 66(t) by:

V(t) = ih%fﬂ, 60(t) = ihoUUT (2.1.136)

where 6U represents a general variation of U that preserves unitarity. Show that f/ and 06 are self-adjoint
and that there are no other constraints placed on them from the unitarity of U.
(b) Show that under variations of U:

N d - PN
o0V = —d40 + —[00,V]. 2.1.137
(c) Consider (for Hamiltonian operator H(t)) the action:
. ts A
S[p,U] = / Tr(p(V — H))dt. (2.1.138)
to
Show under variations of this action which preserve the initial and final values of U:
tr - - dp 1 ~
5S= [ Tr <5,3(v —H) - 50 ( LR P} V]>) dt. (2.1.139)
to dt  ih
Thus, demonstrate the equations of motion produced by this action are precisely:
dU dp 1
b =0. .1.14
zhd = HU, dt+ h[ H] 0 (2 0)

The first shows that U does indeed become the time evolution operator and the second that p satisfies
the von Neumann equation as desired. Thus, S is the action for quantum mechanics.

2.2 Classical Limit

Quantum mechanics is our status quo best fundamental formalism for physics. However, very often
classical physics is in excellent agreement with experiment. In this section we will understand thoroughly
how the classical world emerges out of the quantum one under appropriate conditions. Quantum dynamics
is fully specified by the Hamiltonian operator H appearing in the von Neumann equation whereas classical
dynamics is fully specified by a classical Hamiltonian function H¢. Whatever H a quantum system has thus
will imply a particular H. whenever that quantum system is well approximated by classical mechanics.

Consider a quantum system on a configuration Hilbert space with d coordinate operators Qa and their
conjugate momentum operators P,. Automatically these operators satisfy the canonical commutation relations

n (2.1.9). By Dirac’s theorem (2.1.131), their operator summaries are canonically conjugate variables in the
classical sense:

{(QM.(Q"} = (@, By =6, {(Pa),(P)} =0 (2.2.1)
Define Q* = (Q®) and P, = (P,) as shorthand for these quantities.

2.2.1 Weyl Transform

In order to get a classical Hamiltonian function out of the Hamiltonian operator, we need some reasonable
way of mapping an operator on Hilbert space to a function on classical phase space. We can find a reasonable
such map by studying the matrix elements of the operator. From the Hamiltonian operator H (t), define the
complex valued function ((¢, @, P) by the matrix element combination:

_ (PEDIQ)

(2.2.2)
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The fact that H is self-adjoint imposes conditions on (. In particular:

T
C*(t,Q,P):<Q<gP|;D ) o @ [IPHPIQ)QI. @ PP (2:23)
_ [ i@y p—F) d'Q'd’ P’
_/ Q. P) s (2.2.4)

¢ and ¢* have a very complicated relationship with each other. We can gradually disentangle this relationship
by Fourier transforming. First do so to both sides with respect to P:

i\ @ i a la / ’ Q! dP/
/e—“ Pag*(t,Q,P)ddpz/eﬁ(Q —QFP =i (MR QM) Py (4 f P )d(g ‘;) a‘p (2.2.5)
:/ —INPAC(t, Q + hA, P')dP. (2.2.6)
We can make these two sides look even more similar by shifting the value of Q% to Q% — %:
\a pr hA \a pr hA
/e*M Pacr <t,Q — 2,P’) dip' = /e*M Pac <t Q+ — P’) aip’. (2.2.7)
Now inverse Fourier transforming this with respect to A back into P, we find:
e / hA d\d? P’ h>\ d\d? P’
N Pa=Pa)ex (¢,Q — =, P! 7:/ NPa=Fo) e (¢ P ————. 2.2.8
/e ¢ (o) o ¢(tq+ S (2238)

By renaming the integration variable A* on the left-hand side to —A®, we find:
A dINd? P\ " . , A dixdip’
iNY(Pa—PL) ¢ (4 DA pr) S ) / (PP e (4, DA pr) 222 999
(/e (no+3r) ) - ¢ e ) e B2
Therefore, the self-adjointness of H ensures that this complicated expression is a real-valued function (as it is
equal to its own complex conjugate). Define then the function H (¢, @, P) by this combination:
d dP/
QP = [ g (14 0 p) SO0
(2m)?

By using the definition of ¢ in terms of H, we can give H a simpler and more direct definition in terms of H:

— H*(t,Q,P)=H(t,Q,P). (2.2.10)

e (P H|Q + ) qdxd? P!
H(t,Q,P)= /e“ (p—r (PIHIQ +m2 ) - (2.2.11)
(P1Q+1%)  (2m)
ixep 4i(Qr_HAS R diNd? P’
— (27h)# /e NPtk (@ =2) P pr i + it (2.2.12)
(2m)?
iINTP, hA\ L d a
= [ NPQ |H\Q+ RN, (2.2.13)
Finally changing to the new integration Varlable q® = h\, we have:
H(t,Q,P)= / ekt P (Q -4 AW|Q+ 1) dla. (2.2.14)
We can recover H from H by again Fourier transforming with respect to P:
/e_%anaH(t, Q, P)d'P = (2rh)? <Q - f‘ i ’Q +3 > (2.2.15)
Now replace Q with QJFTQ’ and ¢ with Q — @Q’:
. ’a / A
/e%Pa@ —Q) < @ +2 @ ) df = 2rh)YQ'|H|Q). (2.2.16)

Finally multiplying |@Q’){(Q| onto both sides and integrating over both @ and @', using that that the |Q) form
a complete set of states, we have:

. o / ,dQd"P
H:/ FPa(Q Q>H( Q“;Q,P> Q'Y (Qld (?Th)d. (2.217)
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So, the relationship between H and H is invertible. This is a very nice discovery! We now see that for any
operator on Hilbert space (in this case we used H ), we can define a function on phase space associated to it
by (2.2.14). The original operator can be recovered from that function by (2.2.17). In the case that operator
is self-adjoint, the associated function is real-valued (the converse holds as well, from the inverse formula).
This map relating functions on classical phase space and operators on quantum Hilbert space is known as the
Weyl transform. We write YW to mean the Weyl transform that takes a function on classical phase space
and returns an operator on Hilbert space and W~ to mean the inverse Weyl transform:

H=W(H), H=WYH). (2.2.18)

The function H given by the inverse Weyl transform of H is called the Wigner function associated to H.
The Weyl transform has several nice properties we will uncover over the rest of the section. It should be
stressed that we have NOT shown that H(t,Q, P) is the classical Hamiltonian. In fact, we will show that
such a claim is generally wrong. The classical Hamiltonian is related to H(t, @, P) but that relationship is
unambiguously unequal.

As written in (2.2.17), the Weyl transform does not seem symmetric in how it treats the coordinates
and their conjugate momenta. However, we can make it plainly so with a bit of effort. To begin, rename the
integration variable Q' to @ — hA (with A\ the new integration variable):

N iya hA d?Qdp
H= “wN P - —,P — IN—=. 2.2.1
/e (n0- T P) 10— Qe (2219)
We can rewrite |QQ — hA) more simply using:
" -£Q°P e
1Q — h\) /|P (P|Q — hAYdP = /\P AP 1T T gdp — X P ) (2.2.20)
(27h) %

dQdep

— ]f[ _ /ei)\“f?aefi,\beH (th _ 2,P> |Q><Q|dd>\ (271_)(1

We can rewrite |@Q){@| nicely by noting:
5(Q-Q) = /5@ - Q)N Q'dQ = /5(62’ —Q)IRNQ'1d'Q" = 1Q)(Q| (2.2.22)

(2.2.21)

N ap A h)\ d?Qdp
= H= /eM Pae=N'Pos(Q — Q)H (t Q- )ddA(fW)d (2.2.23)
We can turn this Dirac delta into another exponential by using the fundamental Fourier integral:
. . eika(Q* Q") d oy g ¢ha(@=Q")
5Q-)= [5@ - Q@I = [ o @ieqat = [T @2
. e_jye h)\ d\dkd?Qd? P
= H :/ X Pa ik Q" o= ikeQ—ix PcH( Q- ) (27r)2§ : (2.2.25)

The two operator exponentials cannot be combined the way that numerical exponentials can be because Q
and P, do not commute. However, using the Baker-Campbell-Hausdorff formula, we can combine them in a
more complicated way. By the result of problem 1. 21(b) with, in the notation of that problem, A=i\P,
and B = zkab and using the canonical commutation relation between Q“ and Pb7 we have:

ez)\ Paezka — elkaQa'H/\a ae%A Ky (2226)
ainap — _mab _hA d\dkd?Qd’P
= [ gikaQ+ir"P, Zkb(Qb b3 ) —iA® iy ¢, P —— = 2.2.27
For the final step, simply shift the integration variable Q to Q + 22
2
N (B8 _ OBy xa (P d\dkd?QdP
H = [ ¢ha(@-QI)+iX"(Pa—Pa) gy o p) 2 2 %7 7 2.2.2
/e (1.Q.P) (2225)

The formula (2.2.28) can help us understand precisely what the Weyl transform is really doing to the
function H. First, it Fourier transforms the full phase space dependence of H from (Q, P) to (k, A) then it
inverse Fourier transforms back from (k, A) into the operators (Q P) in a way symmetric between Q and
P. Thus, it essentially replaces Q and P with Q and P symmetrically Let us now compute explicitly that
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means. Let (g, p) be a point in classical phase space. By shifting the definitions of  and P in (2.2.28) we
can rewrite it as:

. i Aa_ ayyaqp , 4 d?kdi\d?Qd? P
1= [ @ e G (4 p ) T (2229)
Next, Taylor expand the operator exponential:
ika(Q*—q®)+iX* (Pa—pa) _ i Aa a a(p N
e =3 gl (ka(Q —q*) + A (P —pa)) . (2.2.30)

N=0

If we expand out the N th power operator polynomial here, it will contain once each every possible order of
factors kq(Q* — q¢*) and A*(P, — p,) so that the total number of factors of both is N. Recall the definition of
the symmetrized product of operators from (1.2.79). Then, the operator binomial theorem is:

N
. . N! A o L N
(A+B)N =" msym(A, ...A(n copies), B, ..., B(N — n copies)). (2.2.31)
n=0
Using this in the exponential series:
@ B — 3§ NIy Y e (Q° — ) (n copies), X (P, — py) (N — n copics))
N=0n=0
(2.2.32)
) iern by b Nay a1 Aa a - A
- Z mkal...kam)\ AP Sym((Q* — ¢™), ., (Q%™ — q%™), (Py, — pby)s ey (Po, —pp,)). (2.2.33)
n::O

For brevity, define the operators:

Movamy = Sym((Q¥ — ¢™), .oy (Q — ¢, (Py, — Po, )5 oes (Po, — 1)) (2.2.34)

Importantly, these operators do not depend on any of our integration variables, so we can freely move them
around the integral. Returning to the integral, we have:

2 man e dkdNdQdiP

H= Ma-am koo ooka AVT \PnemtheQ@T—iA e fr(y p) " (2235
Pt minl b1-~-bn/ 1 m e ( 4+ Q,p+ ) (27T)2d ( )
n=0

Each factor of k, can be rewritten as coming from a @ derivative of the exponential. Similarly, each factor
of A% can be rewritten as coming from a P, derivative of the exponential. Thus:

D" 9 0 9 0 o iep dkdINIQAIP

+Gm H t P —ikeQ—iA“ P, 0 TV AW B S
Z: m'n' l’l'“””/ U4+ @t P gaa50m ap,  op;, ¢ (2m)2d

(2.2.36)

We can now integrate all of these derivatives by parts all derivatives off of the exponential and onto H. Doing
so we will acquire no surface terms because the regulator (exponential damping) used in the definition of the
Fourier integral kills them. Therefore:

f R My Cikgr—ixep, O o 0 o d?kd?\d?Qd? P
H=Y —biln theQ =X e e H Py —— =
> 9Qe " 0gu 9B, o, T PP T g

n=0
(2.2.37)

Because H(t,q+ Q,p+ P) depends only on @ through ¢ + @, differentiating it with respect to @ is the same
as differentiating with respect to ¢. Similarly, differentiating it with respect to P is the same as differentiating
it with respect to p and so:

. 00,00 Mal'"ambl...b o 0 0 0 / ik QC—iACP ddkdd)\ddedP
= - thele A Fe H (¢t P)————
mZ:o m!n! dqu " Oqm Opy, " Opy,, € (ba+Qp+P) (2m)2d
n=0

(2.2.38)
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All of the remaining integrals are now easy, giving us ultimately:

1 am+nH(t q, p) " N N A
Z Z Sym(Q™ — ¢, ..., Q% — % By, — pyysees By — 1, )| (2.2.39
min! 8(] 3qam 3pb1...8pbn yIIl(Q q -, 7Q q s 470y Poys s Loy, pbn) ( )

m=0n=0

The original point (g, p) was arbitrary and so the right hand side is independent of the choice of (g, p) even
though it is not manifest. The right hand side here is just the Taylor series for the function H (¢, ¢, p) when
one wishes to formally evaluate it at (Q, P) where the prescription for how to resolve any ordering ambiguities
is to fully symmetrize the operator products. Thus as a formal shorthand for (2.2.39), we write:

H(t) = Sym(H(t,Q, P)). (2.2.40)

2.2.2 C(Classicality Conditions

We now require that we choose the coordinates for the coordinate operators Q“ and their conjugate
momenta P, so that the variables Q% = (Q*) and P, = (P,) have finite classical limits. Then, in that limit Q%
and P, should satisfy Hamilton’s equations from some Hamiltonian He(t, Q, P). Using Ehrenfest’s theorem
we know that their exact quantum equations of motion are:

Q) 1 o f b)) 1, .

2o e ), S = (R, ), (2:2.41)

Using the Weyl transform, we can make these look more suggestive. By (2.2.17) and integration by parts, we
find for the first of these:

,d?QdP

Gl =g [ @ n (L 2L P @rene - @GRy @2
= —/H (t, QJ;Q/,P) aipa AP0 (Qla'Q! ?de)P (2.2.43)
_ / PUQ"-Q >gg ( QJFTQ' ) 1Q)(Qd4Q C(lde)P W (gg) . (2.2.44)
To evaluate the second, it is useful to recall (2.1.8), from which we have (by taking the adjoint):
(QIPa = —ihzg = P,|Q) = g'gj (2.2.45)

Then, again using (2.2.17):

Lp el [eiree Q+ e 799 9(Q)| ,dQd*P
o= o [ e i (152 p) (nGh @+ i) 5 ) a'e Ghr (2240

_ [ 9 9 iP(Q"-Q) Q+Q ay A°QdP
/IQ><Q\ (aQ/a + 8Qa> (e H(t = P))d'Q 0L (2.2.47)

d ) d
_ , LPb(Q/b Qb aH(t q7P) dd /d Qd P _ —W 8H 92.9.48
[ o | ¢ ) agr) )
Because of these nice results, it is instructive to use them to define the operator derivative:
aﬁdcp<a _1A> afIdCfA<a _1A>
sar =W (G ). S W) (2249)
Then, Ehrenfest’s theorem for (Q ) an ( ) gives the exact quantum equations:
Q")

oH (P, oH
i <8Pa> , = <a@a> . (2.2.50)

These are obviously visually similar to Hamilton’s equations of motion, however we still need to think about
in what circumstances classical mechanics should be approximately valid to truly make the connection.

In order for Q¢ and P, to satisfy classical equations of motion in terms of a Hamiltonian H (¢, Q, P),
they must (in the classical limit) decouple from all of the other degrees of freedom present in the density
matrix and only interact with each other. One way we can package all of these other degrees of freedom is in
the various moments of the density matrix (meaning the operator summaries of symmetrized products of Q
and P). The full quantum theory is always described by the full Hamiltonian Hom = Tr(pH) and so to have
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this decoupling we must have in the classical limit Hqm = H+ small corrections. Using (2.2.39) with the
choice (¢,p) = (Q, P), we have:

1 o™H(E0,P) ]

00,00

qu :mzzo mlin! aQal~-~aQamapb1---apbn <Sym(Q _Q 7"'7Q " _Q m7Pb1 _Pb17-“7an _an)>
n=0
(2.2.51)
=~ = 1 0°H AL A 0°H RSN 1 0%*H PN
=H P - a Qb —_— ¢ P P P,, P
(1.Q.P) + 5 550503 Cor(@". Q)+ 5o Cor(@. ) + 5 s Cor(Py. )

+ Higher Order Terms. (2.2.52)

The choice (¢, p) = (Q, P) is the only one for which the m = 1,7 = 0 and m = 0, = 1 terms vanish and this
causes the higher order terms to become moments evaluated about the classical variables @, P. Thus, the
series terms correspond to summaries of increasingly higher powers of deviations of the density matrix from
its central summary position and momentum values. When the density matrix is essentially localized (with
respect to our experimental resolution) in both position and momentum, the higher order terms in this series
will be suppressed.

For the rest of this and the next subsection, it is notationally simplest to consider a one dimensional
configuration space d = 1. None of the logic we give needs to be changed for d > 1, but the indices
become annoying to manage, and so for readability we will take d = 1 for now. Let wg be our experimental
resolution with which we can distinguish coordinates and wp be the experimental resolution with which we
can distinguish momenta. A density matrix is approximately classical when its central moments are small
compared to the experimental resolution:

(Sym(Q — Q(m copies), P — P(n copies)))

Approximate Classicality — "
QWp

< 1. (2.2.53)

This is because if the density matrix is such that the operator spread of an operator O is much smaller
than our experimental resolution for that operator’s summary <@>, then the behavior of that operator on
the density matrix is well approximated by simply (@)]l Therefore, if our experimental resolution for our
coordinates and momenta are large compared to their spreads, the coordinate and momenta operators can
effectively be identified with their summary values.

The (m,n) order variation A(™™G(q,p) of a quantity G at (g, p) is defined by the differential variation

in G over the region of standard experimental resolution:
o™ G(q, p)

Almn) = !, 2.2.54
Then, Hqm can be written exactly as:
00,00 1 o A N . P 7 p .
qu _ Z A(m’n)H(t, Q, P) <Sym(Q Q(m COpleS), (n coples))> ) (2255)
— m!n! wHWH
n=0

So, if the density matrix is approximately classical and the function H has small variations over the window
of experimental resolution, then the value of Hqm is approximately given by the low order terms in this series.
Because of the classicality conditions, approximate classicality only extends to quantities of interest satisfying
the hierarchy of scales in which the distance in classical phase space one must travel to vary them significantly
is much larger than the experimental resolution which is in turn much larger than the spread of the density
matrix. The first term in the series is purely H(¢,Q, P) and thus has the correct classical degrees of freedom.
All of the higher order terms depend on increased numbers of degrees of freedom. So, in the classical limit
this first term should dominate. This domination is required in order for the necessary decoupling of Q
and P from the other degrees of freedom in the density matrix to occur, as only that first term depends
exclusively on Q and P. Thus, in the classical limit, we have Hem = H(t, Q,P)—i— small corrections. We
argued previously that in the classical limit Hqm = Ha(t, Q, P)+ small corrections. Together these give that
the imprecise relationship between H and H, is:

‘H(t, Q,P) =Ha(t,Q,P) + small corrections‘ (2.2.56)

where next we need to understand the precise meaning of “small corrections”.
It is impossible to exactly realize the classical limit because the density matrix cannot be simultaneously
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exactly localized in both coordinate space and momentum space. This is analogous to the fact that in reality
it is impossible to exactly realize the nonrelativistic limit for any system in which there is motion, as at any
nonzero velocity there are relativistic corrections present, however small in consideration of experimental
resolution. The inability to localize the density matrix simultaneously in coordinate and momentum space is
captured by the uncertainty theorem:

~|

Spr(Q)Spr(P) >

Through use of the uncertainty theorem and (2.2.53), we find that approximate classicality requires:
LQ<<S r(Q) < w2 h—2<<S r(P) < w? wQw >>E (2.2.58)
4w2p p Q 4wé p P> QWp B 2.
exactly along the lines of (1.5.114), (1.5.115). Thus, h formally acts as a parameter which controls how
small the simultaneous spreads can be made, in the way that % in the nonrelativistic limit formally acts as a
parameter which controls velocity corrections. Just as c is always the same finite value and the nonrelativistic
theory is an approximate effective theory at low velocities, i is always the same finite value and the “classical
theory” in which Q and P form a closed system of equations is an appropriate approximate effective theory
when the above scaling hierarchy is satisfied. Because of this, formally i — 07 is necessary (but not sufficient)
for the classical limit in the same way that % — 0 is necessary for the nonrelativistic limit. i — 07 is required
to be able to simultaneously localize the density matrix in position and momentum space. However, we must
then also perform that localization.
In problem 1.15 we defined the dilation generator G and dilation transformation D by:

. (2.2.57)

G (Q—Q)(P—P);(P—p)(Q—Q), D(e) = e #<C. (2.2.59)
From these, we showed:
DIQD=q+e(Q—q), DIPD=p+e=(P—p). (2.2.60)

We would like to localize the density matrix about @ in position space and P in position space and so we will
use dilation with center (g,p) = (Q, P). With this choice, the density matrix spread depend on ¢ as:

Spr.(Q) = ¢Sprg(Q),  Spr.(P) = e **Sprg(P) (2.2.61)
where Spr, is computed using the dilated density matrix:
p(e) = D(e)po D' (e) (2.2.62)

and pg is the base density matrix of the system. In order to localize the density matrix in position space we
need to take s = ¢ — 0%. Then, the moments of the density matrix depend on s as:

(Sym(Q — Q(m copies), P — P(n copies))). = s™"(Sym(Q — Q(m copies), P — P(n copies)))o. (2.2.63)
Localizing the density matrix in position space will antilocalize it in momentum space unless we first

take i — 07, because their spreads are inversely dependent on ¢. To implement this correctly we need to be
slightly careful. We would like to keep the summary momentum P of the density matrix fixed as it should

survive in the classical limit. We can strip off P and leave behind a density matrix of summary momentum 0
by recalling the momentum translation operator in (1.5.39) and (1.5.55):

eiPQ|P) = |P +p) = eiPPe #PRQ = / PeiPR|P)(Ple” #PQdP = / P|P + p)(P + p|dP = P — pI.

(2.2.64)
So, if we define the shifted density matrix & by:

6 =e #PQpeiPQ — (P), = Te(6P) = Tr (ﬁoe%pQPe—%PQ) = Tr(jo(P — P1))=0.  (2.2.65)

The momentum operator contains a factor of & in its definition and so it is useful to define the K operator so
that for a wavefunction |¥):

) P = 9y
K|w) = =|v) = 4/7 aglQde (2.2.66)
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In terms of these ingredients, Hqm computed using our dilated density matrix becomes:

. 00,00 h’ﬂ m—n 8m+n N D R _ R
Hom = (H)e = Z rz!n! aQIi(;’IS: P) (Sym(Q — Q(m copies), K (n copies))),-. (2.2.67)

m=
n=0

Because this last summary is computed using o, we need not worry about the scaling of momentum spoiling
the value of P, because its summary momentum 0 stays 0.

H(t,Q, P) is an at this time completely unknown function, and so is fully allowed to depend on h as
well. By (2.2.56), since we are using classically well-behaved coordinates, H is well-behaved in the classical
limit. By (2.2.58), the formal classical limit will require us to take i — 0%. So, H must depend smoothly on
h near this limit. We write its expansion in terms of h as:

H(t,Q,P) =Y hH®(tQ,P) (2.2.68)
k=0

where each H (k)(t, Q, P) is h independent. Returning this expansion to Hqm we have:

00,00, zn+k .m—n gm+n r7(k) A D R _ .
Hom = 2 h mfn! 0 a‘gma(gf?’ P) (Sym(Q — Q(m copies), K (n copies))),. (2.2.69)
oy

Now taking A — 07 explicitly:

. 00 §m 6mH(O)(t,Q,P)
i Ham = 2 T gm

(Q@=Q)™)s (2.2.70)
m=0

Finally, the s — 0 limit completes the localization to give the full classical limit:

Ha(t,Q,P) = lim lim Hym = HO(t,Q, P). (2.2.71)

s—0T h—0+

This is the precise statement of (2.2.56), which we can now write as:

H(t,Q,P) =Ha(t,Q,P)+ Y K"H™(1,Q,P) (2.2.72)

n=1

with the understanding that the classical limit does nothing to fix H(™ for n > 0. The corrections are
justified as being called small in the classical limit because formally the classical limit takes A — 07. All
of this same logic can be repeated for other quantities of interest besides the Hamiltonian. Therefore, the
the classical limit fixes the h independent piece of each operator’s Wigner function to be the
corresponding classical function. But, the classical limit says nothing about the % dependent
pieces of an operator’s Wigner function.

A scheme for taking a classical theory (and thus an H(t,Q, P)) and assigning it a set of h-corrections
H(™ to arrive at a canonical choice of quantum theory (meaning a specific Hamiltonian operator H ) is called
a quantization scheme. We will see shortly, that there is no such thing as canonical quantization.
Specifically, what we mean is there does not exist a quantization scheme which is self-consistent under
canonical transformations. The underlying cause of this is that a canonical transformations of the @ and
P coordinates mixes different orders of h corrections with each other and because classical and quantum
mechanics are not equivalent as representations, this mixing cannot possibly preserve the scheme. The
meaning of the fact that canonical quantization does NOT exist is that you should always think about the
quantum theory as more fundamental. A quantum theory defines an unambiguous corresponding classical
theory by the classical limit but a classical theory does NOT define an unambiguous corresponding quantum
theory. There are generally infinitely many different quantum theories possessing the same classical limit.
Classical mechanics alone is not enough to learn everything (this should not be surprising; we need quantum
mechanics for a reason). In some special cases a given classical limit together with additional structures
required of the quantum theory specific to that case can be enough to fix that quantum theory.

2.2.3 Groenewold’s theorem

The specific result that canonical quantization does not exist is called Groenewold’s theorem, which
we will now prove. The method of proof will be by contradiction. Suppose we have a quantum theory on a
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configuration Hilbert space and suppose further that there exists a map from generators in classical phase
space into generators in the quantum theory which is preserved by canonical transformations. A generator in
the classical theory is a function G(Q, P) on the classical phase space. A generator in the quantum theory is
the operator summary (G’} of some operator G. Thus, such a map would be characterized by a map from
classical functions into operators, which we write as R (R standing for “representation”). That is, such a
map would have:

G =R(G). (2.2.73)

The unit constant function 1 on classical phase space is necessarily mapped to the identity operator 1 so that
(R(1)) =1 always:

R(1) =1. (2.2.74)
The statement that (Q) and (P) are the classically conjugate canonical variables is just:

R(Q) = Q, R(P)=P. (2.2.75)

In order for generic extensive quantities in the classical theory to remain extensive in the quantum theory, R
must be linear:

R(aF(Q, P) +bG(Q, P)) = aR(F) + bR(G) (2.2.76)
for constants a, b and functions F, G. In order for a real-valued classical quantity to be mapped to a real-valued
quantum quantity, (R(G)) must be real for real-valued G, and so R(G) must be self-adjoint:

G=G" = R(G)=(RG). (2.2.77)

So far these conditions are all satisfied by the Weyl transform. It is the final condition that will spell
death for canonical quantization. In order for the map R to be preserved under canonical transformation, we
must have that whether R is applied before or after performing a canonical transformation the same result is
achieved. Consider the canonical transformation generated in classical mechanics by G. The corresponding
transformation in quantum mechanics is thus generated by (R(G)) and so in order to preserve R, we must

have that the change in any generator F or its quantum version (R(F)) coincide. That change is, as always,
implemented by the Poisson bracket:

{(R(F)), (R(@)}am = (R({F, G}ar)). (2.2.78)

The left hand side is how the change in (R(F)) would be computed purely in quantum mechanics while the
right hand side is how the change in <]:2(F )) would be computed by first working in classical mechanics and
then applying the map. For the map R to be preserved by G, these two must agree. This must hold for all
F,G in order for the map to be preserved under generic canonical transformations.

We now proceed with direct computation to show that this last property leads to contradictions. First
note that using Dirac’s theorem we can express it more simply as:

L(R(F), RO)) = (RUF,G)) (2279)
which because this must hold in a generic state p, means:
[R(F), R(GQ)] = ihR({F,G}a). (2.2.80)
Consider ]:Z(Q2) By computing the classical Poisson brackets:
{(Q*,Q}a=0, {Q%Pla=2Q = [R(Q?,Q]=0, [R(Q?),P]=2ihQ. (2.2.81)

These can be rewritten as:

[RQ*) - Q%Q =0, [R(Q)-Q*F]=0 (2.2.82)
and thus R(Q?) — Q2 must not be a function of Q or P; all that is left is for it to be proportional to the
identity operator. So, for some constant a:

R(Q%) = Q? + al. (2.2.83)
Consider now R(QP). By computing the classical Poisson brackets:
{QP,Q}a=—-Q, {QP,P}\a=P = [R(QP),Q]=—ihQ, [R(QP),P]=ihP. (2.2.84)
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These can be rewritten as:

(R(QP) — Q’LQPQ Q=o, [ker) - 2T PQ g0 — hgr=9F T @as)
for some constant b.
Consider now R(P?). By computing the classical Poisson brackets:
(P?,Q}a=—2P, {P’,P}la=0 = [R(P?),Q]=—2ihP, [R(P?),P]=0. (2.2.86)
These can be rewritten as:
[R(P?) — P%2,Q]=0, [R(P?)—-P*Pl=0 = R(P?)=P>+cl (2.2.87)

for some constant c.
We can now determine the constants a, b, ¢ by looking at the Poisson brackets of @2, QP, P? with each
other. By computing the classical Poisson brackets:

{Q*,QP}a =2Q%  {Q° P’la=4QP,  {QP, P’} =2P? (2.2.88)
we have then:
[R(Q%), R(QP)] = 2ihR(Q?),  [R(Q?),R(P?)] =4hR(QP),  [R(QP),R(P?)] = 2ihR(P?). (2.2.89)

Simplifying these using our found expressions for R(Q2) R(QP), (P2) gives a = b = ¢ = 0 and so ultimately,
we must have:
A A QP+ PQ
RQYH=Q%  RQP) = =——,
Cool. Everything has worked so far for polynomials up through quadratic order.
Let us move onto computing how R must affect cubic polynomials. Begin with Q3. The classical Poisson
bracket with lower order polynomials requires:

{Q3> Q}Cl = 07 {Q37 P}Cl = 3Q27 {Q?)a Q2}01 = 07 {Q3> QP}CI = 3Q37 {Q?)a P2}C1 = 6Q2P (2291)
The first two of these as commutators require (using R(Q?) = Q?)):

R(P?) = P2, (2.2.90)

[RQ)-Q%QI=0,  [RQ)-QPl=0= RQ")=@Q+dl (2.2.92)
for some constant d. The third of (2.2.91) is automatically satisfied for all d, however the fourth gives:
- QP+ PQ, - Y
[R(Q%), S = RQY) = d=0 = R(Q*)=q" (2.2.93)
Then, the fifth and final of (2.2.91) gives a convenient way to compute R(Q2P):
1 A = 2P + PQ?
RQ?P) = (0%, P = ST (2.294)

We can now study the Poisson bracket conditions on R(Q2P). By direct computation:

{sza Q}Cl = 7Q25 {Q2P7 P}Cl = 2QPa {QQP, Qz}cl = 72Q3a

{Q*P,QP}a = Q*P, {Q*P,P*}, =4QP*. (2.2.95)
The first three of these are automatically satisfied by (2.2.94). However, the fourth as a commutator requires:
1.4 . N
ﬁ[R(QzP), R(QP)] = R(Q*P). (2.2.96)
Using (2.2.90) and (2.2.94) the left hand side is given by:
1 - N A
—[R(Q*P), R(QP)) = QPQ (2.2.97)

however the right hand side is given by (2.2.94). Because Q and P do not commute, these two expressions do
not agree. Therefore, there is no way to define R(QQP) consistent with the preceding conditions. And so, the
canonical quantization map R does not exist. This is Groenewold’s theorem.

Because the map R does not exist, if some generic scheme is used to map a classical theory into a
quantum theory in one system of coordinates, then it is possible to perform a canonical transformation of
the classical coordinates so that if the same scheme were applied in the the resulting quantum theory will
be inequivalent to the first one. Thus, any scheme you might attempt to use to turn a classical theory into
a quantum one necessarily picks a preferred coordinate system for the classical phase space. Groenewold’s
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theorem concretely proves that the Poisson representation (using the classical Poisson bracket for the phase
space variables) is an unfaithful representation of the operator formalism put forward in Orig. section 1.3.
This is in contrast to the Schrodinger representation used in quantum mechanics, which is manifestly faithful
as it just adds an overall multiplicative factor to the operators.

IMPORTANT: It is very interesting to note that there were no problems with R when we considered
only generators that were at most quadratic polynomials in @) and P. Such quadratic polynomials generate
affine canonical transformation (linear with a possible inhomogeneous term) and so inadvertently we have
proven that affine canonical transformations in classical and quantum mechanics are perfectly well mapped
onto each other with no issues. This will be important when we discuss symmetries in quantum field theory
as very often there the fields will only have symmetries in which they transform affinely.

2.2.4 Quantum Mechanics in Classical Phase Space

While there is no map consistent with canonical transformations that maps classical mechanics into
quantum mechanics, there plainly is a map consistent with canonical transformations that maps quantum
mechanics into classical mechanics: the classical limit. By (2.2.71), from a self-adjoint operator G on Hilbert
space, we can define a corresponding classical function G as:

Ga(Q,P) = lim, WG =C(G) (2.2.98)

where we use this to define the classical limit map C Similarly but conversely to the previous subsection, in
order for this map to be preserved by canonical transformations, we need, for operators F and G:

{C(F),c(G)}a=C ([F G‘]) . (2.2.99)

Momentarily we will confirm that this is in fact the case. In order to do so, and also to help get some other
nice results, let us study how the Weyl transform interacts with multiplication. Consider operators Fand G.
Each of these can be written as the Weyl transform of a Wigner function (F(Q, P), G(Q, P)). However, the
Weyl transform of a product of Wigner functions is not the product of their Weyl transforms. That is:

F=W(F), G =W(Q), FG#W(FG). (2.2.100)
Instead, the effective product induced on Wigner functions by the Weyl transform is called the star product:
FxG=WTTWFW(G)). (2.2.101)

To actually compute the star product, we can use (2.2.14) and (2.2.17). Applying these gives, in fully glory:
FxG= / " P+ PUQ Q) +PL Q" =G ) o <Q’ + P,> (Q” Q” )
2 7 2

- - dd@/ddpl dd@//ddpu
. _ 2) / / " " ) d _ 3d - gd 1 2.9.102
(@ —q/21Q"(Q'1Q")(Q"]Q + ¢/2)d"qd"Q'd*Q )T (@rh) (2.2.102)
:/e%(qapa+Pé(Qa*qa/Q*Q”a)+P{Z'(QNQ*QQ*‘IG/Z))
Q_(]/2+Q” , Q”-‘,—Q+q/2 . ddqddpl ddQ//ddP//
F ( 5 PG 5 , P (27‘%)(1 (27‘(‘71)(1 (2.2.103)

after simplifying the ) state inner products into Dirac deltas and using those deltas to reduce the integrals.
Now change from the integration variable Q" to a new variable ¢ defined so that the @ argument of F
becomes @ + q. Then:

o e dtqd? P’ digd p”
F+G :/eﬂq Pa=PL(24"+a)F2P/TV (O 4§, P') G (Q n Q,P”) q d (2.2.104)

2 (2rh)4  (wh)d
Similarly changing from the integration variable ¢ to a new variable ¢’ so that the @ argument of G becomes
Q + ¢ gives:
2 (@ (Pa— P )+3* (P —Pu)) ddq~ddP/ ddavddpu
FxG= : F PG 7, pr"
G [ Q+a.P)GQ+7.P) s T

(2.2.105)
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We can now just rename ¢ to ¢ and ¢’ to ¢’. For our last change of variables, change the integration variables
P and P/ intopand p’ by P =P+pand P" =P +p':

ddqddp ddq/ddp/
(wh)® (wh)

This is the proper integral expression for the star product and is as simple as it can be made without any
abuse of notation.

With a little bit of evil, we find a simpler and still correct (if applied correctly) formula for the star
product. By using the operator exponential of the derivative operator, we can write (formally):

F(Q+q,P +p) = ¥ 5a7 TPt F(Q, P) (2.2.107)

and analogously so for G(Q + ¢/, P + p’) where the meaning of the exponential is as always made concrete by
its series representation. It is useful to define the “left-derivative” as a derivative that acts only on expressions
to its left, in contrast with the usual derivative which by standard convention acts on expressions to its right.
When working with the left-derivative, we will also carefully note when we mean a right-derivative. In either
case, the direction a derivative is supposed to act is marked by the direction of the arrow we draw above it:

(2.2.106)

FxG= /e%@“%—qml’a)F(Q +¢,P+p)G(Q+q,P+p)

e *)

8F 8G
Then, we can rewrite (2.2. 106)
b,/ b c_ o ddqddp dd /dd /
FxG = / (Q, P) od" 557 +Pa opaea H(a°ph—a""Po) o4 TQC-‘rPc 77 G(Q, P) ) (7771) (2.2.109)

With regard to the ¢, ¢, p,p’ integrals, the @ and P derivatives can be treated as if they were constants (this
can be made more proper by writing this in terms of the Fourier transforms of F' and G, in which case these
derivatives literally become replaced by the Fourier transform parameters up to i’s). Performing the ¢ and p
integration (with this understanding of how to treat derivatives inspired by the Fourier transform) using the
fundamental Fourier integral gives:
— —
ith 0 ih 0 a_o i

F*Gz/F(Q,P)é p'—E@ ) q’+58—P e 35T TPt G(Q, P)dq . (2.2.110)

Completing then the final integration (and thankfully leaving behind the worst atrocity of this notation):

FxG=Fe’ <8Q“ LS ‘“’@“)G Fezlolag (2.2.111)

where we have noticed that the operator in the exponent is simply the classical Poisson bracket and so defined:
— = — =
(.=} ot 0 0 0 0

T 9Qa 0P, 9P, 0Q0

Note that for real F' and G, F'x G is not necessarily real. This should not be surprising as for self-adjoint a
and G FG is not necessarily self-adjoint. The fact that the classical Poisson bracket is antisymmetric implies:

G+ F =Gezlo7tap = pe- 3l lag (2.2.113)

as at each order in the series swapping F' and G gives a minus sign for each power of the Poisson bracket.

By Dirac’s theorem, the quantum Poisson bracket of operator summaries simply reduces to the operator
summary of % times their commutator. Thus, it is an interesting question of what does the operator
commutator do to Wigner functions? From the star product, it quickly follows that:

= F{Ea H}CIG = {F7 G}cl- (22112)

P.00) = Lrag_garmy = pO T e p2 (] ¢
1A% (lh[ ]) _E( *G—-—G*xF)= 7 = F- sin (2{<—,—>}C1>
(2.2.114)
This motivates the definition of the Moyal bracket:
def 2 h Loa s o o,z N
{reyerss 1n<2{<—,—>}C1>G — E[F,G]_W({{W (ELw G ). (2.2.115)

Thus, the Weyl transform and the induced Moyal bracket on the Wigner functions provides a completely
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invertible representation of all of the quantum operators in terms of functions on the classical phase space.
There is no contradiction here with Groenewold’s theorem, because the Moyal bracket is NOT the classical
Poisson bracket.

From the Moyal bracket, it is very easy to see how the classical Poisson bracket emerges classically.
Simply series expanding the Moyal bracket in & and defining F(®) and G(©) by the & — 0% limits of F and G:

{F,.G}=F i i (h)% {, =121 G = {FO GO}y 4+ O(h) (2.2.116)

T e+ \ 2 »Ha T ’ l ' -
The great comedy of this is that evidently classical mechanics is the sinz ~ z approximation of quantum
mechanics. It is a very common error when people first learn about the Moyal bracket to write the above
formula with O(h?) instead of O(h). The origin of this error is that if F and G are not i expanded, then
the Moyal bracket itself’s first corrections are (’)(712). The F and G are often not expanded in other sources
because it is common to incorrectly believe that F' = F(©) and G = G(*) because of a lack of appreciation
for the nonexistence of a covariant meaning of quantization. Even if in a particular choice of coordinates
F = FO) for some quantity of interest, there is no reason to believe that holds for other quantities of interest
in those coordinates, and such a correspondence is guaranteed to fail under generic changes of coordinates.
From (2.2.115) it immediately follows that:

Jim W (;[F G‘]) = lim, {{W*I(F),Wfl(é*)}} (2.2.117)
= C (;[F C:]) = { lim_ W), Jim, W HE) Y a (2.2.118)

which just simplifies to (2.2.99) as promised.

The existence of the Moyal bracket is perhaps initially surprising given a very old result of ours, namely
theorem 1.2, in which we showed that the classical Poisson bracket is the only possible bracket of phase
space functions satisfying bilinearity, antisymmetry, the Jacobi identity, and the Leibniz property. The
operator commutator certainly satisfies all four of these properties, so shouldn’t the Moyal bracket? But then,
shouldn’t the Moyal bracket be the classical Poisson bracket? There is actually no issue, because while yes
the Moyal bracket does satisfy all four of these properties, it satisfies one of them slightly differently than
we intended in Orig. section 1.4 and so avoids the logic of Orig. theorem 1.2. The subtlety is that in Orig.
section 1.4 we assumed that the bracket we were developing would satisfy the Leibniz property with respect
to ordinary multiplication. If that is required (in addition to the other three properties), the only possibility
is the classical Poisson bracket. However, the Moyal bracket satisfies the Leibniz property not with respect to
ordinary multiplication, but with respect to the star product instead:

{F,GH}={F.G}xH+G+{F,H}. (2.2.119)
This property follows automatically from the Leibniz property of operator commutators:
[F,GH] = [F,G|H + G[F, H]. (2.2.120)

Using the Moyal bracket, star product, and Weyl transform it is possible to express all of the equations
of quantum mechanics purely in terms of Wigner functions, with no operators to be seen. This formulation is
typically called “quantum mechanics in (classical) phase space”. To begin this formulation, let us compute
the trace of an operator product in terms of Wigner functions (using (2.2.17)):

Tr(FG) = /<Q|F@|Q>ddQ (2.2.121)

i e " 1 ddedP ddQ//ddP/
_ [ertrmro@e-enp (@@ p) o (LFCQ b : 2.2.122
/ © ( 2 2 (2rh)d  (2nh)d ( )
Shift the integration variable Q" to @ + Q. Then, shift the integration variable @ to @ — Q" /2 and complete
the the Q" and P’ integrals. Simplifying, we arrive at the extremely convenient fact:
A d?Qd*pP
Tr(FG) = | F(Q,P)G(Q,P)——+—. 2.2.123
(76) = [ FQ.PIGIQ.P) s (22.123)
This does NOT generalize in the obvious way to a product of three operators, because of the distinction
between the star product and the ordinary product.
Let p(t,Q, P), called the Wigner density, be the Wigner function associated to the density matrix p(t).
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Using (2.2.123) with ' = 1 and G = j, we have that the normalization condition on p becomes:

d d
Tr(p) =1 = /p(t,q,P)d(;iZ)f =1 (2.2.124)

The fact that p is self-adjoint ensures that p(¢, @, P) is real-valued. You would be reasonable to hope that
since p is a nonnegative operator we could conclude that p(¢, @, P) is a nonnegative function. I am sorry to
disappoint you. There is no guarantee that p(t, @, P) is nonnegative (in fact in almost all settings it will be
negative in some region of phase space). We will understand conceptually why this had to be true in section
2.5.5. Instead, the nonnegativity of p simply ensures that for any wavefunction ¢(Q) (using (2.2.17)):

i ra_a ! dQd*p
Wlalo) = [ ebr@ - >p(t7Q+2Q,P) w*(Q’)zb(Q)ddQ’@?TW >0 (2.2.125)

which is not a particularly easy to use property. However, it does ensure that p(t, Q, P) is only negative in a
very restricted and contained way. Vaguely, p is mostly nonnegative. A .
The quantities of interest in quantum mechanics are operator summaries (F') = Tr(pF’). Using (2.2.123)
these operator summaries can be expressed very nicely as:
d?Qdp

(F) = Te(6F) = [ 0(t.Q.P)F(0.Q.P) s

In classical statistical mechanics, the dynamical variable is the phase space density f(¢, @, P) which is a
real-valued, nonnegative function which integrates to 1; the quantities of interest are statistical expectations
computed using that density as the probability distribution on phase space. The Wigner density is similar
to the phase space density in how it is working here. It is a real-valued function which integrates to 1 and
which can only be negative in a limited way, and the quantities of interest are integrals of the same form as a
statistical expectation. Continuing with this restricted analogy, we define the Moyalization or “M-expectation”
of a Wigner function by:

(2.2.126)

dQd¢ P -
M(F) = P(t,Qyp)F(t,Q,P)W = | (F) = M(F). (2.2.127)
This Moyalization is not a genuine expectation in the sense of probability theory because the Wigner density
is not a valid probability density (because it is not nonnegative). From (2.2.115) it immediately follows that:

| {M(F),M(G)} = M({F,G}). | (2.2.128)

This formula establishes precisely that the Moyal bracket is the correct bracket to use for Wigner functions
under a continuous transformation in quantum mechanics.

The analogy of the Wigner density to the classical phase space density is not accidental. Suppose we
have an uncertain density matrix and so have some probability distribution on it. By (2.1.80), the statistical
expectation of operator summaries is still described by standard density matrix formulas purely in terms of
the statistical expectation of the density matrix. Let p be the statistical expectation of the density matrix
and let p(t, Q, P) be its associated Wigner density. It follows then that for generic F'

E[(F)] = M(F) (2.2.129)

where the Moyalization is computed with respect to p(t, @, P) and F' is the Wigner function associated to F.
In the classical limit, <F ) will approach some quantity of interest Fr;. In the case p(t, Q, P) was simultaneously
localized in position and momentum space in the classical limit, the resulting right hand side would just
be F, evaluated at the classical coordinates and momenta. However, in the case that in the classical limit

p(t,Q, P) is some nontrivial distribution p(®) (¢, @, P), the classical limit of this formula gives:
E[Fu] = /p(o)(t, Q, P)F(t,Q, P)dP (2.2.130)

where dP is the same phase space measure introduced in Orig. chapter 5. This is precisely the classical
expectation formula from classical statistical mechanics, and so we can see that the classical phase space
density f(t,Q, P) is the classical limit of p(t, @, P):

f(t,Q,P)= lim p(t,Q,P). (2.2.131)
h—0+
This finally explains why h was introduced in the definition of the statistical mechanical phase space measure

Orig. (5.2.4). I put it in there precisely so that this above equation would hold without any extra normalization.
The classical phase space density satisfies the Liouville equation. The Wigner density satisfies a similar
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but appropriately more complicated equation of motion. From the von Neumann equation with H the Wigner
function associated to H and using (2.2.115), the Wigner density satisfies the Liouville-Moyal equation:

w- (fl’t’ + %[ﬁ,ff]) =0 = ap "+ o, H} = 0. (2.2.132)

While there is no such thing as canonical quantization as a generic map for turning classical theories
into quantum ones, the Moyal bracket can help constrain a quantum theory based on desired symmetries
motivated by the classical theory. Suppose we have studied a system classically and found that it has some
symmetry algebra, meaning that there is some set of classical quantities 7% which are a basis of generators
for the symmetries of the theory. In classical mechanics these generators will satisfy some algebra:

(T4, TaYa = T4 (2.2.133)

with some structure constants f®,.. Typically the symmetries of interest are motivated by geometric
considerations, and so we typically expect that whatever the quantum version of the system fundamentally is,
it has the same symmetries. Then, there must be operators T on the Hilbert space so that:

[T, T*) = ihfo T° (2.2.134)

by theorem 1.5. Let T be the Wigner functions associated to the 7. These means we need:
oo
{re, 1) = fbore, T =T4+ > KT (2.2.135)

The first of these is the Wigner function statement of (2.2.135) while the second is necessary for (2.2.133) to
be recovered in the classical limit. Enforcing both of these provides a set of conditions on the h corrections
of each T®. Depending on the precise algebra of interest, these conditions may be trivially satisfied by the
classical T}, they may provide loose but nontrivial constraints on T(a_ they may fully determine the 709,
or they may have no solution at all (in which case, one cannot extend the classical symmetry unchanged to
the quantum theory). This is the limited extent in which classical mechanics plus some information about

what symmetries we demand of the quantum theory can provide some restrictions on that quantum theory.
Exercises

Problem 2.5: WKB Approximation in general. Consider a quantum system in a pure state on
configuration Hilbert space. Define the real-valued fields p(t, @), S(¢, Q) by:

U(t, Q) = et /ot Q).

(a) Show, from the Poisson brackets satisfied by ¥ and U* that p and S satisfy the Poisson brackets:

{p(@),p(Q@)} =0, {p(Q),5@Q)} =6@Q-Q"),  {5(Q),5(Q")}=0.
Thus, conclude that S is the conjugate momentum field to p.
(b) Show that in terms of p, S, and H (Wigner function associated to the Hamiltonian operator H), the
quantum Hamiltonian becomes exactly:

(NP £ (S(60+12) =5 (10+2))) hA _h 0y LQd*P

Explain how this may be systematically expanded in & to develop a semiclassical approximation to
quantum mechanics. (Sadly, this expansion often is poorly behaved beyond low orders.)
(c) Show that in the h — 0" the above Hamiltonian becomes:

W = /t@ d(tQ,aQ) Q.

Show that the equations of motion from this Hamiltonian are precisely:

@ ap 0 8Hcl(t7Q7P)
gt T (t @ aQ) O %t g (p P,

=0.
P35

Explain that these are exactly the Hamilton-Jacobi equation for S and a continuity equation for p in
which the flow velocity is the classical velocity field.
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Problem 2.6: x Affinely Realized Symmetries. Consider a classical system with Hamiltonian H(Q, P)
so that all the continuous symmetries (other than time translation) of the theory are given in terms of a basis
of generators T, (Q, P).

(a) Explain that for some structure constants fu;°:

{HvT(l} = 07 {Ta7Tb} = fabcTc-

(b) Assume H is an analytic function of (@, P) and that all the T, are polynomials of at most quadratic
order in (@, P). Show that under a general transformation generated by a combination of the T,, the
phase space variables ® = (Q, P) before and after the transformation are related affinely:

P'e — Mabq)b + e
for some constants M %, and C® independent of ® but dependent on the particular transformation. Such
a system is said to have affinely realized symmetries and the coordinates in which these transformations
take this form are called affine coordinates.

(c) Assume our system as above has affinely realized symmetries and that we are in affine coordinates.
Show, using the Moyal bracket, that:

{{H7Ta}} = 07 {{Ta>Tb}} = fabCTc~
Therefore, for such a system the symmetry algebra is unchanged when using the Moyal bracket.
(d) From a classical system with affinely realized symmetries, consider the quantum system defined by

using the Hamiltonian operator H as below. Show that that system has symmetry generating operators
precisely given by T, as below:

H=WH), T.=WT,) = [H,T.), [TuTy) =ihfuT..
Therefore, for a classical system with affinely realized symmetries and in affine coordinates, it is simple
to define a corresponding quantum system in those affine coordinates which has all of the same affine
symmetries as the classical theory. The is the case of “quantization” that is most relevant in applications

to quantum field theory because very often all of our fields will only have affinely realized symmetries
(for example, the behavior of tensors under coordinate transformation).

2.3 Lindblad Equation

This section will largely follow [31] quite closely. The time evolution of an isolated quantum system
is always given by the von Neumann equation. But, quite often systems are interest and not reasonably
approximated as isolated. So, it is natural to wonder how the subsystem density matrix of a larger
quantum system evolves when that subsystem is not isolated from the remainder of the system. In general,
that subsystem density matrix does not satisfy a closed equation of motion in terms of itself, which is
totally unsurprising since it is interacting with other degrees of freedom. However, just as how in classical
mechanics a mass moving on a table (after a little bit of averaging of the interacted with degrees of freedom)
approximately satisfies a closed equation of motion with dissipation from friction, it is often possible and
useful to approximately describe the time-averaged (over a fast time scale) dynamics of a subsystem density
matrix with a closed equation of motion. What form can such an equation of motion take? That is out
question this section.

When the subsystem is strongly coupled to other degrees of freedom, even if it can be given effectively
closed dynamics, those dynamics are generally nonlinear (see for example [7]). This doesn’t violate the
linearity of quantum mechanics, because such linearity only applies to the full isolated system (for which it
still holds). Once degrees of freedom are solved for and eliminated the result can be nonlinear, because the
coefficients of the density matrix of one system depend on the degrees of freedom integrated out, which in
turn needed to be solved for in terms of that same density matrix. In this section we will always assume that
the failure of isolation is due to only a very weak coupling with other degrees of freedom, and this will allow
us to still find an effective linear equation of motion for the subsystem density matrix. First, for now we will
assume that we set out to look for a linear equation. Later on this section, we will justify that linearity in the
case of weak coupling by a more direct derivation.

Since for now we are only concerned with our subsystem, we will just think about it as an open system
with density matrix p(¢) and not directly reference the degrees of freedom it is coupled to that we are silently
integrating out. We assume that after that integrating out there is a linear effective equation of motion for
this density matrix, i.e. that there is be some linear map V that relates the density matrix at time ¢ to the
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density matrix at time O:
p(t) = V(p(0)). (23.1)
Linearity is of course captured by:
V(apy +bpz) = aV(pn) + bV (p2) (23.2)

and this map must take the space of valid density matrices into itself.

A valid density matrix necessarily is self-adjoint, nonnegative, and of trace 1, so the outputs of V must
be too. Because of this, ¥ must be a so-called Completely Positive Trace Preserving Map (CPTP map). A
map is called trace preserving if for any operator A on which it is defined it satisfies:

Tr(V(A)) = Tr(A). (2.3.3)

This will protect the trace of our density matrix. Complete positivity is a bit more complicated. A linear map
on operators is called positive if, for any nonnegative operator A on which it is defined, the operator V(A) is
also nonnegative. A linear map V is called completely positive if the linear map V ® 1 is positive for any size
of identity matrix 1. It is plain that we need V to be positive so that the density matrix remains positive
under time evolution. We additionally need complete positivity because if our open system is embedded
in a system with some other degrees of freedom that do not evolve, the combined system density matrix
must also be a valid density matrix. Such a system would evolve by the map V ® 1, and thus this map must
also be positive. It is surprising at first that complete positivity and positivity are distinct, so let us look
at the standard simplest example where they differ. Consider a system of two spin-1/2 particles and the
wavefunction:

_ |+ +l-1)
) = 7 . (2.3.4)

We will represent wavefunctions and operators as explicit vectors as:

1 0 0 1 0 0
The resulting density matrix for this system is:
0 0 0 O
] ~1fo 1 10
p=I=510 1 1 o (2.3.6)
0 0 0 O

Now consider the transpose only of the first particle. Suppose Ais nonnegative. For any |¢):
0 < (¢|4]¢) = (¢7|AT|6"). (2.3.7)
Because this is true for any |¢) and the complex conjugate is invertible (by just conjugating again), we have
equivalently that for all |¢):
(@|A"|¢) > 0. (2.3.8)

Therefore the transpose is a positive linear map. We will now see that it is not completely positive because
T ® 1 is not positive. Acting T'® 1 on p we have:

0 0 01
. 110 1 0 0
Tel)p=-= 00 1 0 (2.3.9)
10 0 0
This operator has —% as an eigenvalue (under the eigenvector W) and so it isn’t positive. So, the

transpose is not completely positive and could not possibly be a valid V. This is why ¥ must be CPTP.
Let us now find the general form of a CPTP map. Consider an operator V. Plainly, the map V(p) = VpVT
is positive since for any [1)) we can define the vector |¢) = VT|p) and thus have that for all |¢)):

WV(@R)) = (|[VVT|) = (¢|pld) > 0 (2.3.10)

by the nonnegativity of the density matrix. It is also true that a V of this form is completely positive since
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VY ® 1 can be written on a tensor product space simply as:
Velp=Veol)pViel) (2.3.11)

which is also of the same form as V with V replaced by V ® 1. While every map of this form is completely
positive, not every completely positive map takes this form.

Suppose the Hilbert space H for our system has dimension d and let [n) be an arbitrary orthonormal
basis of H. For helping with calculation, we introduce a second ancillary Hilbert space H4 of the same
dimension with arbitrary orthonormal basis |n4). Now define the vector [¢):

¥) =Y In) @ [na). (2.3.12)

Of course, |1)(1] is a positive operator, because that form is positive for any nonzero vector. If V is a
completely positive map acting on our system, then it must be a positive map when we lift it to act on the
combined system as:
V=V ®l1a. (2.3.13)
We can immediately compute:
V() wl) =Y V(m)(nl) @ [ma)(nal = V(im)(n]) = (malV'([){@)lna). (2.3.14)
mn
Therefore, we can recover how V acts on our original system solely from the matrix elements of how V' acts
on |1). Because V' is positive, the operator V'(|¢))(¢|) is nonnegative and thus can be diagonalized with an

orthonormal basis of eigenvectors and nonnegative eigenvalues. That is, there exists an orthonormal basis
|¢y,) so that for some nonnegative coefficients ay:

V' (|)()) Zazwv (ty]. (2.3.15)

If for a given ¢ the coefficient a, is nonzero, define the (unnormahzed) vector:
o) = Varlbe). (2.3.16)
Then, we have that there exist vectors |vg) so that V'(|1)(4|) can be written as:

V(19)()) =D loe){vel.- (2.3.17)

¢
Each vector |vg) can be decomposed into the basis [m) ® |n4) with some coefficients:
[0e) = Vimn|m) ® [n.a). (2.3.18)

From these coefficients we define the operators Ve

Vo= Vimn|m)(n|. (2.3.19)
From this definition, it immediately follows that:
(Ve ® La)lus) = [ve). (2.3.20)
And from this we have:
(nalve) = Vg|n). (2.3.21)

Now by combining (2.3.14), (2.3.17), and (2.3.21):
V(Im)(nl) = (malve)(velna) =Y Velm)(n|V]. (2.3.22)
¢ ¢

Any operator A on our system is a linear combination of the |m)(n| and so by the linearity of V:
= "V, AVf (2.3.23)
‘

meaning any completely positive linear map can be written in this form. Similarly, anything of this form is
plainly completely positive because each term in the sum is. Thus, we have Choi’s theorem: a linear map is
completely positive if and only if it takes the form of (2.3.23) for some operators V.

Now that we understand completely positive maps, let us see how to enforce trace preservation (2.3.3)
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upon them. Suppose V is a completely positive map and we have expressed it in the form of (2.3.23) and
consider (2.3.3) with A = |m)(n|. Simplifying both sides while using (2.3.23) yields:

(n] > V[ Vilm) = G- (2.3.24)
¢
If we now multiply |n)({m| onto both sides and sum over m and n we find:

S ViV =1. (2.3.25)

Thus the Vy operators must satisfy this in order for the map to be trace preserving. Further, if they do satisfy
this the trace is in fact preserved by using the cyclicity of the trace:

Tr(V(A) = > Te(V[VA) = Tr(A). (2.3.26)
0

So, we have the Choi-Krauss theorem: a map V is linear completely positive trace preserving if and only
if for some operators V; (called the Krauss operators of the map), it can be put into the form:

=Y V,AV]  where Y V[V, =1 (2.3.27)
L L

Returning the Choi-Kraus theorem to (2.3.1), by assuming our open quantum system has a closed linear
equation of motion, it must be the case that for some operators Vp(t, to):

o(t) = > Vilt, to) plto) V/ (£, to) (2.3.28)
4

where the V;(t, %) operators satisfy:
> V) (t to)Vilt, to) = 1. (2.3.29)
¢

To proceed, we first introduce a useful basis of operators. On a d dimensional Hilbert space, a generic operator
has d? independent matrix elements and the set of such operators forms a vector space (of dimension d?). We
introduce the inner product on operators A B by:

(A,B) = Tr(ATB). (2.3.30)

This inner product satisfies all of the usual conditions on the definition of an inner product. Let f[ be a list
of d? operators which are orthonormal under this inner product:

Te(f] fo) = One. (2.3.31)
Thus, this set of d? operators form an orthonormal basis of the vector space of operators on our Hilbert space.

So, there must exist coefficients ayy(t,to) so that:

Vi(t, to) = Zaek (t,t0) (2.3.32)

Returning this form to (2.3.28), we have that:

pt)y=>" (Z a(t, to)azk,(t,to)> Jup(to) fl, = Zﬂu t.to) fup(to) f] (2.3.33)

kk! \ ¢
where we have introduced the coefficients:
Brw (£ t0) =Y avan(t, to)ajy (¢, o). (2.3.34)
¢
Immediately, these coefficients satisfy:

Brew (t,t0) = Brrk(t, to). (2.3.35)

We can simplify further by choosing the fk 1ntelhgently We can take by definition one of the fk to
be proportional to the identity operator (call it fo= ﬁ 1). Then, orthonormality requires all of the other

fk to be traceless. So, now write Fk for the traceless fk and when the k index of F}, is summed over it is
understood that it is covering all of the fj except the one proportional to the identity operator. Expanding
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in this way, (2.3.33) becomes:
Zﬂkz (t.t0) Fxp(to) Ef Zﬁko (t,t0) Frp(to) + Zﬂ% (t.t0)p(to) F} + ﬂoo(t to)p(to)-
(2.3.36)

The limit ty — t gives that necessarily:
Bre(t,t) =0 (k or £ nonzero), Boo(t,t) = d. (2.3.37)

Now differentiate both sides of (2.3.36) with respect to t, multiply by ik, and evaluate in the limit tg — ¢.
After doing so:

1 . 7
ihp(t) igre(t) Erp(t) ] + it — =N " Up)E + =h()p1) (2.3.38)
-y - a0 - S e+
where we have mtroduced the coefficients:
OBre(t', 1) . . OBro(t',1) aﬁoo(t t)
ty=h —~12 t) =ih —————= h(t) = h ———~ 2.3.
gre(t) By o’ () =1 o o’ (t) = ot . (2.3.39)

and in the definition of gy¢ both k and ¢ are nonzero. Yes, we intentionally only included the ¢ in the definition
of ix(t). Let F(t) be defined by:

EF(t) = % ;ik(t)ﬁk. (2.3.40)
Then: .
ihp(t) Z igre(t HES + F()pt) — p(t) FT(t) + éh(t)ﬁ(t) (2.3.41)

Decompose F (t) into its self-adjoint and anti-self-adjoint parts:

. F(t) + Ft(t) R E(t) — Fi(t)

H(t) = 5 , G(t) = 5 — F(t) = H(t) +iG(t) (2.3.42)
where G(t) and H(t) are now automatically self-adjoint. From these, we can put (2.3.41) into the form:
2 S A . AN B L AT A A { .
ihp(t) = [H (1), p(0)] + D igre (O Eup(t) Ff +iG(0)p(t) + ip(1)G(t) + SHU®)A(). (2.3.43)
ke

We haven’t yet imposed that our time evolution should be trace preserving. Doing so requires here that the
trace of both sides is 0, so that f(¢) maintains a constant trace of 1. Taking the trace and simplifying gives:

Tr (;3 (2@ + gn + Zguﬁgﬁk» 20 (2.3.44)

k£
As this must hold for any density matrix, we must have:
- h(t) 1 o
=——"1-- . 2.3.4
G(t) 5 5 %:gkz(t) 0 F (2.3.45)
Using this to simplify (2.3.43), we have:
. dp(t - A A
zhfl—(t) =[H ) + i ngz )(Fip(t) E} — Sym(E] Fy, p(t))). (2.3.46)

By using the definition of gi.(t), we can continue to simplify. Because of (2.3.35), it follows from the
definition of gi.(t) that:

9ok () = gor (1) (2.3.47)
Therefore, the matrix formed by the gge(t) coefficients is self-adjoint and so at each ¢ it can be diagonalized
by an orthonormal basis of eigenvectors ¢,(t) (with b labeling which eigenvector is considered) with real
eigenvalues A (t). We refer to the components of the eigenvector ¢y by (t4)k. So, gre(t) is given by:

gre(t Z Ay (t (s (1))} (2.3.48)

We can go even further using the properties of ﬁkz(t, to). Consider a list of complex coefficients ¢ with k
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taking the same index range as the indices of Si, (except for the value 0). Then, by (2.3.34):

2
> Buw (tto)drdr =

kk’ L

> 0. (2.3.49)

> au(t, to)dw
k

So, the matrix formed by the SBii (¢, o) coefficients is nonnegative. By (2.3.37) at o =t we have B =0
and so by the definition of ggs:

IERT ka (t + g, t)
gre(t) = ;1_1% — (2.3.50)
The right hand side forms the entries of a nonnegative matrix for all ¢ and therefore so do the gge(t). Thus,
the eigenvalues A\, (t) are nonnegative allowing us to unambiguously take their positive square roots. Now

define the “Jump Operators” Ly (t) by:

Li(t) =" VA (1) e Fr. (2.3.51)
4

The jump operators are automatically orthogonal to each other under the operator inner product by using
the orthonormality of the Fj, and the ¢:

Te(Li(t)Le(t)) =0 (k #£). (2.3.52)

With these, we can now reexpress (2.3.46) as:

ndﬁT(f) = [H (1), p()] + > (Li(6)p(t) L (1) — Sym(LL(£) Li (1), p(1))). (2.3.53)
k

This result is known as the Lindblad Equation in jump diagonal form. It is the most general possible linear
closed equation of motion for an open quantum system. Here H (t) some self-adjoint operator (which we call
as always the Hamiltonian operator of the system) and the jump operators Ly (t) are some orthogonal set of
traceless operators. These jump operators contain all of the dissipative effects on the open quantum system.

While the Lindblad equation as derived is general and exact (in the case that a linear closed equation
of motion exists to begin with), it leaves many important questions unanswered. Should the Hamiltonian
operator simply be the free Hamiltonian of the subsystem? (No.) How do you determine what the jump
operators should be for the system? (It tells you nothing.) When should a closed linear equation of motion
approximately exist? (Not usually.) To gain insight on these questions we need to approach the Lindblad
equation differently, as a proper approximation of an interacting subsystem in a more hands on way. Consider
a total system with total Hamiltonian operator Hr which consists of two interacting subsystems, the first
being the open system we care about with free Hamiltonian operator H,y and the second being a set of
environmental degrees of freedom with free Hamiltonian operator Hp. The two interact with some interaction
term H;. So, we write the full Hamiltonian operator as:

Hr=Hy®1+1® Hg + M (2.3.54)
where as usual we will typically be lazy about the distinction between ffp ® 1 and Hy going forward. We will
find later that it is convenient to slightly shift some pieces of Hy into H; so for now we will actually use:

Hr=H,®1+1® Hg + H, (2.3.55)
where ﬁ(’) will differ slightly from Hyina way we will make precise very soon and H 1 differs from H, precisely

to compensate so that Hyp is unchanged. The full passive picture density matrix pr(t) of the total system
then evolves according to the von Neumann equation as:

m%jt) = [Hp, pr(t)). (2.3.56)
Let UT(t) be the time evolution operator for the total time evolution and assume the total system is isolated:
Ur(t) = e wHrt, (2.3.57)

Then as always the total density matrix depends on time as:
pr(t) = Ur(t)pr(0)UL (). (2.3.58)

For actually performing our analysis it is useful to go to the interaction picture and so let Us(t) be the time
evolution operator for the subsystem and Ug(t) for the environment when the interaction is between the two
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is neglected. Let Us be combined free system’s time evolution operator:

Us(t) = e ot Upt)=e w85t Uo(t) = Us(t) ® Up(t). (2.3.59)
The interaction picture density matrix prr(t) of the total system is then defined by:
pri(t) = U§(6)pr ()T (1). (2:3.60)

Differentiating this definition and using the von Neumann equation yields the interaction picture von Neumann
equation:

dprr _ 4

ih = [H1,p 2.3.61
ih—— [Hr, pri] ( )
where we have defined the interaction picture Hamiltonian operator Hj(t):

Hy(t) = U () H () U (t). (2.3.62)

As usual, the interaction picture is only useful in-so-far as the interaction terms can be treated with
perturbation theory. Exactly integrating the interaction picture von Neumann equation from 0 to t gives:

.t
A A 1 2 A
prat) = pr0) = & [ 1), pra (). (2.3.63)
0
Using this back in the von Neumann equation turns it into:
_dp N R i [fo- : ,
ih ’Zf = [Hr(t), pr(0)] - & / [H(t), [Hi(t), prr(t)))dt’. (2.3.64)
0

pri(t) and pry(t') differ on the order of H; and so if we now approximate the interaction as small we can
approximate pry(t') appearing in the integral by pr;(t):
., dp - R i [t - R
lh% ~ [Hi(t), pr(0)] — ﬁ/ [H(t), [H(t'), prr(t)]]dt’. (2.3.65)
0

We don’t want an equation of motion for pr;, we want one for the subsystem density matrix. As always,
we define the subsystem density matrix 5(t) by tracing over the environmental degrees of freedom:

p(t) = Trg(pr(t)). (2.3.66)
The interaction picture subsystem density matrix is given by again factoring off its free evolution:
pi(t) = UL®)p(t)Us (t). (2.3.67)

Cyclicity of the partial trace (which is valid for operators acting only on the traced over degrees of freedom)
together with the unitarity of Ug(t) allow us to express pr(t) nicely in terms of prr(¢):

pr(t) = UL Tep(Up®)UL(1)pr(1))Us(t) = Tre(Ud (0)pr(H)To(t) = Trp(pri(t)). (2.3.68)
Tracing over (2.3.65) then gives:
401 R it . o ,
i ~ Tep([Hi (1), pr(0)]) — / Tep([H; (), [H (), prr()])dt. (2.3.69)
0

In order to proceed further we need to make further reasonable assumptions on the relationship between
our open subsystem and its environment and to intelligently represent our interaction term. We assume that
at time ¢t = 0 they are completely independent and so:

We further assume that at ¢ = 0 the environment is in equilibrium so that under free time evolution by the
environment Hamiltonian operator it remains stationary:
[Hp, pr(0)] = 0. (2.3.71)

The space of operators acting on the subsystem’s Hilbert space is itself a vector space. Therefore, we can find
a basis of operators Sy, (not necessarily self-adjoint) so that any operator on the subsystem’s Hilbert space
can be written as a linear combination of these. Let |ng) be an orthonormal basis for the environment’s
Hilbert space. Then, the combination (m E\ﬁﬂn g) is an operator on the subsystem’s Hilbert space and thus
can be written, for some coefficients hy,,, as a linear combination of the Sk:

(mp|Hilng) = himnSk- (2.3.72)
k
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By inserting complete sets of states on the environment, this allows us to write the full H; as:
Hy = hjmn Sk @ [mg) (ngl. (2.3.73)
kmn

So, define the operators E), on the environment’s Hilbert space as:

mn

With these, H; now takes the form:
Hy =Y S FEx. (2.3.75)
k

It is now time to specify how Hj and Hy are related (and consequently how H} and H; are related). H} — Hy
is some operator on the subsystem Hilbert space, and so there exist some constants c; so that:

Hy=Ho+ Y crSh. (2.3.76)
k
To compensate the inclusion of this difference, we need:
H{ =H - 5% (2.3.77)
k

so that the total Hamiltonian operator is unchanged. In terms of this decomposition, the first term on the
right hand side of (2.3.69) becomes:

Trg([H;(t), pr(0)]) = Y _[OL#)SkTs(1), ps(0))Trp((Bx — cx1)Up(t)pe(0)U (1) (2.3.78)
k
Because of (2.3.71):

Us(t)ps(0)UL(t) = pr(0) (2.3.79)
and so:
Tr([Hi(t), pr(0)]) = D _[UL#)SKUs(t), ps(0)](Tre(Erpr(0) — ck). (2.3.80)
k

We now define H}, by choosing the constants c;, as:
ek = Trp(Ewpp(0)) = Tre([Hi(t), pr(0)]) = 0. (2.3.81)

The reason fI(’) is useful over Hy is that we want to approximate the interaction term H, as having a small
effect for perturbation theory; our choice of ¢ is precisely such that the expectation value of Hi is 0 in the
initial state which prevents a constant accumulating drift that would happen if the c¢; were not included. It
just helps perturbation theory be more accurate. Essentially, the presence of the environment causes a static
shift in the effective Hamiltonian operator of the subsystem embedded in that environment.

As the subsystem and the environment interact, they will necessarily develop correlations and the total
density matrix will no longer cleanly factor into the density matrix of the system and the density matrix of
the environment. However, if we assume the environment is macroscopically large compared to the subsystem
(containing many degrees of freedom), in statistical mechanical equilibrium, and very difficult to perturb
from that equilibrium (due to its macroscopic scale), then we can approximate the total density matrix as
factoring:

pri(t) = pr(t) ® pe(0) (2.3.82)
where pg always remains at its ¢ = 0 value because of the equilibrium of the environment. This intentional

discarding of correlations is precisely the information loss necessary to explain the change in apparent entropy
during the system’s evolution. With these considerations, (2.3.69) now becomes:

dorft) 1 / (0. it~ #),51(0) © (O] (2:3.83)

ih
dt h
where I have redefined the integration variable from t’ to t — t’ for later convenience.
So far we have allowed the basis Si of subsystem operators to be generic. It is now time to make an
intelligent choice for them. H] is a self-adjoint operator on the subsystem’s Hilbert space. Consider two
operators A and B (not necessarily self-adjoint) on that same Hilbert space. A one line calculation shows
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and the cyclicity of the trace show that:

[Hy, Al = [AT, Hy] = Tx(B'[Hj, A)) = Te([H, B]TA). (2.3.84)
The space of operators on the subsystem’s Hilbert space is itself a vector space and itself becomes a Hilbert
space when equipped with the inner product defined by (2.3.30). The map [H{, -] is then a linear operator on
that Hilbert space and this calculation shows that it is in fact a self-adjoint operator on that Hilbert space.
Therefore, it can be diagonalized by an orthonormal basis of eigenvectors (which are now eigenoperators
when regarding the original vector space of wavefunctions) with real eigenvalues. That is, there exists a basis
Sy, for the vector space of operators on the subsystem’s Hilbert space so that:

[H}), 5] = —hwiSk (2.3.85)
with real eigenvalues —hwy. Because ﬁé acts so simply on this basis, we can explicitly compute Uggkﬁs as:
d ~i A =~ ) Ar A, A A PPN iAo ) o

a(UgSkUS) = %Ug[ﬂg, S1)Us = —iwpUL8,Us = ULS,Ug = e+t G, (2.3.86)

It is actually quite easy to find the Si. With |ng) an orthonormal eigenbasis of I% on the subsystem’s Hilbert
space with eigenvalues E!, |ng)(mg| over the range of all pairs (n,m) forms a basis for operators on the
subsystem’s Hilbert space and:

[Hy, Ins)(ms|] = (E), — E},)|ns)(ms| (2.3.87)

and so we can identify each (n,m) with a k so that Sy = |ng)(mg| and hwy, = E!, — E!,. Now the interaction
Hamiltonian operator can be computed quite simply as:

i) = S e 48 @ DL B0 = 3 e 5] @ 056 B0 (2.3.88)
k k
where the second equation follows because H;(t) is self-adjoint and we have defined for convenience:

We now expand out both commutators in (2.3.83) and use the expression for H; in terms of E,i for
terms which (cyclically under the trace) are to the right of 5z(0) (and separated only by factors of Ug, U;EJ)
and the corresponding expression in terms of Ej, for terms which (cyclically under the trace) are to the left of
pe(0) (and separated only be factors of Ug, UA';EJ) Doing so yields:

[ e O, st = ). © O =3 0 (sualtn)SLe S0 (0] + i) (). 50
ke

where we have defined the v4¢(¢,w) coeflicients by:
¢
et w) = / eV Trp (,aE(0)5E;UE(t’)6EgU;(t’)) dt’. (2.3.91)
0

We still have more approximations to make. We now approximate that in (2.3.90) for wy # wy the phase
elwr—wat ogcillates very rapidly on the time scale we are sensitive to. This is justified by considering that we
are looking at the evolution of the interaction picture pr(t), which should evolve on the time scale of the
interaction, which being with a macroscopic environment we expect to be larger than the intrinsic time scales
of the subsystem (which are contained in wy,wy). If this phase oscillates much more rapidly than anything
else in this equation, we can time average it to vanish for wy # wy, giving us:

| s, U= 0. 10 @ pe Ot~ 3 (sualtn)lSL Sepr 0] + i) 1051 5.
ke

WE=wy

(2.3.92)

The integrand of (2.3.91) is the operator correlation of Ej at the initial time and E}; at the time ¢’ (evolved
in the active picture). If the environment is very macroscopic, its degrees of freedom will quickly become
uncorrelated with each other and so we approximate the above integrand as falling to 0 very quickly for large
t'. Because of this, we can effectively extend the upper integration limit to co provided ¢ is not extremely
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small. That is, we approximate:
Tee(t,w) ~ Jim et w) = /0 et Ty, (ﬁE(0)5E;UE(t')5Egﬁg(t’)) dt'. (2.3.93)

Viewing these coefficients as a matrix, we break them into self-adjoint and anti-self-adjoint parts as:

o Ve (t, w) + 77, w) Yre(t,w) — vt w)

Ppe(w) = lim . ; The(w) = lim 577 : (2.3.94)
In terms of this decomposition, returning everything to (2.3.83) gives:
L dpr(t) St & A1 s A A & st
ih T %: The(wr)[S1Se, 1)+ %: Tre(wi) (Sepr Sy — Sym(SESe, or)). (2.3.95)
W =Wy Wi =Wy

Now this is looking like the Lindblad equation! Because the matrix formed by the components I'g, is
self-adjoint, we can diagonalize it by some orthonormal basis of eigenvectors ¢, (with components (¢p)) and
eigenvalues Ap:

The(w) = Z)\b(w)(%(w))k(%(w))z. (2.3.96)
b
Using the explicit definition of I'yp(w) and simplifying gives that it is precisely:

Dro(w) = % / h et Tr g (g (0)0ELUr(t)S E,UL(1))dt (2.3.97)

—o00
which is (up to convention) the Fourier transform of the operator correlation of Ey at the initial time and Ez

at the time ¢’ (evolved in the active picture). Let [ng) be an orthonormal simultaneous eigenbasis of Hp and
pr(0) (which is possible because they commute). In this basis we have;

pE(0) = pulne)(nel,  Hg = Enlng)(ngl (2.3.98)

where p,, and E,, are real numbers, p, > 0, and ) p, = 1. If we now contract this with some components
¢r as we would for a matrix summary we find (after inserting complete sets of states):
2

> (m|Ex[n)pr| > 0. (2.3.99)

k

> Twdige=> 2m6(hw + B, — Ep,)
kL

mn

Thus, 'y forms a nonnegative matrix and its eigenvalues A, are consequently nonnegative. Define then the

jump operators:
Ly =Y v/ Ay(wn) (1 (wn))kSk- (2.3.100)
k
In terms of these, (2.3.95) becomes:

dﬁét(t) ~ D mre(wn) S0 prl 0> (Lipr (L] — Sym(Lf Ly, pr (1)) (2.3.101)
k£ &

We=we

ih

Now this is really looking like the Lindblad equation. All we have to do to finish it is return to the passive
picture. Doing so simply gives:

PO (i1, p0)] 45 (L) ]~ Sym(L L, (1)) (2:3.102)
k

where we have defined the effective subsystem Hamiltonian as:

H = HO + ZTYE(EkﬁE(O))Sk + Z Wkg(wk)g;igg. (23103)

k ke
W =wg

We have recovered the Lindblad equation through a series of (often reasonable) approximations of a full
theory! Because of this, by following the chain of definitions for all the quantities appearing here it is possible
to go from a full theory description to this reduced effective description while being able to calculate all of
the ingredients of the final equation. This has a significant advantage over just asserting (2.3.53) directly as
that description gave no assistance in selecting H or the jump operators.We can now also understand why
the Lindblad equation might ever be useful. If you have a subsystem of interest weakly coupled to a large
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number of environmental degrees of freedom that can be taken as always in equilibrium (essentially due to
the thermodynamic limit), then that subsystem will often approximately satisfy the Lindblad equation. If
instead you had strong coupling or a nonthermodynamically large number of degrees of freedom, or significant
environmental entanglements, the Lindblad equation would not hold. A closed equation may not exist for
such a subsystem, and even if an approximate one does, it will typically not be linear.

Exercises

Problem 2.7: Most General Two-Dimensional Lindblad System. Consider a spin-1/2 state evolving
under the most general possible Lindblad equation (as might happen for the spin state of a charged single
spin-1/2 particle like the electron interacting with electromagnetism at a nonzero temperature). Most general
jump operators, full solution, entropy, description of what haEpens. .

(a) Show, similarly to problem 1.62(f), that for some vector £(t) with |¢] < 1 and some real valued functions
Qo(t), Q1(t), Qa(t), Q3(¢t) any valid spin-1/2 density matrix and Hamiltonian operator can be written
in terms of the Pauli matrices as:

R 1 - h
pt) = S+ W), H(1) = 5(Q(0)1+9°(t)on).
Show as well that we can take the Fj, = %

—

(b) Show from the Lindblad equation as expressed in (2.3.46) that the spin polarization £(t) satisfies:
éa = EabCQbfc — Mabfb Where M/Cg(t) = Tl"(g)(skl — gke-
Show that since the only condition on gx, is that it be a nonnegative matrix, similarly the only condition
on I'y, is that it be nonnegative.

(¢) Suppose that the jump operators do not depend on time, as would be appropriate for a system
experiencing a steady-state bath. Assume M is not identically 0. Show that || decreases monotonically
with time. Show that M,; has a least eigenvalue m and that |£| decays in time at least as quickly as
e~™¢, Thus, any nonzero form of dissipation asymptotically results in & — 0, corresponding to a purely
unpolarized density matrix for the system.

2.4 Measurement Problem

This section is based on [1,38], and conversations with John P. Ralston. As presented so far, in quantum
mechanics the state of the system is a well-defined physically real quantity known as the density matrix which
evolves deterministically according to the von Neumann equation and which has well-defined properties given
by operator summaries. This seems to be in stark contrast to the usual presentation of quantum mechanics,
in which the Born rule and probability are abound. In this section we will explain why I have the view that
the Born rule is a derived concept in quantum mechanics that originates from the statistical mechanics of
interacting systems. Neumaier [38] calls this the Thermal Interpretation of Quantum Mechanics and is
the most thoroughly descriptive source I know of on this way of thinking (the name thermal coming from the
statistical mechanical origin of the peculiarities of quantum measurement). I also call this way of thinking the
Unitary Interpretation of Quantum Mechanics, because the key point in my eyes is that quantum mechanical
dynamics is always deterministically unitary, even during measurement. I have encountered several physicists
who think this way, and there is historical precedent for this perspective throughout the entire century of
quantum mechanics’ history. For a basic example, in 1929 Mott [36] showed that once a charged particle
has ionized a single atom in a bubble chamber, it will only ionize further particles in a nearly straight line,
thus leading to the apparent point-particle-like trajectories in such a chamber using purely deterministic
wave-mechanics and in 2021 Schonfeld [54] showed how the fact Born rule distribution of the first such
ionization event can be derived from statistical mechanics.

Consider a microscopic quantum system of interest for observation which we will call the System (S).
Because it is microscopic, we cannot access its properties directly. Instead, in order to measure anything
about it we need to have it interact with some macroscopic measurement device we call the Detector (D) so
that some property of the System becomes correlated with a macroscopic property of the Detector. Then,
because that property is macroscopic, it is available to us to be directly observed. The detector will include
not only the meter that we read off but many many more environmental degrees of freedom (in say the
double-slit experiment, the detector is the entire physical apparatus of the experiment including the air and
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the space the waves travel through while the meter is just the screen or any equipment capable of measuring
at the slits). The combined Hilbert space of the System+Detector system we call H = Hg ® Hp. In any
single experimental trial, at time ¢ = 0 before the System and Detector have interacted, the System and
Detector are totally uncorrelated and so:

po = ps ® pp. (2.4.1)

The System and Detector will interact through some total Hamiltonian operator H so that p(t) of the
combined system satisfies the von Neumann equation:

@ L =0, p0)=po. (2.4.2)

+

at i

During the interaction the combined system is isolated and so H has no explicit time dependence. Consequently,
the time evolution is solved by:

) = Ul (),  U(t)=e #7 (24.3)

With [ns) an orthonormal basis of states of Hg and [np) an orthonormal basis of states of Hp, we can define
the operators Up,,(t) which are operators on Hp by:

Ot = 3 Imlp) (msmlp |0 (1) nsnlp) (. (2.4.4)
Automatically then:

Suppose we wish to measure some real-valued property (§)s of the System. (Because that property is
real-valued, § is self-adjoint.) By definition we only actually have direct access to some part of our detector.
So, there will be some generator <A> p on the Detector’s phase space, for some associated operator A on the
Detector’s Hilbert space, which we will see experimentally (the D subscript indicates the operator summary
is taken using the Detector’s density matrix). We would like to design the measurement interaction so that
(A) p tells us as much as possible about (8)s. The corresponding operator X to A on the full Hilbert space is:

X=150A4 (2.4.6)
and the property given by X on the space of the combined system is:
(X)(t) = Te(p(t) %) = Te(0 ($)5l" (1)X) = Tr(polt (1) XU (2)) (2.4.7)
= > T (o)l @ U (1) (Ls @ A)(Imis)ins| @ Upnn(1))) (2.4.8)
= 3" ((ps @ ) (Ims)ns| @ (U], () ATin(1)))) (2.4.9)
Imn
=Trg (ﬁs > |mS><kD|ﬁDUle(t)AUln(t)|kD><nS|> (2.4.10)
klmn

by standard steps of calculation. If we now define the operator AS( ) by:

As(t) = 3 [ms) T (U, (A (0) (ns] = (X)) = (A)p(t) = (As(t)s. (2.4.11)
Ilmn

Therefore, if we measure the value of <A> p(t) by looking at the Detector, we are equivalently observing the
value of (AS (t))s and thus able to learn something about the state of the System. Thus, in a well designed
experiment, (Ag)g will resemble (3) g as closely as possible.

We must note something extremely important about the definition of Ag(t); it depends on pp! At the
very least, this means it cannot actually identically be §. Because we are able to measure the property (/i) D
directly, it must be macroscopic. Thus, the Detector itself must be macroscopic and so consist of a large
number of microscopic degrees of freedom. Because the Detector is macroscopic, we are unable to control its
microscopic state exactly and so we must treat the detector’s state using statistical mechanics. Consequently,
in different experimental trials with the same macroscopic experimental setup the microscopic
state of the Detector will be different. The full initial microscopic state of the Detector is contained in
pp and thus we must treat op as a random variable distributed according to statistical mechanics in whatever
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distribution appropriately describes our experimental setup procedure.

Because for different experimental trials gp is in fact different, the resulting property <A5>S is different
in different experimental trials, with distribution determined by the distribution of pp and the precise
coupling between the System and Detector. Thus, even when the system of interest is prepared in
the exact same microscopic state in each experimental trial and even though the dynamics
itself is fundamentally deterministic, because we are only able to access that state through a
macroscopic interaction, the results of our experiments are apparently random. This apparent
randomness is exactly like in statistical mechanics. The only remaining questions are then what
distribution may be expected for <As>s in an idealized measurement scheme and how can we set the interaction
between S and D so that (Ag)g approximates ().

In a measurement the System will interact with the Detector for some period of time according to a
Hamiltonian operator H which we engineer to correlate some part of the final state of the Detector as strongly
as possible with a property of the incoming System. In principle, at all times the Hamiltonian operator can
as always be written in the form:

H=Hs®1p+1s® Hp + Hin (2.4.12)

where H, s and H p are the free Hamiltonian operators of the System and Detector respectively and lflint
contains their interactions. The interaction term ﬁim is all that is under our control in designing the
experimental apparatus. Before the System reaches the Detector, the interaction between the two is negligible
and so the interaction term can be neglected. Once the System is sufficiently close to the Detector, we assume
in an ideal measurement that the interaction between them is very strong (so the system can properly drive
the Detector during that time). Thus, during the interaction we approximate:

H ~ Hiy (2.4.13)

Going forward in our present analysis we will simply neglect the contributions from H S5 Hp.

Let us now try to determine the form of H most suited to an “ideal measurement”. In an ideal
measurement of some real-valued generator (§)g of the System (and thus self-adjoint §), we require that the
behavior of the operator § on the System is perturbed as little as possible and that there is no finer structure
than what is provided by § which is also disturbed as little as possible. To make this more precise it will be

helpful to introduce a little notation. Let s, be the eigenvalues of § and let 7,, be its eigenspace projectors so
that for all |¥) € Hg:

Tn|U) = |U) = §|T) = s,|T) (2.4.14)
— Ffin = Omnfin, Zﬁn =1g, §= anw (2.4.15)

It will be convenient to have an explicit orthonormal eigenbasis for § on Hg. Let |n,as) be an orthonormal
basis of Hg with labels n, a where n labels the eigenvalue s,, of this vector under § and a is some label (with
in general range dependent on n) that is necessary because the eigenvalue s, may be degenerate:

5n,as) = sn|n,as), (nyas|n’,as) = 6pn/boe = 7in = Z In,as)(n,as|. (2.4.16)

We can now precisely state our conditions on H to “ideally measure” (§)g. Suppose that the System is
initially in a state of 0 operator spread with respect to §: Sprg(§) = 0. Then, for some n, 7, ps7, = ps and
(8)s = sn. In order for (§)g to be disturbed as little as possible, we require that it remains in a state of 0
operator spread with respect to § with the same value of (§)g = s,,. Further, if the eigenspace projected into
by 7, has dimension greater than 1, our experiment should not be able to resolve any of this degeneracy
because if it could then it would not be (§)s that we are measuring, it would be some other generator (')
where § is less degenerate than §. Thus, if for some n, 7, ps7, = ps, then not only should the System stay
in a state of s-spread 0, it should stay in the same state of $-spread 0. Recalling that Trp(p) is the reduced
density matrix of the system at all times, this means (using (2.1.118)) that:

Tnfstin = ps = %(TrD(ﬁ)) =0 = Trp([p,H])=0. (2.4.17)

To see specifically what this requires of H, it is useful to decompose it into a sum of tensor products along
the lines of how we decomposed U. Define the operators H,, s by:

Hype = Y [m, as)(m, asmlp|H|n, bsnp)(n, bs|. (2.4.18)

mnab
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In terms of these Hm/nx, we can express H as:
H= Z Im, agm’y)(m, agm'p|H|n, bsn'y ) (n, bsn'’p| = Z Hypr @ |mip) (. (2.4.19)
mm’nn’ab m'n’
Letting ppn/m = (np|pp|m’p) be the matrix elements of jp, we can now compute:

T‘I‘D(ﬁﬁ) = Z pDn’m’pASI:Im’n’v TrD Hp Z PDn/m/ m/n PS (2420)

Therefore (2.4.17) becomes:
ﬁnﬁsﬁ'n = ﬁs — Z PDn'm/’ [ﬁs,ﬁm/n/] =0. (2.4.21)
m’'n’
This must hold for all valid density matrices pp, and so this requires each term in the sum to vanish
independently?:

Tnpstn = ps = [ps, Hmrm'] = 0. (2.4.22)
Consider a valid density matrix pg which satisfies no particular conditions (is not necessarily a state of 0
§-spread). Then, we can define another valid density matrix pS ") by:
p) = Fnbs T
Tr(7nps)
A(n)

The denominator ensures that pg~ has trace 1 and the projectors ensure that p

(2.4.23)

A( ) is a state of 0 S-spread in

which (8)g = s,,. Thus, for all pg, by (2.4.22) using pg " in place of pg in that equation:
[pgn),Hm/n/} =0 = ﬁnﬁs'frngm’n/ = I:Im/n/’frnﬁsﬁ'n. (2424)

This last condition now holds without restriction on gg.
Let us put this last condition in components and use (2.4.16):

(m, as|frpstiHumm 0, bs) = (M, as|Hur epsieln, bs) (2.4.25)

— Z 5mk (m, a5|,55|k, Cs><k‘, Cs|Hm/n/ |TL, bs> = Z 5nk (m, a5|ﬁm/n/ |k7 Cs><k, Cs|ﬁ5|n, bs>. (2.4.26)
c c

We can now differentiate both sides with respect to the matrix element (m,ag|ps|k,cs) as those matrix
elements may be freely specified®:

= Omk <k7 CS|I:Im’n’ ‘717 bS> = Z Onk <m7 aS|[:Im/n’ |k7 dS>5mk5ad6kn5cb (2427)
d

— (m, as|Hpmm |1,b5) = Smndab(n, cs|Hprns |0, €5) (2.4.28)

where to get to this last line we summed the previous line over all m and then relabeled various indices. Note
that the right hand side of the last expression looks like it depends on ¢, but the left hand side explicitly does
not. Therefore, the right hand side does not either and so there exists numbers A,/ so that:

Pimms = (0, €5 Hpprms [0y €5) = (M, as|Hprns |15 b5) = G Oabhamims - (2.4.29)
From this we explicitly have:
Hyy =Y = |m,ag)(m, ag|Hyn|n,bs)(n,bs| = Zhnm i T (2.4.30)
mnab

Define then the operators an on Hp by:
= > [mp) s (Wp . (2.4.31)

m’'n’

Returning these to H, we find:
1= itn @ h. (2.4.32)

Thus, this is the general form required of the Hamiltonian operator for when our System interacts with the

2A careful reader may worry that this isn’t quite true, because a density matrix must still satisfy some basics conditions
(self-adjointness, positivity, trace-1). However, a short component calculation reveals that if Tr(pO) = 0 for some operator 6]
and all density matrices p, then in fact O =0o.

3This differentiation argument is legal by the same logic as the previous footnote.
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Detector in an ideal measurement. Because H is necessarily self-adjoint, and the projectors 7, are all linearly
independent and self-adjoint, it automatically follows that each ho, is self-adjoint. Often in discussions of
measurement as a dynamical process, you may see the suggested interaction Hamiltonian H = 5®d for some
operator d on Hp. By rewriting § =) 5,7y, you can see that § ® d is actually of the form (2.4.32) with
By = snd and so this is a legal special case of our formula.

Using the form (2.4.32), we can explicitly compute the time evolution operator U(t) For a natural
number N (because &, 7y, = dpnTn):

H(#n @ hYN) = #, @ AN — AN(#, @ 1p) = 7n @ BY (2.4.33)
by N fold application of the previous fact. Summing over all n reveals:
HY =3 &, @ b)) (2.4.34)

Thus, computing the exponential for U (t) we have:

U(t) =y @e hthn, (2.4.35)

Using our expression for U (t), we can now repeat the calculation leading to (2.4.11) to find the appropriate
expression for Ag in the case of an ideal measurement:

(X)(t) = Tr(poUTXU) (2.4.36)
~ 3T ((ﬁs ® fp) (frm ® e%fﬁm) (1s ® A) (wn ® e—%tﬁn)) (2.4.37)

=3 Tr ((ﬁsfrmfrn) ® (p“De%fhmAe—%th")) =3 Trs(psitn) Trp (ﬁDe%thnAe—%thn) . (2.4.38)
mn n
So, in an ideal measurement, we identify:
As(t) = #Trp (ﬁDe%thnAe—%thn) — (X)(t) = (As(t))s. (2.4.39)
n

The time dependent quantity (X)(¢) is NOT fully accessible in experiment, again due to the macroscopic
nature of the Detector. The typical time scales on which quantum systems evolve are extremely microscopic
compared to experimental resolution and so time-averaging and relaxation to equilibrium are inherent to how
we as macroscopic beings access individual quantum systems. As well, we cannot access the exact real number
value of the time-averaged relaxed version of (X ). Real data has finite precision; it is necessarily binned into
bins of finite width. Each bin then defines an equivalence class of values of (X) that are the considered the
same with respect to the measurement. This is also inherent from the macroscopic nature of the Detector,
because a bin essentially amounts to a “macrostate” with all of the different pp that for a given pg end up

with <X ) in the same bin amounting to the very many “microstates” that we cannot distinguish between.
For each different trial in an experiment, pp will be different due to the Detector having many microstates
consistent with our macroscopic preparation. Because of this, we let w label the microstate of the detector
(in probability terms, be a point in the sample space) and pp(w) be the resulting state of the detector giving
that microstate (thus pp(w) is a random variable in the standard sense of classical probability). The operator

Ag depends on the detector through the time-dependent, w dependent combinations Trp (ﬁpe%th" Ae_%ti’”).

After time-averaging/relaxation to equilibrium this quantity will approach some stable state which may
depend on w and n, because the original does. Thus, letting T indicate time averaging as usual, for some real
numbers A, (w) we have:

T (ﬂD (ﬁD(w)e%“"lnAe—%“%)) = Ap(w). (2.4.40)
The resulting time-averaged and relaxed value of (X) is then also a random variable dependent on w:
T((X)) = 3" Trs(psin) An(w). (2.4.41)

When relating this time-relaxed value to the reading read out on a macroscopic detector, there is some sort
of binning procedure which we represent mathematically by a function Bin(-) which takes a real number and
spits out the corresponding bin value given to that real number. Thus, the final experimentally measured
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value X in a single trial is given by:

X (w) = Bin(T((X))) = Bin <Z Trs([)sfrn)An(w)> . (2.4.42)

Because real data is discretely binned, the binning function cannot possibly be linear over the real numbers.

What properties does the binning function have? The binning function is determined by how the
experiment is calibrated, and that calibration is necessary to manage the imperfectly prepared nature of
each different experimental trial for pp(w). There are two criteria used to calibrate the binning of an ideal
quantum experiment. Suppose the initial state of the System pg is such that § has operator spread zero in
that state: Spr(§)s = 0. In such a state, § acts purely as s, 1 and so unambiguously should be assigned the
value s,,. Thus, in a perfectly calibrated measurement, the binning procedure would always assign the value
Sn, to the measurement of such (§)g:

ﬁ'nﬁsﬁ'n = ,(35 — X(w) = Sp (2.4.43)

independent of w. This criterion essentially the defines the bins to which X (w) may be assigned. Because
each eigenspace projected onto by some #,, is intended to be distinguishable in our experiment (because
that is what we mean by being able to measure (§)g, and not the summary of some less refined operator),
we must have a separate bin for each eigenspace. Because states within each eigenspace are intended to be
indistinguishable (because that is what we mean by being able to measure (5)g, and not the summary of
some more refined operator), we must not have more than one bin for each eigenspace. Therefore, for a
general pg, X (w) will be assigned one of the values s,,.

Because X (w) is intended to measure the value of (8)g, the second criterion on a good binning procedure
is that X (w) is an unbiased estimator of (§)g. That is, its statistical expectation should match (§)g:

E[X] = (5)s. (2.4.44)

Let p,, be the probability that X is sorted into the bin with value s,, for a given System state ps. Expanding
both sides of this equation (using the definition of statistical expectation and (2.4.15), we have:

anpn = anTr(,éSﬁ'n). (2.4.45)

The eigenvalues s, of § never entered the dynamics of the problem, only the eigenspace projectors 7.
Therefore, as long as the s, are sufficiently distinct from each other for the bins surrounded them to also
remain distinct, the precise values of s,, are somewhat arbitrary. Essentially, a measurement of the summary
of § =3 sym, could equally well be called a measurement of the summary of 8 = 3" s 7, if the s/, values
are still well separated. In that case, the associated random variable would be X'(w) and assigned this
alternate bin values. The eigenvalues s,, essentially amount to what we name the bins and are thus arbitrary.
So, if this equation holds at a given set of values s, then it holds in a small neighborhood around that point.
This allows us to differentiate this equation with respect to s, and so identify that in a perfectly calibrated
binning procedure, the binning must satisfy:

| = Tr(psn). | (2.4.46)

This is precisely the Born rule! So, we see that in an ideal measurement process where the measurement
outcomes are binned so that a state of O-spread is identified with a consistent value and so that the measurement
outcome is an unbiased estimator of the true valued being measured, the Born rule is automatically emergent.

The Born rule as written here is not the form most readily family to beginning quantum mechanics
students, who only usually know it through a special case. Consider the special case that the eigenspace
projected into by 7, has dimension 1. Then, we can identify a unit vector |¢) so that 7, = |¢)(¢|. Further,
consider the special case that pg is a pure state. Then, we can identify a state vector |¢) so that pg = |¢) (4|
Simplifying the Born rule as above we find that in this exceptionally special case, the probability that the
measured value lands in bin n becomes p, = |(¢[w)|?, which is the more familiar form to those new to
quantum mechanics. We have hopefully made it clear in this section that the magnitude squared inner
product |(¢|1)|? for vectors |¢), |1) a priori has no real interpretative meaning. It becomes a meaningful
quantity only in the extremely special case of the more general Born rule probability Tr(ps#,) which itself is
only meaningful as a probability in the context of a perfectly calibrated ideal measurement interaction. On
its own outside of this specific dynamical interaction context, Tr(ps7,) is just a number.

Let us now look at the final state of the System after it has been measured. The time-dependent state
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ps(t) is given as usual by the partial trace over everything else, in this case just the Detector:

ps(t) = Trp(p()) = Trp(U(D)polT (1)) (2.4.47)
Using the expression we found for U(t) in (2.4.35):
(m, asn’p|U = Z(m,asn’D| (ﬁ'n ® e_%til") = (m,as| ® <<n'D\6_%tﬁm) . (2.4.48)
Then:
ps(t) = > |m,as)(m,asn’p|UpaUt|n, bsnp)(n,bs| =Y #mpsinTrp (6_#}“”/3[)8#}1") - (2.4.49)
mnn’ab mn

Because pp appearing on the right hand side is a random variable dependent on the experimental trial, the
final state of the system on the left hand side is as well. In the long run and after time averaging the final
system state will necessarily relax to some stationary state of the interaction. In individual experimental
trials, the initial detector state will be effectively random, but it is possible to assign an averaged detector
state pp according to:

pp =Epp. (2.4.50)
Then, the average final state of the system is given by:
Eps(t) = 3 #mpsinTrp (a*%tﬁmﬁDe%tﬁn) . (2.4.51)

In order for h,, and h, for m # n to drive the Detector toward different equilibria, they must be quite
different operators. Consequently, for m # n, the operator e#t"ne~7thm typically oscillates very quickly in
time. In individual preparations it is possible for the detector state to be supported on a part of the Hilbert
space so that the combination e~ #*"m acts essentially trivially for some values of m, n. However, we assume
that our average detector preparation is not biased toward the behavior of any particular such subspace and
so under reasonable time averaging for a wide class of systems, this combination time-averages to 0. This is
yet again the familiar decoherence approximation. So, in the long run (using cyclicity of the trace), when
decoherence is valid we have:

T (TrD (e_%tﬁ""pipe%tﬁ“)) = 0mnT (TrD (ﬁpe%th”e_%ti‘"L>) = dmn.- (2.4.52)
Thus the ensemble-averaged time-averaged and relaxed final state ﬁgf ) of the System is given by:
P = TEps ()] = Y #upsin = Y pupy (2.4.53)

using the Born rule formula (2.4.46). This ensemble-averaged final state is exactly what you would get from
assigning final states [)(S") each with probability p, to the system of interest. That is, it is exactly consistent
with the collapse rule. However, any non-pure density matrix can be decomposed infinitely many ways as a
convex sum, and so this alone is not enough to actually conclude that the system follows the collapse rule
trial by trial.

Tt is also quick to derive (2.4.53) as the averaged final state of the system using the Lindblad equation,
since we can treat all of the microscopic degrees of freedom in the detector as an environment to be integrated
out precisely as in deriving (2.3.95). However, because the Lindblad equation assumes from the beginning the
ensemble behavior of the environmental degrees of freedom rather than their state as being differently realized
in every experimental trial, the Lindblad approach has averaged too early and so is unable to derive (2.4.49),
which captures precisely how the System’s state in each individual trial depends on the initial microscopic
state of the detector. This point is often not appreciated. In order to derive the outcomes of individual trials,
you are not allowed to do any ensemble averaging. You have to leave the initial conditions as a random
variable all the way until the end.

While (2.4.49) formally gives the final state of the system in each trial, deriving the collapse rule from it
is much less straightforward than the Born rule. Honestly, I only know of convincing derivations in specific
cases. For example, for a spin-1/2 system coupled to a bath at low temperature, it has been thoroughly
shown by [7] or for particle tracks in a bubble chamber by [36,54]. It isn’t too surprising that the collapse rule
is more difficult, because it is also less precisely and less widely observed. There are increasing explorations
of “weak measurements” in which the system state is seen to not have been collapsed, only perturbed, during
the measurement. In my view, the so-called “measurement problem” in quantum mechanics is basically
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just the problem of trying to find a maximally precise and general derivation of when you should expect
the collapse rule to hold. It ought to come from appropriate treatment of the initial detector microstate as
a random variable and thorough enough understanding of how (2.4.49) should simplify when the detector
is thermodynamically large, but you aren’t allowed to assume in an individual trial that each part of the
detector has the equilibrium density matrix. Solving this problem (and actually convincing people of your
solution, which is even harder) would make you very famous.

In the cases where the collapse rule does have a convincing derivation, the style is generally quite similar.
The heuristic argument is as follows. The detector meter X is designed to correlate as strongly as possible to
the System’s quantity (§)s. Requiring this macroscopic variable to be sensitive to the state of a microscopic
variable essentially forces the system to be chaotic (in the sense of a small deviation in initial conditions
creating a large effect on the final state). This makes the detector meter also meaningfully sensitive to its
internal microscopic variables (since they are also coupled to the system of interest). The necessary binning
of the detector meter is accomplished mathematically by detector design providing an effective potential
with local minima at the bin values, so that they are the stable equilibria. The initial microstate of the
detector chaotically implies which equilibria is reached in each experimental trial, and in an unbiased detector
the distribution must follow the Born rule, as we derived. The bins corresponding to this local minima
precisely occur when the system sits in the eigenstate that defined the bin, and are precisely stable so that
such eigenstates are undisturbed. The strong coupling of the system to the detector meter drives the system
into the eigenstate corresponding to the minimum the detector meter is sitting in, giving the collapse rule.
Essentially, if you can argue that the system of interest is dynamically driven to an eigenstate of §, then due
to (2.4.53) holding for the average, it must realize each eigenstate with the Born rule probability.

In summary, both of the basic features of quantum measurements typically described as mysterious, the
Born rule and the collapse rule, can be understood as emergent from a reasonable interacting model of a
macroscopic detector with a microscopic system of interest. The arguments presented here are extremely
generic, much like the arguments we gave for how thermodynamic equilibrium is reached by many systems
in statistical mechanics. In statistical mechanics there have been many more detailed investigations into
the precise way in which specific systems reach thermodynamic equilibrium. The same is true for quantum
measurement; there is a meaningful body of literature, with meaningful developments still being made,
dedicated to understanding the dynamical emergence of the properties of quantum measurements for particular
systems. For more reading on this and closely related subjects, consult [1,7,9,10, 38, 39].

Exercises

Problem 2.8: Neumaier Qubit. This question is based on [38]. Consider the measurement of a quantum
system with a two dimensional Hilbert space Hg. Let |0) and |1) form an orthonormal basis of Hg. Let
Ag(t) be the operator as constructed in (2.4.11) when this system interacts with our detector. The value
<A5(t)> is intended to map to the physical location of a literal pointer arrow on a piece of equipment with
—oo corresponding to the arrow moving all the way to the left and oo corresponding to the arrow moving all
the way to the right. The detector is calibrated so that if s = |0)(0| then the pointer always moves to the
left and so that if pg = |1)(1] then the pointer always moves to the right.

(a) Let @y, = T((m|Ag|n)) be the time averaged equilibrium matrix elements of Ag(t). Show that the
calibration conditions require: agp = —oo and a7 = co. Explain that ai2 and agp/a11 depend on the
experimental preparation and so may be different in each trial.

(b) Assume that the detector and interaction are calibrated so that aja/agp limits to 0 and so that what
fraction of the sum |agg| + |ai1| is contributed to by each of |agg| and |a;1| is uniform. That is, assume
the random variable u defined by:

y— 200
apo — a11
is uniformly distributed. Show that the pointer moves to the left with probability (0|ps]0) and that it
moves to the right with probability (1|pg|1), recovering the Born rule.

Problem 2.9: Low Rate Double Slit Experiment. In our previous analysis of the double slit experiment,
we have always discussed a continuous interference pattern appearing on the screen. However, if the intensity
of the incoming beam is sufficiently low, then the pattern that forms on the screen will form blob by blob
and only after many particles in the beam have been sent will the full intensity pattern be visible. In this
problem, we will explain these low rate results using our analysis of measurement in quantum mechanics.
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Suppose for simplicity in this question that the incoming particle happens to be a pure state and so has some
wavefunction. Let vectors like & for this question specifically refer to vectors in the plane of the screen.

(a) Our screen is the detector with the bins corresponding to our spatial resolution. In particular, suppose
that the screen is divided into regions M, labeled by n, so that if the incoming particle’s wavefunction
lies solely within a single M, then precisely that pixel will light up upon detection. The property of the
incoming wavefunction we wish to measure is its central position, (Z). Explain that because of the finite
resolution of the bins, the best we can actually measure is the coarse-grained position Zeoarse defined by:

fcoarse = Z <fn7?rn>
n

where &,, is the representative position assigned to M,, (say, the center of the pixel) and 7, is the
projector of the Hilbert space into the spatial region M,,, or more precisely:
P / 1)(7]d27.

A physical screen is a macroscopically large object connected to macroscopic electromagnetic equipment,
and so easily satisfies the necessary condition for a detector to not have a precisely preparable microstate
described in the section.

(b) Show that in order for which pixel lights up to unbiasedly estimate the value of Zcoarse, we must have
the probability p,, that pixel n fires be:

b= [ @)L
where (&) is the wavefunction of the incoming particle just before it hits the screen.
(c) Take the limit that the screen becomes arbitrarily precise. Show that |¢)(F)|? becomes the probability
per unit area on the screen of that point on the screen lighting up for a single incoming particle, thus
recovering the standard naive Born rule.

2.5 Other Views of Quantum Mechanics

In the century since the beginning of quantum mechanics, there has been enormous confusion about
what quantum mechanics even means. This confusion has lead to several viewpoints, which we will discuss in
this section. To begin, there are a few empirical facts which are unambiguously tested by experiment that
everyone agrees on. Let us begin with the common ground.

Fact 1: Existence of an ensemble description

The statistical properties of an ensemble £ of systems of interest prepared macroscopically identically are
captured by a density matrix pe (which is a self-adjoint, nonnegative, trace-1 operator on the Hilbert space
H of an element of the ensemble). These properties are statistical in the sense that pg does not in general
predict the specific outcome of individual experimental trials or the properties of any particular system within
the ensemble; pg predicts only distributions of results for possible experiments. If the element systems of the
ensemble are isolated, then the density matrix evolves in time according to the von Neumann equation:

dpe 1 .. -
—— 4+ — H| = 2.5.1
7 +ih[p5’ ]=0 (2.5.1)

where H is the self-adjoint Hamiltonian operator on H for the element systems.

Fact 2: Operator-Generator correspondence

A given real-valued generator s of interest of an element of £ which is intended to be “measured” in an
appropriate “ideal” measurement is associated with a self-adjoint operator 5. Let s, be the eigenvalues and
7, be the eigenspace projectors of §:

5= Z Snfns Fnftm = Onmn, an = 1g. (2.5.2)

s will be measured by coupling the System S to a Detector D through an interaction. In each trial, the
detector will register a real value which is able to be observed and recorded by people.
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Fact 3: Certain outcomes
If £ is such that there exists a value of n so that 7, pe7, = pg, then s certainly takes the value s, in
each experimental trial.

Fact 4: The Born Rule
For a general ensemble &, in each trial the detector will read one of the {s,} as its value. Within the
full ensemble &, the distribution of which s, is selected is given by the Born rule:

Prob(s = s,) = pp = Tr(mppsg)- (2.5.3)

Fact 5: Collapse Rule

After measuring an ensemble of instances of the system with the Detector, it is possible to form the
subensemble &, of instances which gave the value s,, under measurement. The statistical properties of that
subensemble for future measurements are captured by the density matrix:

. 1. ..
Pe, = p—ﬂnpgﬂ'n. (2.5.4)

n

These facts are empirical in the sense that they are good tools for predicting the correct outcomes
of many experiments. Whether these facts are fundamental properties of the universe or results derived
from more fundamental physics that happen to be appropriate for the relevant experiments has historically
been an interpretative question (with time, advances in measurement technology have made it clear that
at least fact 5 is just an approximate fact). All five facts of what everyone agrees on are silent about the
properties of an individual experimental trial (an individual system instance within the ensemble £). Once
a description of what happens in an individual experimental trial is desired, differences of opinion appear.
Any interpretation of quantum mechanics has to be consistent with these five factors. The most conservative
possible interpretation of quantum mechanics is the so-called minimal interpretation (also called the statistical
interpretation), which is advocated for by Ballentine [2]. In the minimal interpretation, one is only allowed to
make statements derivable from Facts 1-5. Therefore, you are not allowed to say anything about individual
experimental trials. It is not legal in the minimal interpretation to talk about the energy of a particle; instead
one must talk about the average energy of an ensemble of particles. The minimal interpretation has the
advantage of protecting one from saying anything plainly wrong by being too bold, but has the conjugate
disadvantage of being unable to answer many of the questions we really care about. We live in one Universe,
and there are many experiments that cannot be repeated by humans (good luck recreating the big bang),
and if close adherence to the minimal interpretation is followed, it means we are not legally allowed to say
anything about the quantum mechanical aspects of such experiments. The minimal interpretation essentially
takes an agnostic approach to the physics of measurement by refusing to attempt to describe what happens
in the measurement of an individual quantum system.

In the Thermal Interpretation presented last section: Fact 1 is allowed to be stated even about individual
experimental trials; Fact 2 is justified by the form of the Hamiltonian in (2.4.32) implying a set of 7,, and in
that interpretation the s,, are essentially arbitrary bin labels; Facts 3 and 4 are determined by the conditions
put on detector calibration to be minimally disturbing and unbiased; and Fact 5 can be derived from (2.4.49)
for some simple systems, and it is my hope that with time a more general derivation is found. Thus, the
Thermal Interpretation is consistent with all of the basic experimental facts of quantum mechanics, though
while it is not in any present tension with Fact 5 it also has not yet succeeded in justifying it. In the rest of
this section we will discuss some alternate views which are also consistent with these facts.

2.5.1 Copenhagen Interpretation

Those unfamiliar with the territory of interpreting quantum mechanics may confuse the minimal inter-
pretation with the Copenhagen interpretation. The Copenhagen interpretation is the one you are most likely
to encounter in low-level popular science media or in a beginning quantum mechanics course. Often those who
are not especially familiar with quantum mechanics will erroneously think of the Copenhagen interpretation
as synonymous with quantum mechanics itself. The Copenhagen view was advocated for historically primarily
by Niels Bohr. The minimal interpretation is very conservative and pragmatic; it says that it is only going to
be concerned with the statistical properties of many measurements and will agnostically say nothing about the
properties of individual experiments. Copenhagen on the other hand is extremely bold because it explicitly
asserts that the properties of individual experiments cannot possibly be answered even in theory. Since the
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Copenhagen interpretation rejects the existence of answers to several questions about quantum mechanics, it
has often been called the “shut-up and calculate” approach. There are a few interrelated assumptions defining
the Copenhagen interpretation. It asserts Facts 1-5 as exact fundamental physical truths and additionally
assumes:

Individuality: Fact 1 can be applied to individual experimental runs.

Indeterminacy: Quantum mechanics is fundamentally probabilistic with absolutely no possible underlying
mechanism for how to explain the Born rule.

Nuaive collapse: When a quantum system is not being measured, it evolves according to the von Neumann (or
Schrodinger, in the case of a state vector) equation and when it is measured, that unitary time evolution
ceases and the measurement causes the measured system’s state to “collapse” instantly to the appropriate
eigenstate of the operator associated to the measurement described in Fact 5.

Limited Reality: A property of a quantum system exists and is physical only when it is being measured.
When not measured, it is undefined.

The Copenhagen interpretation agrees with the Thermal interpretation in allowing the discussion of
individual quantum systems (Individuality). Indeterminacy is a much bigger leap. Copenhagen treats the
state (either state vector or density matrix) of the system being measured as the full set of data relevant in
an experiment and then upon observation that the same preparation of such data leads to a distribution
of experimental outcomes asserts that it is because of fundamental indeterminacy. In my opinion the
Indeterminacy assumption is philosophically and experimentally unwarranted and fundamentally at odds with
every other known thing in the domain of science. You could likely guess as much, given that I argued against
the scientific sensibility of indeterminism in Orig. section 5.1.4 and provided an in my opinion convincing
explicit model for how this distribution of experimental results can be explained with unitary time evolution
in the previous section. Because the Copenhagen interpretation cannot predict the results of measurements
even in principle, it is often called an incomplete theory (such as by Einstein).

I will no discuss some challenges of the Copenhagen view. This will be a mixture of reasoned argument
and my personal opinion based on those arguments. Because the Copenhagen interpretation refuses to describe
collapse as a dynamical process given by some equation of motion, it treats collapse as instantaneous at the
time of measurement. This assumes an exact moment of measurement can be identified and requires a notion
of simultaneity. Relativity is fundamentally at odds with an invariant concept of simultaneity. An equal time
slice in one reference frame is not an equal time slice in another boosted reference frame. Therefore, in naive
collapse whether the measurement has even happened is not an observer independent statement. Because in
the Copenhagen interpretation the state is believed to be instantly changed to an eigenstate of the operator
associated to the measurement and whether the measurement has happened is not observer independent, in
the Copenhagen interpretation the state of the system is not observer independent. The tension between
Copenhagen and relativity worsens the more you think about the nonlocal nature of instantaneous collapse
and the spatially extended nature of the density matrix. Since the quantum density matrix describes the
whole state of a system, for a spatially extended system it contains data at spatially separated points. If
the position operator (or a close approximate) is measured in the Copenhagen interpretation, the state will
instantly collapse to an eigenstate of that operator and thus completely localize in space, changing the state
instantly at spatially separated points. If the state is physical, this violates relativistic causality. Thus, the
Copenhagen interpretation rejects the very notion that the physical state of a system is physically real. In my
view, a basic comprehension of the scientific method precludes taking this viewpoint seriously.

The denial of reality in Copenhagen is clarified by the final point Limited Reality. In the Copenhagen
interpretation, the results of measurements that are actually performed are considered as real. Systems are
not considered real when they are not being measured. This thinking is the origin of common popular science
descriptions of quantum mechanics. In such a description you might hear the wave-particle duality described
as beginning with the wavefunction being a fictitious mathematical tool (obviously the wavefunction can’t be
real, because it has an imaginary part?). Then, when the wavefunction is measured the wave will instantly

4This parenthetical is entirely sarcastic. This deranged “proof-by-same-word” logic of incorrectly interpreting what the real
in real-numbers means is entirely without merit. Anyone capable of passing an undergraduate math class should be able to
understand that.
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become a perfect little point particle somewhere (which you should know is not even a mathematically sane
concept, based on our work in classical mechanics.). When that wave collapses to a little point particle it
suddenly becomes physically real. If it were never measured, it wouldn’t have been real. If my grandma had
wheels, she would be a bicycle.

A resulting property of the Copenhagen interpretation is complementarity. Because the Copenhagen
interpretation assumes a physical property of a system is real only at the time that property is measured and
because by Fact 2 measurement results in resolving the operator associated to a property of interest into
its eigenspaces, the mathematical fact that noncommuting operators cannot be simultaneously diagonalized
results in the Copenhagen interpretation to it being impossible to simultaneously assign physically real values
to two properties of a quantum system if the operators associated to those to properties do not commute.
This is why you will hear those attempting to make quantum mechanics sound mysterious say that in
quantum mechanics it is impossible to know the position and momentum of a particle at the same time. This
metaphysical weirdness has nothing to do with quantum mechanics; it has solely to do with the Copenhagen
interpretation. The central position (Z ) and total linear momentum <ﬁ) of a single particle quantum system
are perfectly well-defined functions of time at all times with no weirdness. The same experimental setup one
would use to measure (Z) by an ideal measurement does not serve as an ideal measurement of (5, which is
not at all mysterious, because they require different interaction Hamiltonians. To measure different properties,
one needs appropriately differently designed experiments. If you believe in reality, this says nothing about
whether the unmeasured values existed. Copenhagen on the other hand, due to its rejection of the density
matrix being physically real, must reject the unmeasured values also from being physically real.

Because the Copenhagen interpretation was very early to the historical game, its perspective was heavily
used in assigning the standard names given to quantum mechanical objects. This has resulted in countless
aspiring physicists baking in many of the concepts of the Copenhagen interpretation deeply into their quantum
mechanical thinking, even when completely unnecessary. Many physicists have been taught to think of
|9(t, Z)|? as the spatial probability density for finding a single quantum particle (because they always think
of |(1|¢)|? as a Born rule probability), to think of (H) as the (statistical) average energy of a quantum
system (because books mostly call it the expectation of H ), to think of a measurement as measuring an
operator (even though the operators aside from the density matrix are not even dynamical variables), to
think that quantum systems are always in eigenstates of whatever observables you care about (because
of interpreting the eigenstate outcomes of the Born rule extremely literally), and so on with many basic
unnecessary misconceptions.

Aside from the basic philosophical issues we have already mentioned with the Copenhagen interpretation,
it further contains within itself a fundamental flaw: the Copenhagen interpretation does not define what a
measurement is. By refusing to give a dynamical interactive picture for what constitutes a measurement, the
Copenhagen interpretation admits that it at best provides an incomplete description of physics. Copenhagen
simply says that we know when a measurement is performed in a lab because we do the measuring. But, it
cannot answer basic scientific questions. Do atoms measure each other? There is a classic joke whose origin 1
haven’t found that goes something like: does an amoeba measure a quantum system by getting too close to
it, or does the amoeba have to get a PhD and a spectrometer first? Copenhagen can’t say.

The Copenhagen interpretation is based on a familiar error. In the history of classical mechanics, it was
commonly said that friction couldn’t be explained by Hamiltonian/Action/Lagrangian mechanics. The core
of the argument was that if you write down the term friction adds to the equation of motion of a particle,
you can show that there is no term you could possibly add to the action which depends only on the degrees
of freedom of the particle that results in adding that term to the equation of motion. The critical incorrect
assumption here was in thinking you should add friction by only considering the degrees of freedom of the
particle. We have long since known that in fact friction and other dissipative effects originate precisely
because of ignoring additional degrees of freedom. By adding terms to the action which include the requisite
degrees of freedom to dissipate energy into, friction can unambiguously be treated with a variational principle,
as treated in the Orig. or in [37,38]. A half century later, in statistical mechanics there were many who would
say that a Hamiltonian system cannot approach thermodynamic equilibrium, because the entropy of the phase
space density of a Hamiltonian system is conserved. This is again the same error, in which time-averaging
and the interaction of the system in question with an environment of external variables is inappropriately
Hignored. Another half century later, the same mistake was made again. The Copenhagen interpretation is
born from the observation that the final states in Fact 5 depend nonlinearly on the initial state while the von
Neumann equation is purely linear. There is no Hamiltonian operator that could result in the density matrix
evolving nonlinearly, therefore (Copenhagen concludes) the fact that the Fact 5 states are empirically good
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after measurement must mean that measurement cannot be described by ordinary linear unitary quantum
time evolution. Just like the friction example, this is wrong. Measurement is a dynamical interactive process,
and so during measurement the System’s density matrix does not satisfy the von Neumann equation, the
combined System + Detector density matrix satisfies the von Neumann equation. The Copenhagen thinking
ignores the Detector degrees of freedom. There is no reason to believe that the System’s density matrix
evolves linearly when it is a subsystem of an interacting system. In fact, we can explicitly construct physical
examples in which it does not (see [7]). The nonlinear relationship between the initial and final states of the
System is fully able to be explained by linear unitary time evolution on the full System+Detector system. By
neglecting the detector as part of the measurement, Copenhagen misses this.

Tt is worth noting that the greatest physicist of the quantum era (and quite possibly of all time), Einstein,
never believed and in fact actively opposed the Copenhagen interpretation. It is further worth noting that
Schrédinger, who actually found the equation of motion of quantum mechanics, also never believed the
Copenhagen interpretation. Here is one of many things he had to say about it in his lifetime [55]:

With very few exceptions (such as Einstein and Laue) all the rest of the theoretical physicists were unadul-
terated asses and I was the only sane person left. The one great dilemma that ails us day and night is
the wave-particle dilemma. In the last decade I have written quite a lot about it and have almost tired of
doing so: just in my case the effect is null because most of my friendly nearer colleagues have formed the
opinion that I am, naturally enough, in love with my great success in life via wave mechanics reaped at the
time I still had all my wits at my command and therefore, so they say, I insist upon the view that “all is
waves”. Old-age dotage closes my eyes towards the marvelous discovery of “complementarity”. So unable
is the good average theoretical physicist to believe any sound person could refuse to accept the Copenhagen oracle.

It is important to understand that typical theory oriented physics graduate students today have a
much deeper math education than any of the founders of the Copenhagen interpretation. What Bohr and
Heisenberg could or could not imagine a century ago is irrelevant to modern science. Because Facts 1-5, viewed
as empirical observations have no interpretative content, the various problematic aspects of Copenhagen
historically had no experimental impact. The Copenhagen interpretation does not enable you to explain
any observations beyond what Facts 1-5 already explain, as it provides antianswers to any further questions.
Consequently, Copenhagen has no practical advantages over the minimal interpretation but it does have a
mountain of philosophical disadvantages. If you don’t want to have an opinion on quantum mechanics, just
humbly use the minimal interpretation. We have outgrown Copenhagen.

2.5.2 Post-Schrodinger Dynamics

Post-Schrodinger dynamics is not a specific interpretation, but more so a class of similar-in-concept
interpretations. The historically most prominent representative of this class is called the de Broglie-Bohm
interpretation. Post-Schrodinger interpretations allow Fact 1 to be applied to individual experimental runs and
then try to derive, as much as possible, Facts 2-5 as emergent empirical facts rather than fundamental features of
reality. So far, this is exactly what the Thermal/Unitary interpretation also wants. The only difference between
the Thermal interpretation and post-Schrodinger interpretations is how these facts are intended to be derived.
In the Thermal interpretation, these facts are derived by using ordinary unitary von Neumann/Schrédinger
time evolution on the combined System+Detector system. Post-Schrodinger interpretations do not typically
model the Detector directly; instead, they modify the von Neumann/Schrédinger equation for the System by
adding to it some small extra terms that are intended to cause the dynamical derivation of the final states in
Fact 5 and/or they add extra degrees of freedom still attached to the System that are supposed to be the
variables we actually see in measurement. Post-Schrédinger interpretations thus intend to fundamentally
replace/correct quantum mechanics with a new dynamical theory that is approximately quantum mechanics
when measurements are not happening. It is very difficult to do this in a way consistent with experiment,
because many quantum experiments are extremely precise and these new terms tend to cause at least some
small changes in experimental consequences outside of simply Facts 1-5.

In my view, the extra terms and extra degrees of freedom of post-Schrédinger approaches are just
a clunky way of trying to derive facts fully explainable without modifications to the dynamical structure
of quantum mechanics if you actually include the full quantum system. Thus, I view post-Schrodinger
approaches as an understandable attempt, from a historical perspective, to figure out what is going on in
quantum mechanics though I believe their usefulness is nullified by the Thermal interpretation. Often one
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will hear post-Schrodinger approaches described as “hidden variable theories” as they (typically) add extra
variables relevant to experiment beyond simply the density matrix or state vector. In the common lore
of interpretations of quantum mechanics, it is often claimed that hidden variable theories cannot possibly
explain the experimental facts of quantum mechanics. This at-best confused lore is based on a common
misunderstanding of Bell’s theorem, which we will discuss later in this section.

2.5.3 Many Worlds Interpretation

As the troubled nature of the Copenhagen interpretation has approached critical mass of social appre-
ciation among physicists in recent years and a clear view of Bell’s theorem has not yet diffused into the
general mass of physicsfolk, the Many Worlds interpretation has become the trendy way to think about
quantum mechanics. In some ways, the many worlds interpretations is mathematically similar to the Thermal
interpretation. The many worlds interpretation does model the full measurement process by System-+Detector
using the very same Hamiltonian operator (2.4.32) as the Thermal interpretation. Using the same standard
decoherence arguments as the Thermal interpretation, the many worlds interpretations shows dynamically
that the final density matrix appropriate for a statistical ensemble of the System at the end of measurement
is precisely (2.4.53):

DS pupd), pa=Te(raps), A = —Fapsin. (2.5.5)

The real leap of the many worlds interpretation comes in how this formula is interpreted. This formula,
as the density matrix of an ensemble of final system states, is consistent with a statistical distribution over
the states p Sn) each with respective probability p,. The many worlds interpretation takes this distribution

literally and asserts that the ensemble is always real. It claims that there are infinitely many copies of the
universe and that in each copy, whenever a measurement happens, exactly one of the results p( ") i achieved,
and that among all of the copies the fraction in which that specific result is achieved is p,,. The many worlds
interpretation is thus essentially hyper-frequentist. In some sense it claims that there is no true randomness
because all of the possibilities happen, we just simply don’t know which of the infinite number of universes in
the ensemble we are in for a particular measurement until we read out the measurement results.

The calculation leading to (2.5.5) (the steps leading to (2.4.53)) as the appropriate ensemble density
matrix for the System after measurement is entirely uncontroversial in modern quantum mechanics. There is
a second more “out there” calculation that is used to motivate the many worlds interpretation specifically.
As presented here, that calculation is based on the calculation done in section 3.7 of [63], which in turn is
based on several older papers cited in that section. Assume that the final ensemble density matrix above
is taken by hypothesis to be the appropriate density matrix to assign in the final state immediately before
reading the experimental result of a single experimental trial. Then, consider N copies of the experiment
running in parallel. The overall density matrix of these N copies then would be:

[)(N) (f) ®..0 P Z Dry - panS ni) ® .. ®pA(nN) (256)

Define the frequency operators If’éN) as operators which count precisely what fraction of times each outcome

occurred when acting on states in definitive outcome eigenspaces. That is, if |1,,) is a vector in the Hilbert
space of a single experiment which is purely in the eigenspace projected into by 7,,, then:
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where C(ny, ...,ny;n) is the number of times n occurs among the list nq,...,ny. Then, we can compute:
. C(ny,...,nn;n)
(PIM) = Te(pMpM) = Y T ey P (2.5.8)
N1y...ZsMN

For a fixed number N,, = C(ny,...,nx;n) of occurrences of n, there are N choose N,, equivalent reorderings
of the labels nq,...,nn. So, with this factor, we can unambiguously fix the first IV,, to be n and guarantee
that the remaining N — N,, are not n:
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Imagining the N — co limit, we see that in that limit the state p(™) tends toward having zero spread with

H(N)

respect to P, ' and assigns it a summary value p,. The many worlds thinking interprets this calculation

A(n)

as showing that the fraction of states in the ensemble of systems which land in the state pg~ is precisely

Dn, because that is (so it is claimed) what (Pfl )> represents, since it counts occurrences in each individual
eigenspace.

In my opinion, there are a two unjustified steps of reasoning in coming up with the many worlds
interpretation. The first is that the density matrix p(f ) is assigned to each individual final state right before
measurement when it is in fact the correct density matrix for the ensemble of final states. The decoherence

argument necessary to derive p(f ) relies on a time-averaging, relaxation to equilibrium, and ensemble averaging.
The time evolution that brings the System’s state in this form is reliant on its coupling to the Detector (whose
existence is suddenly ignored in the act of constructing the “many worlds” in p(V )). Thus, inadvertently the
many worlds interpretation assumes the requisite ensemble on the first step of calculation. The second error
in interpretation is the meaning assigned to p,SN). It is true (by construction) that when Py(lN) acts on a
state of the form in (2.5.7), it has the effect of simply multiplying by the count fraction N, /N. However,
it is a separate leap to conclude that in some linear combination of such states, generally forming a state
N) .. o .

still represents anything like the fraction of

counts of the experiment which will be assigned the final state ﬁgn). In fact, by hypothesis, the many worlds

interpretation already assumes each final state is precisely assigned to be [)ng ), not [)(S").

I believe that the many worlds interpretation’s errors are born from a misunderstanding of the physical
properties of a linear combination. It is not unique to this interpretation for quantum mechanists to
misunderstand linearity, so remember the following points when thinking about quantum mechanics in general.
The second error in the previous paragraph may (to someone not being careful) seem logically okay — if every
element in a linear combination has a property then certainly the linear combination itself should have that
property right? No. Absolutely not. That is not how linearity works. A linear combination of Dirac deltas at
different points is a not a Dirac delta, so even though every state in such a linear combination has a position
spread of 0, the linear combination does not. A vector pointing east in the plane is a linear combination
of vectors pointing northeast and southeast, each of which have the property of changing the coordinate
along the north-south axis, but their sum does not. In quantum electrodynamics, the electric field operator
(defined in (1.10.30) and (1.10.32)) is a linear combination of creation and annihilation operators. Therefore,
the electric field operator when acting on an N photon state results in a linear combination of states of N — 1

which is not an eigenstate of PT(,N), the operator summary of py(L

and N + 1 photons. Consequently, the classical electric field (£ > of every single N photon state is 0. However,
a linear combination of states of different photon numbers gives a nonzero classical electric field. The literal

existence of classical electromagnetism is proof that the logic of this second error is wrong.

At its core, the many worlds interpretation looks at the density matrix /S(Sf ) and asserts that it is a

A(n) with probabilities p,,. This is, in my opinion, a misunderstanding

of how linearity works. The same ﬁnal state ensemble density matrix ﬁ(Sf )

genuine statistical mixture of the p
can be decomposed into a sum

of the form (2.5.5) for multiple different sets of ﬁgn) and p,; that decomposition is ambiguous. Therefore
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any argument that attempts to derive the distribution p, of outcomes p(™ from the density matrix ﬁgf ) is

doomed to fail; it is wrong on principal. See the example given in the text of subsection 2.1.2. In order to
actually justify the distribution of the ensemble density matrix, you must start from individual instances of
the system and derive probabilities. The math is not reversible.

I find the many worlds interpretation not only logically unsatisfying but also philosophically vacuous.
The silver bullet that the many worlds view uses to explain the empirical facts of quantum mechanics is the
introduction of an infinite number of inaccessible other copies of the universe. But, the interpretation offers
no even formal structure through which these other copies of the universe could ever even in principle be
measured or interacted with, and therefore the claim of their existence is NOT a scientific hypothesis, as it is
entirely unfalsifiable. The central claim of the many worlds interpretation is literally not science.

2.5.4 The Damned Cat

Ugh. Is it time to talk about Schrédinger’s cat? 1 guess it is time to talk about Schrodinger’s cat. If
somehow you haven’t heard about this poor cat, let me explain. Consider a cat in a sealed box which also
contains some poison in a container with a release mechanism, a radioactive particle, and a detector capable
of reading the radioactivity. The release mechanism is such that if the detector goes off, the poison is released,
killing the cat (boooo). Initially the cat, viewed as a quantum system, is definitely in a subregion of its
Hilbert space where it has the property of “alive”. After the decay, the cat is definitely in a subregion of its
Hilbert space where it has the property of “dead”. While the box is closed and the particle is evolving, the
particle’s quantum state will generally be a linear combination of a state of particle number 1 and a state of
particle number 0. It is supposed then that before the decay has happened, the cat is similarly in a linear
combination of its before and after decay states. Thus, the cat is in a linear combination of states, the first
term in the linear combination being a state which taken on its own is one in which the cat is definitely
alive and the second being a state which taken on its own is one in which the cat is definitely dead. The
thought experiment has the effect that a microscopic linear combination (of the radioactive particle) induces
a macroscopic linear combination (of the cat’s dead and alive states). The question is, what are the properties
of this macroscopic linear combination?

Schrédinger originally considered this thought experiment to make fun of the Copenhagen interpretation.
Within Copenhagen, the thought experiment reveals a basic question about what counts as measurement.
Does the cat cause measurements? Does the detector cause measurements? Or, is it we who open the box
after a while who cause the measurement? If the cat, by being able to hear the detector click, is constantly
measuring whether or not the decay has happened, then for some amount of time the cat is in the alive
state until it hears a click and shortly after dies. If the cat does not constitute a measurer but the detector
does, then the macroscopic linear combination of the cat between an alive state and dead state progressively
forms and one has to wonder what it means for a cat to be in such a linear combination. At some point, the
detector notices the decay and the cat dies. The final conceptualization of what counts as measurement is
what Schrodinger was really trying to make fun of originally, which is to think that neither the cat nor the
detector count as taking measurements. It is humans who count as performing the measurement when we
open the box. Then, before we have opened the cat is in its macroscopic linear combination. When we open
the box, either the detector will have gone off or not, and correspondingly the cat will suddenly collapse to
either the alive state or the dead state. This position is so bizarre because it places humans in a special role
in nature, which is antithetical to basic science (the Copernican principle). In a popular science magazine,
you are likely to read the cat as being described as “both dead and alive” before the box is opened. The
Copenhagen interpretation is not capable of resolving which of these three participants (the cat, the detector,
or the humans) are doing the measuring, and so is again incomplete as a theory. In any of the three cases,
when the box is opened the cat is seen to either be dead or alive and the probabilities computed from Facts
1-5 are the same. Copenhagen rejects reality except at the time of measurement, but in this case the time of
measurement is not determined by Copenhagen, and so it is unclear what the interpretation counts as real.

The many worlds and thermal interpretations essentially match on this topic, differing only in the
mechanism behind how the decay itself occurs, and that isn’t really the heart of this thought experiment.
In either of these two interpretations, the cat and the detector are both macroscopic. Whether or not the
detector has gone off always has a physically real answer. Once the detector has gone off the poison is released
and the cat dies. We learn the answer to whether the cat is dead or alive once the box is opened but this
does not mean anything like “before the box is opened the cat is dead and alive”. The cat goes from a state
of definitely alive to definitely dead at an unpredictable time. That time is unpredictable because the time
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of the decay is unpredictable, and that time is unpredictable (within the thermal interpretation) because
of the coupling of the radioactive particle to infinitely many uncontrolled background degrees of freedom
(the various fields that exist in our universe which weakly couple to basically everything at any nonzero
temperature) or (within the many worlds interpretation) because we don’t know which of the infinitely many
possible universes we are in.

The objection one is likely to hear to the thermal and many world interpretations’ accounting of events
is about what does the macroscopic linear combination of dead and alive look like for the cat before the decay
has happened? This question of course was also present in the Copenhagen interpretation, but because that
interpretation rejects reality before the measurement, it doesn’t really have to answer it. Interpretations that
believe in realism do. The answer is simple: the whole concept that the cat being in a linear combination of
a state in the alive part of the Hilbert and a state in the dead part of the Hilbert space means the cat is
“both dead and alive” is a complete misunderstanding of how linear combination works. There is absolutely
no reason to believe that macroscopic properties (deadness/aliveness) are linear over the microscopic state
of the system. For an easy physical example you can see with your eyes, consider the visible region of the
electromagnetic spectrum. There is a certain band of the spectrum corresponding to red light; there is
another band that corresponds to purple light. A state has the property “is red” if it is approximately purely
in the spectrum band that is red (approximately within the resolution of the eye or other detector to see
the components of colors outside of this band). A state has the property “is not red” if it has dominating
components outside this band. Similarly, one can define the properties “is purple” and “is not purple” from
its corresponding band. The color pink is a linear combination of both red light and purple light. Does this
mean that pink is both red and also purple? Being a linear combination of two things, each with a property,
does not mean that the combination has both or either property. Pink is not red and it is not purple, it
is just a different thing. Back to the cat, for every state in the cat’s Hilbert space, it is possible to assign
the property or alive, dead, or unclear to that state. The unclear condition exists because biologically what
counts as alive is a little bit fuzzy (heart stopping versus brain death, for example) and we can basically
ignore it for this question. Every state in the Hilbert space takes one of these three properties definitely.
The properties are not linear over the linear structure of the Hilbert space, and so if one takes an arbitrary
state from the alive region and combines it with an arbitrary state from the dead region, it will end up in
some region, but completely unclear which. This breaking of linearity when assigning properties that do not
respect the lienar structure happens for even the simplest nontrivial vector space. Consider a two dimensional
plane, divided into four quadrants. We can define a vector as type NE, NW, SE, SW, N, E, S, W, or 0 (with
letters corresponding to the cardinal directions) based on in the first four cases which quadrant it points
from the origin into, in the fifth through eighth cases which pure cardinal direction it points along, and in
the last case if it is the 0 vector. Thus every vector in the plane has the property of definitely fitting into
exactly one of these nine categories. The property of which one it fits into is not linear over the vectors.
Consider the vector (3,2) which is NE and the vector (3, —3) which is SE; their linear combination is (6, —1)
which is SE. Alternatively, consider the vector (3,3) which is NE and the vector (3, —1) which is SE; their
linear combination is (6,2) which is NE. Therefore, from the properties assigned to the vectors (SE’lyness
and NE’lyness) alone it is impossible to know what property to assign to their linear combination. Even
worse, it would not even be an invariant property to assign (6,2) the property of “both NE and SE” as would
be suggested by dead-and-alive logic; you can also write it as a linear combination of (4, 1) and (2,1) which
are both NE, no SE part to be found. This refutation is already possible in a 2 dimensional vector space. In
the unimaginably high dimension Hilbert space of a cat, the complicated properties of aliveness and deadness
have absolutely no reason to be asserted to be anything even related to linear over the microscopic state of
the cat. That is neither how math nor how physics works®.

In short, the entire Schrodinger’s cat discussion is basically irrelevant for actual physics. It is a funny
jab at the ridiculousness of the Copenhagen interpretation but all of the weirdness described in the thought
experiment is either an artifact of the absurdity of the interpretation used (in the case of Copenhagen) or of
a misunderstanding of the nature of linear combination (in the case of claiming the cat is “both dead and
alive”). In a sane world, we could have stopped telling this joke 90 years ago.

5But wait, I thought that all properties were linear over the microscopic state because the summary map is linear? No. The
values of extensive generators of canonical transformations are linear in the density matrix. Other quantities generally aren’t.
The spread of a single operator is a property of the state of a system but is not linear over the density matrix. The entire density
matrix is determined by the summary map, and therefore any property of a quantum system can be written as a function of the
operator summaries, each of which is linear over the system state. But, one can consider nonlinear functions of these operator
summaries, and the resulting property from that function is then nonlinear over the system state. Aliveness and NE’lyness are
nonlinear functions of operator summaries.
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2.5.5 Bell-type Theorems and Their Consequences

This section is based on [39]. Bell’s theorem is one of the most frequently misunderstood results in all of
physics. If you have only engaged with it at the Wikipedia-level, you are essentially certain to completely
misunderstand it, but I promise it isn’t actually that complicated. Bell’s theorem and various similar theorems
at their core are mathematical statements. Bell-type theorems all consist of two parts. In the first, they give
examples of quantum systems satisfying interesting equalities or inequalities. These relations are interesting
because in the second part they show that no classical probability space could also satisfy them, where the
operator summary is interpreted as a statistical expectation and the operators are interpreted as random
variables in that probability space. The effect of this is to show that quantum mechanics is not equivalent
to classical probability theory, which as a mathematical statement is unambiguously true. There is a layer
of interpretation that is very often added to Bell-type theorems after this which claims that Bell’s theorem
disproves the possibility that the apparent randomness in quantum mechanics could be explained by a real
local hidden variable theory. This is certainly what Bell believed. I will first explain the mathematics of
Bell’s theorem, then how this interpretive layer is added, then finally why that interpretive layer is generally
mistaken. The fundamental flaw in the interpretive layer is in its understanding of the word “real”. Essentially,
the way it constructs the classical probability space is not how one would construct the probability space in
the relevant hidden variable theories. Let’s explain the details.

We will treat only the most classic example of a Bell inequality, but the importance and logic of the result
is the same regardless of the example. Consider a quantum system consisting of two interacting subsystems,
each with a two dimensional Hilbert space (for example, each subsystem could be a spin-1/2 particle). Call
the first system A (or often Alice, for cuteness) and the second system B (often Bob, similarly). Consider two
different operators of interest in each system, Ay and A; for Alice and By and By for Bob, defined by:

i (4) (B) A (4) (B) 3 (4) o5 + ot 3 (4) os” — o
Ag=0cM 1B, A =M 018, Bo=-1Wg2 7% Bi=1Wg-~*t 2|
0 1 0 \@ 1 \/i
(2.5.15)
Let |+) and |—) denote the eigenstates of o, with eigenvalues +1 and —1, and consider the state vector:
1
V)= —(+a—B)—|—a+B)). 2.5.16
|>ﬁ(|AB>|AB>) ( )
In this state, it follows that:
(Ag) =0, (Ay) =0, (By) =0, (By) = 0. (2.5.17)
As well, it follows that:
PR PR PR PR 1
(AoBo) = (AoB1) = (A1By) = —(A1B1) = —= (2.5.18)
V2
from which we have:
(AgBo) + (AgB1) + (A1 By) — (A1 By) = 2v/2. (2.5.19)

This identity, purely within the domain of our quantum system, is not very interesting. The above result is
given import by considering a naively related system in probability theory.

Consider a probability space in which there are four random variables, ag, a1, bg, b1, so that in each
outcome of the probability space, each of these variables takes the value +1 or —1. Plainly:

apby + aob1 + a1bg — a1b1 = (ap + a1)bo + (ao — al)bl. (2.5.20)

Because both ag and a; are either 1, it must be that ag = a; or ag = —a;. In the first case, the b; term on
the right hand side above does not contribute and the expression has magnitude 2. In the second case, the b
term on the right hand side above does not contribute and the expression again has magnitude 2. Therefore,
it is identically true that:

|a0b0 + a0b1 + a1b0 - a1b1| = 2. (2521)

There will be some probability that the expression inside the absolute value takes the value 2 and some
probability it takes the value -2. But, because these are the only values it may take, its average cannot exceed
2 in magnitude. Therefore, for any distribution on these four variables:

|E[a0b0 + agby + a1bg — albl]\ < 2. (2.5.22)

This identity considered purely in the domain of probability theory is also not very interesting. Let us now
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see how (2.5.19) and (2.5.22) are often interpreted together.

Return to our quantum system and think about how it behaves under measurement without applying any
particular interpretation (so we can only use Fact 1-5). We take the operators flo, 1211, By, By to all correspond
to properties of experimental interest. Each of these operators has eigenvalues +1 and —1. We are going to
prepare a large number of identical copies of our system and perform many measurements. Because Ay and
Ay do not commute, in each trial we will only measure the property associated to one of them. Similarly so,
in each trial we will only measure the property associated to either By or B;. That is, in our different trials
we will have different settings on our measurement equipment appropriate for measurmg different propertles
of the system. The A commute with the B and so in each trial we will select an A operator and a B operator
to measure the properties associated to each of them. Let the measurement results associated to our operators
be called ag, a1, by, b1. By the 5 basic facts of measurement, in each experimental trial no matter which subset
of ag, a1, bp, by are measured, each of the ones which are measured will take the value +1 or —1. Different
trials will give different values for the measured variables following the Born rule distribution, and for now we
don’t care why that it is. We now add two interpretative elements that are crucial in Bell’s argument. The
first is we assume Bell-realism: that in each experimental trial the properties ag, a1, by, b1 are all physically
real properties of our quantum system, regardless of if they are measured, and the act of measuring that
system reveals the true value of some of these variables (whichever pair of properties has been selected).
The second is we assume Bell-locality: that because Ay and A; act only on system A and By and B act
only on system B, they each only affect data in their respective system, and so the property associated to
the product AHBL, is simply a,b,. Under the assumption of Bell-realism, in each experiment trial (which
we now view as an outcome in probability space), there is a true value of all of ag, ay, bg, b1 and so we can
assign a probability of occurrence in our experiment to each of the 16 possible combinations of values of the
properties, with those probabilities the same regardless of the measurement setting. Automatically then,
(2.5.22) must hold. However, by the Born rule and Bell-locality, (AoBy) = E[agbo] and similarly so for the
other combinations of operators, and so we have by (2.5.19) that the left hand side of (2.5.22) must take the
value 2v/2, violating the right hand side of (2.5.22). We have arrived at a contradiction. Therefore, either
Bell-realism or Bell-locality must be incorrect. That is Bell’s theorem.

You will notice that the above argument had absolutely nothing to do with hidden variables. Hidden
variables are typically invoked in Bell-type discussions to explain why when the system of interest is prepared
identically different measurement results are achieved. This argument goes by saying perhaps this is some
fully deterministic theory in which ag, a1, bo, b1 are 4 among its variables (the others being “hidden” i.e. not
measured in this experiment). Due to the imperfect knowledge of the other variables in each experimental
trial, the properties ag, a1, by, b1 have some probability distribution. But, because no probability distribution
can possibly be consistent with (2.5.19) (when interpreted with Bell-realism and Bell-locality) one is forced to
conclude that local real hidden variables cannot correctly account for the randomness of quantum mechanics.
This argument is entirely correct, if you assume Bell-realism and Bell-locality are true. But, the apparent
conceptual tension was already evident last paragraph before we mentioned anything about hidden variables.
The true content of Bell’s theorem is that quantum mechanics is not equivalent to the combination
of probability theory, Bell-realism, Bell-locality. Some have interpreted Bell’s theorem to prove that
quantum mechanics is nonlocal, although you will notice that (1) it is not immediately clear that Bell-locality
and locality in the sense you would mean in say relativity are at all the same thing and (2) there is another
alternative.

The simplest resolution to the problem of Bell’s theorem is just to accept that Bell-realism is not
true. Discarding Bell-realism does not make you give up ordinary philosophical realism. Bell-realism
assumes that the possible measurement outcomes ag, bg, a1, b; are real properties of the quantum system
being measured, regardless of which ones actually are measured. However, as argued in section 2.4, those
outcomes of individual experimental trials are actually properties of the experimental apparatus which in a
well-designed experiment become correlated with part of the incoming state of the system being measured
through their interaction. Because Ay and A; do not commute there is no way to prepare any interaction
Hamiltonian operator Hmt capable of ideally measuring Ao and A1 in the same trial. Because ag and a; are
defined through this measurement interaction, there is thus no way to define both ag and a; in a single trial.
This is incompatible with Bell-realism. Bell-realism assumes that ag and a; each have an unknown true value,
whether measured or not, and that the experiment measures one of them based on its detector setting. In
the thermal interpretation, the quantum system being measured has a real physical state (represented by its
single trial density matrix) and setting the experiment (choosing the detector setup) to measure ag or a;
determines which one will be defined, while the other does not even exist in that setting (because there is no
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detector variable corresponding to it); the defined variable then reveals some partial information about the
actual state of the system of interest (the incoming density matrix). So, within the thermal interpretation it
is no surprise it is impossible to design a joint probability distribution for ag, a1, by, b1 able to describe the
outcome of the experiment. The interacting mechanics of measurement never has more than two of those
four variables even being well-defined in the same trial! The correct mathematical description of probability
in the thermal interpretation is that there is a probability space appropriate for each experimental setting
(choice of things to measure, called a context).

That concept of contextuality is essential to understanding the meaning of Bell’s theorem. Contextuality
is the property that the set of possible outcomes of experimental results is determined by the experimental
setting (i.e. which variables you can define values for is determined by your interaction Hamiltonian).
Contextuality is the conceptual opposite of Bell-realism. Within the thermal interpretation one still has
ordinary realism, i.e. there is a a physical state of the system which is real (specifically, the single trial density
matrix of the full interacting system and detector), and one is completely able to produce the results of
Bell’s theorem without contradiction because Bell-realism is not a property of the thermal interpretation.
Bell-realism holds that the unknown hypothetical outcomes of experiments not performed are real which is
experimentally vacuous but theoretically a disaster. The simple answer is to just understand that the state
(the density matrix) is real and the results of measurement are consequently contextual. Looking back at
Bell’s inequalities with contextuality understood, the random variable ag only exists when your experiment
is set to measure the property associated to 1210, and similarly so for the other properties. In each of the
four possible experimental settings, one can then fully define a probability distribution using the Born rule
appropriate for the two variables which are defined in that context and then one sees by a brief calculation
that indeed:

Eoo[aobo] + Eo1[aob1] + Eiglarbo] — Ei1]arbi] = 2v/2 (2.5.23)

exactly as is required for consistency. In the above the subscripts on the expectation indicate which
experimental context is used (and thus the appropriate Born rule distribution and probability space). There
is no joint distribution or probability space for all four variables because there is no experimental context in
which all four variables exist. It is amazing just how confused the common discussion around Bell’s theorem
is. Please again refer to [39] for more analysis and for references to other works that hath understanding,.

Exercises

Problem 2.10: x The most important homework question.
(a) Go take a talk through nature with someone you like, even if that someone is just yourself.
(b) Go pet a cat, if you can.

2.6 Quantum Statistical Mechanics

Fundamentally, we got started in the business of quantum mechanics because of statistical mechanics.
In the case of particles, the macroscopic properties of matter are inconsistent with the existence of point
particles. We have since replaced point particles with Schrodinger wave packets, which are able to explain the
macroscopic properties of matter. As well, the inability for classical field theories to reach thermodynamic
equilibrium (illustrated by the ultraviolet catastrophe in black body radiation) has shown us that we need to
alter classical field theory as well. Its replacement is quantum field theory, which we will delve fully into next
chapter. However, the very little bit of quantum field theory we developed in section 1.10 will be enough for
us to properly solve the ultraviolet catastrophe, thus showing the power of quantum mechanics to solve a
fundamental problem of classical mechanics. It is time to learn quantum statistical mechanics.

In quantum statistical mechanics we are interested in the statistical expected values of the physical
properties of interest of an ensemble of “equivalent” systems, just as in classical statistical mechanics. We
again can have this ensemble originating from many trials of an experiment where we only have imperfect
control over the initial conditions (and thus use a distribution to model our ignorance of them) or from
us uncontrolledly selecting a subsystem from a single system comprised of many mechanically identical
subsystems (one particle in a box of gas). As we have established in quantum mechanics, all symmetry
generators from Noether’s theorem are extensive and take the form of the operator summary of a self-adjoint
operator. Further, we have already shown that the statistical expectation of an operator summary is still of
the form of an operator summary but now with that summary taken by using the statistical expectation of
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the system’s density matrix. Thus, in quantum statistical mechanics all of the physical properties of interest
are characterized by the statistical expectation of the system’s density matrix, which we will just call p as it
acts as the effective density matrix of the full ensemble. Of course, the full density matrix of our system
satisfies the von Neumann equation (2.1.63).

2.6.1 First Law of Thermodynamics

The fundamental results of thermodynamics carry over to quantum mechanics with hardly any change.

Let us begin with the first law. Consider our system in the active picture so that now the density matrix is

constant py and the coordinate and momentum operators evolve with time. Suppose our system has free

Hamiltonian operator H and is subject to some external forces which cause modification to the evolution of
the momentum operators as usual:
a

W ienm, Loy

ih dt  ih

We now want to compute the time evolution of the expected energy of the system. We write our Hamiltonian

operator in the form of (2.2.39):

P, H] + F, (2.6.1)

H=> H"™, .. " "Sym@Q",...Q"", P, ... b,) (2.6.2)
n=0
where we have taken the point (¢,p) = (0,0) and given an abbreviated name to the coefficients of the

expansion. Those coefficients are constant because the underlying system has time translational symmetry.
Now we can directly compute:

00,00 dAal R R R N dP ~
=3 HMM, et <mSym< gt ,...,Qam,PbN...,an) + nSym (Q‘“ Qo ;’ ...,an>>

m=0

n=0

(2.6.3)

+ Z H(m’n)al...amblmb"nSym (Qala ) Qam’ Fbelxt’ ) an) : (264)

This last series can be understood as effectively differentiating H as a function with respect to P, and
inserting F ext at each place P, was removed. T herefore, we define as a piece of notation:

(55 ) ZH““" e sy (@, QP B P ) 265)
dH s O -

o~ \ o oa [ H. 2.6.

@ (a 8Pa> (2.6.6)
Immediately then, because E = ( o ):
dE . 0 .

R T 2.6.

dt <( ¢ 8Pa) ) (2.6.7)

If we now divide our variables as usual in statistical mechanics into microscopic m and macroscopic M degrees
of freedom we have (simply by expanding the sum):

ﬁ:(ﬁext 9 )ﬁf) <(Fextalf) o). (2.6.8)

ma
a[)1ﬂa Ma
So, just as in classical mechanics the contributions to the change in energy decompose nicely into effects due
to macroscopic external forces and effects due to microscopic external forces. Just as in classical mechanics
then, these contributions provide the fundamental definitions of work and heat:

dW - 0 - 716) <A 0 ) -
— = (| I — H), — = (| B — H 2.6.9
() () (269
and the first law of thermodynamics is entirely unchanged:
dE. dW  dQ

—_—=—+—. 2.6.1
dt dt+dt (2:6.10)
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2.6.2 Thermodynamic Equilibrium

The notion of thermodynamic equilibrium and the generalized Boltzmann distribution also carry over
very nicely into quantum mechanics. Let us return to the passive picture and consider the evolution of the
density matrix under the von Neumann equation. Let p indicate the time-averaged density matrix:

~ N T A
p= Tlggo ;/0 p(t)dt. (2.6.11)
p captures the long term behavior of our system. Using the von Neumann equation, we have that:
A o 1 (7. dp(t o(17) — p(0
5, H] = lim 7/ in PO gy i i LT =PO) (2.6.12)
T—=00 T Jo d T—00 T

The numerator will always remain a bounded operator while the denominator goes to 0 and so in fact:
(5, H] = 0. (2.6.13)

The steady state density matrix must commute with the Hamiltonian operator.

Suppose our system has K independent extensive conserved quantities G1,...G k. In quantum mechanics,
these can be written as the operator summaries of K self-adjoint operators él, . G and each of these
operators must commute with the Hamiltonian operator in order to have the conservation law:

(G, H] = 0. (2.6.14)
By independence we require that these quantities cannot be written in terms of each other and that their
operators commute:
[Gr, Gi] = 0. (2.6.15)
Because we assume these are a complete list of our system’s conserved quantities, in order for p to commute
with H it must be a function of the operators G1,...Gx. That is, for some functional form F":
p=F(G,..Grg). (2.6.16)

The particulars of this functional form are fixed by the initial conditions of the system. However, if our
experimental design is unbiased in certain ways we can determine a specific function F' just like in classical
statistical mechanics. For example, if we always prepare our system to identically have energy E and to be
totally unbiased otherwise on average, then necessarily the only one of the Gy, that F depends on is H itself
and p will take the form:

p=N6(H —E) (2.6.17)

where N is a normalization factor. Because p must have trace 1 we can determine this normalization factor
in terms of the density of states g(E):

g(E) = Tr(6(H — E)) (2.6.18)
and in doing so we achieve the quantum microcanonical ensemble:
1 N
Prmicro = ——=<0(H — E). 2.6.19
o = gy 0T —E) (26.19)

Alternatively, we can say that if we bring together two subsystems which are noninteracting but under
the same thermodynamic conditions then they should be statistically independent of each other and their
extensive conserved quantities should add. Independence requires that their density matrices multiply by
(2.1.110):

p=p1® pa. (2.6.20)
Imposing this on (2.6.16), the additivity of extensive conserved quantities then means:

F(Gi®1+1®G,) = F(Gy) ® F(Gs) (2.6.21)

where we have formed a vector G = (Gl, . GK) By the identical calculation leading to Orig. (5.5.44), we
have that for some real numbers 5, and Z:

FG) =" (2.6.22)

Thus we recover an analog of the generalized Boltzmann distribution as the generalized canonical ensemble in
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quantum mechanics. The most common special case of course is when all of our conserved quantities other
than the energy are 0 on average and so happen to have vanishing multipliers f,, leaving us with the usual
canonical ensemble:

e‘ﬁH
pAcanon — ? (2623)

The temperature is (in direct analogy to classical statistical mechanics) defined as the reciprocal of the 3
factor corresponding to the energy:

T:B (2.6.24)

and the partition function Z is fixed as always by requiring appropriate normalization of the distribution:

Tr(Peanon) = 1 = | Z = Tr(e #H). (2.6.25)

It is clear how (2.6.18) and (2.6.25) reduce in the classical limit to the classical definitions of the density
of states and the partition function by using (2.2.123) and that in the classical limit the Wigner function
associated to H will become the classical Hamiltonian 7. Again this explains the inclusion of factors 27k all
the way back in the phase space measure in Orig. (5.2.4); those factors were put there to make this classical
limit as simple as possible due to the factors of 2rh which appear automatically in the Weyl transform.
The familiar formula Orig. (5.5.20) for the expected energy in the canonical ensemble even holds in
quantum mechanics! By an essentially identical calculation:
g—g = %Tr(e_ﬂH) = —Tr(He PH) = —ZTv(Hp) = -EZ — |E= —% InZ. (2.6.26)
Unsurprisingly given how much of the rest of thermodynamic structure is shared between classical and
quantum mechanics, the free energy is defined in exactly the same way between them:

F=-ThZ (2.6.27)

The T derivative of F immediately then gives (using (2.6.24) and (2.6.26)):

2.6.3 Entropy and the Second Law of Thermodynamics

The classical formula for the entropy of a phase space density Orig. (5.6.64) can’t directly apply to
the density matrix because the density matrix is not a function on the phase space. An obvious suggestion
would be to take Orig. (5.6.64) and replace the phase space density by the Wigner function associated to the
density matrix, however this is not a valid definition of entropy because the Wigner function associated to
the density matrix can be negative, rendering the logarithm meaningless (on real numbers). Also, we don’t
always want to commit ourselves to using configuration Hilbert spaces. Quantum mechanics is formulated on
an entirely generic Hilbert space, and we should try to keep it that way. Because the density matrix is a
nonnegative self-adjoint operator of unit trace, we can diagonalize it into the form:

p=> pntn (2.6.29)
n

where the projectors 7, and eigenvalues p,, satisfy:

TnThk = OnkTn, Zfrn =1, Pn >0, an =1. (2.6.30)

By (2.1.80), the density matrix (2.6.29) has the same statistical expectations as you would get from treating
the 7, as a list of density matrices and randomly sampling from them with associated probabilities p,. So, a
possible natural definition of the entropy of the density matrix is then:

S=-> palup, (2.6.31)

as this is the information entropy you would get by using that probability distribution. This entropy is known
as the von Neumann entropy and we will now show that it does in fact have the desired properties we would



2.6. Quantum Statistical Mechanics Scheopner 201

like the entropy to have. Recall that a function of a diagonalizable operator is defined as the action of that
function on the operator’s eigenvalues in any of its diagonal bases. With this in mind, we can immediately
rewrite the von Neumann entropy as:

S =—Tr(pInj).] (2.6.32)

Because the von Neumann entropy is an information entropy of a probability distribution, it is automatically
nonnegative:

S > 0. (2.6.33)

This is superior to the situation in classical mechanics where the entropy can become arbitrarily negative
(because differential entropy is cursed). The explanation for how the possible negativity arises in classical
mechanics is that the classical limit of (2.6.32) often gives an infinite result (as happened originally in the
derivation of the entropy of a continuous random variable) and the differential entropy of classical mechanics
comes from setting an arbitrary 0 point (dropping an overall infinite constant a la —In7 in the i — 07 limit).

In classical statistical mechanics, the various ensembles of interest have the maximum possible entropy
consistent with their relevant constraints. The very same is true in quantum mechanics. Let us show this for
the canonical ensemble, as for the other ensembles the calculations follow essentially the same steps. We wish
to maximize the S for a p with a given expected energy E and so consider the variations of:

S(p) = —Tr(pIn p) + a(1 — Tr(p)) + B(E — Tr(Hp)) (2.6.34)
with the Lagrange multipliers a and . Varying with respect to p yields:
05 mp-1—al-pBh L0 (2.6.35)
dp
where the derivative of a function with respect to an operator is defined in an arbitrary orthonormal basis as:
oS oS
= = 2.6.36
6;3 ; 8pn7n ‘m> <n| ( )
and where the components p,., are defined as usual by:
Continuing from (2.6.35) we have:
p= e—e Bl (2.6.38)

which upon normalization just recovers the canonical ensemble. The second derivative of the entropy again
reveals that this is the maximum value attained.

Another foundational argument in favor of the suitability of von Neumann’s definition of the entropy of
a density matrix is that it precisely recovers the usual relationship between the entropy and the free energy.
In particular, for the canonical ensemble:

S=-Tr(plnp) = —Te(p)(—BH —1InZ)) = fE+InZ = E-F_ 0F

=57 (2.6.39)

totally identically to classical statistical mechanics.
Like classical entropy, the von Neumann entropy is extensive. If two systems are independent so that
their combined density matrix factorizes as p = p1 ® po then:

Von Neumann’s entropy is also subadditive, just like classical information entropy. Unfortunately, the proof
is a bit more complicated. First we need a few smaller results.

Lemma: Convexity of the trace. For a concave up function f(z), arbitrary self-adjoint A and B,
and ¢t € (0,1):

Te(f((1 —t)A+tB)) < (1 —t)Te(f(A)) + tTe(f(B)) (2.6.41)
with equality holding if and only if A = B. Proof:

Let A and B be self-adjoint operators and let f(z) be a differentiable real valued function of a real
variable. Define the operator:

Cty=(1—-t)A+tB = C(0) = 4, C(1)=B. (2.6.42)
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Let |n(t)) be a set of orthonormal eigenvectors of C(t) with eigenvalues A, (t). Then, by perturbation theory
around ¢ (from ¢ to t 4 dt, say) it follows that:

X, (8) = (n(t)|(B = A)n(t)) (2.6.43)
where the prime indicates the derivative with respect to t. So:
Te(f(C(t + 6t)) Z FOn(t+dt)) = Z FOn(t) + 5tz M( )+ O(5t%) (2.6.44)
= Z )+ 6tz — A f(C@®)|n(t)) + O(6t?)
(2.6.45)
— %Tr(f((l —t)A+1tB)) =Tr((B—A)f (1 -t)A+1tB)). (2.6.46)

Now consider f(z) to be a concave up function. A concave up function is a function for which for = # y
and t € (0,1):

f((=t)z +ty) < (1 =) f(x) +1f(y). (2.6.47)

Let |m’) denote any orthonormal basis of our Hilbert space which is not an eigenbasis of A. Using the concave
up-ness of f(x) and the diagonal representation of A:

Te(f(A)) = Z< Z fx [n(0)) {n(0)m) (2.6.48)

>Zf<zan| ) Zf( |A|m) (2.6.49)

If we instead have |m’) = |n4) we get exact equahty immediately and so in general:

) > Zf "|Alm')) (2.6.50)

for any concave up f(z), self-adjoint A, and generic orthonormal basis |m’) with equality holding if and only
if |m’) is an eigenbasis of A. Let us now apply this result with A replaced by C( ). Let us first assume A
and B commute but A # B. Then, we can select |n(t)) to be a simultaneous eigenbasis of them and because
A # B there is at least one n so that (n(t)|A|n(t)) # (n(t)|B|n(t)). With this, (2.6.47), (2.6.50) we have:

Tr(f((1 - t)A + tB)) Zf (1 = ()| Aln(t)) + t(n(t)| Bln(t))) (2.6.51)

<§j@ft n(®)Aln())) + £ (n(®)|Bln(1)))) = (1 = Te(f(A)) +Te(£(B)):
(2.6.52)

Now let us assume A and B do not commute. Then, the eigenbasis |n(t)) will be an eigenbasis of neither A
nor B and so again using (2.6.47) and (2 6.50):

Te(f((1 - t)A + tB)) Zf (1= ) {(n(®)|Aln(t)) + t{n(t)| Bln(t))) (2.6.53)

<2X1—t n(OIAIn®) + L (n@IBR(®)) ) < (1= OTE(F(A) + (Tr(£(B).
(2.6.54)
If we had instead chosen B = A then plainly Tr(f((1 — t)A + tB)) = (1 — t)Tr(f(A)) + tTr(f(B)). So, in all

cases the lemma holds. W

Lemma: Klein’s Inequality. For any differentiable concave up function f (z) and self-adjoint operators A
and B:

Te(£(B)) - Te(f(A)) = Te((B — A)f'(A) (2.6.55)
with equality if and only if A = B. Proof:
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Consider B # A and from our function f(z) define the function F(t):
F(t) = Tr(f((1 - )A +tB)). (2.6.56)

It immediately follows for ¢t € (0,1) and z,y € [0, 1] with y # x from the convexity of the trace that F(t) is
also concave up:

(1—t)F(z)+tF(y) = (1 —t)Tr(f((1 — 2)A + 2B)) + tTr(f((1 — y)
> Trf((1—t)(1—2)A+ (1 - t)zB+t(1 —y)A
As well, define the function g(¢):

A+yB)) (2.6.57)
+tyB) = F((1 —t)z +ty). (2.6.58)

F(t)—F(0
g(t) = ®) ; ©) (2.6.59)
Because F(t) is concave up, it follows that g(¢) is increasing. We can see this by evaluating the concave up
condition on F'(t) in terms of x =0, y = b, t = ¢ (note a < b because t < 1):
b) — F(0 F(a)— F(0
b>a = ()b ()> (a)a ():>g(b)>g(a). (2.6.60)
By applying the concave up condition at = =0, y = 1:
F(1) — F(0) > g(t). (2.6.61)
Because ¢g(t) is an increasing function of ¢ and using its explicit definition, we also have:
F(1) = F(0) > g(t) > lim g(t) = F'(0). (2.6.62)
t—

Let us now apply (2.6.46) to simplify this inequality into:
Tr(f(B)) — Tr(f(A)) > Te((B — A) f'(A). (2.6.63)
Plainly, if we had used B = A then both sides of (2.6.63) become 0 and we get equality. B

Lemma: Nonnegativity of quantum relative information. The quantum relative information Z(p, q)
between the density matrices p and ¢ defined by:

T(pl4) = Tr(pln ) — Te(p1n ) (2.6.64)
is nonnegative and is 0 if and only if o = g. (Note that Z is the natural operator generalization of Orig.
(5.6.9) for the relative information between two probability distributions.) Proof:

Consider the function:

f(z)=zlnz. (2.6.65)
Plainly for > 0, f(x) is differentiable. As well, its second derivative is positive (simply 1/z), which we can
then integrate from a > 0 to b > a to show that f/(x) is an increasing function:

F(x) = % S0 — f/(b) - f'(a) >0, (2.6.66)

We can now take this condition and replace b by x and then integrate from a to b or replace a by = and then
integrate from a to b. Doing each of these and combining the results gives:

f(0) = f(a)

flla) < =5 ——= < J'0). (2.6.67)

If we now consider ¢ > b, we have:
[ = fla)  EEOc—p+ GG —a)  Fp)c—b)+ D00

= — - b—a (2.6.68)
c—a c—a e
b)—f(a b)—f(a
JBEEe-p OG-0 50) - 1@ (2.6.69)
c—a b—a . -

Taking a =z, b= (1 — t)xz + ty, and ¢ = y with y > z and ¢ € (0,1) we find with a small amount of algebra
that indeed f(x) is concave up:

f(A=t)x+ty) <A —=2t)f(x)+tf(y). (2.6.70)
Now consider two different valid density matrices ¢ and f. Because f(z) is concave up, we can apply Klein’s
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inequality to find:
Tr(plnp) — Tr(d1nd) > Te((p - 4)(Ing + 1)) = Tr(plnf) - Te(plng) > 0 (2.6.71)
with equality holding if and only if g =pn. B

Proof of the subadditivity of entropy:

Consider a quantum system which decomposes into two subsystems. Let p be the density matrix of the
full system and let p; and po be the marginal density matrices of the two subsystems. As well, let pingep be
the tensor product of p; and po:

= ﬁg(ﬁ), /32 = Tr1<ﬁ>7 ﬁindep - ﬁl & ,52- (2672)

Of course, pindep is the density matrix the system would have if the two subsystems were completely
independent and noninteracting. Then:

S(p1) + S(p2) — S(p) = —=Tri(p11In p1) — Tra(pe In p2) + Tr(p1n p) (2.6.73)
— ~Tr(pln(py © 1)) — Te(pIn(1 © )) + Tr(p1n ) (2.6.74)
= T‘I’(ﬁ In ﬁ) - Tr(ﬁ In ﬁindep) = I(ﬁ|ﬁindep) Z 0 (2675)
with equality holding if and only if p = pindep. After one final step we have, as promised:
S(p) < S(p1) + S(ps) | (2.6.76)

with equality if and only if p = p1 @ po. B

Just like in classical statistical mechanics, the entropy is conserved by Hamiltonian time evolution. Under
Hamiltonian time evolution, the density matrix has the simple time dependence:

5(t) = U(t, t0)plto) U (1, o). (2.6.77)
Any continuous function of 5(t) then satisfies:
F(p(t)) = Ult, to) f(p(to))UT (2, to) (2.6.78)

(to see this, first use that any continuous function can be arbitrarily well approximated by an analytic function
and that for an analytic function this follows automatically by using its power series expression). So, the
entropy is constant by the cyclicity of the trace:

S(t) = —Tr(p(t) In p(t)) = —Te(U (1, to)(to) In plta)0 (1, 10)) = —Tr(plto) In plto)) = S(to).  (2.6.79)
Exactly as in classical mechanics, the entropy of an isolated system only changes due to unaccounted for
forces (which we could add by time evolving using (2.6.1)). The combination of the subadditivity of entropy
together with its conservation under Hamiltonian time evolution give that the justification of the second law

of thermodynamics established in Orig. (5.7.25) is completely unchanged in quantum mechanics. The second
law of thermodynamics carries over exactly.

2.6.4 Planck’s Law

Now that we have shown how thermodynamics plays nicely with quantum mechanics, let us show how
quantum field theory explains Planck’s law. Because the electromagnetic Hamiltonian in Orig. (4.4.23)
depends only quadratically on the fields and because all of the symmetries of electromagnetism act linearly
on the potentials, we know that we can write down a Hamiltonian operator for quantum electromagnetism
with all of the correct symmetries by taking that classical Hamiltonian as the Wigner function of the theory.
Because of this, all of the coordinate transformations leading to Orig. (5.12.70) remain appropriate in
quantum mechanics, with that H now interpreted as the Wigner function for H. So, the Hamiltonian operator
for quantum mechanical electromagnetic waves in a conducting box of volume side length £ is then:

P o oo o ]57%_1 Pg_H 7T2|ﬁ‘2 A2 A2 mOnynz 2|ﬁ|2142
- Z Z Z 2 + 2 + 2€2 ( 1+ 7l+1 + Z Z 222 x0nyn,

ng=1ny=1n.=1 ny=1n,=1

ymOnz \n| s anny 2|ﬁ|2 .
+ Z Z 202 Aon |+ Z 5z Ao |- (2.6.80)

ng=1ln,=1 Ny=1mn,=1
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This is now the form of an infinite number of quantum harmonic oscillators! Because the structure of
thermodynamics is totally unchanged by quantum mechanics, the Helmholtz free energy remains extensive
and so all of the arguments leading to Orig. (5.12.79) are unchanged. Therefore, we still have the the free
energy of quantum electromagnetism is given by:

V o0
F= ﬁ/ Fi(T,w)w?dw (2.6.81)
0

where Fi(T,w) is the free energy of a single harmonic oscillator at temperature T' of angular frequency w.
However, now it is the free energy of a quantum harmonic oscillator because each mode within (2.6.80) is a
gho. The ground state energy of any system is entirely arbitrary and unphysical as we can shift the energy
by an overall constant. By convention, we set the ground state energy of a quantum field theory to be 0 by
definition. This convention is well-motivated in a Lorentz invariant theory by wanting the vacuum state to be
Lorentz invariant, which only happens if its 4-momentum is 0. The other common ground state convention
for a single gho, in which the lowest energy is %’ is an obnoxious choice for field theory, because when this is
integrated over all modes the result is infinite. There is no reason to add an overall infinite, non-Lorentz
invariant constant to your energy, so don’t. So, we have that for a single quantum harmonic oscillator we

take the Hamiltonian operator:

H = hwa'a (2.6.82)
in terms of the creation and annihilation operators of the oscillator. Now using (2.6.25) we have:
(o) o0
_8h _ —nBhw 1
Zl = Tr(e 5H) = z_%@ BEn = Z:Oe Bh = m (2683)
— Fi=-TlhZ =Th (1 - e*%“’) . (2.6.84)

This is ezactly the same free energy that we guessed in Orig. (5.12.102). Therefore, quantum mechanics
genuinely explains that formula. From this free energy, we can legitimately follow the rest of the steps of
Orig. section 5.12 to derive Planck’s law and the Stefan-Boltzmann law. We can also explain Orig. (5.12.112).
Using the density of states definition in (2.6.18):

g(E) =Tr(0(H —E)) = > §(E, —E) =) (E - nhw) (2.6.85)
exactly as desired. Amazingly, quantum mechanics fully resolves the tension between classical field theory
and thermodynamics.

2.6.5 Bose-Einstein and Fermi-Dirac Statistics

In the next chapter we will show that a Lorentz invariant quantum field theory for a field of integer
spin has creation and annihilation operators that satisfy the usual commutation relations but for a field of
half-integer spin the creation and annihilation operators satisfy a slightly different anticommutation relation.
In particular, if 4, @’ are the annihilation operators for two different modes of angular frequency w,w’ for an
integer spin field, we will show:

[a,a'] =0, [a,d'] =0, [a,a"] = [a/,a'T] = 1. (2.6.86)

However, if @ and &’ are the annihilation operators for two different modes of angular frequency w,w’ for a
half-integer spin field, we will show:

[a,d]4 =0, la,a'T], =0, [a,a, =[a/,a' T, =1 (2.6.87)

where we have defined the anticommutator of two operators:
[A,B], = AB + BA. (2.6.88)
Plainly, the anticommutator is twice the symmetrized product of two operators, but for our thinking it will
tend to be nicer to represent it in this [-, -]+ notation so that it appears more similar to the usual commutator.
This connection between the type of commutator used and the spin of the field is called the spin-statistics
theorem. While we will have to wait until next chapter to justify it, it has important implications for
quantum statistical mechanics, and so we will study some of those consequences here. Fields which have

creation and annihilation operators satisfying the usual commutation relations (2.6.86) are called bosons
and fields which have creation and annihilation operators satisfying the anticommutation relations (2.6.87)
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are called fermions. The existence of fermions surprises sane people at first, but you will learn soon that
they make perfectly good sense.

As we have seen, the electromagnetic field is bosonic. Let us see the basics of the statistical mechanics of
bosonic fields in general. Suppose we have a quadratic field theory which we have transformed into creation
and annihilation operators ag, dL where k here is a label identifying which field mode is under consideration.
Let Ej be the energy of a single particle state corresponding to mode k. Then, the Hamiltonian operator for
the theory is simply:

H =" Eyala. (2.6.89)
k

From here we can easily compute the partition function of the theory because the modes for different &
commute with each other. Define the number operator N which counts the total number of particles:

N =>"afax. (2.6.90)
k
Then, in exact analogy of Orig. (5.10.42), the grand canonical ensemble density matrix is given by:
e BUH—uN)
p=—p (2.6.91)
where the grand partition function is determined by the normalization of the density matrix:
Tr(p) =1 = Z = Tr(e PH-1N)y, (2.6.92)

In the classical statistical mechanics of identical particles we found that the occupation number density
was very useful. We can define an exactly analogous and equally useful quantity in the quantum statistical
mechanics of identical particles. Define the occupation number n; of mode k as the expected number of
particles in mode k:

ny, = E[(alax)] = Tr(a) arp). (2.6.93)

Because the Hamiltonian and number operators in the grand canonical ensemble are sums of commuting
terms for each different k, we can decompose the density matrix has:

X e~ B(Br—p)aj ax
=11 (Zk (2.6.94)

k
where each mode’s grand partition function is defined by:

2, = Try, (e PEr—milar) (2.6.95)
and the trace is only taken over the Hilbert space of mode k. With our decomposition of the density matrix,

the computation of n; becomes quite simple:

Ata —wala - —p)at,a,, JEIN
Tr (alake B(Er—p)a, ax Hk’;ﬁke B(Er— ) 1 QK ) Tr(dz&keiﬁ(Eki'u)azak) 19 Lz (2 ; 96)
ng = = — =—-—1In2Z. .6.
b o 2w Tr(e—B(Ex—matar) Bou *
We can easily compute Zj because we already know the eigenvalues of the (bosonic) quantum harmonic
oscillator:

oo
1
Zp =Y e P gy (2.6.97)
n=0
Using this, we immediately have:
1

T B — 1
This is the expected number of particles in mode k at a given temperature and chemical potential. Equation
(2.6.98) is called the Bose-Einstein occupation formula and the particles of bosonic fields are said to satisfy
Bose-Einstein statistics.

It is useful to define the occupation number operator 7 as an operator on the single particle Hilbert
space of the field theory by:

Nk (2.6.98)

A= nlk)(kl (2.6.99)
k
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where |k) indicates a single particle state in mode k. Automatically then, if H, is the effective single particle
Hamiltonian operator of the field theory, we have that the total expected number of particles and total
expected energy are given by:

N = Tr(), E = Tr(H,7). (2.6.100)

Let n(Q, P) be the Wigner function associated to # and @, P be the phase space coordinates of the phase
space of a single particle. Similarly, let H; be the Wigner function for Hy. Then, using (2.2.123) we have:

N = /n(Q,P)d]P’l, E= /Hl(Q,P)n(Q,P)dPl (2.6.101)

in exact analogy with Orig. (5.10.56). Very often in applications (but not always), the single particle states
can be considered as basically classical because we may have inadequate resolution to notice single particle
quantum effects. However, even in such a case, quantum mechanics affects the statistics of the many particle
system. In this pseudo-classical case, we approximate H; simply by the classical Hamiltonian #; of a single
particle of the field theory in the classical limit. As well, then Ej limits toward being H evaluated at the
relevant point in the single particle phase space. Thus, in this pseudo-classical limit we approximate:

1
nee(@ P) ~ =5 (2.6.102)

where the subscript BE indicates that this is appropriate for Bose-Einstein particles.

We can perform all of the above analysis for fermionic fields as well, and surprisingly little changes about
the calculations. Before we do so, we need to introduce a few basic facts about how fermions work. For the
moment, suppose we have a single fermionic quantum harmonic oscillator. That is, we have an operator a
that we call an annihilation operator and its adjoint at which together satisfy:

[a,d), =0, [a,a'] =1 (2.6.103)
and so that the Hamiltonian operator for the system is:
H = hwa'a. (2.6.104)

We want to now understand the Hilbert space of this system and to find the eigenstates and eigenvalues of H.
Because of the anticommutation relations, we immediately have that & and af as operators square to the zero
operator:

a2 = (")’ = 0. (2.6.105)
Let |¢) be a normalized eigenstate of H of eigenvalue E:
(i) =1, Hly) = Ely). (2.6.106)
Now let us act a' on the eigenvalue equation:
hwa'ata|y) = Ba'|y). (2.6.107)

The left-hand side is automatically zero because afa’ = 0. Therefore:
H|Y) = Ely) = Ed'|y) = 0. (2.6.108)
So, each eigenstate of H either has eigenvalue 0 or satisfies at1y) = 0. Let us first consider an eigenstate of
eigenvalue 0 and let us call it |¢)g). Then, acting G on the eigenvalue equation:
Ho) =0 = aatajo) =0 = (aat + afa)alyo) — ataalye) =0 = o) = 0. (2.6.109)
So, if an eigenstate of H has eigenvalue 0 then it is annihilated by the annihilation operator. Now let is see
how |¢0) is affected by the creation operator. Let |11) be given by:

1) = allvo) = (iler) = (Yolaallvo) = (Y[(aa’ +ata)lyo) — (olatalyo) =1 (2.6.110)
and so [11) is properly normalized. As well:
H) = hwataat|ve) = hw(ata + aah)v,) — hwaatat|ve) = hwlyr) (2.6.111)

and so [11) is also an eigenstate of H, but with eigenvalue hw. Because w # 0 and all of H’s eigenstates
satisfy Fa'|i) = 0, we immediately have that |¢;) cannot be raised any further:

ally) = 0. (2.6.112)
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We can also recover [ig) from [¢); by lowering in the usual way:
aly) = aal|ye) = (aa’ + ata)|o) — alalve) = |ibo). (2.6.113)

So, given an eigenstate of H with eigenvalue 0 we can produce a state of eigenvalue hw and neither can be
raised or lowered to achieve any new independent states beyond these two.

Next let us consider an eigenstate of H which does not have eigenvalue 0. Such a state must have
af|y) = 0. Let us now act @ on this equation:

aat|lpy =0 = (aa’ +afa)|v) — alaly) =0 = HY) = hw|y). (2.6.114)

Thus, if an eigenstate of H does not have eigenvalue 0 then it must have eigenvalue hw. By our previous
calculation, we know from this state we can produce a state of eigenvalue 0 by simply considering a|i). So
the eigenstates of H comes precisely in disjoint pairs with one member of each pair having eigenvalue 0
and the other having eigenvalue hw and the two elements of the pair related by raising / lowering. We can
refine our definition of H slightly to guarantee that it posses precisely one such pair. If H had multiple
pairs of eigenvalues, we could define a creation operator for each pair by projecting the full creation operator
onto that pair’s subspace of the Hilbert space. Then, the full Hamiltonian operator is given by summing
over Hamiltonian operators each of which now manifestly acting only on its two dimensional Hilbert space
orthogonal to all the others. Therefore, as part of the definition of a fermionic quantum harmonic oscillator
we include the condition that its Hilbert space be purely two dimensional. This is a very stark difference to
the bosonic oscillator which had an infinite dimensional Hilbert space! We now call the two eigenstates of H
|0) and |1) and the number simply refers to the mode occupation number, or in other words, the number of
particles in this mode. Surprisingly, a fermionic field can never have more than one particle in any
specific state. That fact is called the Pauli exclusion principle. This enormously affects the statistical
behavior of fermions. We can summarize our conclusions on fermions by saying that the Hamiltonian is
simply diagonalized by states |0) and |1) satisfying:

©loy = 1|1y =1, (0]1) =0, [1)=4a'l0), [0)=all), H[0)=0, H|1)="hwl). (2.6.115)
Because the Hilbert space of a single mode of a fermion is just two dimensional, it is way simpler than that of

a boson (which as an ordinary qho has infinite dimensional Hilbert space). We can give the fermionic a, a',
and H very simple matrix representations following the above. In particular:

0) = (é) 1) = (?) = a= (8 (1)) al = (‘i 8), H=hw (8 (1)) (2.6.116)

In (1.10.56) we found that the two photon wavefunction is symmetric under exchanging the parameters
of the two photons, which comes from the fact that the creation operators for each of those particles commute
with each other and they are of the same species. This generalizes in the obvious way so that the N particle
wavefunction of any single species bosonic field is symmetric under exchanging any pair of particles. For
fermions, because the creation operators anticommute with each other, the N particle wavefunctions are
instead antisymmetric under particle exchange. For example, if &h(E) is the annihilation operator for a
half-integer spin field with h some index covering the internal field degrees of freedom and k the wavenumber
then precisely like (1.10.54) we can represent a generic two particle state as:

/ > i (kK" (k)af, (k)|0)d*kd*k’ (2.6.117)
KK’

hh!
where |0) is the vacuum state (in there there are 0 particles of any mode). We can rewrite the product
al (k)a;/(k') in terms of their commutator and anticommutator:

af (Byad, (F') = Sl (B), al, (F) + 5fal (R, af, (F) . = 3 la] (), af, ()] (2.6.118)
because, due to the spin-statistics theorem, the different mode creation and annihilation operators anticommute.
Returning this to |¥), and relabeling indices:

1 Y (k. E") = vwn (k' k) 1

V2 Jrre o 2 2

_ 1 Yo (B, k) = o (k'
V2 Jrre Y 2

|¥), = [a} (), al, (k")]]0)d>kd®k’ (2.6.119)

)a;(iz) (KN 0)dPEdPE (2.6.120)
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This is just (2.6.117) with the wavefunction antisymmetrized, and so because the wavefunction is only defined
through its representation of the two particle state in that equation, we have:
Y (B, k') = = (', K). (2.6.121)
In the N particle case, the fermionic wavefunction is antisymmetric under the swap of any pair of particles.
Now let us determine the occupation number distribution for fermionic fields. All of the analysis of
(2.6.89) through (2.6.96) and (2.6.99) through (2.6.101) is completely unchanged from the bosonic case. The
only thing we need to treat differently is the calculation of Zj and the resulting expression for ny. Now the
eigenvalues of d};&k are simply 0 and 1 and so:

1

BE—w) 1 (2.6.122)

1
Z) = Z e PEBr—mn — 1 4 o=B(Ek—n) — ne =
n=0
What a small change! However, that —1 versus +1 is qualitatively hugely important. If the exponential is
small in the bosonic case, the denominator approaches 0 and the occupation number becomes arbitrarily
large. Because ny is necessarily nonnegative from its definition, E} > p always in the bosonic case. If the
exponential is small in the fermionic case, the denominator approaches 1 and the occupation number never
exceeds 1, consistent with Pauli exclusion. In the pseudo-classical limit, we naturally have the Fermi-Dirac
(FD) occupation number distribution:

1
TZFD(Q,P) ~ oA (2.6.123)

Hi—p) 4 1°

At very low temperatures 3 is large and so the eigenvalues of the operator e # fall of very quickly.
Because of this, the density matrix at low temperatures is very small except near the low energy states of the
system. In the bosonic case, this causes all of the particles to cram together in low energy states (known
as a Bose-Einstein condensate) since arbitrarily many particles can occupy a single state. This is reflected
in (2.6.102) going to 0 if H; > p and B is very large but in the denominator going to 0 (and so the result
exploding) when H; — p. In the fermionic case, low temperature causes all of the lowest energy states to
have essentially filled occupation number 1 and for there to be a cutoff energy (called the Fermi energy) above
which the occupation number drops to 0. This is reflected in (2.6.123) going to 1 if H; < p or to 0 if Hy > p
whenever (8 is very large. Thus at very low temperatures the different statistics of the particles matters a lot.
Away from the extremely low temperature limit, in regions of the phase space where single particles have
high energy compared to the chemical potential, e®(*1=#) becomes much greater than 1 and the exponential
dominates the denominator in the both the Bose-Einstein and Fermi-Dirac cases. The leading order result
simply reduces then to the classical result, the Maxwell-Boltzmann distribution in Orig. (5.10.62), for both
cases.

2.7 Summary and Additional Reading

Important homework questions from this chapter:

e Problem 2.6: Affinely Realized Symmetries showed that for a classical system whose symmetry
generators other than the Hamiltonian operator are polynomials of at most quadratic degree in the
phase space variables there is a natural notion of quantization by taking those symmetry generators to
be the Wigner functions for the corresponding quantum theory. This will be heavily used in quantum
field theory.

e Problem 2.10: The most important homework question should help you get a grip on reality
after spending time thinking about philosophical heady nonsense.

In this chapter we developed the general theory of quantum mechanics, which is the most fundamental
formalism we present know for doing physics. In section 2.1 we showed how quantum mechanics arises
naturally as the faithful representation of the algebra of operators we introduced all the way back in Orig.
section 1.3. We found that under very simple assumptions on how operators can map to number in a way
compatible with experiment, the physical state of a quantum system is its density matrix, with evolution
given by the von Neumann equation, for which the wavefunction and Schréodinger equation are special
cases. In section 2.2 we understood in general how to take the classical limit of a quantum system, and
we found the Wigner-Weyl representation of quantum mechanics in phase space with the corresponding
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Moyal bracket, giving a way to do quantum mechanics without operators and to view it as a deformation
of classical mechanics. We also showed there is no coordinate covariant way to map a classical theory to a
quantum one in general, thus canonical quantization does not really exist. But, in the case that you are only
interested in affinely realized symmetries, there is a canonical quantization map compatible with specifically
those symmetries, wherein the classical symmetry generators are identified with the Wigner functions of the
quantum theory. In section 2.3 we derived the Lindblad equation, which is the most general possible closed
linear equation of motion that can be satisfied by an open quantum system. In general an open quantum
system does not satisfy a closed equation of motion, and even if it does, it may not be linear. In the case of
weakly coupling to a large bath, it is possible to maintain closure and linearity, so the Lindblad equation is
useful to studying the average statistical effects of dissipation and thermodynamics in quantum mechanics.
In section 2.4 we introduced the Thermal/Unitary interpretation of quantum mechanics, in which the Born
rule and the collapse rule are macroscopic dynamically emergent effects of underlying deterministic unitary
dynamics of coupling a system to a thermodynamically large detector and the inherent need to treat the state
of such a detector with statistical mechanics. The Born rule emerges as the only possible rule for describing
the outcomes of a macroscopic unbiased binning procedure of measurement. The collapse rule can be derived
circumstantially depending on the kind of measurement, with the lack of a well understand more general
derivation essentially being the extent to which the measurement problem remains unsolved. In section 2.5
we described several other interpretations of quantum mechanics and discussed their pros and cons. We
also proved Bell’s theorem and tried to clarify the actual philosophical implications of it. In section 2.6 we
outlined the basics of quantum statistical mechanics, which quite miraculously carry almost everything from
classical statistical mechanics with almost nothing changed. We also introduced the concepts of bosonic and
fermionic particles and hinted at the spin-statistics theorem, which will be a fundamental result relativistic
quantum field theory. We now have all of the background necessary for us to dive head-first into proper
quantum field theory in the next chapter.

This chapter is not a complete treatment of essential topics in quantum mechanics. Refer to [2,33,48,51,
57,63] for general treatments. For more on the theory of measurement and on the interpretative elements of
quantum mechanics, see [1,7,9,10,16,17,25, 36, 38, 39, 54].



Chapter 3

Quantum Field Theory

I insist upon the view that all is waves.
— Erwin Schrédinger [55]

The career of a young theoretical physicist consists of treating the

harmonic oscillator in ever-increasing levels of abstraction.
— Sidney Coleman [12]

If my calculations are correct, when this baby hits 88 miles per

hour... you’re gonna see some serious shit.
— Emmett Brown [64]

Quantum field theory is a notorious subject. The notation is often obtuse, the derivations are often of
very low quality, mathematical rigor or even a coherent use of definitions is typically nowhere to be found.
Conceptually, it is for the most part not actually so difficult. Rather, calculations in quantum field theory are
typically quite tedious and some of the essential foundations of the theory remain poorly understood. In
some ways quantum field theory is the opposite of general relativity. General relativity is perfectly rigorously
mathematically well defined and most of the time calculations are just too hard. We have enormously
developed tools for systematic calculations in quantum field theory, but we don’t know how to define it nearly
as rigorously as our other theories in physics. There are too many limits to take, and they don’t commute
with each other. We will try to do our best deriving things as always, but sadly many of our derivations
going forward will not be at the same standards as our previous ones. All quantum field theory really is is
ordinary quantum mechanics on an ordinary Hilbert space, where that specific Hilbert space is that formed
from the multiparticle states from the creation and annihilation operators that are the mode operators of
some fields of interest. The issues all come from the fact that fields have infinitely many modes and any sane
calculation must start with a finite number of modes and take limits. It is difficult to do so in a way that
properly maintains the desired symmetries of the field theory and gives finite results. While it is a bit uphill
at the beginning, once you crest the peak, a wonderful view comes into focus. Let’s get started and see what
happens.

Having now found through the resolution of the ultraviolet catastrophe and the various statistical
properties of multiparticle quantum mechanics that quantum field theory is necessary, we can state the basic
assumptions of our new worldview. We have:

Assumption :: LQFTIT - Quantum Field State of Nature

The state of the Universe is described by a density matrix p which evolves according to the von
Neumann equation on a Hilbert space H of field functionals.

We are not ready to attempt dealing with general relativity, so we will look at simply special relativistic
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quantum field theory at this time. Thus, we assume:

Assumption :: LQFTII - Lorentz Boost Symmetry

The Universe has symmetry under applying a Lorentz boost.

and:

Assumption :: LQFTIII - Spacetime is static and Minkowskian

Spacetime is not itself dynamical and is instead fixed without any curvature or punctures, extending
infinitely in all directions.

When doing quantum field theory no sane person nor anyone who values their time uses units except
those in which h = ¢ = 1, so it is time we finally switch to high energy units as promised in section 1.5.
These are units in which the energy of a normalized wavefunction of definite angular frequency is exactly
that angular frequency and in which the distance traveled by light in a given time duration is precisely that
duration.

3.1 Representations of the Lorentz Group

Viewed in the passive picture, we will have some field operators (ﬁ“ (Z) which act on our Hilbert space
H of states and the physical state of our qgft will be some time dependent density matrix p(¢). The field
operators are functions of spatial position for the same reason that classical fields are: a field theory is really
just an ordinary theory in which spatial position is a “continuous index” for designating which variable is
being described. Because we are working with a relativistic theory, this separated treatment of time ¢ as the
evolution parameter and position & as a field label is inconvenient, as Lorentz boosts will mix the two. So,
typically in relativistic quantum field theory we will use either the active picture or the interaction picture, so
that (¢,Z) appears more covariantly. We will often forgo explicitly putting a subscript on the field operators
to indicate which picture they are taken in just to keep equations from being extremely cluttered. Due
to this, be careful to read the text around equations which will always make it clear what picture is used.
Following (2.1.60) and (2.1.62), we now go to the active picture so that the field operators are ¢*(t, Z) and
evolve according to (2.1.47) and the density matrix p is constant and simply defines the summary map.

What can our field operators be? In general it is not such an easy question, but with some reasonable
restrictions we can enumerate the possibilities. Whatever operators we have, (q@“(t, Z)) will be just be classical
fields (for exactly the same reasons that in a generic quantum system (Q“) and <]5a> are classical variables.
As always, we assume that there exists a stable equilibrium state in the phase space of the universe so that if
we start at that state we stay there and if we start nearby we stay nearby. We choose to define our fields
so that (¢(t,Z)) = 0 corresponds to such an equilibrium (shifting your canonical variables by a constant is
always an allowed canonical transformation). Then, by the logic of the theorem of normal modes from Orig.
section 1.15, nearby that equilibrium our Hamiltonian will be approximately some quadratic polynomial in
our canonical variables. Because our Hamiltonian is of the form (f[ ), this requires that nearby equilibrium
our Hamiltonian operator is a quadratic polynomial in our field operators.

Whatever fields ¢*(X) we have in our theory, they will transform in some way under a Lorentz
transformation. As well, the coordinates of the evaluation point X becomes transformed under a Lorentz
transformation to new coordinates X’. Therefore, under Lorentz transformation, our transformed fields at the
transformed coordinates ¢'*(X’) will be related in some way to our untransformed fields at the untransformed
coordinates:

¢"*(X') = R*(¢(X)) (3.1.1)
for some functions R* dependent on the specific Lorentz transformation applied. The functions R are not
taken to depend on the coordinates of X due to the spacetime translational invariance of our theory (and so
the fields at each point should transform under the same transformation law). Under such a transformation,
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we define Z,,,¢* as:

a
gy )
0=0

where the 0, are our transformation parameters. These ,,,¢* are consequently functions of all of the fields.
Suppose we are considering a theory near some stable equilibrium (as we usually are) and define our fields
so that ¢% = 0 is the stable equilibrium (by the theorem of normal modes this is always possible if such
an equilibrium exists). Then, we keep our Lagrangian density as a Taylor expansion about 0 up to some
order N, giving a polynomial of degree N in the fields (and their derivatives). If we want our Lagrangian
density to have Lorentz symmetry then it must be the case that replacing ¢*(X) by ¢*(X’) results in a
Lagrangian density which differs only by a 4-divergence. Thus, the transformed Lagrangian density must also
be a polynomial of degree N in the fields up to a 4-divergence. Because we are performing an expansion
to order N in powers of ¢, we only need to consider transformation functions R*(¢) which are themselves
polynomials of up to degree N. It is possible to define new fields ¢,ew as a polynomial in ¢ so that at least
up to the necessary order N the ¢,ey transform affinely under Lorentz transformation. (To do this, write
Onew as a general polynomial in ¢. @neyw then transforms under Lorentz transformation by applying R to
each factor of ¢. Do this explicitly by inserting the polynomial expression for R then fix the coefficients of
how ¢pew is expressed in terms of ¢ so that the transformed ¢,y is an affine function of the untransformed
¢new- This gives a system of equations for the coefficients at each order which can be solved in principle. We
do not need the explicit solution, just to know that it can be done.)

Assume now that we have defined our fields as described so that by definition they transform affinely
under Lorentz transformations. Automatically then under Lorentz transformation:

F(X') = RU(G(X)) = U (X) + €° (3.1.3)
for some U%, and £* which depend on the Lorentz transformation. However, consider the stable equilibrium
point ¢* = 0. Under this transformation the equilibrium becomes ¢'*(X’) = £€%. Our Lagrangian density
is a series expansion about ¢% = 0 and so for our expansion to also be valid for our transformed fields the
expansion point must be the same (otherwise, previously neglected terms in the series expansion could be
made large), meaning we must have ¢'*(X’) = 0 whenever ¢* = 0 for our polynomial expansion to be valid.
Thus, £* = 0. So, for a Taylor expanded Lagrangian up to degree N in the fields, the form of the Lorentz
transformation must be linear:

(3.1.2)

¢"(X') = RY($(X)) = U"o"(X). (3.1.4)
Differentiating we have:
-@HV¢G = (-@uuUab)¢b- (315)
For convenience, let us define:
(S,LW)ab d:Cf @,LLVUab - @,uu(ba = (S,uu)ab(bb' (316)

Because the Lorentz transformations form a group, the composition of such transformations is itself such
a transformation. In particular, consider a Lorentz transformation L; with parameters €10*” and another Lo
with parameters €20*”. Then, the composition of such transformations gives:

nv v pv
LiLy = 6510 Jw,eaf,ge Juv — 6(€1+€2)9 s (317)

which is then a Lorentz transformation with parameters (g1 +¢2)0"" J, - This manipulation of the exponentials
is valid because the matrix 6#*J,, of course commutes with itself. If we now consider a Lorentz transformation
by 0¥ letting ¢g be our untransformed fields and ¢. be our transformed fields, we have:

¢ = UL, (3.1.8)
Applying our composition rule to the fields, we see that:
B2 by = Uleyyen), 00 = UL US, 00 = UL 82, (3.1.9)
If we now differentiate with respect to 1 at € = 0 and use the chain rule:
d¢g1+€2 dUEalb b
—f1re2 = —=1b 3.1.10
e I (3.1.10)
do? aue d(e10"
— Yo, =20 (£16™) b (3.1.11)
d€2 e1=0 dorv =0 dEl £1=0
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a9,

dEQ
As a matrix equation, this is a familiar linear differential equation with solution given by the matrix
exponential:

= (2 U%)0" ¢L, = 0" (S,,)", 0L, (3.1.12)

" a
¢ = (669’ Sw) 96 (3.1.13)
So, we can see by matching (3.1.8) and (3.1.13) and setting € = 1 that:
Uty = (ee“’”sw)ab. (3.1.14)

Now consider two distinct Lorentz transformations which on coordinates have matrices with components

LY, and L5,. Then, by the group property there exists a Lorentz transformation with matrix components
L, so that:

LyLy = Ls. (3.1.15)

Suppose that the Lorentz transformation parameters of L; are £0]"” and that the Lorentz transformation
parameters of Ly are e65”. Then:

v 52 v leg 52 o K
LiLy = (11 + €04 0 + > (6 J,,)° + 0(53)) <11 +€605° Jp + > (057 J,0)° + (9(55)> (3.1.16)
v v 52 v v o 62 g
= 140} +65") s + 5 (01 Jo)’ 4 €208 007 T o + 5 (05 Joo)’ + O(e%). (3.1.17)
As well, L3 must have some Lorentz transformation parameters 64" () which will depend on e as some series:
047 () = 0Ly + 04y + 2055 + O(e%). (3.1.18)
When ¢ =0, Ly and Ly are the identity and so L3 is as well. Then:
La|,_y = 0w =1 (3.1.19)
and so we take 057 = 0 by definition. Then, expanding the exponential form for Ls:
Ly =ef% Jw = €057 T +e20%y T +0 (%) (3.1.20)
1
=1+eb) T + 5g?(egjl”J,w)Q + 208y J, + O(%). (3.1.21)
Matching this against (3.1.17) at order ¢ we see:
0" + 05" = 647 (3.1.22)
At order €2 then we see:
1 v 2 v npo 1 o 1 v v v
5 (04 T)™ + 047057 T, por + 5(95 Jpo)? = 5(9? T + 057 T0)? + 045 T (3.1.23)
1 v log v
== 59’1‘ 057 (v dpo — Jpoduw) = 055 J . (3.1.24)
Using then equation the Lorentz algebra:
1 00 v
50114 95 (nl—LUJPV - nﬂpJJV - nVJJp,u + nl/pJO'p,) = 9§2 J#y (3125)
= (07,05" — 01,05")J 0 = 055 Ju (3.1.26)
= 05y = 07,05" — 07,05 (3.1.27)

Thus, we have the Lorentz transformation composition rule:
€01 v €05 T _ es(eg‘”wg”)J,w—2529;‘p0§”JW+O(53). (3.1.28)

Applying this composition rule to the fields then demands:
U,Uy =Us (3.1.29)

Because U is given as the matrix exponential of S in the same way that L is given as the matrix exponential
of J, we immediately have:

2 2
UrUs = 1 + (01 + 04)S 0 + % (047 S,)% + €201 08° 8,1, S por + % (05°8,,)% + O(D). (3.1.30)
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and:
1

2
At order ¢, these two match automatically by using that 6%; is given in (3.1.22). At order £ we get:

Us =1+ e04Su + =2(057S,)* + €205 S, + O(7). (3.1.31)

1 v leg v
50’{ 057 (SuvSpo — SpoSuv) = —201,05" T (3.1.32)
— 005 (S Spo) = Mo Suo + Mo Sup + MupSuo = MupSua ) = 0. (3.1.33)
Because this holds for all 8" and 657, we have:
[S/Wv 'Spo] = TIWSW - U/LUSV,D - nupgua' + n/tﬁSVO" (3.1.34)

Thus, these S matrices must satisfy the exact same algebraic relations as the original Lorentz generators and
thus are said to be a representation of the Lorentz algebra (the U matrices then form a representation of the
Lorentz group). Conventionally it is common in physics to instead use the matrices S, defined by:

S}}.l/ = iSp,y (3135)
— S0, 8,0 = (nWS‘W — Do Svp = MwpSuo + nupéya) . (3.1.36)

These S v are called the spin matrices for our fields. Define as well:

- 1 N ~
J, = 5eabcsbc, K, = Sa0. (3.1.37)
The commutation relation for the S;w then becomes:
[ja, jb] = ieabcjc, [ja,f(b] = iEabckc, [f(a, Kb] = —ieabcjc_ (3.1.38)
These commutators can be decomposed nicely by defining the operators:
7 ja '[A(a - ja - -Ka
fo=2etifa  po o 1R (3.1.39)
2 2
Then, Land R satisfy a much simpler algebra:
O 7 A 3 W N ' TP Y
[La, Lb} = [ B s 3 ] = Z[Jm Jb] + Z[Ka, Jb] + Z[Jm Kb] Z[Ka’ Kb] (3140)
1 A P P | . J. +iK, .
= e Je = zear’ Ko — Jea Ko+ Jiew . = ieabc% = ieas°Le (3.1.41)
N Jo+iKy Jy—iKy, 1. o0 i .o ia oo 1.
La? = ) = 7 1Yay ”n Ka; - = a7K - Ka,K 142
[La, Rp] = | 5 3 ] 4[J Jo] + 4[ Jo] 4[J b] + 4[ b] (3.1.42)
= iend = ek + tewci, — Yiewed. =0 (3.1.43)
- 4Z€ab c 4€ab c 4€ab c 4260,!7 c — Y. -1
PN J *ZK bele PN T~ 1 ~ -
R, Ry| = Ja, J Ky, Jy| — = [Ja, K —[Kq, K 3.1.44
[ as b} [ 2 9’ 2 ] 4[ a b] 4[ a b] 4[ as b] 4[ a b] ( )
1 J.—iK, A
Zleab J + 4€ab K + 4€ab K + zeab J == zeab TZ == ieabCRc. (3145)

That is, the L, satisfy the SU(2) commutation relations among themselves, the R, also satisfy the SU(2)
commutation relations among themselves, and the L, and R, commute with each other and therefore are
simultaneously diagonalizable. So, we can decompose our fields ¢* into different sets of fields which transform
together under these Lo and R, but where there is no mixing across sets. Each individual set is then called
an irreducible representation of the Lorentz group. Suppose then we are studying such an irreducible set of
fields. We found in Theorem 1.11 that the irreducible representations of the SU(2) algebra are specified by a
half-integer number and then have given matrix forms. Because L, and R, all commute with each other,
each one is allowed an independent value for that half integer. That is, an irreducible representation of the
Lorentz group is specified by (s1, 8r) where s, and s, are half-integers corresponding to the s in Theorem
1.11 for the L, and R,. Representations of L, are called “left-handed” and representations of R, are called

“right-handed” for reasons we will explore soon. The transformation of an irreducible representation of fields
under (s, s,-) is then given by s; ® s, meaning the s; representation of the ﬁa and s, representation of the Ra
act independently on their respective components of the fields. Any reducible representation of the fields then
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can be written as a direct sum of irreducible representations of this form. Because the different sets in the
sum don’t mix into each other under Lorentz transformation, we tend to study each irreducible representation
independently and then put them all together at the end. Once we have specified (si,8r), L, and R, are
determined by Theorem 1.11. Then, we can invert to ﬁnd J, and K,:

Jy :LaJrRa, K, =iR, —iL,. (3.1.46)
In turn these give us Sy, from (3.1.37). Then, from (3.1.14):
U = e 0" Suv, (3.1.47)

Thus, we then know fully how the fields transform under Lorentz transformation.

3.2 Spin-Statistics Theorem

As we found before, any stable Hamiltonian near its linearly stable equilibrium can be written as a sum
of harmonic oscillators.
discuss C, P, and T classically discuss C, P, and T quantum mechanically

3.3 Path Integral

3.3.1 Path Integral for Time Evolution

Feynman developed a convenient formula, known as the path integral, for computing the time evolution
operator U (t,tp). For ordinary quantum mechanics his formula is actually obnoxiously inconvenient. But,
while ordinary operator methods are generally much more painful for calculations in quantum field theory
compared to single particle quantum mechanics, the path integral isn’t really any worse when we make the
leap to field theory. So, it becomes convenient by comparison. Strictly speaking, every calculation in quantum
mechanics (including in quantum field theory) can be done without ever using the path integral. However, it
is often the most convenient route to take for very complicated calculations. Recall that the unitary time
evolution operator U(t,ty) defined by:

ih% = Ht)U(t, o), U(t,t) = 1, (3.3.1)
can be formally expressed in terms of the Hamiltonian operator using the time ordering transformation as:
Ut to) = T : ¢ Jg A (3.3.2)

and satisfies the composition property:
Ut to) = U(t, 1)U (t1,t0). (3.3.3)

The path integral is used to explicitly compute the configuration space propagator U (t,Q,to, Qo), which is
the matrix element function of U in coordinate space:

U(t, Q,t0, Qo) = (Q|U(t, t0)|Qo) (3.3.4)

Consider a list of N +1 times tg, ¢y, ...,ty—_1,tny = t that divide up the time interval [t, ¢] with ¢, < t,41.

We will eventually seek to take N large so that we can also take the duration between adjacent times to
become arbitrarily small. Using the composition property, we have immediately:
N—-1

[](t7 to) = U(t, thl)U(thla tN,Q)...U<t27 tl)U(tl, to) =9 H U(tn+1, tn). (335)

n=0
To compute U(t, @, to, Qo), we insert a complete set of |@Q) states between each factor in this product (we use

the labels Qo, Q1, ., Qn 1, Qn = Q:
U(Q.t0, Q) = (@It t—1)| @1 Q-1 10tv—1.tx-2)| @3}
Q| U (t2, 1) Q1) {(Q1 [T (£1, £0)| Qo) d*Q1...d Q1 (3.3.6)
— [ Ut Quty-1, Qu)U (b1, @ b2, Qva)e
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! U(t27 Q27 t17 Ql)U(t17 Qla t07 Qo)ddQl"'ddQN—l (337)

N-1
:/ (H U(tn+1,Qn+1,tn,Qn)> ddQl...ddQNfl. (338)
n=0

This is true for each N, and so in the N — oo limit:

N-1
U(taQatO>Q0) = ngnoo/ (H U(tn+1;Qn+1atnaQn)> ddQ1~~~ddQN—1- (339)
n=0

We will now compute each of these factors which in the large N limit causes the time interval ¢,,41 — ¢, to
become short. Note that because each @, is integrated over its all range, the displacement @41 — Q,, does
not become small.

Consider U (t + §t,Q + §Q, t, Q) for 6t small but §Q arbitrary. Using (3.3.2):

U(t+6t,Q +5Q,1,Q) =(Q + 3QIU(t + 6t,£)|Q) = (Q +6Q|T : e~ # ST A | ) (3.3.10)
i t+0t R
=(Q+Q| |1~ ﬁ/ H(tdt' + O(6t?) | |Q) (3.3.11)
t
=(Q + Q)| (n - %H’(t)ét + O(6t2)) Q) (3.3.12)
i N
=(Q+QIQ) — 2-0HQ + QI H (1)|Q) +0(t%). (3.3.13)
Now use (2.2.17) with H(t,Q, P) the Wigner function associated to H:
( ) (
) ) a dP
U(t+6t,Q +6Q,t,Q) =5(6Q) — iét/eﬁpaw H(t,Q+ 5—Q,P L O(5t%) (3.3.14)
h 2 (2mh)d
enPadQ® i p 50 6Q dip
Y _ 2 7 PadQ i 2
/ ) d*P hét/e o (t,Q+ 5 ,P) k) +0(6t%)  (3.3.15)
: d
— [ pEPasQ* (1 _ Y °Q 2y) _4°P
/er (1 5t <t,Q+ - ,P) + Ot )) i (3.3.16)
£ (PabQ— H(t.Q+6Q/2,P)st+0(65t7)) A" P
:/65 @ ’ ’ W (3317)
Define the phase-action change §.5 by:
S = P,6Q" — H(t,Q + 6Q/2, P)5t (3.3.18)
i 2 ap
— U(t+0t,Q +0Q,t,Q) = /6555“9(‘” ) 4P (3.3.19)
(2mh)d
Returning this to (3.3.9) and noting that if we divide up [to, tf] evenly, t,41 —t, = %
s 2y d1P
Ults, Qs to, Qo) = Jim_ / (H / eh OO/ Qmﬁd) d'Q...d* Qs (3.3.20)
n=0
v d dey. qd d d
i [ et SNt ssaroqyny d7P d7Qid"P d'Qn-—1d Py (3:3.21)

N-=o0 (27h)e  (2wh)d T (2mh)d

Here we used that the correction terms O(6t?) are O(1/N?) when written in terms of N and that a sum of
N terms which are O(1/N?) is O(1/N). If we now assume that it is safe to “complete” this limit, then in
the N — oo limit these 1/N terms vanish:

N diPy d4Q.d'P, dQn_1d“Pn_
Ut ' - 1 £ 00 05n L 20 3.3.22
(b, @y to, Qo) = lim [ e =n=o (2rh)d  (2rh)d (2rh)d ( )
where each 4.5, is given by:
n n ty—t
8Sn = Pua(Q% 1 — Q%) — H (tn, @ +2Q +1,Pn> fN 0 (3.3.23)

and Qn = Q7.
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Equation (3.3.22) is the relatively safe formula to use for the path integral, but it is almost never what
you will see written. It is called the path integral because we could view Qo, @1, ..., @n-1,Qf and Fy, ..., Pn_1
as forming a path through classical phase space associated with the times tg,%1,...,tny—1,¢; beginning at Qo
at time ¢y and ending at Q)¢ at time ¢y. We integrate over all the intermediate points. In the N' — oo limit,
this becomes (at least formally) “an integration over all paths” in phase space connecting (¢o, Qo) to (t7,Qr).
This is somewhat like the classical variational problem which considers variations of all such paths to find the
distinguished classical path (by the one that makes the action stationary). Now we are integrating over all
such paths. The integral measure over all such paths is quite a mess to write out, and you will note that we
perform one more P integration than ) integration. Call the path that we are integrating over (Q(t), P(t)).
This path then has boundary conditions Q(ty) = Qo and Q(ty) = Q. For compactness of notation, it is
common to make the replacement:

diPy diQdPy  d'Qn_1d’Pn_y
(2rh)d  (2mR)d T (2mh)
This replacement is just lazy notation and the expression on the far left side should be used when being
careful. The expression in the exponent in the N — oo limit actually goes to the form of a Riemann sum:
N—1

N-1 a _ a
lim " 65, = lim > <PWQ”HQ" -H (tn, Q”*f”“,m)) (tng1 — tn) (3.3.25)
n=0

— DQDP = DP. (3.3.24)

N —oc0 N—oc0 tn+1 — tn

. / ’ (Pa(0)Q*(9) ~ H(t,Q0), P(1))) dt (3.3.26)

to
This integral is precisely the action integral one would get for the path (@, P) using the Wigner function
H(t,Q, P) associated to the Hamiltonian operator H as if it were the Hamiltonian for the quantities (Q, P).
Thus, define the Wigner action functional:

ty .
[0, P = / (PG~ H(.Q.P)) dt. (3.3.27)
to
In terms of this functional, the condensed expression for the path integral becomes:
QUts)=Qs
Ults,Qs,t,Q) = / enSI@FIDQDP. (3.3.28)
Q(to)=Qo

Equation (3.3.28) has a very nice interpretation and that interpretation significantly predates Feynman — it
was identified by Huygens nearly 300 years prior — the path integral gives the propagation amplitude for an
initial wave disturbance (localized at Qo at time ty) to a final wave disturbance (localized at @ at time ty)
by summing (integrating) over all paths that connect the initial and final points (paths taken in phase space)
and weighted by the phase accumulated along that particularly trajectory. Feynman’s identification was to
appreciate that the phase is itself given by (up to a multiplier) a functional of a very similar form to the
classical action.

3.3.2 Important Subtleties

There are a few common errors made in the use of the path integral. These errors are common because
they are safe for some common special cases but they fail in general. You should view them as useful shortcuts
that are valid under appropriate circumstances, and you should remember to actually check the circumstances
before you use them. First, the H (¢, Q, P) function in the path integral is the Wigner function associated to
the Hamiltonian operator H, it is NOT the Hamiltonian function of the classical system gotten by taking the
classical limit of the quantum theory. It is a common error to think of the path integral as a “quantization
scheme” (which you know by now doesn’t exist) where you take the Hamiltonian function of a classical system
and put it into (3.3.27). This is WRONG. Because generators in classical mechanics transform quantities
by the Poisson bracket while functions on phase space in quantum mechanics transform according to the
Moyal bracket, if you perform “path integral quantization” in one coordinate system and your friend performs
the same process on the same classical system expressed in different coordinates, the resulting quantum
theories will not generally be equivalent. You used the wrong transformation properties! In one perspective,
H (the classical Hamiltonian) is the & — 0T limit of H and h corrections are mixed around by quantum
coordinate transformations. Throwing them away in one coordinate system (unphysically) designates a
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preferred coordinate system. This distinction is very important for symmetry considerations. In order for the
quantum system to have a desired symmetry, the Wigner function H must have appropriate symmetry under
the Moyal bracket with the generator of that symmetry. If you look solely for a function symmetric under
the Poisson bracket with the generator, your theory will not in general actually have the right symmetry
(people may call this an anomaly, but it isn’t very anomalous to get the wrong answer by doing wrong
math). The reason this error is sometimes safe is that sometimes all of our symmetry transformations of
interest act linearly on our coordinates and momenta. If Q and P transform linearly then the generator
of that transformation is necessarily a quadratic polynomial in Q and P and as we showed when proving
Groenewold’s theorem, there is a unique faithful quantization scheme of polynomials of quadratic degree of
less and it is equivalent to identifying Wigner functions with classical generators. In essence, if at least one of
the two functions in a bracket is a quadratic polynomial in Q and P, then the Moyal and Poisson brackets
of those functions agree. So, if all of our symmetry generators of interest other than the Hamiltonian are
classically (at most) quadratic polynomials of ) and P and we develop a classical Hamiltonian with all of
those symmetries, then using that Hamiltonian as the Wigner H of a quantum theory will give a quantum
theory with the correct symmetries.

Those who commit the second error have almost always committed the first. So, suppose for now you
have already mistakenly replaced H with the classical Hamiltonian #H. In that case, the functional S in
(3.3.27) becomes the classical Hamiltonian action. The second oft repeated error with the path integral
is to claim that the momentum integrals can generally be completed so that afterward the integrand of
the Q integrals is of the form e#5¢ where S, is now the Lagrangian action of the classical theory. Let me
explain where this incorrect claim comes from. Suppose that H happens to depend on P only as a quadratic
polynomial and that the coefficients of the term quadratic in P do not depend on @Q. Such a simple H takes
the form:

1
H(t,Q,P) = 5W“b(t)Pan +T%(t, Q)P+ V(t,Q) (3.3.29)
for some functions W, T'¢ V. For shorthand, define:
Qn = M’ O, = M’ Stn = tns1 — tn. (3.3.30)
2 tn+1 - tn

Now using our simple form of H and returning to (3.3.22), we can explicitly complete the P integrals using
the results of the multivariable Gaussian integral. In particular, if Z is a vector in R™ and Ay, = Apae, Ba,
and C are some real coefficients independent of x and the matrix A,; is nondegenerate, then:

/ 67%An,bwa’zb+i3aﬂc“’+i0dnf _ -n(27r)5 e%A_"’bBaBb+iC (3331)
n izv/det A
where A~ is the inverse matrix of A, (this result is proven in the homework). With these, in this special
case we can simplify (3.3.22) to:

N-1

s 1
Ulty, Qg to, = lim /eﬁ SN 8Scn
(tr, Q. to Qo) N—oco J;[O (2m‘h5tn)% AN

) d?Qq...d°Qn_1 (3.3.32)
where we have defined:

08cn = %WJ(%)(QZ — T (tn, Qu)(QY — T (tn, Q))Stn — V(tn, Qn)dts. (3.3.33)

Notice that if H happens to be the classical Hamiltonian H and it takes the form (3.3.29) then by the
Legendre transformation, the classical Lagrangian is:

1., . )
L= §Wab1(Qa TR -T%) -V (3.3.34)
and so in this very special case:
N—1
Jim ; 6Srn = Sr (3.3.35)

where S is the classical Lagrangian action. As well, factors in the extra product appearing in (3.3.32) are all
independent of (). Because of this, in our super special case we can rewrite U(ty, Qr,to, Qo) as:
Qts)=Qs

U(tfan7t0aQ0) :N(tf,f()) /Q(t o e%SLDQ (3336)
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where A is some complex function independent of Q and we have made the replacement:
diQn..d°Qn_1 — DQ. (3.3.37)

Because of the unitarity of U and the fact that A" does not depend on Q, it is possible to cancel N from any
computations of operator summaries:

A Tr(U(t,0)p0U" (¢, 0)G)

(G)(t) = Tx(p(t)G) O 0ol (7.0) (3.3.38)
_ [ {QolpolQ0) (Q0IUTIQ4 )R IG1Q)Qy |UQ0) 4 Qud’ Q' Q Q' (3.3.39)

J <Qo|ﬁo|Qa><Qa|UT|Qf><Qf|ﬁ|Qo>dondngdde o
S (Qolil@b) S0 g/ 5 7QQ;ICIQy) IQ“ [ o5 PQIQu QR Q) a0

J(Qolio| Q%) fgg) o e 9Q (S0 Qf 1559Qdondondde

Equation (3.3.36) is a very useful special case of the path integral, because half of the integrals have
already been performed, but very importantly if H is not of the form of (3.3.29) then it is just a wrong
formula. Regardless of the form taken by H, one can in principle complete the P integrals in (3.3.22) and
leave behind something that now is purely a function of all of the time steps and @,,. In the N — oo limit
this leaves a function of ¢o,tr, Qo, @ and a functional of the path connecting Qo and @)¢. Thus, formally for
some such functional S” and some arbitrary function N”(t,t):

SN s, APy AP APy

"t to)er S 1@ = 1i 3.3.41
Nty to)er N (2rh)d (2rh)d "™ (27h)d ( )
From this it automatically follows that:
Qlts)=Qy , |
Ults, Q. t0, Qo) :N’(tf,to)/ c#5'1ApQ. (3.3.42)
Q(to)=Qo

This of course bears a striking resemblance to (3.3.36). However, there is absolutely no reason to believe
that S’[Q)] has any relationship whatsoever to the classical Lagrangian action in general. In fact, in general
you cannot even guarantee that it is possible to select A so that the functional S’[Q] is real-valued (which
of course S;[Q] always is) nor do you have any reasonable expectation of S’[Q)] generically manifesting the
symmetries of your theory in an obvious way.

3.3.3 Path Integral for Vacuum Expectation Values

The path integral is especially useful for computing so-called “vacuum expectation values” or vevs
for short. Many quantities of interest in quantum mechanics, in particular scattering amplitudes, can be
computed from vevs. We will see precisely how over the coming chapters. A vev specifically is an operator
summary, typically of operators in the active picture, taken in the ground state (lowest energy state) of the
quantum system. Let us now establish how vevs are related to the path integral. Let Qfﬁ, (t) represent our

coordinate operators in the active picture. As always, the QaA(t) are related to our usual coordinate operators
by:

Q4(t) = Ut (t,10)Q U (t, to) (3.3.43)

where ¢y is the time at which we choose to define the passive picture coordinate operators Q“. At each ¢, we
can define normalized eigenstates |Q(t)) of the Q% () operators:

Qa1)|Q()) = Q*|Q(1)) (3.3.44)
= Q“(U(t,10)|Q(1))) = Q*(U't,10)|Q(1))) (3.3.45)
— |Q(to)) = U(t,t0)|Q(1)). (3.3.46)
Immediately it follows that:
(Q(1)]Qo(to)) = U(t, Q. to, Qo) (3.3.47)

and so these time-dependent eigenstates are closely related to the path integral.
Now suppose we have some list of operators in the active picture O, (), ..., O1(t1) where t,, > t,_1 >
.. >ty > t;. We can use the path integral to compute the matrix elements of the time ordered product of
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these operators. Let T' > t,, and Ty = tg < t;. Then:
(Q(T)|O(tn)...01(t1)|Qo(Tp))

:(Q(t0)|f](T7to)f]T(tn,to)@n(to)f](tn,to)...f]T(tl,to)@l(to)U(tl,to)UT(Tmt0)|Q0(7E0)> |
3.3.48

= (Q|U(T,t2) 00Uty tn_1)...05U (t2,t1)O1U (t1, )| Qo) (3.3.49)

where in the last line we stop writing that the operators or eigenstates are evaluated at tg because we can
simply view them as in the passive picture at that time. We can now insert the Wigner representation of
each operator in this product to achieve:

(Qs(T)|On(tn)--O1(1)|Qo(To))
= / UT.Qpt, @) [ (eépm(@f—c?@ok (W,Pk) U(tk,czk,tkl,@“))

k=1
i PQAPL 1, QP
Yo(2rn)d T ™ (27h)d

Each factor of U in this expression will give a path integral between the different times of operator evaluation.
We then see that between these path integrals the operator’s Wigner function is evaluated at the averaged
coordinate and that the momentum and coordinate different are integrated over. Therefore, we see that
ultimately this is also of the form of an integration over all paths between Qo at Ty and @ at 1" in which
the operators to be evaluated are inserted as Wigner functions at the correct time step. The exponential
factor with the momentum is simply the correct contribution to the Wigner action functional appropriate for
change between Q) and @} without a change in time. Thus, this formula when fully expressed in terms of
the path integral simply becomes:

(3.3.50)

R . QIT=Qs |
(Qf(T)]T : Op(tn)..-O1(t1)|Qo(T0)) :/ et SQFI0,(Q(tn), P(tn))..01(Q(t), P(11))DQDP

Q(To)=Qo
(3.3.51)

where we have manually written in the time ordering for clarity of when this formula is valid.

Equation (3.3.51) is not obviously a vev, but we will now see that it is very closely related to one.
Suppose we have a quantum system with a time independent Hamiltonian operator H and let [n) be an
orthonormal basis of eigenstates of H and 1, (Q) = (Q|n) be the corresponding eigenstate wavefunctions. Let
|Q2) be used to denote the ground state (lowest energy state) among these and let its energy eigenvalue be Eq.
Assume our system is such that this ground state is unique. Let O = O,,(t,,)...0;(t1) be a shorthand for our
operator from before. Let T, ¢, T, tg be times such that T >t > t,, t; > tg > Ty. Then, time evolution from
Ty to T can be broken into three sections. In the first, from Tj to tg, we simply exponentiate the Hamiltonian
operator. In particular, we have:

QUT)IQ (1) = (@to) [T(T: 10)T (1, 1) Q' (1)) = (@to) e+ AT 01/ (1)) = 3" e # 5T =D (@ (@),
! (3.3.52)

In the second, from tg to t, we will not explicitly evaluate the time evolution. Finally, from ¢ to T' we again
exponentiate. Thus:

(Q(T)|0]Qo(Tp)) = / (Q(T)Q" ()NQ' (£)|O|Q (t0))( Q) (t0)|Qo(Tp))d* Q) d Q' (3.3.53)
= / > e R E 0= B o =T0)y Q) (Q )b ()15 (Q0)(Q' ()| O] Q) (o)) d* Q) Q).

nn’

(3.3.54)
We are now going to do a subtle trick which is possible specifically because the Hamiltonian is bounded
below (so that it is capable of thermodynamic equilibrium, which is required by the experimental success of
thermodynamics). This trick is called a Wick rotation. The Schrédinger equation, or equivalently the von
Neumann equation, gives time evolution in a way which formally depends analytically on time, even if the
time parameter is viewed as a complex number. So, for times between ¢t and T and between tg and Ty we can
“tilt the time axis” in the complex plane so that our ultimate initial time is Toe~* and our final time is Te™*
with ¢ a small positive real number. By can do this, I mean that the path integral formula (3.3.51) will still
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hold with these replacements because the realness of ¢ was never used in the calculation. That is, we have:
Q(Te™)=Q;

(Qi(Te™)|T : Op(ty)...01(t1)|Qo(The ™)) :/Q( o enSQP0, .0, DQDP. (3.3.55)
Toe™%9)=Qo

Applying this principle to (3.3.54) we have:
(Q(Te=)|0|Qo(Tye™™))
QUTeMIQo(Toe™) |
_ S RO B oo D Q)1 Q) (Q0) 5 (Q0)(Q (1] O1Q0 (1)) Qi Q"
>, e En T, Q)4 (Qo)

(3.3.56)

From here we can take the limits 7' — oo and Ty — —oo and because of §, all but the ground state terms in
our sum will exponentially decay. (The ground state terms also decay, but the decay rate cancels between
then numerator and denominator while all higher energy terms decay more quickly). Thus, taking the limit:

lim (Q(Te)|0|Qo(Tye?))

e QT )|Qo(The )

:/ er Bal=10) e (Q)ha (Q0)(Q (D|OQ) (o)) d"Qyd Q" (3.3.57)

= / eF B =101 Q) (Q'|U (¢, 10) O|Q6)(Q) 1A Qd? @ (3.3.58)
= (0|0|Q) (3.3.59)

which is precisely a vev. Because vevs will be common, we introduce the shorthand for the time ordered
vacuum expectation value:

Vev(Oy (tn)...01(t1)) = (T : Op(tn)...01(t1))]€). (3.3.60)

Because of the time ordering used in the definition of the Vev, the operators within it commute if evaluated
at different times.
By combining (3.3.55) and (3.3.59) we have:

Q(Te™*) er S0, P]O _OD
. R o 1DQDP
Ver(Oy (1) O1(h)) = lim  lim Joa, (;)e_ﬁi — (3.3.61)
=0 To:—oooo fQ(Toe—“i) Qo er Sl ]DQDP

This equation is very interesting because the left hand side does not depend on Q¢ or Qo while the right hand
side does. Thus, the boundary conditions () and Qo are arbitrary, provided they are consistent between
the numerator and denominator. Almost all practical calculations involving the path integral are done as
perturbations around a quantum harmonic oscillator, and the standard boundary conditions to take in such
a case are to set the initial and final coordinates to the equilibrium position of the oscillator. Just as with
the Fourier transform, the 6 damping is typically not written explicitly unless it is of specific computational
importance for a particular equation. That said, you should not forget that it is there when it is time to be
careful. In fact, the 6 damping can be interpreted directly in terms of the Fourier transform. Consider the
use of a new time coordinate t’ for times outside of the interval (¢,tq) which is related to our previous time
coordinate by ¢’ = e**t. Now the initial and final values of ¢’ are Ty and T respectively, which are purely real.
A function of frequency w when written in terms of ¢, meaning containing a component e~*?, then becomes
a function of frequency w’ = e~*w so that e™™! = e~ Thus the Wick rotation can also be viewed as
adding a small negative imaginary component to the frequency, precisely how the usual Fourier damping
works. Understanding these finer points of the meaning of (3.3.61), we write more easily and less clearly:

fe%s[Q’P]On(Q(tn)vP(tn))"'ol(@(tl)vP(tl))DQDP
[ enSIQPIDQDP '

Because the path integral integrates over the entire path through phase space, we can nicely reexpress this
result in terms of our usual ®(¢t) = (Q(t), P(t)) condensed phase space coordinates as:

en S0, (9(t,))...01(®(t1))DP
[ e#SEIpp '

Vev (O, (tn)...01(t1)) = (3.3.62)

Vev(Oy (tn)..01(t1)) =

(3.3.63)

As usual, generators of interest are typically analytic functions of our phase space variables. If all of the
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Oy above are such, we can replace them by their series representations in terms of the ®* and thus develop a
series representation of the above vev in terms of vevs of products of the ®* evaluated at various times. Such
vevs are called the Green’s functions of the quantum theory. So, the typical vevs of most interest are:

Gl (b ooy tn) = Vev(D¥ (t1)... 9% (£n)). (3.3.64)

(The Green’s function with n copies of ®%(t) is typically called the n-point Green’s function or n-point
correlator.) All of these Green’s functions can be recovered from a single functional which is called the
generating functional of the quantum theory. Let J,(t) be a smooth function of compact support which
transforms inversely to the ®%(¢) under a canonical transformation. Then, define the functional:

[1<mﬂeﬂ Ta(O2 (Ot 0 (3.3.65)

Series expandlng in powers of J,(t), we find:

Z[J]: <>/ / Jay (t1) Ty, (E ) QT 2 U (41)...0% (,)|Q)dty ...dL,,. (3.3.66)

Thus:
R\" AN
aan (b)) = (= : 3.
Gl (ty, s tn) <Z> STa )0 de | s (3.3.67)
As well, by using (3.3.63) in the definition of Z[J] we have:
oo oy (% Jay (t1) et SI21par (¢,)... 0 (t,)DPdt, ...dt,
PR v e el A SR ) (1) (1, DPd, .
feﬁs[‘b]D]P’
E(SIB1+S22, Ja ()2 (t)dt)
_ Jet st DE

The denominator is simply the numerator evaluated at J,(¢) = 0. Thus, by completing the single path integral
for general J,(¢) in the numerator we can determine Z[J]. From Z[J] we can determine all of the Green’s
functions of the theory by using (3.3.67). From those Green’s functions we can calculate (3.3.63) for any Oy,
which have Wigner functions that are analytic in the coordinates and momenta. The vevs in (3.3.63) can be
used to determine almost all quantities of interest in many quantum mechanical models. Thus, the ultimate
utility of the path integral is in setting up Z[J] as the central quantity of interest for further calculation.

The quantum generating functional isn’t really computed by literally evaluating the path integral.
Instead, in practical terms it is computed by perturbing a few known path integral results (Gaussian — the
quantum harmonic oscillator and other very simple systems) systematically. Suppose that the Wigner action
functional can be split into a solvable part Sy and a perturbation S; which may reasonably be considered
small (solvable here means that if that were the only contribution to the Wigner action functional then the
resulting path integral would be doable explicitly):

S[®] = So[P] + 51[P]. (3.3.70)

Let Zy[J] be the generating functional computed when using So[®]. Then, recklessly commuting limits:
/ o (SIS, Ta@® (t)dt) oy / o S1[E ] (Sol@+ /7, T2 (1) 1y (3.3.71)
= Z[J] = NerS1 11351 Zy ] (3.3.72)

where by evaluating the functional S; at %% we mean that we express S formally as a series and replace its
argument with this functional derivative at each order and A is a normalization factor necessary because
by definition Z[0] = 1. Many limits were commuted in this calculation and the effect of this is that (3.3.72)
is not typically exactly true. Instead, the right hand side of (3.3.72) can be expanded in powers of S; to
give a reasonable perturbation series and that will be the correct perturbative expansion of the left hand
side. The issue is that it is unlikely that the full series converges to the true exact Z[.J], that is, there is no
reason to believe Z[J] depends analytically on whatever series expansion parameter is used when considering
S1 as small. Perturbation theory is almost always this way and the resulting series are called asymptotic
series. Asymptotic series are extremely useful for getting excellent approximations to true answers, even if
the series does not converge to the true answer (and possibly doesn’t converge at all) because in any practical
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calculation we will only compute to finite order of perturbation theory (and typically only a very low order).
The generating functional satisfies a sort of “equation of motion” called the Schwinger-Dyson equation.
Consider:

% (S[CDH’IEOOO Jb(bbdtl) ) DIDP = E / % fjcoo JMP%#’L %S[‘D]IDP 3.3.73
/e 5%ty i) 50 (t) ' (3.3.73)
We now perform functional integration by parts. The boundary terms of the integration are necessarily
negligible for the path integral to converge. This situation is helped by the § damping from before. For large
®, S is typically also large. Then, because t has been slightly rotated it develops a small imaginary part so
that the argument of the exponential develops a negative real part and so decays for large ®. Thus we have:

%(5[<1>]+ff°be<1>bdt’) 05 @DP:fE/ igie] 0 £ I, etdt pp 4
/e 5<I>a(t)[ ] S 6<I>“(t)e (3.3.74)
- —Ja(t)/e%(s[‘”*ffw ne'dt') pp (3.3.75)
Alternatively:
08 [h 6 F(sl@1+[7, atar’) / F(st@1+re, potar’) 05
-— - DP = g —oo D|DP. 3.
50a L 5,1] /e ¢ 53 1) &) (3:3.76)
With these together then, we have the Schwinger-Dyson equation:
0S [h ¢
—— | Z[J] = =J.Z[J]. 3.
5% (1) L &J [J] Jo Z[J] (3.3.77)

This functional differential equation can be solved order by order in J, and order by order in perturbation
theory to determine the quantum generating functional. Doing so explicitly we will save for later chapters.

3.3.4 Path Integral for the Quantum Harmonic Oscillator

One of the only path integrals that can be computed exactly is the quantum harmonic oscillator.
Consequently, perturbation theory for the path integral is essentially only useful when perturbing near the
gho limit. Suppose we have a system of interacting quantum harmonic oscillators. The resulting Wigner
Hamiltonian function is then a quadratic polynomial in the coordinates and momenta. The Wigner action
functional then is automatically a quadratic functional of the coordinates and momenta (as the only additional
contribution beyond the integral of the Wigner Hamiltonian is the integral of P,Q® which is also quadratic).
By a quadratic functional, I mean that the third functional derivative vanishes everywhere:

538 B
§Pa()5PO(¢)5De(t”)
We will see that the entire path integral for the qho is determined by its 2-point Green’s function, which is
given a special name as the Feynman propagator and written as D(t,t):

(3.3.78)

D (t,t') = GE(t,t') = (Q|.7 : d2(1)d°(t')|Q). (3.3.79)

The reason for designating the Feynman propagator with a special symbol is that when doing perturbative
calculations the Feynman propagator of the unperturbed theory will appear all over the place.
Define S;[®] as the functional:

S,[0] = S[@] + / T a0 (1)t (3.3.80)

— 00
Automatically it follows that: S; is also a quadratic functional:
538
5D (t)0Db(t)dDe(t)
When S is viewed as an action, there will be some classical solution ¢ ;(t) achieved by taking the stationary

variation of S; with initial and final conditions ¢; = 0 at the times Ty and T' (which we eventually will take
to —o0, +00) and solving the Euler-Lagrange equations of motion:

08y
dPa

=0. (3.3.81)

[¢s] = 0. (3.3.82)
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We can write any trajectory ®%(t) as a deviation from that solution as:

DU(t) = % (t) + 6D (2). (3.3.83)
Decomposed this way, we view ¢%(t) as a shift of our integration variables and 6®%(¢) as our new integration
variables. Because S;[®] is a quadratic functional, its functional Taylor series terminates after only 3 terms:

o) 2
110) = 110,60 = S,(00)+ | 080 st slolare s [ s et st s elar

(3.3.84)

The second term on the right hand side vanishes identically by (3.3.82). As well, the second functional
derivative in the third term is automatically independent of both J. This is because it is independent of
being evaluated at ¢; as by taking another functional derivative we achieve 0 by (3.3.81) and the only other
J dependent piece in S is linear in ® (as introduced in (3.3.80)) which doesn’t contribute to the second
functional derivative. Therefore, for some M (t,t'):

5285, 528

My (t, ') = WMJ] W[(ﬂ (3.3.85)
With these simplifications we have:
S;[®] = Ss[ps) + / / SDUSDY Moy (t,t')dt dt. (3.3.86)
With this, we can now evaluate the path integral very simply, letting ¢9 mean ¢; with J = 0:
2] = SJ[<I’]D<1) erSiles] fez% S22 S5 5B 8RY May (t,t))dt dt py s _ o (Ssl61Slol) (3.3.8)

feis e%s[%] fe%ﬁ J 2o S0 600 Moy (t,8)dt dt 1y 5

The actual integrations completely cancel!

In order to fully simplify Z[J], we need to evaluate S;[¢;]. Let us assume we have defined our harmonic
oscillator variables so that the minimum of the Wigner Hamiltonian is at the origin of phase space and let us
set its minimum value to 0. Then, automatically the linear in ® pieces of S[®] are 0. From (3.3.85) then we
have:

_1 o o NFHa byt /
- / / My (t, 1)) D (1) (¢ )dtdt'. (3.3.88)

From this it follows that (3.3.82) becomes:

/ Moy (t, )05 (£t = —Ju(8). (3.3.89)

This is a linear equation, which in actual practice becomes a linear differential equation (Mg (t,t") will be a
sum of Dirac deltas and derivatives of deltas of ¢ — t'). The initial and final condition on ¢; are arbitrary
(as long as they are the same for ¢¢) and we take ¢;(Ty) = ¢5(T) = 0 for convenience. This differential
equation with those boundary conditions will have some solution and due to linearity, it will be linear in
Ja(t). Therefore, for some function Go(t,t'):

- / - G (t, ) Jy(t))dt'. (3.3.90)

We can view M,;(t,t') and G%(t,t') as operators on functions (which act by multiplication followed by
integration over ') and in this view G%(t,¢') is the operator inverse (up to a minus sign) of My (t,t') on
the space of functions with the specified boundary conditions. Plainly, G% is the Green’s function of the
differential equation. Define the functional W[J] by:

Z[J] = ex "I, (3.3.91)

For our gho it automatically follows that:

oo

WI[J] = Ssl¢s] — Slpo] = Slps] — S[ho] + / Ja ()% (t)dt. (3.3.92)

— 00

Because ¢ is linear in J,(t) and S[®] is quadratic in ®, we immediately have that W[J] is quadratic in J,(t).
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Therefore, its functional Taylor series truncates after only three terms:

W[J] :W[0]+/OO &im(/) t)dt + = / / 5T W Do, t/)[] o(0)Jp(t)dtdt’ . (3.3.93)

From the definition of W[J] it is immediate that W[0] = 0. Differentiating the definition of W/[J] gives:

9] b
55;?(/75) W=¢56) + /m (is(z((t)) (5@%0 (6] + Jb(t')> di’ = ¢3(t) = / GOt t) Jo(t)dt' (3.3.94)

—0o0

after using (3.3.82) and (3.3.90). Thus:
6 52
Wog=o, W
570 57a(D3 (¢
Returning to (3.3.93) we have:

= G(¢,t"). (3.3.95)

/ / G (b, ) J o (8) Ty (¢ dtdt . (3.3.96)

Using (3.3.67), (3.3.79), and (3.3.91) we see:
D (t,t') = —ihG(t,1). (3.3.97)

Therefore, for a system of interacting quantum harmonic oscillators, the entire path integral is given by:

Z[J] _ 672# S [0, DO () Ja(t) (¢ )dt dt (3.3.98)

where D (t,t') is just the Feynman propagator of the oscillators.

We will now explicitly compute the Feynman propagator for a system of harmonic oscillators. The
general Wigner Hamiltonian function for a system of quantum harmonic oscillators takes the form of Orig.
(1.15.6) without the need for higher order terms (and using that we have set the origin of the phase space as
the minimum of the Wigner Hamiltonian). By the theorem of normal modes (Orig. Theorem 1.14) there
exists a constant symplectic matrix A which relate our coordinates and momenta (Q, P) to new coordinates

and momenta (q,n) by:
o Q . ~ q . ~
o= (P> A (p) — Ao (3.3.99)

so that the Wigner Hamiltonian expressed in terms of these new coordinates takes the form:

2 4 242
H= Zn: LQ"%. (3.3.100)
Let d®®(t,t') be the Feynman propagator for the normal mode coordinates (q,p):
d(t, ) = (Q.T : $* (1) ()|Q). (3.3.101)
Immediately then:
D(t,t') = A A qd“(t,1). (3.3.102)

Because each of the oscillators (q, ) are decoupled, d*®(t,t') simply decomposes into a list of Feynman
propagators each for an individual oscillator. So, all we need to do is compute the Feynman propagator for a
single oscillator.

For an individual oscillator of angular frequency w the Feynman propagator can be computed easily
using standard quantum mechanical techniques. The Hamiltonian operator is:

A2
. 1 , 1
= % + 547 = hw (dT& + 211) (3.3.103)

where we as always define the lowering operator as:
w )
a=/—=4+ —n. 3.3.104
TR ( )

Using the Schrodinger equation it quickly follows that the active picture lowering operator a(t) satisfies:

dilt) o

ih—— = [a(t), H] = hwa(t) = a(t) = e “'ay. (3.3.105)
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The coordinate and momenta operators become simply:

. Lo . . . dq(t)

— f _ dalt)
a(t) =y/5-@@m) +a'®),  nl)=—= (3.3.106)

The 2-point vevs of a(t) and a'(t) are:
Vev(a(t)a(t')) = 9(t — t')e =) (0]a2|0) + I(t' — t)e =) (0]a2|0) = 0 (3.3.107)
Vev(a(t)al(t')) = 0(t — t")e "= (0aoal |0) + O(t' — t)e =) (0]a)ao|0) = e =) y(t — 1)
(3.3.108)
, , 2 , , 2

vev(a'(t)al (t')) = 9(t — t')ei= ) 0 (ag) 10) + O(t' — t)el=t+) (| (ag) 10) = 0. (3.3.109)

Only the mixed @, &' vev is nonzero. Due to time translational symmetry, it is only a function of t — ¢’ and
so we can define the function f(t):

f(t) = e ™(1), vev(a(t)al(t') = f(t —t'). (3.3.110)
)

When doing real calculations, the Fourier transform of f(¢) tends to be more useful. Remember the ¢ damping
always used in the definition of the Fourier transform as it is important here:

W) dt = i —eltl-iwty () dt = lim — 3.3.111
e tim [ =ty = i 3311)
— f(t)= lim b imde (3.3.112)

e=0t J_oo W — W + 1€ 2m

We now compute the vevs of our coordinates and momenta in terms of this representation of f(t):

h
Vev(q(t)q(t)) = %Vev(d(t)&(t/) +at(t)a(t') + a(t)a’ (') +al (H)a' () (3.3.113)
h i j j it
=2 lim L — (3.3.114)
20 e—0+ J_o \—~w—w+ie w—wH+ic 27
> ih(1-i<) dw
= li = —iw(t—t) =2 3.3.115
0+ oo W2 — w? + 2iwe + €2 ¢ 27 ( )

The ¢ piece in the numerator makes a vanishing contribution to the integral in to e — 07 limit, as does the 2
piece in the denominator. The only £ dependent piece that makes a nonzero contribution to the result is the
+2iwe and so it is the only one necessary to keep (this can be checked by simply carrying out the integration).
As well, because we only require € — 07 we can rescale the definition of € to absorb the factor of 2w. So:

JRA . > ih dw
Ve@na) =g | oy o

—iw(t— t

(3.3.116)

The appearance of +ie in the denominator here is often called the Feynman ie or Feynman prescription. The
vevs of other combinations of momenta and coordinates are simply:

Veu(@(p(t) = A VeV(A(G(),  Vev(p()p()) = M,Vevm(t)a(t’)). (3.3.117)

Now let k£ and [ be indices which run over 1,2 with 1 indicating a coordinate g and 2 indicating a momentum
r and let n run over the different pairs of normal modes. So, we write A%, ; to mean that a is a component
of our original @, P coordinates and n, k specifies a particular coordinate or momentum of our normal
mode coordinates. With this notation, we have finally that the Feynman propagator of a general system
of interacting quantum harmonic oscillators is given by (with implicit summation over k,! and explicit
summation over n):

N - .
, h oy d
Db (t, 1) § AC nkA%;( 7 ) lim/ S —— e Sk (3.3.118)

ot 9tor e—0+ o LL)Q — w% + 1€ 27T

In the path integral perspective, the +ic in the denominator appears the way it does because of the
boundary conditions on the path integral (fixing the initial and final coordinates and applying the time Wick
rotation). If you use different boundary conditions for computing which G satisfies (3.3.90), you will find
different appearances of ic. The most common useful alternative boundary conditions in some calculations
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are delayed boundary conditions (also called causal boundary conditions) in which the initial coordinates and
initial momenta are specified. These boundary conditions lead to the familiar causal Green’s function for
the harmonic oscillator. Importantly, the use of the path integral (and equivalently the fact that vevs are
time ordered) imposes the Feynman +is upon us; it is not a choice. Other boundary conditions are only ever
useful when computing something other than a time ordered vev.

3.3.5 Fermionic Path Integral

Exercises

Problem 3.1: Be careful, even with quadratic path integrals. The ability to put U(ts, Qy,t0, Qo)
into the form of (3.3.36) depends fully on the special form of the Hamiltonian Wigner function (3.3.29). It
has often been tempting to others to attempt to use (3.3.36) even when W2 in (3.3.29) is Q dependent. Here
we will see how this goes wrong.
(a) Show that if W = W4 (¢,Q) then by following the steps leading to (3.3.32) we have:
. N-1 1
= i X no 05c
U(tfﬂvathO) J\/lgnoc/e };[0 ((QFZhétn)g det W<tn7Qn)
From this show that the v/det W factors now no longer cancel in calculations of operator summaries
such as in (3.3.40); they matter!
(b) Show formally (because the notation is plainly only schematic) that the above U(ts, Qy,t0, Qo) can be
put into the form:

) dQn..d°Qn_1.

Ulty, Qr,to, Qo) :N(tﬁto)/e%(slﬁ% fjof 5(0)1ndetW(t,Q)dt),DQ

for some function N (ty,t9) and where 6(0) is understood as the N'— oo limit of 5—. Thus the effective
action functional S’ receives a correction which is neither real nor finite. Again, the details of (3.3.29)
matter for justifying (3.3.36).

Problem 3.2: Leading classical behavior of the Propagator. The path integral provides an easily
angle to see how the propagator behaves near the classical limit.

(a) Argue that in the 7 — 0% limit, the phase of the path integral oscillates wildly in any region of
integration in which the exponent is not stationary. Further, argue that this rapid oscillation causes
these regions to have vanishing contribution to the result. Thus, explain that we expect that in that limit

Ults, Qy, to, Qo) should contain a prefactor e S (tr-@s:10:Q0) wwhere Sq(ts, Qy, to, Qo) is the classical
on-shell action with boundary conditions Q(tf) = Q; and Q(t9) = Qo. The integral measure of the
path integral contains many powers of h (formally infinite), and it is not clear a priori how many of
these factors will survive in the classical limit. Thus, we also may reasonably expect that U carries
some overall power of h. That is, we expect that for some choice of a the function:

]\4(tf7 Qf7 to, QO) — hl_i>rg+ hae_%SCI(tf’Qf’tO’QO)U(tf, Q]c’ to, QO)

should be well-defined and finitely nonzero. In this problem we will show that these expectations are
correct, determine «, and compute M.
(b) Let H have h expansion:
H(t,Q,P) = H(t,Q. P) + hH(t, Q, P) + O(1?)
and let Q(t) and P(t) be the classical trajectories which make the classical action stationary. Define
0Q(t) and SP(t) b
Q(t) = Q(t) + VRSQ(t),  P(t) = P(t) + VRS P(2).

Expand the Wigner action functional in A to show that:

S1Q.Pl = Salty,Qpoto.Q0) <1 [ (5Pu5Q" — Fl1,5Q.5P) + Hy(1,Q(0), P0) ) dt + O(h)

to
where we have defined the function:
O*H 1 0°H

1 82 a b a
5Q%5Q" + 5QU0P, + = —=—5P,5P,

H(t,00,0P) = 5 55055 80P, 20P,0P,
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and everywhere H and its derivatives appear in this definition, they are evaluated at (¢, Q(t), P(t)).
(¢) Return the above to the path integral to show that:

U = ehSa—ifif Hdr o [ SN (00010000 Pua— LA (o4 g’ 2t 1280 6P, ) ) +O(VR)
N—oc0
dPy d¥6Qd%6P, dSQN_1d*SPn_y
Based on this, explain that a = % and show that:
Aot Jd B _ [ TN ((6Q0 0 —8Q2) P~ S0 H) d46 Py d6Q1d 6Py dY6QN_1d%6Pyn_q
NS00 @2m)d  (2m)d T (2m)d

(d) Show that the right hand side of the above is exactly the path integral expression for the propagator
of a quantum system with Wigner Hamiltonian , phase space (6Q,0P), for which h = 1, and with
boundary conditions 6Q(to) = dQ(ty) = 0. Let S(tr,0Qy,t0,6Q0) be the classical on-shell action

corresponding to such a system and let U(ts,5Q, to, dQo) be the quantum propagator associated to
such a system. That is, show that:

MeHid Bt Z [ (ty,0,0,0)
and because H is a quadratic polynomial in @, 0 P, explain that exactly:
d ~
~ —1\2 028 G
U(ts, 0 to, 0 = — det ———— ¢
( I Qfa 05 QO) <27TZ) € a(SQfa(SQOe

(e) Using the classical equations of motion for 6@ and 6P, show that the on-shell for generic boundary
conditions is given by:

= 1
S(ty,8Qs:t0,6Q0) = 5 (0Q46Pfq — 6Q§0 Poa)
and thus that:

2S 1 (06P;  O6Py,
(tf,o,to,O):* 5 .
00Q £00Qq 2\ 06Qp  00Q%
By returning to the change of variables that defined 6Q) and 6P, show that at §Q; = dQy = 0:
d6Pra _ 06Fy, _ %S,
28Rk 26Q% 8Q?8Q8 '
(f) Collect all of the results of this problem to show that for a generic quantum system with a well-behaved
classical limit, its propagator satisfies:

d

4 _i —1\?2 025
lim h2e #5(tsQs:t0,Qo)rr (¢ t _ det o
oo C (b7, Qrt0, Qo) = | 375 90,00,

As we had previously shown, this formula holds exactly for the quantum harmonic oscillator without
taking the i — O limit on the left-hand side but we see it remains useful for a generic system near the
classical limit.

Problem 3.3: Time Domain Representation of the Feynman Propagator. Complete the Fourier
transform on the right hand side of (3.3.116) to show explicitly that:

h

Vev(§(1)a(t) = 5 e =,

You may be initially surprised that this vev is not real valued, given that q(t) is self-adjoint at each ¢.
However, because ¢(t) and q(t') do not commute for ¢ # ¢', the product ¢(¢)q(t') is not self-adjoint and so
the vev is fully allowed to be complex valued.
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3.4 Scalar Theory - Klein-Gordon Equation

Now that we have an idea of what is going on in Lorentz field theory, let’s start writing some down. The
most basic possible Lorentz transformation property we could have for a field is when s; = s, = 0 and so by
Theorem 1.11 the field ¢ doesn’t transform at all under Lorentz transformation:

¢(X') = 6(X). (3.4.1)

Then, the field is said to be a scalar field. Suppose we are looking for a theory of a single real scalar field
which is interacting with no other fields. Then, expanding the Lagrangian density for weak ¢ the first few
terms in the field we can add without derivative are linear and quadratic in ¢. The derivatives 0,,¢ make a
4-vector given that ¢ is a scalar and so to add a deriative term to the Lagrangian density we need to contract
it with another 4-vector. However, because there are no other fields at this time the lowest order possibility is
to contract it with itself as 9,¢00*¢. Thus, the lowest order possible Lagrangian density is:

L= —%o—amaw —ap— %/W (3.4.2)

for some constants o, «, 8. As usual, higher order terms containing higher powers of ¢ may become relevant
for strong fields and higher derivative terms may appear on small scales but at lowest order this is it. We can
redefine ¢ to make the theory nicer. First, we can shift the definition of ¢ so that the linear term vanishes:

1 1
¢ =¢tc = L=-500,0'0"¢ —a(¢ —c) = 5B(¢ - c)? (3.4.3)
1 1 1
= &= 750@@'8‘%' —(a+ Be)p’ — 56(}5'2 - 5602 + ac. (3.4.4)
The constant terms we can drop as they are just surface terms. If we choose ¢ = —«/3 then the linear
term drops out and so with this new definition of ¢ (meaning we no longer write the primes) we have:
1 1
£ = —iaauqﬁa“(b — 55& (3.4.5)

We can also rescale our definition of ¢:
1 1 1
¢ = quﬁ = £= —§az2au¢’a#¢’ — iﬁZng'Q. (3.4.6)

This changes the values of ¢ and 8 to 0/ = ¢Z? and 8/ = BZ2. So, if we choose Z = ﬁ then we can
reduce ¢’ to being either +1 or —1. For convenience, also define b = ¢’3’. Then, with this new definition of

¢,0,b (meaning we no longer write primes):

1 1 1 . 1 1
_ _ wy 2 P 2 - a 2
£ 205,@8 0] 206¢ 20¢ 203agz58 ) 2b¢ . (3.4.7)
with ¢ = +1. From this we can compute the Hamiltonian:
oL . . 1
o= 5 =0 = H=qpd— &= 50(@2 + g 90" ¢ + bo?) (3.4.8)

— q=2 /(g02 + 0a00" ¢ + be?)dS. (3.4.9)
2 Js

Because this Hamiltonian is quadratic we can put it into into the Schrodinger form with the right
coordinate transformation. To do this we need to rewrite this Hamiltonian in the form (¥|H|¢). It is easiest
to do this by first taking the Fourier transform of the fields above:

-~ e—ik-@ kT

(k) Z/SW¢(f)dS = ¢(7) Z/K(Qﬂ_g/ng(k)dK (3.4.10)
. e—ik-@ ek

() = /S @S = (@) = /K G fRaE. (3.4.11)

The Fourier transform of a real valued function satisfies:
ik-Z

- . e e—i(—F)-Z .
o (k) = /qus(f)ds /SW¢(f)dS o(—k). (3.4.12)
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With this, we can rewrite our Hamiltonian as:

o e—ik-@ PN —ik-@ o cik & _ _, —ik-@ o ok & ., )
H= 5 /SKK’ <(27T)3/2<P (@Ws@(k )+ aaw¢ (k)o W¢(k )+ b(%)g/2¢ (k) 2n)3/? ok )) dSdKdK
(3.4.13)
g ei(_"—]_{)-f ~s (TN~ T Tx T ra\ L/ TN T /
=7 /sm« G (go*(k)go(k/) + (—ika) o™ (k) (k') p(K') + bo* (k) (k )) dSdKdK (3.4.14)
- /S SR (5 RYBR) + (ko) (R) K )R + 66" (R)G(R') ) dieae (3.4.15)
=5 [ (5 ®3® + (R +0d @)a(R)) ax. (3.4.16)

Now we are almost in the form of the quantum Hamiltonian, we just have one final step to make according to
our procedure from before. Define wy and (¢, k) as:

wi =/ k|2 +b (3.4.17)

O L e
TR = [0+ g, 7= i) (3419
S e i [wRe, i -
— T = 2B - =" (B = \[LIHR) - (R (3.4.19)
— () = ML EER g = 1y [ - ). (3.4.20)

2 i V2 2 NG o
(3.4.21)

=2 [ ( E3H - S-DIE) - 5B + 5 RI-D
+* (k)Y (k) + b (=k)Y(k) + " (=k)y (k) + " (=k)y(—k) | dK (3.4.22)
=5 [ @) + 5 (i) (3.423)

— /K TR RP + b)d(R)dK. (3.4.24)

Now by rewriting using the Dirac notation we arrive at the Schrodinger form of this Hamiltonian:

H= 0’/K<¢IE>(\/ [K[2 + b(k|$)dK = o (4] P12 + bl4). (3.4.25)

We can now see the meaning of the parameters o and b by considering the non-relativistic (low speed) limit
of this Hamiltonian. Because the Hamiltonian operator only depends on p, its eigenstates are simply the
momentum eigenstates:

H|p) = /[p12 + b|p). (3.4.26)
As well, the velocity operator is given by:
N Jig 5
G-l = o8 op (3.4.27)

' 015z +b

and so the velocity eigenstates are also the momentum eigenstates:

i =

~

s
7pb|ﬁ>. (3.4.28)

VI +

If b < 0 then there exists a p at which the denominator diverges and there does not exists a p’ at which
the eigenvalue on the right goes to 0. Thus, in order for the low speed limit of this theory to even exist,
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b > 0. Then, with b > 0, the velocity eigenvalue is 0 if and only if = 0 and thus the low speed expansion is
equivalent to a low |p] expansion. Performing this expansion:

)p) = ("}Z + H.O.T.) ). (3.4.29)

For a Galilean free particle, we had:

- 1o N P
H=2" = -[7,H] = — 4.
2m v i[x’ ] m (3.4.30)
5 i3
= J|p) = E\ﬁ} (3.4.31)

Thus, matching these two results we must have o = 1 and b = m?. Putting all of this back into our Lagrangian
density, we have that the lowest order Lagrangian density for scalar matter is:
2

1
£ = —50,00"6 — m?gzﬁ (3.4.32)

where m is the mass of the field (meaning in the classical limit it becomes the mass of the corresponding
particle). This is called the Klein-Gordon Lagrangian density (LD). Computing the equation of motion we
get the Klein-Gordon equation of motion:

oL 0L
— -0 = -—m?¢ + 0,0"¢ = 0. 3.4.33
96~ %o0,e T OT Y (3.4.33)
This combination 9,0" is sometimes abbreviated by 8 giving:
(02 —m?)p = 0. (3.4.34)

Because this ¢ is only a single real scalar field we can’t make any U(1) transformation on it the way
we did for the wavefunction in nonrelativistic quantum mechanics. So, we can’t couple this field to the
vector potential in the way we did before. This may be surprising as you may expect that because this
z/J(t k:) is exactly in the Hamiltonian in the way the wavefunction was previously that we could simply Fourier
transform it to a spatial wavefunction (¢, Z) and apply U(1) transformations to it, just as before. However,
while 1/) and ¢ are nicely related in Fourier space, the way they are related in real space is in fact non-local.
The non-locality enters when one tries to take the Fourier transform involving the necessary factors of ,/wy
appearing in (3.4.20). Due to this non-locality, (¢, Z) will not transform in any simple way at all under
Lorentz transformation. It’s Lorentz transformation ¢’'(¢', #’) ends up depending on ¢(¢, %) for all ¢ and Z.
Consequently, a local U(1) transformation of ¥ does not correspond to a local transformation at all of our
scalar field ¢. It turns out that in the special case of m = 0 there is a different way to make ¢ transform
under the U(1) transformation, as covered in the homework. For the general case of m # 0, a real local scalar
field cannot transform at all under the U(1) gauge transformation. Another transparent way to see that the
behavior of 4 is non-local is to look at its equation of motion. From (3.4.24):

= ([y/ D12 +m?|¢) (3.4.35)
(lzf =Vm? = V). (3.4.36)

Here the meaning of vm?2 — V2 is given either by the series expansion of the vm? + x around z = 0
and replacing z by V2 or equivalently by defining it by its eigenvalue in the Fourier domain and then taking
the inverse Fourier transform afterward. Using the Fourier domain expression, one can see that this operator
is in fact non-local as it causes the time-derivative of (¢, ¥) to depend on ¢(¢, @) for all Z’. To be clear, it is
possible to make interaction terms between ¢ and the electromagnetic field, for example we could add a term
to the Lagrangian density:

Lint = gOF " Fpuu. (3.4.37)

This certainly has all of the necessary symmetries and thus is a valid term to consider in the Lagrangian.
This term is automatically cubic (because F,, is linear in the potentials so we have two powers of the
potentials and one power of ¢) and so is “higher order” than our free equations of motion. But, it is absolutely
allowed. A fact one must reconcile with in field theory is that actually the total number of possible terms is
enormous once you have more than one field.

While a single real massive scalar field can’t couple directly to the potentials, two such fields can.
Consider now a theory of two real massive scalar fields. By repeating our previous argument from the case of
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a single such field, our general quadratic order Lagrangian density is simply (by writing all Lorentz invariant
quadratic terms with one or fewer derivatives on each field):

&= —g 310" p1 — bO,, 10" P — g@,@z@“% —dp1 —epy — gd’% — gp192 — gqﬁi (3.4.38)

All of these terms are okay in principle. However, if we want to couple our fields to the potentials in the
same way as we did in Chapter 1, then we will think about these two fields as the components of a field ®(t, Z)
defined as an element of the internal space at (¢, Z), V(¢,Z). Then, the U(1) transformation is as we found:

¢t [cos® —sinf\ (¢ Do\ [ —2
()= (&0 ) () = (Zo) - (32): (3:4:39)
To have local symmetry under this transformation (meaning 6 = (¢, ¥)) we will again need the potentials
to act as a connection. However, we can have global symmetry (meaning 6 does not depend on ¢, Z) without
adding in the potentials. We can do so because the potentials change under gauge transformation by the
derivatives of 6 and so if the potentials are not present (and thus effectively 0) and we apply a constant

uniform 6 then they will still not be present (as they will still be 0) afterward. Then, gauge symmetry will
mean that we need symmetry under this global transformation and thus require:

& =L+0,1"0,z,¢1,02) (3.4.40)
ag
w = 0,2 f(x, b1, 02) (3.4.41)
0L 0L 82 09 f* o9 f*
m
— D0, —PDP1 + ¢ @(252 + aaudh —=— 20,01 + M @8,@2 0. 2" + ——— Doy Out1 + 8¢> Oud2 (3.4.42)
= (d+ fo1+ g92)d2 + (—e — gd1 — h¢2)¢1 + (a0"p1 + b0" $2)0up2 + (—b0" dp1 — 0" $2) 0
og 2258
=0,2f"+ 96, Oud1 + Dy 02 (3.4.43)
= dps — epr — gd7 + (f — h)dp1d2 + g5 — " $10,h1 + (a — €)O* P10,P2 + bO* $20,¢2
0D f+ g
=0, 92"+ ——— 9o Oud1 + e 092 (3.4.44)
Matching the terms with two factors of derivatives, we see:
fbﬁ“gbl@#gbl + (a - c)8”¢18ﬂ¢2 + b8”¢28u¢2 =0 = a=c, b=0. (3445)
Matching the terms with one factor of the derivative, we see:
091" ODf" o o o9fr D
Do Out1 + D0 Ougpr =0 = dor ~ 0by (3.4.46)
Finally matching the terms with zero factors of the derivative, we see:
dbr —e1— 963+ (f ~ Wnan 4903 = 2L — pon d=e=g=0 (3447
Then, the Lagrangian density becomes:
8= 20,6100 — L83~ 50,0002 — L33 (3.4.43)

Then, we can see that the theory becomes two copies of a real scalar field. So, again let ¢ = ¢ and § = %5

Then, defining the new fields:
(;!)171 =/ |Cl|¢17 ¢2r =/ ‘CL|¢2. (3449)

These new fields satisfy the same U(1) transformation:

) _ (Vialéh _ cosf —sinf\ (¢1\  (cosf —sinb\ (1,
(QSér) B <\/|;¢i) = /al (sin@ cos > <¢;> - <Sin6‘ cos @ ) (qg;) : (3.4.50)

So, because the transformation properties are preserved we take ¢1, and ¢, to be defined as our new
fields and drop the r’s. Then, our Lagrangian density in these new fields is:

L£=—- u¢1a”¢1 - £¢1 u¢26“¢2 - £¢2 (3.4.51)

Then, in the classical limit as argued previously we must have o =1 and 8 = m? where m is the mass of the
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corresponding classical particle. Thus, the Lagrangian density becomes:

1 1 m? m?
L=-3 910" 1 — 3 ) $20" o — 7¢% - 7¢§~ (3.4.52)

This can be organized very nicely by defining the complex scalar field ¢ analogously to the complex wavefunction
in nonrelativistic quantum mechanics:

%t 1+ i
V2

Written in terms of ¢, the Lagrangian density becomes:

e (S5 () () (50) -5 (438 -5 (50

¢+
ﬁ )

¢ —¢*
iv2

= ¢1=

P2 = (3.4.53)

(3.4.54)
DRSS DRSS DRSNS SUDUNEES RPN SRR
= 100000 — 50,600 — 10,600 + 10,0010 — 506" 0" + 10,0"9"6
2 2 2 2 2 2
_m72_m7*_m7 *\2 m72_m7* m7*2
T G = T T e T (67) (3.4.55)
= —0"9 9 — m*¢* . (3.4.56)
Then, the U(1) transformation becomes:
/ v _ . . . . . .
o = P \';g% _ ¢10080 — Ppsinf -\F/gbl sin 6 +i¢a cosf (cos + isin 9)¢1 \-i;iwﬁz — et (3.4.57)
The complex scalar field again exactly satisfies the Klein-Gordon equation:
0L 0c _ —-m?¢ + 9,0"p = (0° — m?*)p = 0. (3.4.58)

-0
0p* *00,,0*
Now that we have global U(1) symmetry it is very straight forward to put in an interaction with the vector
potential exactly as we did before by defining the local U(1) gauge transformation by:

¢(X) = T OG(X),  ALX) = Au(X) + Duf(X). (3.4.59)
Then, the gauge covariant derivative is given as:
D62 0, — igA)6 = D8 = (9, — igA, — 9D, )€ §) = Y 9,0, (3.4.60)
This lets us easily write down the gauge-invariant LD:
L= —(2.0)"(2"9) — m?|9]. (3.4.61)

This is the minimal way in which we can couple the potentials to our field ¢ (minimal it the sense that
we must do this due to gauge invariance; there are other terms we can add but are not forced to by gauge
invariance). This theory has equation of motion:

% Mias — —iqA D" S —mPD+ 0,(D"D) = DuD"d — m>P = (2% — m®)p = 0 (3.4.62)
96* 90,0

= (2° —m?)¢ = 0. (3.4.63)

Further this theory has the conserved current:
JH :872 = iqdp(D" )" —iqdp* D" (3.4.64)

0A,

DT =ig0,$(D'6)" +iqd0, DS — 140,u0" D6 — i 0,9 (3.4.65)
=iq(Du® + iqAud) (2" 9)" +iqp(Z,, — iqAL) (D" 9)" — ig(D,, —iqAL)d" D" ¢ —iqp™ (D) + iqA ) P9

)

=iqPu$(D"$)* — (D" $)* Aud +iqp(D°9)* + ¢* (2" )" Aud ( )
—iq(2u9) D" — PO ALD" S —iqd* Db+ P9T AL DM P (3.4.68)
=iqd(2°¢)" — iqd™(2°9) = iqdp( D¢ — m*¢ + m?)* —iqd* (276 — m*¢ + m*¢) ( )
=iqm*¢* ¢ — igm>¢* ¢ = 0. ( )
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Hence, we have our first full interacting theory of relativistic fields:
1 *
€= = F" Fuw = (Pu)"(7"9) = m?|¢|>. (3.4.71)

Now let us study the behavior of our field ¢ under parity and time reversal. There is no unique way to
make ¢ transform under parity. One could take ¢ to transform as:

in which case ¢ is called a proper scalar or one could take the same expression with an overall minus sign (in
which case ¢ is called a pseudoscalar). Similarly, one could take ¢ under time reversal to transform as:

o7 (t, %) = ¢(—t, T) (3.4.73)
or with a minus sign as well. We will take the time reversal as shown with no sign change by convention. There
is a third interesting discrete transformation we have not yet studied: charge conjugation. Charge conjugation
as a transformation is defined to invert all transformations on the internal space and not affect spacetime.
For example, for the vector potential it has the internal transformation of the gauge transformation:

A;L =A,+0.f (3.4.74)
and so the charge conjugated vector potential Ac, must satisfy:
A/C,u = Acy —Ouf (3.4.75)
As such, the charge conjugated vector potential is simply defined as:
Acp(X) = —Au(X). (3.4.76)
Immediately then, the field strength is also odd under charge conjugation:
Feuw = OuAcy — 0y Acy, = —0pA, —0,(—A,) = —(0,A, — 0,A,) = —Fu. (3.4.77)
On ¢(t,Z) then the U(1) transformation must be inverted and so the charge conjugated field must satisfy:
b =e e, (3.4.78)
As such, the charge conjugated ¢ is simply defined as:
be(X) = 6" (X). (3.4.79)
Under parity transformation, we can see:
(Zo0d)p = Opodp — iqApodp = Oo¢(t, —F) — iqAo(t, —Z)(t, —F) = Zoo(t, —7) (3.4.80)
(-@a(b)P = aPaQbP - iqAPad)P = _( a¢)(t —J)) - Zq( ( x))¢(ta f) _gad)( y —& ) (3481)
= (Z.0)p =P’ 2,0(t, —7). (3.4.82)
Consequently, the Lagrangian automatically has parity symmetry:
1 v
Lp(t,—7) = - (PFP)™ (PFP),, — P*u2ud* P Dy — m*|¢p|? (3.4.83)
1 . .
= = 7" Fuw = (2u0)" (2" 6) — m*|]” = £(t, 7) (3.4.84)
= Lp= /sp(t,f)d?’f: /sp(t, ~F)d*T = /S(tj)d?’f: L. (3.4.85)
S S S

Recall the current density of classical particles:

Jo(z) = p(t, X) = qud(& — Tn(t)), Z Qi (0)0(Z — Tn (1)) (3.4.86)

The current density of classical particles transforms under parity as:

Z qnd(Z + Zp(t Z qnd — Zn(t)) = JO(t, =) (3.4.87)

TH(X) =D an(=i (£)8(Z + Za(t)) = — Z @@ ()6((=T) = Tn(t)) = =J*(t, =) (3.4.88)

= Jp(X ) (PIH*(X). (3.4.89)

So, this is taken as the defining transformation property of the current density under parity. We can see that



Scheopner 236 3.4. Scalar Theory - Klein-Gordon Equation

in fact our derived current density has the correct property:
JE(X') = iqop (D6 — igbp P dp = PP (igd(D*6)" — igs"(2"8)) = (PI)"(X). (3.4.90)
The time reversal transformation has a very important property we have not yet discussed. By definition,

the time reversal transformation in addition to transforming the fields takes the complex conjugate of any
coeflicients. This is due to Wigner’s theorem. Under time reversal then:

(2,90)7 = T(0u¢ — iqALP) = OTudT + iqATLdT
= (Q0d)T = —00d(—t,7) +iqAo(—t, T)d(—t, %) = —Dod(—t, 7)
= (Za0)7 = 0ad(—1,7) + iq(—Aa(—t, 5)$(—t, X) = Datp(~t,7)
= (2,9)7(X") =T", 2,9(X).

Consequently, the Lagrangian density automatically has time reversal symmetry:

Lr(—t,7) = —%(—T}'T)“”(—T]-'T)W ~ T2, (X) TP Dy — m?| o7 |? (3.4.95)
= P Fu — 96" 96— mPlof? = 8(t,7) (3.4.96)

—to —to ty
— Sy = / / S (t, 7)dSdt = / /S £(—t, )dSdt = / /S (1, 7)dSdt = S. (3.4.97)
to

The current density of classmal particles transforms under time reversal as:

= Z n8(T — Tn (1)) = JO(~t,7) (3.4.98)

Z_: di —0)8(F — F anx )(F — Tn(—t) = —J(~t,7)  (3.4.99)

n=1

= JHX') = —(TI)"(X). (3.4.100)
The current density we derived matches this transformation property:
Jr(X') = T(igd(2"$)" — iqd" P"¢) = —iqd7 (2" o7)" +iqdT 2" b7 (3.4.101)
= —iqpTH, (DY P)" +iqp™ TH, (DY ¢) = =T+, J"(X) = —(TH*(X). (3.4.102)
Under charge conjugation:
(Z2,9)c = Oude —iqAcude = Oud™ + iqALd" = Du™. (3.4.103)
Consequently, the Lagrangian density automatically has charge conjugation symmetry:
1 v * N
e = =37 Feyw = (Dute) (2" éc) — m?|gc? (3-4.104)
1
= = (TN Fw) = Dud(P"9)" —m?|7|* = £. (3.4.105)

When we considered classical particles we never had internal degrees of freedom to invert and so we never
defined charge conjugation. Under charge conjugation the current density we derived transforms as:

T = iqbe(P"dc)” — iade P dc = iad™(2"9) — iqd( D" ¢)" = —J*. (3.4.106)

Thus, this is taken as the defining property of the current under charge conjugation.
Exercises

Problem 3.4: CPT transformation of scalar fields.

(a)

Problem 3.5: creation annihilation operators

(a)

Problem 3.6: hamiltonian for this theory

(a)

Problem 3.7: energy momentum tensor for scalar

()

Problem 3.8: solve equations of motion/diagonalize hamiltonian

(a)
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Problem 3.9: stuckleberg lagrangian and proca equations

(a)

3.5 Spinor Theory - Dirac Equation

The next possibilities after the scalar representation s; = s, = 0 are s; = 1, s, = 0 and Sl =0, s.= %
We often notate these as an ordered pair (s, s,) and so we will now con51der (1,0) and (0, 3). The first of
these is then a two component field ¢;, under which we have (using Theorem 1.11):

fa=22  Ry=0— J,=2%  K,=——0,. (3.5.1)
2 2 2

This )y, is necessarily complex as the given J, and K, generate its Lorentz transformations are complex.
The expression for J, then reveals that ¥, is genuinely a spin 1/2 field as these J, are the spin angular
momentum matrices in general and for this field they correspond to those for spin 1/2 which we found in
theorem 1.11. This field ¢y, is called a left-handed Weyl spinor (because it transforms under a left-handed
representation of the Lorentz group, meaning s, = 0 and s; # 0; this is called its chirality). Similarly, the

second of these fields is then a two component field g under which we have by the same theorem:

o - o A 1

L, =0, R, = 5 = Ja= K, = -0, (3.5.2)

and so 1 is also spin 1/2 and necessarily complex. The field ¥ is called a right-handed Weyl spinor (it is
right-handed because s; = 0 and s, # 0). We could study the field theory of either of these individually but
it will be useful to study the field theory of both of them together. If one wants to then consider only one of
the fields one can then simply set the other one to 0. So, define the 4 component complex spinor field 1 in
block matrix notation as:

_ (LX)
P(X) = (w;(X)> : (3.5.3)

This v is called a Dirac spinor. This 1 then lives in the vector space in which the space of i ’s is
linearly combined with the space of ¢g’s as we see and so this ¥ is an element of the direct sum of the two
spaces: Y € (%, 0) @ (0, %) Then, acting on v in this block matrix notation we have:

Jo=(2 ), k=2 0 (3.5.4)
O 7‘1 O §O'a
and so a general Lorentz transformation on ¢ is given by the operator:
U = =10 Jamio" Ko _ o=i0""Suy (3.5.5)

with these expressions for J, and K,. The general Lorentz transformation decomposes into a left-handed and
right-handed transformation as:

09 . a _1(96_i¢a)o.a 0 U O
_—i0%J,—ip Ky e 2 . _ .
v B ( 0 e_§(9a+itpa)an,> - ( 0 UR) . (3.5.6)
So, the left and right handed components transform separately as:
’(/]/L = UL¢L7 w;g = UR¢R' (357)

Now that we have the explicit form of the Lorentz transformation of our field, we can beginning building

a Lagrangian density with symmetry under it. As well, because we are dealing with a complex field we

know we will ultimately be able to implement the U(1) transformation on it to couple it to electromagnetism
through the transformation for some real 6:

P =€), (3.5.8)

As such, we will need our Lagrangian density for ¢ to have a global U(1) symmetry, just as we did

for the complex scalar field. Then, no terms linear in 1 or ¥ are possible as they are not preserved under

U(1) symmetry. As well, no quadratic terms containing two powers of ¢ or two powers of 1! are possible

as they also are not preserved under the U(1) transformation. Thus, to quadratic order, each term in the

Lagrangian density must contain one power of 1 (with possible differentiation) and one power of 1 (with

possible differentiation) so that the factors of e? cancel between the two of them so as to give global U(1)

symmetry. Thus, we would like to study quantities of the form ¢Stuffi), called bilinears. In order for our
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Lagrangian density to have such a form, all transformations of our field 1) must be linear combinations of
and ¢* otherwise the resulting transformed quantities would no longer be bilinear in ¢ and ¥*. In particular,
it will be useful for us to study the parity transformation and because of the linear combination requirement
under parity transformation the transformed v will be given as:

Up(t, &) = PY(t, —F) + Qy* (t, —7) (3.5.9)

for some 4 x 4 matrices P and Q as this is a general linear combination of 1) and * with space inverted.
In order for the parity transformation to be compatible with the U(1) transformation (meaning for the
transformations to close under composition), if we parity transform a U(1) transformed % it must be some
U(1) transformation of the parity transformed ¢. That is, under the transformation in (3.5.8) there must be
some real ¢ so that:

Y = e“ihp (3.5.10)
— Py + e W Qut = Py + ¥ Oy, (3.5.11)
Differentiating with respect to 6 at 6 = 0:
o5 00 = 0P + 000
Py —Qut = (0)Py + - (0) QY7 (3.5.12)

This can only hold true for all ¥ if either Py = 0 or Qu* for all ¥. Consequently, either P = 0 or Q = 0.
If P = 0 then we see that ¢ = —@ by (3.5.11). Then, the direction of the U(1) transformation is inverted by
such a transformation. So, with P = 0 we can see that not only would such a transformation invert space but
also be a charge conjugation. By definition, parity only inverts space and does not transform the internal
degrees of freedom. As such, this possibility is excluded by the definition of parity. Then, we must have
Q = 0 giving a parity transformation of the form:

Up(t,T) = Py(t, —iI). (3.5.13)
For a classical particle, under parity transformation its position is inverted:
Tp(t) = —Z(t). (3.5.14)

Consequently, its velocity is inverted:

. dip(t az
Tp(t) = Z;t( ) =5 (3.5.15)

its momentum is inverted:

L aLp oL

pp = 0 = ToE T —p, (3.5.16)
its Hamiltonian is preserved:
Hp =pp -dp—Lp =7 —L="H, (3.5.17)
its angular momentum is preserved:
Lp=&p xpp=(—F) x (—p) =Fxp=L (3.5.18)
and its generator of boosts is inverted:
Kp = pptp — HpZp = (—p)t — H(—T) = —K. (3.5.19)

Because our wave theory will have to match the particle theory in the classical limit, the same parity
transformation properties are inherited for the total linear momentum, energy, angular momentum, and
boost generators of our wave theory. Because J, and K, generate the Lorentz transformations among the
components of 1, under parity then we must have:

Jpa = Ja, Kp, = —-K, (3.5.20)
so that the parity transformed 1 transforms as:
Py = Uptpp = e~ 0" TPa—ie"Kpay, — o=i0" Jatie" Ky, (3.5.21)

We can directly compute how v transforms under parity as:

Wy = ﬁw/ _ 75U1/1 _ ﬁefieajafigo“f{aw. (3.5.22)
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Matching these two:

efiaaja%%'tpaf(aﬁw _ ﬁefi(?“fafw“f(aw, ) (3.5.23)
s 0 Tati9 K _ Ppif® Ja—ip"Ka (3.5.24)
By differentiating both sides with respect to 6 and ¢ and evaluating at (0,0) we find:

9 —i0° Ty +ip® Ky 5 0 —i6® Jy—ip K,
160”7 Jy+1 — Wy —1 3.5.25
6% |, P=7 594, ° (3529)
O | -ittivrictknp _p O | —itti-ie'k, (3.5.27)

I |, 0" |

— K,P=-PK,. (3.5.28)

The 4 x 4 matrix P can be written in block notation as a 2 x 2 matrix of 2 x 2 matrices for some 2 x 2

matrices A, B,C, D as:
P = (A B) . (3.5.29)

C D
Any 2 x 2 matrix can be written as a linear combination of the identity matrix and the Pauli matrices:
a b a+d b+c b—c a—d
<C d> = 1+ 9 o1 +1 5 o9 + 5 3. (3530)
Hence, we can write each of the matrices A, B, C, D for some complex coefficients A*, B* C* D* as:
A= A1+ A%, B = B1 + B%,, C =0+ C%,, D = D1 + D%,. (3.5.31)
Then, we have from (3.5.26):
JP="PJ, (3.5.32)
0 A B A B\ (% 0
2 — 2
= (5 2)(e 0)-(e p)(F 2) 433
0,A 04,B\ (Ao, Bo,
AN L) -

Hence A, B, C, D have to commute with all of the o,. Because each Pauli matrix fails to commute with
the other two, this means that all of the Pauli matrix terms for A, B, C, D in (3.5.29) must be 0 and so we
are just left with that each of them is proportional to the identity:

A=A, B = B1, C =C"1, D = D°1. (3.5.35)
Now applying this to (3.5.28):

~K,P =PK, (3.5.36)
_(—i% 0\ [A’1 B°1\ _ [A°1 B°1\ (—i% 0
- < 0 202"> (Co]]_ D1 ) — \c1 D1 0 10'70 (3537)
Ao, BY%, \ (-A%, B%,
- <—Cooa —D00a> - (—Coaa DOUa) (3.5.38)
= A°=0, D’=0. (3.5.39)
Hence we have that P must be of the form:
A 0 B%1
P= (COIL 0 ) (3.5.40)

Then, parity transformation becomes:

Yrp = By, Yrp = CYL. (3.5.41)

So far we have worked to define the parity transformation but we have not assumed parity is a symmetry
of our system. Regardless of whether parity is a symmetry of our system, parity? is always a symmetry as
inverting space twice leaves no inversion at all in the end. Because the Lagrangian density consists of bilinear
terms in ! and 1, under parity? any such term must automatically have symmetry. So, for any matrix M
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which appears in our Lagrangian density we must have:

b Mippe = T My (3.5.42)
= ¢1(BC)"M(BC)y ="My (3.5.43)
= (IBCP = 1)9" My = 0. (3.5.44)

Hence if ¥ M1 is ever non-zero (which it must be otherwise our Lagrangian density trivially vanishes) we
must have:

|BC|? = 1. (3.5.45)
Thus, for some phase a:
BC = e'™. (3.5.46)
If we now define new fields 97°% and ¢¥x" by:
PIV =g, Y = e 3% Bip. (3.5.47)
Then, under Lorentz transformation:
PV = = Upypp, = U™, PR = e_faB@/JR =e 2D‘BURwR = Ugryy™. (3.5.48)

Thus, these new fields satisfy the same Lorentz transformation properties as the old fields. As well, they
have the same U(1) transformation:

glew — 11[};: _ ewdjL _ Bwll)ﬁew, d);gew — eféank — eféaBeiO,(/)R — ei& %ew. (3549)
But, the parity transformation is now:
1Y = Ypp = Bg = e2 4R, WY = e T2 Bygp = e FYBOYL = eF 0P (3.5.50)

And so no longer writing new for these fields, we always choose our fields so that our parity transformation is
of the form:

’(/JLp = G%awR7 wR’P = G%a’(ﬁL. (3551)
We can also define a new parity transformation which is the composition of this parity transformation
and a U(1) transformation by e~2®. This is allowed because of the U(1) symmetry and because the

resulting transformation still inverts space. So, with this appropriately phase adjusted definition of the parity
transformation of our field, we have that we can always define our Dirac spinor so that under parity:

_ A, (YR 5_ (0 1
p = Pip = (wL = P = 1 0/ (3.5.52)
This matrix appearing here for the parity transformation will continue to be important and so it is given a
special name:
odef (0O 1
v = (1 0) . (3.5.53)

We can immediately see that (7°)? = 1. In particular, this matrix is helpful if we additionally define the
Dirac adjoint :

P L ptal. (3.5.54)
The Lorentz transformation properties of ¥ are quite nice. By direct calculation:
B =Ty = T U0 = iy 070070 = 0T TA0, (3.5.55)

This can simplify significantly by using from (3.1.46) that JI = J, and K] = —K, as well as (3.5.26) and
(3.5.28). First, note that because ()2 = 1 for any two matrices A and B:

(7°47°) (7" B1°) = 4°AB°. (3.5.56)
It immediately follows from n-fold application of this that:
(7 A47°)" = (7°47°)...(7° Ay°) = 70 A" (3.5.57)
This, for any function of the matrix A which is analytic near 0:
F(y° A~ Z cn (72 A70)" Z VP A" =40 F(A)H° (3.5.58)

n=0
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Then:
AOTTA0 = ,Yoewajgﬂwklvo _ 7Oez'(:?‘ﬂfa—z‘sa‘Uf(a,y() — ° (169 Ja—ip? Kan®) (3.5.59)
_ 0PI P—ig PRP _ i0° S PP—ip®(—Ra)PP (3.5.60)
— 0" JatipKa _ 7-1. (3.5.61)
So, under Lorentz transformation:
W = U, (3.5.62)

Because of this, instead of studying quantities of the form 1tStuffy), we will equivalently study Stuffy
because the Lorentz transformation properties will generally be clearer. Because 1! and 1 are invertibly
related, one could of course do either. This is just a choice of convenience.

Now that we understand the transformation properties of i, let us try to find any scalar quantities of
the form Stuffip. That is, let us try to identify M so that under Lorentz transformation:

(M) = M) (3.5.63)
for some 4 x 4 matrix M. Then:
— ' My =t My (3.5.64)
= YU MUY =My, WV (3.5.65)
— U 'MU=M (3.5.66)
— MU =UM. (3.5.67)
— [M,U] =0. (3.5.68)
Recalling our expression for U,
(M, e 0" Jemiv" Ka) — (3.5.69)
By differentiating both sides with respect to 6 or ¢ and evaluating at (0,0) we find:
(M, a(Za O et =i Ka] — (3.5.70)
— [M,J,] =0 (3.5.71)
v, 2| et iRy g (3.5.72)
dp® |,
— [M,K,]=0. (3.5.73)

The requirement that M commute with all of the .J, is exactly what P had to satisfy in (1.6.26). That
condition alone was used to arrive at (3.5.35) and so repeating those same steps we know that this means
that M must be of the form (for some coefficients A, B, C, D):

Al B1
M = <C]l D]l) . (3.5.74)
This only took into account that M commutes with Jo. Now requiring that M commute with K,:
Al B1\ [(—ico 0 —ig 0 Al B1
2%a — 2%a
(C]l D]1> ( 0 ;aa> ( 0 éaa) (C’]l D]l) (3.5.75)
—iA0, iBo —1A0, —iBo
2 a 3 a) _ 2 a 2 a
— (_; il DO_G) ( e b ) | (3.5.76)
Thus, we must have B = C' = 0 while A and D are unrestricted. So, any M of the form:
Al 0
M < ; D]1> (3.5.77)
will satisfy (3.5.68). Let us see how such an M behaves under parity transformation:
M) ="My = pIPrOMPyp = Ty 7" MA % = 7 M 4. (3.5.78)

Hence, under a parity transformation, the matrix M is replaced by the combination v’ M~°. Explicitly this
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gives:

w0 (8 B D 2) s

If we decompose the matrix M as:

Al 0 A+D (1 0 D-A/-1 0
= o) =20 )+ () (35.80)
then we can see that under parity:
D1 0 A+D (1 0 D—-—A/-1 0
YMA° = ( 0 Al) == (0 1) - < 0 1) : (3.5.81)

So, the first term in this decomposition does not change under parity while the second term is inverted. A
quantity which is invariant under connected Lorentz transformations and which is parity even is called a
proper Lorentz scalar. A quantity which is invariant under connected Lorentz transformations and which is
parity odd is called a Lorentz pseudoscalar. So, we can see that:

Y (g (]I) 1 is a proper scalar and (0]1 g) 1) is a pseudoscalar.

Moreover, any scalar bilinear in 1 and ) is just a linear combination of these two. The proper scalar matrix
here is just the identity. The pseudoscalar matrix will keep appearing and so it is given a name:

5 def -1 0
o ( 0 1) . (3.5.82)
Thus, any scalar bilinear is of the form (for some coefficients m, and ms):
PMY = map + mapy°y (3.5.83)

with 91 a proper scalar and ¥°1) a pseudoscalar. As well, the pseduoscalarity of the second term is
encapsulated in the fact:

AP0 = —4F == 4045 44540 = . (3.5.84)
So, they are said to anti-commute. Next let us look for bilinears which are 4-vectors. That is, we want to find

matrices I'* so that T4 is a 4-vector. Then, under a Lorentz transformation with matrix components L,
we want:

(YTHy) = LF Ty (3.5.85)
— YU 'THUY = L' 9Ty Wy (3.5.86)
— U 'T*U = L', T". (3.5.87)

By the exponential expressions for U and L and by differentiating this condition on I'* with respect to 6 and
@ at the identity, we can find the possible I'*:

0" San eI Sap (07 ooy T (3.5.88)
d i0°8 305 —ig*P S d 687,
i aphe ™ as)‘: ap K TV 0.
— — (e ¢ = e (1| (3.5.89)
= iS0s" —il"Sap = (Jap)" I (3.5.90)
— [[%,Sap] = i(Jap)" TV (3.5.91)
Now using our component expression for J,g and rewriting S’ag in terms of .J, and K, we find:
1%, Sap] = (8570w — 84mp )T (3.5.92)
— [ K,] = [[° S.0] = (6370, — 0910, )T = il® (3.5.93)
A 1 - 1
= [I%J,] = 5ea”C[FO, Spe] = 5%1)%(53% —8ne)TY =0 (3.5.94)
— [F“,Kb] = [I?, Sbo] = i(68mby — 0fno, )TV = 6T (3.5.95)
R 1 N 1
- [Fa, Jb] = 561)0d[ra7 Scd} = §€b0di(5gncu — 537“,/)1—”/ = ie“bcl"c. (3596)

Hence we now know what relations the I'” must satisfy to have the correct Lorentz transformation
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properties. Equation (3.5.93) is convenient as it lets us calculate I'® directly from the commutator of I'® with
K, and so if we have an expression for I'’ we have an expression for all the I'V. Just as before we can write
each T'* in block matrix notation in terms of 4 2 x 2 matrices as:

7 7
P = (F,eL 5,9R> . (3.5.97)
RL 'RR
Then, the commutators with ja and K’a can be written as:
- . ¢ Za Za 4.
I‘M7Ja — ( LL LR) (2 o ) _ ( 2 o ) ( LL LR) 3.5.98
[ ] ey The/\O0 % 0 %)\l Thg ( )
_ 1 <I‘2L0a - UaFZL FgRaa - Ual—‘ijR) _ 1 <[F2L,0a] [FZR7UG]> (3.5.99)
2 \I'rp0a =0l TrpOa — 0al'gg 2 \[l'rp,00]  [P'rR,0d]
- | I N > (—z"’a 0 ) (—i”a 0 > (F“ ry )
TH K, = | nEE kR 2 )= 2 Lo LR 3.5.100
[ d (F%L I'rr 0 % i%) \I'rp Tk ( )
o fF’LLLoa+UaF’£L r+ Roa+aa LR
=3 (FéLoa S (3.5.101)
The commutator of T'* with K, can be cleaned up a little by introducing the anticommutator [-, ]+ of two
matrices defined as:
(A, B, ¥ AB + BA (3.5.102)
i —[Dhed T a1+>
= ", K, == LL=a LR»=a . 3.5.103
el =5 (el e (3:5.105)

Now let us consider 'Y in particular. Equation (3.5.93) just gives us an expression for I'* from I'Y so the first
real restriction on I'? is (3.5.94). By (3.5.99), requiring I'° to commute with J, is equivalent to:

Y%, .04 =0, [[9 5,04 =0, %, 04 =0, [T% R, 04] = 0. (3.5.104)

By our previous reasoning, any 2 x 2 matrix which commutes with all of the Pauli matrices is proportional
to the identity and so we have that for complex coefficients p, g, 7, s:

%, =pl, Y, =ql, %, =rl, %y =sl (3.5.105)
o_ (pL ql
— T = (ml 51) . (3.5.106)

Now using (3.5.93) we find that for I'*:
1 . 14 [ —
r*=-r K, = 2% < [[pl’(’a] [ql’”a]+> - < 0 q”“). (3.5.107)

i —[rl,00]+ [s1,04] —rog, 0

Now requiring (3.5.95):

a 7 _3. _[O’Ub] [qaa70b]+ R A U I N R
[F ,Kb] — 2 <—[—’["0’a, O'b}_,’_ [0, O'b] — Z5b T‘]l 0 — /Léb].—‘ (3.5.108)
— p=s=0. (3.5.109)
Finally we have (3.5.96):
s 100,00 [goa, 0] , 0 gqo .
a _ - y0a as __s.a c) _ :a c
[T Jp] = 5 ([T%,Ub] 0,00 ) = 1€%e o, 0 )T 1€%p.I (3.5.110)

which is satisfied automatically by the restrictions so far. So, we have reduced the I'* to depending on just
two complex coefficients. In particular:

o (0 ql\ q+r /0 1 qg—r (0 1\ q+7r g, qg—7 o 5

r _<T]l 0) 2 1 0 + 2 -1 0)~ o9 7 +72 o (3.5.111)
a_( 0 qog\ _qgtr [ 0 o, g—7r (0 o, q+ q—
r <—7“O'a O> 2 <_0a O>+ 2 <Ua O> 7 + ’Y’Y (35112)

where here we have defined the matrices v* by:

- <_0 an> (3.5.113)

Oa

so that the expression for I'* takes the same form as that for I'°. Finally let us consider the parity of the this
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4-vector. As we found in (3.5.78), the parity transformation of a bilinear ) M1} results in 1)y° M~%). For I'%:
q+r q—T q+r q—T q+r q—T
T = 1" <2 P+ 7075> e e e i e il e A A C R B

So, we can see the 40 piece is parity even while the v°4° piece is parity odd. For I'%:
q+r q— q + q— q+r q—
7T =4° ( Ty )70 =~y 4+ L0000y = Iy oDy
(3.5.115)

where here we have used that:

0.a. 0 _ 0 ]]. 0 Oq 0 ]]. o 0 —0gq __,a
V77_<1 0)\=0. 0)\1 0)T\e, 0o )T (3.5.116)

So, we can see that the v¢ piece is parity odd while the ¥%y® piece is parity even. So, we see that for some
coefficients vy and vy, a general 4-vector bilinear can be written as:

I = vy + ey ) (3.5.117)
where 1)y has 0 component even under parity and spatial components odd under parity (called a proper
vector) and ¢y*y51 has 0 component odd under parity and spatial components even under parity (called a
pseudovector). The vectorial property of the v# is contained in the identity:

U™ WU = LF 4. (3.5.118)

These y-matrices (also called Dirac matrices) we have defined satisfy a number of very nice algebraic
properties. Computing their commutators, we find:

0o a1_ (0 1 0 oo (0 oo\ (0 1\ _ (f-0a O\ _ .2
", 7% = (]l 0) o, 0 Cou 0 1 0)= 2 0 o)™ 41K, (3.5.119)
[y b} . 0 O, 0 op\ 0 op 0 0a\ _ [—0a0p + 0p04 0
SENEE -0, O —op 0 —0p O -0, 0] 0 —0,0p + 0p0,

(3.5.120)
B 2ieeq, 0 . . abe $
= ( 0 _gjcabey ) = —44€*°°J,. (3.5.121)
These relationships can be nicely rewritten in terms of the spin matrices S,W:
§00 — poapals o G = K, = ihoﬁa] (3.5.122)
8 =00 S = Sy = ew o = {11, (3.5.123)
— G = i['y“,'y”]. (3.5.124)
As well, the anticommutators of the y-matrices are very nice:
7,74 = 27°° =21 (3.5.125)
0 1 0 o 0 o 0 1
0 .a _ 0,0 a0 __ a a —
e = "y —(1 0) <_Ua O>+<—aa 0)(11 0)_0 (8.3.126)
0 o 0 o 0 o 0 o
a _b _a. b b.a __ a b b a
e = = <_Ua 0) (_O_b 0) + <_O_b 0) (_O_a 0> (3.5.127)
_ (aaob — 0b0q 0 ) _ _ggaby (3.5.128)
0 —040p — Op0g
These three rules can be combined nicely into one:
[V, 4"+ = =21 (3.5.129)

The v# also all anticommute with ~°:

[v°,7°)+ = (i g) <_0]l (D + (_01 g) (g g) =0 (3.5.130)
s = (?Ia UO“) (0]1 (D + (0]1 g) (?Ia an) =0 (3.5.131)



3.5. Spinor Theory - Dirac Equation Scheopner 245

= [y*,7°]4+ =0. (3.5.132)
And, +° can be written by products of the v* by direct calculation:

75 = in0ty243. (3.5.133)
The matrix +° is named as it is even though there is no v* because some people count their coordinates as

el=z, 2?2=y, 3=z aot'=tinsteadofa’ =1t z'=2z 22=y, 3=z To avoid being confused

whether v* would refer to v° or 7%, both conventions just call it 4°. Now that we have understood how to
construct vectors out of the bilinears, the next natural object to search for would be rank-2 tensors. However,
the spin matrices already form a rank 2 tensor:

(WS ) = U= S Uy = U (W’W”—v YUY (3.5.134)
%(U LA UU U — U™ U~y U Yo (3.5.135)
w4(L“waL 57" — LV gy L oy )¢ (3.5.136)

= L”aL”aii(vavﬁ — 7 (3.5.137)
= LF o LY 50 S%Pp. (3.5.138)

So, yes these bilinear do in fact form a rank 2 tensor. It is not immediately clear though that this should
be the only rank 2 tensor possible. However, if we consider a generic 4 x 4 matrix M, we can decompose it as:

0 a 0 a
w-(E8 BT i
A4 D" (1 0 1 B'+C% (0 1\, K B°-C° (0 1
2(0 1)* ( >+ 2 <11 0)*2(—1 0>
+Aa+Da<aa 0>+A“<0 >+B“+C“( Ua)+3“—0“(0 "a>
9 0 o, 2 0 o 2 g, O 2 -0, 0
(3.5.140)
DY DR s B B s
2 2 2 2
. ,axfl;[)aﬂmL Da;A“(_%)KﬁB“%C“W%sJFW%C“‘Wa, (3.5.141)

So, for some appropriate coefficients any 4 x 4 matrix M can be written in terms of pieces which
respectively become a proper scalar, a pseudoscalar, a proper vector, a pseudovector, and an anti-symmetric
rank 2 tensor when put into a bilinear:

M =mi1 +moy® + vyt + vgufy”vs + wWS’“’. (3.5.142)

Thus, these objects we have defined so far form a complete basis of such matrices.

Because we have a complete basis of matrices for our bilinears and we understand all of their transfor-
mation properties it is quite easy to write down the possible terms for the Lagrangian density for our field.
In order to make a term involving 0 derivatives of ¢ which is still a scalar, we must have:

Lo—der = —m1ht) — mahy° Y (3.5.143)
for some coefficients m; and ms. In order to make a term involving 1 derivative of 1) which is a scalar, because
0, are the components of a 4-vector we must contract it with another 4-vector. Therefore, we must have:

L1-der = V1Y Op + V2V U + w1 OPY Y + WD, Yy Y Y. (3.5.144)
We can integrate by parts the derivatives off of 1) onto ¥ by modifying the Lagrangian density by a surface
term (total divergence):

£1-der = V1PV Ot + V29V Y P + Oy (W1 Y + WPV ) — Wi Oup — wayH A D (3.5.145)
~ (v — w1)PY*O,) + (v — w2 )Py 1p. (3.5.146)
Thus, we really only need to consider single derivative terms with the derivative directly on 1, not .

In fact, even considering terms with more than 1 derivative, whatever derivatives are on 1) in the bilinear
can be integrated onto v by parts by modifying the Lagrangian density by a surface term. Thus, we can
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simply assume that all derivatives are placed directly on ¢ by definition. Previously, we always had to have
at least 2 derivatives in our Lagrangian density to make a scalar and so this spin 1/2 theory is interesting in
its ability to only have 1 derivative. Thus, keeping only the lowest number of fields of derivatives as necessary
as usual, our lowest order possible Lagrangian density is then:

L = 01 8 + vy Y ) — marhp — mathy*y. (3.5.147)

These coefficients in principle can be complex and so let us write them in terms of real and imaginary parts.

£ = (v1y +101) VYO + (V2y + 1025 ) VYV VP Oth — (myy + i)y — (Mar + ima )Yy 1. (3.5.148)

If we were to write the Lagrangian density in terms of the real and imaginary parts of i, we could treat

those real fields as independent variables for the purpose of computing equations of motion. Then, the real

part of the Lagrangian density contributes purely real terms to the equations of motion while the imaginary

part would contribute purely imaginary terms. But, because those are real fields, there must be no imaginary

part in their equations of motion. Therefore, any imaginary part of the Lagrangian density must fail to
contribute to the equations of motion and thus must be a surface term. That is, we must have:

LF~ g, (3.5.149)

Imposing this:

£ = (vir — 1) (V0 0) T + (var — 102:) (VY72 0u0) T — (M — ima) ()T — (may — imay) (YY)
(3.5.150)

Let us compute these terms individually:
(@7 0u)T = (199 0,)T = 0,17 709 = 9,170y 01709 = 0,7 2717 . (3.5.151)
For p = 0, we use that 7° is self-adjoint:

7o,yoTvo = 704040 = 0, (3.5.152)
For 1 # 0, we use that v* is anti-self-adjoint:
P10 = ("1 = =1%7%° = 1" =y~ (3.5.153)
Hence, for general u:
AOyrTA0 = p, (3.5.154)
So:
("0, 0)" = 8uy""ep. (3.5.155)
Continuing:
@7 30,)" = iy v 110 = 9,01y5409 940 = 9t (=122 )y = By iy (3.5.156)
()t = (1)1 = 9Ty = (3.5.157)
W7°Y)t = (W10 9)T = 91727 % = —ypTy0Pyp = —pyPy. (3.5.158)

So, we have:
£ = (vir — 1013)uhy" P + (v2r — 102:) By 9 — (May — M) + (Mg — imay )Py ¢ (3.5.159)
~ —(v1, — ivu)ﬁ'y“aﬂw — (var — ivgi)iﬁ'y“'f&#w — (may — imy) + (Mo, — ’L.in)'lZJ’YS’l/J (3.5.160)

= £ — 20,V O — 202,y Ot + 2ima Pt 4 2maoey Y (3.5.161)
Consequently:
Vip = Vgp = M1; = Mo, = 0. (3.5.162)
So, for real coefficients v, w, m, n:
£ = vy O, + iw@z'y“'f’aﬂw — mapth — inapySep. (3.5.163)
When we couple this to electromagnetism, we know we must use the gauge covariant derivative:
Db = 0 —iqA . (3.5.164)

In the presence of the vector potential then this Lagrangian density becomes:
£ = iy (O — iqAu) + iwpy'y° (O — iqA ) — mapp — ingpy 4. (3.5.165)
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Consequently, the current density produced is:
0L - -
= 5 = g+ qui . (3.5.166)
"

By our parity transformation, we can see that the v term is a proper vector and the w term is a
pseudovector. However, the electric current density is a proper vector. Thus, if this theory is to match the
classical particles in the classical limit then the transformation properties of the current density demand that
w = 0. So, we take as our Lagrangian density:

£ = vy 0,0 — mbh — inhy . (3.5.167)
Now we are finally faced with a tough physics question. Should we assume parity symmetry? So far it
has come to us for free in relativity but now there is this pseudoscalar term which presents itself. There is
nothing we can identify here that is problematic about such a term aside from it violating parity symmetry.
Let us assume that we have parity symmetry and continue as doing so worked quite well in the Galilean
theory. Then, we have:
£ = vy Op — mp. (3.5.168)
Consider the field redefinition:
P = /v (3.5.169)
This new field has the same Lorentz transformation properties as the old:
PV = ol =V |olUyp = U/ o) = U™ (3.5.170)
the same parity transformatlon as the old:
P = Vol = /|o|Py = P/ vy = Pyne” (3.5.171)
and the same U(1) transformatlon as the old:
P = /oly’ = ]ole?yp = e \/|o|p = eyprev. (3.5.172)
So, this field is every bit as good of a choice of ¥ as our old field and so dropping the “new” label, the
Lagrangian density in terms of this ¢ becomes:
| |

| ‘77[17 a,lt/l/}

Thus, with this scaling we scale the value of m to a new value Tol and the coefficient on the first term in

the Lagrangian density is set to either 1 or —1. So, assuming we have applied such a scaling we can simply
rename % to m and assume v is £1.

(3.5.173)

Suppose v = —1. Then, take the field redefinition:
L (3.5.174)
Showing that the redefined field ¥"°" has the correct Lorentz transformation property is a little tricky
and relies on a special property of v2. Notice that o; and o3 have entirely real valued entries while o5 has

entirely imaginary valued entries. Therefore, v* for u # 2 has real entries and 4?2 has imaginary entries.
Hence:

=AM (w#2), = (3.5.175)
Using the anticommutation relations for the y-matrices:
VA =gty (u#2) (3.5.176)
= P == (n#2) (3.5.177)
= 22 =t (£ 2). (3.5.178)
As well, for p = 2:
N A . S N (3.5.179)
Hence, for even for pu = 2:
VAt =t = AP =y (3.5.180)

Then,
,(/}/new _ _Z',wa/* — _Z,YQU*w* (35181)
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U = (e—iews“”) — i S (3.5.182)
Qi * i v v : i * Uk vk *
S = (4(v“v -7 7“)) = =70 =) (3.5.183)
Qv * v v i v v Quv
= S = 4(7 VYV =) = (0 = ) = 78 (3.5.184)
= U* = 5" = giun* 57, (3.5.185)
Because (72)2 = —1, we have that for any matrices A and B:
(Y A) (v By?) = =2 ABy*. (3.5.186)
It immediately follows by the n fold iteration that:
(YA = (=1)" 12 A2, (3.5.187)
This allows a nice simplification of (3.5.185) by using the Taylor series definition of the matrix exponential:
oo -n R n o0 ‘N
D S G0 L L R CE RN
n=0 " n=0 "
=—7 ) 72 (GWSW> V= ’}/26_19“”9 7?2 = —2UA? (3.5.189)

Now we can see that when a Lorentz transformation is applied to 1, the same transformation is applied to

wnew.

Y = iy =~ U = —in? (— U = iUy = Uy (3.5.190)
On this new field, the parity transformation becomes:
w%ew _ 71-721#;; _ 71‘,}/270,(/}* _ ,YOZ-,Y21/}* _ 7:Pq/)new. (35191)

So, the parity transformation picks up a minus sign. However, recall that we can simply adjust the definition
of the parity transformation by an overall phase using the U(1) symmetry and so we can always absorb this
minus sign into the definition of the parity transformation. As well, on this field the U(1) transformation
becomes:

w/ncw — _i,wa/* _ —’L"}/2(€ww)* _ —672‘01.’721&* _ efi()wncw. (35192)

So, the U(1) transformation is inverted on this new field (but the symmetry itself is preserved) and the

Lorentz transformation is unchanged. Consequently, this ¢"°" is actually the charge conjugation of 1. Thus,
for the Dirac spinor charge conjugation is defined as:

e = —iy*Y*. (3.5.193)

Because the Lorentz transformation properties of ¥ and 1 are the same and the parity and U(1),

transformations are preserved up to convention (phase in the case of parity, direction in the case of U(1)), we
can take ¥"% as our redefined field. Then, we can invert to find v in terms of ¥"V:

Y = iyt = =~y (3.5.194)
= o =Ty = (—in 2V *) 40 = —jyprevT 42,0, (3.5.195)
Supposing that v = —1, this redefinition changes it to a positive sign:

L= iy O — mipyp (

_ ”wnewT 2 ovui,yzaﬂwnew mu/}newT 202w (

_ “/)newT/y ’7 ~y 72aﬂwnew* _’_m,(/}newT,yLyO,de}new* (
_ 7'1/)newT,yO,y2,}/p,,yQa P e T 02 2y e (3.5.199

(

(

(

(

¢HCWT’YO( ) wncw* + ¢nch Owncw*

T
<¢newT (]( ) b) 1/}new*) +m (d}newT,}/(]wnew*)
—id wnewf( M)T Ownew+m¢newT 0¢new
—id ,(/}new O( }L) wnew_i_m,wnewwnew
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— _iau,&new,yﬂ,(pnew + m,&newd)new (35204)

> A D PP - PR, (3.5.205)
The last step is made by integration by parts. Hence this field redefinition changes the signs of both terms
and so we can use it to guarantee that the first term has a plus sign.

Once we have fixed the sign of the first term to be plus, we can fix the sign of the second term by another
field redefinition. Suppose the second term has m < 0. Then, consider the field redefinition:

PP = 5 (3.5.206)
= )= ,YE’)wncw, 1; _ ,(/)1' 0 _ wnch,Y5,y — _wnch,yO,Y5 — _,&ncw,yf). (35207)

We can show that this field redefinition doesn’t change our Lorentz transformation by using that °
anti-commutes with all of the v#. This means that it commutes with the spin matrices:

Sy = (M = = L= = (=) =07
— APSHAS = (47)25m = K, (3.5.209)

Then, because (v°)? = 1, we have that for any matrix A:

(Y — APAH) = 75S"“’ (3.5.208)

NSUAS = ,yse—w““éﬂw5 — 0P8 i St =i S (3.5.210)
— wlnew _ ,YSw/ _ ,YSUw _ ’YSU'YS’YSw _ U,l)[}new. (35211)

Under parity transformation:
WY = 9Ptbp =71 = =090 = Py, (8.5.212)
So, again up to an arbitrary phase the parity transformation is preserved. As well, under U(1) transformation:
wlnew — ,y5w/ _ ,y5e$9w — eiGwnew- (3.5213)

And so, the U(1) transformation is preserved. Thus, we can take this ¢V as our redefined field. Then, in
the Lagrangian density:

£ = iy O — myp (3.5.214)
= A=) D (U ) — (= A O )y (3.5.215)
— *Z‘TZJHEW(*’}/H’)/‘B)")/S #wnew +m,(/;newwnew (3 5 216)
— iincw,yl—tauwncw + m,&ncwwncw. (35217)

Hence it is equivalent to sending m — —m. Now we can say that we choose the definition of 1 so that
by convention (through all of the previous field redefinitions) the Lagrangian density of the theory when
interacting with no other fields is:

£ = iy, — ma. \ (3.5.218)

where m is a non-negative positive constant. This is called the Dirac Lagrangian Density. We can easily find
the equation of motion by varying with respect to Yf. Because 1) = 1140, the variation with respect to 1 is
proportional to the variation with respect to ¢ by the chain rule and so one vanishes if and only if the other
does:

0L 0L
= -9, _
o0 90,0
This equation of motion is called the Dirac equation. By taking the derivative of this equation, we
recover the Klein-Gordon equation:

= iy"0,0) — map = 0. (3.5.219)

VA, = map (3.5.220)
= "0,y 0 = im0, (3.5.221)
— YO = mP (3.5.222)

KAV Vol HAV _ AVAM
:>—(77 ;77 + 17 277>aﬁy¢=m2w (3.5.223)
— O+ 0=m"Y (3.5.224)

= (07 —m?)y =0. (3.5.225)
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So, while in the Dirac equation the individual components of 1 are coupled to each other if one takes
a second derivative all of the components decouple into the Klein-Gordon equation for each component
separately. We can also give this parameter m here the interpretation of mass just as we did with the
parameter m in the scalar field theory by considering the non-relativistic limit. First, notice that this LD is
actually already in the Schrédinger form:

L = iy dup — mip (3.5.226)
= itp 17090 + ih 70y 0,9 — mypTy 0% (3.5.227)
= i) — Ty (—iy 00 + m)p. (3.5.228)

Because this LD is in the form of the Schrodinger Lagrangian, we can identify ¢ as the Schrédinger
wavefunction v, P, = —i0,, and H = v%9*p, + m. Then, by direct calculation:

H? = (4°9"pg +7°m)? (3.5.229)
=97 %Padp + (Y°7* + 79" )mps +m? (3.5.230)
= —"7"Papp + 0 + m? (3.5.231)
an~b b,a an~b b,a
+ — N
__<77 L+ 277)papb+m2 (3.5.232)
= 6“"Papy + 0+ m? (3.5.233)
=p* +m?. (3.5.234)

Thus, we can see that H? has the same eigenstates as the momentum operator and on those states
it has spectrum p? + m?. By canonically quantizing the classical relativistic free particle Hamiltonian
H = /[pI2 + m2 we see that the spectrum of H? would be p* + m? as well and thus we can identify the m
appearing in the Dirac equation as the classical particle’s mass. (In principle, this only allows us to identify
that the two m?’s are the same, but because we have ensured by definition that both m’s are positive this
means that they are indeed the same.)

Now that we have a decent picture of the Dirac Lagrangian in isolation, let us couple it to other theories.
Of course we would like to make an interaction with electromagnetism. We know that the gauge symmetry of
electromagnetism corresponds to a local U(1) gauge symmetry. A U(1) transformation is just multiplication
by a complex phase:

Y = el (3.5.235)

We already know that to make our theory invariant under the local gauge symmetry we must use the gauge
covariant derivative. So, define:

Dutp = (0p — iqAL ) (3.5.236)
This way under gauge transformation we have:
(2,0) = (0, — iqA )W = (0, — iqA, —iqOuf) (€'Y ) = €' g0, (3.5.237)

Hence, this combination uniquely cancels the dependence on the spacetime derivatives of the gauge transfor-
mation. Automatically, using this derivative in the LD gives a gauge invariant Lagrangian with the Dirac
field coupled to electromagnetism:
L=y D — mipp = ipy" Oputp — mypp + qAupyHep. (3.5.238)
This modification of the derivative term is necessary to couple the Dirac theory to electromagnetism
(and so it is called the minimal coupling) but other terms can in principle be added. For example, 1.9 e F
has all of the necessary symmetries. As is generically the case in field theories, many higher order interaction
terms are possible. But, equation (3.5.238) is the minimum necessary. This gives the interacting Dirac
equation:

0L 0L !

9, —= =it D ) — =0. 3.5.239

oy " 00,0 W Dup —my ( )
Taking the covariant derivative of this equation gives:

iV Din” Db = imy  Dp = m*yp (3.5.240)

= V"D, D) =m? (3.5.241)



3.5. Spinor Theory - Dirac Equation Scheopner 251

— - (WWU 42””7“ s 5 71}7#) Du Db = mPy (3.5.242)

— - (—nﬂ”n - 22'5““”) D, Dp = m* (3.5.243)

— 9% 4 2i5M ('@”@” JQF LT TnZ g @”@“> Y =m?y (3.5.244)
— D% +iS" Dy, D] = m*ih. (3.5.245)

Here we have used that the spin matrices are anti-symmetric and so the combination Sk M v for any
symmetric M, is 0. The commutator of the covariant derivatives is given by:

(D D)o = Du D) — D0 D) (3.5.246)
= 0, D, — iqA, Db — D, Dt + iqA, Dy (3.5.247)
= 0,(0,0 —iqALY) — iqAL (D) — iqALp) — B, (0t — iqALp) + iqA, (O — iqAut) (3.5.248)
= 0,0 — iq0u(Av) — iqAL0p — @ Ay Auth — 07,0 + g0, (A) + iqAL O + ¢ Ay At

(3.5.249)
= —iq0, Ay — iqA, 0 —iqALOL 4+ iq0, A, +iqAL0Y + iqA, 0,0 (3.5.250)
= —iqgF,.. (3.5.251)
Thus, we have:
D*p + ¢S Futh = m*ap. (3.5.252)

So, in the case of interacting with electromagnetism the individual components of ¥ no longer decouple
when one takes another derivative. However, the left and right handed parts of ¢ still do decouple as the spin
matrices are all block diagonal. It is also interesting to look at the equation of motion for ¢ as it turns out to
be nicer than that of 7.

0L 0L

5y~ g g = 1+ aA = 0u(iy") = i} — i (3.5.253)

= Dy = —ma. (3.5.254)

By expanding the A, dependence of the Lagrangian density explicitly, we can compute the current
density due to the Dirac spinor:

£ =iy 0 — mpp + gyt Auab (3.5.255)
oL _
== J' = 94, quy* . (3.5.256)

By expanding explicitly we see that J° = ¢iT1) just as in the non-relativistic case but the expression for
J® has changed. The continuity equation for J# can be checked directly from the Dirac equation to get that
it is in fact satisfied:

A" = (g ) = qB " + gy O (3.5.257)
= q(Op + iq AP — iqA D)V Y + gy (Ot — iq AL + igA,b) (3.5.258)
= gD — iq* Ay ) + @V D + i Ayt (3.5.259)
= q(im)y" ¢ + gy (—imy) = 0. (3.5.260)

When coupled to electromagnetism, the Dirac theory is still in the Schrédinger form. We can find the explicit
Hamiltonian operator:

£ = i)l +ith 709 0a1p — mapT 1 + qipT Aot + g1y 07" Agy) (3.5.261)
= ipT) — T (29 (pa — qAa) + m7" + g (3.5.262)
= H =9"7"(pa — qAa(t, 7)) + my° + qo(t, 7). (3.5.263)

Thus, we can define the wavefunction |¢(t)) as usual by:

v = [ewalada (3.5.264)
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and then we immediately have the usual Schrédinger equation:

d .
zll—? = Hl) (3.5.265)
with the Hamiltonian operator identified. We can also naturally define |[¢)1,) and |¢g) as the corresponding

wavefunctions to the left and right handed components of |i):

_ (1¥r)
) = (WRQ . (3.5.266)

The Hamiltonian then gives the equations of motion for the left and right components:

Z(:Zii) - (<§1) %) <—?r“ Joa> (e — qAa) +m (g %) +4¢ (% i)) (lzgi) (3.5.267)

(1)) _ (=0 — aAu) ) + mits) + gdluin)
= <¢R>) < Ua(ﬁa — qAa)|wR> + m‘¢L> + Q¢‘wR> ) : (35268)

It is interesting that for the Galilean spin 1/2 particle there were only two degrees of freedom in the
wavefunction but we see here in the Lorentz theory that there are four independent components because each
of |r) and |1r) have two components. Somehow then, in the non-relativistic limit we ought to be able to
reduce these four degrees of freedom to only two. We know that (if we momentarily restore factors of ¢) the
Lorentz Hamiltonian Hj, is related to the Galilean Hamiltonian H¢ for a mass m by:

1
Hy =me* +Hg+ O (62> : (3.5.269)
Consequently, if H; is our Hamiltonian operator corresponding to our Lorentz quantum theory we expect

there to be an operator H,y which doesn’t depend on ¢ and which gives the non-relativistic time evolution so
that:

(VIHL1) = me(ulu) + w1l + 0 (). (3.5.270)
This gives the equation of motion:
R} = mc2|Y) + Holy) + O 1 (3.5.271)
dt 0 c? o
d ) P 1
— iz (e"”‘ t|¢>) = Hoe™ "ty + O (62) . (3.5.272)

Hence, the relativistic shift in the Hamiltonian leads to a phase shift in the wavefunction so that the
wavefunction which satisfies the non-relativistic equation of motion is:

o) = ™"t ap) (3.5.273)

dlvo)
dt
Again dropping factors of ¢ and defining |¢10) and [ro) as the left and right components of |¢), we
see that they satisfy the equations of motion:

i[Yro) = —0%(Pa — ¢Ad)[¥ro) — m([¥ro) — [¥ro)) + qoltro) (3.5.275)
i|ro) = 0%(Pa — qAa)|¢Ro> +m(|Yro) — |¥Ro)) + qq;WRo)- (3.5.276)

To understand the non-relativistic behavior of these equations, recall that we found the two component
Galilean spin 1/2 spinor |1)g) under parity transformed as:

Plyc) =/S\ — T)(Z]dS[Yc) (3.5.277)

= Yop(t,T) = Pa(t, —T). (3.5.278)

So, the Galilean wavefunction is parity even. Out of the two component spinors |i10) and |1hrg) we can make
a parity even and parity odd combination and so let us define:

_ |¥ro) + [¥ro) _ [¥r0) = ¥ro)

[Va) = A [Ya) NG

= Hy|v) + Higher Order Terms. (3.5.274)

1

(3.5.279)
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where the /2 factors are chosen by convenience. Under parity, we see:
’L/J(;p(t, f) = 1/)(;(157 —I), Yap(t, &) = —wA(t, —CZ"). (3.5.280)

The function ¥¢(t, Z) has been named here suggestively based on its parity transformation as we hope
to see it somehow become the Galilean wavefunction. Let us compute the equations of motion for |1)¢) and

[Pa):

ilva) = —0%(Pa — ¢As) (W) + qémw (3.5.281)
= —0"(Pa — qAd) V1) + 90|vc) (3.5.282)
i) = —0%(Po — qAa) (W) - 2m|w°>\;§|wm> + qq%wm)\;iwm (3.5.283)
= —0"(pa — qAa)|Vc) — 2m|Yoa) + qPltba). (3.5.284)
The equation of motion for [¢4) is equivalently:
|4} —q¢ “ Aa - Aa
W +Jiha) = —U(pzimq)lz/zcy (3.5.285)

We know that for an eigenstate of the Hamiltonian operator z|w A) = El1,) where E is the corresponding
energy eigenvalue. We can view the non-relativistic limit as when the energy mc? completely dominates over
the ¢ independent part of the Hamiltonian. In ¢ = 1 units this means then that the energy scales involved are
small compared to m. In particular, considering the relativistic single particle Hamiltonian:

H=1\/m?+|p—qA]2 + qp = m+ Hg + H.O.T. (3.5.286)

— 5 gAl2 5 gAl2
SN R Y PR ek ) YO L N <|pmq2> = O(|7]). (3.5.287)

m m2

If one restores factors of ¢ and considers the non-relativistic limit as the large ¢ limit, being of order |7]?
12
becomes being of order % or equivalently order c% Consequently, for |¢) which are non-relativistic we have

that:
ilva) = qdltba) 1
— = = . 5.2
o @) =2 (3.5.288)
On the right hand side of equation (3.5.285) we only have one power of p-aA which is of order of the
velocity and so the right hand side is order % Thus, it dominates the C% term on the left hand side and to

leading order in the non-relativistic approximation:

- 0%(Pa — qAa)
tha) = 5 1va)- (3.5.289)

Thus, we can see how there are only 2 independent components in the non-relativistic theory; it is
because two components of the relativistic i) can be computed from the other two in this limit. Then, the
equation of motion for |1)g) becomes:

s R P o (P — gA N N

ile) = —0% (e — gAa) <_<pl’2mqb)> e + qdlve) = Helbe) (3.5.200)
where:
alpn A 2 )
o =7 P —add))” | o 55290
2m
1 (0%t +0% 0% —oba? | A . .
“2m ( 2 + 2 ) (Pa — qAa)(Po — qAs) + ¢ (3.5.292)
_L (5ab11 194 & ) (Pa — qAa) Py — ady) + qd (3.5.293)
2%m cPe a a

— |p%_ Q‘ZﬂZ + ieab Sv (ﬁa — qAa)(ﬁb - q"Zlb) + (ﬁb — qAb)(ﬁa - qAa)
2m m  ° 2

(3.5.294)
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(P — aAd) o — aAy) — (B — gAD) (Be — gAd)
+ieabcsc(p qAa) (Do — qAb) — (P — qAb)(Pa — g )+q¢ (3.5.205)
m 2
i._ A’Q . R R R R
I kSRS S W S L B (3.5.296)
2m 2m
_|1%_ q[(|2 Loab ac( 216 & 3
—— n € S(=)2[ Dy Do) + qdb (3.5.297)
|ﬁ_ qg|2 i ab &e . n
Tom %6 S(—iq)Fab + q¢ (3.5.298)
5 A’2 . N
:% _ %gbcsc(@a/lb — O A) + qo (3.5.299)
|I%'— q/ﬂQ 9 ab & y
= a ¢ A 0.
AT §4(0, ) + g (3.5.300)
S5 A‘Q o R
P=aAl”  dgep |4 (3.5.301)
2m m
5— gA|2 Loa
_W—adl” g & g (3.5.302)
2m m

Thus, in the non-relativistic limit 1)) evolves with the Spin 1/2 Hamiltonian we found in nonrelativistic

quantum mechanics but with the particular value of v = - or equivalently a gyromagnetic ratio of g = 2.

Let us look now at the Lagrangian:

L= /S (1" 8utp — mapyp + q A Py"y) dS (3.5.303)
= [ (#9100 (i, = ada) + ma® + a)) as (3.5.304)
= /S (L e + wfbn + ¥L (0% (<00 — gAa) — g0 — Vh(0" (=0 — gAa) + a0)br — myLon — miphy ) dS

(3.5.305)
=i(Vr|dn) + i(rlYR) + (VL|(0(ha — ¢Aa) — ad) VL) — (Wr|(0®(Pa — aAa) + a0)|¢R) — m<wL|¢(R> ~ mgwmwm
3.5.306
- d X . d . N .
:ielmt<¢Lo|@ (e™"™ o)) + iethRo\a (™™ ro)) + (Yrol (0 (Pa — qAa) — 4®)[¥L0)
— (Wro|(0%(Pa — qAd) + q)|¥r0) — M{¥Lo|¥R0) — M{YRO[VL0) (3.5.307)
=i(¢rol¥ro) + i{¥rol¥ro) + (Wrol(0® (o — ¢Aa) — qd +m)|tro)
— (¥rol (0% (Pa — gAa) + g — m)|ro) — M rolPro) — M{WYro|tLo) (3.5.308)
=i(pclde) — (Yelaplve) +i(Walta) — (Yaladla) + 2m(Yalta)
+ (Palo®(Pa — qAa) [ba) + (Yalo (Pa — qAa)|tha)- (3.5.300)

This expression for the Lagrangian so far is exact. Now using the non-relativistic limit:

i(altha) — (algdla) +2m(ala) = 2m(aliha) (3.5.310)
and so:
A R a Aa o Aa bia A
£ ~ilbalie) — (woladtia) + 2miva] (—” e )> (—” (B~ g ”) o)
b A R R bia A
+ el (W) 0" (B — 4A0) Y6) + (Walo® (ha — ada) (W) ) (35.311)
. a A(L _ Aa 2 R

=ilbalbe) - (vl (“’ o~ o)) 4 q¢> 0c) (35.12)

=i(Yalve) — (VelHolve). (3.5.313)
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Hence, in the non-relativistic limit |¢g) enters into the Lagrangian exactly like the non-relativistic
wavefunction and thus we confirm our identification with 1 as the non-relativistic wavefunction and H G as
the non-relativistic Hamiltonian operator. So, the Dirac equation specifically predicts a gyromagnetic ratio of

= 2 (before including higher order quantum effects).

We have established how the Dirac spinor transforms under parity and charge conjugation but we have
not yet discussed our final discrete transformation of interest: time reversal. Our time reversed 1 must be
some linear combination of 1) and ¥* in order to preserve the bilinear form of the Lagrangian density, just as
with parity. And, just as with parity, time reversal does not reverse the U(1) transformation by definition and
so it must actually only depend on ¢ and not ¢¥* (as ¥* has inverted U(1) transformation). Consequently, for
some 4 x 4 matrix 7

Yy (t, Z) = To(—t, ©). (3.5.314)
For a classical particular under time reversal, position by definition does not change:
Zr(t) = Z(—t). (3.5.315)

As well, because the Lagrangian is the integrand of the action from an initial time to a later time, it is
time reversal even (the minus sign of changing the direction of the time variable is canceled by the minus
sign of swapping the integration limits due to their ordering changing). Consequently, velocity and linear
momentum are inverted:

iy = dj—z = %f(—t) = —Z(-t), Pr= ;;T = —% =P (3.5.316)
the angular momentum is inverted:
Lyr=%7r xpr=&x(—p)=—-Fxp=—L, (3.5.317)
the Hamiltonian is preserved:
Hr =pr-@&r — L= (—p)- (—2) — L ="H, (3.5.318)
and the generator of Lorentz boosts is preserved:
Ky = prtr — Hr@r = (—p)(—t) —HE = K. (3.5.319)
Thus, because the angular momentum is inverted and the generator of boosts is preserved, we must have:
Jre = —Ja, Kro =K, (3.5.320)
so that the time reversed v transforms as:
Yl = ﬁT%/JT _ efiaajnfupaf(nl/n_ _ em“.fafwakafw (3.5.321)

We can compute directly how 7 transforms as well (recalling that time reversal takes the complex conjugate
of any coefficients present):

Vr=T@W)=TUY)=T (e*w“frw%w) = Tel?"Jitie" Koy, (3.5.322)
Matching these two:
(0" Jamie Koy = Fei0®Tatie Koy, g (3.5.323)
— 0" R 0t Jiiet KL (3.5.324)
Recall that o7 and o3 contain only real entries while o9 is purely imaginary. Therefore:
090109 = —010203 = —01 = —0] (3.5.325)
090909 = 09 = —0 (3.5.326)
090309 = —030209 = —03 = —04 (3.5.327)
= 0} = —090409. (3.5.328)
Thus:
=7 0)o(mo2Fe 0 N\ _ (i 05 (—iox 0 (3.5.329)
0 Z 0 —025+02 0 09 0 —109
Then, let:
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— ATA= (“62 _?@) (‘6"2 122> —1. (3.5.331)
Consequently:
Jr = AfJ,A. (3.5.332)
As well:
e (F )= ) (5 )R L)k
(3.5.333)
For any matrix M:
(ATMA)" = ATMAATMA..ATMA = ATMIM1..MA = ATM"A. (3.5.334)
Consequently, for any f(M) analytic near 0:
FIATMA) =" cn(ATMA)" =" ¢, ATM"A = AT f(M)A. (3.5.335)
n=0 n=0
Then we have:
ei&“f:+i<p“f(; _ 6AT(i9aja7iap“IA(a)A _ Afewafrw“kaA. (3.5.336)

With this equation (3.5.324) becomes:

0" Jamie" Kafr — - Atgi0" Ju—ie" Ka 4 (3.5.337)
— eiQ“ja—iap”kaj'AT — fATeie“fa—w“Ka. (3.5.338)
This is true for all § and ¢ and so we can take 6 to —6:
T 0% amie Rt = F Al mi0"Jaiv® Ka (3.5.339)
— UTA" =TAU (3.5.340)
— [U, TA" =0. (3.5.341)
Then, by equations (3.5.68) and (3.5.77) for some coeflicients a; and as:
At (a1 - a2)1 0 o 5
TA = < 0 (@ +ay1) = LT @ (3.5.342)
— T = (11 + az7°) A = —a1v'"® — azy’y'4°. (3.5.343)

Just as parity? is always a symmetry, time reversal squared is always a symmetry as doubly inverting the
direction of motion leaves no inversion at all. So, our Lagrangian density must have symmetry under time
reversal squared. Under time reversal squared, the two complex conjugations cancel out on any complex
number and the time derivative automatically returns to its original self. So, under time reversal squared we
have:

Sr2 = iy O tbre — mibratpr = W 0,0 — mip. (3.5.344)
Matching the w term, this requires:
P2y e = Py = Pl = 9Ty (3.5.345)
From our expression for 7:
Y2 = T(TW)) = (~a1l — a27°)y'7* (—ail — a57°)y'7*y (3.5.346)
= (a1 +a27")(ai1 +a37°)y' 7y 9% = ((laa [* + lazf*)1 + (afaz + a3a1)y*)y' (') (3.5.347)
= —((la1|* + |a2[*)1 + (a7az + a3a1)7° ). (3.5.348)
Then, (3.5.345) requires:
Yhatbrs = 9T ((Jar * + [az*)L + (afaz + a5a1)7°) ((jar[* + lal*)1 + (afaz + a3ar)r”)d (3.5.349)
= ¥1(((Jar]? + [az]*)® + (afaz + a3a1)®)1 + (Ja1* + |azl*) (afaz + asar)y®)d (3.5.350)
=yl (3.5.351)
= (la1]* + |az2|?)(ataz + a3a;) = 0, (|a1|* + |az|®)? + (afas + aja1)? = 1. (3.5.352)
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Thus, we need either |a;|? + |az|? or ajas + asa; to vanish. If the first of these is zero then immediately
a; = ag = 0 and the second condition cannot be satisfied. So, we must have:

ajas +asa; = 0. (3.5.353)
Writing a; and as in terms of magnitude and phase:
a1 =7r1e'™, ap =o' (3.5.354)
ajas + aja; = rire (e_i(‘“_az) + ei(o‘l_‘”)) = 2rirocos(a; —ag) =0 (3.5.355)
— as=a; + g (3.5.356)

One may worry about the alternate possibilities or 71 = 0 or ro = 0 but if either of these is true then the
corresponding ay or as is arbitrary and so can be set so that (3.5.355) is true. Thus, we can take (3.5.355) as
guaranteed. Then, we have:

as = o€ (MET) = Lipyeion, (3.5.357)
The second condition in (3.5.352) then becomes:
a1)? + Jag|* =] +73 =1 (3.5.358)
and so we can identify a 8 so that:
r1 = cos 3, ro = +sin 8 (3.5.359)
where we fix the sign so that:
a; = €' cos 3, ap = ie'™ sin B. (3.5.360)

The factor of e** on both coefficients then gives in (3.5.343) an overall phase on the definition of the
time reversal transformation. Just as we did with parity, we can use the U(1) symmetry of our theory to
adjust the definition of time reversal by this phase so that by definition «; = 0. So, for some parameter g we
have:

Y1 = —(cos 1 + isin 57°)y' 7. (3.5.361)
With this, we simply have:
Y12 =—¢ (3.5.362)

and so the remaining conditions in (3.5.344) are automatically satisfied. With our given expression for time
reversal:

= z/J;- 0= ¢T3yt (cos BT — isin fv°)y° = =3y (cos BT + isin f7°) (3.5.363)
and so the Lagrangian density becomes:
L1 = — T (V) Orupr — mpripr (3.5.364)
= —itpy*y" (cos B1 + isin $7°)y*v#y* (cos B1 + i sin B7°)y' 7> Oy
— mpy 3yt (cos B + isin By°)(cos B1 + isin fy° )y 3y (3.5.365)

= — i)y’ y?y"y?(cos B1 — isin B°) (cos B1 + i sin By°)y' v* O

— mpy vt ((cos® B — sin? B)1 + 2isin B cos By )y y3ep
= — iy VPP PO b — mapr R (cos(28) T + i sin(28)7° )y
=gy Y Y2 Y O — mib(cos(26)1 + isin(26)7° )y
=i?ﬁgv°w°7172737 w1 100001y 2207 ,p — map(cos(28)1 + isin(26)7°)y
= — iy "y vsamw — map(cos(26)1 + isin(26)y°)
= — iy 01 — mib(cos(26)1 + isin(28)y°)¢
= — i) (+")" Db — mib(cos(2B) 1 + i sin(28)7°) ¢
=— i) (1) 070w — i (1) Braty — md(cos(28)1 + isin(26)7° )y
= — i)y (—00)tp — i) (—7*) Bat) — map(cos(2B)1 + isin(28)7° )
=iy 9t — map(cos(28)1 + isin(26)7° )¢
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We have no further requirements for our time reversal transformation to satisfy which are not already
satisfied for general 5. So, we can choose 5 at will. We see here that if we choose 8 = 0 then our Lagrangian
density will have symmetry under time reversal. Therefore, we take by definition:

Y7 (t, T) = Y3t (—t, Z). (3.5.376)
Under this time reversal transformation essentially repeating the steps above one finds that the current
density in fact has the correct time reversal property described.

The only remaining discrete transformation of interest to study is charge conjugation. We identified the
expression for the charge conjugation transformation of ¢ (and one can check by similar analysis to what
we have done thus far that what is given is up to a phase the unique U(1) reversing transformation which
preserves the Lorentz transformation and thus the only candidate for the charge conjugation transformation).
Under charge conjugation we expect the current density to become its own negative, as we found in the scalar
case. Directly computing;:

JE = qer e = q(=ip )P (i)t = =g TPy 0900 (3.5.377)
— "y (7)1 200 = T (=) ()T (—2) 10T = T (v2y?) 9T (3.5.378)
= " (")) 9T = T ()T 9T (3.5.379)
The transpose of a complex number is simply itself and so transposing this whole result we would find:
JE = qytp = J* (3.5.380)

which is NOT the result we expected. This is because so far this section we have not paid attention to the
commuting /anticommuting property of the Dirac field. As a fermion, it needs to be anticommuting. This
minus sign will give the current density the correct charge conjugation property.

Not only can the Dirac theory be coupled to electromagnetism, it can also be coupled easily to a real
scalar field by what is called a Yukawa interaction:

'gYukawa = —M%T/f (35381)

for some constant A. Because ¢ and 11} are already Lorentz invariant this term is completely allowed. This
leads to the Lagrangian density:
2

£ = i Oy — i — 0,006 — 67— Ao (3.5.382)

Of course, this is only the lowest order possible coupling between these two theories and many higher order
terms are possible.

Exercises

Problem 3.10: helicity, chirality, weyl spinor homework question.
(a)
Problem 3.11: show the problems with not using anti-unitarity of time reversal for scalar and
dirac equation.
(a)
Problem 3.12: show correct non-relativistic expression for the current density as a homework
question for dirac equation.
(a)
Problem 3.13: explanation of why psi and phi are not conjugated under time reversal using
real and imaginary parts as coordinates and momenta.
(a)
Problem 3.14: creation annihilation operators.
(a)
Problem 3.15: hamiltonian for this theory.
(a)
Problem 3.16: solve equations of motion/diagonalize hamiltonian.
(a)

Problem 3.17: energy momentum tensor for dirac.

(a)
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Problem 3.18: charge conjugation, time reversal, and parity in the non-relativistic limit for
psiG.
(a)

Problem 3.19: solution of the dirac equation and components.

(a)

3.6 Scattering Theory

3.6.1 Schwinger Dyson Equation
3.6.2 LSZ Reduction Formula
3.6.3 Feynman Diagrams

3.6.4 Cross Sections and Decay Rates

3.7 Regularization
3.8 Renormalization
3.9 Symmetries in Quantum Field Theory

3.10 Summary and Additional Reading



Chapter 4

Gauge Theory

The world is a dynamic mess of jiggling things.
— Richard Feynman [19]

From time immemorial, man has desired to comprehend the complexity of nature in terms
of as few elementary concepts as possible. Among his quests - in Feynman’s words - has
been the one for “wheels within wheels” - the task of natural philosophy being to discover the
innermost wheels if any such exist. A second quest has concerned itself with the fundamental
forces which make the wheels go round and enmesh with one another. The greatness of
gauge ideas - of gauge field theories - is that they reduce these two quests to just one;
elementary particles (described by relativistic quantum fields) are representations of certain
charge operators, corresponding to gravitational mass, spin, flavor, color, electric charge
and the like, while the fundamental forces are the forces of attraction or repulsion between
these same charges. A third quest seeks for a unification between the charges (and thus of
the forces) by searching for a single entity, of which the various charges are components in
the sense that they can be transformed one into the other.

— Abdus Salam [52]

4.1 Quantum Electrodynamics in General

4.1.1
4.1.2
4.1.3
4.1.4

Classical Limit

Gauge Invariance

Path Integral and LSZ Reduction for Photons
Ward Identities

4.2 Scalar Quantum Electrodynamics

4.3 Spinor Quantum Electrodynamics

4.4 Geometry of Nonabelian Gauge Theory

4.4.1 Geometry of Gauge Transformations

We can extend and generalize our geometric description of the connection and gauge covariant derivative
given for the electromagnetic vector potential quite significantly. Suppose we have some field ®(X) which at
each point in spacetime is an element of an N dimensional internal vector space V(X). Then, let £,(X) be a

260



4.4. Geometry of Nonabelian Gauge Theory Scheopner 261

list of N basis vectors for that space so that for some coefficients ¢*(X) we have:

P(X) = ¢*(X)&a(X). (4.4.1)
Suppose this internal space has some symmetry group GG, meaning a group of change of basis trans-
formations of V(X) so that all of the predictions of our theory are unchanged under them. The lowest
order non-trivial Hamiltonian or Lagrangian we can make in a theory is quadratic in its variables. So, our
Lagrangian density will generally depend at lowest order on some quadratic combination of the components
¢*(X) given above or in the case they are complex some combination of ¢%(X) and (¢*(X))" which contains
a total of two powers between them. So, it will depend bilinearly on either ¢ and another copy of ¢ or ¢ and
¢* or ¢* and another copy of ¢*. Then, to preserve this bilinearity under the symmetry transformation, the
symmetry transformations must be linear and so the gauge group G acting on the components is given by
some matrices with components U%, so that:

¢"(X) = U"(X)e"(X). (4.4.2)

As well, the bilinear form acting on two elements of V(X) with components ¢§ and ¢ must be given by
some coefficients M, as:

(®1,®2) = Map ()" ¢} (4.4.3)
where (+,-) indicates the bilinear form (the complex conjugation is introduced by definition into the first
argument, if one would not like complex conjugation one can simply consider (®7, @) instead; technically
with this definition it is conjugate linear in the first argument and so is said to be sesquilinear overall).
The coefficients M,; cannot depend on X because as described we will want such a term to appear in a
translationally invariant Lagrangian density. Using the sesquilinearity property:

(@1, ) = (#7160, $36) = (#1)" 05 (Ea, &). (4.4.4)
Because this must match (4.4.3) for all ®; and @9, we have:
(Eaa fb) = Mab- (445)

This matrix M with components M, is called the semimetric of the internal space (if it is additionally
self-adjoint then it is called a pseudometric and if it is positive definite it is just called a metric). As well,
the sesquilinear form above is called the semi-inner product (if it is additionally conjugate symmetric in
its arguments then it is called a pseudo-inner product and if it is positive definite it is just called an inner
product). As with any matrix, we can decompose M into the 0 operator on its kernel and an invertible
operator on its image. Then, we can identify a basis of the internal space which is the direct sum of basis
vectors of the kernel and basis vectors of the image. The components of any ® which correspond to basis
vectors in the kernel then do not contribute to the sesquilinear form and thus do not contribute to the
Lagrangian density or equations of motion. As such, those components essentially do not exist in the theory
as they do not affect the dynamics. So, we can without consequence take the components of ® on the kernel
of M to be 0 and thus we are left with an effective M on the image of the original M which is invertible.
Going forward, we will assume we have performed this construction so that M is has an empty kernel (aside
from the 0 vector) and thus is automatically invertible.

From (4.4.2), we can see how to view the transformations in G as a change of basis of V(X). The vector
®(X) in V(X) can be expressed in whatever basis we choose and so let us use bases £,(X) so that it has
components ¢*(X) and &, (X) so that it has components ¢'*(X) given by (4.4.2):

B(X) = ¢ (X)&a(X) = ¢ (X)E,(X) (4.4.6)
— ¢ = U%¢", (4.4.7)
— ¢"(&a—U"&) = 0. (4.4.8)
Because this must hold for any components ¢%, we have:
§a = U, (4.4.9)
= &(X) = U (X)&(X). (4.4.10)

Thus, we can view these symmetry transformations as a change of basis. It will also be useful to sometimes
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work with ¢, defined as the column vector with entries given by the ¢*:

¢1
2
PRCE (4.4.11)
oy
Then, with U as the matrix with components U%; (4.4.2) becomes:
¢ = Ud. (4.4.12)

Any quantity transforming in this way under the gauge transformations is said to be in the “fundamental
representation of the gauge group”. Because these transformations are to be the symmetry transformations of
our Lagrangian density and thus our semimetric, we must have that expressed in either the primed or the
unprimed basis the result of the semi-inner product must be unchanged:

(@1, ®2) = Mapo§* 0l = Mapd)™* oy (4.4.13)
= Madi* ¢ = Mea (Ua0])™ (U%65) (4.4.14)
= (Mg — Mg (U%)"U%) ¢5* 65 = 0. (4.4.15)
Because this must hold for all ¢; and ¢a:
Map = Mg (US) U, (4.4.16)
Considering M as the matrix with components Mg, this is equivalent to:
M = UTMU. (4.4.17)

Thus, the symmetry group G is the group of matrices U satisfying this condition for a given semimetric.

In order to define a derivative of the field ®, we must have a parallel transport transformation just like
when we considered the electromagnetic connection. So, suppose there is some map Y (®, X, X’) (for X and
X' which are sufficiently near each other) which acts on ® € V(X) and returns a vector in V(X’) in a way
which is both linear and preserves the semi-inner product:

Y(a®y + bPo, X, X') = aY (D1, X, X') + bY (s, X, X') (4.4.18)
(Y(®1, X, X), T (P2, X, X)) = (&1, Bs) (4.4.19)

and which is continuous in its dependence on X and X’ so that limits can be used. Then, we can define the
covariant derivative exactly as before:
T(®(X +¢i,), X +ei),, X) — (X
2,8 ' li TOX T el), X ety X) = ¢(X)
e—0 £
Using this definition of the covariant derivative in general, we can reduce it to being determined by the

covariant derivatives of the basis vectors:

G, =t TO X F B (X 4 20,). X o+ e85, X) = 0 (X)(X) (4421)

e—0 £
~ Jim (¢“<X ) 2P g (6 42, X+ 2 X) 4 o (20) Lol 22T X 2 @(X))

(4.4.20)

e—0

(4.4.22)
= (6M¢a)§a(X) + ¢a (X)@;Lga- (4423)
Because %,,&, is defined as a difference quotient of vectors in the vector space at X, it is itself an element

of V(X). Therefore, there exists coefficients so that Z,£, can be written as a linear combination of the basis
vector &,. Call these coeflicients I’bw the connection coefficients:

Duba(X) = TP 0u(X)&(X). (4.4.24)
Then, the covariant derivative of ® becomes:
‘@M(I) = (alt(ba)éa + ¢arbau§b = (8u¢a + Fabp,(bb)ga' (4425)

Consequently, we define Z,¢® as the a component of Z,® and see that it is given by:
D" = 0™ + T %, 0" (4.4.26)
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If we consider the covariant derivative of ¢ then as having these components aligned in a column vector:

2,9
D¢ = Dud* (4.4.27)
DN
and define I';, as the matrix with components I'*;,, then we have:
Dud = 0,9 + Lo (4.4.28)

This T',, is simply called the connection.
Because Z,® is a vector in V(X), when a change of basis is applied according to (4.4.10) we must have
that its components change according to (4.4.2):

(2.0") = U Zue". (4.4.29)
Or, in terms of Z,,¢:

2,9 =UZ,9. (4.4.30)
Using the definition of the connection coefficients, we can see how they transform under gauge transformation:
2,8, =TV, & (4.4.31)
— 2,(U &) =T, U ¢, (4.4.32)
= 0, U "l + U 02,6 =T, U8 (4.4.33)
= 0,U Y&+ U Pl =T, , U":& (4.4.34)
= QU a+ U I, =17, U’ (4.4.35)
= 0, U '+, U =U"'T, (4.4.36)
— I, =ULU "+ U0,U " (4.4.37)
By differentiating U ~'U = 1 we can move the derivative from the U~! to U which is sometimes convenient:
0,(UTU)=09,1=0 (4.4.38)
= 0,U'U+U'9,U=0 (4.4.39)
= U '=-U"1o,UuU! (4.4.40)
— I, =UrU " =9,UU " (4.4.41)

With this we can compute Z,¢" explicitly:
D¢ = 0u¢' + 1,0 = 0,(Up) + (UT, U =8, UU " )U¢ (4.4.42)
=0,Up+U0,p+UT ¢ — 0,0 =U(0u0 +T,0) (4.4.43)
=U%,¢ (4.4.44)

exactly as we had anticipated.

The connection coefficients I'*;,, are called the connection coefficients because they “connect” the basis
vectors together across different spacetime points. We can see that with a connection we can take any
covariant derivative and in order too take derivatives of fields with internal degrees of freedom we had to
introduce that connection. However, by introducing the connection we have introduced new fields in these
connection coefficients and so now need to find a Lagrangian density for those fields. As such, we need to
study the transformation properties of the connection. In particular, consider the definition of the connection
coefficients as the covariant derivative of the basis vectors:

. Y (u(X Hety), X +et,, X) = &a(X
[0 = Duba = lim (§a(X + 22) - 2 X) = &alX) (4.4.45)

Then, under a Lorentz transformation L*,, we now the coordinate basis vectors transform as:
Z';L =L7",0. (4.4.46)
Then, using the chain rule we see that the connection transforms as:
T(ga(X + EL_L)? X+ EL_L, X) - ga(X)
5

/1
Dy, = lim (4.4.47)
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YT(Eu(X +eL™ut), X + L7700, X) — &u(X)

= lim (4.4.48)
e—0 £
T X _’V aX _‘V7X — Ga X _
— L—VN hm (511( + el ) + gL ) f ( ) — L l/M@yé-a (44.49)
e—0 £
F/baufb = Liuurbaugb = F/bau = Liuurbau- (4450)

Hence we can see that the components of the connection transform under a Lorentz boost just like the
coordinate basis vectors or partial derivatives and so they form the components of a 4-vector field.

Now that we have established some properties of the covariant derivative, let us see how it can be used
to reconstruct the parallel transport transformation. To define the covariant derivative we only needed the
parallel transport map to exist in the immediate neighborhood of any point. That is, we only needed to
parallel transport vectors at X to vectors at X + et), for € arbitrarily small. Suppose we have some such way
of parallel transporting vectors for ¢ sufficiently small. Then, we can define a parallel transport for vectors
with greater spacetime separation than ¢ by composing the transport of vectors by € over and over in the
same direction until the final event is reached. Let us formalize this. Consider a particular field ®(X) which
is defined first at an event Xy by some value ®; € V(Xj). Then, consider the line of events X (7) = Xo + Tu
where wu is a 4-vector and 7 is a real number which parameterizes the line and define ®(X (7)) along this line
by requiring that if it is parallel transported to X then it coincides with ®g:

Dy =T (P(X (7)), X (1), Xo). (4.4.51)
Then, by the definition of the covariant derivative:
T(®(X (1) + eu), X (1) + eu, X(1)) — (X (7))

2 BT
w2, 0(X (1)) gl_% . (4.4.52)
Quite nicely we can write:
X(t)+eu=Xo+Tu+eu=X(T+¢). (4.4.53)
Thus the covariant derivative in the u direction becomes:
T(P(X X X —®(X
E—r

If we now parallel transport this vector to X and use linearity:

T(U#QNQ(X(T)) X(T) XO) — lim T(T((I)(X(T+5))7X(T+E)7X(T))’X(T)aXO) — T((I)(X(T))vX(T)vXO).

e—0 IS
(4.4.55)

The first term in this difference quotient is a vector parallel transported from X (7+¢) to X (7) and then from
X (1) to Xo. This is simply the vector parallel transported directly from X (7 + ¢) to Xy by our definition of
larger parallel transports by composition of smaller parallel transports. So, using (4.4.51) we have:

T(®(X(r+¢)), X(T+¢€), Xo) — T(®(X(7)), X(7), X0)

(7,2 (X (7)), X (7), Xo) = lim - (4.4.56)
— fim 200 (4.4.57)
e—0 I

Using the fact that the parallel transport preserves the semi-inner product and the sesquilinearity of that
semi-inner product, for arbitrary ®s:

(@2(X (7)), " 2, (X (7)) = (Y(Do(X (7)), X (7), Xo), Y (u 2, (X (7)), X (7). X)) (4.4.58)
= (Y (P2(X (7)), X (1), X0),0) =0. (4.4.59)
Or, in components:
My ¢ ut 2,6 = 0. (4.4.60)
Because this is true for all ®5:
Mo 26" = 0 (4.4.61)
= Mu"9,¢=0. (4.4.62)

Because M is invertible, we then must have:
u 9,0 = 0. (4.4.63)

So, a field constructed as in (4.4.51) has vanishing covariant derivative in the w direction and so is said to be
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“covariantly constant” in that direction. Explicitly in terms of the derivatives this means:
uWDup = ul0,(X (1)) + T, (X (7))p(X (7)) = 0. (4.4.64)
The total 7 derivative of ¢(X (7)) is given nicely using the chain rule as:

dp(X(r)) _ 9¢ d

o = g () = w0, (4.4.65)
and so covariant constancy becomes:

d

d—f +u'T ¢ = 0. (4.4.66)

This can be viewed as a system linear differential equations for the components ¢*(X(7)). Because they are
linear, ¢(X (7)) will be related to ¢(X(0)) by some linear transformation W (Xo, X (7)):

P(X (7)) = W(Xo, X(7))$(Xo) (4.4.67)
— %q&(Xo) +ulT,We(Xo) = 0. (4.4.68)
Because this is true for any ¢(Xo), we have:
% +utT,W =0 (4.4.69)
and at 7 = 0:
B(Xo) = W(Xo, X0)o(Xo) Vo (Xo) = W(Xo, Xo) = 1. (4.4.70)

This differential equation and initial condition then completely determine W (Xg, X (7)). Now let us
take (4.4.51) and parallel transport both sides from X to X (7) and again use our composition property that
transporting from X (7) to Xy and then from X, to X (7) is just transporting from X (7) to X(7) and so
nothing is done:

T(o, Xo, X (7)) = T(T(@(X (7)), X (), Xo), Xo, X (7)) (4.4.71)
= Y (Pg, X0, X (7)) = T(P(X (7)), X0, Xo) = (X (7)). (4.4.72)
In components then:
T(¢5€ar Xo, X (7)) = ¢*(X(7))&a(X (7)) (4.4.73)
Using (4.4.61):
$(X (1)) = W(Xo, X(1))0(Xo) = ¢*(X (1)) = W*(Xo, X(7))¢"(Xo) (4.4.74)
= ¢*(Xo)Y (&, X0, X (7)) = Wba(XQ,X(T))¢G(X0)§b(X(T)). (4.4.75)

Because this is true for all ¢%(Xj), we have that the parallel transported basis vectors are related to the basis
vectors at the new location by:

Y (&q, Xo, Xo + ur) = WP, (Xo, X (7))&(Xo + ur). (4.4.76)

Thus, this allows us to compute the parallel transport of any basis vector (and so any vector through linearity)
along any straight line in spacetime simply by computing W. However, we can generalize further to develop
how to compute parallel transport along any curved path, not simply a straight line. Before we do so, it will
be helpful to understand better some structure of this parallel transport along a line.

Consider (4.4.76) and parallel transport both sides from X (7) to Xo:

T(T(§a7 XO’ X(T))7 X(T)7 XO) = T(Wba(XOa X(T))gb(X(T)), X(T), Xo) (4477)
= T (e, Xo, Xo) = WPa(Xo, X (7)Y (&(X (7)), X (1), Xo) (4.4.78)
— Wu(Xo, X (7))&(X0) = T(&(X (7)), X (7), Xo). (4.4.79)

Now let us call the point X as X and X (7) as X’. After parallel transporting the basis vectors from X’ to
X, they will be in the same vector space by construction. As well, because the parallel transport by definition
preserves the semi-inner product the parallel transported basis vectors also satisfy (4.4.5) and thus they are
linearly related to the basis vectors at X by an element of G (as these matrices are precisely those which
preserve (4.4.5) by definition). So, it must be the case that W ~! is an element of G. By (4.4.70) when X’ = X
we have W~1 = 1. Because W ! will vary continuously in X’ (otherwise the covariant derivative does not
exist) and is connected to the identity, W =1 must not only be in G but further must be in the component of
the gauge group which is connected to the identity. This connected component is then a connected Lie group
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and so has some basis of generators T, with parameters 8 in terms of which any element U can be written as:

U=elTa, (4.4.80)
By (4.4.17) we then have:
" TiMe?" Tr = M. (4.4.81)
Differentiating both sides with respect to 8% at # = 0 we have:
TIM + MT, = 0. (4.4.82)

Hence, the generators T, are precisely the matrices which satisfy this condition. Because W~! must be in
this connected Lie group there must be some 6%(X, X’) so that:

WX, X') = " (XX)Ta, (4.4.83)

Then, (4.4.70) becomes that 6*(X, X) = 0. Now let us consider X’ which are near X and perform a Taylor
expansion:

0°(X, X') = 0%(X, X) + 0,0° ., (&' —2") + O(a' — x)? (4.4.84)
= 9,0, _, (@™ —at)+ O —x)? (4.4.85)
WX, X') = 0" (XXTa _ (007, (" e Tut Oe!—2)® (4.4.86)
=1+ 0,0 ,_, (@ — 2T, + O(a' — 2)*. (4.4.87)
In components then:
W=l (X, X') =60+ 0,0, (a" — ") (T.)", + Oz — )*. (4.4.88)
T(&a(X), X', X) = (62 + 9,0 oy (2 = 2")(T0), + O’ — x>2) &(X) (4.4.89)
Using this to compute the covariant derivative of the basis vectors:
YT(E&u(X +eiy), X +ei), X) — Eu(X
‘@Hga(X) — liIr(l) (é‘a( + E”H)? +(€LM7 ) fCL( ) (44.90)
e— 9
(X)) + 06¢ T.)% &(X)e + O(2) — £,(X
o S+ O] ()6 (X)e + OF) - 6u(X) o
e—0 3
= a:Lgc|X/:X (TC)bagb(X)' (4492)
By matching with (4.4.24), we see that the connection coefficients can be expressed as:
[au(X) = 8,60°,_ (T2),. (4.4.93)

Thus, the connection can be written as a linear combination of the generators of the gauge group. Those
coefficients of linear combination we write as I'f; (X) and call the connection fields:

a def a c c
re < 0,0 _y = o =T4(T0)" I, =IT..s (4.4.94)

Note that this notation can be somewhat confusing at first but what is going on can be sorted out by
looking at the number of indices on I'. When I is written with only 1 index like I',, it is referring to the
matrix form of the connection. When I' is written with 2 indices like I'}, it is referring to the components of
the expansion of the connection in terms of the basis of gauge group generators T,,. When I is written with 3
indices like Fbau, it is referring to the components of the matrix I',. To compute the Fbw from the I'}}, one
needs the explicit matrix forms of the gauge group generators T,,. Because the connection can be written as a
linear combination of the group generators, the number of independent fields in the connection is equal to the
number of generators of the group (that precise number will of course depend on the group, it is the number
of linearly independent T, which satisfy (4.4.82)). The number of generators of the gauge group is called the
dimension of the gauge group and we will write it as N,. Recall that the I'), are NxN matrices. Because the
generators of the gauge group are by definition linearly independent and the dimension of the vector space of
NxN matrices is N2 the dimension of the gauge group N, is at most N2.

We can now translate our results for the gauge transformation of the connection to the gauge trans-
formation of the fields I'l,. We found that for a gauge transformation U(X) the connection is transformed
as:

a’

=0T, U ' +U9,U" (4.4.95)
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If we consider gauge transformations which belong to the connected component of the gauge group,
we can give a more detailed expression for this in components. In all currently experimentally tested gauge
theories, the gauge group is connected and so all elements of it belong to the connected component. However, it
is theoretically possible for the gauge group to be disconnected (and thus involve some discrete transformations
as well). Entries of the connected component can be written as exponentials of the generators:

UX)=e"T — U 1(X) =e "X (4.4.96)
Then, in terms of the fields (4.4.95) reads:
0T, = "B T,e T 4 ' Tog, (e*f’bTb) . (4.4.97)

In order to simplify this we need to be able to compute eebTbTae_abTb and eebTbﬁu (e‘ebTb). Let us

start with the first one. Define:

Ga(s) & s DT =50 Ts — G (0) =Ty,  Go(l) = TTe T, (4.4.98)
It turns out that G, (s) satisfies a nice differential equation. Differentiating G:
dGa d 0°T, —s60°T, oo, 4 ([ _sebT,
= 2 (7T ) Ty T 20T, (7T 4.4.99
ds ds (e ) € te ds \° ( )
The derivative of this matrix exponential can be computed by using its power series definition:
d ebTb) d = (0°T0)" = (0°T)" 4
iy (PR = = = n 44.1
ds (6 ds nz:% n! nz::l nt ( 00)
__ pa - (ObTb)n n _ pa sObT,
=0 Ta;)Ts = 09T, %0 T, (4.4.101)
Thus:
Li“ = 0" Tyes 0 Te T, e =30 Te 4 30 TeT, (—e—secTcebTb) (4.4.102)
= 0"T,Go(s) — Gu(s)0°Ty, = [0°Ty, Gu(s)). (4.4.103)
By differentiating G,(s) again, we find:
d*G, b dGy b
= [0°T, = [0°Ty, [0°T, . 4.4.104
= 0T, ) = (0T, 0T, Gl (1.4.104)
Hence each time G, is differentiated we simply compose the commutator over once more:
a"G
L = [0"Ty, ]"Ga 4.4.105
28— 0T, ) (44.105)
Reconstructing G, (s) from its series we have:
=, 5" " = 5" n = 5" "
Gals) = ZO —G(0) = ZO —[0°T;, 1" Ga(0) = ZO 10", )" T, (4.4.106)
n= n= n=

Because the T, are the generators of a Lie group, there must exist structure constants f,;° so that:
(Ta, Ty] = fap T (4.4.107)

Thus, the n fold commutator of the generators can be written as a linear combination of the generators.
Hence there exist coefficients C?,(n) so that:

[0°Ty, " T, = C°4(n)Ty. (4.4.108)
We can find a recurrence relation for these coefficients:
Clu(n+ 1T, = [0°Ty, |" T, = [0°Ty, [0°T., " Ts] = [0°Ty, CCu(n)T] (4.4.109)
= 0°C*,(n)[Ty, T.] = 0°C4(n) fr Ty (4.4.110)
— CP(n+1) = fa.09C(n). (4.4.111)

If we define f, as the matrices with components facb (that is, the matrices corresponding to the adjoint
representation of the group) and C(n) as the matrices with components C?,(n), we have:

Cln+1)=0fC(n) = C(n)=(0"f,)" C(0). (4.4.112)
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C(0) = 1 and so:

C(n) = (0°fa)" = [0"Ty, " Tu = ((6°£)™)" T (4.4.113)
o0 n . b
—— Ga(s) — Z i‘((ecfc)n)baTb _ <659 fc) Tb (44114)
ne0 n: a
ea\b
— T, T = (69 fc) Ty (4.4.115)
We can use a similar trick to compute the second term in (4.4.97). Define:
H,(s) & 5" Tog, (ﬁObTb) — H,(0)=18,1=0, H,(1)=e"Ta, (e*GbTb) . (4.4.116)
Differentiating H,, with respect to s:
dHH _ d sObTb —szTb stTb d —SGbTb
I ds (e ) Oy (e ) +e Oy 7 (e ) (4.4.117)
= 9T, (70T ) 4 0T, (—0°T e ) (4.4.118)
= esebTbH“Taaﬂ (e_sebTb> — esebTbﬁﬂeaTae_sebT” - esebTbﬁaTaau (e_sebTb) (4.4.119)
= —0,0% T T,e" T = —9,0°G,(s). (4.4.120)

Now integrating we get:

1
' Tog, (e*"”Tb) = H,(1) = H,(0) +/O %ds (4.4.121)
1 1 . b
— T, (") =0 / 0,0°G(s)ds = —8,,0° / (%) Tyds. (4.4.122)
0 0 a

This integral is best computed in the series expansion of the exponential:
1 1 o n 0 0°fe _
c 1 1 e 1
0 fe dg = oot ds =S =(0°f)" = . 4.4.123
[ e /onZ_on!( Jods = 3 10" g = e (44.123)

n=0
This last equality is intended to mean that if the function on the right is series expanded then the series which
is achieved is the one which appears to the left. Therefore, this function on the right should be interpreted as
a shorthand for the series on the left. Then, we can write:

b b eecfC -1 b

69 Tbaﬂ (6_9 Tb) = —3H0“ (9(;‘](‘) Tb' (44124)
Altogether, this means that (1.7.95) can be rewritten as:
a a ¢ b a eQCfC -1 ’
T, =17 (e9 fc) Ty — 0,0 (evf) T, (4.4.125)
¢ a
0°fe — 1\
a _ (.6°r.\ T € b

— Iy = () 1 - <9f> 0.8, (4.4.126)

Hence the fields mix into each other in a very complicated way (which requires computing a matrix exponential)
under the gauge transformation.

We have established how to parallel transport a vector along a straight line. Let us now understand
how to parallel transport along a general path. First consider parallel transporting along a path which is a
sequence of K line segments. Then, along each line segment there is an associated uy and 74 so that we can
define:

Xyo(Tk) = X5 (0) + upey, (4.4.127)

and each line segment trades off with the one of the next k at the value of 73, so that X (1) = Xj41(0). Call
that value of 7, as Tj;. We will not intend any implicit summation over k. Then, on each of these segments,
we can define Wy (13;) so that:

We(0) =1, ==L 4 ul'T, (X)W = 0. (4.4.128)



4.4. Geometry of Nonabelian Gauge Theory Scheopner 269

This is simply the parallel transport along each line segment. Then, the parallel transport on the
sequence of line segments is given using the composition property by parallel transporting along each segment
in order:

¢ =Woo = Wgk..WalWigyo. (4.4.129)

Thus, the effective parallel transport map W is given simply as the product of the parallel transports along
each of the line segments:

If we define 7 to be 7y for 7 < Ty, as Ty + o for Ty <7< T1+ Ty, as Ty +To+ 713 for T1 + T <7 <
Ty + T2 + T3 and so on in this fashion then X (7) is given by X (7x) on each of these respective regions. As
well then, we can identify that on each of these regions:

da
(7)) = w (4.4.131)

dr
where which & is to be selected is determined by which region 7 falls into. Finally then, if we define W (7)
as the product of Wi down to W7 where the k is selected by the region into which 7 falls, then from the

differential equations satisfied by the various Wy we immediately have:

w(0) =1, aw + dx—#FM(X)W =0. (4.4.132)
dr dr

This is true for any number of line segments. We can approximate a generic differentiable curve by a
sequence of line segments and so we simply need to take the limit K — oo to apply this to any differentiable
curve. Conveniently, (4.4.132) is already written in a way which already does not explicitly depend on K
and so that limit is essentially trivial. Thus, we see that if we have a differentiable curve given by the points
X (1) where 7 parameterizes the points of the curve then an initial vector with components ¢g at Xy can be

parallel transported to X (7) by:

o(1) = W(T)po (4.4.133)
where ¢(7) gives its components as a column vector at X (7) and W (7) satisfies:
dw  dx*
W(0) =1, I + FF#(X(T))W =0. (4.4.134)

This matrix W then completely characterizes the parallel transport operation; it is called the Wilson
line matrix. It is difficult to find a useful explicit solution for the Wilson line matrix but we can make some
progress. First, integrate both sides from 0 to 7:

W(r) — W(0) + /0 ' (X ()W (s)ds = 0 (4.4.135)
e W(r)=1— /0 ' %FM(X(S))W(S)CZS. (4.4.136)
For convenience going forward, define:
G(r) = %(T)FM(X(T)). (4.4.137)
Then:
W(r)=1 —/ G(s)W (s)ds. (4.4.138)
0

We can insert another copy of this formula into itself on the right hand side for W (s) to get:
W(r)=1 —/ G(s) (]l —/ G(s’)W(s’)ds’) ds (4.4.139)
0 0

W) =1- / G(s)ds + / / T G)G(s )W (s')ds'ds. (4.4.140)
0 o Jo
Iterating this formula N times gives:

W(r) = 11—/OTG(sl)dsl+/0T /O Gs1)G(s5)dsadsy — oo+ (—1)N /OT.../OSN_lG(31)...G(sN)W(;N)dsN)...dsl.
44141
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In the limit that N — oo we then have a series expression for W (7):

wir) =3 (-1 /OT n/o G(51).-G(5n)dsp...ds1. (4.4.142)

This series expansion for W can at least be useful for approximations of the Wilson line matrix. Let us define
the path ordering operation P : which acting on a product of matrices evaluated along the path reorders the
matrices so that the later point of evaluation is to the left:

A(m)B(12), T > T2
P A(11)B(1) = A(Tl)B(T2);B(72)A(Tl)’ =T (4.4.143)
B(m2)A(m1), 1 < T2.

Acting on a product of 3 or more matrices, the path ordering operation is defined to equivalently
reorder them from last to first along the path when writing the product from left to right. Then, because
Sp < ... < 82 < 81 < T, it is already path ordered and so we can trivially apply the path ordering operation
to it:

W(r) =3 (-1)"P: /0 n/o G(51) .G (50)d5p..ds1. (4.4.144)
n=0

Because of the path ordering, we can reorder the factors of G arbitrarily as the path ordering will just
return them back to their original order anyway. There are n! ways to order n factors and so we can sum
over all n! orderings and divide by n! because under the path ordering all of them will be equivalent. Let o
be a list containing each of the numbers 1 to n once each in some order (this is called a permutation of n).
Then, let o, be the k& entry in that list. Then:

W(T)_ n| “p. / / > G(50,)--G(so, )dsn...ds,. (4.4.145)
n=0

All o

If we in each term in the sum over all o rename s,, to s; then the resulting integration region will be
the set of all values of sy, ..., s, from 0 to 7 with the s, ordered so that the k' highest element is oj. The
region of values of s1, ..., s, each from 0 to 7 can be divided into n! regions in which the s take a particular
ordering on each region. Then, the sum over all such orderings of these integrals is equivalent to simply
integrating each si from 0 to 7 without having to sum over orderings:

Z/ /n (Soq)- (sgn)dsn...dslz/ "/ G(86,)---G(S0,)d5g, ...dSs, - (4.4.146)
0 0

All &
Then, the Wilson line matrix becomes:
S P
W(r) = Z P ol G(sey)-G(S0,)dSs, -..dSe, (4.4.147)
“ 0 n! O O n n
=P i (L TG(S)ds ' (4.4.148)
' n=0 n! 0 -
=P e Jo Glo)ds, (4.4.149)
Using (4.4.137) this becomes:
W(r)=P:e Ji G OTuX()ds _ p ;o= J7 Tu(X(9)da(s), (4.4.150)
If we call v the path traced out by X (7') then we see that the Wilson line matrix can be written:
Wiy =P : e o TulX)da” (4.4.151)

where here W([y| is written to indicate that it is a functional of the path. This exponential form might
seem compact and useful. However, matrix exponentials are already hard to compute and the path ordering
makes the result quite difficult to compute analytically and so in fact (4.4.142) is often more amenable to
computations. This exponential form though is sometimes useful for proving theorems.

Using (4.4.133) we can compute the gauge transformation of the Wilson line matrix:

¢'(r) = W'(1)d (4.4.152)
= U(X(7))¢(1) = W (1)U (Xo)do (4.4.153)



4.4. Geometry of Nonabelian Gauge Theory Scheopner 271

= U(X(1))W (7)o = W'(1)U(Xo)o. (4.4.154)
Because this is true for all ¢y we have:
UX(r)W(r) =W'(r)U(Xo) (4.4.155)
— W/(1) = UX(1))W (1)U (Xo). (4.4.156)
If we let X; be the final point on the curve v this can equivalently be written:
W'h] = UX)WHU™ (Xo). (4.4.157)
If the curve v is actually a closed loop then X; = X by definition and we have:
W'[y] = U(Xo)W[HU (Xo) (for a closed loop). (4.4.158)
If we further take the trace of this matrix and use the cyclicity of the trace:
Te(W'[y]) = Te(U(Xo)W [JU (X)) = Te(U™H(Xo)U (Xo)W]) = Te(W]) (4.4.159)

for a closed loop. Hence, this quantity is actually gauge invariant. This is the first gauge invariant quantity
involving only the connection we have identified. It is quite important and it is called the Wilson loop:

W] = Te(W[y]) = Tr P s e S Tnda”, (4.4.160)

These Wilson loops are not only gauge invariant but in fact if one knows the Wilson loop for any closed path
7, it is actually sufficient information to reconstruct I', up to a gauge transformation. To establish such
is no small effort but the details can be found in [21]. Thus, the Wilson loops contain all gauge invariant
information about the connection.

4.4.2 Curvature of the Gauge Connection

Ultimately we will seek a Lagrangian density for our new connection fields and thus will need to make one
which has both Lorentz and gauge symmetries. As such, we would like to understand what gauge invariants
can be made out of our connection. The Wilson loops do form a complete set of gauge invariants in the sense
that from them the connection can be reconstructed up to gauge transformation. However, the Wilson loop
is also non-local because it contains evaluation of the connection at many different points. In order to make a
local gauge invariant then we should study the Wilson loops in the limit of small loops as in the limit that the
loop is shrunk down to a point the Wilson loop would then become local automatically. So, let us consider
the Wilson line starting at X along a path consisting of 4 straight segments: first a line segment of length a
in the direction u, second a line segment of length b in the direction v, third a line segment of length a in the
direction —u, and finally a line segment of length b in the direction —v. This path forms a closed rectangle
with area ab which we will take to be small. By (4.4.138) we immediately have that the Wilson line operator
from this path is given by:

W] =(1 + bHT (X + b0))(1 + au’T, (X + bv + au)) (1 — bPT (X + au))(1 — au’Ty (X)) + O(a?) + O(b?)

(4.4.161)
=(1 4+ bv"T (X)) (1 + au’ T, (X) + abu”v*0.I", (X))
(1 = bPT,(X) — abv”uP 95T, (X)) (1 — auTo (X)) + O(a?) + O(b?) (4.4.162)
=(1+bv*T,)(1 + au"T,, + abu”v*0,TI",)
(1 — T, — abv’u?dsT, — auT, + abv’u’T,T',) + O(a?) + O(b?) (4.4.163)

=(1 4+ bv"T,) (1 + au’T, + abu’v*0T,, — bv’T, — abu”v’T, T, — abv”u’ 95T,
—au’Ty + abv’u’T ,Ty) + O(a?) + O(b?)

(4.4.164)
=(1+b"T,)(1 — T, + abu”v*0,T", — abu”v"T, T, — abv*u”0,T', + abvtu"T,T',) + O(a®) + 0(b?)
(4.4.165)
=1+ bv"T,, — bv’T, + abv*u” (9,1, — 3,1, + ., = T,T,) + O(a?) + O(b?) (
=1+ abv*u” (0T, — 0,1, + T, T, —T,T,) + O(a?) + O(b?). (
Thus for small loops the first correction to the identity of the Wilson line is given by the quantity:

Q= 0,0, — 9T, +T,T, —T,T, (4.4.168)

4.4.166)
4.4.167)
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which is called the curvature tensor of the internal space. We can use the Lorentz transformation property of
the connection to see that in fact the curvature tensor is a genuine tensor:

Q,, =9,I, — o, T, +T,I', —-T,T, (4.4.169)
=L%,00 (L7°,T5) — L7,05 (L7*,T)

+ L7 L P, Tl — L™, L7F, T4l (4.4.170)

=L, L7, (9aTs — 93Ta + Tal's = Tpla) (4.4.171)

=L L7, Qap (4.4.172)

and we can see that by its definition the curvature tensor is automatically anti-symmetric in its indices.
For our small loop, it consisted of parallel transport along two different directions as well as their inverse
directions but in the order so that the translations and their inverses don’t automatically cancel. Thus,
the small rectangular loop and thus the curvature tensor essentially measures the extent to which parallel
translations along two given directions fail to commute. Because along the parallel transport of a vector in
the u direction (4.4.64) is satisfied, we see that the covariant derivative generates parallel transportations in
the same way that the ordinary derivative generates constant translations. Thus, we suspect that there is
some relationship between the commutator of covariant derivatives and the commutator of parallel transports
(the curvature tensor). Let us explicitly compute the commutator of covariant derivatives:

(D, D)0 = 2, (00d +T09) — Dy (06 + T1u0d) (4.4.173)
= (O + 1) (00 +Tv¢) = (0 +T0) (Oud + T'u0) (4.4.174)
= 00,0+ 1,0,¢6+ 0Ly + 1,0, +TpL¢ — 07,0 — 1,06 — 0,6 — T0yp — TT 6
(4.4.175)
= (0,0 + T, — 9,1, —T,T,) ¢ = Q6. (4.4.176)

Thus, this gives another way of arriving at the curvature tensor. It is also useful to look at the covariant
derivative acting on the basis vectors &,:

(Dys Dea = DD — D0 Dpba = Dy (T0ar&s) — Do (TP0u&s) (4.4.177)
=0, a& + TP 2ués — 0T 0o — T au 206 (4.4.178)
= 0,0 & + TP T — 0T by — TPauDée (4.4.179)
= (0T 0y — 0T 0 + T 00T, — T, T%0,) & (4.4.180)
= ()8 (4.4.181)
This gives the commutator of covariant derivatives acting on ® similarly as:
(D 212 =D, Pv® — Dy Dp® = Dy (0,6"Ea + 0" Du&a) — Dy (08" Ea + 0" Duéa) (4.4.182)
=02,0"C0 + 0,0° Do + 0,6° Dy + 6° D, D, o
— 02,00 — 040" Do — 00" Dpba — " DvDpa (4.4.183)
=6 (Du Dy — DT §a = 8" Du» D)€ = 6" ()" &b (4.4.184)

which is exactly consistent with (4.4.176). We can rewrite the right hand side explicitly in terms of ® using
the semi-inner product. Consider the semi-inner product of ® and a basis vector and use (4.4.5) as well as
the invertibility of M:

(fbv (I)) = (gbv ¢afa) = ¢a(§bvfa) = Mba¢a (44185)
— ¢" =M (&, D). (4.4.186)

Then, (4.4.184) can be rewritten:
[Py D)® = (Qu)’ &M (E,, ). (4.4.187)

Thus, we can define the curvature operator Quu as a linear operator on the internal space (meaning it acts
linearly on an element of V(X) and returns an element of V(X)) by:

Q[U/ = (Quy)bafl)M_ac(fc, ) (44188)
— (D4, 2,]0 = Q,,0. (4.4.189)
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Let us also see how the curvature tensor changes under gauge transformation. Directly calculating from the
gauge transformation of the connection:

Q,, =01, =9, + T, I, =TT, (4.4.190)
=0, (UT, U~ ' +Ud,U ") -0, (UT, U +UJ,U™Y)
+(UTr,ut+vo, U (UTL U +USUTY) - (ULLUT + U U (UT, U +UD U

(4.4.191)

=0,Ur, U+ U9, T, U +UT,0,U " +8,Ud,U " + U, U"

-9,UT, U —U8,I U —UL,0,U " —0,U0,U " -V, U

+ur, Ut +vo,Uutur,ut + UT,0,U " + U9, U 'UO,U!

-uyr,r,vt-voutvr,ut -ur,0, U U0 U UG, U (4.4.192)
=9,UT, Ut + U9, L, U +0,U, U —o,UT U ~U3T, U ~0,UdU!

+ur,r,ut-o,ur, vt -9,U0,U —UT, L, U +0,UT, U +0,U0,U" (4.4.193)
=U(9,T, -0, +T, L, -T,I,)U! (4.4.194)
=UQ,, U (4.4.195)

Any quantity transforming this way under the gauge transformations is said to be in the “adjoint representation
of the gauge group”. From this we can see that the curvature operator is gauge invariant (and recall (4.4.10)
and (4.4.17)):

= (92,)" GM (¢, ) (4.4.196)

(UQIWU )a MU ey ) (4.4.197)
= U () U0 4M ™ (U)" (&, ) (4.4.108)
= Q)] U0 e (UMD () (4.4.199)
= ()’ 0fa (UMU) ™" (&) (4.4.200)
= () €M (&, ) (4.4.201)
=Q, (4.4.202)

which one would expect given that everything else in (4.4.189) is already gauge invariant.
We can use the expression for the connection in terms of the connection fields to see that there are also
curvature fields we can compute from them:

=0, I8T, — 0,14T, + T4T,I°T, — TV T, T, (
= (aﬂrg — 0,T%) Ty + T4T0 [Ty, T (4.4.204
= (0,18 — 0,1%) To + T4TE fu T (
ab
= (0,g — 8,15 + fo"T, L) T, (
Hence just as it is possible to write the connection as a linear combination of the generators, it is also possible
to write the curvature as one:

Q= Q8 T, Q=0T — 0, + fr"T) L. (4.4.207)
Using (4.4.195) then we can find curvature fields change under gauge transformations connected to the
identity:
N
T, =, = UQ, U™t =08 " TT,e=" T — o, (69 fc) T, (4.4.208)

a
a _ (.0°7.\" b
— Q= (e ! ) . (4.4.209)

There is some intuition as to why this tensor is called the curvature tensor. If the internal vector spaces
at each point in spacetime happened to simply be exactly the same vector space so that we could use the
same basis £, independent of X we could simply take the parallel transport map to be the identity map.
Consequently, all of the connection coefficients would vanish and the curvature tensor would vanish as well.
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Then, the covariant derivative is just a partial derivative and so covariant derivatives commute. Under gauge
transformation the connection could be made non-zero but still the curvature tensor would vanish as I'"* does
not remain 0 if I'* = 0 from (4.4.37) but O}, = 0 if Q,, = 0 by (4.4.195). If the curvature tensor is non-zero
somewhere then it is not possible to turn the covariant derivatives into partial derivatives everywhere or
set the connection to 0 or trivialize the parallel transport and so it is not possible to use the same basis for
the internal space across spacetime. Whatever basis vectors one has in that case must twist, turn, or as we
say “curve” into being new basis vectors as one moves around and the extent by which those basis vectors
change locally is given by the curvature tensor. Thus, §2,,, measures the extent to which the internal space is
“curved”.

It will sometimes be useful to consider a covariant derivative of the curvature tensor. Because the
curvature operator depends on the basis vectors £, in order to define a meaningful derivative for it, we must
use the parallel transport map. Thus, the definition of the covariant derivative of the curvature operator is
taken exactly as we would expect by parallel transporting in the same way as in (4.4.20):

b h —ac - - - -
9 QW def ). ()’ (X + et ) MT Y (E (X +eiy), X + e, X) (T(Ee(X +etp), X + e, X), 1) — QL

O g
(4.4.210)

= lim
e—0

b - b
((QMV) a(X +Ebp) B (Quy) a(X)M_aCT(fb(X +€Zp),X —l—Efp,X) (T(éc(X +€Zp),X —l—Efp,X), )

3

+( Q)" (X)

M™2Y (& (X +ety), X + e, X) (YT(€e(X +etp), X + i), X),-) — M7 (&, ))
€

(4.4.211)

=0,(Qu)’ M7, (€, )

(@) M tim Y(&(X +eiy), X +ei,, X) (YT (£C(€X tel,), X + ey X)) — &(Ees )

(4.4.212)
:(6pQ;tu)baMiaC£b (fm )

T(&(X +ei,), X +et), X) =&

+ ()’ M7 lim (Y(Ec(X +eBp), X + iy, X), )

e—0 £
+ () MG lim (CE(X + ), X :f etpy X), 1) = (&, ) 4.4.213
=(0,Qpu)” M7, (€cy ) + ()" M7 D8 (0, 7) + m,w) M8, (D ke, ) 4.4.214

+
_l’_

A/—\

)
(0p Q) MG, (€c, ) + () M “Crbdpgb (€er) + ()’ M7, (T¢,)" (&)
(0p Qi + TpQp)* M7E, (&0, ) + (), edfb(rfd) M M™% (&, -)

(852 + Ty + QM TIM)” M8, (6., )

From (4.4.94) we can see that the connection fields are real and therefore by (4.4.82):

( )
( )
(9p )" M6 (€es ) + ()" M T (&, - wo) MG (Tep8a) (4.4.215)
( )
( )
( )

reTtM + MIT, = 0 (4.4.219)
= M+ ML, =0 (4.4.220)
= M 'TIM=-T,. (4.4.221)

With this, (4.4.218) becomes:
Dy = (0, + Ty Qs — Q0 T,)° M7, (€., ) (4.4.222)
Equivalently then, the components of the covariant derivative are:
b b
Do), = (0, + T, — Q. T,)°,.

Or, even more nicely in terms of the curvature tensor matrix:
Do = 0pQu + T, — QT (4.4.224)
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Using our expression in terms of the curvature fields we also have:

Dy = 0,90, Tu + IO (T,T. — T.Ty) = 0,9y + fuc"TH, Ta (4.4.225)
= 2,90, = 0,08, + fr"TH0,. (4.4.226)

Because the covariant derivative is gauge invariant by definition and the curvature operator Q;w is gauge
invariant, 2,Q,,, is also gauge invariant and so because of equations (4.4.195) and (4.4.202) we expect:

2,8, =UZ,0,,U". (4.4.227)

We can verify this by explicit computation:

@,,Q:w = 8,)(2;” + F:,Q;W — Q;wF;) (4.4.228)
=0,(UQ,U Y+ UT, U -o,0U HUQ, U -UQ, U (UT, U +UJ,U™ ") (4.4.229)
=9,UQ, U +U9,Q,,U ' +UQ,0,U " +Ul,Q,, U -0,UQ, U -UQ,T, U -UQ,,0U"!

(4.4.230)
= U(apQ;uj + FpQul/ - Q;,wrp)U_l (44231)
=U2,Q,,U " (4.4.232)

Using the covariant derivative of the curvature tensor we can see it immediately satisfies the property:
P’ D, Qe = €"P7 (0, Qo + T Qe — Qpoly) (4.4.233

=" (9, (0L — 0oLy + T,y —ToT)) + [Iv,0,l's — 0oLy + T,y —T,T,])  (4.4.234
=2¢"7 (0, (0,05 +T,T) + [[1,0,05 +T,T,)) (4.4.235
=2e""7 (0;,Lg + 0,0, Ty + 1,075 +T,0,lc — 9,06, + T, T, Ty —L,I6T,)  (4.4.236
=2¢"*° (04 0,1,z + 1,0,I'v —T,0,I', —9,I',[', + I',T,I'y —[,T,I) (4.4.237
=0. (4.4.238

This is called the Bianchi identity and it is equivalent to the fact that there exists a I', so that €2, can be
written as in (4.4.168).

In order to develop a Lagrangian density for our theory with gauge symmetry, we will need to be able
to list all of the local gauge invariants which can be made out of our connection. We know that all of the
gauge invariants can be made out of the Wilson loops (because the connection itself can be recovered from
the Wilson loops up to gauge transformation) however the Wilson loop is non-local. We found above that the
curvature tensor has quite a nice gauge transformation. Moreover, any product of factors of the curvature
tensor shares that same gauge transformation property:

(s Qunn) =UQpuy,, UTLUQ Ut =UQ, .0

KUNVN

N 2N N N NG N

Ut (4.4.239)
Consequently, the trace of any such quantity is automatically both local and gauge invariant:
Tr(Q,, Qo) = Tr(UQ, 0, .0 U™ = Tr(Qywy - Qo )- (4.4.240)

H1V1” KUNVN
Therefore, such a term is a candidate (at least with regards to gauge invariance) for a term we may add to
our Lagrangian density. Because we are looking for the lowest order Lagrangian density for our theory, we
would like to consider one which depends on the fields I'}; and their first derivatives 9,1, Suppose we have
some gauge invariant function made out of the connection and its first derivatives f(I', OT"). Then, because it
is gauge invariant it is by definition the same in any gauge:

f(T,0r) = f(I',01"). (4.4.241)
Now consider a gauge transformation U(X) so that at a particular point Xy the gauge transformation

parameters 0%(X) vanish. Writing U in terms of transformation parameters §%(X) and expanding in the
neighborhood of our point:

MNVN

HNVN

U(X) =" (0T (4.4.242)
0(X) = 6*(Xo) + 8M9“\X0 (z" — 2f) + O((z — 0)?). (4.4.243)

The requirement that the gauge transformation parameters vanish at Xy then implies:
U(0) = " (Xo)Ta — 7 04(X) = 9.0y, (a" — 2) + O((x — x0)?). (4.4.244)
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Thus, under this transformation, the connection fields at the point change by:
. a 0°fe _ 1 @
i (Xo) = (66 fc) I’ (Xo) — (ec>

b1 Xo ocf. bl x,
= 53T (Xo) — &5 9.0°| . =T (Xo) — 9u0°%]y, - (4.4.246)

Because we can choose the functions (X)) at will, we can always choose them so that at X = 0:
0,0, =T3,(0). (4.4.247)
(One simple choice is just 6¢(X) = T'j(0)2".) By making such a choice, the transformed connection is
automatically 0 at the point. Thus, it is always possible to transform the connection to be 0 at any particular
point. As such, there are no local gauge invariants which can be made algebraically (meaning without

derivatives) out of the connection alone. After applying such a gauge transformation we have I/ (Xo) = 0
and so by (4.4.241) our gauge invariant function f becomes (at the point Xj):

f(T,0r) = f(0,01"). (4.4.248)
Now let us apply a second gauge transformation and see what it can do to the derivatives of the connection at

Xo. In order to not spoil the condition I'j; (Xo) = 0, we must take that for this transformation 6L¢9“|XO =0.
Thus, expanding the transformation parameters to lowest order we have:

9.8°| ., (4.4.245)

|X0

0%(X) = 0°(Xo) + 00|y, (2" —25) + 5 5 8,2“,06‘|X — b)) (2" — 28) + O((z — 20)?) (4.4.249)
=0+0+5 92,0% (0¥ — all)(@” — a) + O((x — w0)*) (4.4.250)

Thus in the neighborhood of X, the connection is:
(X)) =(ef Of) b _ (S 2 b(X 4.4.251
200 =) = (S ) 20 (4.4.251)

= (58 + O((z — 20)%)) (Fb (Xo) + B,T% | (o — ) + O(( — x0)2)>

- 55+ 0= e 90 (3 ), 0 )7 )+ O (a2
=62 0,I"® ’X —z5) — 6 62 Gb’XO (z® — 28) + O((x — x0)?) (4.4.253)
VFHyXO ¥ —xf) — <9fw¢9“|X0 (z¥ — xf) + O((z — 20)?). (4.4.254)

This gives the derivative in the neighborhood of X as:

9,T'%(X) = 0 Fa’x ajuea\xo +O((xz — 20)). (4.4.255)
Finally then the derivative of the connection at the point is given by:
a a 2 pa
ATy, = 0T, — 050, - (4.4.256)

Because 812“,0“ is symmetric with respect to p and v, there are not enough independent variables here to
transform all of the first derivatives of the connection to 0. We can see that the anti-symmetric combination
of derivatives is unaffected by this transformation:

0,1 (Xo) — 0,T1(Xo) = 9.8y, — 02,0
= aﬂrﬁx 8 re

oI%| . + 02,0 (4.4.257)

(4.4.258)

|x, — O Thlx, x,

ilx,
This is not surprising as because I';,(Xo) = I')(Xo) = 0, we have that the components of the curvature at Xo
are given by:

O (Xo) = 0T, — OTh| o, + foc" Tyl Tilx, = 0ulily, — 0T, (4.4.259)

il x,
which just amounts to showing that the curvature is unchanged by this transformation. On the other hand,
the symmetric combination of derivatives is affected by the transformation:

Ol (Xo) + 0,150 (Xo) = 0, L5y, — 02,0% . + 0T,
Hence, by choosing;:

| o “ “lx, - 02,0% . (4.4.260)

2,00 = % (aurg|X + 0,0 ) (4.4.261)
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we can transform the symmetric combination of first derivatives to 0. Then, once we have made such a gauge
transformation, we have that the derivatives of the connection are simply given by:

0, (Xo) + 0, (X, 0, (Xo) — 0,T,(X 1
9,7, (Xo) = = v(Xo) 5 u(Xo) + £ (Xo) 5 wXo) _ 0+ 52 (Xo). (4.4.262)
So, our gauge invariant function f at Xy then becomes:
1
f(T,0r) = f(0,01") = f (0, 29) . (4.4.263)

The expression on the right hand side depends only on the curvature tensor and under any further gauge
transformations any expression of only the curvature tensor will remain a function of only the curvature
tensor. Thus, any gauge invariant function of the connection and its first derivatives is necessarily actually
just a function of the curvature tensor alone. When constructing our Lagrangian density then we will simply
need to construct gauge invariant and Lorentz invariant functions of the curvature tensor. So, the curvature
tensor is quite important. However, complete knowledge of the curvature tensor everywhere is not enough
information to be able to reconstruct the connection [34].

4.4.3 Possible Lagrangians

Because any gauge invariant function of the connection and its first derivative is necessarily just a
function of the curvature tensor, we know then that the Lagrangian density for the connection is simply
then a function of the curvature tensor: £ = £(Q2). As we generally do, we now consider an expansion of
the Lagrangian density as a function of the curvature tensor valid for "weak fields” (meaning low curvature).
Then, we have:

L=A+ B, +Clrrae Qb+ 0(Q°) (4.4.264)
for some constants A, B4”, and C!}*?. The coefficient A can be removed as it is simply a surface term:

A = 0y(At). Because the curvature tensor is in fact a rank 2 tensor, in order for the second term to have
Lorentz symmetry it must be the case that under a Lorentz transformation:

B Qe = BEr Qe (4.4.265)

uv

= L",L", B = B". (4.4.266)

Thus, BY” must be Lorentz invariant. The all Lorentz invariant rank-2 tensors are proportional to the
Minkowski matrix. Therefore, for some coefficients By :

B = B, (4.4.267)

However, then the B term in the Lagrangian density vanishes due to the anti-symmetry of the curvature
tensor:

BIOS, = Bt Q8 = —Bp'v Qe = —BLQs, (4.4.268)
— BMQ% =0. (4.4.269)

5%

Thus, our Lagrangian density is reduced to simply the C term. Then, again owing to the Lorentz
transformation properties of the curvature tensor we must have:

/ 1 b

Clun e = Chro 0, Q,, (4.4.270)

— LM LYgLP L0 \COPN = ClyPe (4.4.271)

And so, the C coefficients must form the components of a Lorentz invariant rank-4 tensor. Such a tensor is

necessarily a linear combination of products of the Minkowski matrix and the Levi-Civita tensor. That is, for

some coefficients:

CI™™ = Ol + Cop " + Clh i + Cl . a.421)

Then, the resulting Lagrangian density is (using the anti-symmetry of the curvature tensor):
£ = Ol 0P 00, Q0 + C2nf oy o 05, Q0 + O3 P s, Qb + Clyet P72, 0 (4.4.273)
=0+ (Cop — Con" Q8 Q0 + Caye? Q0 Q0 . (4.4.274)

So, renaming the coefficients which appear in the Lagrangian density we can see that it is of the form:
L= Ag"n 700, Q0 + Bape P00, Q0 (4.4.275)
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These coefficients Ay, and By, still have to be selected so that the resulting Lagrangian density is gauge
invariant. Using (4.4.209) then we must have:

AabT]“pUWQ;qu;;ba = Aabn/LpUUUQZyQZU7 BabeuypGQ;fVQ;)ba = Babd“/pUQZuQZU (44276)
. a o b

- Aabﬁ”pnw (60 f“) d<€9 fe) fQZVQZU = Aabn“anQZuQZa (4~4-277)

e c d
= Acd<e‘9 fe) (e9fff) = Agy (4.4.278)

a b

vpo © @ f b c vpo s O)a

Bupe? (69 fe) c<69 ff) o = Bue " 0,0, (4.4.279)

o c d
— B (e‘) fe) (ef’fff) .= Bu (4.4.280)

By (4.4.278) and (4.4.280) we see that Aqp and By, must satisfy the same conditions in order to have gauge
invariance. Taking the derivative of these equations with respect to 6 at 8 = 0 we see that gauge invariance
requires:

faa®Acp + Aacfar® =0, fda“Beb + Bacfa® = 0. (4.4.281)

The set of all Ay, (or Bgy) satisfying this equation will depend on the gauge group as it depends on the
structure coefficients. As well, one can see that any anti-symmetric part of A, or By fails to contribute to
the Lagrangian density and so they are symmetric in exchanging their indices automatically.

It turns out the B term in the Lagrangian density can actually be simplified. Expanding out the B term
we see:

Bape?7Q0 Qb = By P7 (9,1 — 0,T% + fog®TTE) (0,18 — 9,18 + fo,°Ter) (4.4.282)
= Bape""7 (20,T% + fea"TSTE) (20,10 + fo TETL) (4.4.283)
= Bape"*7 (A0, T 20,1 + 4feq " TETE0,TY + fea® foy 'TETINETT). (4.4.284)
Looking at the first of these terms:
Bape*? 0, T50,T% = 0, (Bape" " T50,T%) — Bape P T50% T (4.4.285)

The second of these is zero because the Levi-Civita symbol is anti-symmetric under interchanging p and
p while the mixed partial 9% I'’ is symmetric under that same interchange. Therefore:

wp= o
Bape"*°9,T20,T% = 0, (Bape"* TL0,IT) . (4.4.286)
So, this piece is a total divergence. Now let us look at the second term in (4.4.284):
Bape"*? feg " TSTE0,TY = 0, (Bape ' foa " TETETY) — Bape?? fog T50,(I6TY) (4.4.287)
= 0p (Bap""?” foa"TGTILY) + fop Baa€ P T T 20,00 + foa® Bace PTG 00,0,
(4.4.288)

Now using (4.4.281):
Bap€"?? g TETEO, T = 0, (Bape " fod " TETUTY) — foa Bape" PP TS0, TY — fog” Bape PP T T, IY

purvto
(4.4.289)
= 3Bupe"?7 fod"TCT00,I0 = 0, (Bape?” foa"TGILY) (4.4.290)
amc 1 vpo amc

= Bape"? fod " TET00,I0 = 0, <3Babe“ o fa Fprgrf;) (4.4.291)
Thus, this piece is also a total divergence. Finally looking at the last term in (4.4.284) and using (4.4.281):
Bay€"? fod® fey TETUTT] = —Bypet?? foy fea TETETETS . (4.4.292)

Now using the Jacobi-identity for the structure constants (as derived in Orig. problem 1.31):
fadefbcd + fbdefcad + fcdefabd =0 (44293)

we arrive at:
Bap€"? foa® fey TTATTL = Bype" P (foo® fae + faa' fee)TSTATET] (4.4.294)
—fer’ fae* Bape P TETITT] — foo® fop* Bape" P TS TITET] (4.4.295)

= —Bape*? foq® o "TSTITT] — Boye” fog® fey TETETETL. (4.4.296)
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= 3Bape""” foq" for TETITST = 0 (4.4.297)
= Bay€"" fod for TETITOT] = 0. (4.4.298)
Thus, the B term in the Lagrangian density can be rewritten as:
4 afmc
Bape Q0 Q0 =0, <4Babe#”fmrgaprf; + 3 Bave"" fea Fprgrl;> : (4.4.299)

Hence, because this term is a total derivative it does not affect the equations of motion and can be dropped
from the Lagrangian density. So, our final lowest order Lagrangian density for our theory of the connection
with all of the necessary symmetries is:

L= Aan" 700,00, (4.4.300)
where these Ay, satisfy Ay, = Apg and (4.4.281).

4.4.4 The Simplest Gauge Theories

As the simplest example of a space with internal degrees of freedom, consider a real two dimensional
internal space with semi-inner product given by the standard dot product in two dimensions. That is, a field
®(X) on this space has two components:

®(X) = o' (X)&(X) + ¢*(X)E(X), p(X) = (g;gg) (4.4.301)

and between two fields the inner product is given by:

(@1, ®2) = (¢1)'(d2)" + (¢1)*(42)*. (4.4.302)

Then, the matrix M is given as:

M = (M“ M”) = ((51’51) (51’52)> = <1 0) =1. (4.4.303)

M1 Moo (€2,61)  (&2,&2) 0 1
As well, a basis generator T must then satisfy (4.4.82) as:
T+ T =0. (4.4.304)

Because ¢ is real, U must be in order for it to remain so under gauge transformation and thus 7" must be as
well. Giving T" an explicit matrix representation then:

a b
T (C d) (4.4.305)
2 b+c\
Fo L
T+T_(b+C 2d>_0 (4.4.306)
= a=d=0, c=—b (4.4.307)
— T} (_01 é) . (4.4.308)

Thus, there is only one such generator which is linearly independent. By convention we choose b = 1 and so
there is one group parameter 6(X) and a general gauge transformation is given by:

U(X) =T, (4.4.309)
Immediately we have T2 = —1 and so U(X) can be simplified as:
e on oo 92n o0 92n+1 o0 9271 e 9277,—‘,—1

_ Z gn _ 2n 2n+1 _ _1\n _1\n
0 =3 e = 3 s S e = S e
(4.4.310)
. cosf  sinf
=cosf1 +sinfT = | sinf cosd ) (4.4.311)

Unsurprisingly, we can see that the transformations which leave the dot product unchanged are simply
rotations. Then, because there is a single parameter, there is one connection field and one component of the
curvature:

L, =TLT (4.4.312)
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Qu = 0,I,T - 0,1, T + fu.'T,[,T = (9,T}, — 9,I'},) T. (4.4.313)
Then, because there is only one generator the structure constants f,;“ are all 0 (and there is only one
such constant, fi;' anyway). A group with all structure constants equal to 0 is called Abelian (otherwise it is
non-Abelian). Then, the gauge transformation of the connection becomes (by (4.4.126)):
1 1
I‘:L =T, —0,0. (4.4.314)

By (4.4.300) there is only one A, component A1 and so it is automatically symmetric. As well, because
all of the structure constants are 0 (4.4.281) is satisfied automatically. So, the Lagrangian density for I‘}L is
given by:

L= Aun*n’?(9,T,, — 0,T})(9,I'; — 9,T}) (4.4.315)

= A1 (9T — 9" T™)(9,T), — 9,T},). (4.4.316)

This is looking very similar to the covariant Lagrangian density for Maxwell’s equations. We can make this
more transparent by defining the complex valued field:

d:ef(bl+i¢2

4.4.317
7 ( )
The v/2 is conventional. Then, the semi-inner product becomes:
Computing the gauge transformation of ¢:
;o [ cos® sin@\ [(¢*\ [ o' cosO+ ¢?sind
¢ =U¢= (— sinf cos 9) <¢2 T \—¢'sinf + ¢ cosb (4.4.319)
we can see that the gauge transformation of ¢ is:
/1 < 112 1
N A (¢! cosO + ¢*sinf — ig" sin 6 + ip* cos 0) (4.4.320)

V2 V2
1 .

= —= (cos —isinf) (¢! +i¢?) = e Y. 4.4.321

\/5( ) (¢" + i) @ ( )

Hence, the rotation of the internal degree of freedom space is equivalent to this phase transformation

of the complex valued field which is exactly the U(1) symmetry we have previously associated with the
electromagnetic field. Computing the covariant derivative of ¢:

B 9M¢1 B B 8H¢1 + F;lt¢2
7ud = (%@2 = On0Tuo = g — Fllﬂbl (4.4.322)

we can see that the covariant derivative of ¢ is:

%l=§ﬂ%ﬂ+ﬂmﬂ=lﬂ%¢+ﬁﬁ+ﬁﬁ—ﬁwﬁ (4.4.323)
! (8, —il}) (o' +1i9?) = (8, —il}) o (4.4.324)

V2

Hence, recalling how the covariant derivative acts on a complex scalar field, we can identify that the connection
T}, is related to the vector potential by:

I, =qA, (4.4.325)
where ¢q is the electric charge of the field ¢. Then, the curvature becomes:
Q,, =00, —0,T), = q0,A, — q0, Ay = qF . (4.4.326)
As well, the Lagrangian density becomes:
£=AngF" Fo. (4.4.327)

And, as we already know, we have defined our units of charge so that the coefficient out front of this Lagrangian
density is —i for electromagnetism:

1
iz
Hence the theory of a connection controlling rotational symmetry on a two dimensional internal space is
precisely Maxwell’s electromagnetism. Two dimensional rotations are equivalent to complex phases and this

1
Ang® = -7 = Aun=- (4.4.328)
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is why we identified electromagnetism as the theory of U(1) gauge symmetry. We can see then that (4.4.314)
becomes:

qA:L =qA,—-0,0 (4.4.329)

and so we can see that the rotation parameters 6 are related to the typical gauge transformation f(X) of
electromagnetism by:

0 =—qf. (4.4.330)

Using the complex representation, we can consider a 1 dimensional complex internal space instead of a 2
dimensional real one. Then, U(X) on this space by (4.4.321) becomes:

U(X)=e 0 =¢it), (4.4.331)

As well, from this we can identify that in the complex representation 7' = —i. In the complex representation
the Wilson loop of electromagnetism is quite nice:

W] =Tr P e $ TuTde" = i fy Auda” (4.4.332)

The trace is trivial in 1 dimension and the path ordering is trivial because all of the generators commute
with each other (as there is only one). The integrand in the exponential can be written quite nicely using the
generalized Stokes’ theorem. Consider an area A bounded by the loop . Then, by the generalized Stokes’
theorem:

jqf Ayde = ¢ Adae — / (A, da) = / 0, A, dz” A dzt (4.4.333)
o OA A A

= %/(Q#AV — 0,A,)dat Nda¥ = %/ Fuvdzt N dz”. (4.4.334)
A A

So, the Wilson loop becomes:
Wy] = e2 Ju Fuvdatnda® (4.4.335)

Thus, for U(1) the Wilson loop can be very cleanly expressed in terms of the curvature (this is not true for
non-Abelian groups).

Tt is helpful to pick a reference charge (traditionally the electron) and define another notion of electric
charge relative to it. The electron has negative charge and so define e as the magnitude of the electron
charge: go = —e. Then, for any other field, its charge g can be written as Qe for some Q). This e is called the
electromagnetic coupling constant, electron charge (magnitude), or the “elementary charge” and @ is then
how strongly that particular field couples. This organization of terms is nice for many calculations and in
making a similarity of equations between this U(1) gauge theory and more complicated gauge theories, as we
will see in the next subsection. This @ is also called the charge of the field (confusingly, since that is already
the name of ¢). @ is really the charge of the field in units of the (magnitude of the) electron charge. In the
context of field theory, @ is typically just called the electric charge and one has to infer from context whether
q or @ is intended. If it is unclear, one should call ¢ the classical electric charge and @ the charge quantum
number.

The other extremely standard example of a space with internal degrees of freedom is an N dimensional
complex vector space with semi-inner product given by the standard complex inner product. That is, a field
®(X) on this space has N complex components:

o' (X)
O(X) =" (X)&a(X),  d(X)=[ .. (4.4.336)
o™ (X)
and between two fields the semi-inner product is given by:
(@1, @) = ((¢1)")" ($2)" + oo + ((01)™) (p2)N = ¢l b (4.4.337)
Then, the components of the matrix M are given as:
N
Map = (§a,&) = D 6203 = 0ap => M =1, (4.4.338)
n=1

Then, (4.4.82) becomes:
T +T,=0. (4.4.339)

a
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This automatically means that U is unitary:
Ut =Tl = ¢ Te =y~ (4.4.340)

So, this group is the group U(N) of NxN unitary matrices. There are N? linearly independent (over the
reals) matrices T, satisfying (4.4.339) as any of the N diagonal elements are required by this to be purely
imaginary and any of the N(N — 1)/2 lower diagonal elements are required to be the negative complex
conjugate of the N(N — 1)/2 upper diagonal complex elements; each upper diagonal complex element has
2 real numbers of degrees of freedom giving N + 2N (N — 1)/2 = N? independent matrices. Of these N?
matrices, we can select out the trace by subtracting the trace off of all of them giving N? — 1 independent such
matrices (as the last diagonal element is no longer free) and considering the matrix —il separately (which
has a non-zero trace, completing the full N?). The matrix —il simply again gives U(1) transformations
when exponentiated and commutes with the other N2 — 1 linearly independent T}, and so the group U(N)
factors into U(1) and SU(N), the group generated by the remaining N2 — 1 generators. Because all of these
T, are traceless, the determinant of U(X) is automatically 1 and so SU(N) is the group of NxN unitary
matrices with determinant 1. Because the group factors into two pieces which commute with each other,
we can actually study the factors separately. We have already established that U(1) simply reproduces
electromagnetism. The theory produced by SU(N) is called Yang-Mills. For SU(N) then there are N2 — 1
independent components of the connection and equally many components of the curvature tensor. We can
make (4.4.339) more familiar by defining a new set of generators 7, by:

Ta =11, = Ty = —i7,. (4.4.341)
Then, (4.4.339) becomes:
7] =T, (4.4.342)
Hence, the 7, generators are Hermitian. In these generators, the Lie algebra is:
[Ta, 7] = [iT0, 1T = — fapTe = i fap e (4.4.343)
In terms of these generators, the covariant derivative becomes:
D¢ = 0u¢ — il 79 (4.4.344)
This motivates defining the gauge field components A, and coupling constant g by:
Il =gAj, (4.4.345)
so that the covariant derivative is:
D¢ = 09 —igA,Ta® (4.4.346)

which is precisely the same form as the electromagnetic covariant derivative. This definition only fixes the
product gA}, and not their individual scalings. Thus, g can be set at will for now (but we will specify how to
fix its value specifically later). Then, the gauge field is defined as:

Ay =Aure = Ty = —igA,. (4.4.347)
Then the curvature tensor becomes:
Qv = u(—igAy) — O, (—igAy) + [—igAy, —igA,) = —ig (9,4, — D, A, —iglAu AJ).  (4.4.348)
This motivates defining the general field strength tensor:
Fuw 0,4, —0,A, —iglAu, A)) — Q= —igF . (4.4.349)
As well, from this we can compute the components of the field strength tensor:
Fuv = 0, A%ty — 0, ATy —igAb AC[ny, 7] (4.4.350)
= (0u AL — 0L AL + g foc" AL AS) 74 (4.4.351)
= F5, = 0,A% — 0,A% + gfy" Ab AL, (4.4.352)
We also rescale the group parameters 6 as done in (4.4.330) by defining the new parameters a® by:
o = 759“. (4.4.353)

Then, the gauge transformation operator U becomes:
U(X) = e92" (X7e, (4.4.354)
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As well, the gauge field has the transformation property:

_ 1 _
A =UA U+ gUaﬂU ! (4.4.355)
and the components of the gauge field then have the transformation property:
¢ a 11— e_gacfc @
At = (e—ga fc) Ab + () dual. 4.4.356
14 p P gacfc b ® ( )
The field strength tensor then has gauge transformation:
Fl,=UF, U (4.4.357)
or in components as:
la —ga‘fe @ b
Fy = (emote) - (4.4.358)
The covariant derivative of the field strength is given by:
DoFuv = OpF v — i9[Ap, Fuv] (4.4.359)
or in components as:
DpFit, = 0o T, + gfo" AL TS, (4.4.360)
The covariant derivative of the field strength satisfies:
P’ P, Fpe = 0. (4.4.361)
As well, the Wilson loop becomes:
Wy = Tr P : 9 Auda” (4.4.362)

Distinct from the Abelian case, the coupling constant g appears in the field strength tensor whereas ¢ did not.
So, while each ¢ can have its own ¢, any ¢ which transform in the same way under the gauge transformation
U must have the same g. Consequently, g is a fundamental constant of the Yang-Mills theory. We can see
by dimensional analysis that if we take Af, to have the same units as electromagnetic A4, (which we do, by
definition), ¢ is in fact unitless and thus just a number.

Now we will identify the Lagrangian density for Yang-Mills theory. As established, it is given by (4.4.300)
but with coefficients A,;, satisfying (4.4.281). In order to find A, satisfying such we first need the structure
constants of SU(N). We can compute them by giving an explicit expression to the generators 7,. Consider
a 7, with a single real non-zero entry in its upper triangle and zeros along the diagonal. Then, because
it is self-adjoint, it must have a single equal corresponding entry on its lower triangle. There are w
choices for where to put the non-zero entry on the upper triangle and so there are equally as many linearly
independent 7, of this form. We will call this class of 7, “x” type because they resemble the Pauli matrix o,.
We can identify an x-type generator uniquely by the row and column number of its upper triangle non-zero
entry. So, let the matrix X, have components (X43)¢, so that it is non-zero only in the positions row a

column b and row b column a:

1
(Xab)®q = 5 (62060 + G50aa) (4.4.363)

This factor of % is conventional. With this, we can take 7 through 7xw_1) to be given in order by
2

Xi2, - » X1n, X235 «.. , X(v—1)n. Now consider a 7, with a single imaginary non-zero entry in its upper
triangle and zeros along the diagonal. Then, because it is self-adjoint, it must have a single corresponding
entry of equal magnitude and opposite sign in its lower triangle. There are again N(Z\;_l) choices for where to
put the non-zero entry on the upper triangle and so there are equally as many linearly independent 7, of
this form. We will call this class of 7, “y” type because they resemble the Pauli matrix o,. These are all
linearly independent of each other and the x type generators as those were symmetric while these are all
anti-symmetry. Let the matrix Y,; have components identified in the corresponding way to the X;:

1
(Yan)“y = 5 (=i0500a + i050aa) - (4.4.364)

With this, we can take TNW-1) through 7x(v_1) to be given by the Yy, in the same enumeration
scheme as was used for the X;. 2Finally, consider a 7, with a single positive entry on its diagonal and an
equal negative entry in the last entry of the diagonal so as to remain traceless. There are N — 1 choices for
where to put the positive entry and so there are as many linearly independent 7, of this form. We will call
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this class of 7, “z” type because they resemble the Pauli matrix ¢,. These are all linearly independent of
each other and the x and y type generators as those had only zero along the diagonal. Let the matrix Z,
have a positive entry at diagonal element a and negative entry in the last diagonal element:

1
(Za)*a =5 (5;5@ - 5fvc5Nd) : (4.4.365)
With this, we can take Tx(n_1)41 through 7y2_; to be given by Z; , ... ; Zny_1. Then, because we have

covered N2 — 1 linearly independent generators, the x type, v type, and z type generators together form a
complete basis of generators for SU(N). Going forward, we will commit an abuse of notation by identifying
each generator 7, with the corresponding x, y, or z type generator as enumerated. For example, (4.4.343)
now splits into 6 cases (due to anti-symmetry of the commutator), depending on which classes the 7, and 7
belong to:
[ abs X ] ZfXachdXEerf +ifXachdYQfY€f +ifXachdZ6Z€ ( )
[ ab, d] fXa.bch <fX€f + Z.fXabchYEf }/ef + ifXabch ze Ze ( )
[Xabs Ze] = if xu 2. Xae + ifx 2. " Yae +ifX0n2.7" Za (4.4.368)
] ZfYabchXCfXEf + ifYabchYCfY;f + ifYabch ze Ze ( )
Yab, Ze] = ifvupz.” % Xae + ifvapz. " Vae + ifviz.”" Za ( )
(Zas Zo) = ifz, 2, Xea +ifz, 2, Yea +ifz,2,% Ze. (4.4.371)

These fully determine the structure coefficients of SU(N), though they are quite nasty in general. When
N = 2, this is literally our usual expression for the generators of SU(2). As well, we can see that our
expressions for the generators satisfy:

[ aba cd

1
Tr(7amy) = 50 (4.4.372)

With this we can define 2Tr(7,7) as defining a “metric” on the generators so that we can raise and
lower indices on the internal space using it. Because of our particular basis of generators, the raised and
lowered index versions are the same. With this, from (4.4.343) we have:

Tr([7a, Tp]7e) = zfader(Tch) = ifabdtscd = §fabc (4.4.373)

= fabe = =210 (T4 ToTe — THTaTe)- (4.4.374)

Using the cyclicity of the trace then, we can see that f,p. is anti-symmetric in the interchange of any pair

of its indices. Thus, if we define as usual f, as the matrix with components fab e = facb then it these matrices

are all real and anti-symmetric. Then raising and lowering indices in (4.4.281) and using that A, = Ay, we
have:

AbofaC, — faP A =0 (4.4.375)

= [A, f4] =0 (4.4.376)

where A is the matrix with components A,,. Thus, the matrix A must commute with all of the generators
fa in the adjoint representation. These N? — 1 commutators are quite a bit of effort to evaluate but after

explicitly computing the f, from our x, y, and z type generators and then requiring these commutators, one
can see that A must in fact be proportional to the identity matrix. Thus, for some constant k:

A=kl = Ay = kdap = 2kTr(1,7p). (4.4.377)
Consequently, our Lagrangian density becomes:
£ = GPkSan* 1" Fiy Fpy = kg" Fi¥ Fit - (4.4.378)
By convention, we again choose g (which so far has been unspecified) so that:
1
kg? = T (4.4.379)

Notice that this is only possible if k is negative. A positive value of k actually causes the weak field
(meaning small field strength) limit to be unstable and so for our weak field expansion that we have done to
produce this Lagrangian to be valid we need k to be negative by stability. (This is explored in the homework.)
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Then, the Lagrangian density for our connection over SU(N) is together with whatever other fields exist is:
1
4

where £ is the Lagrangian density due to whatever other fields are present. This specific expression depends
on our basis of generators satisfying (4.4.372). However, we can write this in a basis independent way as:

L= —ZFWF 4 £ (4.4.380)

1 1
o _EQT‘I‘(TaTb)fa/LV‘FZV + 8 = _§T‘r(]:aﬂy7—af2y7b) + £ (44381)

1
= &= Te(F"Fu) + Lo. (4.4.382)

The normalization of the Lagrangian density to be in this form fixed the value of the coupling constant
g (up to a sign, which is conventionally chosen to be positive.). So, Yang-Mills has a fundamental parameter
g which must be determined by experiment. Now that we have our Lagrangian density, let us compute the
equation of motion for the gauge field. Because £y will depend on our other fields and those fields may have
their covariant derivatives taken &, may appear in £y and because the covariant derivative depends on A4,
Lo is allowed to depend on A,,. Then:

9L 1 o 0 b b b d 0L
94e ~ 3 Ay = 9,4 AZA 44.
aAZ 2‘7:12 3AZ (81) o o P +gfcd P o') + aAZ ( 383)
| —_—p b 0L
= =5y 29fac’ Ag 4.4.384
0L b
= a gfabcAy]:clw (44385)
0Ag
9L L pe O b b b d
=-3 A; —0,A cd AGA 4.4.
00,Ae 27 09, A (a,, o = o dytgfea’ A, o) (4.4.386)
= *%Ef’? =Fa" (4.4.387)
So, the equation of motion becomes:
oL oL
v a8 aa 4.4.
O 50,45 ~ 0Aq (4.4.388)
= T = —gfapc ALFH + 6§2 (4.4.389)
9Aj
0L
vFa = : 4.4,
= 2T =5 s (4.4.390)

This is precisely the equivalent of Maxwell’s equations because the covariant derivative of the electro-
magnetic field strength is just the partial derivative due to the vanishing commutators in that theory. Thus,
we can identify that the Yang-Mills current density is:

JH = 0%

0AS

We generally call the property which electromagnetism interacts with electric charge. Similarly, we

generally call the property which Yang-Mills interacts with color (even though it has nothing to do with

the everyday life property known as color). So, this J# is called the color current density. With this the
Yang-Mills equation of motion is:

(4.4.391)

DFEY = Jk. (4.4.392)

We know the gauge transformation property of the left hand side and so it determines the necessary gauge
transformation property of the color current. Then, because the left hand side is in the adjoint representation,
the color current is as well. Then, because the form of the covariant derivative of a quantity is determined by
the representation, the expression for the covariant derivative of J# must be given analogously to (4.4.360) as:

D Jl =0, Tl + gfart AL (4.4.393)

Just like Maxwell’s equations require the continuity equation for the electric current, the Yang-Mills
equations require a covariant continuity equation for J¥. Computing the covariant divergence of the color
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current:
DIl = D, D, FI (4.4.394)
= %(%% - DvD,)FL" + %(%% + 2,9,,)F". (4.4.395)

The second term is the contraction of a tensor symmetric in p, v with a tensor antisymmetric in p, v.
Consequently, it can be sent to its own negative by interchanging the names of y and v and thus must be 0.
The first term is the commutator of covariant derivatives on the field strength:

1
Dudst = 51D Do) (4.4.396)

We can find a nice formula for the commutator of covariant derivatives on any quantity ¢ in the adjoint
representation:

(Dyis D)0 =0, D" + 9foc" AL Dy 0™ — 0, D" — 9foc" AL D" (4.4.397)
=0, (00" + gfoc"ALe") + 9 foc AL (00" + gfac ALp®) — 0, (0™ + gfoc” Abip®)
— 9foc" AL (0u9° + gfac " Afp”) (4.4.398)
=00 " OpALE" + g foo fac AL AL — gfuc Oy AL 0 — g7 foc® fae“ AL Alp® (4.4.399)
=9 foc" (O AL — 0, ALY + g% (o fae® + fac® fer®) AL ALe”. (4.4.400)
Now using the Jacobi identity:
foc® fae© + fac" fev® + fec" foa® =0 (4.4.401)
we have:
(D D)™ = foc" (0 AL, — Oy Ap)@E + g fee” foa® A A" (4.4.402)
=g F " (4.4.403)
Thus:
Dl = %gfbcafﬁyfc“” = —%gfcbaffj,,fcw = —%gfbwfﬁyfbﬂ” =P, J" (4.4.404)
— 9,J" =0. (4.4.405)

Thus, we have the covariant conservation of the color current in Yang-Mills.

4.4.5 Quantum Chromodynamics

Experimentally, it has been observed that nucleons (protons and neutrons) which comprise the nuclei of
atoms are themselves comprised of “quarks” which are electrically charged Dirac spinors which in addition to
electromagnetism interact via a Yang-Mills interaction with gauge group SU(3). This interaction is called the
“nuclear strong force” or just “strong force” because it was discovered in the nucleus and in the nucleus it is
quite strong. As well, it is called “chromodynamics” in the same way electromagnetism is sometimes called
electrodynamics. The coupling constant for this force is called the “strong coupling constant “gg”. For the
purposes of this subsection we will neglect the electromagnetic interaction. (Practically, when chromodynamics
is relevant it is typically much more important than electromagnetism. To include electromagnetism later,
we will simply have to add the electromagnetic contribution to the covariant derivative and the terms
corresponding to the electromagnetic field strength to the Lagrangian density.) As SU(3) “colored” Dirac
spinors, a quark is described by a Dirac spinor 1 but instead of each component of ¢ just being a complex
number it is 3 complex numbers which transform into each other under SU(3) transformations according to
(4.4.2). Thus, 1 is the ¢ appearing in (4.4.12). Our gauge field G, for this theory then has a ranging from
1to N2 —1 = 8. These 8 intermingling gauge fields are called the gluon potentials or gluon fields. Then,
together the Lagrangian density for the interaction of a quark with the gluon is:

L= i Dy — mip — ST (F F) (4.4.406)

where the covariant derivative of the quark is given by (4.4.346) as:

Db = O —igsGTat) (4.4.407)
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and m is the mass of the quark. For N = 3, we have that there are w = 3 x type generators, an equal

number of y type generators, and N — 1 = 2 z type generators. In the X, Y, Z basis, we have that the SU(3)
generators can explicitly be taken to be:

1 01 0 1 0 0 1 1 0 0 O
Xip=5(1 0 0, Xis=5(0 0 0, Xos=5 [0 0 1 (4.4.408)
0 0 0 100 0 10
0 —i 0 1 0 0 —2 1 00 O
Y12 = — 1 0 0 5 Y13 = 5 0 0 0 s }/23 = 5 0 0 —2 (44409)
0 0 O 1 0 0 0 ¢+ 0
1 1 0 0 1 0 0 O
Zi=5 (0 0 0], Zy=5|0 1 0. (4.4.410)
0 0 -1 0 0 -1

4.4.6 The Weak Interaction

The Yang-Mills interaction appears in another way though for now this will appear to cause some quite
significant challenges. Experimentally, the quarks interact via an SU(2) Yang-Mills interaction in addition
to electromagnetism and the strong force. As well, there are particles called “leptons” which are also Dirac
spinors and interact via electromagnetism and this same SU(2) interaction but not the strong force. This
SU(2) Yang-Mills interaction is called the “nuclear weak force” or just “weak force” because it was discovered
when studying atomic nuclei and it typically has much weaker effects than the strong force. The coupling
constant for this force is called the weak coupling constant “gy,”. Because we use color to name the interaction
property of the strong interaction, we need a different name for the weak interaction. The “color charge”
of the weak interaction is called “isospin” (some call it “weak isospin”). For N = 2, we have that there is
w = 1 x type generator, an equal number of y type generators, and N — 1 = 1 z type generator. In
fact, the the X, Y, Z basis we have that these are simply half of the Pauli matrices:

T = X12 = %0‘17 T2 = Y12 = %0’27 T3 — Zl = %0‘3. (4.4.411)
Consequently, we immediately know the structure constants for the weak force as we already know the

commutation relations for the Pauli matrices:
[Oas0b] = 2i€ap’0c = [Ta,To] = t€ab“Te = fap” = €ar’. (4.4.412)

The weak interaction works quite a bit differently from the strong interaction, surprisingly. In particular, the
weak gauge fields don’t appear to satisfy the equation of motion (4.4.392) at low energies. Instead they seem
to have an additional term which in the classical limit corresponds to making the gauge fields massive. In
pure Yang-Mills, the gauge fields are guaranteed to be massless. The quarks and leptons have some isospin up
fields and each has a corresponding isospin down field to form a representation of SU(2). The electric charges
of the isospin up fields do not match their isospin down counterparts. Further, only the left handed parts of
the spinors actually couple to the weak interaction. That is, the left handed fields have isospin whereas the
right handed fields do not and do not transform at all under the Weak SU(2) transformation. This is all
very bizarre as it breaks the parity symmetry we have always had until this point and it doesn’t seem to be
consistent with all of the Yang-Mills theory as described. We will reconcile how all of this is possible in the
next section.

Exercises

Problem 4.1: Wong’s equations for a classical colored particle Lagrangian/Action/Hamiltonian.
(a)
Problem 4.2: CPT transformation of vector fields.

(a)

Problem 4.3: creation annihilation operators.

(a)

Problem 4.4: hamiltonian for this theory.

()

Problem 4.5: solve equations of motion/diagonalize hamiltonian.

(a)
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Problem 4.6: energy momentum tensor for vector.
(a)
Problem 4.7: solve equations of motion/diagonalize hamiltonian.
(a)
Problem 4.8: homework question about trying spin 1 without using gauge theory show that
it becomes gauge theory by requiring boundedness below of the Hamiltonian. Discuss why
boundedness below of the Hamiltonian is a reasonable property to desire.
(a)
Problem 4.9: homework question establishing that 1/2 1/2 is the correct representation for
gauge theory.
(a)
Problem 4.10: Lorentz invariant tensors of ranks up through 4.
(a)
Problem 4.11: recovering gauge field from field strength for electromagnetism, holonomy from
action recovery argument.
(a)
Problem 4.12: gauge field which cannot be recovered from its curvature tensor.
(a)
Problem 4.13: derive yukawa potential.
(a)
Problem 4.14: Lorenz gauge term addition to the Lagrangian homework question (gauge fixing
terms in the Lagrangian).
(a)
Problem 4.15: gauge fixing terms in the Yang mills Lagrangian.
(a)
Problem 4.16: large gauge transformations.
(a)
Problem 4.17: chern simons term, index theorem of the integral of it, gauge invariance for
small gauge transformations but not large ones.
(a)
Problem 4.18: homework question about wrong sign Lagrangian for yang mills and instability
(a)
Problem 4.19: homework question explicitly compute the structure coefficients and commutators
with A to show that it has to be proportional to the identity.
(a)
Problem 4.20: question about why the color current is covariantly conserved rather than
continuity conserved and what that means from Noether’s theorem by computing the Noether
generator corresponding to gauge transformations.
(a)
Problem 4.21: generator of u(1) transformations for electromagnetism, conservation law.
(a)
Problem 4.22: TODO why 3 colors for the strong force?
(a)
Problem 4.23: effective field strength tensor (meaning one which appears in particle equations of
motion) for electromagnetism from Higgs ssb, show it can have monopoles (t’Hooft Polyakov)

(a)
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4.5 Dynamics of Nonabelian (Gauge Theory
4.5.1 Path Integral and LSZ Reduction

4.5.2 Feynman Rules and Renormalization
4.5.3 Ward Identities

4.5.4 Becchi-Rouet-Stora-Tyutin Formalism
4.5.5 Wilson Loops and Confinement

4.6 Anomalies

4.6.1 Adler-Bell-Jackiw Anomaly
4.6.2 Chiral Symmetry Breaking
4.6.3 Gauge Anomalies

4.7 Summary and Additional Reading



Chapter 5

The Standard Model and Beyond

The creation of Physics is the shared heritage of all mankind. Fast

and West, North and South have equally participated in it.
— Abdus Salam [53]

Why is the muon, some dumb particle, 200 times heavier than the electron? Why is the
proton about 2,000 times heavier than the electron? Why is the electric charge of the
electron what it is? Why are there siz quarks in nature? Why not seven or eleven or five?
There are many, many “why” questions. Also a number of “how” questions. What is the
mechanism that causes the weak interactions to be weak and the electromagnetic interactions

not weak? All kinds of questions remain.
— Sheldon Glashow [22]

The years since the mid-1970s have been the most frustrating in the history of particle
physics. We are paying the price of our own success: theory has advanced so far that further
progress will require the study of processes at energies far beyond the reach of existing
facilities.

— Steven Weinberg [61]

5.1 Electroweak Symmetry Breaking and the Higgs Mechanism

The underlying reason behind why the weak interaction is so different is called the Higgs mechanism.
Consider a complex scalar field ® (called the Higgs field) which is charged under a U(1) interaction with
gauge field B, and under an SU(2) interaction with gauge fields W . That is, ® has two complex components
which transform under U(1) and SU(2) transformations. We can take the generators of SU(2) transformations
Ta 10 just be o,/2 where o, are the Pauli matrices. We will call the U(1) interaction here the “hypercharge”
interaction (with coupling constant gy-) and the SU(2) interaction the weak interaction (with coupling constant
gw). Then, the covariant derivative of ® is given as:

2, = 0,® — igy B,® — igw 7, W . (5.1.1)

We know that to write a Lagrangian density for such a field we are welcome to include the term
@“(I)Jf@#q) as it has all of the necessary symmetries. As well, we can add any function of ®® as it also
has the necessary symmetries. Previously, we only considered adding a term linear in ®'® and we fixed its
coefficient to be —m? where m corresponds to the mass of ® in the classical limit. This was motivated by
assuming ® = 0 is a stable equilibrium and performing a lowest order Taylor expansion and matching our
previous results about the point limit of a quadratic theory of waves. However, it need not necessarily be the
case that ® = 0 is a stable equilibrium, in which case we could have higher order terms in ® and perhaps
identify a new stable equilibrium. One cannot simply shift the definition of ® by adding some constant SU(2)
vector to it so that the new field has equilibrium at 0 and has a Lagrangian density of the same form as such

290
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a shift does not preserve the U(1) or SU(2) transformations. So, as the next possible term, let us consider
adding a term ®T®. That is, up to quartic order in the fields, the Lagrangian density for ® is:

L=-9'"0'9,® — a®'® — b(dTD)>. (5.1.2)

(The coefficient on the first term is fixed in magnitude by scaling ® so that it has magnitude 1 by
definition. The sign is fixed by the point limit of ® and the previous matching, just as before. That logic
is unchanged even when the equilibrium value of ® is non-zero as it drops out in the differentiation.) We
don’t consider higher derivative terms because of renormalizability. For a > 0, this theory is again stable near
® = 0 and so essentially nothing we haven’t already seen before happens. However, if a < 0 this theory is
actually unstable near ® = 0. To see this, look at the equation of motion for ®:

0L 0L
B s
of 00, ®f
If we consider ® near 0, the last term is suppressed. As well, if we consider configurations which are
absent any gauge fields and which for simplicity have ® as spatially uniform then this becomes:

= 2?0 — a® — 2b(®TP)® = 0. (5.1.3)

0%®
— +a® = 0. 5.1.4
e (5.1.4)
For a > 0 this is just a harmonic oscillator and so is stable. For a < 0 this grows and decays exponentially
and so is unstable. So, consider a < 0 to see what interesting possibilities arise and let y? = —a. We do want

our theory to be stable overall; a < 0 simply makes the point ® = 0 unstable. If we now do not demand & to
be small but still look at spatially uniform configurations in the absence of gauge fields we have:
0?® 9
—— — 12 + 2b(®TP) D = 0. 5.1.5
Lo~ 2(010) (5.15)
In order for this theory to have an equilibrium we need there to be a constant ® satisfying this equation
of motion. Setting the time derivatives to 0 to find such a constant we see:

O(—p® + 26(®T®)) = 0. (5.1.6)

So, ® = 0 is still an equilibrium but as discussed here it is an unstable equilibrium. The only other
possibility for equilibrium then is a ® which satisfies:

2

ote = 12 5.1.7

The left hand side is automatically positive and so the existence of a stable equilibrium in this theory
requires the right hand side, and consequently b, to be positive as well. The more common name for b is A
and so this theory with 4 > 0, > 0 has Lagrangian density:

L=-9"019,® + 20T — \(®Td)2 (5.1.8)

If we put this together now with the pieces of the Lagrangian density corresponding to the gauge fields we
have:

1 1
¢ = -9 9,8 + 1201 ® — N@'®)” — L FY Fy i — S Te(Ff Fiv) (5.1.9)
where Fy, is the hyper charge gauge field defined by:
Fyuw = 0,B, — 9,B, (5.1.10)
and Fy ., is the weak gauge field defined by:
Fwuw = (0,W2 = 0,WS + gwen " WIWS ). (5.1.11)
From this Lagrangian density we have the exact equations of motion:
0L 0L 9 9 !
e = Qe = D20+ 17D - 2)\(DT )P = 1.12
oot~ Drpaer =TT ()2 =0 (>112)
0L 0L |
— 0y = 2gy Im(®T 2+ ®) — 9, F4" =0 5.1.13
0L 0L

_ — 29y Im(®t 7, 21 ®) — w Lo, 1.14
8W§ a’ja@yVV;} 29wIm(®'7, 2" ®) — 2, F}y, =0 (5 )

Immediately then we can see that this theory does have an equilibrium whenever the gauge fields vanish and
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® is a uniform constant ®q satisfying:
2

1
fdy = . 11
0®o =5y (5.1.15)
Now let us look at this theory near its equilibrium by linearizing the equations of motion:

D(X) =D+ 6P(X), B,(X) = 0B,(X), Wi(X) =dWi(X) (5.1.16)

where we will keep only linear terms in the d-fields in approximating the equations of motion as these are our
perturbations away from equilibrium. Linearizing then:

D*D+ 2D — 20\(DTD)D
=(0" —igy 6 B" — igwn,0W")(0, — igy 6By — igwTadW ) (®o + 6@)

+ 12D + 6B) — 2A(D] + 00T (D + 6 (Dg + D) (5.1.17)
=026 — igy (0"0B,,)®o — igwTa (9" W) — 2A(60 Do + @) ®g + H.O.T. (5.1.18)
29y Im(®T21®) — 9, FL”
=29y Tm((®] + 601) (9" — igy 6 B" — igw a0W2)(®o + 0®)) — 9, (9" BY — 86 B") (5.1.19)
2,2
—0%5B" — 0"0" 5B, + 2gy Im (D} 0"60) — %53/‘ — 20y gw P T, DeOW ™ + H.O.T. (5.1.20)

20w Im(®'7, 2" ®) — D Fiira
=2gw Im((®) + 601)7,(8" — gy 6 B* — iguwndW)(Dy + 6®))
— (BacOy + G €abedWEY(OPSW — O SW + gyreqe SW ST ) (5.1.21)
2 2
—025WH — 010" §Wa,, + 29w Tm(D} 7,045®) — 29y gy B 7, D6 B* — %(WV(;‘ +H.O.T. (5.1.22)

So, we take as our linearized equations of motion:

026® — igy (0"0B,,)Po — igwTa (0" OW) P — 2\ ®g + BJIP) Dy = 0 (5.1.23)
2,2
025 B — 9"9" B, + 29y Im (D} 91 6®) — %53# — 20y g B} ra DW= 0 (5.1.24)
2 2
O2W I — 918" Wy, + 2gw Im(Bfr,0"5D) — 29w gy P, Do B* — %6W5 = 0. (5.1.25)

It is quite difficult to tell much about what is going on with these as they are written now. However, we
have not yet used our ability to select a gauge. A generic SU(2) transformation is given as:

; N oo 1 . n
U(X) = ebawa’Xon = 37 (292W> (a%c,)". (5.1.26)
n=0
Define |a| = y/(a1)? + (a2)2 + (a3)2. Then, using:
(a%0,)? = a®alo,op = a®alyl = la?1 (5.1.27)
we have:
o 1 Zgw 2n [e'e] 1 Zgw 2n+1
X)= — [ = ny — | = e " 1.2
U= 3 g (5) e S gt (57) e (5:1.28)
n=0 n=0
(D" (gwlal )\~ (D" (gwla ) a%a,
= a4 i} 1 5.1.29
nz::o @l \ 2 “; A ol (5.1.29)
— cos <9W2|O‘|> 1+ isin <9W2|O‘> a|a"|a (5.1.30)
gwla| s (gwlal) o - (gwlal ) o?+ial
B cos( 5 )+zsm< 3 )Ial sm( 5 > ol . (5.1.31)
sin (49"‘/2""\) —70‘7(1"7@1 CcoSs (79‘”2'&‘) — 4 8in (LVQ‘(XI) %

If we are not worried about the topological consequences of large gauge transformations (which we will
discuss in detail later), we can use a constant and spatially uniform SU(2) transformation to guarantee that
® is real and only has 1 non-zero component. In particular, if &3 before any gauge transformation has
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components:
P03 + P04
Py = . 5.1.32
0 <¢01 + ido2 ( )
and we select the gauge transformation parameters as:

o (gw|a|> VP + 085 + B (5.1.33)

2 |do1]
PR P04 (5.1.34)
sin (gWQlO“> VO + 3y + 0% + By
I Pos (5.1.35)
sin (QWTM> VO + 3y + 035 + B,
R G0z (5.1.36)

sin (ngM) V051 + 3o + 953 + s
then after the gauge transformation we have:

0
O, =Ud, = . 1.
0=Uo (\/¢(2)1 + by + Po3 + ¢(2)4) (5.1.37)

By (5.1.15) we must in particular have (dropping the ’ going forward, assuming we have already made this

transformation):
0
oy = ( H2> (5.1.38)
2X

Going forward, it will be useful to work in components and so define ¢1, ¢2, @3, P4 as real fields satisfying:

¢3 + i¢4>
0P = . . 5.1.39
<¢1 + ig2 ( )
Then, putting this expression together with our transformed @ into (5.1.23) gives:
063 +i0%6n — %5/ 53 06W,y — 453045 W] = <0> ' (5.1.40)
021 + 1022 — igy \[ OB, + 19\ B OHSWE — 220, 0
Or, looking at the real and imaginary parts we have:
D*py — 2Py =0 (5.1.41)
p? gw
s+ 550" (75wj - gyéB#) ~0 (5.1.42)
24, _ IV /LQ LTI 2 —
0“¢3 5 \/ 2)\3 W, =0 (5.1.43)
24, _ IW I usin _
O ps = Z0\| 510" 0W, = 0. (5.1.44)

So, we can see that the ¢, field evolves freely from the other fields and satisfies the Klein-Gordon
equation with mass m = /2u2. We will return to this shortly. The other components of ® are not so simple.
With our expression for ®; the B,, equation of motion becomes:

25 R Y /ﬁ Iz 912"”2 Iz '“72 3p
0°9B* — 0*0" 6B, + 2¢gy 2)\8 P2 — 3 0B +gygw2)\5W =0. (5.1.45)
As well, the equations of motion for the components of W become:
25WF _ g K2 gy IWH sy
0“ oW — o"9" W1y + gw 58 bg — T(SWI =0 (5.1.46)

DPOWLE — OrOY SW. 12 gy — S sy g 5.1.47
2 2u+gW ﬁ ¢3_ 4)\ 9 = ( )
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DY , (i 1 [ L
OPOWY — 00" W, — gw | 550" 02 + gway 53 0B — TW = 0. (5.1.48)

So, we see that ¢ satisfies an equation of motion all by itself, ¢o, 5W3 and 0B, all mix with each other
in their equations of motion, ¢3 and Wﬁ mix with each other, and ¢4 and W/} mix with each other. So far we
have only applied a global gauge transformation to set ®( to be in the form described. However, we know we
can select the gauge at each point in spacetime. Under a full gauge transformation:

o =U® #s + 94 U(X) 0ot 101 (5.1.49)
%+¢/1+Z¢/2 %+¢1+Z¢2
Using the exact same technique as before we can select a®(X) as functions of position and time so that
®’ is real and only the bottom component is non-zero for all X. Then, after that gauge transformation:

P2(X) = ¢3(X) = 94(X) = 0. (5.1.50)
As well, it is conventional to define the reduced Higgs field ¢(X) by:
0
H(X) = V291 = &= ( Z s ) (5.1.51)
»t s
Consequently, in this gauge our set of 8 equations of motion simplify to:

¢ —2u2p =0 (5.1.52)
B% (97W§W3 - gyaBu) -0 (5.1.53)
MW =0 (5.1.54)
MW, =0 (5.1.55)
g2 /12 u2

D?6B* — 9*OV 6B, — YTéB“ + gygwﬁ5w3“ =0 (5.1.56)

g2 N2
PPSWY — ZA SW =0 (5.1.57)

g2 /1'2
PPSWY — ZA SWH =0 (5.1.58)

2 2 2

D2WL — 91DV SW,, + gWgyg—)\éB“ - gﬂ‘ SWE = 0. (5.1.59)

Thus, §Wﬁ and 6W3 both satisfy the Klein-Gordon equation with mass m = % and have vanishing

4-divergence. We can condense those 4 equations into 2 by defining the complex weak gauge field:

W, = Wy — Wi (5.1.60)
n = \/5 .
g2 NZ
= "W, =0, O*6W,, — ZA W, = 0. (5.1.61)

Even after gauge transformation, 5, and 6W3 are coupled. We can define a new set of variables
to uncouple these equations of motion. To do so, first define the Weinberg angle (or weak angle) Oy and
electroweak coupling ggw by:

2
gEw = \/ 9% +49%, sin fy = i, cos by = gw_ (5.1.62)
9gEW 9EW
Then, define the linear combinations A, and Z, by:
Z, = ij cos Oy — By, sin Oy (5.1.63)
A, = B, cosbw + W3 sin Oy . (5.1.64)

We can compute the equations of motion for these fields by making matching linear combinations of the
equations of motion for Wj’ and B,,. Doing so, we find that our 6 equations of motion now become:

0% — 21*p =0 (5.1.65)
M7, =0 (5.1.66)
MW, =0 (5.1.67)
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Oy (OHOAY — 9"5A*) =0 (5.1.68)
g2 112
O*6W,, — ZT&W# =0 (5.1.69)
2 2
0%57, — gEZVA’“‘ 82, = 0. (5.1.70)
So, this theory has one scalar called the Higgs ¢ with mass:
my = 2u? (5.1.71)
two vectors (because W, has two independent components) called the W fields with mass:
> _ gt
= 5.1.72
my AN ( )
one vector called the Z field with mass:
2 g2EW:u’2
= 1.
my 5 (5.1.73)

and one field A, which satisfies Maxwell’s equations (with a current of 0). To get here, we have completely
specified our SU(2) gauge but said nothing about our U(1) gauge. So, we expect to still have U(1) gauge
symmetry. If we just apply the hypercharge U(1) transformation directly, we run into an issue. Because said
transformation changes the complex phase of ®, it does not preserve the condition that ® be real. This can
be resolved if any addition to the U(1) hypercharge transformation we make an SU(2) transformation which
restores @ to being real while also keeping the upper entry of ® as 0. Then, the conditions we have placed on
our fields so far are preserved by this combined transformation. That is, we want to study the combined
transformation:

P = el9vav(X)gigwa'tagp (5.1.74)

where oy and a® are required to preserved the form of ® in (5.1.51). Under this combined transformation,
we immediately have:

) oy a CoS (!]WZ\al) + isin (9WT‘O‘|) ‘(Zj sin (9w2\oc|) a2|_;i‘a1 0

— plgyay

o =€ . ngOL‘ *042+i041 nga‘ L. 9W|04‘ b L2+ & (5175)
sin ( $95) =ees cos ( 2955 ) —isin (295 ) £ S5t

9y ay o gwlal) o?+ial w2 o
e sm( 5 ol 2)\—|—\/§

‘ s : (5.1.76)
v s () s (4 ) (VE + )
For the upper component to vanish we need a' = a? = 0. Then, after simplifying we have:
0
o = i0v e — L aur o 2 ® (5.1.77)
etgy ay — 59w < %\ + ﬂ)
In order for the lower component to remain real then we can simply take:
2
o3 = ay. (5.1.78)
gw
Then, under this transformation we actually see that the reduced Higgs field is unchanged:
¢ = ¢. (5.1.79)
As well, we can compute how the hypercharge gauge field changes using (4.4.355):
BL = B, + 0,ay (5.1.80)
and we can compute how the weak gauge fields change as:
a gy Ay O a —igyay o i gy Ay O —igyay o
W/iT, = €9 oY T8 W g, e 19V OV 78 4 s Irevosg, (emtovavos) (5.1.81)
W/3 W/l _ iW/2) ( WS eQigyay (Wl _ ZW2)) 2gY <1 0 >
. I w) = 7 ) u w4 9. o
(W;} +iWE W e~2igvey (WL 4+ iW2) -w3 gw Y0 -1

(5.1.82)
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. ; . 29y
= W' —iW}? =¥y (W, —iW2),  W2=W)+ oy Ony (5.1.83)
Together, these imply that the W, Z, and A fields change under the transformation as:
W, = > W, (5.1.84)
ZL =7, (5.1.85)
6 Qy
A=A L 5.1.86
" wt cos Oy ( )

This looks exactly like a U(1) transformation where now A, is interpreted as the gauge field and the gauge
transformation function f is given by:

ay
= 5.1.87
! cos Oy ( )
= A/u =A,+0.f. (5.1.88)
Then:
W), = e*9v sl (5.1.89)

This is a U(1) transformation where we identify the charge of the W, field (called e, the fundamental charge)
as:

e = 2gy cos Oy . (5.1.90)

Thus, after fixing the SU(2) gauge this theory has a new U(1) symmetry given by this specific combination
of the old U(1) symmetry and an appropriate SU(2) transformation. We call the old U(1) symmetry, the
one corresponding to the B, field, the Uy (1) or hypercharge U(1) transformation. We call the new U(1)
symmetry, the one corresponding to the A, field, the Uga (1) or electromagnetic U(1) transformation. The
full Lagrangian in (5.1.9) has symmetry under Uy (1) and SU(2) and after gauge fixing SU(2) it only has
UgMm(1) symmetry. We express this as:

Uy(l) X SU(Q) — UEM(I) (5.1.91)

The full Lagrangian density in (5.1.9) (called the electroweak Lagrangian density) has the full symmetry
group on the left hand side here but when we consider the theory near stable equilibrium, that equilibrium
state does not have that symmetry group. That is, symmetry transformations of the equilibrium state take
us to a different equilibrium state rather than the same one. So, because they equilibrium state does not
have the full symmetry group, when we expand near by the resulting effective theory (described by the
equations of motion (5.1.65)-(5.1.70)) also does not have that full symmetry group. The effective theory
only has the symmetries which are shared between the full Lagrangian density and the equilibrium state
and that set is the symmetry group appearing on the right hand side above. This mechanism is called
“spontaneous symmetry breaking”. It happens whenever one studies a system near a stable equilibrium point
which has fewer symmetries than the full theory of the system itself. This stable equilibrium is often called
“the vacuum” and so the fact that in stable equilibrium the & field is non-zero is referred to as the ® field
acquiring a “vacuum expectation value” or vev (pronounced as a word, rather than as an acronym) for short.
By definition, the vev v of the Higgs field is defined as:

= .1.92
V= (5.1.92)

The symmetry broken theory produces massive vector fields in the form of the W and Z fields. This is
precisely what was meant earlier when we mentioned that the weak interaction somehow has “massive gauge
fields”. The full electroweak Lagrangian density just has the ordinary terms for a U(1) and an SU(2) gauge
field. Some of the fields “acquire mass” during the spontaneous symmetry breaking that occurs when one
expands the theory near stable equilibrium. In terms of the Higgs vev, Higgs mass, Weinberg angle, and
fundamental charge we can express all of the parameters of the electroweak Lagrangian density as:

e e e

= S5 os 0w’ 9% = Sin 0w’ 9EW = Sn Ow cos Oy ( )
2 2
2 _ My My
_ My A= M 1.94
I 5 502 (5.1.94)
ev ev
m — my (5.1.95)

~ 2sin Oy cos Oy
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We can complete the square in the electroweak Lagrangian density to put it into a form where it is more
transparent to see the presence of the stable equilibrium:

+ m% m 9 1 _. 1 v
£=-9'0' 9,0 + Tqﬂ@ - ﬁ(qﬂ@) = 1V Py = 5T (FW Fwvw) (5.1.96)
m? v\2 mivr 1, 1 y
=-9"®'9,® — # (@ch - 2) + g = 3V Py = 5T (F Fwvw) (5.1.97)
t m%{ n v\> 1 v 1 "
Thus, going forward we will actually take the electroweak Lagrangian density to be:
2 2\ 2
1 1
L=-9"0'9,d - ;nT’; (@ch - ‘;) = IV Py = 5T (W Fwuw). (5.1.99)

Because in experiment we study scenarios in which we perturb away from stable equilibrium, it is still
most useful for many purposes to express this Lagrangian density in terms of the W, Z, and A fields as they
are what are relevant in that perturbation. However, we will do so now exactly without assuming small fields.
That is, we will only assume we have applied our SU(2) gauge fixing so that we have:

0 w,+ Wk i
b=, \ wh= £ __# W2 =—(W, - W), 5.1.100
(\‘/Eﬁ) I \/i I \/5( H p,) ( )
Wi’ = Z, cosbw + A, sin by, B, = A, cosby — Z,sin Oy . (5.1.101)

With this gauge choice, ¢o = ¢3 = ¢4 = 0 which are holonomic constraints we can directly insert into
the Lagrangian density. However, this will prevent us from being able to recover the information they gave
us in their equations of motion from the Lagrangian (as all of their terms will just be set to 0 identically).
So, while we can directly insert this form into the Lagrangian density to find correct equations of motion, it
will not find us a complete set. In addition to the equations of motion gotten from the Lagrangian with this
gauge choice, we must also have the equations gotten for general ® evaluated at ¢ = ¢35 = ¢4 = 0. That is,
take (5.1.12) and apply this gauge choice. Doing so gives that the ¢o, 3, ¢4 equations of motion give:

2000
Mz, +—7,=0 5.1.102
M + v+ ¢ / ( )
. 201¢
PHW, + i tan Oy 2 W+ = oWy = 0 (5.1.103)
v

where the covariant derivative of the W field is defined exactly as one would expect given its gauge transfor-
mation properties:
W, =0,W, —ieA,W,. (5.1.104)
Thus, we can see that the (covariant) divergence of the W field and the divergence of the Z field are both
constrained even when considering fields of arbitrary strength, not just small fields. However, for large fields
those divergences are non-zero. These constraints we cannot simply insert into the Lagrangian density as
they involve the time derivatives of the fields and so are non-holonomic. As well, if we in the future add more
terms to the electroweak Lagrangian density which involve the Higgs field ® then such terms will modify
these non-holonomic constraints as they will affect the equations of motion for ¢o, ¢3, ¢4. In order to apply
the holonomic constraints from gauge fixing, we need to fully expand out the electroweak Lagrangian density,
which is quite messy. Considering just the field strength part we have:
1

v 1 v 1 v 1 1 v 1
1TV Ty =5 TR Fwvy) 2 =50 BY0, By + 5(0" By)* = 50" WO, W, + 2 (0" W,)?

1 v 1 1 . 1
- ga“WQ 8 W, + 5(3“"‘/3)2 - 58“W3 W3 + 5(3“Wj)2
— gw (8, W, — O, W OWHW™ — g (9, W7 — 0, W2 )W3HW
2 2
W 2y g " v g
— 9w QW) = 9 WHWHw? _TWWZI 5W3 W, + ;V(”%WS)Q

2 2 2 2
g (L v g " g n v g s
- TWW” WiW W3 + TW(W& Wi)? — 7WW11 WIW> W, + 7W(W1/ W2)? (5.1.105)
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1 1 1
~ = T Fu = 502 0uZ0 + (0"2,)° = DWW DWY + DWW,
— 2ieW,; F'W,, — 2gw cos(Ow) Z"Im (2W; 2HW,, — W) DWW, — W 2, W*)
2
* v * v g V% * *
+ gw cos” (0w ) (Wi ZHW, 2" — WiWHZ,Z") + TW(W“WMW Wy — (WiW*)?) (5.1.106)
where we have used the standard definition of the electromagnetic field strength:
-Fuu = 8HA1/ - 6VA,1,L' (51107)

The Higgs pieces of the electroweak Lagrangian density are much simpler:

2 2\ 2 2 2
— Pt 9,0 — ZLH (CDT‘I) - ") =— %awam - %as? (1 + ¢>

v2 2 2v
2 2 2
—mgewerwr (142) —MZgeg (149) . 11
my W, W ( +V) 5 w1+ (5.1.108)
Thus, after gauge fixing the electroweak Lagrangian density becomes:
m2 A 1 ,

L=—9"19,0 - ﬁ (cb*@ - 2) = PV Py — 5T (F Fwvw) (5.1.109)
N_lau(ba ¢ — ﬁ¢2 1+£ 2_5_7:/w]: _lauzva 7z +1(6MZ )2_m72ZZMZ 1_~_? ’
2 " 2 2v 4 ) ) " 2 " v

2
- Wy "W + W DY W, — m%VW;W" (1 + f) — 2ieW ; F"'W,
— 2gw cos(Ow) Z"Im 2W; 2*W,, — W) I*W,, — W2, W*)
2
+ gw cos (0w ) (W ZMW, 2% — WiW+Z,2") + QTW(W“WHW”*W; — (W2WH)2) (5.1.110)

where the W and Z fields additionally satisfy the constraints imposed by the ¢o, ¢3, ¢4 equations of motion
from the un-gauge-fixed Lagrangian density.

Now let us consider another field ¥ which is supposed to interact with this theory. In order to do so,
v will have to be in some representation of Uy (1) and some representation of SU(2). For the hypercharge
transformation, because it is just a U(1), we know that for any real number Y we could validly have 1
transform as:

Y = eV vory (5.1.111)

and so, this Y is a property of the field ¢ called its hypercharge. As well, we already know from our
study of spin how to enumerate all of the representations of SU(2). In particular, we know that an SU(2)
representation is easily labeled by the size of the generator matrices in that representation. So, ¢ will be in
some representation d of SU(2) where the generators 7, have dimensions d x d as matrices. This d is called
the isospin rep (short for representation) of ¥. For d = 1 v is often called an isospin singlet, for d = 2 and
isospin doublet, and so on. From our construction of SU(2) we know that 75 is diagonal for arbitrary d. Let
I, be the n*" diagonal entry of 73. This I,, is called the isospin of ¥™ (the n*® isospin component of ). Then:
P! Lyt
=13 .. =1 - |. (5.1.112)
P! Ly
After spontaneous symmetry breaking, we are left only with Ugy(1) symmetry. Then, under the
electromagnetic U(1) transformation:
ei([ﬁ-%)efwl
W = eingayeigwasmw _ ei%feie‘r3f¢ = (5.1.113)
ei(1d+%)e‘f¢d

Thus ¢™ has precisely the Ugy (1) transformation of a field with electric charge I, + % So, the electric
charge @ of a field is related to its hypercharge Y and isospin I by:

Y
Q=1I+7. (5.1.114)



5.1. Electroweak Symmetry Breaking and the Higgs Mechanism Scheopner 299

This is also reflected in the covariant derivative of :

D = Oup —iY gy B —igw Wjitay (5.1.115)
. Y . Y T3 . 7'1+i7'2 *Tl—iTQ
= O —ieA, (7’3 + 2]1) Y +ieZ, (2 tan Oy 1 — tan9W> P —igw (Wu\/ﬁ + W“\/i) V.

(5.1.116)

Here we can see that the covariant derivative of ¥" involves A, as —ie (In + %) A,¥" and thus the identifi-
cation of @ is exactly what we found before.

The Higgs mechanism as we have seen so far is able to explain how there are massive vector fields arising
from a gauge theory. So, it has fixed one problem. However, it has also caused another one. The weak
interaction is observed to only interact with the left handed components of the electron’s Dirac field and not
the right handed. This of course violates parity symmetry and so under circumstances in which the weak
interaction is noticeable, parity symmetry is broken. That is, the right handed 1y is an isospin singlet and
does not transform at all under SU(2) (and so has no terms in its covariant derivative to interact with the
weak gauge field) but the left handed v¢;, does have a coupling term to the weak gauge fields and so must not
be an isospin singlet. Thus, the left handed electron must be one isospin component of a representation of
some size d. All fields in this representation of size d must have the same hypercharge in order to preserve
the Uy(1) symmetry. By (5.1.114) then their electric charges different only by their isospins I. But, for the
generators of SU(2) in the representation of dimension d the eigenvalues are —% up to % counting by
adding one to the previous eigenvalue. So, the electric charges of these different fields all have to differ by
integers. If the left handed electron were in an isospin representation with any fields of non-zero electric
charge then we would experimentally see other electrically charged particles with charge different from the
electron charge by integer amounts. However, we don’t see such charges. Consequently, the left handed
electron must be in a representation only with fields of electric charge 0. Because each value of I is unique in
any particular representation, there can only be one other such field and thus the left handed electron must
be in an isospin doublet. The other field in the doublet is called the left handed electron neutrino. The left
handed electron has negative charge (and thus lower than the left handed electron neutrino) and so it must
be in the lower component of the doublet. Consequently, the left handed electron neutrino has isospin I = %
(due to being in the upper component of the doublet) and in order to have charge 0 the electron neutrino

has hypercharge Y = —1. Then, because the the electron is in the lower component it has isospin I = —%
and the same hypercharge Y = —1 and thus it has charge Q = —1. So, the classical electric charge of the
electron is ¢ = Qe = —e and this e is equivalent to the previously identified electric charge. We write the left

and right handed electron fields (which themselves are two complex components due to being spin 1/2) as
er.(X) and er(X). We write the left and right handed electron neutrino fields (which again are two complex
components due to being spin 1/2. Also, this is assuming right handed neutrino exists which are currently
experimentally unconfirmed; to remove them simply set their field to 0) as v.r, and v.g. Because 1, is now
an isospin doublet:

U = <6L > . (5.1.117)
VeL

As well, ¥r can be split into two isospin singlets, eg and v.r. But, it is not necessary or meaningful to

organize them into a matrix as we have done with ¢ due to them being isospin singlets. Consequently, the

traditional Dirac mass term is not SU(2) gauge invariant:

—mp = —mphpr — my i (5.1.118)
and in fact is not a single complex number or even well defined as ¥y isn’t specified. So, how do we get
massive electrons? Just like with the massiveness of the W and Z, the weak interaction introduces a problem
and the Higgs solves it. While 1/);1/@ is not gauge invariant, the combination eJ}r%(PTl/)L is because both ® and
1y, are isospin doublets and so their inner product is an SU(2) invariant number. As well, we need to check
Uy (1) gauge invariant of this term. The Uy(1) transformation of this term is:

egq)/Tlp/L - (eiYengayeR) + (einpgyayq,>T (eiYngyawa) — Yy —Yq)—YeR)gyaye’Ir%q)’er_ (5.1.119)
To have gauge invariant then, we need:
Yo, =Yy, —Ys. (5.1.120)

By the way we normalized the covariant derivative of the Higgs, we can see that the hypercharge of the
Higgs is Y = 1 and earlier we found ¢z, has hypercharge —1. Thus, Y., must have hypercharge ¥ = —2 in
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order for this term to be gauge invariant. Because I = 0 for the right handed electron (as it is an isospin
singlet), this predicts the right handed electron to have charge @ = —1, matching the left handed electron
and thus reproducing the parity symmetry of the electromagnetic interaction. This explains why we cannot
add a term I/ZR<I>T1/JL as because v.g also must have @ = 0 (like the left handed neutrino) and it has I =0
(due to being an isospin singlet) and so it has Y = 0 and this term is not hypercharge gauge invariant.
With the above term (and its equally allowed complex conjugate) we can see that after SU(2) gauge
fixing, it produces the Dirac mass term for the electron (letting I'. here be some complex coefficient):

0
_Fee}}q)ij _ p:wcheR - _ Fee}f? (0 ngb) (VeeL) I (ylL eTL) <V+¢> eR (5.1.121)
L V2
_ Loy Ty Lo T

ﬂeReL — ﬁeLeRf ﬁe}}embf ﬁeEeRqﬁ.
For T, real and positive, these first two terms are the ordinary Dirac mass term with electron mass
Me = E;%’ The last two terms above just give an interaction between the right handed electron, left handed
electron, and the Higgs. If I'. is not both real and positive, we can actually make it so by adjusting the
definitions of our fields very slightly. In particular, due to the global U(1) symmetry of our Dirac Lagrangian
density (meaning symmetry under applying a uniform and constant phase shift) and the fact that Ty, is
the only combination of ', or ¢, in the above terms, we can simply redefine 17, by an overall phase to make

T'. real and positive:

(5.1.122)

Wy = ey — Doy = TletA8Teyy = |, |4 (5.1.123)

Thus, in terms of the transformed 1, we have that T, is transformed to |T'c|. So, we can take I'. > 0 by
definition.

What about mass terms for the neutrinos? Experimentally, they are necessary as well. However, if
one simply adds the above type terms with er replaced by v.r, not only will the term not have the proper
hypercharge symmetry but also it will just be zero after SU(2) gauge fixing. So, that is certainly not the way
to do it. It turns out we can also add mass terms for the neutrinos, we just have to be slightly more clever

and use a special property of SU(2). Recall that 0% = —o30,02. Then, it immediately follows that under
SU(2) transformation:
(029%) = 0U*®" = 05U 0202®" = 026_%9“’0‘(‘3‘/”;02(1)* = eégwa%““agq)* =U(o2®"). (5.1.124)

Hence, the combination o2®* has the same SU(2) transformation property as ® and we can use it to
construct the term iFyVZRq>T021/JL for our Lagrangian density as it has the correct SU(2) transformation
property. As well, we need to check this term has the correct hypercharge transformation property. As
we found, 17, has a hypercharge of —1 and the Higgs has a hypercharge of 1. So, the combination ®7);,
or equivalently wECI)* has a hypercharge of 0 as the phases immediately cancel out. Because v.r has a
hypercharge of 0, this means the above terms have the correct hypercharge transformation and so they are
fully allowed terms in our Lagrangian density. After SU(2) gauge fixing, we can see that this term (and its
equally allowed complex conjugate) produce mass terms for the neutrinos:

. S BEd * - v 0 —i e STk 0 —1 O
ZFVZ/;LR‘I)TO'yﬂL — szwzagiI’ VeR :ZF,,Z/;LR (0 :;g) <2 OZ) <V L) — i (Z/ZL ez) (z OZ> <v+¢> VeR

V2
(5.1.125)
T,v Iy r, r*
= — WV;LRVGL — WUELVER — EVZRVQL(ﬁ — EVJLV€R¢. (51126)

For I', real and positive, these first two terms are the ordinary Dirac mass term with neutrino mass
m, = 1Y, The last two terms above just give an interaction between the right handed neutrino, left handed

neutrino, and the Higgs. If ', is not both real and positive, we can make it so just like we did with I". by
adjusting the definitions of our fields very slightly. In particular, due to the global U(1) symmetry of the
electroweak Lagrangian density and the fact that I',®7 is the only combination of I', or ® in the above
terms, we can simply redefine ® by an overall phase to make I'), real and positive:

' =t — 1,07 = |1, e8! = |1, |07 (5.1.127)

Thus, in terms of the transformed ® we have that I'), is transformed to |T',|. So, we can take I', > 0 by
definition. The terms in (5.1.122) and (5.1.126) are called Yukawa couplings and we see that they fix the
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problem of having massive electrons and neutrinos while also having SU(2) gauge symmetry.

One may worry that potentially the other terms in the Dirac Lagrangian encounter an issue now that
the left handed parts are SU(2) doublets and the right handed parts are SU(2) singlets. But, expanding out
the derivative terms or “kinetic” terms in the Dirac Lagrangian density we find in fact that in any specific
term one finds only left handed components or right handed components and so there is no issue of SU(2)
Syminetry:

Wy 0 = Ty A + iy 0y 0,y = Wb — Lo Our + i fbn + i ko Ouur. (5.1.128)
In order to write all of the kinetic terms then for the left and right handed versions of the electron and
electron neutrino we have:
Linetic = ieTLéL — iezaaﬁaeL + ieTRéR + iekaaﬁaeR + iu;rLDeL — iugLaaaaVeL + iuiRDeR + iuiRaaaayeR.
(5.1.129)
The electron and the electron neutrino are called “leptons” and so it is common to define £;,(X) as another
name for ¥, (X) we have used before:

0.(X) =2 = (“). (5.1.130)

VeL
It is okay to define £ analogously as long as one remembers that the above £, is a genuine isospin doublet
whereas £r would simply be two unrelated isospin singlets. With ¢; we can equivalently write our kinetic
terms as:

Lunetic = il by — il} 090,01 +ieher +iehoOuer + iVl gier + iVl o duver (5.1.131)
where now the SU(2) invariance of the Lagrangian density is manifest. (As written the above Lagrangian
density is only invariant under global SU(2) transformations, one of course needs to modify the derivatives

into covariant derivatives to make it invariant under local SU(2) transformations.) One can also define the
lepton field ¢(X) by:

¢ (VeL)

L

0X)=|ver | = VeLR (5.1.132)
ER eeR

so that the kinetic terms can be expressed simply as:
Skinetic - ZZ’YMau‘e (51133)

where the v* matrices are understood to act on the pairs ey, eg and v.p, Vver separately. With this and
appropriate covariant derivatives the Lagrangian density for the leptons becomes:

L= ily' Pl —Toeh, @ — Dol Beg + il 10T aoly, — iTE0} 2@ v (5.1.134)
= ily" Pl — 20 Re(eh,®0) — 20, Im(v] T 0at1). (5.1.135)

For the right handed neutrinos there is actually another mass term we can add to the Lagrangian density.
Previously we defined the charge conjugation property of a Dirac spinor and found that the charge conjugated
spinor has the same Lorentz transformation properties as the unconjugated spinor. Consequently, because
the term 11 is a Lorentz scalar, the term ¢ is as well. Explicitly for a Dirac spinor this term is:

ey = (—in*9*) 1709 = Ty 9. (5.1.136)

Because this term has ¢ and 1T and no 9" or %*, it does not have U(1) symmetry. This is a problem

for all of our fields with non-zero electric charge or hypercharge but uniquely the right handed neutrino

has Q@ =Y = 0 and so we do not need to require the Lagrangian density to have symmetry under U(1)

transformations of it. Consequently, the Dirac spinor consisting of just the right handed neutrino with the
above term produces a valid term to consider in the Lagrangian density:

Y= < 0 > = Yot = iV gOover. (5.1.137)

VeR

As well, to add this term to the Lagrangian density we need to add its complex conjugate and so the valid
combination we can consider is the “Majorana mass term”:
Myetp + M*pype M iM* )
- 5 = —TI/ERO'QVER + TVZR021/6R. (5.1.138)
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While these terms do not have a global U(1) symmetry in transformations of the right handed neutrino,
the other terms in the Lagrangian density which involve v.r are the derivative terms for a free v.r and
the Yukawa coupling between v.r, ®, and v 1; the free v.r derivative terms do actually have global U(1)
symmetry and any global phase transformation of v.g in the Yukawa coupling can be absorbed into the
definition of ® so that that term has global U(1) symmetry as well. Consequently, we can adjust the phase of
Ver arbitrarily. Doing so, we can make M real and positive by a now familiar technique:

1 LArg(M)
Vep = ez2

M r iM| iavg(ar), T iMoo
VeR = 7V8R02V6R:Tel M v = 2 VeRO2VeR- (5.1.139)

Thus, we take by definition M > 0. This M is called the “Majorana mass” of v.g. If we expand the Majorana
mass term explicitly in terms of the spin up and spin down components of v, g, naively it appears to be 0:

T
—IV,RO2VeR = —VeR4+VeR— + VeR—VeR+- (5.1.140)

If we assume these products commute, the two terms cancel. However, recall that the Dirac spinors
will eventually be treated as linear operators (in a way we haven’t really explained yet) and those linear
operators will anti-commute (meaning swapping their order changes the sign of the expression) rather than
commute (the way that complex numbers do). So, this expression is in fact non-zero for such operators (but
as a classical field theory of complex valued fields it is in fact 0). So, our Lagrangian density for the leptons is
then:

£ = ily" Dl — 2T Re(eh,®101) — 20, Im (! 8T 0201 ) + MIm(v 30200 R). (5.1.141)

As we have mentioned before, there are other Dirac spinors in the universe known as quarks. The quarks
interact via the strong interaction and comprise the proton and the neutron. The proton, quite mysteriously,
seems to have charge exactly equal and opposite that of the electron (and thus has electric charge 1) and the
neutron, equally mysteriously, seems to be exactly charge neutral (and thus has electric charge 0). Scattering
off of the proton and neutron reveals that they are comprised of 3 quarks each of two different types which
we call the up quark u and the down quark d. The up and down quarks are Dirac spinors and so we have u
comprised of uy, and ugr as well as d comprised of d;, and dg. The proton consists of two up quarks and one
down quark while the neutron consists of one up quark and two down quarks. So, if @, is the electric charge
of the up quark and Q4 the electric charge of the down quark:

Qu+Qu+Qa=1, Qu+Qa+Qa=0 (5.1.142)
= Qu = % Qa = —é- (5.1.143)

Because the quarks are electrically charged, they must interact via some combination of the hypercharge
and weak interactions. Just as with the leptons, the left handed quarks form an isospin doublet while the
right handed quarks form two isospin singlets. The up quark has higher electric charge than the down quark
and so it must go in the upper component of the isospin doublet and the left handed down quark must go
in the lower component (hence the names up and down). Thus, uy, has isospin I = % and dy, has isospin
I= —%. Given their electric charges we find by (5.1.114) that they both have hypercharge Y = % The right
handed quarks both are isospin singlets and so have I = 0. Then, given their charges ur has hypercharge
Y = % and dr has hypercharge Y = —%. Due to their SU(2) transformations, the quarks encounter all of
the same problems with mass terms that the leptons do. But, we can fix those problems with the Higgs in
exactly the same way we did with the leptons, via Yukawa couplings. Because none of the quarks have a

hypercharge of 0, they cannot have Majorana masses. So, defining:

o) (L)
L
q, = <“L> o q=|un| =\ (5.1.144)

dr, UR

dr dr

we have that the Lagrangian density for the quarks is given by the same form as the Lagrangian density for
the leptons but with the neutrinos replaced by up quarks and the electrons replaced by down quarks:

£ = igy" 9,q — 204Re(dL,®q, ) — 20, Im(ul, 8T o2q, ) (5.1.145)
where we can by convention set the overall phases of ur and dg so that I';, and I'yj are real and positive. We
should be careful about the Yukawa couplings for the quarks. The Yukawa couplings are by construction

SU(2) invariant but we need to also check that they are Uy (1) invariant. The T’y Yukawa term d%qﬁq ;, has
hyper charge given by the hypercharge q; minus the hypercharge of ® minus the hypercharge of dgr. Thus, it
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has hypercharge & — 1 — (—2) = 0 and so is Uy invariant. The T, Yukawa term u},®702q, has hypercharge
given by the sum of the hypercharges of ® and q; minus the hypercharge of ur. Thus, it has hypercharge
1+ % - % = 0 and so is also Uy(1) invariant and both of these Yukawa terms are just what we wanted. This
combination of hypercharges explains why we do not write down Yukawa terms mixing leptons as quarks;
there is no way to do so while preserving hypercharge symmetry.

All together then we can write the combination of our electroweak Lagrangian density together with the
lepton and quark Lagrangian densities and the nuclear strong interaction to get a full interaction theory of
the hypercharge, weak, and strong interactions together with the Higgs, electron, electron neutrino, up and
down quark:

2

m2 A 1 , 1 ,
L=-9'019,0 — # <<1>T<I> - 2) = TV Py = ST (FW Fww) = 5T (FE" Fopw)

+ il Pl — 2T Re(eh®0r) — 2T, Im(v! ;0T 0201) + MIm(v!zosver)
+ig" Dyq — 20 gRe(d},®q, ) — 2T, Im(uh,d T 0qq, ). (5.1.146)

This Lagrangian density then fully has Uy (1) hypercharge, SU(2) weak, and SU(3) strong gauge
symmetry. The only free parameters of this theory are the electromagnetic coupling constant e, Weinberg
angle Ay, strong coupling constant gg, Higgs mass my, Higgs vev v, electron Yukawa coupling I'., neutrino
Yukawa coupling I',,, neutrino Majorana mass M, down quark Yukawa coupling I'y, and up quark Yukawa
coupling I',, giving a total of 10 quantities which need to be determined by experiment for this theory.

Exercises

Problem 5.1: gauge invariant expressions for W, Z, A and full expansion of the lagrangian
density without breaking gauge invariance

()

5.2 Generations of Matter and Mass Mixing Matrices

There is another interesting feature of the interactions of elementary fields; not only is there an up
quark and a down quark, an electron neutrino and an electron but there are in fact 3 fields for each of these
sharing all of the same gauge couplings. That is, there are essentially three copies of the set up quark, down
quark, electron neutrino, electron. These copies are called generations of matter and so we say we observe
3 generations of matter. In particular, there is an up quark, a charm quark, and a top quark all of which
are Dirac spinors which couple in all of the same ways to all gauge fields. There is a down quark, a strange
quark, and a bottom quark all of which are Dirac spinors which couple in all of the same ways to all gauge
fields. There is an electron neutrino, a muon neutrino, and a tau neutrino all of which are Dirac spinors
which couple in all of the same ways to all gauge fields. And, there is an electron, a muon, and a tauon all
of which are Dirac spinors which couple in all of the same ways to all gauge fields. So, we represent these
fields as uq, dg, V4, and e, respectively with a ranging from 1 to 3. Then, because these fields have matching
transformation rules under Lorentz and gauge transformations across generations, there is a whole matrix
of allowed Yukawa terms. Experimentally, these three generations of matter have been observed except
for the right handed neutrinos. No right handed neutrinos have ever been observed (because they don’t
interact through the electromagnetic, weak, or strong interactions if they exist they only interact through the
Yukawa interaction and gravity never of which are not strong enough to have so far had an experimentally
noticeable effect) but they are the simplest mechanism to explain the existence of neutrino mass, which has
been observed. So, we do add them as a possibility though in principle the number of right handed neutrinos
may be anything, not necessarily equal to 3 like the other generations. The left handed neutrino masses
haven’t been measured well either (only differences of masses squared have been measured at this time) but
there is enough data to conclude that at least two of the generations have non zero mass and if this mass is to
be explained by right handed neutrinos, this requires at least 2 right handed neutrinos. We will for simplicity
and essentially without further justification assume there are 3 generations of right handed neutrinos (one can
get the minimal case of 2 by setting one of them to be identically 0; we are ignoring recklessly the possibility
that there are more than 3). That is, for some 3 x 3 complex matrices with components T'3, T Mfab T2,
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F;b:
m?, 2\?* 1 1 1
— "1 P, — T (@Tq) - 2) = 1V Py = 5T (W Fwpw) = 5T Foyw)
+ ilgy" Dyl — 2Re(T%eh, ®T0p,) — 2Im(P200], ®T 09l1s) + Im(M vk oovpy)
+iq,7" D,q, — 2Re(T9dl,, ®q;,) — 2Im(T%ul, 8T a9q ). (5.2.1)

(in principle one could also consider linear combinations of the kinetic terms iTZ)’Y“.@,ﬂ/) but the fact that
the Lagrangian density must be real up to a surface term enforces that one make a linear combination
of such terms with a self-adjoint matrix of coefficients, then by redefining the lepton and quark fields by
appropriate linear combinations one can transform that matrix into the identity matrix.) The Yukawa
matrices I'., '), 'y, 'y, can be arbitrary complex 3 x 3 matrices. The Majorana matrix M ab may be complex
but must be symmetric. This is because VﬁaoguRb = VlgbO'gl/Ra which can be proven using by computing
the transpose of either side and using that the neutrino fields anti-commute with each other. When we
were considering only 1 generation, we were able to fix these matrices to simply each be a real number by
appropriate phase redefinitions of the fields. We can do something similar in the case of more than one
generation. Consider defining new quark and lepton fields by making some linear combinations:

lra = U0, VRa = Vo'V, era = Wil (5.2.2)
Qe = Xa'q,, Upa = Yo uly, dpa = Z. g, (5.2.3)

for 3 x 3 matrices U, V, W, XY, Z. These linear combinations are the most general linear combinations which
can be made without mixing fields of different transformation properties (such a transformation could not
possibly preserve the form of the Lagrangian density). Expanding out the kinetic terms of the Lagrangian
density we have:

ila" Dyla + 16,7 Dy,
=il} Dolra — il 0" Dolra + iV, Dovia + i, 0" Dovra + ik, Doera + i€hy 0’ Doera
+ iqTLa@(qua — iqzaab.@qu + iugagouga + iuTRaab@buRa + id%a.@odRa + idTRaabgbdRa. (5.2.4)
To condense this expression it is useful to define:
o =(1,—01,—02,—03)", ohy = (1,01,02,03)". (5.2.5)
Then we have:
" Dpla + 18,7 Dt

=i€anZ%€La + iykaa’é@#uRa + iekaaﬁ‘{@#eﬁga + iqTLaUZ@#qLa + quaJ%@#uRa + id}}aaf?@uc(ilga |
5.2.6

:if/gana* H‘@HUb Lc + ZZ/Ra‘/ba* Vbc‘@ﬂykc + iegaWba*U%Wbcgﬂech
+iq) Xy ot Xy Dyl + il Vo oY Dyl + idl 207 0t 2, Dyl (5.2.7)

In order for this transformation to not change the form of the kinetic terms then we see that each of our
matrices must be unitary:

ila" Dl + 16,7 Dty = il Dl + 16,7 Dty (5.2.8)
:> Uba*ch — 5(1(,‘7 %a*%c — (Sac, Wba*WbC — (S(I‘C7

Xba*XbC — 6&6, Yba*YbC — 6(10’ Zba*ZbC — 5&6 (5.2'9)

= UU=viVv=ww=XxX=Yy=217=1. (5.2.10)

Thus, we can redefine our quarks and leptons in this way without changing the kinetic terms. Doing so turns
the Yukawa terms into:

—2Re(F“beRa(I>TﬁLb) ZIm(F“buRa(PTUQELb) + Im(M®vE oovry) — 2Re(F“deRa¢qu) - ZIm(F“bu%a(I)Taqub)
= — 2Re(TW, > el dTU 0L,) — 2Im(DV, v, T 0u Uy 1) + Im(MV, v E 09 Vilvry)
— 2Re(TS Z.2*d, ®X,0q,,) — 2Im(TY, > ul, Ty X4q;,). (5.2.11)
Then, the components of the Yukawa matrices are equivalently replaced with:
[Yab — pedyy,ar b, [ab — pedy e b, M — ppedyayb,
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e =14z, X, I = redy, > X,°. (5.2.12)
Or, equivalently as matrices:
I =wIir.u, r,=Vvir,u, M =VTMV, I, = Z'T4X, r,=Y'Tr,X. (5.2.13)

Thus we can fix some components of the Yukawa matrices by choosing our unitary matrices U, V,W, X, Y, Z
wisely. Consider a generic NxN matrix A. Then, AAT is automatically self-adjoint:

(441" = (ah) AT = 44T, (5.2.14)

Thus, by the spectral theorem it has an orthonormal basis of eigenvectors and real eigenvalues. Let A be an
eigenvalue of AA' and v be a vector with that eigenvalue:

AATY = v = vTAATy = i = ’ATU}Q = Ajv|? (5.2.15)
— A= 4% (5.2.16)
=P 2 >

Hence, the eigenvalues of AAT are necessarily nonnegative. Define then the matrix D as the diagonal
matrix with the same eigenbasis as AA" but with the positive square roots of the eigenvalues of AA" along
its diagonal and define the matrix J as the unitary change of basis matrix which diagonalizes AAT. Then, in
its diagonal basis the matrix elements of AAT are just those of D? and so we have:

AAT = JD2JT, (5.2.17)
If none of the eigenvalues of AAT are 0, then define the matrix K by:
K =A"JD™ L. (5.2.18)
Then:
K'K =D 1JtAAT D= = D~ JtyD?*JTUD~' = D7'D?D~! = 1. (5.2.19)
Hence, K is unitary. As well, we can use the definition of K to solve for A as:
AT =KDJ' (5.2.20)
— A=JDK', (5.2.21)

Hence, any invertible complex square matrix can be written in this form for unitary matrices J and
K and a diagonal matrix D with only positive eigenvalues. This proof can be extended to non-invertible
complex square matrices in which case D will have 0 as an eigenvalue (the rank of D is in fact equal to the
rank of A). This decomposition is called the singular value decomposition of A and the eigenvalues of D are
called the singular values of A.

Importantly, the singular value decomposition is not unique. We defined J as the change of basis matrix
which diagonalizes AAT however the orthonormal eigenvectors of a self-adjoint operator are only defined up
to reordering those vectors, multiplying each vector by an arbitrary complex phase, or taking arbitrary linear
combinations of vectors which share the same eigenvalue. So, J is not uniquely defined up to those points.
We by convention define J so that the eigenvalues of D are increasing along the diagonal. This settles the
reordering issue. We will be working with matrices generically without degenerate eigenvalues here and so we
do not have to worry about the ambiguous definition of the corresponding eigenvectors on the degenerate
subspace (repeated eigenvalues in the Yukawa matrices would produce different fields of the same mass and
such a mass degeneracy is not observed for any of the leptons). This still leaves open the ability to redefine
each of the eigenvectors by an arbitrary phase. Let ¢, be the column vector with 1 in position n and 0
everywhere else and let A, be the eigenvalue of D? in position n. Then:

D21, = Atn (5.2.22)
= JTAA T, = Aoty (5.2.23)
= AAT(Jin) = M(Jtn) (5.2.24)
and so we take eigenvector n of AAT, called v, to be given by:
Uy, = Jip,. (5.2.25)

Under a redefinition by arbitrary phase then we must have that for some real ¢,, and unitary J':
vl = J i, = e, (5.2.26)
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Define then the matrix P which is diagonal with e??* in diagonal entry n. Then:

Pu, = €™y, (5.2.27)
J i, = e, =¥ Ji, = JPu, (5.2.28)
— J' = JP. (5.2.29)

So, the ambiguity in the definition of J is captured by the ability to multiply it on the right by an arbitrary
diagonal matrix of phases as seen here. Then, this induces a transformation on K:

K' =A"J'D™' = A'JPD™' = ATJD7'P = KP (5.2.30)

where because D and P are simultaneously diagonal, they commute.

Now then, using the singular value decomposition we know that for unitary matrices Je, J,, Jar, Ja, Ju,
K., K,, Ky, Kq, K, and diagonal non-negative definite matrices D., D,, Dys, Dy, D,,, our Yukawa matrices
can be written as:

I.=J.D.K!, T,=J,D,K}, M=JyDyKl,  Tq=JiDsK! — T,=J,D,K}l (5231)
Because M is a complex symmetric matrix, it can actually be diagonalized by a single unitary matrix using a

variant of the spectral theorem [26]. This allows us to take Kj; = Ji,;. With this, our ability to redefine the
Yukawa matrices gives:

I =Ww'J.D.KIU, r=v'Jy,D,K!U, M =VTIyDyJLv,

V=2N DK X, T, =Y1J,D,KX. (5.2.32)
Let us choose then:
W =J., U=K.. (5.2.33)
Automatically, this diagonalizes I'.:
I = D,. (5.2.34)
As well, T, now becomes:
I, =v'J,D,KK,. (5.2.35)

It is not possible in general to diagonalize this expression with just the remaining ability to choose V. However,
we can write it as a unitary change of basis of a diagonal matrix. Define U, by:

U,=KK,. (5.2.36)

Then, let V' be given by:
V =J,KK, (5.2.37)
— I, =U,D,U]. (5.2.38)

So, if we choose I', to be diagonal (which we do by convention), I'}, cannot be in general made diagonal but
it can be written as a unitary change of basis away from a diagonal matrix. Then, because we have set U, V,
and W we have M’ as is. So, define Uy, by:

U = VT Iy (5.2.39)
= M’ = JyDyUi,. (5.2.40)

This tells us nothing as it is simply the generic diagonalization of a complex symmetric matrix M’. Hence,
M’ is just an arbitrary complex symmetric matrix.

While for the leptons we by convention diagonalize the electron Yukawa matrix, for the quarks we by
convention diagonalize the up quark Yukawa matrix. So, we choose:

Y=J, X=K,. (5.2.41)
Then:
T - D,. (5.2.42)
As well, T, now becomes:
=21 JaDK K. (5.2.43)

Just like with the neutrino Yukawa matrix, it is not possible to diagonalize this matrix in general now that
we have diagonalized the up quark Yukawa matrix. Though, we can likewise write it as a unitary change of



5.2. Generations of Matter and Mass Mixing Matrices Scheopner 307

basis of a diagonal matrix. Define Uy by:

Us=KIK,. (5.2.44)

Then, let Z be given by:
7 = JJKI K, (5.2.45)
— T, = UysDyU). (5.2.46)

So, after fixing U, V, W, X, Y, Z, we have our transformed Yukawa matrices as (dropping the primes, now
that we have completed the transformation):

I.=D., T,=UDU}, T4=UDyU5, T,=D,. (5.2.47)

However, recall that the singular value decomposition is not unique and so we can introduce diagonal phase
matrices so that:

K!'=K.P., K,=K,P,  K,=KsP;, K. =K,P,. (5.2.48)
Using the definitions of U, and Uy this gives:
U, = PiU,P,, Uy = PIU4P,. (5.2.49)

A generic 3 x 3 matrix A can be written for r,, > 0 and ¢, real as:
7'11€Z¢11 r12ei¢12 7"136“013
A= rgle’“ﬂzl 7«22619022 T23€“’D23 . (5250)
7“316“'031 T326i¢32 7‘336w33
Requiring A to be unitary then imposes that each row of A taken as a complex vector is a unit vector and

is orthogonal to the other rows of A. The same condition is automatically true of the columns of A. If we
multiply A on the right by a diagonal phase matrix we have:

RITEN) 0 rppeientan)  pooeilerzta) . eileistas)
B d:ef AP = A 0 elaz 0 _ T21ei(§021+a1) T22ei(tp22+o¢2) 7.2361'(§023+o¢3) ) (5251)
0 0 elas 713161'(#731-"-041) rszei(tp32+az) rsgei(cpgg—&-aS)
Let use choose:
a1 = —@11, a2 = —@12. (5.2.52)
We will leave a3 unspecified for now. Then:
711 712 rqget(Piatas)
B = Tzlei(SaZl_(Pll) 7~22ei(<ﬂ22—§012) rggei(‘PZB'F@s) . (5253)

TSlei(cpgl —p11) T32€i(tp32—<p12) T33€i(9933+0¢3)

Define then the constants:

0 = —p13 — as, $21 = P21 — P11, P22 = P22 — P12,
P23 = P23 + a3, P31 = P31 — P11, P32 = P32 — P12, ¢33 = P33 + 3. (5.2.54)
Then:
T11 712 rize”
B = [ ry1€%21  popei®22 pogeites || (5.2.55)

T316i¢31 T326i¢32 T338i¢33
Using that ¢o3 = 23 + a3 we can also see that our freedom to select ag is equivalent to a freedom to select
¢o3 arbitrarily. Doing so then fixes values for ¢33 and §. We will return to this. Because A is unitary and P
is as well, B is automatically unitary. Therefore, its rows are orthonormal vectors and so:
i iy iy =1 (5.2.56)

So, 11, forms the components of a real vector on the sphere in the positive octant. Consequently using
spherical coordinates (in a slightly different than normal convention) it can be written for some angles between
0 and 7/2 as:

r11 = cos 012 cos 013, 719 = sin 015 cos 013, r13 = sin fy3. (5.2.57)
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With this B becomes:
cos O3 cosfys  sinfiacosfis e sinbyg
B = 7«2161¢21 7“226“’1)22 ¢23€2¢23 ) (5.2.58)
T316i¢31 7‘32€i¢32 7“336i¢33

If we multiply B on the right by a z axis rotation:

. cosf) —sinf O
CYBR, =B (sind cos® 0 (5.2.59)
0 0 1
cos(f12 — 0) cos 013 sin(f12 — 0) cos 013 e~ sin 045
= O = | 191621 cos 0 + 192€"22 6In 0  r90e’?22 cosh — ry1eP2 sinfh  rogzeiP2s | . (5.2.60)

7316731 cos 0 + 732932 5in @ 739?32 oSO — 13191 5inf  r33ei¥38
Then, choose 6§ = 615:
cos 013 0 e~ sinfig
C= T2161¢21 cos f1o + T2261¢22 sin @1  1r92€"P22 cos B19 — ro1€"21 sin b9 T2362¢23 . (5.2.61)
7316931 o8 019 + 732632 8in B9 17326732 cos 15 — 7317P31 8in B9 ragei®ss
Because B is unitary and R, is as well, C' is automatically unitary. Define then the constants g, > 0 and (4
real by:

§21€°21 = 191?21 cos 015 + 926722 sin 019, 7226722 = 1r99€"22 o8 019 — r91€"%2" sin O,
q23€"% = ro3e'®?, 316" = 131" cos 012 + 7326752 sin 01,
Q32€1<32 = ’/‘3262(}532 COS 012 — 7‘31€Z¢31 sin 912, Q3361C33 = 7“33614)33. (5262)

Then, C' becomes:
cos 613 0‘ e~ sin 013
C=|que® e gl |, (5.2.63)
q316i431 q32€iC32 q336iC33
Our freedom to select g became a freedom to select ¢o3 = (23 and so we still have the ability to select
(o3 arbitrarily. If we multiply C on the right now by a unitary matrix which is like a y axis rotation with a
phase adjustment we have:

cosf@ 0 —e Psgind
def

D=CR,=C 0 1 0 (5.2.64)
e®sing 0 cos
cos(f13 — 0) 0 sin(f13 — 6)
— D= [ 216" cos0 + qo3e (3D 5in @ gooe™®> 932 cos O — g1’ sind | . (5.2.65)

316731 cos 0 + a3 (33T gin @ gg0e7932 336638 cos O — g31€1($3179) gin 0
Then, choose 6 = 645:
1 0 0
D = qglei@l [¢0)S] 013 + QQ3€i(<23+5) sin 013 q22€i<22 QQ3€i<23 COS 913 — q21ei(§2175) sin 913 . (5266)
g31€7%1 cos O3 + g33€’ 3T sin b5 g30e™? 3367 cos bz — g31e' (17 sin b5
Because C is unitary and R, is unitary, D is automatically unitary. This means that the rows of D must be
orthogonal to each other. In particular this means that between the first and last rows:

1

(g31€%%1 cos O13 + gs3e’ 3T sin 13 gg0e™2  gygcosbis — gzre’ = sinbyz) [0 ] =0 (5.2.67)
0

= 316" cos b3 + Q336i(c33+5) sinf13 =0 (5.2.68)

- Q3161(C31_6_<33) COS 913 + qds3 sin 013 =0 (5269)

= (31 sin(Cgl -0 — C33) COs 913 =0. (5270)

Because 603 is not necessarily 7/2 and gs; is not necessarily 0 we must have sin(¢s; — (33 — ) = 0.
Thus, €/(¢176379) must be a real number and so is +1. In (5.2.69), because g31 and ¢33 are by definition
non-negative and 63 lies in the first quadrant, in order for the two terms to cancel out and give 0 one must
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be negative and so ¢%(¢31=¢3-9) — _1. Between the first and second rows we have a very similar situation:
1
(g21€™21 cos 013 + qo3e’ @) sin i3 gooei®22  go3e™®® cos iz — g€V sinb3) [0 | =0 (5.2.71)
0
= 91€*" cos 015 + g3 (3 gin 15 = 0 (5.2.72)
— 01" (2176379) 05015 + o sin iz = 0 (5.2.73)
= @o18in({a1 — (a3 — d) cos 13 = 0. (5.2.74)

Because 63 is not necessarily m/2 and ¢2; is not necessarily 0 we must have sin({a; — (a3 — 6) = 0.
Thus, €%(¢217¢3-9) must be a real number and so is £1. In (5.2.73), because g21 and ¢o3 are by definition
non-negative and 613 lies in the first quadrant, in order for the two terms to cancel and give 0 one must be
negative and so e/(¢21=¢3=9) = _1_ Thus, D becomes:

1 0 0
D=10 QQQGZ:@Q (QQ3 cos 013 + g21 sin 913)62:@3 . (5275)
0 @326 (g33cosbi3 + g3 sinb3)e’ss

Then, define the constants pg, > 0:

P22 = q22, P23 = q23 cos 013 + g1 sin 013, P32 = 32, P33 = @33 cos i3 + gz sinfyz.  (5.2.76)
With this we have:
1 0 0
D = 0 pggei@? p23€i<23 . (5277)

0 p3pe’®s?  pggeiss
Unitary of D then requires of the second row:
P32+ iy = 1. (5.2.78)
Hence, there exists a a3 between 0 and 7/2 so that:
P22 = cos a3, P23 = sin fo3. (5.2.79)

Then, orthogonality with rows two and three requires:

i i €722 cos fa3
(psze 52 page 433) (e—iC23 sin 923> =0 (5.2.80)

— p326i(<327<22) COS 923 + p33€i<<337§23) sin 923 =0 (5281)
— p32€i(<32+<23_422_<33) (¢0)] 923 + P33 sin 923 =0 (5282)
= pa2sin((32 + (a3 — (22 — (33) cos a3 = 0. (5.2.83)

Because p3z is not necessarily 0 and fs3 is not necessarily 7/2 we must then have sin({32 + (a3 — (22 — (33) =0
and so ei(C2s+€s2=¢22=Cs3) g real and thus 1. In order for these two terms to cancel because all other factors

are positive, we must have e#(¢2st¢s2=¢22=C33) — ] Then:
P32 €os B3 = p33 sin fo3. (5.2.84)
Unitary of D then requires of the third row:
Pl +p3 =1 (5.2.85)
.2
— i (1 + = Zzz) =1 (5.2.86)
= p33 = cos B3, P32 = sin fo3. (5.2.87)
Then, D becomes:
1 0 0
D=10 €622 cos By €623 ginfy3 | . (5.2.88)
0 —ei(622HCa=C23) gin oy €733 cos fog



Scheopner 310 5.2. Generations of Matter and Mass Mixing Matrices

If we now multiply D on the right by an x axis rotation we have:

1 0 0
EYDR,=D|[0 cosf —sinf (5.2.89)
0 sinf cosf
1 0 0
= E=1(0 €22 cos 6 cos a3 + €%€22 sin O sin fa3 €623 gin fy3 cos O — €422 cos g sin O
0 €933 5in 0 cos Bag — €/($221C33=C23) cog @ sin By €533 cos Bag cos O + €4(6221¢33=C23) gin foq sin O

(5.2.90)
Now let us finally use our freedom to select a3 and thus set (23 to impose (23 = (22 by definition. Then, now
that we have selected asg:
1 0 0
E=10 e%2cos(fy3 —0) e22sin(fa3 —0) | . (5.2.91)
0 e3sin(f — fo3) €5 cos(faz — )

If we select then 8 = 053 we have that E becomes:

1 0 0
E=10 ¢ 0 |. (5.2.92)
0 0 e
This is just a diagonal phase matrix. Recalling the definition of E:
E=DR, =CRyR, =BR.R,R, = APR.R R, (5.2.93)
= A= ER[RIRIP". (5.2.94)
Therefore, any 3 x 3 unitary matrix A for some parameters oy, asg, ag, 012, 013, b3, (2, (3 can be written as:
1 0 0 1 0 0 cos B3 0 e ®sinbs
A=[0 e 0 0 cosfhs sinfa 0 1 0
0 0 ¢ 0 —sinfy3 cosfas —e¥ginfs 0 cos B3
cos 012 sinf12 0 et 0 0
—sinfi2 cosbis 0 0 e ta2 0 ) (5.2.95)
0 0 1 0 0 e s

One may think there is another phase degree of freedom we could use to transform the 11 component of
the first matrix above. However, an overall phase of the first phase matrix can be canceled by a corresponding
overall phase in the second phase matrix all the way to the right because €?’1 commutes with everything.
Thus, without loss of generality we can set the 11 component of the first phase matrix above to be 1. Returning
to (5.2.49), we can use the phase matrices P,, P,, P,, Py to cancel the left and right phase matrices which
would appear here in this decomposition for U, and Uy. Having set those phase matrices so that they are
canceled, we have that U, and Uy can be written as:

1 0 0 cos 013, 0 e v ginbs, cosfio, sinfiz, O

U,= |0 cosfas, sinfas, 0 1 0 —sinfya, cosfiz, O (5.2.96)
0 —sin 923V COS 923V —€i5" sin 9131, 0 COS 9131, 0 0 1
1 0 0 cos 0134 0 e dginfsy cosfiag sinfiag O

Ud =10 COS eggd sin 923d 0 1 0 —sin ‘912d COS 612d 0]. (5.2.97)
0 —sinflazg cosBazg —eiginfisy 0 cos 0134 0 0 1

This matrix U, is called the Pontecorvo-Maki—-Nakagawa—Sakata matrix or PMNS matrix or neutrino
mixing matrix. The U; matrix is called the Cabibbo-Kobayashi-Maskawa matrix or CKM matrix or quark
mixing matrix. Thus, after fixing our field definitions we have the Lagrangian density for our theory as
given in (1.9.1) with the Yukawa matrices given as in (5.2.47). Each of the D matrices are diagonal with
non-negative eigenvalues and so have 3 parameters each. The PMNS and CKM matrices we see have 4
parameters each: 3 mixing angles and one phase. Thus we have 20 parameters among the four Yukawa
matrices. As well, we in principle have 6 complex or equivalently 12 real parameters necessary to fix the
Majorana matrix M. So, allowing for 3 right handed neutrinos and Majorana masses, we have 32 parameters
to fix.

The presence of the Majorana mass terms breaks an otherwise present symmetry of the theory. Notice
that every term involving a quark field in (1.9.1) also involves a corresponding complex conjugate of a
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quark field. Thus, under global U(1) transformations of all the quarks together that Lagrangian density has
symmetry. That is, (1.9.1) has symmetry under the transformation:

q =eilq. (5.2.98)

The factor of 3 here is conventional. The corresponding conserved quantity to this symmetry from
Noether’s theorem is called the “Baryon number”. As well, notice that every time involving a lepton field in
(1.9.1) also involves a corresponding complex conjugate of a lepton field except for the Majorana mass term.
Thus, excluding that term under global U(1) transformations of all the leptons together that Lagrangian
density has symmetry. That is, (1.9.1) has symmetry under the transformation:

0 =e (5.2.99)

except for the Majorana mass term. The corresponding conserved quantity when no Majorana mass term is
included is called the “Lepton number”. So, should we believe in lepton number conservation? Experimentally
so far lepton conservation has been observed and no right handed neutrinos have been observed but their
effects are quite small on the other fields here due to the very limited ways in which they are coupled. So,
at the moment it is an unsolved problem whether lepton number conservation is a true symmetry of our
universe. There are many models with it and many models without it. There are also many models which
break both baryon number conservation and lepton number conservation but still conserve the difference of
baryon number and lepton number. At the moment the correct path forward is not known to anyone. For
simplicity, we will assume lepton number conservation is a true symmetry of our universe in which case no
Majorana mass term is allowed in the Lagrangian density in (1.9.1) and we must take M = 0. There are
many good reasons not to do this! We are only making this assumption so that we can write down a model
consistent with the experimental data available at this time with as few parameters as possible. It is certainly
not the only model consistent with the data and there are arguments why M = 0 may provide nice results
down the line; thus results just at this time are inaccessible to experiment. Without any Majorana mass term
we have then:

2 w2\ 2
1 1 1
— 9oty - L (qfrq) _ ) — 1_7—'{;”]—'3/“,, — §Tr(f{fv”]-'ww) — §Tr(.7:gu}'sw)

2
+ il Dyl — 2Re(rgbeRaq>wLb) — 2Im(T%vh, T oy01s)
+ G " Duq, — 2Re(TPd, ®q,,) — 2m(T%ul, 8T oyq,,). (5.2.100)

This theory then has 20 parameters to be fixed among the different Yukawa matrices. Let us just look
at the fermion dependent parts of this Lagrangian density for a moment:

L5 =il 7" Db, — 2Re(T%el, ®T014) — 2Im(T%w), &7 a9lr))
+ 4,7 2,4, — 2Re(T9dl,, ®q;,) — 2Im(T%ul, 8T a9q ). (5.2.101)

If we apply the spontaneous symmetry breaking and only work to lowest order in the fields so that we
can study this Lagrangian density for weak fields we have:

.7 v v * *
L =ilgy" 0yl — Efgbe;&aem - EF‘;*’ eTLbeRa - \[F,‘jbyRayLb — TFZb VszRa
4G, 0, q, — —=TPdh dpy, — —=T9*d}, dpy — —=T%u] 12y} up, + HO.T..

u u —
\/5 Ra \/§ \/’u RaLb \/5

(5.2.102)
From (5.2.47) we have made all of the Yukawa matrices self-adjoint. Then, defining:

ea = (eLa> Y Va = <VL0«) ’ du, = (dLa> I ua = (ULa> (52103)
€Ra VRa dRa URa

this can all be written as:

%ngéaeb — %ngﬁal/b

+idyV Oydy + itV Optia — —=T%Pddy, — Uqup + H.O.T.. (5.2.104)
Vo \f Fu

Using that we have diagonalized I'., we see that at lowest order ej, es, e3 each individually satisfy the
Dirac equation but with different masses. Recall that we ordered the eigenvalues of ', from least to greatest.
Then, e; is called the electron field, e; is called the muon field, and e3 is called the tauon field and we can

L =ty 0peq + i0q ¥ v —
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then see that their masses are given by:

m, = ——plt My = 22 m, = — D3, (5.2.105)

A%
, = —D??,
V2 © V2

So, we define the electron mass matrix by:

me 0 0
p
Mi=[0 m, 0] = .= £Me. (5.2.106)
v
0 0 pur

Similarly, using that we have diagonalized I',,, we see that at lowest order uj, us, ug each individually
satisfy the Dirac equation but with different masses. We have done the same ordering of eigenvalues of T',,.
Then, uq is called the up quark field, us is called the charm quark field, and wug is called the top quark field
and we can see then that their masses are given by:

v v
Ty, — 7D , me = ED?JF, my = ED;?;? (5.2107)

So, we define the up quark mass matrix by:

m 0 0
“ 2
My=[0 me 0] = 1, = £Mu. (5.2.108)
v
0 0 mye
We have not diagonalized T",, or I'y. Instead, define “mass eigenstate fields”:
b
vata = UDa vy data = (Ul)a db (5.2.109)
— ngl_/aljb = DszA[aVMb, ngJadb = ng(ZMad]\/[b. (52110)
Then, because U, and U, are unitary:
iUV Ot + ido V" Oudy = V01 Y OpVia + idara Y Oudasa.- (5.2.111)

So, rewriting £ in terms of the mass eigenstate fields we can see that vy, and dys, for each a satisfy the
Dirac equation with masses:

v v
— D4 Mdq = —=
\@ v “ \@

So, we define the neutrino and down quark mass matrices by:

Myaq =

DL, (5.2.112)

My 0 0 mq 0 0
My=| 0 mym 0|, My=[0 m o0 (5.2.113)
0 0 Myh 0 0 mp
5 3
— 0, =y py=Yu, (5.2.114)
v v

Then, we can see that the CKM and PMNS matrices have the interpretations as the change of basis
matrices which relate the mass eigenstates of the down-like quarks or neutrinos to the eigenstates of the
electroweak interaction (called the flavor eigenstates) of the down quarks or neutrinos. The mass eigenstates
are the fields which propagate freely in the limit of no interactions but the weak eigenstates (the conventional
v, and d, fields we have been using) are the fields which transform under SU(2) weak transformations with
the electrons and up quarks. It is a common abuse of language to call both the flavor eigenstates and the mass
eigenstates of the down-like quarks the down quark, strange quark, and bottom quark (in order of lightest to
heaviest for the mass eigenstates or in order of lightest to heaviest up-like quarks associated with them in
the SU(2) doublet for the flavor eigenstates). This is because the mixing angles for the CKM matrix are
small enough for many purposes to approximately identify the bases with each other. However, it should be
made clear that the flavor eigenstates do not have well defined masses; only the mass eigenstates do. So, the
physical down quark is defined as the lightest mass eigenstate of the down-like quarks, the strange quark is
defined as the middle mass eigenstate, and the bottom quark is defined as the heaviest mass eigenstate. The
mixing angles for the neutrinos turn out to be large and so no even approximate identification can be made
between the mass eigenstates and the flavor eigenstates. The flavor eigenstates vy = v., V9 = v, V3 = v, are
called the electron neutrino, mu neutrino, and tau neutrino. The mass eigenstates don’t have a consistently
established name but we will call them the light neutrino, middle neutrino, and heavy neutrino.
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With these identifications, we can rewrite our full Lagrangian density as:

2\ 2
1 1
= — @M(I)TQ - = <Q)T(I) — 2> — Z.F)I/L'VfY,uu - *TI‘(.F#VV.FW#V) - iTr(.FgV.FS;LV)
_ 2v2 2
+ il Dyl — TfRe(Mgbe}mchb) - il (U, M, U, ®Toql1,)

2v2

2v2
TRQ((UdeU;)ade ®q.,)

+iG, 7" Dy, — -~ Im (M2t ®Toaq,,). (5.2.115)

This Lagrangian density is extremely successful in describing experunent but has a significant number of
puzzling characteristics we will need to discuss.

5.3 Standard Model in full glory
We have now arrived at the Lagrangian density:

2

2 2
1
L=— 9" 9,o - W <¢Tq) _ 2) — Z]—"{j"]—"yw — —Te(Flyy Fwuw) — =Te(F5 Fspw)

+ ilg" Dyl — 2Re(T%eh, ®T01,) — 2im(P% 0], @ oyl1y)
+ 19,7 Dy, — 2Re(ngdJ}r{a(I)qub) - QIm(Fab“Ra‘I’TU2QLb) (5.3.1)

This is known as the (Mostly) Standard Model Lagrangian density. The Standard Model is precisely
this Lagrangian density with the right handed neutrinos set to 0. Then, the left handed neutrinos are
automatically massless which is experimentally found to be false. This Lagrangian density is the simplest
modification of the Standard Model Lagrangian density which allows for massive neutrinos and it is currently
compatible with experiment. I will likely call this Lagrangian density the Standard Model even though it
is slightly different. In this theory we have a single spin 0 field called the Higgs ®. We have twelve spin
1/2 fields coming in three copies of sets of four: the electron-like leptons, the neutrinos, the up-like quarks,
and the down-like quarks. We then have three spin 1/2 gauge fields: the hypercharge gauge field, the weak
gauge field, and the strong gauge field (called the gluon field). The Standard Model has local symmetry
under Uy(1), weak SU(2), and strong SU(3) transformations. The representations of Uy (1) are specified by
hypercharge Y, the representations of weak SU(2) are specified by the size of the representation 2Iy + 1
where Iy takes half integer values and is called the isospin rep, and the representations of strong SU(3) which
we use are specified by their number of components (1 for the trivial representation, 3 for the fundamental
representation, and 8 for the adjoint representation) called the color rep. We also have global U(1) baryon
number symmetry among the quarks and global U(1) lepton number symmetry among the leptons. Then,
the field content of the Standard Model is given by:

Field Content before Spontaneous Symmetry Breaking
Field | Name Spin | Hypercharge | Isospin Rep | Color Rep | Baryon # | Lepton #
® Higgs 0 0 1/2 1 0 0
lra LH Lepton 1/2 -1 1/2 1 0 1
vre | RH Neutrino 1/2 0 0 1 0 1
€Ra RH Electron-like Lepton 1/2 -2 0 1 0 1
qr. | LH Quark 1/2 1/3 1/2 3 1/3 0
ure | RH Up-like Quark 1/2 4/3 0 3 1/3 0
dRa RH Down-like Quark 1/2 —2/3 0 3 1/3 0
B, Hypercharge Gauge Field 1 0 0 1 0 0
Wi Weak Gauge Field 1 0 1 1 0 0
Gy, Strong Gauge Field 1 0 0 8 0 0

Here LH and RH are for left handed and right handed. As well, the subscript a on leptons is to indicate that
a can be 1,2, or 3 due to the 3 generations of matter. The covariant derivative of any field ¢ other than the

gauge fields is given by:

@[L’l/)

= O —

igyY By —igwtwa Wi — igsTsa Gt

(5.3.2)
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where the generators Ty, and 7g, are the weak and strong generators corresponding to the isospin and color
representations of . The hypercharge coupling gy and weak coupling gy are related to the fundamental
charge e and Weinberg angle 0y by:

e e

= . 5.3.3
gw sin Oy ( )

gy = 2cos Oy’

After spontaneous symmetry breaking we switch to the reduced higgs ¢, the W boson, the Z boson, and
the A electromagnetic vector potential instead of the Higgs and Hypercharge and Weak gauge fields. They

are related by:
0
d — <v+¢> ’ (5.3.4)
V2

Wl —iw?2
W, =L 1 (5.3.5)
V2
Z, = Wg cos 0w — By, sin Oy (5.3.6)
A, = By cos Oy + W sin by (5.3.7)
After spontaneous symmetry breaking then we have field content:
Field Content after Spontaneous Symmetry Breaking
Field | Name Spin | Electric Charge | Color Rep | Baryon # | Lepton #
1) (reduced) higgs 0 0 1 0 0
VLa LH Neutrino 1/2 0 1 0 1
€La LH Electron-like Lepton 1/2 -1 1 0 1
VRa RH Neutrino 1/2 0 1 0 1
€Ra RH Electron-like Lepton 1/2 -1 1 0 1
ure | LH Up-like Quark 1/2 2/3 3 1/3 0
dr. | LH Down-like Quark 1/2 -1/3 3 1/3 0
ugre | RH Up-like Quark 1/2 2/3 3 1/3 0
dre | RH Down-like Quark 1/2 -1/3 3 1/3 0
A, Electromagnetic Gauge Field 1 0 1 0 0
Z, Z Boson 1 0 1 0 0
W, W Boson 1 1 1 0 0
Gy, Strong Gauge Field 1 0 8 0 0
The Yukawa matrices are given by:
v [ 0 0
Fre=—4|(0 m, O (5.3.8)
V2 0 0 m,
v my1 0 0
I,=—U,| 0 me 0 |U (5.3.9)
\/i 0 0 mys3
mq 0 0 ;
IFg=—72Uq| 0 my 0 |U, (5.3.10)
\/i 0 0 my
v [ 0 0
Tu=—|0 me 0]. (5.3.11)
\/§ 0 0 me
where the neutrino mixing matrix (PMNS) and the down quark mixing matrix (CKM) are given by:
1 0 0 cos 013, 0 e v ginbs, cos 1o, sinfia, O
U,=10 cosfys, sinfss, 0 1 0 —sinfis, cosbio, O (5.3.12)
0 —sinfys, cosbys, —e% ginfys, 0O cos 013, 0 0 1
1 0 0 cos 0134 0 e dginfay cosfiog sinfiog O
Ud =1{0 COS 023(1 sin 923d 0 1 0 —sin 912(1 COS 912(1 0]. (5313)
0 —sinfa3q cosbazg —eWaginfisy O cos 013q 0 0 1
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Thus, the (Mostly) Standard Model has 25 parameters to be determined by experiment. In Natural
Units, there is only one independent unit, a unit of time or equivalently a unit of length or a unit of mass.
Conventionally for particle physics, the standard unit is the electron-Volt eV which is the energy equal to the
work necessary to push a charge with charge magnitude equal to that of the electron through an emf of 1
Volt. Of course, then one must define the Volt. The historical definition of the Volt is a potential difference
of 1 Joule per Coulomb where a Joule is the energy unit kgm?/s? and the Coulomb is the historical SI unit of
arbitrary reference charge. However, SI units are no longer defined in terms of historical reference values
but instead defined so that h, ¢, e take exact values in SI units (this implicitly defines the reference units,
just like we define = ¢ = ¢p = 1 which implicitly defines our units). With this, the electron-Volt is defined
exactly in terms of the second by the formula:

1.602176634

6.62607015

This formula uses the SI defined values of the electron charge magnitude and h. The second is defined
exactly as the duration of 9192631770 periods of the electromagnetic radiation emitted by the transition
between the hyperfine levels of the unperturbed ground state of the 133Cs atom. It is common to use keV
(kiloelectron-Volts) for 1000 eV, MeV (megaelectron-Volt) for 10° eV, Gev (gigaelectron-Volts) for 109 eV,
and TeV (teraelectron-Volts) for 10'2.

1eV=2r 10%° 571 ~ 1.519267447878626201 x 10*° s, (5.3.14)

Parameters of the (Mostly) Standard Model [37]
Symbol | Name Value
e Electromagnetic Coupling Constant .302822120872(23)
gs Strong Coupling Constant 1.220(3)
mwy W Boson Mass 80.379(12) GeV
my Z Boson Mass 91.1876(21) GeV
my Higgs Mass 125.25(17) GeV
Me Electron Mass 510.9989461(31) keV
my Muon Mass 105.6583745(24) MeV
M, Tauon Mass 1.77686(12) GeV
my Light Neutrino Mass < 11eV
Mym Middle Neutrino Mass < 1.1leV
Muh Heavy Neutrino Mass < 1.1leV
my, Up Quark Mass 2.1652 MeV
me Charm Quark Mass 1.27(2) GeV
my Top Quark Mass 172.76(30) GeV
ma Down Quark Mass 4.67T12 MeV
Mg Strange Quark Mass 93fé1 MeV
mp Bottom Quark Mass 418703 GeV
012, PMNS Light-Middle Mixing Angle 0.587(14)
013, PMNS Light-Heavy Mixing Angle 0.1488(23)
023, PMNS Middle-Heavy Mixing Angle 0.827(22)
Oy PMNS Phase 4.27(56)
0124 CKM Down-Strange Mixing Angle 0.22848(49)
0134 CKM Down-Bottom Mixing Angle 0.00361(10)
0234 CKM Strange-Bottom Mixing Angle 0.04054(72)
dd CKM Phase 1.196(44)

The neutrino masses have never been measured directly however magnitude of differences of squared
neutrino masses have been observed:

|m2, —m2,| = 7.53(18) x 107° &V? (5.3.15)

|m2, —m?2y| = 2.453(33) x 1073 eVZ. (5.3.16)

From these parameters it is possible to calculate the Higgs vev, the Weinberg angle, the hypercharge
coupling constant gy, and the weak coupling constant gy using the formulas we have established. The
parameters listed in this table are the ones more directly accessible in experiment. This model, the Standard

Model is the most successful model of the universe in the entire history of humanity. It is able to consistently
successfully predict the results of particle physics experiments across a wide spectrum of energies and the
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effective theories produced from it are able to predict the structure of atoms and molecules, the material
properties of everyday materials, and reduce under appropriate limits to the macroscopically observed physics
with which we are all familiar. The Standard Model, first formulated in full around 1974, has passed thousands
of different experimental tests and it has proven extremely difficult for physicists to find anyway to modify it
to make a successful new prediction without breaking something else. As of 2023, the (Mostly) Standard
Model Lagrangian Density is the status quo of our understanding of fundamental physics (when treated with
quantum field theory). However, it is known to have some issues.

5.4 Standard Model: Hard and Soft Problems

The Standard Model does possess several noteworthy problems. They come in two forms: “hard”
problems and “soft” problems. A hard problem is a genuine discrepancy between the model and experimental
reality. An exactly true model cannot have any hard problems. A soft problem is a feature of a model that
“seems” for a potentially good reason to be peculiar or hard to believe. For example, a term which is allowed
by symmetries just turning out to be 0 anyway is quite surprising as it could have been any non-zero value
and 0 is quite special (as then there is uniquely no effect). This is often called “unnatural”. An exactly true
model may very well have soft problems, as they are not true contradictions. The use of soft problems is
that historically they have often provided good guidance for how to improve a theory. In particular, one
of the Standard Model’s biggest hard problems are that it does not have any form of gravity in it. In this
book we have yet to attempt to add gravity into this theory but we will unfortunately find it is not very
straightforward. The other is that experimentally there is a large abundance of matter out in space which
does not interact electromagnetically but does gravitationally. That matter is called dark matter. The only
matter present in the Lagrangian density we have presented which does not interact electromagnetically is the
set of right hand neutrinos, which have not been directly experimentally observed and are precisely the piece
not present in the traditional Standard Model. Even then, these hypothetical right handed neutrinos are
heavily disfavored as by experimental evidence as an explanation for the observed properties of dark matter.

In addition to those two hard problems which need to be solved, the Standard Model also has a number
of peculiar features. For example, why are there 3 generations of matter? Why do the masses of the leptons
and quarks vary over so many orders of magnitude? Why did the Standard Model have to have the gauge
group Uy (1)xSU(2)xSU(3)? Are baryon and lepton conservation real symmetries? If not, are there Majorana
mass terms needed to be added? How many right handed neutrino species are there? Everything except the
weak interaction has parity symmetry; why does the weak interaction alone break that symmetry? Everything
except the CKM phase and PMNS phase have symmetry under the combined transformation of parity and
charge conjugation. Why do those break it? The Standard Model is not on its own capable of answering any
of these questions but perhaps these questions or questions like these can provide guidance on how to create
a better model beyond the Standard Model.
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Chapter 6

Quantum Gravity

Physics is becoming too difficult for the physicists
— David Hilbert [49]

In science we must all submit not to what seems to us attractive
from one point of view or another, but to what represents an

agreement between theory and experiment.
— Dmitri Mendeleev [32]

lol sike. The rest is up to you. Take inspiration from this poem that I took from Francisco Blanco [4]:

If some new truth, O Friend! thy toil discover,

If thine eyes first by some fair form be blest,

Love it for what it is, and as a lover

Gaze, or with joy receive thine honoured guest:

The new-found Thought, set free, awhile may hover
Gratefully near thee, but it cannot rest.

Sir William Rowan Hamilton [24]
. . . . . -nAB &
Dirac equation in curved spacetime. Internal Lorentz transformation ¢/ = U, U = e~%0" " San,

1 & A . EF &
O UU" = —i / e 10" San g 9D G it Ser g (6.0.1)
0
—ic0ABg CD &  ic6PF S AB/ \ & det? 1 . A AB ,CD

e *‘38”0 Scpe BE = (b (E)SAB — ae = g[SABwS’CD]e (b (6.0.2)

1 - ~ ~ ~ ~ ~
E[SAB7 Scp) =nBpSac —NapSec —nBcSap +NacSep (6.0.3)

d¢AB __ opA _BC B _AC

= 5 = 20%c”" =207 ¢ (6.0.4)

A 9P J A A A A
L 3(9) = (6 CD) B (JCD) B — ($D7730 — 50531) (605)

d AB
(ZE = (0PFIpp) o + (PP Ipp)P o — ¢*B(e) = LA (e0)LP p(e0)¢“P(0)  (6.0.6)
1
= 9,UU ' = —i / LAc(0)LP 5(£0)9,0°PdeSap = —iMAP,,S4p (6.0.7)
0
— 0,L4LC = M°P (Jop)ip = —2M*p, = OUU ' = —%LAC(%LBCS‘AB (6.0.8)
wp = Kw*P Sap and o, =Uw, U™ +UQ,U™ — K== (6.0.9)
7 ~

= V=01 + §wABMSABw. (6.0.10)
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