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1 Introduction and summary
Let’s quickly review where we are so farB In the previous two semesters we did the following:

e We motivated quantum field theory from two points of view:

— It allows us to combine special relativity and quantum mechanics without violating causality.
— It arises as the universal long-distance description of many-body quantum systems with local
interactions due to the focusing behavior of the renormalization group.

e We showed that particles which arise from relativistic quantum field theories always obey the following
rules:
— Charged particles have antiparticles of the same mass and opposite charge.
— The number of particles is never conserved unless there are no interactions.

— Particles of integer/half-integer spin must be bosons/fermions respectively.

The CRT operation exchanging particles with antiparticles and reflecting space and time is always
a symmetry.

e We introduced free and interacting field theories constructed from real and complex scalars, Dirac and
Majorana spinors, and one-form gauge fields, and we learned how to compute correlation functions
and scattering amplitudes in these theories perturbatively using Feynman diagrams. In particular we
constructed the (true) Yukawa theory

2

L=~ S0u00"6 — LG — (B + m — g (L.1)

of spinor nucleons interacting with pseudoscalar pions and the spinor electrodynamics

L= L fu ™~ (D +m) g (1.2)

of protons/electrons interacting with photons. We studied the latter theory in some detail at tree level
and one-loop, leading to the famous one-loop calculation of the anomalous magnetic moment of the
electron. We also showed that the classical Ising model in 2 spatial dimensions has a long-distance
description in terms of a free Majorana fermion, and we used this to explain Onsager’s solution of the
model.

e We introduced the spontaneous breaking of global symmetries, showing that when the broken sym-
metry is continuous this leads to massless scalar particles called (Nambu-)Goldstone bosons. We also
introduced the Higgs mechanism, whereby a field charged under a continuous gauge symmetry gets an
expectation value, and we showed that this causes the gauge boson to acquire a mass. We explained
how the Higgs mechanism underlies the remarkable phenomenon of superconductivity.

e Two subtleties which we dwelt on at some length are that spinor fields transform in representations
of the spin double cover of the Lorentz group rather than the Lorentz group itself, and that gauge
symmetries which vanish at spatial infinity must be viewed as redundancies of description in order to
get a well-defined Hamiltonian theory.

IThis course picks up where my first/second semester QFT lecture notes left off. I recommend looking at them on my
website and reviewing anything which isn’t familiar. If you took QFT II with another instructor you may have already learned
some non-abelian gauge theory, but you likely will not have learned it the way I will teach it.



1.1 Theoretical motivation

In some sense our formal presentation of quantum field theory is complete: we know the general rules, and
we know how to do calculations in concrete models. On the other hand you may be wondering to what extent
the models we have discussed capture the full set of phenomena which can arise in quantum field theory. Here
is an attempt to argue that they do. We have learned how to construct interacting theories for massive and
massless particles of spin/helicity 0, 1/2, and 1. If we introduce particles of spin 3/2 or higher, the number
of helicity states in the massless case is less than we would get in the massive case. Thus to have massless
particles of helicity > 3/2, some gauge symmetry is needed to eliminate the extra spin states. For helicity 2
this gauge symmetry is diffeomorphism symmetry, so the helicity-2 particle is the graviton. As we discussed
last semester we are not including gravity within the framework of quantum field theory, so by definition this
is not allowed. For helicity 3/2 the gauge symmetry ends up being a local version of supersymmetry, and
it turns out that local supersymmetry is not consistent unless the theory also has a graviton (the resulting
theory is called supergravity). So helicity 3/2 is also not allowed. For massless particles of helicity greater
than 2 there does not seem to be any way to write down gauge-invariant interactions in Minkowski space.
Thus we have learned that massless particles of helicity > 3/2 can’t arise in quantum field theory unless
they are free. What about massive particles of spin > 3/27 Interacting theories can be written down for
these, but their interactions are always irrelevant in the Wilsonian sense so there is no universal predictive
theory for an arbitrary set of weakly-interacting higher-spin massive particles.
While there is something to these arguments, they have (at least) two loopholes:

(1) They assume that the particles in the theory arise from weakly-interacting fields. We will see that
in the theory of the strong nuclear force, called quantum chromodynamics (QCD), this is not the
case, and indeed QCD has massive particles with spin > 3/2 whose interactions can be unambiguously
computedﬂ

(2) They assume that the only way to have an interacting one-form gauge field is the way we have already
found, i.e. using the Maxwell action with coupling to matter fields via gauge-covariant derivatives.
But in fact there is another way: non-abelian gauge theory. This is a generalization of quantum
electrodynamics where there are multiple gauge fields that are mixed together by gauge transformations.
Unlike the d = 4 field theories we have constructed so far, we will see that non-abelian gauge fields can
flow to strong coupling at long distances (with QCD being the prime example). They thus can lead to
interesting new phenomena that we did not have in our ¢*, Yukawa, and Maxwell theoriesEI

This semester we will therefore primarily be concerned with constructing non-abelian gauge theories and
understanding the remarkable phenomena they can lead to.

1.2 Experimental motivation

In addition to these theoretical motivations, there are also experimental reasons not to be satisfied with the
field theories we have considered thus far. We will now discuss several of these, seeing how they eventually
lead to a theory of particle physics based on non-abelian gauge ﬁeldsﬁ

1.2.1 Hadron Proliferation

So far we have given a description of the atomic nucleus as a bound state of protons and neutrons held
together by exchanging pseudoscalar pions via the Yukawa Lagrangian (1.1]). By the early 1950s however it

20n the other hand as far as I know the argument against interacting massless particles of helicity > 3/2 in Minkowski space
is correct.

3For d = 3 on the other hand we found that ¢* theory flows to strong coupling in the infrared, and in the first semester we
studied this using the e-expansion. Unfortunately that method is not strong enough to understand non-abelian gauge theories,
so we will need to find something better.

4The rest of this section has a substantial amount of particle physics. If you are not so interested in particle physics please
bear with me: this will be the highest density of particle physics we encounter all semester, and anyways I at least had some
fun thinking through it.



became clear that these particles have many heavier cousins, some of which have spin greater than one as I
already mentioned. Together with pions, protons, and neutrons these particles are called hadrons. Hadrons
come in two types, bosonic mesons and fermionic baryons. Here is a table of the lightest mesonsﬂ

Name Symbol | Mass (MeV) | Charge | Spin | Lifetime (s) | Quark Content
Neutral Pion 70 135 0 0 8 x 10717 uu — dd
Charged Pion nt 140 +1 0 3x 1078 du/ud
Charged Kaon K* 494 +1 0 1.2 x 1078 su/us

Neutral Kaon (Short) K2 498 0 0 9x 1071 3d + ds
Neutral Kaon (Long) K? 498 0 0 5x 1078 5d — ds
Eta n 548 0 0 5x 1071 | wu + dd — 23s
Eta prime 7 958 0 0 3 x 1072 uu + dd + 3s
Charged Rho pt 775 +1 1 5x 10~ du/ud
Neutral Rho p° 775 0 1 5x 1072 wu — dd
Omega w 783 0 1 8 x 1072 wu + dd
Charged Vector Kaon K** 892 +1 1 1x107% Su/us
Neutral Vector Kaon | K*/K*0 896 0 1 1x107% 3d/ds

Phi ¢ 1020 0 1 | 2x1072 3s

and here is a table of the lightest baryons:

Name Symbol | Mass (MeV) | Charge | Spin | Lifetime (s) | Quark Content

Proton pt 938 1 1/2 | >3 x10% uud

Neutron n 940 0 1/2 9 x 102 udd

Lambda A° 1116 0 1/2 | 3x1071% uds
Sigma (Plus) ¥+ 1189 +1 1/2 | 8x 10~ uus
Sigma (Zero) 30 1193 0 1/2 | 7x107%0 uds
Sigma (Minus) 5 1197 1 1/2 | 1x10-10 dds

Xi (Zero) =0 1315 0 1/2 | 3x1071% uss

Xi (Minus) =- 1322 -1 1/2 | 2x1071% dss
Delta (Plus Plus) AT 1232 2 3/2 | 6x107% uuu
Delta (Plus) AT 1232 1 3/2 | 6x107% uud
Delta (Zero) A° 1232 0 3/2 | 6x107% udd
Delta (Minus) A~ 1232 -1 3/2 | 6x107% udd
Sigma (Star Plus) DIns 1383 +1 3/2 | 2x107% uus
Sigma (Star Zero) »*0 1384 0 3/2 | 2x107% uds
Sigma (Star Minus) DI 1387 -1 3/2 | 2x107% dds
Xi (Star Zero) B*0 1532 0 3/2 | Tx107% uss
Xi (Star Minus) e 1535 1| 3/2 ] 6x10°% dss
Omega (Minus) Q- 1672 -1 3/2 | 8x 1071 s8s

Clearly this was a lot for midcentury physicists to process, and a theory which required a separate field
for each hadron would not be a very predictive one. In fact these tables are only the beginning, sitting on
top of each of the particles in this table is a Regge trajectory of additional particles of higher spin and
mass, and there are also other heavier hadrons as well. Many of these hadrons are quite long-lived, as the
natural timescale associated to hadrons is

h
Tst - 0
STOmI T 1000MeV
5These tables are obtained from the Particle Data Group (PDG), but I have suppressed error bars and been somewhat

capricious about how many significant figures to include. We are anyways looking for general patterns rather than high
precision.

=6x 10" s, (1.3)




To make sense of these tables we need some kind of new idea, and the key insight that brought order to the
madness is indicated in the last column: hadrons are bound states of quarks. In other words we can replace
these tables by a much simpler one that looks like this:

Name | Symbol | Mass (MeV) | Charge | Spin

Up U 2.3 2/3 1/2
Down d 4.8 -1/3 1/2
Charm c 1.3 x 103 2/3 1/2
Strange 5 95 -1/3 1/2

Top t 1.7 x 10° 2/3 | 1/2
Bottom b 4.2 x 103 -1/3 1/2

This table shows the six types of quark, which are conventionally called flavors. The previous tables
show the lightest hadrons that are bound states of the three lightest flavors: the up, down, and strange
quarks (so in fact we only need three rows of the table!). There are a few things which are immediately
worth commenting on:

The masses of the hadrons are substantially larger than the masses of the quarks, suggesting that
whatever force binds them together is very strong. As a comparison I will remind you that the binding
energy of hydrogen, —13.6 eV, is much smaller than the electron mass m, = 5.1 x 10° eV. Indeed the
differ by the square of the fine structure constant o = whose smallness you will recall measures
the weakness of electromagnetic interactions.

1
137>

The mass differences among similar hadrons, such as the different pions or the proton and neutron,
are of order the quark masses, suggesting that they are at least partly explained by quark masses.

There are also electromagnetic difference between the hadrons, as the up and down quarks have different
electric charges. These should contribute to the hadron masses as

¢*/Ry ~ a(1000MeV) ~ 10MeV, (1.4)

which again is of order the differences in hadron masses of similar type. So apparently the quark masses
and electromagnetism are both important in understanding hadron mass differences.

The pseudoscalar mesons are substantially lighter than the other hadrons, especially the pions. This
is with the notable exception of the n and 5/, which have a linear combination that does not involve
the strange quark but is still much heavier than the seemingly similar 7°.

Although quarks give a nice way of organizing our hadron tables, no quark has ever been seen in
isolation. So the strong interactions which bind the hadrons together must also conspire to prevent
free quarks.

Over the course of the semester we will see how QCD is able to explain all of these phenomena. In
particular we will see that the pseudoscalars are light because they are approximate Goldstone bosons
arising from the spontaneous breaking of an approximate global symmetry, and also that the dynamics of
the strong force leads to a potential between quarks that grows linearly with distance. This linear potential
causes the phenomenon of confinement, whereby quarks must be bound up into hadrons. In figure [I] I
show a plot from the PDG review on the quark model, showing remarkable agreement between theory and
experiment for the masses of all of the hadrons in the above tables. These theory calculations are done using
lattice gauge theory, which is a precise non-perturbative formulation of non-abelian gauge theory that we
will study later in the semester.
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Figure 1: Light hadron masses as computed by lattice QCD. The horizontal black lines are the measured
masses, the open points are used to set the Lagrangian parameters (gauge couplings, quark masses), and the
closed points are predictions. The different colors are different lattice calculations of the same quantities.
Lattice calculations which cannot resolve small hadron mass differences typically set m, = mgy and ignore
electromagnetism, in which case there are three parameters to fit: the gauge coupling of QCD, the up/down
quark mass, and the strange mass. Hence there are three open points (for each color) for the low-lying
spectrum. To get the heavier D and B mesons two more open points are needed for the charm and bottom
quark masses.



1.2.2 Flavor-changing decays and leptons

There are two additional notable features of our hadron tables:

e Each hadron has a definite number of up, down, and strange quarks (here we really mean the number of
each flavor minus the number of its antiparticle), with the exception of neutral Kaons where there are a

pair of almost degenerate superpositions K%+ K9, usually called K° and FO, which obey this property.
Moreover if we define a baryon number charge under which all quarks have charge ¢g = 1/3, then
each meson has ¢gg = 0 and each baryon has ¢g = 1 (the corresponding antibaryons have ¢g = —1).

e There is a rather bimodal distribution of lifetimes. Most of the heavier hadrons have lifetimes which
are roughly of order Tsirong, which suggests that they decay primarily through the strong force. On the
other hand most of the lighter baryons (and a few of the heavier ones) have lifetimes in the 1078 —1071%
range. Then there are a few oddballs like the 7° and the 7, which are in between these two scales, as
well as the neutron, which lives for a geological 15 minutes!

These points are actually related to each other. The first point suggests that the strong force cannot change
any of the six flavor numbers or baryon number, and indeed we will see that these are all symmetries of
QCD. Moreover if we spend a little time glancing at the table, the hadrons with lifetimes of order 74, all
have plausible decay channels that respect all of these symmetries. For example the p™ can decay into a 7+
and a 70, which is indeed its dominant decay channel, and a A*+ can decay into a proton and a 7. On
the other hand some of our hadrons do not have any plausible decay channels that respect flavor number
symmetry. For example a 7% has no lighter charged hadron to decay into. Similarly a neutron could only
decay into a proton, but that has the wrong up, down, and electric charges and we do not have enough
energy to fix them by including a #~. In order to account for these decays we thus need to introduce some
additional force that goes beyond the strong and electromagnetic forces: the weak nuclear force.

We can get started understanding the weak nuclear force by considering more carefully the decay of
the neutron. What could the final state be? It needs to be electrically neutral, and whatever particles are
produced their masses need to add up to less than 940 MeV. If one of these particles is a proton (for example
to conserve baryon number) then we have only 2 MeV left for whatever else is produced. To cancel the
charge of the proton, the only remaining option is an electron:

n—ptt+e +7. (1.5)

We have allowed for the possibility of something else in the final state, which we will see in a moment is a good
idea. The rest mass of an electron is .5 MeV, so the electron produced by neutron decay will be somewhat
relativistic but not extremely so. For historical reasons electrons which are produced by nuclear decay are
called -radiation, so this process is called ﬂ—decayﬂ is indeed the primarily observed decay channel
of the neutron, which we can view as evidence that the weak nuclear force indeed conserves baryon number
(otherwise we could have a decay like n — et + 77, and we’d even have to worry about p*t — et + 70).
The lifetime is so long for two reasons: firstly because the weak force is indeed weak, and secondly because
there is very little energy for the electron and its mystery partner so the integral over the final state phase
space is suppressed.

Let’s now turn to the mystery partner in the final state. We’ll first conservatively assume that it is not
there, so that the final state is just a proton and an electron. In the rest frame of the neutron the momentum
pe of the outgoing electron would then be determined by energy and momentum conservation to solve the

equation
My = /Mg +pZ +/mg + pZ. (1.6)

After a little algebra this gives

6When ionizing radiation was discovered in the late 19th century people had no idea what it was made out of, so they
classified it into «, B, and < particles based on how far they could penetrate aluminum. We now know that o particles are
helium nuclei, 8 particles are electrons, and ~ particles are photons.



for the energy of the outgoing electron. This however is not what is observed, which is that there is a
continuous distribution in electron energy. If that is not bad enough, there is an additional problem with
a proton-electron final state. Namely neutrons, protons, and electrons all have spin 1/2, so in a decay
n — p+ e~ the angular momentum of the initial state is a half-integer while the angular momentum of the
final state is an integer! These problems actually led luminaries such as Bohr to propose that energy and
angular momentum are not conserved by the weak nuclear force, but fortunately Pauli in a famous letter
proposed an alternative: the true decay of the neutron is

n—pt+e +7.. (1.8)

where 7, is the antipartner of a new particle v, called a neutrino (more precisely an electron neutrino).
This removes the tension with energy conservation, as now the electron energy can vary depending on how
much energy is carried off by the antineutrino. Let’s work out a few properties that the neutrino must have:

e To restore angular momentum conservation it must be a fermion, so conservatively we will take it to
have spin (or possibly helicity) 1/2.

e It must be electrically neutral, since otherwise it would have already been seen in the decay products
of the neutron.

e It must be neutral under the strong force, since otherwise it again would have been detected (and
potentially even be subject to confinement).

e It must not be neutral under the weak nuclear force, since it needs to be produced during the decay
process.

e It must be very light, since otherwise it could not be produced using our 2 MeV energy budget and
moreover it would not have enough possible final momenta to account for the observed range of electron
energies.

These properties combine to give a ghostly partner to the electron which is quite difficult to detect, and
indeed Pauli described the situation thusly: “I have done a terrible thing, I have postulated a particle that
cannot be detected.” History proved him wrong in the best possible way: neutrinos were directly observed
in 1956 less than thirty years later (and just in time, as Pauli died in 1958)[]

The electron and the electron antineutrino are our first examples of leptons, which are a class spin 1/2
fermions which are neutral under the strong interactions. Just as the process preserves baryon number,
it also preserves lepton numberﬂ We saw before that the up and down quarks have heavier cousins with
the same quantum numbers, and this turns out to be true for electrons and neutrinos as well:

Name Symbol | Mass (MeV) | Charge | Spin | Lifetime (s)
Electron e~ .51 -1 1/2 > 10%
Electron Neutrino Ve <1076 0 1/2 X
Muon e 106 -1 1/2 2x 1076
Muon Neutrino vy <107° 0 1/2 x
Tau - 1777 1 1/2 | 3x10°13
Tau Neutrino vy <1076 0 1/2 X

Note in particular that direct measurements of the neutrino masses are consistent with them being zero.
This is why the neutrino lifetimes are ambiguous: the lifetime of a massless particle cannot be defined since
it does not have a rest frame. Nonetheless no neutrino has every been seen to decay. On the other hand

"The way they were detected was via a kind of inverse 8 decay, where an antineutrino is absorbed by a proton to make a
neutron and a positron.

8We will eventually see that the weak nuclear force does violate baryon and lepton number symmetry via highly-suppressed
non-perturbative processes called instantons, but as far as we know the difference of baryon and lepton number, usually called
B — L, is exactly conserved.

10



there is by now quite convincing indirect evidence that at least two independent linear combinations of these
neutrinos has nonzero masses of order 1078 MeV, and using this value their lifetimes are at least of order
months. The muon was discovered in cosmic rays already back in 1936, while the tau was not seen until the
1970s due to its large mass. One simple place where the muon appears is in the dominant decay of the 7+
meson:

=t + . (1.9)

1.2.3 R/T violation

The theories (1.1)) and (1.2]) both have the property that addition to CR7 symmetry, they are also invariant
under separate spatial and temporal reflection symmetries R and 7T that act on the fields asﬂ

#(2) = —6(Ra)
Y (z) = vy ¢(Rz)
Al\(z) = R”, A, (Rax) (1.10)

and™]

¢'(z) = —¢(Tx)
V() = Biy"y(Tx)

Al(@) = —T" A (Ta), (1.11)
where B is the charge conjugation matrix which in our standard y-matrix representation in 3+ 1 dimensions
is given by
o 0 —09
B, = (_02 0 > (1.12)
and
1 0 00 -1 0 0 O
0 -1 0 0 0 1 0 0
R= 0 0 10 7= 0 0 1 0 (1.13)
0 0 01 0 0 0 1

When we study QCD we will see that these symmetries are also preserved by the strong nuclear force. Quite
remarkably however, they are both violated by the weak nuclear force!

The possibility that spatial reflection symmetry might be violated by the weak nuclear force was first
proposed by Lee and Yang in 1956, who suggested several possible experiments. They discussed this pos-
sibility with Wu, who realized that she was capable of carrying out the first experiment they suggestedlEI
The idea was to look at the 8 decay of Cobalt via the process

Cogo — Nigp + e~ + T, + 27, (114)

and in particular at the relationship between the angular distribution of the electron and the initial spin of
the Cobalt nucleus. What Wu found is that the electrons are preferentially emitted opposite to the direction
of the nuclear spin, which is clearly not consistent with a symmetry that reflects the momentum in the spin

9Although R is the fundamental spatial reflection symmetry, and also the operation that appears naturally in the CR7T
theorem, in 3+ 1 dimensions it is universal practice to combine it with a spatial rotation to introduce a parity transformation
P that inverts all three spatial directions. One thus typically says that it is P which is shown to be violated by the Wu
experiment and CP which is violated by the decay of K g to three pions.
10The minus sign in the transformation of A, arises because there is an 4 in the covariant derivative so 1A, needs to transform
the same as 0, and time reversal is antiunitary. You can check that this is consistent with the usual statements that the electric
field is even under 7 while the magnetic field is odd, which you can figure out by thinking about what happens to their sources.
H1n the early 20th century the romanization of Chinese names was not yet standardized. T.D. Lee, C.S. Wu, and C.N. Yang
would today be written as Li Zhengdao, Wu Jianxiong, and Yang Zhenning.
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Figure 2: A meson and a baryon, held together by non-abelian electric flux tubes.

direction but does not reflect flip the spin (which is what happens if we act with R in the direction of the
spin). This was an extraordinary discovery, for which Lee and Yang received the Nobel prize in 1957. Wu
was outrageously excluded due to her lack of a Y chromosome, which led to substantial criticism of the
Nobel committee (including from Pauli). In the next few years it was understood that the origin of the R
violation in the standard model is that the weak force couples only to left-handed particles and right-handed
antiparticles|'?| Since R symmetry mixes the left and right handed components of a Dirac spinor (due to
the v! in (1.10))), it therefore must be broken. This breaking of handedness is often described by saying that
the weak force is chiral: it distinguishes between left and right handedness.

Although the Wu experiment showed that R symmetry is broken by the weak force, it left open the
possibility that 7 symmetry is still conserved. This is because the T transformation does not mix left
and right-handed spinors. Theorists such as Landau therefore held out the hope for several years that T, or
equivalently CR by the CR7T theorem, would still be a symmetry. This also turned out to be false however:
in 1964 Cronin and Fitch showed that the K9 meson, which is odd under CR, can occasionally decay to
two pions, which is a CR-even state. This violation of CR symmetry is more subtle than the violation of R
symmetry, and once we present the standard model in detail we will see that it requires the existence of all
6 flavors of quarks and leptons.

1.3 Towards gauge fields

We have now gathered most of the experimental data we will need for the rest of the semester. What we
have not seen however are any non-abelian gauge fields. Why do we need them? We’ll discuss first the strong
force and then the weak.

1.3.1 Non-abelian gauge fields for the strong force

The main role for non-abelian gauge fields in the strong nuclear force is to provide the mechanism for
confinement. For mesons the picture is quite simple: in each meson the quark and antiquark are held
together by a flux tube, made out of a non-abelian generalization of the electric field. See the left side of
figure|2|for an illustration. Since the flux is constant along the tube, the potential energy of the configuration
grows linearly with the distance between the quark and antiquark. In particular if we move one of the quarks
off to infinity, the remaining configuration has infinite energy. In fact long before we get to this infinite energy,
the large energy in the tube would cause the creation of a quark-antiquark pair, leading to a pair of mesons
rather than an isolated quark (see figure [3[). This picture is appealing, but it has two immediate problems:

e The flux tube picture explains the presence of mesons, but what about baryons? In order to have a
baryon we need to have a way for three electric flux lines to come together at a point (see the right

120f course we could always change what we mean by particle and antiparticle, the invariant statement is that there is a
choice where this is true.
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Figure 3: String breaking to prevent formation of an isolated quark: if we pull on the ends of a meson,
eventually we get two mesons instead of two quarks.
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Figure 4: As we increase the gauge coupling the classical electric dipole on the left must adjust into a
confining flux tube.

side of figure , which is certainly not a solution of Maxwell’s equations.

e For the actual electric field, a flux tube is not the ground state configuration of an electric dipole. This
is instead given by the classical dipole field shown in figure 4} which has finite energy (provided that we
regularize the UV by giving the charges some finite size). Why should non-abelian gauge fields prefer
the flux tube configuration instead of the dipole field configuration?

The solution to the first of these problems is that we need to promote the gauge group U(1) of quantum
electrodynamics to the non-abelian group SU(3), which allows for gauge-invariant operators of the form

b= enmetlndmxe (1.15)

nmt

where 1, ¢, x are quark fields and n is a three-component index which is mixed under SU(3) gauge trans-
formations. €,,,¢ is the usual completely-antisymmetric tensor with €123 = 1. The label n is called color; it
should not be confused with flavor (e.g. each up quark has three possible colors). This operator is gauge-
invariant for the same reason that we can make a pseudoscalar out of three vectors in R? using the cross
product: ¥ - (¥ x @). To give a concrete example, a gauge-invariant local operator in QCD with the same
quantum numbers as the proton is

P = €nme (ty, Cydm) ug, (1.16)
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where u and d are fields that annihilate up and down quarks and C = iB>4" is the matrix appearing in the
action of a Majorana fermionE

The solution of the second of these puzzles is more subtle. The essence is that the classical dipole
configuration is preferred when the gauge coupling is small, while the flux tube configuration is preferred
when the gauge coupling is large. The latter is clearly not something that we can establish using conventional
perturbation theory, but we will be able to show it using lattice gauge theory in an approximation where
the coupling is very large instead of very small.

There is a third essential feature of non-abelian gauge theory which is worth commenting on. As we just
discussed the flux tube configuration is dominant at strong coupling, but why should the coupling be strong?
Indeed from our work on the renormalization group we know that coupling constants in field theory are
actually scale-dependent, and in 3 + 1 dimensions the couplings we studied so far all get weaker as we go to
long distances. More specifically, we found that the 8 functions for the self coupling A in A¢* theory and the
gauge coupling ¢ in spinor electrodynamics are positive. The same is true for the gauge coupling in scalar
electrodynamics and the Yukawa coupling g. We will see this semester however that the gauge coupling in
non-abelian gauge theory has a negative 3 function, and thus flows to strong coupling at long distances even
if we start with a small coupling in the UV. This is important because it means that confinement is actually
a robust feature of non-abelian gauge theory in 3 + 1 dimensions: in order to avoid it we need to have some
other infrared dynamics such as the Higgs mechanism or a large number of massless charged particles.

1.3.2 Non-abelian gauge fields for the weak force

Let’s now return to the problem of the 8 decay of the neutron. We would like a theory that accounts for the
possibility that a neutron can decay into a proton, an electron, and an antineutrino. In 1934 Fermi proposed
such a theory, which in modern notation uses a vector interaction ]

Gr _ _
L:%'gegrélmi = _72 (p’yun) (e’Yp,Ve) + h.c.. (117)

Here G is a coupling constant, which we will estimate in a moment, and p, n, e, and v, are Dirac spinors
for the proton, neutron, electron, and electron neutrino. After the Wu experiment however this needed to
be modified to ensure that only left-handed particles feel the weak force, so the modern version is

Gp ._ _
LEermi = —7; Y (1 — gavy)n] [Ev.(1 —v)ve] + hec. (1.18)
The parameter g is not one because it is really left-handed quarks that feel the weak force, and the
relationship between quark fields and hadrons passes through the complexities of confinement. The chirality
of the Fermi interaction is more clear if we write it directly in terms of the quark fields, in which case we get

uarks G — g
E%em’ii = —7; wd [0y (1 —y)d] [ey, (1 — v)ve] + h.c. (1.19)

where V,,4 is an element of the “CKM matrix”, which we will learn about later (for now it is enough to know
that V,4 =~ 1). Interactions of this type are called Fermi interactions, and the Feynman diagram for the
[B-decay via the Fermi interaction is shown in figure

13See section 5 of QFT II. Quarks are not Majorana fermions; the role of C here is that 17 C has the same Lorentz trans-
formation as ¥, so uZC'ydm is a Lorentz scalar. You might ask why this scalar did not appear in Yukawa theory or spinor
electrodynamics, for example via a Yukawa type interaction —iggyT Ctp. In Yukawa theory this is not allowed because it would
violate baryon number symmetry, while in electrodynamics the quantity ¢7 Ct) wouldn’t be gauge-invariant.

14Fermi’s paper was rejected by Nature on the grounds of being too speculative to be interesting, which apparently caused
him to give up on doing theory for a while. This opinion was not shared by his peers, who viewed his paper as a major
breakthrough. Perhaps his most audacious idea was that the electron and the antineutrino could be produced “out of nothing”
at the cost of converting a neutron to a proton, previous theories had demanded that the electron and the antineutrino be
bound inside of the nucleus prior to its decay. Particle nonconservation had been previously accepted for the photon of course,
but Fermi was the first to take it seriously for fermions.
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Figure 5: Three perspectives on the 8-decay of the neutron. On the left the decay is mediated by the original
Fermi interaction between nucleons and leptons. In the middle we have used QCD to resolve the proton
and neutron into constituent quarks. On the right we have further resolved the non-renormalizable Fermi
interaction using the exchange of a W boson, which is the current theory of this decay. This is a classic
illustration of effective field theory, with the renormalization group taking us from right to left.

In 3 + 1 dimensions the energy dimension of a spinor field is 3/2, so the energy dimension of the Fermi
coupling is
[Gr] = —2. (1.20)

In other words the Fermi interaction is not renormalizable, which from the Wilsonian point of view means
that it is induced by some kind of short distance physics at an energy scale

(1.21)

We can estimate this scale using our typical weak decay time scales: since the rate should be proportional
to the coupling squared, by dimensional analysis the typical hadronic lifetime for a weak decay should be of

order
1

TR

where @ is the available energy for the decay. For the decay of the neutron we have Q ~ 2MeV and 7 ~ 103,
which gives

T

(1.22)

Mp ~ 10° MeV. (1.23)

This is a bit of an overestimate, actually computing the lifetime and comparing to the observed value gives
Mp =~ 3 x 10° MeV. (1.24)

Thus the Fermi theory suggests that the weak force should arise from interesting physics at an energy scale
of order 100 GeV, which is typically called the electroweak scale.

What kind of new physics could we expect? The structure of the Fermi interaction suggests that
it could arise by exchanging a heavy vector boson, conventionally called the W boson and denoted W™,
which couples only to left-handed quarks and leptons, and which converts between quark flavors as well as
electrons and neutrinos. See figure [5] for an illustration. In order for electric charge to be conserved this
vector boson needs to be charged, so it has an antipartner called the W~. Their mass should be of order
Mp. There are a few questions however that need to be answered:
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e How can interaction with a vector boson change the flavor of a quark/lepton? This certainly did not
happen in quantum electrodynamics.

e Since the W is charged, it must somehow mix together with the photon. What does this interaction
look like and how is it gauge-invariant?

e Why is the W™ massive? Typically massive vector bosons do not have renormalizable interactions, so
does this mean there is some further new physics we need to discover?

e If the W only couples to left-handed quarks and leptons, how are we supposed to think about the
fact that these are massive particles and thus do not have well-defined handedness?

The answer to the first two of these questions is that the W= need to be gauge bosons that arise from a
non-abelian gauge group, whose action on the matter fields mixes quark flavors and electrons with neutrinos.
Since they need to mix u and d, and also e and v, this suggests the gauge group SU(2). On the other hand
SU(2) cannot be the whole story, since the W+ need to be charged under electromagnetism. The resolution
of this puzzle is that the full gauge group is

Gegw = SU(Q) X U(l)y, (1.25)

where the photon actually arises from a linear combination between the U(1)y generator (which is called
hypercharge) and the o, generator of SU(2). To understand why only this linear combination is massless
we need to introduce the Higgs mechanism, which gives mass to the other three generators. Two of these
generators are the W+ and W™, while the third gives yet another massive vector boson, called the Z boson.
This answers the third question, and actually the fourth as well since we saw last semester that the Higgs
mechanism can also give masses to charged particles like quarks and leptons via a Yukawa type interaction.
We thus are led to the conclusion that the full gauge group of the standard model iﬁ

Gsur = SU(3) x SU(2) x U(1)y, (1.26)

with the heavy vector bosons W= and Z, as well as a heavy scalar Higgs boson H. As of 2012 these have
all indeed been observed, with the following masses and lifetimes:

Name | Symbol | Mass (GeV) | Charge | Spin | Lifetime (s)

W boson w+ 80.4 1 1 3x 1072
7 boson Z 91.2 0 1 3 x 1072
Higgs boson H 125 0 0 1.6 x 10722

We will spend a good part of the rest of the semester filling in the details of this theory of the strong,
weak, and electromagnetic forces between elementary particles, which is called the Standard Model of
particle physics. The standard model has turned out to give an almost complete description of all observed
phenomenona in particle physics so far.

1.4 What is missing?

Although the Standard Model has been very successful, it is worth mentioning that there are several observed
phenomena that it cannot explain:

e Gravity: The most obvious omission is gravity. We can include it as a non-renormalizable interaction,
but we do not have any strong candidate for a theory that explains scattering at the Planck scale and
above. The evidence so far suggests that a complete theory of quantum gravity would look very different
from the field theories we have constructed so far, and in particular that spacetime itself would need
to be emergent.

15We will eventually see that this is not quite the whole story, as it is possible to have a discrete quotient of this group that
mixes the various factors, but that would only be important for subtle non-perturbative questions so it is usually ignored.
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e Dark matter: The observed distribution of matter in the universe is not compatible with what
we would expect from applying Newtonian (or Einstein) gravity. It instead suggests that there is
a large amount of mass carried by some kind of massive particle which does not interact with the
electromagnetic or strong forces. In the Standard Model there is no such particle, with the only
possibiliﬂ_%ly being neutrinos but these are too light to account for the non-relativistic behavior of dark
matter

e Neutrino mass: As already mentioned there is by now good evidence that at least two of the neutrinos
have small masses of order 1078 MeV. In the Standard Model they are massless, and there are a number
of options for how to modify it to fix this which we cannot yet discriminate between experimentally.

e Baryogenesis: The observed matter in the universe strongly favors baryons over antibaryons and
leptons over antileptons. This is true despite the fact that the expansion of the universe does not break
CR symmetry. The standard model does include processes that break CR symmetry as we already
mentioned, but not enough to explain the observed asymmetrym

e Structure formation: The matter overdensities during the big bang which eventually collapsed to
form stars and galaxies have a rather specific “nearly scale-invariant” distribution that could not have
been produced from only standard model fields starting from simple initial conditions. The leading
candidate to explain this is inflation, which hypothesizes that in the early universe there was an
additional scalar field that slowly rolled down its potential driving a period of rapid expansion.

There are also some more philosophical problems based on the idea that some coupling constants in the
standard model or cosmological parameters appear “fine-tuned” without any convincing explanation for
why:

e Cosmological constant problem: In the standard model loop diagrams naturally generate a cos-
mological constant which is of order the UV cutoff to the fourth power. If we take the cutoff to be the
Planck scale, then this cosmological constant is larger than the observed one by about 10123, To fix
this we need to tune the bare cosmological constant to cancel the one that is dynamically generated,
to one part in 10123, Even if we lower the cutoff to the scale of 10 TeV, which is the lowest scale that
we have not convincingly probed using colliders, there is a tuning to one part in 1053.

¢ Electroweak Hierachy problem: Loop diagrams in the standard model also generate a mass for
the Higgs boson which is of order the cutoff squared. If we again take the cutoff to be the Planck scale,
the mass squared that we get is of order 1034 times the observed mass squared. Thus to fix this we
need to tune the bare Higgs mass to cancel this one to one part in 1034, If we lower the cutoff scale to
10 TeV this tuning is still of order one part in 10%.

e Strong CP problem: In QCD we will see that there is a CR-violating term that could be included
in the action with a dimensionless coupling called . Since CR is violated in the electroweak sector, we
should expect the renormalization group to generate an O(1) value of 8 at low energies, which would
lead to a sizeable electrical dipole moment for the neutron. In fact no such moment is observed, leading
to a bound § < 1071'°. In order to have such a small dipole moment we therefore need to include a
bare contribution to 6 in the action which cancels the one generated by the weak force to one part in
1019,

e Cosmological coincidence problem: As far as we know there are no direct interactions between
standard model particles and dark matter. Nonetheless the average energy densities of the two in the
universe are comparable, with the dark matter energy density being about five times higher. Moreover

16The term “dark matter” is misleading, as dark objects are those which absorb light. A better name would be “transparent
matter”.

17Nonetheless it is tantalizing to speculate that the breaking of CR symmetry in the standard model is a necessary part of
the story, as this could give a compelling reason why it is necessary to have the heavy quarks and leptons (recall that we need
all of them in order for CR to be broken).
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these are both comparable to the current energy density in the cosmological constant, with that being
about 2.5 times the energy density in dark matter. A priori these three densities have nothing to do
with each other, so why are they all similar?

These problems are not as compelling as the previous ones, since in each case the answer could just be “that
is the way it is”. On the other hand so far the fundamental laws of physics have not tended to involve
very large or very small dimensionless parameters, so it would be nice if we can come up with some kind of
dynamical explanation. In this class we will for the most part not discuss proposed solutions for either set
of problems, as our goal is to understand the laws of physics which currently have strong empirical support.

1.5 Other applications

In the previous two semesters we discussed several applications of quantum field theory to condensed matter
physics. So far non-abelian gauge fields seem to be of less importance there than they are in high-energy
physics, so our applications this semester will primarily be from particle physics (as we have already seen).
That said, a strong candidate for a non-abelian phase in a condensed matter system is the fractional quantum
hall effect with filling fraction v = 5/2, as realized for example with layered GaAs and AlGaAs at low
temperature and high magnetic field. This system is particularly interesting from the point of view of
quantum computation: a sufficiently tunable implementation would potentially allow us to build a quantum
computer with excellent fault-tolerance properties.

Non-abelian gauge fields are also of great importance in quantum gravity and string theory. For example
in the most well-understood example of the AdS/CFT correspondence relating quantum gravity in asymp-
totically anti-de Sitter space to conformal field theory at its asymptotic boundary, the boundary conformal
field theory is a supersymmetric version of non-abelian gauge theory with gauge group SU(N). More gen-
erally non-abelian gauge fields arise in string theory whenever you have a stack of multiple D-branes, and
they can also arise when you compactify string theory on a manifold with a non-abelian isometry group.

Another place where non-abelian gauge fields have led to new insights is mathematics. Indeed the proper
mathematical formulation of a non-abelian gauge field is that it is a connection on a principal bundle
over spacetime, with matter fields that are charged under the gauge field being sections of that bundle.
This formulation has led to relations with many important topics in mathematics, for example the Atiyah-
Singer index theorem has a simple proof based on gauge theory path integrals and Donaldson’s theory of
classifying smooth four-manifolds relies crucially on instanton moduli spaces in gauge theory. Moreover
Edward Witten received his Fields medal for using gauge theory in three dimensions to give a physical
interpretation of the Jones polynomial for classifying knots. At the end of the semester we will learn as
much about the topology of gauge fields as we have time for.

1.6 Homework

1. Based on our hadronic tables, come up with plausible strong-force decay channels for the p°, the ¢,
the A, and the ¥*t. Make sure that your proposed decays conserve electric charge, energy, upness,
downness, and strangeness.

2. Argue that there is no possible strong decay for the K+, the A?, the ¥, or the Q~. Come up with
plausible weak-force decay channels for each of these (make sure that you still conserve electric charge,
baryon number, and lepton number).

3. Check that the Lagrangians and are invariant under the R and 7 transformations
and . Don’t forget that 7 is implemented by an antiunitary operator that takes the complex
conjugate of c-numbers in the Lagrangian (including ~-matrices). You can refer to problem 5 from
section 6 of QFT II for help, as well as section 3.5.

4. Confirm the estimate (|1.23) for the electroweak scale starting from the dimensional analysis estimate
(1.22)).
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5. Review anything from the summary on the first page which you are unfamiliar with from QFT I and
QFT II.

19



2 Lie groups and Lie algebras

In the previous section we used experimental data to motivate the idea of having a gauge symmetry that
mixes different quark and lepton fields. More abstractly we would like to construct a field theory that is
invariant under gauge transformations of the form

O () = Drm (9(x))dm (@), (2.1)

where ¢,, are some collection of M fundamental fields (as in electrodynamics, we will see that the gauge
fields themselves have a more complicated transformation rule). Here g(x) is an arbitrary smooth map from
spacetime to a Lie group G which is called the gauge group. D is a map from G to the set of M x M
matrices that respects the group multiplication

D(g1)D(g2) = D(g192)- (2.2)

Such a map D is called a representation of G. Quantum electrodynamics was such a theory with G = U(1)
or G = R, so what we are doing can be thought of as a generalization of quantum electrodynamics to a
broader set of gauge groups. It turns out that performing this generalization will require a more systematic
understanding of Lie groups than we have so far discussed. We will thus spend the remainder of this section
reviewing some of the foundational theory of Lie groups.

2.1 Basic definitions and examples

A Lie group is a smooth manifold G which is also a group, and for which the multiplication and inversion
maps are smoothE A Lie group is called abelian if g1go = g291 for all g1, g2 € G, and otherwise it is called
non-abelian. U(1) and R are abelian Lie groups, while the rotation group O(d — 1) and the Lorentz group

O(d — 1,1) are non-abelian. Here are some other well-known Lie groups:

e GL(N,R): the group of N x N invertible matrices with real components
e GL(N,C): the group of N x N invertible matrices with complex components.
[ ]

SL(N,R): the subgroup of GL(N,R) with determinant one.
SL(N

,C): the subgroup of GL(N, C) with determinant one.
e U(N): the group of N x N unitary matrices

e SU(N): the subgroup of U(N) with determinant one

e SO(N): the subgroup of O(N) with determinant one

A Lie group is called connected if any two points in G can be connected by a continuous path, and it
is called compact if every sequence of points in G has a convergent subsequence. For example GL(N,R) is
disconnected since no path can connect matrices with positive determinant to those with negative determi-
nant, but GL(N,C) is connected since we can have a path where the determinant goes around zero in the
complex plane. U(N), SU(N), O(N), and SO(N) are all compact, while O(d — 1,1) and the GL and SL
groups are all non-compact. For example a sequence of boosts in the z direction with rapidity n =1,2,3, ...
does not have a convergent subsequence in O(d — 1, 1).

18In quantum field theory we can motivate this smoothness requirement by noting that Lagrangians involve derivatives of
fields, and thus require derivatives on gauge transformations.
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The above examples might give you the idea that all Lie groups are matrix groups, meaning groups
that can be constructed as subgroups of GL(N, (C)E This however is not the case, for example the universal
covering group of SL(2,R) is not a matrix group. On the other hand the Lie groups that are most often of
interest in physics are usually matrix groups@ In particular all compact Lie groups are matrix groups, as
we will review below. The primary place where this distinction matters is in the discussion of Lie algebras:
in a matrix group the Lie algebra is itself a set of matrices, while for a general Lie group the Lie algebra is
a set of vector fields on the group manifold G. Our approach will be to first introduce Lie algebras in the
context of matrix groups, and then to explain the general definition.

2.2 Matrix Lie Algebras

General Lie groups are complicated beasts. The idea of Lie algebra is that we can simplify our lives by first
studying the group multiplication “near the identity”. For a matrix group this is easy to formalize: near
the identity we can adopt coordinates x® on the group, with the identity being at * = 0, and then writing
2% = €0 we havd?]]

g=1+ie0°T, + O(?), (2.3)

where g and T, are N x N matrices and the 6 are real. The Einstein summation convention is in force here,
as it will be for a indices from now on. The neglected higher-order terms are matrices whose components
are at most of order 2. If we multiply two such group elements we have

G192 = I 4+ ie(09T, + 05T,) + O(€?), (2.4)

so at first order in € the group multiplication rule reduces to the addition of matrices. The real vector space
of matrices spanned by the Ty, is called the Lie algebra of the matrix Lie group G, and it is often written
as g. We will denote an arbitrary element of g as T', so a general infinitesimal group element has the form

g=1+iel + O(é?). (2.5)

The Lie algebras of the above matrix groups are all fairly straightforward to identify, for example the Lie
algebra gl(N,R) of GL(N,R) is the vector space of imaginary N x N matrices, the Lie algebra sl(N,R) of
SL(N,R) is the vector space of imaginary traceless N x N matrices, and the Lie algebra u(N) of U(N) is
the vector space of hermitian N x N complex matrices.

This first-order treatment of the group multiplication cannot be the whole story however, and in particular
since addition is always abelian it throws away any non-abelian information about the group. To do better
we can consider multiplying together a bunch of copies of an infinitesimal group transformation to get a
finite one{*]

1

lim (I + ieT ) =€l 2.

6%( + €T + O(€?)) e (2.6)
Thus given any element of the Lie algebra g, we can exponentiate (including a factor of 7) to get an element
of the Lie group G. In this context the map T — €T is called the exponential map. Physics textbooks

sometimes pretend that we can use it to give a parametrization of the full Lie group, but there are two
problems with this:

19There is some variance in the mathematics literature on whether or not we should require the subgroup to be closed.
Closure is good because it ensures that the subgroup inherits a natural Lie group topology from that of GL(N, C), but it is bad
T

0
because not all Lie subalgebras generate closed Lie subgroups (a counterexample is the subgroup (eo 1\/532) of GL(2,C),
e

with z € R). For compact Lie groups however, which will be those of primary interest for us, closure is automatic. If we do not
require closure, then we should at least require that the inclusion map from G into GL(N,C) be a smooth immersion (this is
true for the example just mentioned).

20That said, T did recently write a paper which prominently featured the universal cover of SL(2,R)!

21The factor of i here is conventional in physics; it is there so that if g is unitary then T, is hermitian. Mathematicians
use a different convention that does not include it, in which case a unitary g gives antihermitian T,. The mathematician
convention is arguably superior, as it makes the Lie algebra closed under the commutator instead of ¢ times the commutator,
and the exponential map is really the exponential without an annoying extra factor of .. We will stick to the physics convention
however, as it is rather entrenched.

22If you aren’t sure about this limit, try taking the logarithm of both sides.
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(1) The exponential map in general is not injective, as there can be be distinct elements of the Lie algebra
which map to the same group element. For example when G = U(1), the generators T =0 and T = 27
both map to the identity.

(2) The exponential map in general is not surjective, as there can be elements of G which cannot be obtained
by exponentiating any element of g. This is obvious when G is disconnected, as the exponential map
can only reach elements in the identity component (imagine “scaling up” T from zero), but even when
G is connected there are examples where surjectivity fails

The statement which is true in general is that the restriction of the exponential map to a sufficiently small
neighborhood of zero in g gives a bijection onto a neighborhood of the identity in G@

Using the exponential map, we can derive a very important property of the Lie algebra of any matrix
group. By the surjectivity of the exponential map in a neighborhood of the identity, for sufficiently small e

we must have
eieSeieT — eieR(S,T) (28)

for some smooth function R : g x g — g. We can work out the function R order by order in €. For example
writing

R(S,T) = Ro(S,T) + R (S,T) + ... (2.9)

and working to second order in € we need
€2 €2 €2
<I+k5—-2§%w”><l+kT—-2T?+”>::I+uRo+k%ﬁ—-2R3+”.. (2.10)

This has solution
Ry=S5S+T

m:%mﬂ. (2.11)

Thus we see a new constraint on the Lie algebra: the commutator of two elements of the Lie algebra times
i must also be an element of the Lie algebra. We will call this the commutator constraint. In particular

the basis matrices T, must obey
Ty, T.] = iC% . Ta (2.12)

for some real constants C'%_ that are called the structure constants of the Lie algebra. The structure
constants capture the “local part” of the non-abelian nature of the group. In the homework you will check the
commutator constraint for several of the classical matrix groups mentioned above. The structure constants
are clearly antisymmetric in b and ¢, and from the Jacobi identity

[T, [T, Te]] + [T, [Te, Tu]) + [Te, [Ta, To]] = O (2.13)

we see that they must obey
Ceadcdbc + Cebdodca + Cecdcdab =0. (214)

Having discovered that working at second order leads to a constraint on the Lie algebra, you might be
worried that going to higher orders leads to yet more constraints. It turns out however that this is not the
case: all of the higher order terms in R can be expressed as nested commutators of S and T" with a power of

231t is however a theorem that if G is both connected and compact, then the exponential map is surjective.

24To prove this formally one uses the inverse function theorem of many-variable calculus. See for example theorems 7.6 and
7.10 of “Introduction to Smooth Manifolds” by John Lee. The criterion to check is that the differential of the exponential map
at zero is invertible, which is certainly the case here since

d .
— et |smg = 4T, (2.7)
ds

which is zero if and only if T is zero.
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i for each commutator! This expression is called the Baker-Campbell-Hausdorff formula. It would take
us too far afield here to develop it in general, but the first few terms look like this@

. ie2 &3 &3
picS il _ i(e(SHDHS ST+ (T[S T -5(SS.T))+...) (2.15)

Thus the commutator constraint is both necessary and sufficient to ensure that R(S,T') is an element of g.
An important consequence of this result is that given any real vector space of matrices which is closed under
i times the commutator, we can exponentiate it (with an ) to construct a connected matrix group for which
it is the Lie algebra (to get the full group we need to include arbitrary products of exponentials since the
exponential map may not be surjective)@

As with Lie groups, there is an abstract definition of Lie algebra that does not refer to matrices. Namely
a Lie algebra is a vector space V together with a bilinear commutator operation C : V' x V — V| written in
mathematics notation (without the i) as C(z,y) = [z, y|, such that the Jacobi identity [z, [y, 2]] + [y, [z, z]] +
[z, [z,y]] = 0 holds. The latter is automatic for matrix Lie algebras. It is far from obvious, but a famous
theorem due to Ado says that all abstract Lie algebras defined in this way can actually be realized as matrix
Lie algebras, so unlike for Lie groups we do not gain anything by using the abstract definition.

2.3 The geometric approach

Having developed some intuition for Lie algebras in the matrix case, we now give the general deﬁnitionm
For any Lie group G and any group element h € G, we an define a smooth left-multiplication map
L,:G—G by

Li(g) = hy. (2.16)

As with any smooth map from G to G, this map induces a pushforward map
Lps: TgG — Tth, (217)

where T, G denotes the tangent space of vector fields at g@ A vector field X on G is said to be left-invariant
if it obeys
X(hg) = Ln+(X(9)) (2.19)

for all h and g. These vector fields actually form a finite-dimensional vector space whose dimensionality
is the same as the dimensionality of G. This is because the set of left-invariant vector fields is actually
isomorphic as a vector space to T.G the tangent space of G at the identity. Indeed given X, € T.G we can
define a left-invariant vector field by simply defining

X(g) = Lg«(Xe), (2.20)

and conversely given a left-invariant vector field X we can get an element of T, G by simply evaluating X (e).
An important feature of vector fields on manifolds is that we can define their Lie bracket, which in

components is defined to be
[X,Y]* = Xb9, Y — Y9, X, (2.21)

25For a nice reference on the BCH formula see this see “Lie Groups, Lie Algebras, and Representations” by Hall.

26In case you are worried that products of exponentials might not be enough, I’ll mention that it is a theorem that in a
connected Lie group G any neighborhood U of the identity generates all of G. The proof is not difficult: we show that any
subgroup H C G which contains U must be both open and closed. H is open because for each h € H the neighborhood hU is
contained in H, and it is closed because for each g ¢ H the neighborhood gU cannot intersect H (otherwise g would be in H).

27This section and the following one are somewhat mathematical, hopefully you have taken general relativity and know
something about vector fields on manifolds. If not then don’t worry, for the rest of the semester the Lie groups we consider will
all be matrix groups.

28In components, if f : M — N is a smooth map from a manifold M to a manifold N, then

(f+X)(f(2)) = Op f*(2) X" (). (2.18)

If we want f. to be a map from vector fields to vector fields, and not just tangent spaces to tangent spaces, then we should
restrict f to be a diffeomorphism (as is the case for Ly).
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The Lie bracket has the nice property that if X and Y are vector fields on a manifold M and f: M — N is
a diffeomorphism, then
HIX Y] =[fX, f.Y], (2.22)

as you will check on the homework. Therefore we see that the Lie bracket of two left-invariant vector fields
on G is also a left-invariant vector field:

L X, Y] = [Lp X, Ly, Y] = [X,Y]. (2.23)

Thus we see that the set of left-invariant vector fields on G is a real vector space that is closed under Lie
brackets, and that it is isomorphic to the tangent space at the identity. These are precisely the conditions we
found for the Lie algebra of a matrix Lie group, with the bracket replaced by 7 times the matrix commutator,
and indeed this is the way to define Lie algebras for general Lie groups: given a Lie group G, its Lie algebra
is the vector space of left-invariant vector fields on G.

For matrix Lie groups we can check directly that Lie bracket coincides with the Lie algebra as we defined
it above. Near the identity we can parametrize the group multiplication in a matrix group as

. a
iz T

o eing

e o — it (z1,22)Ta (2.24)

Using the BCH formula, to second order in z; and 2 we have

~ 1
Tx1,m0) = x§ + x5 — ax’{xg P (2.25)

In these coordinates we thus have

~ 1
Ly(h)* =3 (zg, 2p) = 2y + 2], — §xgx,ch“bc +.... (2.26)

Using (2.18)) and (2.20) near the identity, we can therefore write a general left-invariant vector field Y (x)
as

Y(x) = (6 — %zccacb +..)Y%(0). (2.27)

Thus the Lie bracket is
a c 1 a b c 1 a b
X, Y] = X9(0) (- 50 Y") = Y(0) (507 X")
= —C% . X°(0)Y*(0). (2.28)
Comparing this to our matrix Lie algebra
i[XT, YT,] = —C% X Y°T,, (2.29)

we see that the Lie bracket indeed corresponds to 4 times the matrix commutator (had we used the mathe-
matician convention for the matrix Lie algebra we wouldn’t have had the annoying factor of 7).

An important tool in our discussion of matrix Lie algebras was the exponential map T — e'”. In a
geometric context there is also an exponential map exp : g — G. The idea is that given Y € g, we can
construct a curve g(t) in G by solving the ordinary differential equation

i*(t) =Y (z(t)) (2.30)

with the boundary condition that at *(0) = 0 in coordinates where z* = 0 is the identity. Solutions of
(2.30) are called integral curves of the vector field Y. The exponential map is then defined by

exp(Y) = g(1). (2.31)
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We can see that this coincides with our matrix group definition as follows. In our exponential coordinates
e’"To 3 candidate path that would agree with the matrix exponential is

2% (t) = t0°, (2.32)

where Y = 0T, is the Lie algebra element we are exponentiating. We need to confirm that this path solves
the equation ([2.30)). In other words we need to show that the left-invariant vector field Y* with Y*(0) = 9°
obeys

Ye(th) = 6°. (2.33)
By definition we have
u 0z (t0, x
Y(th) = % Foab. (2.34)

This quantity is the derivative of Z(t6,z) at = 0 as x moves in the 6 direction. This is easy to compute:
when x1 and x5 are parallel to each other we simply have

(21, 72) = 27 + 25, (2.35)

SO
Yo(th) = %(t +8)0% s = 0° (2.36)

as desired.

One of our main results for matrix Lie groups was that given any matrix Lie algebra we can exponentiate
it to generate a matrix Lie group. Our argument above relied on the BCH formula, which is fairly unpleasant
to derive. Using geometric methods we can give a more elegant proof. The proof relies on the following
famous theorem in differential topology:

Theorem 1. (Frobenius theorem) Let M be a manifold and D C TM be a smooth distribution of rank
k, meaning a choice of k-dimensional subspace D, C T,M at each p € M which varies smoothly as we vary
p. Then the following statements are equivalent:

1. For any two vector fields X and Y such that X (p),Y (p) € D, for all p, the same is true for their Lie
bracket [ X,Y].

2. M is foliated by immersed submanifolds, meaning that each point p € M lies within a unique maximal
immersed submanifold N such that for each ¢ € N we have TyN = D,. Each such manifold N is called
a leaf of the foliation.

Essentially the Frobenius theorem gives a necessary and sufficient condition for M to decompose into non-
intersecting submanifolds. For example in R? the submanifolds where we fix 2**1 ... 2% and let 2!, ..., 2"
vary give a foliation of R? by k-dimensional submanifolds, whose tangent distribution D,, at each point is
the vector space spanned by d1, ... 0. Vector fields that live in this distribution are indeed closed under the
Lie bracket. We won’t prove the theorem here, see Lee’s book. Using it however we can easily prove the

following:

)

Theorem 2. Let G be a Lie group with Lie algebra g. For any Lie subalgebra b C g, meaning a subspace of
g which is closed under the Lie bracket, there is a unique connected Lie subgroup H C G whose Lie algebra
is h. Here Lie subgroup means a subgroup whose inclusion map is a smooth immersion.

Proof. The idea is that for each g € G we choose the subspace D, C T,G spanned by the Lie algebra vectors
in h. By assumption b is closed under the Lie bracket, so by Frobenius’s theorem G is foliated by maximal
immersed submanifolds whose tangent space at each g is D,. Denoting by N, the leaf containing g, we will
take H = N,. We need to show that H is a subgroup of G. Indeed say h,h’ € H. Then we have

hh' = Ly(h') € Ly(H) = Ly(Ne) = N, = H, (2.37)
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with the nontrivial step being to argue that L,(N.) = Nj. This follows because the distribution Dy is
left-invariant since it is spanned by left-invariant vector fields, so acting on any leaf with L; gives another
leaf. In particular acting with Ly on N, gives the leaf that contains h. Similarly we can show that for any
h € H we have h™! € H:

h~'=h"tee L,-1(N.) = Ly,-1(N,) = N, = H. (2.38)
Finally to claim uniqueness of H, we need to make sure there is no smaller connected subgroup HcCH
which still has h as its Lie algebra. This however is not possible, as H would have to contain a neighborhood
of the identity in H and any such neighborhood generates all of H by the comment in footnote O

With this theorem in hand, together with the fact mentioned at the end of the previous section that
every Lie algebra is isomorphic to a subalgebra of gl(IV,C), we again see that every abstract Lie algebra is
the Lie algebra of a connected matrix group.

2.4 The correspondence between Lie groups and Lie algebras

In the previous two sections we established what is called the Lie group/Lie algebra correspondence:
given a Lie group G we can construct a Lie algebra g of left-invariant vector fields, and conversely given
a Lie algebra g we can construct a matrix Lie group G with g as its Lie algebra. It is natural to ask to
what extent this correspondence is one-to-one. To answer this we first need to say a bit more about what
it means for two Lie groups or two Lie algebras to be the same. For Lie groups the answer is that G
and G4 are isomorphic, written as G; = G, if there is a group isomorphism ¢ : G; — (G2 which is also a
diffeomorphism. Such an isomorphism is called a Lie isomorphism. For Lie algebras we instead ask that
there be an invertible linear map L : g; — go that preserves the commutator operation. A Lie isomorphism
¢ : G1 — G4 naturally induces a Lie algebra isomorphism ¢, : g1 — g2, so in the Lie group — Lie algebra
direction the correspondence is one-to-one. The Lie algebra — Lie group direction however is not one-to-one
without further restrictions, as we will now discuss.

The simplest way for distinct Lie groups to have the same Lie algebra is if they are disconnected. The
exponential map (or the Frobenius theorem) will only ever generate a connected Lie group, so at a minimum
if we want a unique correspondence we should restrict to connected Lie groups. Even with this restriction
however it is still possible for distinct Lie groups to have isomorphic Lie algebras. The classic example of
this is one that we already encountered last semester: SO(3) and SU(2) have the same Lie algebra, but
they are different Lie groups. Indeed in section 3.1 we explained how this arose from the fact that SO(3) is
not simply-connected: it has a loop consisting of a set of rotations interpolating between no rotation and a
rotation by 27 which is not contractible. On the other hand SU(2) is simply-connected, and we used this
to argue that any representation of the Lie algebra su(2) exponentiates to a representation of SU(2) (which
we contrasted with the case of SO(3), which does not have a spin 1/2 representation). This was because
we can work out the multiplication law of any two group elements in a connected group by constructing a
path in the group corresponding to a sequence of multiplications near the identity, and if the group is also
simply-connected then there is no ambiguity arising from which path we choose (see figure 2 from QFT II).
Working out the details of this argument establishes the following theorem:

Theorem 3. Let G and G2 be two connected and simply-connected Lie groups with isomorphic Lie algebras.
Then G and Gs are also isomorphic.

We are getting close to the general statement of the Lie group/Lie algebra correspondence, but to finish
up we need one more topological result:

Theorem 4. FEvery connected Lie group G can be realized as a discrete central quotient of a unique (up
to zsomorphzsm) connected and simply-connected universal covering group G. In other words we have
G = G/F where I" is a discrete subgroup ofG that commutes with everything in G. Moreover G and G have
the same Lie algebra.
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You can find the proof of this theorem in Lee’s book. The idea is to define G as the space of topologically-
inequivalent paths from the identity to an arbitrary point in G, with the group multiplication being the
product of paths. T'is discrete because G and G have the same structure near the identity since a small
enough neighborhood of the identity has no topologically nontrivial paths. This is also why they have the
same Lie algebra. It is worth emphasizing that G being a matrix group does not imply that G is a matrix
group, and indeed we already mentioned this fails for G = SL(2,R). This theorem is therefore one reason
why general Lie groups are nicer than matrix Lie groups.

Combining these two theorems with the result of the previous section, we at last have the following result:

Theorem 5. Lie Group/Lie algebra correspondence: If Gi and Go are isomorphic Lie groups, then
their Lie algebras g1 and g2 are also isomorphic. Moreover any abstract Lie algebra g is isomorphic to the
Lie algebra of a unique (up to isomorphism) connected simply-connected Lie group G. Any other connected
Lie group G whose Lie algebra is isomorphic to g is itself Lie isomorphic to a quotient of G by a discrete
central subgroup.

Proof. As already mentioned, an isomorphism between G; and G2 induces an isomorphism between g; and
g2. In the other direction, by theorem [2] and Ado’s theorem g is the Lie algebra of some connected matrix
Lie group G. There could be more than one such G, but by theorem [4] each of these is a discrete central
quotient of a universal covering group G and by theorem [3| these universal covers are all isomorphic. O

2.5 Representations of Lie groups

We have seen that many Lie groups can be realized as matrix groups. It is also interesting to consider
a weaker sense in which matrices can be used to represent a Lie group. Indeed if G is a Lie group and
V is a finite-dimensional vector space, a representation of G on V is a continuouﬂ homomorphism
D : G — Aut(V), where Aut(V) is the set of invertible linear maps from V to itself, and homomorphism
means that

D(g1)D(g2) = D(g192)- (2.39)

If we pick a basis for V' and work in components, then Aut(V) is just GL(N,C) for some N and the
D(g) are N x N matrices. The map D is not in general required to be injective - when it is then we say
the representation is faithful. Clearly a Lie group G is a matrix group if and only if it has a faithful
representation on some finite-dimensional V. A subspace S C V is said to be invariant if D(g)S = S, and
a representation is said to be irreducible if the only invariant subspaces are S =V and S =0. If Vis a
Hilbert space and the D(g) are unitary then we say the representation is unitary.

Given an invariant subspace S for a unitary representation D, the orthogonal complement S+ of S in V'
is also invariant. Indeed for any s € S, s’ € S+, g € G we have

(D(9)s',s) = (s',D(g7")s) = 0 (2.40)
since D(g~!)s € S. This implies a very important fact about unitary representation theory:

Theorem 6. Let D be a unitary representation of a Lie group G on a finite-dimensional vector space V.
Then V is a direct sum of mutually-orthogonal invariant subspaces, on each of which D acts irreducibly.

Proof. Let S7 be a nonzero invariant subspace. Without loss of generality we can assume it has no smaller
nonzero invariant subspace, in which case D acts irreducibly on S;. If S; = V then we are done, if not
then consider a nonzero invariant subspace So C S which we can again take to have no smaller nonzero
invariant subspace. D again acts irreducibly on Sy. If Sy = Si-, then we are done. If not, then we consider a
minimal nonzero invariant subspace Sz C (S; @ S2)* and check if S3 = (S; @ S9)*, and so on. This process
increases the dimensionality of S; & Sy & ... each time, so it must stop after a finite number of steps since
V' is finite-dimensional. O

29You might expect me to say “smooth” here, and I could, but it is a theorem that a continuous homomorphism between Lie
groups is automatically smooth.
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To say the result of this theorem in a more pedestrian way, there is an orthonormal basis for V' in which
the D(g) matrices are all block diagonal with the same blocks and each block furnishes a unitary irreducible
representation of G:

D)= 0 Dalg) -], (2.41)

You are hopefully familiar with this statement in the context of the addition of angular momentum in
non-relativistic quantum mechanics.

In physics we are also interested in infinite-dimensional representations. For a general topological vector
space V', possibly infinite-dimensional, a representation of G on V is defined to be a homomorphism from
D : G — Aut(V) G such that D(g)v is jointly continuous as a function of g € G and v € Vlﬂ For
example action of symmetries on Hilbert space in quantum mechanics gives an infinite-dimensional unitary
representation of the symmetry group. For infinite-dimensional representations invariant subspaces are
required to be closed subspaces of V', and the above theorem generalizes to say that any unitary representation
of G is a “direct integral” of mutually-orthogonal irreducible representations.

Given any representation D of a Lie group G, we can always extract from it a representation of its Lie
algebra g. We simply need to Taylor expand:

D(e*9"Te) = [ +ieb%7, + O(€?) (2.42)
for some generator matrices 7,. These are required to obey the Lie algebra
[Ta, 6] = 1C° e (2.43)

for the same reason that the abstract generators T, are. On the other hand we cannot always exponentiate
an arbitrary set of matrices 7, obeying (2.43) to get a valid representation of G: as discussed above we may
only get a representation of its universal cover G.

2.6 The adjoint representation

There is a particularly important representation that exists for any Lie group. It is easiest to describe for
matrix groups, so we will start there. The idea is that we can construct a representation of G' that acts on
its own Lie algebra g by conjugation. To establish this we need to show that if T" is in the Lie algebra g for
some matrix Lie group G, then so is gTg~! for any g € G. For g near the identity we can establish using
the BCH formula, but we want it to be true for any g so we need a better argument. Indeed for any T € g
and g € G we can consider the quantity

ge'Tg=t = eicgTa™" (2.44)

The left-hand side is clearly an element of G, so the right-hand side must be as well. Working to first order
in €, we thus see that ¢7'¢~! must be a linear combination of the Lie algebra generators T, and therefore
must itself be an element of the Lie algebra. In other words we must have

9Tug™ = D’ (9)T (2.45)
for some coefficients Dba (9). You will show on the homework that this equation implies that

Dba(glg2) = Dbc(gl>Dca(92)7 (246)

so these matrices indeed provide a representation of the group G, which is called the adjoint representa-
tion. Its dimensionality is equal to the dimensionality of G as a manifold. Writing a general element of the
Lie algebra as T' = 0°T,, we simply have

6% = D% (g)6". (2.47)

30Tt is not obvious a priori what is the right continuity or smoothness assumption to use. The choice here works for any
topological group G (it doesn’t need to be a Lie group), and moreover when G is a Lie group it implies that D is also smooth.
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Note that the adjoint representation is not necessarily faithful, for example for G = U(1) we simply have
D(g) =1 for all g. More generally D(g) = 1 whenever g is in the center of G (if G is connected this is if and
only if).

The adjoint representation also has a geometric definition that works for any Lie group G. We first note
that we can always define a right-multiplication map Ry, : ¢ — gh on G. It is immediate that this commutes
with L}“

Lh o Rh/ = Rh/ o Lh, (248)

since these both map g to hgh’. We may then define the conjugation map

Cp=LpoRy-1, (2.49)
which of course acts as

Cn(g) = hgh™'. (2.50)
In particular the identity is a fixed point of the conjugation map for any h, as is any other element of the
center of G. We now define the adjoint map Ady, : g — g by

Adp(X) = Cr. X. (2.51)

You will show on the homework that this coincides with the matrix definition for matrix Lie groups.
The adjoint representation for G induces an adjoint representation of g. Working for simplicity in the
matrix case, its generators 7! can be determined by Taylor expanding (2.45) for g near the identity:

(65 + i€ (1), + O(*)) T. = Ty, +i0°[T,, Ty] + O(€®) = Tp — 0°C<,, T. + O(e?), (2.52)

from which we have
(Tf)cb =1C%, (2.53)

so the generators of the adjoint representation of the Lie algebra are the structure constants themselves! On
the homework you will check that these indeed obey the Lie algebra (2.43)).

2.7 Representations of compact groups

Representation theory is a rather involved subject, even in the finite-dimensional case. It is easier however
for compact Lie groups, so we will discuss a few general results in that case. Many of these results follow
from a deep fact about Lie groups, which is that they admit a left-invariant integration measure dg called
the Haar measure. This exists for any locally-compact group, and it is unique up to an overall constant
multiple. What left-invariant means here is that for any (integrable) function f : G — R and any h € G we
have

/ dgf (hg) = / dgf(g). (2.54)
G G

In general the construction of the Haar measure requires some nontrivial analysis, but for Lie groups there
is an easy construction@ Indeed say G is a Lie group of dimension n. To define an integration measure on
G we need to choose a globally-defined n-form w. We can then define the integral of a function f: G — R

to be
/G dgf(g) = /G fo, (2.55)

where on the right side we have the integral of an n-form over an n-manifold. The way that w is constructed
is straightforward: at the identity we choose an arbitrary n-form w., and then we define

w(g) = Ly-1w(e) (2.56)

3lHere “easy” means “easy if you know about the theory of integration of n-forms on n-manifolds”. If you don’t, then either
look it up or just believe me.
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where L} | indicates the pullback of a differential form by the left-multiplication map Ly-1. By construction
this choice of w obeys

Ljw(g) = w(h™g) (2.57)
for any h € G. To see that this measure is left-invariant, we first note that
f(hg)w(g) = f(hg)Ljw(hg) = Ly (fw)(g)- (2.58)

We thus have
/G dgf(hg) = /G Ly fuo = /G Jur = /G dgf(g). (2.59)

The second equality here follows from the fact that the integral of an n-form over a manifold is preserved
under the pullback by any diffeomorphism (this is the geometric version of the change of variables formula).
To see that the Haar measure constructed in this way is unique up to a constant multiple, we note that all
n-forms at the identity are proportional and any left-invariant n-form must be determined elsewhere in G

by (2.56)).
When G is compact there are two more nice features of the Haar measure. The first is that the integral
over the whole group is finite, so we can normalize it to one@

/ dg = 1. (2.60)
G

The second is that when G is compact the Haar measure is also right-invariant, meaning that for any
integrable function f: G — R we have

/ dgf(gh) = / dgf(g). (2.61)
G G

The proof of this is that we can take the left-invariant volume form w, pull it back by R;-1, and then
integrate h over G (here we use compactness to ensure a finite answer). By construction this gives a volume
form that is both left-invariant and right-invariant, and by the uniqueness of the Haar measure it must
actually just be a multiple of the one we started with - so that one must have been right-invariant to begin
with!

Now let’s use the Haar measure to learn some fun things:

Theorem 7. Let G be a compact Lie group and D a representation of G on a finite-dimensional vector
space V. Then V admits an inner product for which D is unitary.

Proof. Let (-,-)o be any inner product on V. We will define a new inner product for which D is unitary.
Indeed for any v,v’ € V we define

(v, v) = / dg(D(g)v', D(g)v)o, (2.62)
G
which is finite since G is compact. D(g) is unitary in this inner product since we have

(D(hyo', D(h)v) = /G dg(D(g)D(h)v', D(g)D(h)v)o = /G dg(D(gh)', D(gh)v)o = /G dg(D(g)v', D(g)v)o = (v/,v)

(2.63)
by the right-invariance of the Haar measure. We also need to check that it is positive definite: indeed

(0,0) = /G dg(D(g)v. D(g)v) > 0, (2.64)

with vanishing only if v = 0. O

32The converse of this statement is also true: if the Haar measure of a Lie group is finite then the group is compact. The
proof of this is that if G is not compact, there is a sequence of points {gn } that escapes every compact subset of G. Choosing
a neighborhood U of the identity with compact closure, one then argues that this sequence can be “pruned” to generate an
infinite sequence where the regions g, U are disjoint for all n. Since the Haar measure is left-invariant these regions all have the
same volume, so the volume of their union is infinite and thus contradicts G having finite volume.
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In other words all finite-dimensional representations of a compact Lie group are unitary@ A similar
argument establishes what is perhaps the most striking fact about the representation theory of compact Lie
groups:

Theorem 8. (Schur Orthogonality) Let G be a compact Lie group, let a label its inequivalent irreducible
representations, and let d,, be the dimension of a. Denoting the representation matrices as D?j(g), we have

_

y 5% 818,50 (2.65)

/G dgD2 ¥ (g)DE(9)

To prove this we first need to establish a famous lemma in representation theoryﬁ

Lemma 2.1. (Schur’s lemma). Let G be a group, and D and D’ be irreducible representations of G onto
finite-dimensional vector spaces V. and V' respectively. Let L be a linear intertwining map L : V — V'
such that

LD(g) = D'(9)L (2.66)

for all g € G. If D and D’ are inequivalent then L = 0, while if D = D' then L is proportional to the
identity, L = M\ for some X\ € C.

Proof. We first note that the kernel and image of L are invariant subspaces of D and D’ respectively. Indeed
for the kernel if Lv = 0 then we have LD(g)v = D'(g)Lv = 0 for all ¢ € G. Similarly if v = Lv then
D'(g)v' = D'(g)Lv' = LD(g)v. By irreducibility the kernel must be zero or V and the image must be zero
or V'. Let’s first suppose that the kernel is zero, so that L is injective. The image cannot be zero, so it must
be V’ and so L is also surjective. L is therefore invertible and we have

D'(g) = LD(g)L™", (2.67)

so the two representations are equivalent. Thus if the two representations are not equivalent, the kernel of
L must be equal to V' or in other words we must have L = 0.

Now let’s say that D = D’. Since L is a finite-dimensional matrix it must have an eigenvalue A\ (this is
a standard result in linear algebra), and we can define another intertwiner L = L — M. The kernel of L is
not zero since it annihilates the eigenvector of L with eigenvalue A, so by irreducibility its kernel must be V.
Therefore L = 0, and thus L = . O

Using this lemma we can now establish (2.65)):
Proof. The idea is to define a map L;; : V — V' by

(Lii)y; = [ daDii0)D5 o) (2.68)
By the invariance of the Haar measure this is an intertwiner,
Li:D*(h) = D (h) Ly, (2.69)

so by Schur’s lemma it must vanish if o and o’ are not equivalent. This establishes the d,o/ in (2.65). If
a = o/ then instead must have L;; o< I, which establishes the §;;» in (2.65). Finally to get the J; we can
instead define

(Ljj) i = (Liri) s » (2.70)

33In fact this argument generalizes to the case where V is an infinite-dimensional Hilbert space, you just need to fill in some
details about limits using the continuity in our definition of infinite-dimensional representations. This is less natural perhaps
though, since the inner product you construct won’t in general be the one you started with and the one you start with isn’t
arbitrary (as it was in the finite-dimensional case).

34This lemma also gives the uniqueness of intertwiners that we used back in in QFT 1. Indeed say D and D’ are equivalent
representations with intertwiner L, LD = D’L. Equivalent means that D’(g) = SD(g)S~"! for some invertible matrix S. We
thus have S~1LD = DS—!L, so by Schur’s lemma we have S~'L = AI, or in other words L = AS. So L is indeed determined
up to a constant multiple (S is also unique up to a constant multiple since if SD(g)S™! = S’D(g)gfl the lemma tells us that
518 o I).
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which again is an intertwiner by Haar invariance and thus must be proportional to d;. The constant of
proportionality 1/d,, is determined by contracting ¢ and i’ and using the unitarity of D*(g). O

The Schur orthogonality formula has many remarkable consequences. One way to interpret it is as
saying that the functions \/gaD%(g) give an orthonormal set of functions labeled by «,i,j from the group
G to the complex numbers. Another famous result called the Peter-Weyl theorem says that this set is
complete, so \/aan“j (g) is an orthonormal basis for L?(G)! Using the Peter-Weyl theorem together with an
induction argument similar to the one we gave for theorem @ we can finally establish (see appendix A from
my paper with Ooguri):

Theorem 9. Every compact Lie group G has a faithful finite-dimensional (and unitary) representation.

Thus for compact Lie groups we do not lose anything by restricting to matrix groups.

2.8 Semisimple algebras and groups

In group theory there is a special kind of group, called a simple group, from which all other groups can be
built via a process called group extension. In general this process is complicated, but for connected compact
Lie groups the decomposition is easy to state: every compact connected Lie group G is of the form

G=(Tx5 %x...x85,)/F, (2.71)

where T is an abelian torus U(1)™, each S; is a compact simply-connected simple Lie group, and F is a

finite central subgroup. The definition of a simple Lie group is that it must be connected, non-abelian, and
have no connected normal subgroups except for the identity and the full group.

We are actually more interested in the Lie algebra version of this statement, but to describe it we need
two definitions: a Lie algebra g is said to be semisimple if it has no nonzero abelian ideal, meaning an
abelian Lie subalgebra ) whose commutator with anything else in g stays in 1. g is said to be compact
semisimple if it is semisimple and also the matrix

Koy =Tr (7'(;47'64) (2.72)

is positive definite, where 7! are adjoint representation matrices (2.53)). The matrix Ky, is called the Killing

form on the Lie algebra.
Theorem 10. Let g be a Lie algebra. The following conditions are equivalent:
1. g is the Lie algebra of a compact Lie group G.

2. g as a vector space admits an inner product that is invariant under the action of the adjoint represen-
tation in the sense that

(X.Y],2)= (V.[ZX]) VX.Y.Zeg (2.73)

3. g has a direct sum decomposition as
g=3Ds, (2.74)
where 3 is an abelian Lie algebra, s is a compact semisimple Lie algebra, and 3 and s are mutually

commuting.

Proof. The proof that 1 = 2 works by choosing an arbitrary inner product (-, -)o on the real vector space
g and then averaging in the Haar measure to improve it to an invariant one:

(X,Y) = / dg(Ad, X, AdyY ), (2.75)

which obeys
(AdyX, Ad,Y) = (X,Y). (2.76)
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Expanding this for g near the identity gives |i
The proof that 2 = 3 takes 3 to be the center of g and s to be its orthogonal complement. To show

that s is semisimple, say that W were a nonzero element of an abelian ideal y within s. Then for any Z € g
we have

(W, 2], W, Z]) = (Z,[W,[W, Z]]) = 0, (2.79)

with the second equality holding because [W, Z] must be in y since it is an ideal and the commutator with
W must vanish since the ideal is abelian. The positive-definiteness of the inner product then shows that
this implies that [W, Z] = 0, or in other words that W is in the center of g. But this means it is in 3, so
it wasn’t in § = 3 in the first place. To see that s is compact semisimple, we note that since the adjoint
generators 72! preserves the inner product on the Lie algebra they must exponentiate to orthogonal matrices.
Therefore they must be in the Lie algebra so(d¢) where d¢ is the dimension of G. This is the set of imaginary
anti-symmetric matrices, so the matrix K is indeed positive-definite:

Tr(A%) =) AwpApe = — Y A2, >0. (2.80)
ab ab

Finally we want to prove that 3 = 1. We can easily exponentiate 3 to get an abelian torus U(1)™, so

the challenge is to show that a compact semisimple Lie algebra s is the Lie algebra of a compact Lie group.
We have seen that s C s0(d¢g), so by theorem 5 is the Lie algebra of a connected subgroup H of the compact
group SO(dg). We need to show that this subgroup is closed, and thus compact. This is not obvious, a
proof that isn’t too bad is given in Knapp’s “Lie groups beyond an introduction” (see proposition 4.27). The
idea is to show that H is isomorphic to the set of linear transformations on g that preserve the commutator,
which is a closed subgroup of GL(dg,R). It is therefore also closed in SO(d¢g), and thus compact. O

To finish our demonstration of at the Lie algebra level, we need to show that the semisimple Lie
algebra s decomposes into a direct sum of commuting simple Lie algebras s;. A Lie algebra g is simple if
it is non-abelian and has no ideals except for 0 and g (note that simple = semisimple but is stronger,
since non-abelian ideals are also forbidden (except for g)). A Lie algebra is called compact simple if it is
compact semisimple and also simple. The decomposition proof is similar to that for theorem [6] Indeed let
51 be a minimal nonzero ideal in s. If 5; = s then we are done. If not then take its orthogonal complement
using the invariant inner product on s. This orthogonal complement is also an ideal since for any X € s,
Y € 51, and Z € 5 we have

(X, [YvZD =Y, [ZvXD =0, (2.81)

since s; is an ideal. We then choose a minimal ideal sy in si, check if it is equal to si, if not choose
s3 C (51 @ 52)*, and so on. None of the ideals produced in this way can be abelian since s is semisimple.

We have now seen that every compact Lie algebra is a direct sum of abelian and compact simple Lie
algebras. We recover the group version as follows. First we can exponentiate or use theorem to turn
each of these Lie algebras into a Lie group, and by going to the universal cover we get a Lie group which is a
product of R™ and some simply-connected simple Lie groups. A famous theorem due to Weyl says that the
fundamental group of any compact Lie group with semisimple Lie algebra is finite, or in other words that
the unique connected simply-connected Lie group with this Lie algebra is also compact. This almost gets us
to , as it shows that every compact Lie group G is a discrete central quotient of RY x Sy x ....S,, with
all S; simple, simply-connected, and compact. Finally one can argue that this discrete central quotient can
be split into an infinite part that converts R™ to U(1)™ and then a finite part F, I will leave the details to
you.

351f you are willing to use our proof that compact Lie groups are all all subgroups of U(N) for some N, then there is a simpler
description of this inner product: we simply take

(T,5) =Tx(T'9), (2.77)
which is indeed an inner product on the space of hermitian matrices. The invariance condition is immediate:
Tr([X,Y)Z) =T (XYZ -YXZ) =Te(Y|Z, X]). (2.78)
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2.9 Cartan classification

We have now seen that simply-connected compact simple Lie groups are the nontrivial building blocks for
all compact Lie groups. To classify compact Lie groups, it is therefore enough to classify simply-connected
compact simple Lie groups. A priori it is not clear how difficult this task will be. For example the classification
of finite simple groups is famously complex, requiring O(10%) pages to establish the existence of 18 infinite
families and an additional 26 sporadic groups, including the infamous “monster” group with 32! x 10! x
(41)2 x 2 x 7 x 13 x 41 x 47 x 59 x 71 ~ 8 x 10° elements (known to fans as the “friendly giant”). The
situation with compact simple Lie groups turns out to be substantially better however, essentially because
these are uniquely determined by their Lie algebras due to the Lie algebra-Lie group correspondence so it is
enough to classify compact simple Lie algebras. The classification of these is given by the Cartan catalog,
which lists all compact simple Lie algebras as follows:

e 50(N) for N =3,4,...
e su(N) for N=2,3,...
e usp(2N) for N =1,2,...
® 02,4, ¢, €7, es.

Here so(N) and su(V) are the Lie algebras of SO(N) and SU (V) respectively, and usp(2N) is the Lie algebra
of a third infinite family of compact Lie groups called USp(2N) and referred to as the unitary symplectic
groups. USp(2N) is defined as the set of 2N x 2N unitary matrices that obey

UTMU =M (2.82)

for some non-degenerate antisymmetric matrix M that we can take without loss of generality to be given by

M‘(i@‘ (2.83)

Finally there are the five exceptional compact simple Lie algebras, whose dimensions as real vector spaces are
given respectively by 14,52, 78,133, 248. All of them have appeared in some guise in physics, for example the
Lie group Eg appears in heterotic string theory and in grand unification models of particle physics. There
are four “accidental equivalences” in the classification:

su(2) = s0(3) = usp(2)
50(5) = usp(4)
su(4) = s0(6). (2.84)

Other than these the Lie algebras in the list are all distinct. The proof that this classification is complete
uses something called Dynkin diagrams, you can read about them in Knapp’s book.
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2.10 Homework

1. What are the Lie algebras of GL(N,C), SL(2,C), SU(N), O(N), and SO(N)? What are their di-
mensionalities as real vector spaces? Check that they are all closed under taking a commutator and
multiplying by i.

2. Check the third order term in the BCH formula ([2.15]).

3. Confirm that the Lie bracket is preserved by a diffeomorphism f : M — N as in equation (2.22)). Hint:
use (2.21]) and (2.18]), and make sure to take into account the transformation of the partial derivative.

4. Show that the definition (2.45) of the adjoint representation matrices implies the representation con-

dition (2.46)), and also show that the adjoint Lie algebra generators (2.53|) obey the Lie algebra com-
mutator (2.43)).

5. Consider the representation of the spin group SU(2) on the four-dimensional Hilbert space of two
spins. Is this representation irreducible? If not, then what are the invariant subspaces and what are
the irreducible representations that act on them? Hint: it is easier if you think about the representation
of the Lie algebra first.

6. (extra credit) There is a clever alternative way to do geometric calculations in matrix Lie groups. The
idea is to view G as a submanifold within the manifold My (C) of N x N complex matrices. This is
convenient because we can just use the components of the matrices as coordinates. So for example the
left-multiplication map is simply _

Lg, (92)" = gi*g5”. (2.85)

Using this representation, show that if 7" = —iX is an element of the matrix Lie algebra then the
left-invariant vector field corresponding to it is

XU(g) = g* Xk, (2.86)

Using this expression, give alternative arguments that the Lie bracket coincides with ¢ times the matrix
commutator and the matrix exponential map coincides with the geometric one. Also show that the
pushforward of the conjugation map is

Cri(X(g)) = hX (9)h ™", (2.87)

so the matrix and geometric definitions of the adjoint representation coincide. As you can see this
approach is computationally easier than the one we used in the text based on the multiplication
function T*(x1,xz2), but it is conceptually more subtle since we need to make sure that everything
stays within the submanifold G C My (C).
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3 Gauge fields and Lagrangians

We now return to constructing non-abelian gauge theory. The idea is that we would like to have a local
symmetry group G, called the gauge group, under which the matter fields transform in some unitary
representation U

On(x) = U, (9(2)) b (2)- (3.1)

Without loss of generality we can take this representation to be irreducible, since we can decompose U into
irreducible blocks and then view the components in different blocks as different fields. For now we will be
agnostic about the nature of the gauge group G, assuming only that it is a Lie group so that we can take
derivatives of g(x).

3.1 Non-abelian gauge fields

The first problem we run into in trying to build a quantum field theory with the local symmetry is
that, as in Maxwell theory, we run into the problem that derivatives of the matter fields do not transform
nicely under gauge transformations:

0,¢' = 0,Up+Ud,9, (3.2)

where we have suppressed the representation indices and position dependence. We can try to fix this by
defining a covariant derivative

Dydn(z) = 0pgn() — Z'Af:mm(x)(ﬁm(x), (3.3)

or more compactly
Dy¢ = 0u¢p — iAG. (3.4)

Here Afﬁ is a matrix-valued one-form gauge field whose matrix dimensionality is the same as that of the
matter representation U. Our goal is to choose the transformation law for Af: so that we have

D, ¢' =UD,¢. (3.5)
Writing out both sides we see that we want
Udup + 0,U¢p —iAS U = Udud — iU Afg, (3.6)
which will be true provided that we take
o1 _T AU — -1
AL =UAJU™ —i0,UU
=U (A —iU "0, U) U (3.7)
If we take G = U(1) and U = ¢*? then this reduces to the Maxwell gauge transformation
Al = A, +0,9, (3.8)

which is an encouraging sign.

On the other hand there is something inelegant about this discussion so far. We defined Aﬁ as a matrix
whose dimensionality is set by the matter representation U. Does this mean that each matter field transform-
ing in an irreducible representation of G get its own separate gauge field Aff? What if there are no matter
fields at all? And anyways how many matrix components of Aﬁ are really independent? It would be nicer
if we could accommodate all possible representations of the gauge group G with a single gauge field (this is
what happened in Maxwell theory, where the same Maxwell field could couple to multiple matter fields with

36] write U instead of D here because I will need D,, for the covariant derivative, and also because the representation in
question is always unitary although we won’t yet assume that here.
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different charges). The way to address all these questions is to take Aﬁ to live in the representation of the
Lie algebra g that is induced by the representation U of g:

Afj(m) = A} (7)Ta, (3.9)
where 7, is the representation of the Lie algebra generator T, in the U representation in the sense that
U(eieGQTQ) — eieeara (310)

for arbitrary 8* and sufficiently small e. We then take the Afj for different matter fields in arbitrary irreducible
representations of G to be built out of the same gauge field coefficients AZ(:ZZ), so it is really these coefficients
that we should view as the gauge field.

As evidence for this proposal we can check that the gauge transformation (3.7]) indeed acts within the
linear span of the 7, (i.e. it doesn’t generate anything that isn’t of the form To see this we need to
show 1) the span is preserved by conjugation by U and 2) that the quantity 9,UU ! also lies within the
span. The argument for 1) is the same that we used in defining the adjoint representation: we note that

Uei€0 mapr—1 _ eieo“UraU“7 (3.11)
and then Taylor expand in e. To see 2), for z near xy we write
Ulz) = e @7 (z). (3.12)
Differentiating with respect to x and then setting x = x¢ we have
0, UU (z0) = i€0,0" (20)Ta, (3.13)

which is indeed in the span of the 7,. Specifying a gauge field configuration is thus the same as specifying a
one-form whose components take values in the Lie algebra, which we can write as

A= ANT,. (3.14)

This is often called a Lie algebra-valued one-form. It is important to clearly distinguish A4, and Afj: the
former lives in g, while the latter lives in the representation of g that is induced by the matter representation
U. You should think of A, as the definition of the gauge field and Aﬁ as a quantity that is built from it for
use in matter covariant derivatives.

When G is a matrix group, the gauge transformation of A, is easy to describe:

A’H =g (Au — igilﬁug) gt (3.15)

In particular if g is constant then A, transforms in the adjoint representation of G. We need to check that
this transformation law implies the transformation (3.7)) for Aff. We first note that

eieQ“U(g)TaU(gfl) _ U(g)eiEG‘lmU(gfl) U <gei60“Tagfl) U (eiGGQgTagfl) , (316)

so conjugation of the 7, matrices by U(g) gives the same adjoint transformation as conjugation of the Ty,
matrices by g. For the inhomegeneous term in the gauge transformations, near x = xg we can write

gx) = glag)e™ )T, (3.17)
from which we find
9 0,9(w0) = 1€0,0" ()T, (3.18)
Observing that
U(g(w)) = U(g(wo))e'® "), (3.19)
we thus have
U™10,U(x0) = i€0,,0"(w0)Ta- (3.20)

Thus the gauge transformation (3.15) for A, indeed implies the transformation (3.7) for A%. The same result
can be shown using geometric tools not assuming G is a matrix group, but I won’t bother since we are about
to see that it is only the matrix case which is interesting.
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3.2 Field strength tensor

In Maxwell theory it was a good idea to define a gauge-invariant field strength tensor F),,, in particular for
use in constructing a gauge-invariant Lagrangian. We can similarly try to define a field strength for general
gauge group G, but the more complicated transformation rule (3.15) means that we can’t just use the U(1)

formula F,, = 0,A, — 0, A,. The right non-abelian field strength is
F,, =0,A, —0,A, —i[A,, A, (3.21)
with the extra term leading to the nice gauge transformation
F, = 9Fug™" (3.22)

as you will check on the homework. In other words the field strength transforms in the adjoint representation
of G. It is sometimes convenient to also have an expression for the Lie algebra coefficients of F},,

F, = 0,A% — 9,A% + CiLAb A (3.23)

It is worth emphasizing that F),, is gauge-invariant if and only if the adjoint representation of G is trivial.
When G is connected this happens if and only if G is abelian, as it was in Maxwell theory. Otherwise to get
a gauge-invariant operator local operator we need to consider something like

Tv (F, ). (3.24)

3.3 Lagrangian

The local operator just mentioned looks like a good candidate for a term in the Lagrangian of a non-abelian
gauge field, but to be open-minded let’s try a more general quadratic action:

1
L= —igabF;jVFb“”, (3.25)

where g4p is some symmetric matrix. There are two conditions we’d this matrix to obey:

(1) It should be gauge-invariant, meaning that

D*.(9)D" 4(9)gab = ged (3.26)

for arbitrary ¢ € G. Here D%(g) are the adjoint representation matrices. This is to ensure the
Lagrangian is gauge-invariant.

(2) It should be positive, meaning that g, X?X® > 0 for all nonzero vectors X*. This is to ensure that
the Hamiltonian we define shortly is bounded from below.

Happily the existence of a matrix g,, obeying these two conditions is precisely condition 2 of theorem 10
from the previous section, so we learn that the Lie algebra g is a direct sum of an abelian Lie algebra 3 and a
semisimple Lie algebra s, and also that g must be the Lie algebra of some compact Lie group G. Somewhat
annoyingly we cannot conclude from this that the gauge group G is itself compact, for example Maxwell
theory makes perfect sense with a noncompact gauge group G = R, whose Lie algebra coincides with that of
the compact Lie group G=U (1). Moreover G could be disconnected, in which case the relationship between
different connected components is not constrained by the Lie algebra. In general the most we can say is that
the gauge group G must be of compact type, which just means that its Lie algebra coincides with that
of some compact G. If we restrict to connected G however, then the discussion after theorem 10 last time
shows that G must be a discrete central quotient of the product of an abelian group R™ with some compact,
simple, and simply-connected factors S;. Thus any noncompactess is fundamentally either discrete or abelian
in nature. It would still be a bother to keep track of this possibility however, and fortunately there is fairly
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strong evidence that noncompact gauge groups of any kind are not compatible with quantum gravity (see
my long paper with Ooguri). Moreover empirically the quantization of charge gives strong evidence that the
Maxwell gauge group is in fact U(1). From now on we will therefore simply assume that the gauge group
G is compact. In particular by theorem 9 from the previous section, this means that G is always a matrix
group@

To get some intuition for the meaning of g,p, let’s first consider the Maxwell case G = U(1). g,y is then
a one-dimensional matrix, otherwise known as a number g;;. Comparing to the Maxwell Lagrangian
you might be tempted to just set g11 = 1/2, but we need to be a bit careful about how we normalize the
gauge field. We introduced the gauge field by way of the covariant derivative

D, = 8, —iA%T,, (3.27)

so its normalization is related to our choice of normalization for the Lie algebra basis T, (once we have
chosen this the normalization of 7, in any representation is determined by (3.10)). For G = U(1) the most
obvious way to parametrize group elements is as

g=¢e", (3.28)
with 6 € [0, 27). With this parameterization we have 77 = 1, and the irreducible representations of G are
Un(6) = e™?, (3.29)
with n € Z. The Lie algebra representations are thus
=, (3.30)

where n is of course just telling us the electric charge of the representation in units of the fundamental charge
e. But where is this fundamental charge in our discussion so far? After all this is what determines the fine
structure constant «, which is the coupling constant of the theory. We have two ways of incorporating it.
The first is what we implicitly did last semester, which is to instead normalize the Lie algebra generators so
that

Tl{n} = ne. (3.31)

In the group this amounts to instead using a parameterization|
g=e", (3.32)

where now 6 € [0,27/e]. In this convention the factor of e is where you’d expect it to be in the covariant
derivative,
D, =0,—1ieA,, (3.33)

and we are free to set g1 = 1/2 to get Lagrangian
1 "
L= _ZF’“'F . (3.34)

From a logical point of view however it is arguably more natural to choose a group parametrization which
is independent of the coupling constant, in which case the covariant derivative is simply

D, =8, —iA,. (3.35)

We would still like the theory to be equivalent to the previous one by a field redefinition. The only possibility
is rescaling A,, by a factor of e, which converts this covariant derivative to the previous one but also introduces

37If you are not happy with assuming compactness, I note that it is enough to assume that G has finitely many connected
components. This condition, together with G being of compact type, are enough to establish that G is a matrix group.
38Sorry about the two meanings of e in this equation, downstairs it is 2.71828... while upstairs it is the proton charge.
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a factor of €2 in the kinetic term. To cancel this and get (3.34]) there needed to be a factor of 1/e? in the
kinetic term, so when the covariant derivative is (3.35|) the Maxwell Lagrangian is

1
4e2

L= E, Fr. (3.36)
Thus we see that in this convention we have g;; = ﬁ, which is the main lesson of this discussion: if we
fix our parametrization of the group in a coupling-independent way, and we want to preserve our expression
for the covariant derivative, then the gauge coupling constant goes into the matrix gqp.

Let’s now see how this works for more general compact G. We will first assume that g is a simple Lie
algebra, since the general case will be easy to deal with once we understand the simple case. Since G is
compact it is a matrix group, and moreover it is unitary so we can take its generators T, to be hermitian.
We therefore have an immediate candidate for ggp,

Jab < Tr (ToTp) - (3.37)

We showed this obeys our two requirements of invariance and positivity in the previous section. We will now
argue that any other choice for g,;, must be a scalar multiple of this one. As you can guess, the argument
uses Schur’s lemma. Using matrix notation, let’s say that g and ¢’ both obey the invariance condition,

DTgD =g
DTyD =y, (3.38)

where D is any adjoint representation matrix. Using that g is non-degenerate we can multiply both of these
equations on the left by ¢g~! and then combine them to find

9 '¢D=Dg'yg, (3.39)

so g~ !¢’ is a matrix that commmutes with the adjoint representation. If we can show that the adjoint
representation is irreducible, by Schur’s lemma we therefore will have shown that

g =g (3.40)
To show irreducibility, suppose that h C g is an invariant subspace under the adjoint representation of G,
ghg t=H Vieda. (3.41)

Working near the identity, this shows that the commutator of anything in h with anything in g must also
be in b, or in other words that b is an ideal of g. Since g is simple this ideal must either be equal to zero or
g, so indeed we have an irreducible representation. This completes the proof, so the most general invariant
inner product on g is of the form

1
Jab = 3 Tr (TaTb) s (342)
Iy m

where gy s is an arbitrary parameter that is called the gauge couplingﬁ We at last can now write down
the Lagrangian and gauge transformation for a non-abelian gauge field with simple gauge group G:

1
— ———Tr (F,, F"™
297 (Fuw F™)
Fu =04A, — 0,A, —iA,, A)]
Al =g (A, —ig ' 0ug) g
Dy =0y —iA%T,. (3.43)

ﬁ:

391 deeply apologize for the letter g appearing as a group element g, the matrix g4, and the gauge coupling gy ps. The blame
for this is 100% on our elders, who clearly were lacking in basic common sense. Fortunately g,; will not appear again after this
section, and it will hopefully always be clear from the context whether we mean a group element or a gauge coupling (if not we
will write gy as for the coupling as in this section).
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This Lagrangian was first written down by Yang and Mills in 1954, and non-abelian gauge theory is often
called Yang-Mills theory@

An essential point here is that this Lagrangian is not quadratic in the fields Aj, due to the nonlinear term
in the field strength (3.21). Unlike in the abelian case, a non-abelian gauge field interacts with itself! There
is both a three-point and a four-point vertex, as we will see later when we discuss the Feynman rules. This
nonlinearity also means that if we wish to rescale the gauge field to put gy ;s into the covariant derivative
instead in front of Tr (F'**F),, ), then it will also show up in the nonlinear term in the field strength and the
gauge transformation (3.15). Thus the strength of matter interactions and the self-interactions of the gauge
field are both controlled by the gauge coupling gy as. With this choice of normalization we have

1
L=—- iTr (E, F*)
F, =0,A, —0,A, —igym[Au, Ay
Al =9 (A —igyrg ' 0u9) 97
D, =0, — igy M A} Ta. (3.44)

It is up to you whether you prefer convention or the convention 7 both are common in the liter-
ature. better respects the mathematical structure of the theory, while (3.44)) makes the perturbative
expansion in gy j; more manifest. As you might guess, we will mostly stick W.

Returning now to the more general case where the Lie algebra is a direct sum of abelian and simple
factors, there is a separate gauge coupling for each such factor. The usual way to deal with this is to define
a separate gauge field for each factor, and then give each of them its own kinetic term and gauge coupling
in the action:

£=-% 2;%%,, (Fjl{’}F{p}’“”) : (3.45)
p

where here p runs over the simple and U(1) factors in g and the trace happens within each factor. Nonper-
turbatively however we do have to be careful about the possibility of a discrete central quotient that mixes
the different factors in G, which affects the allowed matter representations and also the possible gauge field
configurations when the topology of spacetime is nontrivial. We will discuss both of these issues later.

The theory we have constructed makes sense for any compact gauge group G. In particular we have not
required that G be connected. In fact G could be a finite group. In that case however the Lie algebra is
trivial, so the theory as we have constructed it so far has zero degrees of freedom. Once we discuss how to
define gauge fields on spacetime manifolds other than R? however, we will see that a gauge field with finite
G does in general have genuine degrees of freedom.

3.4 Including matter

Coupling our gauge fields to matter is straightforward since we have already introduced the covariant deriva-
tive D,,. For example if we have a complex scalar field ®,,, transforming in an irreducible representation of
a simple gauge group G with generators (74 )nm, then we can have a gauge theory with Lagrangian
1
L= —@Tr (F,, F") — D, ®'D'® — mdT®, (3.46)
where we adopt the convenient convention that t takes the transpose of the representation index on ¢. So
for example
o'd = dF D, (3.47)

40 An interesting anecdote about the genesis of Yang-Mills theory is the following. When it was presented by Yang at the
Institute for Advanced Study he was criticized by Pauli, who asked where are the massless gauge bosons created by Af,. Yang
and Mills added a sentence to their paper acknowledging that they couldn’t answer this question, and they submitted it anyways.
Only much later was it understood that the answer to this question is that either 1) they are confined into hadrons by strong
coupling or 2) they are Higgsed and massive. Sometimes you just have to put out the paper even when you don’t have all the
answers!
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where * indicates the Hilbert space adjoint. This Lagrangian is indeed invariant under

Al =g (A, —ig ' 0u9) 9"
3 = U(g)® (3.48)

due to the covariant derivative transformation and the unitarity of U. As in scalar QED, this theory
has a three-point vertex with two scalars and one gauge boson, as well as a four point vertex with two
scalars and two gauge bosons. Similarly we can include a spinor field ¥,, transforming in some irrep of G by
including a covariant derivative in the Dirac Lagrangian:

1 -

L= —?Tr (FuF™) —i® (P +m) v, (3.49)

where we have again suppressed the representation index n and the W' in W is understood to include a
transpose that acts on this index (as well as the spinor index as usual).

3.5 Working in components

The Lagrangian (3.43)) (or (3.44)) is valid for any choice of basis T;, for the Lie algebra. In calculations
however it is sometimes convenient to pick a basis that diagonalizes the matrix Tr (T, T}), and the (somewhat
mysterious) standard convention is to do this so that

1
Tr (T.1h) = 50u- (3.50)

In this basis we simply have

1
55— Oab; (3.51)

Gab =
¢ 29%/M

so we can also write the Yang-Mills Lagrangian as
1

L=—
4932fM

Fo Fohv, (3.52)

Indeed in this basis there is no reason to distinguish between raised and lowered adjoint indices. This has a
nice consequence for the structure constants. In any basis, from the infinitesimal version of equation ([3.26)
we have

9edC%p = —gaaC?y. (3.53)

In a basis where (3.50) holds, this equation says that the structure constants are completely antisymmetric
in all three indices (by definition they are antisymmetric under exchanging the second and third indices). So
indeed it is more natural to write them as Cgyp.. Next time we will adopt an “intermediate” notation where

1
Tt (T.T,) = 5Jab; (3.54)

where adjoint indices are raised and lowered using G,,. This allows us to write
Cabc = _Cbac (355)

without committing to any particular basis.
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3.6 Quantum chromodynamics

We are now at last in a position to write down the Lagrangian for quantum chromodynamics, or QCD
for short, which is the modern theory of the strong nuclear force. This is a non-abelian gauge theory with
gauge group G = SU(3) and six spinor fields transforming in the three-dimensional defining representation
of SU(3), usually referred to as the fundamental representation. The gauge bosons are called gluons
and the fermions are called quarks. The Lagrangian is

6
1 " —
L:fTQQTr(FWF“ ZE U (D +my) ¥y, (3.56)
=1

where the i index here runs over the six flavors of quark that we discussed in the first section: up, down,
charm, strange, top, and bottom. As promised in the first section the action is invariant under a global U(1)°
flavor symmetry that rotates the phase of each quark field independently, so the number of ups, downs,
etc must be conserved in any QCD scattering process (again with the caveat that antiquarks count with
opposite sign). In particular this includes the baryon number symmetry that rotates all of the quark phases
together. It is also invariant under C, R, and T symmetries by essentially the same calculations you did in
the homework earlier this semester. Since the up and down quark masses are approximately equal compared
to the other quark masses, there is also an approximate global symmetry called isospin symmetry that
mixes the up and down quark fields with an SU(2) transformation.

The QCD Lagrangian may look simple, but the dynamics it gives rise to are quite complex. In fact we
will spend quite a bit of the remaining semester understanding some of the remarkable phenomena it leads
to. For now we will just make one remaining comment, which is that there is actually another term we could
include in the Lagrangian if we are willing to violate 7 symmetry:

0 ro
AL = o BTy (FuFag) - (3.57)

Here 6 is a dimensionless parameter that is actually periodic with periodicity 2, so it is called the #-angle.
This term is actually a total derivative, as you will check on the homework, so it doesn’t affect the equations
of motion. It does still have interesting non-perturbative effects that we will study later.

3.7 Maximally supersymmetric gauge theory

Another important gauge theory is the maximally supersymmetric gauge theory which is dual to quantum
gravity in AdSs x S°. The Lagrangian of this theory is

1 1 y —A —A ~ 1
L= (QFWF” + D, 0 DY 4 T AP D, U, — T ((EI)ABPL + (EI)ABPR> (@, wp] - [0 o]0, qr’]) ,
(3.58)
where I = 1,2,...,6, A =1,2,3,4, ®' are six real scalar fields transforming in the adjoint representation

of G, and U4 are four Majorana fermions also transforming in the adjoint representation. Pr, = (1 ++)/2
and P = (1 —v)/2 are the projections onto left and right Weyl spinors, and the quantities (X7),Z and
(21 4B are constructed from from the ten-dimensional y-matrices, which arise from the easiest construction
of this Lagrangian as a dimensional reduction of the maximally supersymmetric Yang-Mills theory in 9 + 1
spacetime dimensions. The first three terms here are the usual gauge, scalar, and Majorana spinor kinetic
terms, while the last two are Yukawa and ¢* type interactions. We will not need the details of this theory
in this class, the point I want to make is that we now have all we need to write it down.
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3.8

1.
2.

Homework
Show that the non-abelian field strength (3.21]) has the gauge transformation (3.22]).

Find bases for the Lie algebras of SU(2) and SU(3) that obey the normalization condition (3.50]). Also
show that the Lie algebra of SL(2,R) does not admit such a normalization.

Starting from the Lagrangian
1

L= —4—92F§VF“"“’ + JYHAL, (3.59)
show that the equation of motion is
D, F@H = g? J*" (3.60)

where D,, is the covariant derivative in the adjoint representation.

Show that the Lagrangian term (3.57) is a total derivative, meaning it is the divergence of a vector
field. Hint: the vector field is a linear combination of e***#Tr (A, F,5) and e***Tr (A, A, Ag).

44



4 Hamiltonian formulation and quantization of Yang-Mills theory

4.1 Lagrangian preliminaries

We’ve now constructed the Lagrangian for Yang-Mills theory with any compact gauge group G. We can
write it as 1

L= —@Tr (Fu F*) 4+ Lar (2, D), (4.1)
where ®,, are some matter fields that transform in a (possibly reducible) representation of G with generators
To. We have dropped the subscript “YM” on the gauge coupling g since we do not anticipate confusion with
elements of the gauge group. Calculations are a bit easier if we work in component fields, which we will do

by introducing a notation
1,
Tr (TTh) = Sab (4.2)

and then using g, to raise and lower adjoint indices a,b,.... As mentioned last time we could go further
and choose a basis where g,, = d4p, in which case we would not need to distinguish between raised and
lowered indices, but I prefer not to do this since otherwise it is not clear which quantities depend on this
choice and which do not@ It is also a useful check that valid index contractions always involve one upper
and one lower index. We can thus write the action as

1 a v
E - *@F}LVFC? + L]\/j (@,D(I)) . (43)

In the previous homework you showed that the equation of motion for the gauge field is

D, F'" = g*J", (4.4)
where
JH = OLm
@ 3AZ(3:)
oLy 0D,®,
oD,®, 0A“
0Ly m
ffzm(m)n D,,. (4.5)

For example if the matter is a spinor field ¥ transforming in some representation with generators 7,, we

have -
JE = —U~H7, 0. (4.6)

You will show in the homework that the gauge invariance of Lj; requires the current to be covariantly
conserved:

Dy Jt = 0,0k — C9, AL JE =0 (4.7)
Using the invariance condition
Cabc = gadcdbc = _gbdcdac = _Cbac (48)

we can also write this with the adjoint index up,
T N b Co b
D,J*" =8, J%" + C% A} J" =0, (4.9)
which shows the consistency with our adjoint generator formula

()" =iC?,. (4.10)

41Note that AZ and Fj, are defined with the adjoint index up, while J&4 is defined with the adjoint index down. So if they
appear with the index in the other position, as in (4.4]), then § or its inverse has been used.

45



If we define a matrix-valued current J* = J**7T,, then we can write the equation of motion and current
conservation equations more elegantly as

D, F"" = 0, F"" —i[A,, F""] = g*J"
D, J" =9, J" —i[A,, J"] = 0. (4.11)

4.2 Boundary conditions and gauge transformations

In computing the variation of the action

S = / dizL, (4.12)

a boundary term is generated of the form
1
55> ——= / d e n, FIV5AL. (4.13)
9° Jr

Here T" is the spatial boundary, consisting for example of a spatial sphere of large radius together with
time. In order for the action to be stationary up to future/past boundary terms we therefore need to choose
boundary conditions so that this term vanishes. The simplest choice is to require that

Ast¥|. =0, (4.14)

where t” is any vector that is tangent to I'. In more geometric language, the pullback of the one-form A® to
I should vanish. To preserve these boundary conditions we should also restrict gauge transformations g(x)
to those which become constant on I'. As in Maxwell theory, we will soon see that any gauge transformation
that approaches the identity on I' needs to be viewed as redundancies of the theory. Otherwise the initial
value formulation of the theory is not well-posed: specifying A, and AZ on a time slice is not sufficient to
determine them elsewhere.

4.3 Hamiltonian formulation

Let’s now construct the Hamiltonian. The canonical momentum for the gauge field is

oL = %Fgo, (4.15)

I = —
© 04y g

and using our expression for Fyj, we have

AZ = Fg, + 0uAG — abcAgA,CL
= ¢’II% + D, A§. (4.16)
We note in particular that
m = o, (4.17)

which is thus a constraint just as it was in Maxwell theory. We therefore can write the Hamiltonian density
as

. . 1
H=TI0AS + T AY + —FMF% 4+ Hoy
a a‘ti 492 a uv
0 . 9 92 . 1 .
=) AS + 10}, (9117 4+ D; Af) — ?H;H? + 4—92F;JF;; + Hum
2
. 1 . . . .
- %H;H;? + 4—gQF;JP;‘; + M — ASDLITL + TIOA2 + 0; (T AS) . (4.18)
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Here Hj; is the Hamiltonian derived from the matter Lagrangian. The last term is a total derivative that
vanishes when we integrate to get the Hamiltonian and impose the boundary conditions , and the
second to last term vanishes when we impose the I19 constraint (4.17). We would like to interpret the fourth
term as being part of a Gauss constraint

DI+ J% =0, (4.19)

which is the v = 0 component of the equation of motion (4.4), but to see this we need to deal with the fact
that Hp; depends on Ag through the covariant derivative. More explicitly we have

Hy =", — Loy, (4.20)
with ar or
M M
m= M . 4.21

We can solve this equation for Do®,,, which thus is a function of ®,,, I, and D;®,, but not of Ag.
Therefore the only Ay dependence of H s comes through ®,,,, so we have

Hayr =1I™ (DO(I)m + iAg(Ta)mn(I)n) — Ly
= —A3J0 + Har, (4.22)

where we have used (4.5)) and defined
Hyr =" Do®,, — Ly, (4.23)

which depends only on ®,,, D;®,,, and II". For example for a spinor field coupled to the gauge field we
have N .
Hayr =iy 'D; 0. (4.24)

Returning to the full Hamiltonian, we thus have
2
— g i 7@ 1 ij a g a % Aa
H— / att [ L + oAU + s — A5 (D + I2) + ] (4.25)

Note that all dependence on A§ and AS is multiplying the constraints. We can view these constraints as
generators of the gauge transformations which vanish at spatial infinity, just as in Maxwell theory, and as
in Maxwell theory we have two options for dealing with them:

e Gauge-fixing: impose some additional condition on the gauge field to remove the gauge redundancy,
after which we can view A}, as physical.

e Invariant quotient: Begin with a “big” Hilbert space Hs;y of wave functionals of all components of
AZ and ®,,, and then define the “physical” Hilbert space Hynys as the subspace of Hy;y annihilated

by the constraints (4.17)) and (4.19)).

The first approach is more common in QFT textbooks, but it is rather confusing since it destroys manifest
locality and often also manifest Lorentz invariance. Thus in our discussion of Maxwell theory we treated the
second approach as fundamental and derived the first within it. We will follow the same logic here. Thus
we define the physical Hilbert space to be

Hphys = {|1/’> € Hbig

L5(@) ) = (DiIL, (&) + J2(@) ) [v) = 0. (4.26)

and acting on H,nys the Hamiltonian is simply
d—1 92 . 1 .. N
H= /d x[;ﬂaﬂz + 4792FajFij + HM] . (427)
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I emphasize that on Hpig, Aj, and 11} are well-defined operators obeying the usual commutation relations
[A5,(2), I} ()] = i6},55,67 (T — 7). (4.28)

The two constraints commute with each other since the Gauss constraint (expressed in terms of ®,, and
IT™) does not involve A%, and with some work one can show that the different components of the Gauss
constraint have mutual commutators that are again proportional to the constraints (this is what it means
for them to be first-class, and it is a consequence of the fact that the constraints are the generators of gauge
transformations so they form an infinite-dimensional Lie algebra). Thus it is consistent to set them all to
zero. Imposing the I12 = 0 constraint is easy: we only consider wave functionals that are independent of Ag.
It is worth emphasizing that the Hamiltonian is only well-defined once we impose this constraint: otherwise
it depends on the quantity AS that has no definition as an operator on Hyq

4.4 Gauge-invariant operators

Since the constraints are the generators of the gauge transformations which vanish at spatial infinity, the
physical Hilbert space Hpnys is often called the gauge-invariant Hilbert space. This is not quite correct,
since as we saw in Maxwell theory it is not invariant under gauge transformations that approach a nonzero
constant at infinity, but the terminology is standard so we will use it@ Similarly we say that an operator
is gauge-invariant if it is invariant under all gauge transformations that vanish at spatial infinity. These are
operators that are well-defined on Hppys, and thus the only candidates for physical observables.

The simplest gauge-invariant operators are local operators such as ®'®, Tr (F,5F,s), VYD, ¥, etc. In
Maxwell theory however we found we could also define interesting non-local gauge-invariant operators by
using the Wilson line

W,(C) = 't foAde, (4.29)

where C' is a curve from a point x; to a point z; in spacetime and g = ne is a possible charge. In Maxwell
theory under a gauge transformation
A;L =A,+0,Q (4.30)

the Wilson line has gauge transformation
W,(C) = = =2@Dw, (), (4.31)
so if @ is a field of charge ¢ then the operator
O (2 )W, (C) () (4.32)
is gauge-invariant. We also defined gauge-invariant operators
o (z) = W, (C)d(x) (4.33)

with C' a curve going from x to spatial infinity. EI;c(a:) is gauge-invariant because the gauge transformations
we view as redundancies vanish at infinity. Finally if z; = xy then W, (C) is itself gauge-invariant, and in
this case it is referred to as a Wilson loop.

Returning now to general compact G, we would like to again define a Wilson line for use in constructing
nonlocal gauge-invariant operators. The definition is more complicated than before however, since A is now
a matrix and the matrices at different points on the path C' do not need to commute. This is similar to the
problem of defining the time-evolution operator for a time-dependent Hamiltonian in quantum mechanics,

42We could try to define it on Hypig by omitting this term, but then it would commute with A§ so it wouldn’t generate the
right equations of motion.

43In QCD states which transform nontrivially under constant gauge transformations actually carry infinite energy due to
confinement, so the Hilbert space of finite-energy states is indeed gauge-invariant without this caveat. More generally this
depends on the phase of the gauge theory, as we will discuss later.
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and the solution is the same. The idea is that for any representation « of G with Lie algebra generators 7,
we have _
Wo(C) = Pt A"Tadz (4.34)

where P indicates the path-ordered exponential. There are two ways of defining this. One way is that
if we parameterize C' as z#(s) with

o
, (4.35)

and we define a unitary matrix U(s) with dimensionality equal to that of « as the solution of the differential
equation

a ., dz*
E = ZAHTO‘KU (436)
with initial condition U(0) = I, then
Wa(C)=U(Q). (4.37)
The other way is to discretize C' into a sequence of points g, z1,..., TN, with 9 = 2; and oy = zy, and
then define
W, (C) = J\;gnoo (I +iAf(xn_1)Talxly_y) ... (I + A5 (20)Ta Azf) (4.38)
where
Azt = ol | — ol (4.39)

The gauge transformation of the Wilson line is more easily determined from the second definition. Indeed
to first order in Az’ we have

T4 iA% (2) TaAal = T +iU(2;) (Alra — iU (2:)0,U () U ()~ Al
= U(zy) (1 + A% () Ta At + U(xi)*lauU(xi)A:cé‘)U(xi)*l
— U(z) ((I + U(J;i)_18HU(xi)Axf) (1 + iAZ(xi)TaAJ;f)U(xi)_l
= U(it1) (I + iAZ(xi)TaA;vf)U(xi)_l (4.40)

Here U(x) is the representation of the gauge transformation g(z) in the representation a. In the product
representation (4.38)) of the Wilson line these U matrices cancel between the different factors, except at the
beginning and the end of the product. Therefore we have the gauge transformation

Wo(C) = Uz p)Wo (O)U (x;) " (4.41)
In particular if ® is a field that transforms in representation o of GG, then the operator
& (2 Wa (O)0(a) (4.42)
is gauge invariant. Moreover if x; = x; then we have the gauge-invariant Wilson loop
Wo(C) = Tr (W, (C)). (4.43)

Unlike in the abelian case, a trace is necessary to get a gauge-invariant operator. When we discuss lattice
gauge theory later in the semester we will see that in some sense the Wilson line is a more natural fundamental
object than the gauge field A,. We already see that it has a simpler gauge transformation, and we can also
use it directly to define the covariant derivative:

D,® = lim Wa(C) O(w +ecy) = () (4.44)

e—0 €
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where e, is a unit coordinate displacement in the u direction and C' is the infinitesimal curve
z¥(s) = 2" + esdy,. (4.45)

From this point of view W, (C) can be viewed as telling us how to “parallel transport” a field transforming
in representation « along a curve C so that we can compare its values at different points in spacetime, so
what the covariant derivative does is parallel transport ®(z +ee,,) back to « before it compares it with ®(x).

4.5 Gauge-fixed operators in the gauge-invariant formalism

The alternative approach to dealing with gauge redundancy that we mentioned above is gauge-fixing. This
means we impose some additional condition on the fields of the theory that uniquely picks one representative
of each gauge equivalence class. In Maxwell theory we discussed several possible gauge-fixing conditions,
with the two we discussed the most being Coulomb gauge

9iA; =0 (4.46)

and axial gauge
A; =0. (4.47)

Both of these conditions break manifest Lorentz invariance, and axial gauge further breaks rotational invari-
ance. For general compact G we can similarly try to fix the gauge, but it becomes harder to find a simple
gauge-fixing condition that really picks one representative of each gauge equivalence class. In particular the
non-abelian Coulomb gauge condition

0;A? =0 (4.48)

does not work due to what is called the Gribov ambiguity, which means that for some choices of A% there
are nontrivial gauge transformations that preserve this condition. In Minkowski space however the axial
gauge condition

= (4.49)

still essentially works, as we will now argue. There are two things we need to show: that any gauge field
configuration can be put in axial gauge by a valid gauge transformation, and that once this is achieved no
further gauge transformations are allowed. For the former, given a gauge field configuration A, (x), we want
to find a gauge transformation g(z) such that

ig~ 1 = A, (4.50)

which we can rewrite as
Og t =idigt. (4.51)

We have just learned how to solve this equation, the solution is

g(t, ml,xl)_l = Pét TE Ax(ta” @ )dat (4.52)

Moreover this g is unique since it is the solution of an ODE with boundary conditions specified, so there
is no Gribov ambiguity. There are two points we need to be careful about however: first of all the integral
could potentially be divergent, and we also need to check that it defines a gauge transformation that becomes
trivial at spatial infinity since those are the only ones we quotient by. The convergence is easily dealt with
by requiring the gauge field to go to zero at infinity: for A; this is true in every direction except for the x!
direction by our boundary conditions, while in the z! direction we can get it by restricting to finite-energy
configurations. The gauge transformation g vanishes in any spatial direction except for the 2! direction for
the same reason, and the integral also vanishes by construction when ' = —oco. So the only direction where
it might not vanish is ! = +o0o. And indeed in general it might not: there is a gauge-invariant degree
of freedom given by the Wilson line from z' = —oco to 2! = 400, and we cannot remove it by a gauge
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transformation. The best way to take this into account is to treat this Wilson line as a single extra degree of
freedom in the theory, together with a gauge field obeying (4.49)). The extra degree of freedom can only be
measured by moving a charged particle from 2! = —oo to ' = o0, so it has no effect on experiments done

in a finite region.
The way this gauge-fixing procedure is implemented in our gauge-invariant formalism is that the gauge
field in axial gauge is actually a gauge-invariant operator on the physical Hilbert space:

A, =g (A, —ig t0.9) 97", (4.53)

with g(z) given by . This is a highly non-local operator due to the path-ordered exponential in ,
just as we found for the gauge field in Coulomb gauge in Maxwell theory. This non-locality is hidden if
we try to view A, as the fundamental field, as is done in most textbook treatments of gauge-fixing, but it
reappears if we compute commutators of KM with other gauge-invariant operators such as Tr (F},, F'*) so in
my view it is better to have it there explicitly in the operator. If you do not like it, the best recourse is to
avoid gauge-fixing altogether by working with the gauge-invariant formalism.
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4.6

1.

Homework

Write down the condition that a matter action £(®, D®) depending on some matter fields ®,, and
their covariant derivatives D, ®,, be invariant under infinitesimal gauge transformations

! (z) = Py, () +1€0%(2) (10)," (). (4.54)

n

Using this condition, and also the equations of motion obtained by varying the matter action with
respect to ®,, show the covariant conservation (4.7) of the matter current (4.5). Also show that the
left-hand side of the equation of motion (4.4)) is identically covariantly conserved.

. Consider the matter Lagrangian

Ly =—(D,®) D,®— V(o). (4.55)

for a complex gauge field ®,, transforming in some representation of the gauge group G. Compute the
gauge current J# for this action, and also show that the matter Hamiltonian (4.23)) is independent of
A% when written in terms of ®,, and II".

. So far we have discussed general gauge transformations of A,,. Defining g(x) = e"(@)Ta write out the

infinitesimal form of a gauge transformation of A, to first order in €*. Also write the transformation
of A%.
“w

Compute the commutator of A% (Z) and ®,,(Z) with — [ d = ze(Z) (DAL + J?), with €* vanishing at
spatial infinity, and compare to the result of the previous problem to convince yourself that the Gauss
constraint indeed generates gauge transformations.

Consider a Wilson loop around a small square-shaped loop of side length €, which you can take to lie
in the z'z? plane oriented with the axes. Working to second order in €, express it in terms of gauge-
invariant local operators. Hint: this is easiest if you Taylor-expand the gauge fields around point in
the center of the loop, which you might as well take to be the origin of the z'z? plane. Also at this
order it is enough to approximate the contribution from each edge as (1 + icA) with A evaluated at
the midpoint of the edge and pointing along it, you are free to assume this but if you would like to
derive it in a systematic way you can use the Magnus expansion

1 1 s1
Pefol dsX(s) = exp |:/ dSX(S) -+ % / d51 / d52 [X(Sl), X(Sg)] + ... (456)
0 0 0

and Taylor expand X about s = 1/2 so that you can evaluate the integrals.
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5 Path integral formulation of Yang-Mills theory

Our primary tool for doing concrete calculations in interacting field theories is the path integral formulation,
and that is true for Yang-Mills theory as well. As in Maxwell theory, our strategy will be to derive the
path integral from the gauge-invariant Hamiltonian formulation of the theory. This allows us to avoid the
problems with defining a non-perturbative gauge-fixing that we encountered in the last section, although a
completely rigorous formulation will have to wait until we go to the lattice in a few sections.

5.1 Gauge-invariant path integral

We’ll begin by recalling that in ordinary quantum mechanics the path integral is derived by repeatedly using
the formula p
Ne—t€H(Q.P) |\ ~ [ P pin(d —a)—icH(d .p)
e ~ [ —e 5.1

(| i~ [ 5 (51)
to split up a transition amplitude into infinitesimal pieces. Here H is ordered with Q to the left and P to
the right. The approximation is at small e. In gauge theory however the analogous quantity does not make
sense, since states of definite A live in Hy;4 but the Hamiltonian is only defined on Hyppys. In Maxwell theory
we dealt with this in two steps. We first introduced an “intermediate” Hilbert space H;,: of wave functionals
that are independent of Ay, and then on H;,; we introduced a projection Pg; onto Hppys that imposes the
Gauss constraint and then constructed an integral representation of

(@, d'le”M Pgr|d, ¢). (5.2)

We will follow the same strategy here for general compact gauge group G.

5.1.1 Group theory preliminaries

To begin we first introduce some new terminology. So far we have been using the term “gauge group” for
the group G that the matter fields at a given spacetime point x transform in representations under. G is
a finite dimensional Lie group. There are two other notions of gauge group that will be important in this
section, so to avoid confusion we will define them now. The first of these is the set of maps from space R¢~!
to G that become the identity at spatial infinity. We will refer to this as the canonical gauge group, and
denote it G.. G, is the group whose infininitesimal generators are the Gauss constraints, and it acts unitarily
on M;ne. The physical Hilbert space Hpnys is the set of states that are invariant under U(g) for all g € G..
The other notion of gauge group that we will need is the set of maps from the full spacetime R¢ to G' that
become the identity at spatial infinity. We will refer to this as the spacetime gauge group, and denote
it by G. Classically G is the set of what we usually refer to as gauge redundancies. Both G. and G are
infinite-dimensional Lie groups, and both are compact since a product of compact spaces is compact even if
it is an infinite product (this is called Tychonoff’s theorem)@ In particular this means that we can write
the projection onto gauge-invariant states as

Pgr = g dgU (g). (5.3)

This clearly acts as one on gauge-invariant states, and acting on any state |¢) it produces a gauge-invariant
state since

o) [ st = [ dwinal) = [ o). (5.4

c

44This statement would not have been true had we had restricted the elements of G. and G to be smooth functions. This
is the usual problem we have in path integral arguments, where a pointwise measure is dominated by strongly discontinuous
functions. It is better justified on the lattice, as you will see in a few sections.
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In constructing the path integral however, a more natural representation of Pgy is this one:

Pgr = . 5.5

GI f’DCLO ( )

Here a}(Z) is a function that will become the time component of the gauge field, and the measure is the
cartesian measure

Dag = | [ dafy(z). (5.6)

Deriving this formula is somewhat subtle, the simplest argument I could find is based on using something
called the Weyl integration formula to rewrite the integral in terms of a maximal abelian subalgebra and
then using the fact that in the abelian case the integral over the Lie algebra gives a delta function of the
charge. 1 will instead show something a bit weaker that is still sufficient for our construction of the path
integral, which is that if we raise the right-hand side to the power IV then it approaches Pg; in the limit
that N — oo. Provisionally denoting the right-hand side of as Pgy, we want to show that

lim PY, = Pgr. (5.7)
N—oc0
We'll first show that for any g € G. we have
U(9)ParU(g™") = Par. (5.8)

This is because the constraints D;IIZ + JO are the generators of G., so conjugation by U acts on them in the
adjoint representation:

U(g) / Dage! /47 v (DI 17 (g=1) = / Dage’ /412D @e5(Dillt 2, (5.9)

We can undo this adjoint transformation by a change of coordinates
ag'(7) = D (g)ag (5.10)

in the ap integral, at most at the cost of a Jacobian factor in the measure. And in fact there is no such
factor, since we have

D*%(9)D*4(9)Jac = Joa (5.11)

and thus Det(D) = £1. The change of variables formula uses the absolute value of the determinant, so there
is no Jacobian factor. Therefore Pg; commutes with U(g). Thus by Schur’s lemma Pgr acts as a constant
A on each irreducible representation in the decomposition of H;y; into irreps of G.. Clearly A =1 on Hpnys,
so to establish we need to show that A = 0 for each nontrivial irrep. This is the step where the Weyl
integration formula is needed. To avoid it we will instead just show that acting on nontrivial irreps we have
|A| < 1. This is enough to show (5.7). The idea is that that if |i) and |j) are states in the same irrep, then

(| Parli) = Adi; (5.12)

is really just averaging the representation matrix D;,;(g) over some set of group elements g. Since the D;;
are unitary (remember that G. is compact), their components must have absolute value less than or equal
to one. If the representation is nontrivial then some of these components have absolute value less than one,
in which case the average must be strictly less than one.

5.1.2 Deriving the path integral

Let’s now see how we can use (5.5)) (or (5.7))) to derive the gauge theory path integral. Other than (5.5) the
steps are the same as we have already done several times, so we will be fairly terse. For an infinitesimal time
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evolution it goes like this:

(@, '|e= "M Poy|d, o) = / DrDag(a'¢/|e ™) (nleie ] #ed (DI ID| g, )

fD
a/_ a /o .
fDa /DﬂDaoexp {ze/dd ! ( % 7rfl+¢m ¢mwm—H+a8(Di7T;+jg)>}
0

€ €
x /Daoe“fddflﬁ, (5.13)
fDao

2
H——ww +— @19 4 g (5.14)

where

is the canonical Hamiltonian density we derived last time, D7 denotes an integral over both 7% and 7™, and
in the last step we have performed the Gaussian integral over the 7 to replace them by their saddle point
values

1 o
- Efa
0Lm
dgm

m o __

™ (5.15)

at the cost of a field-independent determinant factor that we have dropped. In the last step we have the
Lorentz-invariant and gauge-invariant Lagrangian density

L= @ FI 4 Loy (5.16)

492
that we started with, so all the non-covariant parts of the Hamiltonian analysis have disappeared! Through-
out lower-case fields indicate integration variables or field eigenvalues, while upper case fields indicate op-
erators. The first equality is together with inserting a complete set of states, and the approximation
is using small € linearize the exponentials so that the operators (with appropriate ordering) can be replaced
by their eigenvalues, after which they are re-exponentiated. Once we have , we can then proceed to
vacuum expectations of gauge-invariant operators as before:

J DaDpO1(a,9). .. On(a, p)e™®
| DaDgets ’

(QTOL(A, ) ...0n(A,B)|Q) = (5.17)

where as usual the action is evaluated using an ie prescription to project onto the ground state. There were
multiple heuristic steps in this derivation (to say the least!), leading to the usual issues of regularization and
renormalization that we have discussed at length in the previous semesters.

Before moving on to discuss the gauge-fixed version of , I will mention why is enough to
derive it. What the derivation we just gave really did is supply a factor of Pg; at each time step. Since the
Hamiltonian is gauge-invariant it commutes with Pg;, so when we evolve for a finite time we can move all
of those factors of IE’G 1 through the time evolution operators and combine them. In the continuum limit of
many time steps this thus becomes Pg; by .

5.2 Fadeev-Popov gauge-fixing

In QED we saw that the expression (|5.17)) was in some sense “too pure” for practical calculations. This was
because the numerator and the denominator are both divergent due to the invariance of the integrand under
gauge transformations in the spacetime gauge group G (this is in addition to the various UV divergences
which we will deal with later using renormalization). In fact the factor of f’D in (5.13) was precisely

there to cancel this divergence, but this factor canceled in . This doesn’t mean that (5.17)) is wrong,
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and indeed its Euclidean version is the starting point for lattice gauge theory. In perturbative calculations
however this divergence is quite inconvenient, and indeed in QED we saw that it led to a photon kinetic
term that could not be inverted to find a well-defined propagator.

The standard approach to this problem is to gauge-fix the path integral using a non-abelian version
of the Fadeev-Popov (FP) procedure we used to set up a gauge-fixed path integral for QED last semester.
In this section we will describe this procedure assuming that we have a good set of gauge-fixing conditions

B*[A,®] =0 (5.18)

that pick a unique representative of each equivalence class of field configurations under G. In fact we will
assume a bit more, which is that for any function f*(z) we can find a unique gauge transformation g € G
such that

B**[Ag, @] = f*(2), (5.19)
where A, and ®, are the gauge transformations of A and ® by g. It must be acknowledged however that
non-perturbative issues such as the Gribov ambiguity for Coulomb gauge or the residual Wilson line for axial
gauge make either of these things hard to do in practice. Fortunately for us however, in perturbation theory
it is enough to pick a gauge-fixing that works near A = 0, ® = 0 and that is much easier to do.

We will present the FP procedure in a rather general way. We begin with a path integral

Zo = / DpO|p]eS! (5.20)

where both the operator O[#] and the path integral measure Dget® [¢] are invariant under a gauge transfor-
mation

¢ =g, (5.21)
with g € G a spacetime gauge transformation coming from a compact gauge group G. Here I have combined
the gauge and matter fields into a single field ¢ (in general at the cost of having ¢ transform in a reducible
representation of whatever symmetries are present). In this argument we could combine O and €™ into a
single gauge-invariant functional, but I will leave them explicit to remind you why we are doing this. The
first step of the FP procedure is to define

Ze = /Dfe*ﬁfddwf“(ﬂc)fa(w) (5.22)

with £ > 0, in terms of which we have
Zo = zl5 / DD fO[g]e" )z S M), (5.23)
The factor of g2 in the definition of Z¢ is there so that our ¢ matches the standard one in the literature.

So far this is trivial. The key step is that we now change variables in the integral over the f®(x) in a
field-dependent way, by solving the equation ([5.19)) for g (which we assumed can be uniquely done). We thus

have
1 0B i i 4, gas® z
Zo = — /’D¢D9 det ([%]> Ol¢le Sp]= g5z S d°@ BT [dy] By [¢g]7 (5.24)
Zg 89
where the determinant arises from the change of variables matrix
dB**[¢g]
g (5.25)

with g% being coordinates on G and the measure Dy is the cartesian measure on g‘”@ Using the gauge
invariance of O[¢] and Dpe®l?l we can rewrite this as

1 (SB 7 i rB*® x
Zo = - / D%nget( 5[559]> Ol 1001 zame S 4B 0B 1001, (5.26)
3

45This measure on G is not so natural but don’t worry, we will soon convert it to the Haar measure!
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So far this is the same as the manipulation we did for QED, with the only new ingredient being that the
determinant factor is now field-dependent so we cannot just discard it. The next step in QED was to change
integration variables from ¢, to ¢, which removes the g dependence of all terms except for the determinant.
The new complication in the non-abelian case is what to do about this determinant. For this purpose it is
useful to note that if we denote by (hg)** the coordinates of hg € G, then by the chain rule we hav@

5B (6ng] _ 5B [0ng] D(hg)*
dhby d(hg)ey  Ohby 7

(5.27)

so taking the determinant and setting h = e we have

h:e) . (5.28)

) /e (%

The quantity
Dy

der (%5,

is actually proportional to the Haar measure on G, as you will check in the homework. Moreover the quantity

det (W’h_e) (5.30)

depends on ¢ only in the combination ¢4. Thus we are free to now change variables ¢, — ¢, after which we
have

(5.29)

Zo = L)é(g) / Do Applg) O[p] S0+ d'alos (5.31)
3
where 5Blen]
. h
Applg] = det( o ‘h_e) (5.32)

is called the Fadeev-Popov determinant and

Lgs(x) = B**[$] Ba,2[¢] (5.33)

29%
is called the gauge-fixing Lagrangian. Vol(G) is the volume of G in the measure (5.29)), so we have
succeeded in removing the divergence due to integration over gauge transformations. In the end the result is
fairly simple: up to an overall constant that cancels in (5.17)), the gauge-fixed path integral differs from the
gauge-invariant one only by the presence of the FP determinant App[¢] and the gauge-fixing Lagrangian.

5.3 Ghosts

Equation is the starting point for most perturbative calculations in gauge theory. In order to make
it practical however we need to pick a more useful representation of the FP determinant App[¢]. Here
it is useful to remember our general Gaussian integration formulae, which give us a way of representing
determinants as path integrals. For bosonic path integrals however what we get is an inverse power of the
determinant, so to get a positive power (in particular one) we need to use a Grassman integral. The identity
we will use is that

/ derdyt ... dEydypMe ¢ AV = det(A), (5.34)

46Tn the second factor we have ordinary partial derivatives since hg(y) only depends on h(y). We could alternatively write a
functional derivative and then have h* instead of h®¥ and integrate over z, but the functional derivative produces a §%(y — z)
which is then removed by integrating over z so we end in the same place.
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where ¥™ and &, are real Grassmann variables and A is any M x M matrix. Applying this formula to the

FP determinant gives
5BGZE b
(Shby h:ec (y) ) (535)

where b, is like ¢ and c® is like 1 in . The « indicates that we dropped a field-independent phase
arising from this ¢ and also from ambiguity in how exactly we order the fermion measure. This phase always
cancels when we compute a ratio of path integrals in order to get normalized correlation functions or S-matrix
elements. The fields b, and ¢* are called Faddeev-Popov ghosts (sometimes ¢® are called ghosts and b,
antighosts). They have the rather counterintuitive property of being anticommuting fields that transform
as Lorentz scalars, which seems to contradict the spin-statistics theorem. We will discuss their physical
interpretation later in the section.

In the literature b, is often called ¢, or ¢, which suggests that b, and ¢, are complex conjugates, but
this is not actually true: instead the reality assignments for the ghost fields are

App o /Dch exp {i/ddmddyba(x)

b = —b,. (5.36)

One way to see this is from the comparison to ¥ and £ above, and we will also motivate it in a moment
from the reality of the Lagrangian. It is quite tempting to take b, to be real by dropping the factor of i in
relating it to &, but keeping this ¢ is a rather standard convention since it makes the ghost propagator match
the usual free scalar propagator as we will see next section.
Speaking of the Lagrangian, we would of course like to view the quantity in the exponent of as
a contribution to the Lagrangian together with L,¢ but it does not look local. This however is a purely
notational problem: if the B** are local functionals of the fields, then the functional derivative with respect
to k% always introduces a d-function that does one of the spacetime integrals. We can illustrate this by
making the concrete choice
B“®[A] = 0" A

w

(5.37)

which is the non-abelian version of the Lorenz gauge condition that we used in quantum electrodynamics.
Parametrizing h € G near the identity as

h= et f o< @ (5.38)

and using the expression
5 AL = De" (5.39)

for an infinitesimal gauge transformation that you derived on the previous homework, we have

6Bal‘

5@ oo = "D, 685% (x — y), (5.40)
with the derivatives acting on x, and thus
App x /Dcheifdd”“LFP, (5.41)
with
»CFP = —8“baDHCa. (542)

Here we took the liberty of integrating by parts to make a Lagrangian with no second derivatives. This
Lagrangian is indeed real given our reality assignments (5.36]), provided that we are careful to remember
that the complex conjugate exchanges the order of Grassman variables.
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5.4 What do ghosts mean?

At this point you may be rather concerned about the physical meaning of the Fadeev-Popov ghost fields.
Why is it ok that they violate the spin-statistics relation? Do they really correspond to physical particles?
If so then where were they in the gauge-invariant presentation of the theory? In particular I emphasize that
the ghost action Lpp includes a cubic interaction term where a b and a ¢ ghost interact with a gauge boson.
Does this mean that we can physically produce b and ¢ excitations out of gauge bosons? Even worse, if your
memory goes back to the beginning of the previous semester you may recall that in order to make distinct
anticommuting fields be hermitian we need to define an inner product which is not positive semi-definite.
Does that mean that unitarity is somehow violated?

The answers to all these questions become clear once we remember what we are really doing. We started
with a Hilbert space Hp;g with positive inner product, and we projected to the gauge-invariant subspace
Hphys that inherits this positive inner product. We are computing the expectation values of gauge-invariant
operators built out of the gauge and matter fields, which we can think of as operators on Hyxys. They obey
the usual spin-statistics relations, as they must. The ghost fields are best thought of as purely calculational
devices in the path integral, which are there to help us fix the gauge, and we should not include them in the
operators that we are computing expectation values of. From a perturbative perspective, they are allowed
to run in loops but not to appear as external lines.

You may nonetheless wonder if we can assign some kind of Hilbert space interpretation to the ghost
fields. Indeed we can, but this requires extending the Hppys to a larger vector space, different from Hy;g,
whose inner product has indefinite norm. Our proof of the spin-statistics theorem used the positivity of the
Hilbert space inner product, so there is no contradiction that the conclusions of the theorem do not hold on
this larger vector space. This idea leads to what is called BRST quantization, which is a formalism for
giving the gauge-fixed path integral an operator interpretation and then constructing the physical Hilbert
space by a kind of quotient. We won’t develop this formalism in detail, as we already have a satisfactory
Hilbert space formalism based on gauge-invariant quantization, but we will say a little about it. Before doing
so however, we first need to introduce the related notion of BRST symmetry.

5.5 BRST symmetry

Let’s now have a look at our general gauge-fixed Lagrangian:

Ay). (5.43)

h=e

| 4 0B

£total - EGI - ﬂB Ba,a; + ba /d Yy 5hby

Here L7 is the gauge-invariant Lagrangian we started with. The new terms are not gauge invariant, which

after all was the whole point of doing gauge-fixing. Nonetheless it was realized by Becchi, Rouet, Stora, and

Tyutin that it still possesses a residual form of gauge symmetry called BRST symmetry. This is most
clearly demonstrated if we introducing an auxiliary (bosonic) scalar field n, as

2 azr
~ _ g 5 a a,x d 0B b
‘Ctotal - ‘CGI + Tnan + naB + ba/d Y 5hby h:ec (y) (544)
Doing the Gaussian integral over n, replaces it by its saddle point value
«___L po (5.45)
n* = ——=B"", .
9%¢

which turns this action back into (5.43). The BRST transformation is an infinitesimal transformation
labeled by a Grassman parameter we will call 6, with the rough idea being that it is an inifitesimal gauge
transformation with gauge-transformation parameter

€ = fc”. (5.46)
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Acting on all of the fields the BRST transformation is

69¢)TL = iaca (Ta)nm ¢m
=0D,c"

1
dpc® = —QQCabccbcC

59ba = —9na
dona = 0. (5.47)

One can confirm by direct calculation that the action Etoml is invariant under this transformation. This

is obviously true for L¢y, since it depends only on the physical fields ¢, and aj, and for these the BRST

transformation is just a gauge transformation; the gauge invariance of L is right there in the name. The

term involving n,n® is also obviously invariant. It is not hard to argue that when the transformation acts

on B*7 in the third term it cancels the term where the transformation acts on b, in the fourth term; this
§Ba,w

follows from
a,r __ d
3 BY* = /d T

which is true since B** only depends on the gauge and matter fields (not the ghosts or the auxiliary field),
and so its transformation is just an infinitesimal gauge transformation with gauge parameter (5.46|). The

§B™"
b,
SREY |, _

this for the special case of Lorenz gauge, but to show it more generally it is worthwhile to first take a detour
and realize that the BRST transformation squares to zero in the sense that

. 0c'(y), (5.48)

tricky thing is to argue that the quantity [ d%y

®(y) is invariant. In the homework you will confirm
e

9,09, =0 (5.49)

acting on all the fields. This is obvious acting on b, and n,, but for the other fields we need to check it. I
will do it for ¢,,, and leave aj, and c* to you in the homework. For ¢, we have

80,00,6 = 10274 (89, ¢} + 5, }) (5.50)
= 026, (—;C“bccbccﬁlqﬁ — iCaCbTaTb¢> (5.51)
= —ify0, (;cabccbccw + ;Ccabc“cbngb) (5.52)
=0, (5.53)

where in the third equality we used the antisymmetry of ¢*c? to replace 7,7, by %[Ta, 7p] and then used the
Lie algebra. (5.49)) also holds on products of fields, for example

96,00, (P102) = 9, 0100, P2 + g, 0109, P2 = 0, (5.54)

with the second equality holding because 6, and €, are anticommuting and we need to move them past each
other to exchange them. B

We can now use to finish showing the invariance of Ly, under the BRST transformation .
The key point is to recognize that we have

~ — d a,xr 92€ a
L:total - EGI + @59 <_baB - Tban > 5 (555)

which follows from
dp (bgn®) = —Ongn® (5.56)

and (5.48]). Thus if we compute g/ of the right-hand side of (5.55)) then Lg is invariant by assumption and
the rest is also invariant since dg:d9 = 0.
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5.6

Applications of BRST symmetry

There are three primary applications of BRST symmetry:

(1)

In renormalizing Yang-Mills theory we need to introduce counterterms as usual, and for the theory to
be self-consistent these counterterms need to be gauge-invariant. On the other hand the ghost and
gauge-fixing terms in the gauge-fixed path integral are not gauge invariant, which raises the concerning
possibility that the gauge-fixed path integral could generate divergences which require a gauge non-
invariant counterterm to cancel. The standard proof that this does not happen uses BRST symmetry
to constrain the forms of possible divergences, making sure that only those that can be absorbed by
gauge-invariant counterterms can be generated. You can see this argument for example in Weinberg’s
book. From my point of view however this is something of a distraction: in the gauge-invariant path
integral there are no violations of gauge symmetry, and if we choose a gauge-invariant regulator
such as lattice gauge theory then no gauge-variant counterterms can be generated.

We declared that ghost fields do not lead to physical particles, but in the gauge-fixed path integral
this is not obvious since we can easily write down diagrams that look like they could produce ghosts
from physical initial states. The self-consistency of the gauge-invariant path integral makes it clear
that these diagrams do not actually contribute to physical amplitudes, but the standard approach to
confirming this to all orders in perturbation theory uses BRST symmetry.

We can use BRST symmetry as an alternative starting point to the quantization of gauge theories.
The idea is to introduce a larger vector space Hprsr on which the ghost fields act as anticommuting
linear operators, and which is equipped with an “inner product” that includes states of negative and
zero norm. We then introduce a fermionic BRST operator Qg on Hpgrst such that

i[0Qp, O] = 5O (5.57)
for any operator O. By construction the BRST operator obeys
Q% =0. (5.58)

Looking at the action , we see that the physical part of the action commutes with Qg while the
gauge-variant part is a commutator of () with something else. This motivates us to define a similar
condition at the level of states: physical states in Hprsr are those which are annihilated by @p,
but with the caveat that two such states which differ by a state which is @ p acting on another state
should be identified. Thus in this approach we define the physical Hilbert space to be the kernel of Q5
quotiented by its image:

Hons = {1¥) € Horsr|Qalv) =0, [8) ~ [v) +Qslx) }- (5.50)

A mathematician would describe this as saying that physical states live in the cohomology of the
nilpotent operator @ p. In this language states in the kernel of Q5 are called closed and states in its
image are called exact. In Weinberg or Srednicki you can read about how this leads to the same Hppys
for a free Maxwell field that we constructed using gauge-invariant quantization, and this has been
proven to all orders in perturbation theory for general Yang-Mills theories. I am not sure however if
it really works non-perturbatively without further ingredients, since the BRST approach is ultimately
based on gauge-fixing and in the non-abelian case this suffers from global problems such as the Gribov
ambiguity.

Given the complaints I made about each of these applications, you might ask why I told you about BRST
symmetry at all. This is fair, but it is quite popular in many corners of theoretical physics so it is good
for you to learn something about it. One reason why its adherents like it is that they can formally realize
manifest Lorentz invariance on Hgrgsr, while in our gauge-invariant construction Lorentz invariance is only
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manifest once we go to the path integral. My view however is that I would rather have unitarity be manifest
and Lorentz invariance be something we need to check than vice versa. After all any non-perturbative UV
regularization will break Lorentz invariance, but we can preserve gauge-invariance and unitarity exactly on
the lattice as we will soon see.
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5.7

Homework

. What are the gauge-fixing and ghost actions in axial gauge? Argue that in the limit £ — 0 the ghosts

decouple from the gauge field and thus can be ignored.

. Check the Gaussian integral (5.34) for M = 2 by expanding the exponential and computing the

Grassman integral.

Confirm the BRST invariance of the action (5.44) under the BRST transformation (5.47)) for the special
case of Lorenz gauge, with gauge-fixing condition (5.37)). Do this by direct calculation, i.e. not using
(5.49)).

. Show that dg, dp, vanishes acting on the gauge field aj, and the ghost ¢*. Hint: you will need to use

the Jacobi identity for the structure constants.

Extra credit: show that the measure is indeed proportional to the Haar measure. Hint: it
easier to show that it is right-invariant, and then you can use compactness to infer left-invariance.
Alternatively, you can show directly that it is the pullback by R,-1 of a volume form at the identity,
which again shows it is right-invariant.
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6 Perturbative Yang-Mills theory

We have now set up a gauge-fixed path integral for evaluating correlation functions of gauge-invariant
operators in Yang-Mills theory:

[ DaDDYDc Oy (a,9) ... Oy (a, p)et | ' #Lror(@:0.0.0)
(QITOL(4,9)...On(4, 0)|92) = [ DUDGDIDe o1 2] - 6D

with

1
29%¢
In this section we will learn how to do perturbative calculations in this theory assuming that the gauge
coupling ¢ is small. To be concrete we will take the matter field to be a spinor transforming in some
representation o of G with generators 7,, so the matter Lagrangian is

1
Liot = —@fﬁ,,féw + Ly (¢, Do) — oMagd,ay — by Dy (6.2)

L = —ith (I +m) . (6.3)
In this section we will adopt the alternative gauge field normalization
. 1
ay = gaw (6.4)

since this is the normalization that is most intuitive for perturbative calculations. Writing everything out,
the action is

1 ~a ~a a ~bac Pz VA ey 1 ~an AU
Liot = — 1 (Ouay — dyaf, + gC bcaiay) (oral — 0vak + gC,4 ahal) — ia“auayaa

— i ((3 +m — igTa'y“dZ) P — OMb, (8Mc“ + gC“bchcc) ) (6.5)

If we set g = 0 this is a free action of dim(G) Maxwell fields, dim(«a) spinor fields, and 2dim(G) ghost fields
with an off-diagonal kinetic term. The Feynman propagators for these fields are obtained by inverting these
kinetic terms:

dlp iy +im)

et (z=y)
(2m)d p? + m? — ie

S,z — ) = (W (2T (4)) = O /

dd *’L L . U, in-(x—

At~ ) = it =g [ o8 (S0 i - 9 Pl ) v

dip —idf
@) = [ Gy, (66)
Here the notation (-) means evaluating the gauge-fixed path integral with the indicated quantity
inserted. I have suppressed the spinor indices on the fermion propagator, so the indicated indices are the
representation indices only. It is worth emphasizing however that these insertions are not gauge-invariant,
so these propagators should not be interpreted as expectation values of gauge-invariant local operators on
Hphys- This is clear for example from the &-dependence of Azﬁ. They should be viewed as intermediate
quantities for use in the perturbative calculation of expectation values of gauge-invariant operators. As in
Maxwell theory we will work in the Feynman gauge £ = 1, which eliminates the second term in the gauge
field propagator. The graphical representations of these propagators in momentum space are shown in figure

@l

0% (r —y)

In order to do perturbative calculations we also need the interaction vertices. These can be read off from
equation (6.5)). For example each insertion of the spinor interaction (including an i because we have iL;,; in
the path integral) brings down a factor of

—igTay"Yas, (6.7)
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Figure 7: Interaction vertices for spinors and ghosts with a gauge field.

in the path integral. The fields get attached to propagators, with the ¢ being the end of a propagator and
the v being the beginning of one. In our usual rule that we multiply propagators along a fermion line from
right to left as matrices, this gives an interaction vertex of

—igTa Y. (6.8)
Each ghost interaction insertions brings a factor of
—igC® 0" baas,c. (6.9)

To turn this into a momentum-space interaction vertex, we need to remember that in momentum space
a derivative in an interaction corresponds to a factor of ip* if the momentum is ingoing and —ip* if the
momentum is outgoing, with p being the momentum of the propagator which is attached to the field with
the derivative. In the ghost propagator we should think of b as the beginning and ¢ as the end (you can
compare to 1 and ), so if p is the momentum of the outgoing b leg the interaction provides a factor of

—igC, - (—ipt) = gC%.p". (6.10)

We show the pictures for these vertices in figure

47In the ghost vertex if you like you can cyclically permute the adjoint indices so that a is the gauge field, b is the b-ghost,
and c is the c-ghost. This then gives the structure constant Cbca, you can decide which is easier to remember.
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Figure 8: Three-point and four-point interaction vertices for a gauge field.

We also need to consider the gauge field interaction vertices. There are two cross terms in (6.5)) that give
a three-point vertex for the gauge field, and each time we bring down their sum in the path integral we get
a factor of

—59 ave (0"n"P — nPn ) Ouatal,af. (6.11)

The path integral attaches this vertex to three gauge-field propagators, but there are six ways of doing this
attachment since each propagator has a choice of which of the three gauge fields to use at its endpoint. The
interaction term is invariant under («,b) <> (8, c), so to get the full contribution we can multiply by two
and sum over cyclic permutations of (v, a), (a,b), and (3, ¢). Such permutations do not change the structure
constant. Adopting a convention where we refer to the external labels as (p1, p1,a1) ... (p3, 43, az) and take
all momenta to be ingoing, we have the interaction vertex

90a1a2a3 [pllﬂnltl,us 7pl11‘3n“1‘u2 +pl2‘317#2,u1 7pl2‘117u2u3 erg‘lnuslm 7pg2n113/~01} , (6.12)
which we can condense a bit into
gCa1a2a3 [(p2 _ pl)ﬂsnﬂluz 4 (p1 _ pg)mnmm 4 (p3 _ p2)ulnuw3]' (6.13)

Finally we need to consider the four-point gauge field vertex, which comes from insertions of

(o3

;2
tg b oacad A
—TCabCC’aden“an"ﬁaZaﬁadag. (6.14)

There are 24 ways for the four incoming propagator lines to attach to this vertex, but since the vertex is
invariant under (uv,be) < (af,de) and (p,b) <> (e, ¢) we can fix the position of one of them so there are
only six distinct ways of attaching. Denoting the external labels as (u1,a1) ... (uq,a4), we can sum over
these six permutations as

1234 41243 + 1324 + 1342 + 1423 + 1432 (6.15)

and then multiply by four. This gives the vertex factor
_7;92 [Oba1a2 Chasas (nmuznuzm _ nmmnuzus) + Oba1a3 Chraza, (77#1#277#3#4 _ nmmnuzus)
4 CP o Cragay (1213148 — piabspiais )} _ (6.16)

These interaction vertices are shown in figure
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6.1 External leg factors

The Feynman rules we just described are enough to compute correlation functions of gauge-invariant op-
erators in Yang-Mills theory. In the previous semesters we also introduced Feynman rules for connected
scattering amplitudes, for use in computing differential cross sections and decay rates. This required us to
introduce additional factors for external legs, which we derived non-perturbatively using the LSZ formula. In
Yang-Mills theory however this derivation is complicated by the existence of confinement: when the coupling
becomes strong at long distances, the asymptotic scattering states of the theory can have no simple relation-
ship to the fields appearing in the Lagrangian. This possibility is realized in QCD, as we will learn starting
next time. Nonetheless it can still be useful to define a “perturbative scattering amplitude” M2 where
we ignore the existence of confinement and treat the fields as if they did indeed correspond to asymptotic
scattering states. Roughly speaking this can be a good idea because in theories like QCD the fields are
weakly coupled at short distances, so we can think of the perturbative scattering amplitude as describing
the “high-energy part” of a hadronic collision. It then needs to be sewn onto some kind of non-perturbative
input to explain how the quarks and gluons from the perturbative scattering process are extracted from and
converted into hadrons. We will say a bit more about these operations work once we finish setting up the
rules and use them to compute a few simple processes. In the meantime the idea is to simply define the
perturbative scattering amplitude using the same leg factors we had in quantum electrodynamics:

¢ Ingoing fermion with momentum p and spin o — \/Zsu(p, o)

Outgoing fermion with momentum p and spin o — +/Z2u(p, o)

e Ingoing antifermion with momentum p and spin ¢ — —/Z59(p, o)

e Outgoing antifermion with momentum p and spin 0 — —v/Zv(p, o)

e Ingoing gauge boson with momentum p and helicity o — v/Zze,,(p, o)

e Outgoing gauge boson with momentum p and helicity o — v/ Z3e;, (p,0)

Typically the minus signs in the antifermion factors are ignored since they always cancel when we square
the amplitude, and we will do this too. The wave function renormalization constants here cannot be defined
to be on-shell residues as they were in massive theories, due to the strong coupling at long distances, so
we need to define them in some less physical way by choosing an arbitrary normalization for the two-point
functions of the spinor and gauge fields, for example by specifying their values at some particular momentum.
Fortunately we will only use these external factors at tree level however, so we will not have to worry about
this.

For some purposes it is also useful to define external leg factors for ghosts. At tree level these can
simply be taken to one, while at loop level their renormalization is related to that of the gauge field by
gauge-invariance.

6.2 Tree-level quark annihilation and production

One particularly simple amplitude we can consider is the annihilation of a quark and its antiparticle to
produce a quark of different flavor and its antiparticle, which we will call gg — ¢'q’. For example we could
be considering the production of the top quark at a hadron collider like the LHC at CERN or the Tevatron
at Fermilab, with the initial ¢ and § being constituents of the hadrons that are being collided.This process
has a single Feynman diagram that contributes, shown in figure[9] Using the Feynman rules we just derived,
the connected covariant scattering amplitude is

AT . — _7/77 v — v n nh ~ab
M. =(— 2 n “ / / / / 1 2 ga
iM. = (—ig)“0(p2, 02)7 u(phm)—(p1 ) —-u(p1,01)7"0(p2,02) (Ta), ™" (To)y * 4

. 252’7%“41 'Hl”ﬁbv?’ ni(_a nj
=1 T, T, 2, 6.17
g (pl _|_p2)2 ( a)n2 ( )"1 ( )

67



n1 N2

Figure 9: Tree-level qg — ¢'q’ scattering.

where in the second line we adopted an abbreviated notation for u and v as in our discussion of spinors last
semester and also set € = 0 since we do not need to perform any loop integrals. As in QED we multiply
~v-matrices from right to left as we move along a fermion line, and the same is true for the color matrices 7.
Indeed this amplitude is exactly the same as the amplitude we had in QED for ete™ — utp~, except for
the two factors of 7, that keep track of the colors of the external quarks. When we square the amplitude and
sum over spins we will therefore get the same amplitude we had there times what is usually called a “color
factor”. Moreover we usually average over initial colors and sum over final colors for the same reasons we
do for spins, in which case the only difference with the QED amplitude is the presence of the color factor

| (Ta)p,™ (T“)n,lnf" ‘2 = Tr (r,m) Tr (7°7°) . (6.18)

We will learn how to compute this kind of quantity later in the section, in the meantime looking back at our
QED results we have

32¢%

Z |M|* = T (r47) Tr (7°7°) TREE

o0’ n,n’

((pl -p1)(p2 - ph) + (p1 - p3)(p2 - Ph)

—my(p1 - p2) — mq(p - 1) + 2m3m?,/)- (6.19)

I will leave it to your imagination to convert this into a differential cross section in the center of mass frame,
or you can look it up in the lecture notes for QFT II. In particular in the limit that mq < mg which is
relevant for top-quark production, the total spin/color averaged cross section is

Tr (147) Tt (797°) o2 , m2,
r (1a7) Tr (77°) a7 1M <1+ q>, (6.20)

Gave = 9 4w? w? 2uw?
where w is the energy of each particle in the center of mass frame (they all have to be the same by energy
and momentum conservation) and we have defined a strong analogue of the fine structure constant:

2
(6.21)

F1S

[eF)

Measuring this process gives one way of experimentally determining the gauge coupling g. Strictly speaking
however this coupling is scale-dependent due to renormalization group effects, as we will see next time, so
the usual convention is to report it at the scale of the Z-boson mass:

as(myz) ~ .118. (6.22)
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Figure 10: Tree-level contributions to qg — gg scattering.

This is quite a bit larger than the fine structure constant o ~ .007, but it is still small enough that per-
turbative QCD gives a decent description of the process up to the non-perturbative hadronization effects
mentioned above.

Indeed this is as good a place as any to say a bit more about how those hadronization effects are
dealt with in practice. The basic idea is that each hadron has a nonperturbative parton distribution
function that tells us how likely we are to find each type of quark and gluon within it, with such and such
energy and spin. These functions cannot be computed in perturbation theory, but they can either be fit to
experiment or (in some cases) computed numerically using lattice QCD. Similarly each outgoing quark or
gluon has a non-perturbative fragmentation function, which tells how likely its outgoing jet is to contain
each type of hadron given its initial energy, color, and spin. In high-energy hadron scattering the physics
which determines these non-perturbative functions happens over much longer length scales than the length
scales that are relevant for the hard scattering. So what people do in practice is integrate perturbative
QCD scattering amplitudes of the type just computed against parton distribution functions for the initial
quarks/gluons and fragmentation functions for the final quarks/gluons, leading to an “inclusive” amplitude
for scattering hadrons into jets. Clearly much more could be said about this, but since this is not a class in
collider QCD we will leave it here.

6.3 Gluon polarization and ghosts

Another tree-level process we can consider in QCD is the scattering of a quark and antiquark to two gluons,
qq — gg. The diagrams for this are shown in figure The first two diagrams are the same as we had
in QED for Compton scattering (up to being turned on the side), while the third is new and involves the
three-gluon vertex. To make things a little nicer we will take the quark masses to zero, in which case the
values of these diagrams are

5« 0272 (pn — ph)YM

{1} -
M = (a0 e ™ s e
2 . * * 7;627”1 (g/l B p/2)7“2u1
Z]\jc{z} = (_7’9)26H16#2 (p1 — py)? ( alTGZ)ngm
2
L~ . V27, U1
ZMC{‘S} _ (—zg)ze* o 71/(7_[)%2711031(12 ((p/l _ pé)vnmﬂz _ (p'2 + 2p'1)#277ult1 + (p’l —+ 2p’2)lt177u#2)

M1 2 (pl +p2)2
(6.23)

where in our formula (6.13)) for the three-gluon vertex we have used the ingoing momentum assignments

p1 — —pi, p2 = —ph, and p3 — p1 + p2. If you remember our calculation of the Compton scattering cross
section last semester, even in the abelian case squaring this amplitude and summing over spins is no picnic.
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In QCD it is worse, since now the square has nine terms instead of four. We will not attempt to compute
it in detail (see Peskin and Schroeder problem 17.3a if you are feeling brave), and will instead just content
ourselves with using this amplitude to illustrate something interesting about the role of ghosts in gauge-fixed
amplitudes@

We begin by recalling that in quantum electrodynamics we had a clever trick for evaluating the sum over
external photon polarizations. The true polarization sum is

Zeu(pvg)ez(pv U) = Nuv +€upu +pufy, (624)
where /# is a gauge-dependent null vector called the rigging vector that obeys
l-p=—1
L-e(p,o)=0. (6.25)

The extra two terms are needed to make sure we only sum over two physical polarization states. What we
noticed however was that due to the conservation of the electromagnetic current J#, any QED scattering
amplitude has a property called the Ward-Takehashi identity. This says that replacing any external polariza-
tion vector e#(p, o) by p causes the amplitude to vanish. Therefore in the polarization sum we could
drop the second two terms, since contracted with the rest of the amplitude they vanish. Unfortunately the
situation is not as simple in the non-abelian case, ultimately because the matter current obeys the covariant
conservation law

D,Ji =0 (6.26)
instead of the more simple J,J# that we had in the abelian case. We will now illustrate this using our
tree-level gg — gg amplitude. Indeed let’s replace e, (p, ) by p}. This gives

iMil} %7292@27%2’(?1 ?1)%“1 TayTas
(p1 —p1)?
= 729262¢;/Ul7—a27_a13 (627)

where in going from the first to the second line we have used the massless Dirac equation piu; = 0 to replace
p’l by p’l — p, after which we used ¢y = v - v to cancel the denominator. Similarly for the second diagram
we have

g2 2?1(]”1 p;)yé;m
(pl Do )2 TorTax
= —ig2@2¢2,U1’TalTa2, (628)

iMIH

where in going from the first to the second line we again used the Dirac equation Ugp, = 0 to replace p'l by
p’l —p=p - p; Thus the sum of the two diagrams gives

zM{l} + zM{Q} — ig vg¢2,u1[7a2,ral] =g U2¢2,u10 (6.29)

alaz

In QED this vanishes due to the vanishing of the structure constants, confirming the Ward-Takehashi identity,
but in QCD it doesn’t so we need to say more. Fortunately we also have the third diagram in figure and
in an encouraging sign it has the same color structure of C'ba1 a, Tb SO some cancellation is possible. In the
third diagram we have

M3} - 2%
M ——4g C ajas b(pl +p ) ’U2 |:€2/ pl ?1 p/2) p2 + 2]91)? + (pl +p2) ¢2/i|u1
1
_ _2nb = 2 yx LAWY
=~ | (o )+ (e p2>p2}u1, (6.30)

48One thing that one quickly learns in this business is that using the methods we have introduced so far, one has to work quite
hard to compute amplitudes whose final forms end up being surprisingly simple. This suggests that better methods should be
available, and indeed many have been discovered. If you are going to compute these things for a living, you will need to learn
these methods. One nice on-ramp is Peskin’s 2011 review “Simplifying multi-jet QCD computation”.
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Figure 11: The tree-level contribution to qg — bc “scattering”. The purpose of this diagram is only to cancel
unphysical gluon polarizations should we choose to include them in the sum over final state polarizations by
replacing the sum by 7,

where in going from the first line to the second we used momentum conservation to eliminate p} and also used
the Dirac equation to set E(pl + pQ)ul = 0. The first term in precisely cancels the contribution
from the first two diagrams. The second term also vanishes provided that we choose es: to be transversely
polarized,

ey - py =0, (6.31)

as indeed we should do for a physical amplitude. On the other hand we see that if we do NOT take e to
be transversely polarized, then the amplitude is not zero. This is a purely non-abelian effect, that would not
have been allowed by the Ward-Takahashi identity.

Because of this failure of the Ward identity, we cannot ignore the rigging vector terms in the spin sum
equation . There are two things we can do about this. The most obvious, which these days is what
is actually often done, is to simply compute the amplitudes at fixed gluon helicity and only sum over this
at the end. See Peskin and Schroeder problem 17.3 for this approach. An alternative approach which also
works is to drop the rigging vector terms in but then include an additional contribution to the squared
amplitude where we include the possibility of producing a ghost pair in the final state. The diagram for this
is shown in figure This may seem like a wacky thing to do, but in fact the ghosts are doing precisely what
they are designed to do: canceling the unphysical polarizations of the gluons. We can see this explicitly by
evaluating the above diagram:

ﬁgp;’u,l
“b(py + p2)?’

Choosing ey to be the rigging vector ¢ in and lowering the ghost index as to match what we get for
an external gluon, we see that the second term in is precisely the same as this ghost contribution
(remember that ¢ - p, = —1). Moreover when we square the ghost amplitude and sum over final states we
get a minus sign due to the peculiarity of the ghost inner product, so this contribution precisely cancels
the unphysical gluon polarizations in the sum@ Thus we can either stick to physical gluon polarizations
or include unphysical gluon polarizations and also ghosts, and either way we get the same answer! What
happened in this example can be shown to hold to all orders in perturbation theory using BRST symmetry,
which generalizes the Ward-Takehashi identity to something called the Slavnov-Taylor identity.

i {ghosty — _g2 b (6.32)

49The way this sign arises is that using the ghost inner product the completeness relation is I = |0){1] 4 |1){0|, so the ghosts
in the final state are exchanged when we compute the amplitude squared by inserting a complete set of states. See QFT II for
some more discussion of this inner product, or the 1979 paper of Kugo and Ojima for a complete discussion. In Peskin and
Schroeder they cheat to get this sign by sticking the amplitude inside of a loop diagram, in which case it comes from the factor
of —1 for fermion loops.
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6.4 Color factors
So far we have not discussed how to evaluate color factors. We already saw the quantity Tr (7,7) Tr (7%7°)

in our discussion of qg — ¢/, and for example if we square the first term in our expression for ¢g — gg

and sum over gluon adjoint indices we encounter Tr (TaTbTa’Tb). Such quantities can be computed using

representation theory, as we will now explain. The first thing to note is that for any representation « of a
simple Lie algebra g we have
Tr (1a7) = C1(@)Gab (6.33)

for some number C(«). This follows from Schur’s lemma, since this quantity defines an adjoint-invariant
metric on the Lie algebra. Morever we can observe that

[TaT® 7] = [Tay 7|7 + TalT o] = 10T +iCC 7. =0 (6.34)
by the antisymmetry of C.q; in the first two indices, so again by Schur’s lemma we must have
TaT® = Co() (6.35)

for some number Cy(«) that is called the quadratic Casimir invariant of the representation. For example
if o is the spin-j representation of SU(2), then

Colay) = J* = j(j +1). (6.36)
These two numbers are related by contracting the adjoint indices in (6.33)), giving
doCo(a) = daCh(a), (6.37)

where d¢g is the dimension the gauge group G as a manifold and d,, is the matrix dimension of the represen-
tation a. Using these we immediately have

Tr (7,7) Tr (TaTb) = C’(a)2dg, (6.38)
and with a bit more work we have

TaToT? = [Tay To] T4 + TpTo T
iCC et + Co(a)Tp

1
= 5@'06%[767711] + Co(a)m

= %Z ca 0%, 74 + Co(a)Ty

= 5050 ) + Colam,

= —%Tr (T{‘Tf) 74 4 Cya)m

- (Gt - 36 m. (6.39)
where A indicates the adjoint representation. Thus in the sum over gluon states we have

Tr (TaTbT“Tb) = (Cg(a) - ;CﬂA)) Tr (TbTb)

- (Gal) - 30 ol (6.40)
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For future reference we will now compute Cy(«) and Cy(«) for the trivial (a = 1), fundamental (o = F),
and adjoint (o = A) representations of SU(N)[7| In the trivial representation we of course have

C1(1) = Cy(1) = 0, (6.41)

since the Lie algebra generators vanish. In the fundamental representation we by definition have

Ci(F) = % (6.42)
SO 2
Cy(F) = Z—ic*(a) = NQN L (6.43)

In particular when N = 2 this gives 3/4, which agrees with the total angular momentum j(j+ 1) with j = %

Computing these for the adjoint representation is a bit trickier, since a direct computation requires us to
know the structure constants. We can avoid this however by being clever about representation theory. The
trick is to observe that the tensor product of a fundamental and antifundamental representation of SU(N)
has a direct sum decomposition

FF=1¢A. (6.44)

To see this we note that this product representation acts on the complex vector space M, (C) of N x N
complex matrices as

M' =UMU' U e SU(N). (6.45)

We can choose a basis for M,,(C) consisting of the identity matrix together with some basis of traceless
hermitian matrices. The former is invariant, which gives the trivial representation, while the latter is
just the Lie algebra of SU(N), and thus transforms in the adjoint representation. We can check that the
dimensionalities add correctly,

N2 =1+ (N?-1). (6.46)

For any representations a1, a the generators of the tensor product representation are 7! @ I + I ® 72, so we
have
Tr ((7’; QIH+IQT) R RI+I® 7',)2)) = dg, Tr (TalTbl) +dgo, Tr (7'37',)2)
= (do, C(a2) + da, C(a1)) Gab- (6.47)

Here we used that 7}, 72 are traceless since g is simple. We thus have

01(051 X 042) = dalC’l(ag) + dQQOl(al), (648)

so in particular for SU(N) we have -
CL(F®F) = N. (6.49)

We can then observe that by the decomposition (6.44]) we also have

O1(F ®F> = Cl(l) + Cl(A), (650)
and thus
Cy(A) = N. (6.51)
Finally from ([6.37) we also have
C3(A) = N. (6.52)

For N = 2 this agrees with the total angular momentum of a spin one particle.

50Note that A and F in this paragraph have nothing to do with the gauge field and field strength!
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6.5

Homework

. Derive the propagators by evaluating the Gaussian path integral (6.1)) at g = 0. If you need help

I recommend consulting section 5.3 of QFT I and section 6.5 of QFT II.

. Derive the two interaction vertices for a complex scalar field ¢ coupled to a Yang-Mills field in a

representation of G with generators (7,),,™, and also write down the propagator for ¢.

Draw the tree-level diagrams for producing tf from two incoming gluons, gg — tt. Using the Feynman
rules write out the values for each of these diagrams (but you do not need to square the amplitude or
sum/average over spins/colors).

. Draw the one-loop diagrams that renormalize the gauge-field three-point and four-point vertices in

Yang-Mills theory coupled to a spinor field. You do not need to evaluate them.

Compute the tree-level matrix element squared for qq’ — qq’ scattering, summed over initial and final
spins and colors. For the QED part you can consult QFT II. If you are feeling enthusiastic you can
convert it to a differential cross-section in the center of mass frame.
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7 Yang-Mills theory at one loop

We will now study the one-loop behavior of Yang-Mills theory. Our goal is to compute the S-function for
the gauge coupling g, which will tell us that with sufficiently few matter fields the theory flows to strong
coupling at long distances. In order to show this however we first need a definition of the gauge coupling
g. We can of course just use the parameter appearing in the action, which we will now denote gy and call
the bare coupling, but due to the UV divergences of field theory the relationship between gy and what is
actually measured is subtle. In the field theories we studied so far we dealt with this problem by defining a
renormalized coupling constant using some particularly simple scattering amplitude such as ¢p¢ — ¢¢ in ¢*
theory or Coulomb scattering in QED. This option is not available to us in non-abelian gauge theory because
of confinement, so we need to instead define g using some kind of correlation function at a momentum scale
which is high enough that the theory is still weakly coupled. We thus need to say which correlation function
we use, and in particular we need to deal with the fact that the UV divergences also cause the bare fields
a and v themselves to pick up infinite renormalization factors in their correlation functions. The complete
calculation involves seven one-loop Feynman diagrams, so we’ll start with some high-level discussion of where
we are going.

7.1 Defining renormalization parameters

We begin by writing the bare Lagrangian of Yang-Mills theory prior to gauge fixing:

1, s —
L= = Ju i =0 (B +mo) ¥, (7.1)
with
@, = 0,08 — 0,45, + goC%.aL,a5 (7.2)
and
Dytp = 0t — igodTat). (7.3)

The parameters of this theory are the bare fermion mass mg and the bare coupling constant gg. Our goal is
to define renormalized versions m and ¢ of these parameters, and also renormalized field operators

~a _ ,=1/2-q
a, = Zs a,

b =25y, (7.4)

such that the correlation functions of @, and 1Z are independent of the cutoff when expressed in terms of g
and m. In QED we defined m as the location of a pole in the two point function (1t)) and Z, the residue
of that pole, and we similarly defined Zs as the residue of the p? = 0 pole in (G,6,). We then defined the
renormalized coupling e using the low-energy scattering of an electron off of a background electromagnetic
field. These definitions do not work in QCD due to confinement, so we instead need to just choose Zy, Z3,
and m in some arbitrary way to cancel the divergences. Roughly speaking we expect the bare correlators to
have divergences as

(Y1h) = Zo x finite
(Guy) = Z3 x finite
(a by = Z3 739075 " x finite, (7.5)
where in the three point function the factors of Z2 and Z3 come from quantum corrections to the external

propagators, go is there because the correlator vanishes if go = 0, and Z; ! captures any intrinsic divergence
in the three-point one-particle-irreducible vertex. For the renormalized three-point function we thus have

= Zé/ 2

<Ad/ﬂ/”/}> = 2

go X finite, (7.6)
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Figure 12: The one-loop contribution to the fermion self-energy.

so we can get a finite renormalized three-point function by defining a finite renormalized coupling constant

_ 2223
9= 7

Jo- (7.7)

To use this formula we of course need to give more precise definitions of Z;, Z, and Z3 that remove the
ambiguity of multiplying each of them by a finite factor. We will do this below when we compute them,
and we will then simply adopt as our definition of g. To compute the S-function we therefore need to
extract the cutoff dependence of 71, Z5, and Z3.

There is one additional parameter that shows up in our gauge-fixed Lagrangian, which is the gauge-fixing
parameter £&. Nothing physical depends on this parameter, but since we are using gauge-variant quantities
such as a,, and 1 to define our renormalization scheme we need to allow for the possibility of a renormalization
of £&. We will therefore refer to the bare parameter as &y, and we will soon see that to preserve our gauge
fixing condition at higher loops we need to do an additional renormalization

o = Z3€. (7.8)

We did not need to discuss this renormalization in QED since we only aimed for a finite S-matrix, which is
gauge-invariant.

7.2 Fermion self-energy

We begin by studying Z5 and m. These are extracted from the fermion two-point function, which we will
parametrize in momentum space as

p—i(mo + X(p))

just as we did in quantum electrodynamics. ¥(p) is called the self-energy of the electron, and by Lorentz
invariance it must have the form

W (p)Y(p")) = 2m) 6 (p+p) (7.9)

S(p) = A(p®) + ipB(p°). (7.10)
In perturbation theory Z(p) is the sum of one-particle irreducible (1PI) diagrams with an external ¢) and an

external ¢ but with no external propagator, just as it was in QED. At one-loop this receives a contribution
from only one diagram, shown in figure The diagram evaluates to

_ o [ _d% V(A imo)

2 = (igd)"rur / @) (@ +mf —ie)(( — )2 —ie)
B 9 de ”Yﬂ(t +m )’Yu

= —(90) 02(0‘)/ (2m) (2 +m3 - ie)((fo— p)? —ie)’

where in anticipation of dimensional regularization we’ve defined

(7.11)

4-d
god = 2 9o (7.12)
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where p is some arbitrary mass scale to make sure the coupling has the right dimensions. We already
computed this loop integral in our study of QED, with the only new ingredient being the color factor Cs(a).
We thus can just use our QED result: setting

d=4— 2, (7.13)
we have
92 1 1 MQ
S(p) = — dr | (2 i —+log(dm) — v —1+1 .
1) = Zale) [ an | (om+ iap) (£ -+ 1ostam) 7 - 1o (s ) )
(7.14)
Here we have replaced gy by g and mg by m since we are working only to second order in gy. Introducing
07y =2Jy—1 (7.15)
and
om =m — my, (7.16)
we see that in order for the two-point function of the renormalized field 1Z to be finite we need
Zy (p—i(mo+ X)) = p—im+0Zy(p —im) —i(X — om) + ... (7.17)

to be finite.

To proceed further we need to adopt a renormalization scheme that precisely defines Z, and dm. The
simplest rule is called minimal subtraction, or MS for short, in which we define ém/m and §Z; to consist
only of a sum of positive powers of 1/¢, with coefficients that depend only on the coupling g and not any
masses. In other words we choose dm and §Z5 to subtract only the divergent parts of E(p) In fact the
standard convention in the QCD community is not quite this one however, instead it is something called
modified minimal subtraction, abbreviated MS. This like MS, except that we do the redefinition

o 7

_ 7.18
H dr ( )

before choosing ém and 07, to subtract the divergent parts of ¥(p). The motivation for this modification is
that it removes some annoying factors generated by dimensional regularization, for example we now have

S(p) = %02(04) /01 do {(Qm—k izp) C _1+log (x(l . x)pfi i x)m2>) + m} . (7.19)

om and §Z5 are still required to be sums of positive powers of % with mass-independent coefficients, with
the subleading powers differing in general from those for MSE The divergent part of X is

Zdiv(p) — %CQ(O[)‘/O dx (2m + Z{Ep) %

g> 7 1
Looking at the coefficient of p in , we apparently need
2
1
82y = ——I— Cy(a)- (7.21)

T 16m2 2 e
to cancel the divergence. To cancel the divergence which does not have a p, we then need to have
2 2
g 1 39 1

We have thus determined two out of our four renormalization constants! Unfortunately the other two will
require more work.

51 At one loop there are no subleading powers, so dm and §Z3 coincide between MS and MS. The finite renormalized two-point
function however looks a bit different since in MS the log(47) — v has been absorbed into f.
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Figure 13: One-loop contributions to the gauge-field self-energy.

7.3 Gauge field self-energy

Next on our list is to compute Z3. This is defined using the exact gauge-field propagator, which as in QED
we can take to have the form

(a8 ()l () = (2m)%0"(p + )™ (A7~ 1) (7.23)

nv

where

N 1

@y =i(p (1= & ) oo (7.24)
€o

is the matrix we invert to get the bare momentum-space propagator A and T1" (p) is the self-energy. ITH

is computed by the sum of all 1PI diagrams with two external gauge fields, no external propagators, and a

factor of G, removed. In order to have a finite renormalized correlator, we need

1
Z3 (p277‘u” - (1 - §> pHpY + iH’“’) (7.25)
0
to be finite. Writing™?|
% = —i(p*n"” — pp")TI, (7.26)

this means that we need

Zs ((1 +Ip*nt” — (1 - €io + H) p%") = Z3(1+10) (pzn“” - (1 - 50(11+H)> p“p”) (7.27)

to be finite. In MS we do this by choosing
Zgt =14 1%, (7.28)

where T1%%" is the divergent part of II expressed as a polynomial in % with coefficients that are independent
of p and m. We can ensure both terms in ([7.27)) are finite by further choosing

§o = Z3¢ (7.29)
as quoted above, which gives
14+ Hdiv + Hfinite
So(1+10) = 6

In particular we can choose £ = 1 to get Feynman gauge to all orders in perturbation theory.

=¢. (7.30)

52In QED we derived this form using current conservation. That argument does not work in the non-abelian case, but this
equation still follows from BRST invariance. We won’t give the argument, but we will see that it is true at one loop by explicit
calculation.
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We now compute IT*” at one loop. There are four diagrams that contribute, shown in figure We
computed the first diagram in QED up to a color factor Cy(«) coming from Tr (7,7) = C1()§ap, using our
QED result we have

die Tr (i(f +im)y"i(f — p+ im)yY)
(2m)d (2 +m? —ie)((£ — p)? + m?2 — i)

" (p) o —(—ig(],d)201(a)/

2l ~2
1
- 2;w_,uuC 9 d 1— —— | S . 7.31
i(p ™ —p'p") 1(0@)%2/0 zz(l - z) | - +log (=) - m? (7.31)
Thus the divergent part of II is
2
div g 1
1" o5 Cl(a)—lzw2 = (7.32)
Writing
Z3 =1+ 6Zs, (7.33)
we thus have
525 > —Ci( )—g2 ! (7.34)
3 W ome e '

This is the result which gave us the S-function in QED.
To determine the rest of §Z3 we need to compute the other three diagrams in figure For the second
diagram the color factor is

Ccadccbd = _Cl (A)g@lﬂ (735)
so the contribution to the vacuum polarization is
" > i(go.a)? - 2(d — 1)C1(A) W/ddgi (7.36)
90,4 1 (2m)d 02 — ie’ ’

This actually vanishes in dimensional regularization. To see this, recall our key loop integration formula:

> (a1 D270 (a/2)0(b— a/2)
/0 d (2+ D)y 2 L'(b) ’ (7:37)

Here we are interested in the case a = d, b =1, 0 = 0. Since a —2b = d—2, and in dimensional regularization
we should take D — 0 before taking d — 4, we get a vanishing answer. For future reference we note now
that two useful instances of this formula are

/ die 1 _ir(Qfg)Dd%l
2m)d ((2+ D —ie)?>  odpt
d 2 T (24 a2
/ d7e £ d( 2) pi (7.38)
(2m)4 (02 4+ D —ie)?2  dr% (2-1)

To evaluate these we perform the Wick rotation £ = if%,, the angular integral to get a factor of

27.(.d/2
Qdfl = T dy (739)
()
and then the radial integral using ([7.37)). In the second case we also use the I'-function identity
I(x+1) = al(x). (7.40)

Turning now to the ghost loop, labeling the adjoint index of the upper ghost propagator as ¢ and the
lower one as d, the color factor is
CcdaCdcb = _Cl (A)gab- (741)
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The contribution to the self-energy is thus

dde (0 = p)¥
2m)® (62 —ie)((¢ — p)? —ie)’

where the explanation of the overall sign is that we get a minus sign from the fermion loop, a minus sign from
the color factor, and a minus sign from (—i)? in the product of ghost propagators. We did not encounter
this loop integral in QED, so we will actually need to compute it. As usual we combine the denominators
using the Feynman parameter identity

1" 5 —(go.a)*C1(A) / ( (7.42)

AB / xA +(1—2)B)?’ (7.43)

which gives

d wip _ n\V
1 5 (g0 4 /dx/df (e —p) 2
2)p)° + z(1 — z)p? — ie)

~(90.0)C1 (A / / e £+ 1_9:) V(€ — xp)”

) (2 + 21— z)p? — ie)?

ddf 162 W (1 — x)pHp”
—(90,a)°C1(A / / 7 ( ) 5 (7.44)
T2 4 (1 — x)p? — ie)

In the first line we completed the square in the denominator, in going from the first to the second we did a
linear shift of the integration variable to simplify the denominator, in going from the second to the third we
eliminated the terms which are linear in ¢ in the numerator since these integrate to zero and also made the
replacement ¢#¢¥ — %77*”’62 using Lorentz invariance. We can evaluate the ¢ integrals using , giving

re-49) a(l—z)p?\ 2 1
nv . 2 2 o 2, pv oV
" 5 ig°C1(A) Hi—d/2 /0 drz(l —x) ( 2 > (d— 5P 0"+ > . (7.45)

Finally setting d = 4 — 2¢ and expanding in € we get

;9 1 ~9 ~9
ig CI(A)/ 1 fi 2 1 1
o> =——— d 1- - +1+1 _ 21 = +1 _ Hp¥l .
= 32r2 |/, za(l - a) € +1+iog (1 — z)p? Pt € +log z(1 — z)p? PP

(7.46)
Thus the contribution to the divergent part of II*” from this diagram is
;2
ig°C1(A) (1 , 1
I o =————=( =p*n"*" + =p!p” | . 7.47
2 T3am2c \gP T3PP (7.47)

This is not proportional to p?n** — ptp¥, but we will see that it becomes so when combined with the final
diagram.
For the final diagram, labeling the adjoint index for the top propagator as ¢ and the bottom one as d,
the color factor is
CadeCp = —C1(A)Gab, (7.48)

so the contribution to the self-energy is

d y13%
12 300 | G e (74

with

N# = ((5 = 2p)* 0"’ + (04 p)Ppte — (20 —p)“naﬂ) ((f —2p)adp + (L4 p)goe — (20 — p)”naﬂ)- (7.50)
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For the overall sign a minus sign from the color factor cancels a minus sign from the two gauge-field propa-
gators, and the factor of 1/2 is a symmetry factor. Introducing Feynman parameters as usual we have

dd€ N#H
I > QOd )2C1(A / dx/ 55 (7.51)
T2 4 2(1 — x)p? — ie)

where we shifted the integration variable as £ — ¢ + (1 — z)p so the numerator is now
N =(4d — 6)0M0" + (20* + (2 — z)* + (1 + 2)?) p?)
T (d(1 = 22)2 =201+ 2)(2 - 2) — 2(1 = 20)(2 — @) + 21+ 2)(1 - 20) )P
(6 (1 - d) 24 (5 —2x(1 — x))p2> + (d(1 —22)* — 6(z* — 2+ 1))p"p". (7.52)

In the first line we dropped terms that are linear in ¢ since these integrate to zero, and in the second line
we used that we can replace ¢#¢¥ — %7}‘“’ by Lorentz invariance and we also combined some terms. We can
now evaluate the loop integral using ([7.38)), which gives

I %QQCl(A)F (;1;;;) /01 de (x(l ;217)1?2) = { (5 _ (dﬁ i 8) 2(1 - x)) P

+ (d(1 —22)* — 6(2* — z + 1)) p”pl’]. (7.53)
It is not hard to expand this to zeroth order in €, but we only need the divergent piece, which is given by
;2
ig“C1(4) (19 , 11
024 - HY Tt ) 7.54
2 Toor2e \ gl S PP (7.54)
Combining now the contributions to II*” from the ghost and gauge field loops, we find the divergent part
5ig°C1(A) | o
nmw o> ———= e — php¥) . 7.55
eyl Gt ) (7.55)
This has the form (7.26)) as promised, so we can extract
; 59201 (A)
v 5 = 7.56
- 4872 (7.56)
and thus 20, (4)
0g9°Ch
073 O ————. 7.57
3 4872 ( )
Our full result for Z3 at one-loop is thus
575 = 9 (2c104) = Cr(a) (7.58)
57 12m2e \4 ! na ) '

7.4 Vertex renormalization

We now turn to computing Z;. There are two diagrams, shown in figure Referring to the full 1PI result
as V4", the first diagram contributes

o de Vi — p+ L+ im)yi(f + im)y
Ha o 3
V3" D —i(—igo,a) TbTaTb/(2ﬂ_)d @ rm? e+ —pRtm?— i)l —p) =)’ (7.59)
Except for the color factor
ryrart = (C2( ) - ;cmA)) - (7.60)
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Figure 14: One-loop contributions to the renormalization of the fermion-gauge field vertex.

this is the same loop integral that we studied in QED when we computed g — 2, and with a little work we can
extract from that calculation the divergence we need to find the contribution to Z;. On the other hand that
calculation made several assumptions that are not so natural here: it put the external momenta p and p’ on
shell, and sandwiched the amplitude between % and u in order to extract the coupling of the QED current
to a background electric field. We also used Pauli-Villars instead of dimensional regularization. Rather than
working out the details of this extraction, we will instead just proceed from scratch. We can save a lot of
work however by deciding at the beginning that we will only keep contributions that can contribute to the
divergent part of the integral. In particular this means we can set m = 0 and p = p’, which amounts to
working in the approximation that

p?1 > [(p - p')?|,m*. (7.61)

We cannot however set p = 0, as that would lead to an infrared divergenceﬁ
Proceeding with the calculation, in this approximation we have

d VA
V> b (Cate) - 500 7 [ e (762

We can combine the dominators using

1 1 1 1
— =2/ d d dz68 -1 )
ABC /0 x/o y/o Wz tytz )(mA—i—yB—l—zC)?” (7.63)

which gives

e 1 1 « d¢ v v
V5" D —2g5.4 (Cz( )~ 5G4 ) /0 dz( /(27r)d((E—zp)2+z(1—z)p2—i6)3

_ o3 oL i d'e (4 +2p (L + 2p)
= 04 (02( ) 201 ) /0 da( /(27T)d (02 + 2(1 — z)p? —ie)3 . (7.64)

In the first line we used that

de | dy [ dzd6(z+y+2z—-1)f dz 1Zda:f dz(1—2)f(2), (7.65)
fo o] 9= i [ dest= L

while in the second we shifted the integration variable. We can drop the terms that are linear in £ in the
numerator as usual, and actually only the quadratic term can potentially lead to a logarithmic divergence.

53You might ask why we did not make such early-stage approximations in the previous calculations for this section. The
reason is that for the two-point functions there are potentially both quadratic and logarithmic divergences, so extracting the
logarithmic divergence is more subtle. For V3“ ' the logarithmic divergence is the leading one, so it is easier to see what terms
can contribute to it.
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We can further simplify the numerator using our y-matrix identities

YAty = —(d —2)y*
VB, = — 2Pyt — (d — 4)y* P (7.66)

(see the problems for section 11 of QFT II), and also the replacement £*¢% — %6277%, giving

o2 gl d 2
VIS gl <Cz(a) _ ;cl(A)> ol d2) /O dx(1— 2) / (;lwfd TR gz)pz — oD

We can evaluate the loop integral using

de 0? d - d
/ S =i DT <2> (7.68)
(2m) (€2 + D — ie) 204273 2
SO
1 (d—2°T(2-4) ! d(1—2)p?\ 7
v > —ignag? (Cale) - 5000 e I EZ S s (25) 7 e
The divergence comes from
d 1 1
rg—-)=Ir(-)==-+... 7.70
(2-3)=T() ==+, (7.70)
so everywhere else we can set d = 4 to get the divergent part
VI S —igo ayra ( Cala) = Ci(A) g (7.71)
3 90,dY" Ta 2 51 1672 .

To determine the contribution to Z;, we note that we are requiring that
Z V4§ (7.72)

be finite. Including the tree-level and one-loop contributions to V3” " (the tree-level contribution is just
—ig0,47"Ta) and also writing

Z1=1+624, (7.73)

we thus need
¢ (c Lova 7.74
0212~ | C2(a) = 5C1(4) ). (7.74)

Turning now to the second diagram, its contribution to V§“* is

de Yo (p— £ +im) g
(2m)e (02 —ie)((L 4 q)? —ie)((£ — p)? + m? — ie)

|Z i (—igo,d)gCabchTc/ [ — (2 4+ 0P + (g — 0O n"F + (g + %)“naﬂ

_ 1 Al =L +im) 2+ )+ (@ - O — L+ im)y + 7 (p— £ +im)y" (g + 20"
=51 (Aalg0.0)” / (2m)d (2 —ie)((L+ q)2 —ie)(£— p)2 + m2 — ie) ’
(7.75)
where
q=p —p (7.76)

is the momentum transfer. As for the previous diagram we are only interested in the divergent part, so
we can set ¢ = 0 and m = 0 to get

A (=) + LU =Pt =20 (f — p)yrer
(2m)d (02 —i€)?((€ — p)? — ie) '

" 1
% 3—501(14)7@(90@)3/ (7.77)

83



Using again the Feynman parameter identity (7.63|), we have

ja - _ s [F A A" (f =+ L =P — 20 — p)yr e
‘/3 D Cl (A)Ta(go,d) /0 dZ(l Z)/ (27T)d ((g o Zp)2 + Z(l B Z)p2 B Z-6)3

dit 2024 +2(d — 2)ftH
(2m) (22 + 2(1 — 2)p? — ie)®

S —Cy(A)ralg0.0)® /0 (- o) /

_ b o v [y A=) [ dl Iz

= —C1(A)v"74(90,4) /0 dz(1 - 2)—— /(%)d 10— p i (7.78)
o ,(d=1r(2-9) /! A1 =22\ T

= —igo.ay"7aC1(A)g TQ/O dz(1 — 2) (up) , (7.79)

where in going from the first line to the second we did a linear shift of inegration variable, keeping only
quadratic terms in ¢ in the numerator, and also used a y-matrix identity . In going from the second
to the third line we used the replacement ¢#¢* — én“o‘, and in going from the third to the fourth we used
the loop integral . The divergent part is thus

;@ - 7 301 (A)QQ
‘/3“ D) —Zg[)’)/l Ta * W (780)
which gives a contribution
301 (A)g2
071 D ————— 7.81
12 32m2e (7.81)
to Z7. Our full one-loop result for the vertex renormalization factor is thus
g2
071 = ——— (Ca(a) + C1(A)). (7.82)

 1672¢

7.5 Calculation of the  function

We have now completed our calculation of the renormalization of Yang-Mills theory coupled to a spinor field.
The renormalization constants in the MS scheme are

32
m = mg (1+gCg(o¢)+...>

1672¢
2

Zy=1- ﬁ(cg(awcl(mw...

e
Zy=1—-—-C
2 m2e 2() +

16
Zs=1+ -2 (2c,a) - 2nrcr) + (7.83)
5 1672¢ \ 3 * SnF e Y ’

where in all cases the neglected terms are of order g*. Here we have slightly generalized the above calculation
to allow for np fermions transforming in the representation « of G: the only diagram which is modified is the
first one in figure which gets multiplied by n F@ Using our definition of the renormalized coupling
constant we thus have

1

~ 0 (1 + 329;6 (13101(A) - %npcl (a)) +. ) . (7.84)

541f any of the fermions obey a Majorana condition, then as you might guess they count as 1/2 in np.
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This formula is the main result of this section, but to extract some physics from it we need think about the
physical meaning of the quantity e.
In QED we proposed a relationship

1
log A? = ~ +log 12 4+ O(1) (7.85)

between the parameters of dimensional regularization and some more physical cutoff scheme with an explicit
energy cutoff A. We motivated this by comparing the results of dimensional regularization to those of a Pauli-
Villars regulator. We can also motivate it more directly by the structure of loop integrals: any logarithmic
divergence at one loop has the qualitative form

A f2n—1 A
/O Uy = o8 (\/5) +o(1), (7.86)

where D is some quantity with energy dimension two that is built out of external momenta and masses.
If we assume that these all have ratios to some fixed renormalization scale g that are O(1), then in the
right-hand side we can replace v/D in the logarithm by 7i while maintaining the validity of this expression.
In dimensional regularization we instead assign a value to this integral of

€2 n=e) _1 2\ T(n—el(e) 1

Comparing to (7.87)) and replacing VD — [i in the logarithm, we see that at one loop we can indeed
use the replacement to convert dimensional regularization results for the logarithmically divergent
part of some quantity to results from some more physical cutoff scheme such as a lattice (the differences
between the physical schemes show up only in the O(1) parts).

With this understanding, we can express the bare coupling as a function of the renormalized coupling as

g% =g <1 - %;2 <13101(A) - ;ancl(oz)) log <g> +. ) . (7.88)

From the Wilsonian point of view what this equation is telling us is how to vary the bare coupling gy as we
change A to preserve the IR physics. Usually this is captured by the renormalization group S-function

A% - (90) = — 9 (HC1(A) - 4nFC1(a)) +..., (7.89)

dA 1672 \ 3 3

which is the famous formula that won Gross, Politzer, and Wilzcek the 2004 Nobel Prize in Physics. In

particular if

L0i(4) > Snrtia), (7.90)

then the bare coupling constant decreases as A increases compared to the scale fi. This is called asymptotic
freedom, since the theory becomes free at very high energy.
We can also think about this physics by writing the renormalized coupling as a function of the bare

coupling as
2
_ 9% (U _4 A
g =go <1 + T6m2 < 3 Ci(A) 3nFC1(a)) log </7 +... . (7.91)

This tells us that when (7.90) holds, if we fix the bare coupling gg and cutoff A, then the renormalized
coupling g grows as we lower the scale i at which we do experiments. From this point of view it is more
natural to define the S-function as

3 4

p—= = fB(g) = 7# (1316'1(/1) - 3nFCl(a)> +.... (7.92)
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This function looks the same either way because to determine g from gy or gg from g we solve the same
renormalization group differential equation, merely exchanging the initial and final conditions. Whichever
way we think about it, for QCD we have

Ci(A) =3 (7.93)
and
Ci(a) =1/2, (7.94)
SO holds provided that
ngp < 33/2. (7.95)

This is indeed true in QCD since it has only six quark flavors (and in fact we will see shortly that it effectively
has fewer at low energies), so QCD is asymptotically free. We can write the energy scale at which g becomes
order one in terms of the bare parameters as

1672 1
~ — 2 11 —Z
Mstrong ™~ Ae 9 FAM=grrc() ) (796)

in QCD this energy scale is conventionally called Agcp. This mechanism for generating an exponentially low
energy scale in terms of the bare coupling and cutoff scale is sometimes called dimensional transmutation.

7.6 Asymptotic freedom in QCD

Why did Gross, Politzer, and Wilczek get the Nobel prize for showing that QCD is asymptotically free? The
reason is that it gives a plausible resolution of the biggest puzzle about the strong interactions: the quantum
numbers of hadrons are consistent with them being bound states of quarks, but no quarks have ever been
seen in isolation. In fact by the late 1960s this puzzle was even sharper, since scattering experiments at
SLAC of high-energy (say E = 10GeV) electrons off of a fixed proton target, usually called deep inelastic
scattering, were showing a strong deflection of the electrons as if they scattering electromagnetically off of
individual quarks within the proton (the relevant term here is “Bjorken scaling”, although I won’t try to
explain what was scaling with what). Asymptotic freedom fit the bill for this perfectly: at high energies (or
short distances/times) the quarks in the proton are weakly-interacting constituents, often called partons in
this context, but at lower energies they must be strongly interacting to explain why the proton has such a
large binding energy and quarks are not seen in isolation. It was the discovery of asymptotic freedom that
convinced most high-energy physicists that QCD is likely the right theory of the strong interactions.

7.7 More on the g function
7.7.1 Renormalization of other vertices

Having worked so hard to compute the 8 function, we should try to learn a little more about it. The first

point to make is that we chose to define the renormalized coupling using the (51215) three-point function.
You might ask why we did not (aaa) or (aaaa), and indeed we could have. Would this have given a different

result? In other words can we be sure that the renormalization that made (6@@) finite also made these other
renormalized correlators finite? In the bare action the vertices for these are all related by gauge invariance,
which is encouraging, but we can we sure that these relations carry over at higher loops? To address these
questions we can repeat our qualitative discussion of the divergence of the fermion vertex. Namely the bare
three-point function fo the gauge field should have the form

ZS
(a6a) = —3—go x finite, (7.97)
1,39

where the factors of Z3 come from the external exact propagators and Z; 3, captures whatever divergence
is generated by loop corrections to the 1PI three-point gauge field vertex. As in our discussion of Z; above,
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Figure 15: One-loop contributions to the renormalization of the gauge field three-point vertex. Note that
there are only really four distinct diagrams to compute, but then we need to sum over permutations of how
they are attached to the external legs.

we determine Z; 34 in perturbation theory by requiring that its product with the 1PI three-point gauge field
vertex is finite. The renormalized three-point function is

3/2
e 3

YAV
(aaa) = 371

go X finite = g X finite, (7.98)

1,3¢ 21,3942

where in the second equality we used our definition ([7.7]) of the renormalized coupling. Thus to get a finite
renormalized three-point function, we need

YAYAL
7139 = .
189 = 7 (7.99)
which at one loop is equivalent to requiring that
021,39 =021 + 023 — 0 Z5. (7.100)

The Feynman diagrams for computing §7; 34 at one loop are shown in figure in the homework you will
evaluate them to show that (7.100]) indeed holds.
We can also do a similar analysis for the four-point gauge field vertex, the bare correlator obeys

Z4
(aaaa) = —3—g2 x finite (7.101)
Zl,4g
and the renormalized correlator is
e Z;% 2 . ZSZ% 2 .
aaaa) = g5 X finite = ———=5¢“ X finite, 7.102
\aaad) Z1g7" Z1,4973 (7.102)
the finiteness of which implies
7373
Ziag = 7 (7.103)
2
and thus
02149 =023+ 2021 — 20 Z>. (7.104)

I won’t make you check this one, but it indeed is also true.
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7.7.2 Integrating out massive fields

Our expression for evolution of the renormalized coupling constant as a function of the renormalization
scale ;1 has a somewhat counterintuitive property: it includes all spinor fields transforming in representation
« of the gauge group without any regard for how their mass m compares to the renormalization scale pi. For
example say there were a 7th quark with a mass of 10,000 GeV: could we actually infer its existence from
the running of the coupling constant measured at low energies? Clearly the answer should be no, and that
means that there is something artificial about our MS prescription for defining the renormalized coupling.

The source of the problem is that in MS we defined Z;, Z,, Z3 by removing only a polynomial in % with
mass-independent coefficients: this is enough to make the renormalized correlators finite, as we saw explicitly
at one loop, but in general it is not enough to make them O(1). It will do this when all of the dimensionful
parameters such as p?, m?, % are of similar size, but if there is a large hierarchy between them then this can
lead to large factors such as log 7‘2—22 A truly physical renormalization scheme should be one that defines the
renormalized correlators to be O(1) when the external momenta are of order fi, and MS does not do this.
To illustrate this lets return to our expression for the contribution of a fermion loop to the vacuum
polarization IT#” (this is where the fermion contribution to the 8 function came from). The simplest scheme
that ensures a renormalized two-point function which is O(1) is to define Zs so that it sets II*” = 0 when
p? = %, which it does by subtracting I1,,, evaluated at this momentum. In other words we want

g2 1 1 ﬁQ
0Z3 D —Cl(a)ﬁ/o drz(l — ) [e + log (x(l i —|—m2>}

_ o /01 drx(1 — ) log (x( A > . (7.105)

272 1—x)p? +m?

Using this in our expression ([7.84)) for the renormalized coupling, we see that it now has the form

J= (1+93H01(A)10g (2) —Cl(a)gg/old;m:(l—x)log (x( A >) (7.106)

167 3 272 1—ax)p? +m?

When m < p this gives the same formula we had before, but when m > p then the ji-dependence of the
~2

second term is suppressed by a factor of £, as we should expect in a physical scheme where heavy fields

should indeed decouple.

7.7.3 Defining the § function without A

Our derivation of the 3 function in MS so far used the somewhat heuristic replacement . This is valid
at one-loop, but not at higher loops where the divergence structure is more complicated. This is not a
problem in more physical schemes, which directly produce A-dependence rather than e-dependence, but it
would still be nice to have a definition in MS that works at higher loops. The idea is the following. In MS
we by definition have

go,a = p1Z(g,€)g, (7.107)

where
Zy

ZoN 73

The idea is that at fixed go, as we change f we should also change g(j1) to preserve this equation, so
differentiating both sides of ((7.107)) with respect to i we have

Z

(7.108)

_dg €qZ
== = —————. 7.109
dp 7+ 9% (7.109)
We thus can define the  function as
. €gz
=—lim ————. 7.110
Alg) = — lim — pr (7.110)

88



It is not obvious from this definition that the limit exists, after all Z has poles as a function of €, but the
consistency of the renormalization group equation (which says that the change in g with respect to i can
only depend on the couplings at the scale ) requires it to. At one loop we have

2
4.9 (1 _4
Z =1 3972¢ ( 3 C1(A) 3nFC’1(a)> +..., (7.111)

so we have

3
- (13101(;1) - nFC'l(oz)) Fo (7.112)

which coincides with (7.92) above. This calculation has been extended to higher loops, with five loops being
the most recent to be computed. The two loop result looks like this:

3 5
Blg) = — 13772 (13101(A) — ;LnFC’l(a)> _(169T)2 (3;02(14)2 — 2:))—OCQ(A)C1(a)nF - 4Cg(a)C’1(a)np)+. ..

(7.113)
Such higher loop results can be important in precision matching of QCD to experiment, for example when

we want to compare scattering results at energies other than myz to as(Mz).
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7.8 Homework

1. Compute the contribution to the [ function from a complex scalar field ® transforming in some
representation o of G. Hint: you can still use the formula with the same Z; and Z; that we
computed, the only thing that changes is Z3 There are two diagrams that contribute, and you can
take the scalar to be massless which you should find sets one of the diagrams to zero.

2. Check the counterterm relation by computing the Feynman diagrams in figure Hints: you
only need to compute the divergent parts of the diagrams, use our calculation of Z; above as inspiration.
Also beware that the bottom three have a nontrivial symmetry factor! I have fond memories of doing
this problem as a graduate student myself, make sure you leave plenty of time for it.

55The logic here is that we are still using the fermion coupling to the gauge field to define the gauge coupling even though it
is the scalar contribution we are interested in. If you find this confusing then consider we are computing the g-function for a
theory with one scalar and np fermions, after which we can take np — 0 if desired to get the answer with no fermions. If you
still don’t like that then you can renormalize the scalar vertex instead, but then you need to compute more diagrams.
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8 Lattice gauge theory

We have now seen that, due to asymptotic freedom, QCD is perturbative at high energies and becomes
strongly-coupled at low energies. This raises the hope that it can give a unified theory of both high-energy
nuclear phenomena such as Bjorken scaling and low-energy nuclear phenomena such as conﬁnement@ To be
sure of this however, we need to find a way to understand what actually happens in the low-energy strong-
coupling regime. By far the most successful approach to this problem is lattice gauge theory, which will
be the topic of this section. Lattice gauge theory is important for two reasons:

o It gives us a way to think about gauge theory non-perturbatively, telling us what is “really going on”
without need for gauge-fixing or weak coupling approximations.

e In some cases it can be used to do precise numerical calculations in the strong-coupling regime, leading
for example to the first-principles calculations of the spectrum of light hadrons I showed in the first
section.

In this class we are more concerned with understanding than precision computation, so we will focus more
on the first of these advantages, but we will also say a bit about how lattice gauge theory calculations are
actually done in practice.

8.1 Hamiltonian lattice gauge theory
8.1.1 What is a gauge field?

We will begin with the Hamiltonian approach to lattice gauge theory. Naively you might guess that the
way to do this is to choose a spatial lattice N, and then for each & € N define a vector-valued gauge field
operator ff(f) Doing things this way however makes it difficult to preserve exact gauge-invariance on the
lattice. To find something better, we need to think about what we really need the gauge field to do. In the
continuum we motivated the introduction of the gauge field by using it to define a covariant derivativem

D,®, = 8,8, — iA%(70)im P (8.1)

Let’s consider the same quantity for a scalar field ®(&) define on a cubic spatial lattice with lattice spacing
a. The partial derivative in the continuum is replaced by the finite difference

00, (7) = DT E 52 —on(@) (8.2)

where Xz is a displacement by one lattice unit in the ¢ direction. We would like to introduce a gauge symmetry
with gauge group G, under which ® transforms in some irreducible representation c of G

/(%) = Dt (92) Pon- (8.3)

Here D;{Lf,f’}(g) is the representation matrix for g in irreducible representation ay, and gz is the gauge
transformation at the spatial point Z. Specifying gz for all £ € N is the same as picking an element of
what we called the canonical gauge group G, in the continuum. From this point of view, the problem with
the finite-difference is that the two terms transform with different elements of G, gz and g 15, SO the
gauge transformation of the difference is rather ugly. To get something with a nicer gauge transformation,

56 A “true” nuclear physicist would view anything involving quarks and gluons as “high energy”, as there is also the even lower
energy question of how hadrons are bound together into nuclei. We won’t say too much about this question in this class: in
principle we should use the Yukawa theory to describe nuclei as bound states of pions and nucleons, but this is not so practical
when we consider large nuclei. We will return to pion physics in a few sections.

57In this section we will write all color indices down to avoid unpleasant notational issues.
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Figure 16: A spatial lattice, with sites colored blue and (oriented) links marked with arrows. In Hamiltonian
lattice gauge theory we assign matter degrees of freedom to each site and a group element to each link for
the gauge field.

we need a way to convert a gauge transformation at ¥ to a gauge transformation at ¥ + 5; Fortunately in
the continuum we had just such an object: the Wilson line

Wanm (C) = (Pe Jo Aumada™y (8.4)
which we saw has the gauge transformation
Wa(C)' = D (g(x))Wa(C) DI (g(x:) ) (8.5)

where z; and xy are the initial and final endpoints of the curve C. Using this we can construct a finite
difference between ® at two neighboring lattice points as
W (C) ®(Z + &;) — B(2)

D, — a s (86)

where we can take C' to be a straight line from & to & + 5. Taking the limit of this quantity as a — 0
recovers the covariant derivative . Thus to define a covariant derivative on the lattice, what we need is
a rule that assigns a Wilson line to each link of the lattice. The link needs to carry an orientation so that
we know which way the Wilson line goes, so when we use the term “link” we will always mean it to include
an orientation. We will parametrize links as (&, g), since to specify a link we can give its starting vertex
and a lattice displacement vector for its direction. See figure [16] for a spatial lattice together with its links.
In fact even this is not quite what we really need however, since we would like to be able to differentiate
fields in arbitrary representations of G without introducing an independent Wilson line for each. So what
we really need on each link is simply a group element 926 € G whose representation D{O‘}(g(i g)) gives the
Wilson line for this link in representation «. This is our main lesson: in lattice gauge theory, a gauge field
is an assignment of a group element 9(z.5) to each (oriented) link of the lattice N.

Before continuing I want to emphasize a potentially confusing point: in lattice gauge theory a gauge field
is a set of group elements 9(z.5) assigned to links, while a gauge transformation is a set of group elements gz

assigned to sites. They are NOT the same thing. From (8.5 the gauge transformation of the gauge field is

ng,g) = Y95+595) 9z - (8.7)



We should also now say more carefully what we mean by a spatial lattice N. At a minimum we should
mean a set of points ¥ € R4, but we will also take N to include a set of links Z, 5: with the understanding
that each link appears with exactly one orientation. In other words if (Z, S) is included in N then its
opposite ¥ + 5, —§ is not included. For a cubic lattice in R~ it may seem “obvious” which links should
be included, for example we can just take the neighboring links that point in the direction of increasing
x', 22,.... Sometimes it is useful to consider other lattices however, for example triangular, hexagonal, etc,
where the choice of which links to include and how to orient them is less obvious. It is also sometimes useful
to consider other spatial topologies such as S?~!, and then again it is not so clear how the sites should be
connected. Thus it is safest to explicitly declare which links are included. We will see in a little while that
it also turns out to be a good idea to explicitly say which oriented faces are included in the lattice: we will
defer discussion of this to a bit later in the section. In mathematics there is actually a name for a lattice
defined as a collection of oriented points, links, faces, volumes, etc: it is called a CW complex. I won'’t tell

you the definition here, but you can look it up if you are curious

8.1.2 Hilbert space and operators

In the continuum we started with a big Hilbert space H;4 of wave functionals of a,, and ¢, and we constructed
the physical Hilbert space by requiring it to be annihilated by the constraints. We will follow the same
approach in Hamiltonian lattice gauge theory, but to be more efficient we will immediately impose the
I = 0 constraint to go to the intermediate Hilbert space H;,; whose wave functionals are independent of
Af. Thus we will only assign group elements to oriented spatial links, as indeed we were already doing above.
In the absence of matter fields a basis for H;,; consists of states |g) labeled by a choice of group element
9(z.5) for each link. This is the tensor product

(#,8)eN

of Hilbert spaces ’H,( 7.5 for each link in N. Each of these local Hilbert spaces has a basis of states of the

formPY
|g>(55)- (8.9)

Wave functions in this Hilbert space are elements of L?(G), i.e. states

0 = [ dgv(@lo)zs (8.10)
such that
wit) = [ dglo(o)l < oo (811)
where dg is the Haar measure on G. Note that this means that
(d'lg) = 0(9.9), (8.12)
with the J-function defined so that
[ agst0.915(6) = 1(9) (8.13)

for any reasonable function f: G — C.

58For the lattice gauge theory we construct in this section it is enough to stop at the faces, but for “higher form” gauge fields
we need the higher-dimensional volumes as well.

591 emphasize that we do NOT assign separate tensor factors for the opposite orientations of the link, only one of the
orientations is included in N. This is because the Wilson line with opposite orientation is not an independent degree of
freedom; we will see in a moment how to define it.
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There are three natural sets of operators we can define on H(f 5)°

R (7, _’)‘9>(5,5) = |gh>(f,5)~ (8.14)

We will refer to these as the Wilson lines, the left-multiplications, and the right-multiplications. You can
think of the Wilson lines as “position” operators and the left /right multiplications as “momentum” operators
for a particle moving on G. You will show on the homework that their algebra (dropping the link labels) is:

LpLp = Lpw
Ry Ry = Rpp,
LyRy = Rp/ Ly,
Wa,nmLh = Di?gl(h)LhWa,n’,m
Wa,nmRh = RhWa,nm’D»fnof}m(h)- (815)

You will also show that adjoints of the left /right multiplication operators are given by
L} =Ly =1L;*
Rl = R,» = R, (8.16)

so in particular they are unitary. The adjoint of the Wilson line also has a nice interpretation: it is a Wilson
line whose orientation is opposite to that of the link:

Wi(Z,8) = Wa(@+6,-5), (8.17)

i.e.

Wo]t,nm(fy ): Wa,mn(fa )* (8.18)

where * means the Hilbert space adjoint.

8.1.3 Gauge transformations and the physical Hilbert space

To get from H;,,; to the physical Hilbert space we need to restrict to gauge-invariant states. We thus need to
write down unitary operators on H;,; that implement the gauge transformations. A gauge transformation
at ¥ implements a gauge transformation on each Wilson line living on a link that is attached to &, including
both the outgoing links (Z,4) and the ingoing links (Z — &,8). It also needs to act with a unitary operator
U™at on the matter fields living at #. The full expression for the unitary operator in H;,; implementing a
gauge transformation by g at Z is

I Le@-0.8) ] Re—@0U"(g). (8.19)

gingoing 5 outgoing

We can check that this gives the correct gauge transformation using our Wilson line algebra (8.15)):
Wal#,8) = Uy, 5(9:,5) Us(92) Wa( @, 0)Us(92) U, 5(95,5) = D' (95, 5) Wa(#,8) D1 (g21),  (8.20)

and it of course also implements the matter gauge transformation

Uz(9)'®(&)Uz(g) = DI} (9) (). (8.21)
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We then define the physical Hilbert space as the set of states invariant under all Uf(g)ﬂ

thys = {W) € Hint

Us(lw) = lv)  VZ.g}. (8.22)

We note that the operators Uz(g) together give a unitary representation on H;,; of the lattice version of the
canonical gauge group G.. We also observe that they commute for different sites,

Uz(9)Uz (¢') = Uz (¢")Uz(9)  (F# ), (8.23)

which is a consequence of the commutativity of L, and Rj.

8.1.4 What is the Hamiltonian?

Having constructed the gauge-invariant Hilbert space, we now want to construct the Hamiltonian. In the
continuum we had

2
— g i TTQ 1 a i g
H = /dd lx (QHaHz + @FijFaj +HM) 5 (824)

so our goal is to figure out what replaces the first two terms on the lattice. We can guess lattice analogs of
A¢ and II!, by defining

Wa(f, _'_) = eiaA”(a‘c’,S‘i)Ta

Lyioara (7,8;) = e~i0"a" " Ta(@30), (8.25)

N

The first of these is the obvious discretization of the continuum Wilson line. To motivate the second, we can
observe that from (8.15) we must have

eiad729aHa iaAbT, e*iad’20aHa 10%T,

e ¢l a, (8.26)

=e
Expanding both terms to leading order in the exponent we have

ia (A" +ia? 20, Ay +...) = i (aAPmy + 0" + .., (8.27)

“ b2

where indicates terms that are higher order in # and/or a. Thus at leading order in a we need to have

1

by —
[HaaA ] - _(Ld71

6L, (8.28)

which is precisely the lattice version of the canonical commutation relation (the factor of 1/a%~ is necessary
to produce a spatial §-function in the continuum). One way to interpret the factor of a2 in the definition
of II, is that it is there so that we can interpret L; as

Lh — eiexelectric flux

: (8.29)

where the electric flux is through a lattice hypercube that is punctured by the link. In any case we can
therefore write a lattice version of the electric flux term in the Hamiltonian as

H> Z ad*%Ha(f,g)H“(f,g). (8.30)
(Z,0)eN

60In the continuum we required this only for gauge transformations which become trivial at spatial infinity. On the lattice
we can implement this automatically using boundary conditions where any spatial boundary is as a set of outgoing links that
do not end on vertices, see figure for an illustration (not drawing the vertices means that we do not include matter fields at
the ends of these links, nor do we impose a gauge constraint there). Essentially this is Dirichlet boundary conditions for the
gauge field, since there are no gauge fields connecting the absent vertices.
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Figure 17: A plaquette in a cubic lattice. The circular arrow indicates the orientation of the Wilson loop.

Using Schur orthogonality we can give this electric flux term a nice group-theoretic interpretation. The
idea is that we can think of the action of L, on L?(G) as a big reducible representation of G, usually
called the regular representation. Schur orthogonality tells us how to decompose this into irreducible
representations: defining an orthonormal basis

o, ) = / dgVd. DL} (g)]g) (8.31)

for L?(G), we have
Lg|o, nm) = ZDi?}(g_lﬂa,ﬁm). (8.32)
¢
Thus for each « the states |a, nm) transform in the inverse transpose of «, or equivalently its conjugate.

From (8.25) we see that —a?~2Il, are precisely the generators of the regular representation of G, so the
action of II,I1* within each block is proportional to the quadratic Casimir invariant

L1, nm) = a 242 Cy ()|, nm). (8.33)

Therefore we can think of this term in the Hamiltonian as punishing states of the link according to their
quadratic Casimir in the |, nm) basis, with the trivial representation o = 1 being punished the least! This
is the non-abelian lattice version of the idea that this term wants to minimize the magnitude of the electric
field.

Turning now to the magnetic term in the Hamiltonian, we need a way to think about the field strength
in terms of the Wilson line. You showed on the homework a few sections ago that for a small Wilson loop
on a curve C bounding a surface D to first order in the area of D we get the exponential of the trace of the
flux of F through D. To get the trace of F? we need to revisit this problem to second order in the area,
which we will now do. The idea is that we will consider a square Wilson loop that is one lattice unit on each
side. Such a minimal square loop is called a plaquette. We will denote plaquettes in our cubic lattice as
(Z, 5: 5") with § -6 = 0, as shown in figure This labeling is redundant since we do not care which site is
the beginning of the loop, so we identify

(%,6,8) ~ (Z+0,0/,—8) ~ (T+6+06,-8,—8) ~ (Z+0,-5,5). (8.34)

We will further extend our definition of the lattice N to include the list of all the plaquettes in the lattice,
again with the convention that if (Z,4,d’) is included then its opposite orientation (Z,d’,d) is not. The
Wilson loop for the plaquette is

Wa(Z,5,0") = Tr (Wa(f—i- 8~ YWa(Z+8+08, —8)Wal(Z + 0,0 )\ WalZ, S)) , (8.35)

61Here we used that a representation a and its conjugate always have the same quadratic Casimir. Also note that we can
interpret this formula as an exact solution of the quantum mechanics of a particle moving on the group manifold G.
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which respects the identifiction due to the cyclicity of the trace. This Wilson loop is often also called
the plaquette, to distinguish it from the geometric loop itself we will call it the Wilson plaquette.
To understand the continuum limit, we write the Wilson plaquette in the zy plane in terms of the gauge
field as
Wa(Z, a, af) = Tr (efia(Ayfgasz)efia(Az+%8yAz)eia(Aer%asz)eia(AmfgayAz)) . (8.36)

To preserve more symmetry we’ve chosen to Taylor expand the gauge field about the center point of the
plaquette; this makes the Wilson plaquette an even function of a since sending ¢ — —a gives a cyclic
permutation inside the trace. Using the BCH formula, we have

1
X1 X2 X3, X4\ _ o X

log (e*e™*2e*se 4)_2Xz—f—zz[X“Xj}—i—...7 (8.37)

7 1<

which gives

W (T, ad, ag) = Tr (eszw+~~) , (8.38)
where “...” indicates commutator terms that are at most of order a®. Expanding the exponential we thus

have .
W, (%, at, af) = Tr (1 +ia®Fpy — %ng + O(a6)> . (8.39)

To justify the size of the error term, we note that in the linear term from expanding the exponential there
are no higher order terms since the trace of a commutator is zero. In the quadratic term there in principal
could have been a term of order a® from multiplying F,, by a commutator, but this term must vanish
since the Wilson plaquette is an even function of a. If we choose « to be the (possibly reducible) defining
representation of G, then we can recogtnize the third term in the expansion as being precisely proportional
to the magnetic term in the Hamiltonian that we are after. To get rid of the second term we can take the
real part:

Wo Z, az, af) + W, (Z, az, aj)t

R(Wa (7, 0t ) = .

=Tr <1 - ‘;—4F§y + O(a6)> : (8.40)

We can think of the real part as averaging over the two possible orientations of the plaquette. The leading
constant term we can view as a renormalization of the cosmological constant, which in field theory has no
dynamical effects. We thus are led to the Kogut-Susskind Hamiltonian of lattice gauge theory@

2
_ 9 d-1 - = I s - F
H=%a Z T, (7, )1 (7,5) ~ 2 R (Wa(x, 5.5 )) . (8.41)
(Z,0)eEN (%,6,6")EN

If we allow the sum over plaquettes to include both orientations then we can replace the ® by a factor of
1/2. As a reminder, here « is the defining representation of Gﬁ
Finally we should say a little about the matter Hamiltonian. We will only consider a complex scalar field
® to avoid the fermion doubling problem that we discussed in QFT II. The continuum Hamiltonian density
is
Hay = O+ (D; @) D;® + V(|®)). (8.42)

On the lattice we have in H;,; in addition to the link Hilbert spaces a Hilbert space Hz at each site, with a
set of basis states |¢) that are eigenenstates of ®:

(Z)|p) = ¢z(9). (8.43)

62 Although we have used a cubic lattice to motivate this definition, it works for any lattice as long as we sum over all links
in the first term and all plaquettes in the second term.

63For general compact G there is an arbitrary choice here of which faithful representation we view as defining; we already had
to make that choice in the continuum Lagrangian when we wrote it in terms of a matrix-valued gauge field. This choice does
not really change the theory however: the only place the defining representation appears is in the definition of ., so changing
our choice of defining representation only rescales the gauge coupling.
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Figure 18: A circular spatial lattice in 1 4+ 1 dimensions.

To match the continuum we define the canonical momentum as

1 0
In(z) = —i 8.44
@ =iz 5y (8.4)
so the Hamiltonian contains a term
H> > (@) (8.45)
TEN
The square of the discrete covariant derivative along a link (Z,4) is
(@7(7 + We, (7.0) = 07(2)) (Wa, (7.0) (7 + 5) — 0(2))

e (8.46)

The terms which do not involve W, in the square are just a renormalization of the mass of the scalar, so we
can write the lattice scalar Hamiltonian like this:

Hy =Y (@)@ + V(8]) —a? Y (qﬂ(m 8\ W, (&,6)®(F) + h.c.) . (8.47)

ZEN (Z,6)eN

If we allow the sum over links to include both orientations then we can drop the “+h.c.”.

8.1.5 A notational aside

So far we have been keeping around powers of the lattice spacing a. In this business it of course standard to
work in units where a = 1: we’ve postponed doing this so that build some intuition for the continuum limit,
but from now on we will join the party.

8.1.6 1+ 1 dimensions

The simplest nontrivial example of Hamiltonian lattice gauge theory is pure gauge theory on a spatial S'.

The lattice is shown in figure Labeling sites by ¢ = 1,... N and links by the site they are outgoing from,
the Hamiltonian is simply

9 N
% 0, (i)I1° (4). (8.48)

i=1

H=

It will be instructive to first consider the case N = 1, where there is one link attached twice to the same
site. Hint is just equal to L2(G), and Hppys is the subspace of wave functions obeying

P(hgh™") = 1(g) (8.49)
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for all g,h € G. The set Cl(g) of elements in G which are related to g by conjugation by some h € G is
called the conjugacy class of g, and a function in L?(G) which is constant on conjugacy classes is called a
class function on G. Thus we see that the set of gauge invariant states for our one-link theory is the set of
class functions. For any irreducible representation a of G there is a natural class function

Xalg) = Tr (D1 (9)) (8.50)
which is called the character of the representation. We then have the following theorem:

Theorem 11. Let G be a compact Lie group. The set of characters x.(g) form an orthonormal basis for
the set of class functions on G.

Proof. The orthonormality
/ dgxa(9)* Xa' (9) = daa’ (8.51)

is an immediate consequence of Schur orthogonality, so what we need to show is that the set of y,(g) is
complete for class functions. We first note that for any function f € L?(G), we can construct a class function
by acting with the linear operator

Pf(g) = [ dnf(hgh ). (8.52)

Moreover this operation squares to one by the invariance of the Haar measure, and thus gives a projection
onto the set of class functions. From Schur orthogonality and the Peter-Weyl theorem we know that the
representation matrices DL (g9) give an orthonormal basis for G. We will show that acting on these with P
just gives the characters. Indeed consider the quantity

PDL} (g) = / dhDL) (hgh™). (8.53)
By invariance of the Haar measure we have
DI (W) PD{s)g) = PDLs} () D10} (1), (8.54)
so by Schur’s lemma we must have
PD{5}(g) = A9)bnm- (8.55)
Taking the trace of both sides, we see that we have
1
M) = 7-Xalg), (8.56)
so we have shown that L
PD'r{za’rg(g) = di(s'nmXa(g) (857)

Since any class function can be expanded in terms of the D,{l%} (g9), and since acting with P on a class function
does not change it, it must be that it can also be expanded in the characters x,(g)- O

Thus the characters x,(g) give a basis for the set of gauge-invariant states of the link:

) = / dgxa(9)l9)- (8.58)

In fact these are energy eigenstates, since we showed that acting on states of definite a the electric flux term
is just proportional to the quadratic Casimir of «a:

2
Hla) = %Cg(aﬂa). (8.59)
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Turning now to the general case of NV sites connected by N links, you will show on the homework that
what the gauge-invariance condition at each link tells us about the wave function (g1, ..., gn) is that we
must have

¢(91’ s '7h’givgi+1h717 <. gN) = w(gl? s 791\/) (860)

forallh € G and i = 1,..., N (identifying gn41 with g1). You will also show that to satisfy this condition
we need the wave function to have the form

V(91,5 98) = f(gngN-1-..01), (8.61)

with the function f : G — C being a class function. We may then simply port over our discussion of the
one-link Hilbert space to conclude that there is again an orthonormal basis for the gauge-invariant states
given by

|ex) E/dgl...dnga(gN...gl)|gl...gN>. (8.62)

There is a very simple way to describe these states: they are obtained by acting on the trivial representation
state

1) = /dgl---dgN|91~-~9N> (8.63)
with a Wilson loop going once around the circle:
la) = Wa(SY)[1). (8.64)

As you may have guessed these states are eigenstates of the Hamiltonian: to see this we can use the algebra
(8.15) to see that for each link we have
[Ha; Wa] =1 Wa, (865)

and thus

[HaHay Wa] = Ha[Hau Wa] + [Ha7 Wa]na
= 7,, Wy + 27, W, I1¢
= Oy(a) Wy + 27, W, 119 (8.66)

Since the ground state |1) is annihilated by all II* since it is invariant under acting with Ly, each link
contributes a factor of §Cs(a) to the energy:

Hla) = %NC’Q(aHa). (8.67)

This completes the solution of Yang-Mills theory with compact gauge group G in 1 4+ 1 dimensions: the
eigenstates of the Hamiltonian are states of definite electric flux wrapping the circleﬁ with the fluxes
labeled by irreducible representations of GG, and the energy density in the flux is

o= i;cg(a). (8.68)

8.2 Confinement in the strong-coupling expansion

Having set up the machinery of Hamiltonian lattice gauge theory, we will now use it to do some physics.
The Hamiltonian is

2
_ g a 1 - T
H=% Z e, - ;ﬁ R (Wa(x,é,é )) + Hy. (8.69)
(Z,0)eN (#,6,0")EN

64Somewhat annoyingly the direction of the electric flux is opposite to the direction of the Wilson line, due to (8.65) and the
relative sign between F, and Il,. This is because it is really WT that creates the electric flux in the direction of the line, just
as it is ¢ which creates the electron.
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Figure 19: A loop network eigenstate of the strong coupling Hamiltonian. Sitting on top of the vacuum
is a network of disjoint loops of electric flux, each labeled by an irreducible representation of GG, and each
loop contributes an energy that is proportional to its length and quadratic Casimir. The direction of flux is
indicated by the dashed arrows, it is opposite to the direction of the Wilson line.

In the continuum we studied this theory at weak coupling, g < 1. In that limit the electric flux term is not
important compared to the magnetic flux term, so roughly speaking the gauge field likes to minimize the

magnetic flux. At length scales
1672

1
0 << ae ® FaDTrroi (8.70)

the theory is described by weakly-interacting gauge bosons and matter particles in the continuumﬁ For
bigger length scales the theory becomes strongly-coupled. To understand what happens then we will now
consider the opposite expansion, the strong-coupling expansion

g>1. (8.71)

In this limit the electric flux term is dominant, so the ground state is just the tensor product of the trivial
representation state on every link:

2= & M) us (8.72)
(#,6)eN
Moreover by using our Wilson line commutator (8.66]), we see that acting on this state with any Wilson loop
Wo (L) that does not use the same link more than once we have
2
HWo(L)|Q) = T-d(L)Ca(0)Wa (L)[9). (8.73)

Furthermore if we act on the vacuum with several disjoint Wilson loops, each not using the same link more
than once, then we have

HWa (L1) ... Wa, (Ly)|Q) = %(Cg(oq)d([q) ot Cz(an)d(LN))Wal(Ll) o Wa (L)), (8.74)

65Here we are assuming that the matter content is such that the 3 function is negative as in QCD, and indeed in this formula
we assumed the matter was just ng spinors in representation a. For more general matter one just changes the second factor in
the exponent as appropriate.
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Figure 20: Meson and baryon eigenstates in the strong-coupling approximation.

In this way we can generate a large family of exact energy eigenstates in the g > 1 limit, see figure [19| for
an illustration 9]

Now let’s see how this picture give rise to confinement. Say we want to create a charged scalar/antiscalar
pair by acting on the strong-coupling vacuum with

(Z)WH(C)DT (), (8.75)

where C' is a path from ¥ to @5. There are many options for the path C, but if we want to create the
least energy in the strong-coupling approximation then we should take C' to be the path from ¥ to Z that
traverses the fewest links. This is our big result: the potential energy between a scalar/antiscalar pair grows
linearly with distance:

2
V(#, 72) = T-C0o(a)d(@1, 7). (8.76)

This is precisely the picture we motivated back in the first section for the confinement of quarks: the electric
flux is collimated into a thin tube between a quark/antiquark pair, resulting in an energy that grows linearly
with separation! See figure 20| for an illustration.
If we take G = SU(3) then we can also realize baryons in the strong-coupling approximation. Indeed
consider acting on the strong-coupling vacuum with
emimams Wiy (Ca)W iy, (Cao) W 1y, (Cus) @, (1) @], () @], (35), (8.77)

a,M1M1

where Cy; is a path from x; with ¢ = 1,2,3 to a point x4. The minimal energy configuration is a tree-like
one where we choose the points x4 and the paths Cy; to minimize the total number of links appearing in the
three paths. Again there is a linear energy cost in trying to increase the size of the baryon. See figure [20] for
an illustration.

It is interesting to consider the role of the mass of the matter particle in this discussion. If the potential
energy in the pair is large compared to the particle mass, then there is a lower-energy eigenstate where we
split the flux tube with a scalar/antiscalar pair. To avoid this we need

g*d < m. (8.78)

66Unlike in the 1 + 1 case this this set of eigenstates is not complete: to get a full eigenbasis we need to allow for acting
with Wilson lines that fuse together using intertwiners, which leads to something called spin network states. We will meet an
example of this momentarily when we talk about baryons.
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In order to have a sizable distance range where pair production is suppressed we need

l<d< 9@2, (8.79)

where I'll remind you we are working in units where a = 1. Moreover for the strong coupling expansion to
be valid we want g2 > 1, so to have a distance range where both the strong-coupling approximation is valid
and pair production is suppressed we need

1< g><m. (8.80)

In particular this means the mass of the particle must be large in lattice units. The theory is still confining
when this is not the case, but it becomes hard to directly measure the linear potential since the disconnected
contribution becomes dominant. In QCD this breaking of the flux tube is the essential mechanism for the
hadronization of the outgoing partons in a hard scattering process.

8.2.1 What did we learn?

We have just seen that the confinement of quarks is an immediate and beautiful consequence of the strong
coupling expansion in lattice gauge theory. But what does this really tell us? After all the argument works
just as well if G is abelian, so U(1) lattice gauge theory is also confining in the strong-coupling expansion!
The difference however is that the question we are really interested in is not what happens when the theory
is strongly-coupled at the lattice scale: instead we want to assume the theory is weakly coupled at the lattice
scale, and then ask what happens at distances which are much larger. In the abelian case the answer to
this question is clear: the S-function has a positive sign, so the coupling just gets weaker and weaker as
we flow to the long distance. The abelian theory never enters the regime of validity of the strong-coupling
expansion, so the fact that it would predict confinement is irrelevant. The novelty in QCD is that even if we
start with a weak gauge coupling at the lattice scale, as we flow to long distance the coupling gets stronger
and stronger due to asymptotic freedom. Once the coupling becomes O(1) we can no longer compute what
happens analytically, but we can hope that it continues to increase, eventually entering the regime of validity
of the strong coupling expansion where confinement is manifest. And indeed all the available evidence from
numerical lattice gauge theory, and also of course from experiment, is that this is indeed what happens! The
situation can be summarized like this: the lattice strong coupling expansion gives a plausible explanation for
how confinement is realized in real QCD, and numerics and experiment show that this explanation is correct.
To prove this without using numerics or experiment, we would need to control the renormalization group
at O(1) coupling with enough precision to show that it indeed enters the strong-coupled confining phase at
long distance. If you can do this there is a million dollar prize waiting for you, but in my view there isn’t
really anything else it could plausibly do so I am willing to believe it and move on.

8.3 Euclidean path integral formulation

So far we have been discussion Hamiltonian lattice gauge theory. This is the most intuitive place to think
about the dynamics of gauge theory, but it is not well-suited for numerical computations (this may change
if we get sufficiently powerful quantum computers). The approach which has been the most powerful for
concrete calculations is the lattice version of the Euclidean path integral. In the continuum this has the form

[ DaDéfla, gle=S=lad]

(OUF14,9)0) = S (3:51)

where )
Sg = /dd:U (292TI‘ (FIWF’W) + CM,E) (8.82)
is the Euclidean action and £/ g is the Euclidean matter Lagrangian density. For example for a scalar field

we have

Lare = (Dud) D¢+ V(|6)). (8.83)
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Figure 21: Tiling the interior of a rectangular Wilson loop with plaquettes to give a nonvanishing contribution
in the Haar integral.

In Euclidean signature spacetime indices are raised and lowered with the Euclidean metric d,,. The gauge-
invariant operator f on the left-hand side is built out of time-ordered Euclidean Heisenberg fields with time

evolution
O(r) =e™O0)e . (8.84)

In Euclidean lattice gauge theory we use a spacetime lattice, which includes links in the time direction as
well as in space. So for example in figure [16| we can re-interpret the lattice as extending in both space and
time. The gauge field is an assignment of a group element to each spacetime link, and the matter field is an
assignment of a field value to each spacetime site. Since we already learned how to discretize the magnetic
flux term in the Hamiltonian, we can use the same approach here for the spacetime action. This gives us
the Wilson action of lattice gauge theory:

1
Sv = > R(Wa(2,6.6)), (8.85)
(2,8,6)EN
or 1
Se=—g S RWalw.0.8)~ 3 (6L sWa, (@660 +cc) + 3 V(I6) (8.86)
g (x,0,6")EN (z,0)eN TEN

if we include scalar matter. To compute the path integral we then “merely” have to integrate e™5# times
an observable over ¢, and g(, 5 for all z and (z,0) in N:

[ dgdp fp, Wa(g)le 5"
[ dgdpe—Se '

(QUf[®, Wa]|€) = (8.87)

8.3.1 Strong coupling again

We will first use the Euclidean approach to reproduce our result that lattice gauge theory is confining in
the strong-coupling limit. Since we no longer have direct access to the Hamiltonian, we need to do it in a
somewhat less obvious way. The idea is to look at the expectation value in the vacuum of a large rectangular
Wilson loop W, (L), where L has length T in a direction we will view as time and R in a direction we will
view as space. What we will show is that in the absence of matter fields, at large 7' we have

(QUWa(L)I) e TH, (8.88)
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which is called area-law behavior for the Wilson loop. The interpretation of this behavior is that the
expectation value of this Wilson line is proportional to

e TV(R) (8.89)

where V' is the potential between an infinitely-massive quark/antiquark pair with spatial separation R. This
is because the temporal parts of the Wilson line precisely give the worldline action for the quark and the
antiquark, so at large T this calculation is telling us the ground state energy for the gauge field in the
presence of these fixed background particles. Therefore area law-behavior for the Wilson line is the same as
having a linear attraction between quarks and antiquarks, just as we found more directly in the Hamiltonian
approach.

To demonstrate the area law it is convenient to specialize to G = SU(N), with N > 3. From Schur
orthogonality we then have the integrals

/dUUnm:O

/dU UimUnimy =0

/dU Ui Uty = %5nn’5mm’~ (8.90)
The first of these we can think of as the integral against the trivial representation, while the second is the
integral against the conjugate representation, so both vanish by Schur orthogonality between inequivalent
irreps (what is different for SU(2) is that the fundamental and antifundamental representations are equivalent
so the second integral doesn’t have to vanish). Since 1/g? is small, the idea is then that we can evaluate
the expectation value of W, (L) by bringing down as few powers of the Wilson action as are needed in order
to get a nonzero integral over U. To start with we can bring down a plaquette with a U* for each U in L.
But these plaquettes have other Us, so we need to bring down more plaquettes to provide a U* for each of
these. Continuing in this way we build up a surface D bounded by L that is tiled by the plaquettes that
we brought down (see figure . We bring down the fewest plaquettes by taking this to be a minimal area
surface, so the dependence on the parameters of the loop is

TR
oo x (%) (8.91)

where f is some O(1) number we haven’t tried to compute. We can rewrite this as
QWL (L)|Q) o e 71T (8.92)
where o is energy density of the flux tube, also sometimes called the string tension, and is given by
o =log(g?) + O(1). (8.93)

This completes the demonstration of the area law. Notice that our expression for ¢ in terms of the bare
coupling is not the same as we found in the Hamiltonian approach, but that is ok since they are different
regularization schemes.

8.3.2 Monte Carlo evaluation

Finally we will say a little about how Euclidean path integrals are evaluated numerically outside of the strong-
coupling regime. In principal we could try to just do the multiple integral (8.87)), but direct evaluation of
high-dimensional integrals is computationally very expensive due to the exponentially growing volume of the
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Figure 22: The Euclidean thermal correlation function for the harmonic oscillator with w = 1 and 8 = 4.
The orange line is the exact answer, while the blue line is the result of running the Metropolis algorithm.
The error is about 2%. This took about 30 minutes on my laptop, although my code was in mathematica
and not optimized at all.

region of integration. A better approach is to use an essential feature of Euclidean action (8.86)) which is
that it is real. We can therefore view the quantity

e—Selg.d]

= [ Dy Dgle—Sela" ]

plg, 9] (8.94)

as a probability distribution for Euclidean gauge/matter field configurations, and the integral as
computing the expectation value of a random variable f. What this means is that we do not actually need
to sample the integrand for all field configurations g and ¢, we just need to create a big enough set of samples
the averaging f over the sample set is close to computing true average. Of course this is easier said than
done, and in particular the term “big enough” is doing a lot of work here. How big is big enough? There is
no definite answer to this problem that works in all cases, but two useful rules of thumb are that we want
a big enough set that adding more samples does not substantially change the average, and we also want it
to be the case that if we run the algorithm again the result that we get is not substantially different. This
approach is called the Monte Carlo method for numerical integration.

The key question in Monte Carlo is how we generate our samples to average over. As you can imagine this
is a very refined art, with many special optimizations for specific problems. Here I will only describe one of
the oldest and simplest ways of generating samples, the Metropolis algorithm. The idea of the algorithm
is quite straightforward: we define an evolution on the set of field configurations which goes through site/link
by site/link and randomly proposes an “update” to the configuration at that site/link: the update is then
accepted with probability one if it decreases S and with probability e=25% if it increases Sp. Repeating
this process many times generates a long string of samples, which we can then use as our ensemble for
estimating the expectation value of f. The Metropolis algorithm is the canonical example of what is called
a Markov Chain/Monte Carlo algorithm, or MC/MC for short.

To illustrate the Metropolis algorithm, we can consider the thermal two point function in the harmonic
oscillator:

Tr (e P X (1)X(0)) _ [ Dxa(r)x(0)e5F

Glr) = Tr (e=AH) | Dze=Sre ’

(8.95)
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with

P2 2

H=—+ %Xz (8.96)
1 2

Sp =5+ %X? (8.97)

Since it is the harmonic oscillator we know the exact answer, it is given by

cosh [w (T — 8/2))]

G(r) = 8.98
(7) 2w sinh [wf /2] (8.98)
with 7 € (0, 8). To use the Metropolis algorithm we discretize Euclidean time using a lattice
_ B
Tn =0 (8.99)
in terms which we integrate over field configurations x,, obeying the boundary condition
To = TN- (8.100)

The discretized Euclidean action is

= (Tn41 —zn)*  aw®
Sp=> S ) (8.101)

n=0

The job of Metropolis is to create a sequence m;{,a} of configurations using the following rule. Say we have the

configuration 25" and we want to create z1*™}. For each n (we can go through them in order) we propose
the change

afotth = glad 4 Ag) (8.102)

where Az is chosen uniformly randomly in an interval Az € (—e, ). If this change decreases the Euclidean
action we accept it, while if it does not then we accept it with probability e =#5#. Each time we go through the
list of IV positions is called a “sweep”, and after many sweeps we generate a long chain of x,, configurations.
We then average our observable, x(7)x(0) in this case, over the chain (with a few minor refinements I'll
mention in a moment). In figure you can see a comparison of the result of this algorithm to the exact
answer, computed with 156 lattice sites, 400,000 sweeps, and initialized in the z,, = 0 configuration. In the
homework you will make your own version of this plot.
We will close with a few general comments on issues that come up in using this algorithm:

e One obvious potential problem is initial bias: we have to begin the chain somewhere, for a while it
remembers these initial conditions and that biases the samples. The usual solution to this is simply to
discard a long enough initial part of the chain that this bias is forgotten. This step in the algorithm
is usually called “burn-in”, for the run that produced figure 22] I ignored the first 120,000 sweeps in
computing the average.

e Another obvious problem is that each samples which are near each other in the chain will be fairly
strongly correlated, since it takes a fair number of sweeps to “re-randomize”. This means that we
cannot view the samples as independent, and this means that we have to run the algorithm for longer
than we would if they were truly independent. This problem is usually called autocorrelation. One way
to mitigate it is to “thin” the chain by only using say every 20th sample in computing the average of
the observable. This does help with the autocorrelation, but actually it isn’t really necessary because
even if we use all the samples the “size” of the blocks with high autocorrelation will be roughly similar
throughout the chain and so we can just compute the average over everything and not get into much
trouble.
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The running time of the algorithm depends quite strongly on the range € over which we choose Azx.
If € is too large then very few proposed changes will be accepted, leading to a long convergence time,
while if € is too small then many changes will be accepted but they will barely change the samples,
again leading to a long convergence time. The usual rule of thumb is that you should choose € so that
30 — 70% of the proposed changes are accepted. In my code I used € = .3.

Another problem is that since the proposed updates only change x,, one lattice site at a time, the chain
can get stuck for an exponentially long time in a metastable minimum that requires many changes to
get out. For example in applying this algorithm to the Ising model at low temperature with a small
external magnetic field, if we start with the “wrong” magnetization it is almost impossible to get out.
In order to fix this we need to improve the algorithm to occasionally try “larger” updates just in case
we are stuck.

As a matter of practice it is usually better to use your configurations x, as you generate them, i.e.
for each configuration compute its contribution to the average of the observable right away, and then
discard it. Otherwise you would need to keep all your configurations in memory until the end and
then compute one giant average. Also you can get better convergence when computing a correlation
function like G(7) if you average over the locations of the two points keeping their distance fixed.

Many of the theories we are interested in, such as QCD, have fermions. The fermionic path integral
is over Grassmann variables, and it cannot be given a probabilistic interpretation. This seems like a
fatal problem for the Monte Carlo approach, but in fact there is a way out: we simply integrate out
the fermions, which usually have a Gaussian action, to get a complicated determinant. We can then
absorb this determinant as a nonlocal part of the action if it is positive, or else try treating it as part
of the observable. Unfortunately the non-locality makes it more expensive to compute updates of the
chain. This problem is on top of the fermion doubling problem that we met with lattice fermions last
semester.

Not all field theories, even without fermions, have actions that are real in Euclidean signature. Moreover
we are not only interested in Euclidean field theory: we would like a way to compute correlation
functions in Lorentzian signature where we actually live! Either of these situations leads to an integrand
which is not real and positive, which is usually called the sign problem. So far the sign problem in
general is an insurmountable obstacle to numerical calculations in field theory, although in some special
examples there are tricks that can be used to make progress.
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Figure 23: A cubic lattice on a torus, with N, = 3 and N, = 2. The hollow circles indicate gluings to the
site on the opposite side of the lattice, so this lattice has 6 sites and 12 links.

8.4 Homework

1. Derive the lattice algebra (8.15)) and (8.16) from the definitions (8.14]).

2. Show that gauge-invariance of the state of 14 1 Hamiltonian lattice gauge theory is indeed equivalent
to (8.60). Also show that this requires the wave function to have the form (8.61)).

3. In this problem you will solve the simplest 2 + 1 dimensional gauge theory, the Zs gauge theory. On
each link we have a two-dimensional Hilbert space, and it is conventional to define Z = W, and
X =L_y = R_1, where « is the defining (and only nontrivial) representation of Zs. Check that these
operators indeed act on the group space | = 1) as the Pauli Z and X operators. The Hamiltonian is

-

2
H=-= Y X(f,a)—3 N 200+, -82(F+5+6,-6)Z(%+6,8)Z(&,8), (8.103)

where the second term is the usual magnetic flux term and the first term is a discrete analogue of the
electric flux term. At large g we want to have X = 1 on each link to minimize the energy, which is
a discrete version of the tensor product strong-coupling vacuum that we found above. It is unique on
any spatial lattice.

In this problem however we will study the theory in the weak-coupling limit, where it is the plaquette
term we need to minimize. We will work on a cubic lattice with the topology of a spatial torus, as
shown in figure Thus to find the ground state we want to find the set of states where

Z(6+ 9, —0)Z2(E+ & + 9§, —2)Z(Z + 2,9)Z(Z, &) = 1 (8.104)
for all plaquettes (&, &, §), together with the gauge-invariant constraint
X(#,8)X (7 - & 9)X (@)X (7~ §.9) = 1 (8.105)

for all sites. We are interested in identifying the dimensionality of the subspace that satisfies these two
constraints.

(i) Assuming the lattice has N, x N, sites, how many sites, links, and plaquettes are there? If we
assume that all of the plaquette and site constraints are independent, what would we conclude
about the number of ground states?
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(ii) In fact the constraints are not all independent. How many ways are there to come up with a
nontrivial product of constraints which is equal to the identity? What does this say about the
dimensionality of the ground state subspace?

(iii) Identify some gauge-invariant operators that we can simultaneously diagonalize to uniquely label
the ground states. Can you construct some gauge-invariant operators that move you between
these ground states?

(iv) What must happen to the theory as we vary g from weak to strong coupling?

In the continuum limit all states of this theory except for the ground subspace go off to infinite
energy, resulting in a nontrivial theory with zero Hamiltonian: the continuum Z, gauge theory. This
is the simplest nontrivial example of a topological field theory, which means a field theory whose
expectation values are independent of the spacetime metricm

4. Using the code of your choice, write a program to compute the thermal correlator in the harmonic
oscillator using the Metropolis algorithm, and compare your result to the exact expression . You
can use the parameters I mentioned in the text, but of course you should also play around to see how
the converges works. I don’t mind if you consult with an LLM, but please try to write the code yourself
first.

67 At some point quantum information people started calling the Zo lattice gauge theory on the torus the “toric code”,
essentially because this ground state subspace is fairly “well-protected” against errors which act on it with local operators.
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9 Chiral symmetry breaking and the effective action for pions and
nucleons

In this section we will discuss the classic example of spontaneous breaking of a global symmetry in particle
physics, which leads to the realization that the relative lightness of pions and kaons compared to other
hadrons is explained by their being Goldstone bosons for an approximate global symmetry of QCD that
becomes exact in the limit of vanishing quark masses. This also allows us to write down an effective action
for the interactions of pions and nucleons which is called the chiral Lagrangian.

9.1 Flavor symmetry in massless QCD

To get started we can consider a simplified version of QCD where the only matter is Ng massless quarks g;.
We will primarily be interested in this model with Ny = 2 or Ng = 3, with the former being a model that
treats the v and d quarks as massless and ignores the rest and the latter doing the same for u, d, and s. The
Lagrangian of this model is

L= —%Tr Furf™) — ig B, (9.1)

where D, is the covariant derivative in the fundamental representation of SU(3) and i =1,2,... Np. What
we are interested in in this section are the global symmetries of this action. There is an immediate U(Np)
symmetry that rotates the ¢; into each other, but this is not actually the full internal symmetry of this
Lagrangian. The reason is that it does not mix the left- and right-handed Weyl components of the g;, so we
can actually do independent U(Ng) transformations on these. Therefore the full flavor symmetry group is

GFEU(NF)LXU(NF)R, (92)
which acts on the quark fields as
¢ = UL,ijPra4j + Ur,ij Prj, (9.3)
with
1+
PL - T’Y
11—~
Pr = — (9.4)

being the projections onto the left-handed and right-handed components of a Dirac spinor.
There are several subgroups of G that are worth discussing specifically. First of all there is the U(1)p
baryon number symmetry ‘
qg = eleqiv (95)
which is a symmetry of QCD even when the quark masses are restored. It is generated by the baryon number
current 1
i = =307 @ (9.6)
where the factor of 3 is included so that proton has baryon number one. Another important subgroup is
isospin symmetry SU(Ng);, which is the diagonal subgroup of Gr where Uy, = Ugr = U and det(U) = 1:

4; = Uijg;- (9.7)
The Noether currents for isospin symmetry are
it = =T (To) V45, (9.8)

where (Ta)ij are the generators of SU(Np)r. These currents are Lorentz vectors. There is also an axial
symmetry subgroup U(1)4 that acts as

q: = eiaﬁ/ql‘. (99)
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Its Noether current is

i = an"e (9.10)
These three subgroups account for Nz + 1 of the generators of Gp: the remaining N% — 1 generators
correspond to the pseudovector current@

i =T (Ta) " q) (9.11)

s

Isospin symmetry and baryon number symmetry would persist if we gave the quarks nonzero but equal
masses, while the rest of the flavor symmetry group would be explicitly broken.

9.2 Flavor symmetry of the hadron spectrum

We now consider to what extent these flavor symmetries are realized by the observed spectrum of light
hadrons. Baryon number symmetry is clearly present, for example in determining which hadron is a meson
and which is a baryon. Isospin also turns out to be a good approximate symmetry of the hadron spectrum,
as we will now discuss.

9.2.1 Isospin

We'll begin with Nrp = 2, in which case there are only u and d quarks. Referring back to our table of hadrons,
the three pions 7%, 7° with masses m, ~ 140MeV are a natural candidate for the three-dimensional adjoint
(vector) representation of SU(2). The three p mesons, with mass m, ~ 775MeV, are another plausible
adjoint, and the w, with mass m,, ~ 783MeV, is a plausible singlet. There is also a linear combination that
we'll call ng of the n and n’ which persists in the limit that we remove the strange quark, and this is also
an isospin singletﬂ Moving on to baryons, the proton and neutron form a plausible doublet of SU(2) with
my, ~ 940MeV, while the four A baryons give a plausible spin 3/2 representation with ma ~ 1232MeV. This
exhausts our list of hadrons that do not involve the strange quark, which we thus see is indeed consistent
with SU(2) isospin symmetry.

We can also understand these isospin representations directly using the quark fields: the three pions
correspond to the local operators

q1avq, (9.12)
which is indeed an isospin adjoint, the three p mesons correspond to the local operators
qTuy"q, (9.13)

which again is an adjoint, and the w corresponds to

g (9.14)

There is also the pseudoscalar operator
74, (9.15)

that creates the nom
We turn now to the case of Ng = 3, where we restore the strange quark. There are two different senses
in which we could study isopspin in this situation. The first is to treat the strange quark as massless and

68The axial symmetry current is also a pseudovector, but we will see in a moment that it is a good idea to treat it separately.

69Gince the 79 is a mixture of  and 7/, each of which involve the strange quark, and which have rather different masses, we
can not take its mass approximately from experiment. Lattice simulations however suggest that in a world without a strange
quark its mass would be around 800 — 1000MeV.

70You might ask how I knew where to put 7 in these formulas, for example why isn’t there a meson created by ggq? There
is actually, but it is very broad since it has the same quantum numbers as a pair of pions so it decays almost immediately.
Similarly g7aq gives us a broad particle that quickly decays into a pion and an no (at least if this is kinematically allowed,
without knowing the precise masses of this particle and the 19 we cannot be sure and I couldn’t find them in the lattice
literature; what is certainly true is that if we put back the strange quark then this decay happens promptly to 7).
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discuss the full SU(3) isospin symmetry. This however will be broken fairly badly since mg > m,,, mg. More
accurate is to continue to use the SU(2) isospin we discussed above, taking it to act trivially on the strange
quark. Thus the approximately degenerate multiplets of SU(3) decompose into more precisely degenerate
multiplets of SU(2). For example we can guess that the three pions together with the four kaons K+, K2,
K, and also the 7, together transform in the eight-dimensional adjoint representation of SU(3). This is
sometimes called an octet, and we can decompose it into SU(2) representations as

8=3@202d1, (9.16)

where the 3 is the pions, the pair of 2s is the kaons (they are degenerate with each other due to charge
conjugation symmetry), and the 1 is the nﬂ The 71’ is a singlet under SU(3) and thus also SU(2). This
SU(3) adjoint is a pseudoscalar under Lorentz symmetry. There is another SU(3) adjoint octet that is a
Lorentz vector, consisting of the three p mesons, the four K* mesons, and a linear combination of the ¢ and
w mesons. The remaining linear combination of ¢ and w is an SU(3) singletm The operators for these two
octets are again and , with ¢ now being a three-component object.

We can similarly consider how the spectrum of light baryons fit into approximate SU(3) isospin repre-
sentations. The spin 1/2 proton, neutron, A, ¥, and = baryons all plausibly fit into yet another adjoint octet
of SU(3). In the decomposition of this octet into SU(2) representations, the proton and neutron are
an SU(2) fundamental, as are the = baryons, the ¥ baryons are an SU(2) adjoint, and the A is an SU(2)
singlet. The remaining spin 3/2 baryons in our table, the A, ¥* =* and © baryons, fit into a ten-dimensional
SU(3) representation called the decuplet that you will study in the homework. We have thus used isospin
symmetry to explain the approximate mass degeneracies of all of the light hadrons we discussed back in
the first section. The main lesson to remember is that the hadron masses are much closer within an SU(2)
subrepresentation than they are in a full SU(3) representation, reflecting the fact that SU(2) isospin is a
much better approximate symmetry than SU(3) isospin.

9.2.2 Chiral symmetry breaking

At this point you may be concerned. We accounted for all of the approximate degeneracies in the light
hadron spectrum using isospin symmetry, so what is left for the rest of our flavor symmetry group G to
explain? We can make this problem more severe by noting that the pseudovector charges

Qpa = / d* i}, (9.17)

anticommute with spatial reflection,
RproUr = —UrQp,.- (9.18)

This means that for each pseudoscalar hadron such as a pion, by acting on it with @p, we should expect
to find a scalar hadron with approximately the same mass. There are no such hadrons in our observed
table, so apparently the pseudovector charges do not generate symmetries of the hadron spectrum. This
becomes even more clear if we consider the observed scattering amplitudes and decay rates of hadron: they
do not obey any flavor selection rules beyond those implied by isospin and baryon number. Fortunately we
have an alternative: the pseudovector directions in G could be spontaneously broken. In that case acting
with @p, on a hadron would not need to result in another type of hadron, instead it would create a two-
particle state consisting of the hadron we started with together with a pseudoscalar Goldstone boson. We
can thus immediately test this proposal: where are these pseudoscalar Goldstone bosons? We first consider
the case Ngp = 2, in which case there are three pseudovector currents so we should expect three pseudoscalar
Goldstone bosons. These of course are just the three pions, 7 and my, and they indeed transform in

710ne useful trick in doing these decompositions is to note that hadrons with different numbers of strange quarks must be in
different SU(2) representations.

72The reason that the mass eigenstates are quite different from the flavor eigenstates for the ¢ and w is that they have different
numbers of strange quarks, so the SU(3) breaking is quite bad. This does not happen for the n and n’ because the former is a
Goldstone boson and the latter is heavy due to an anomaly, as we will soon see.
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an adjoint of the unbroken SU(2) isospin symmetry just as the pseudovector currents do. Moreover this
explains perhaps the most striking feature of our table of hadrons, which is that the pions are much lighter
than the other hadrons - this is because they are approximate Goldstone bosons! In particular their mass
differences are of order ~ 5MeV ~ m,, mg, just as we would expect from isospin breaking by quark masses
(electromagnetism, which we have not included in our discussion, also gives splitting of the same order).
Turning to Np = 3, there are now eight pseudovector currents so we can view all of the pseudoscalar meson
octet as Goldstone bosons. This explains why the kaons and the 1 are substantially lighter than the rest of
the hadrons. It also explains why they are not as light as the pions; again this is because SU(3) isospin is a
worse symmetry than SU(2) isospin due to the large strange quark mass.

The proposed phenomenon that flavor symmetry is spontaneously broken to isospin and baryon number
symmetry is called chiral symmetry breaking@ At the level of the Lie algebra, if we ignore for a moment
the axial symmetry then the symmetry breaking pattern is

su(Np)L @ su(Np)r @u(l)g — su(Np); @u(l)p. (9.19)

As we have seen, this rather simple proposal is able to qualitatively explain most of the features of the
spectrum of light hadrons.

9.2.3 The fate of axial symmetry

There is one remaining generator of G, the generator of the axial symmetry U(1)4. Its current is also a
pseudovector, so the associated charge again anticommutes with parity. Thus if it were an unbroken global
symmetry, it would lead to an unobserved doubling of the hadron spectrum. Based on our experience with
chiral symmetry breaking we might therefore guess that axial symmetry is spontaneously broken, but this
also does not work: there is no plausible Goldstone boson in the hadron spectrum@ So what happened to
this symmetry? In the early days of QCD this was called the “U(1) problem”, and it was a major defect in
the quark model of hadrons. Eventually it was understood by 't Hooft that axial symmetry is actually not
a symmetry at all, it is explicitly violated by non-perturbative effects called instantons. We will return to
instantons at the end of the semester.

9.3 Which symmetries can spontaneously break?

There is one glaring issue with our discussion so far: we have not shown that flavor symmetry is actually
broken as in QCD. In particular there is no classical potential for an order parameter like what we
had in previous examples of spontaneous symmetry breaking, so if chiral symmetry breaking happens it
must be due to strong non-perturbative quantum effects. Of course the consistency of lattice calculations
with the observed hadron spectrum is strong numerical evidence that it does happen, but we would also
like some theoretical understanding of how and why. As in the case of confinement it is possible to study
this problem in the strong-coupling approximation on the lattice, but in this case we run directly into the
fermion doubling problem. In particular there is no lattice realization of fermions which preserves the full
flavor symmetry, and this makes it difficult to use strong-coupling methods to study its possible breaking
away from the continuum limitm The most we can say on general grounds is that the order parameter
is rather constrained: we want to have a Lorentz scalar which is charged under the pseudovector flavor
generators but not under isospin or baryon number (or charge conjugation). The simplest possibility is to
have the expectation value

(@ Poay) = v, (9.20)

731 do not like this name, since it makes it sound like the pseudovector currents generate a symmetry called “chiral sym-
metry” which is spontaneously broken, but they do not form a Lie algebra since their associated charges are not closed under
commutators. We are stuck with it however.

74The least implausible candidate is the 7, but its mass is similar to the rest of the hadrons so it isn’t light.

75In 141 dimensions it is possible to preserve some discrete analogue of flavor symmetry on the lattice, and then one can
indeed check that it is spontaneously broken. This however is tied up with an anomaly that is not present in 3 4+ 1 dimensions,
so it is not clear to what extent this is a good model for what happens in higher dimensions.
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where by dimensional analysis we can guess that we should have
v~ Abep. (9.21)

This expectation value is sometimes called the chiral condensate. The factor of i is included for later
convenience, we can change it with a field redefinition.

So far it has not been possible to give a compelling theoretical explanation for a nonzero chiral condensate
in 3 4+ 1 dimensions, but there are some plausibility arguments that are worth mentioning. First of all there
is a fairly simple argument due to Vafa and Witten that isospin and baryon number symmetry are not
spontaneously broken. Thus chiral symmetry breaking really just says that in massless QCD all of the
spontaneous symmetry breaking which is allowed on general grounds does indeed happen, which doesn’t
sound so unreasonable to me. There is also an argument based on anomalies that something interesting
needs to happen at long distances in massless QCD, and chiral symmetry breaking is the simplest something
that can satisfy this argument. We will discuss that argument further once we have studied anomalies, for
now we will just present the Vafa-Witten argument since it has several enlightening features.

The idea of Vafa and Witten is to study the Euclidean expectation value of some product of fermion and
anti-fermion operators, dressed by Wilson lines to make them gauge-invariant:

_ [ DYDYDa, by .. oy ., We S
(U . U, Ty T, W) = [ DUDIDac o .

(9.22)

Here I have suppressed the positions and flavor, color, and spinor indices of the fermions, and I have rather
heuristically written the Wilson lines as W. In fact to make the argument more precise we will assume that
the locations of the fermions (as well as the endpoints of the dressing Wilson lines) are integrated against
smooth test function spinors of compact support whose spinor indices are contracted with those of ¥ or .
In a more explicit notation we would write

w:/mmﬁwww%mmmx (9.23)

where «; is a spinor index, k; is a flavor index, and n; is a color index. The color indices are all contracted
with color indices on W, so the only free indices in this correlation function are the flavor indices. Since we
are in Euclidean signature the fermion action is

&D/ﬁ@@+MW, (9.24)

where M is a mass matrix that is diagonal in the spinor and color indices but can be nontrivial for the flavor
indices. In Euclidean signature we have

5 =1’ (9.25)

and ¢ and 1 are independent Grassmann variables (as operators however we have ¥ = \IJH%). We will
assume for now that the eigenvalues of M are all positive, but for example they could all be equal in which
case isospin would remain a good symmetry. What we will argue is that in this case all flavor symmetries
that commute with M are unbroken.

The first thing to do is integrate out the fermions using the Gaussian action , which gives

_ 1 g
(T W0y W) = — > (—1)p<”>/Da (P+M); Ly (B+M), W det(D+M)e™ 5%, (9.26)
TES,
Here 1
S% = @ ddI’TI' (f/;yf”y) (927)
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is the Euclidean gauge field action, and the notation () + M ); jl is shorthand for the Euclidean propagator
from antifermion j to fermion ¢ in the presence of the background gauge field a. The denominator Z is

Z= /Da det(1p + M)e= 5%, (9.28)

and p(w) indicates the parity of a permutation 7 of n objects. The quantity on the right-hand side of
is manifestly invariant under acting on the flavor indices of the propagators with any flavor symmetry
transformation that commutes with M, since these are automatically symmetries of the propagator since
D is diagonal in the flavor indices. This however does not really show that the these symmetries are not
spontaneously broken, instead it merely shows that the Euclidean path integral projects onto a symmetric
state within the vacuum subspace. To really show that these symmetries are not spontaneously broken, we
need to show that a generic small deformation dM of the mass matrix leads to a small deformation of the
correlation function. This is because in a situation where the flavor symmetries were spontaneously broken,
such a small perturbation would drastically change the expectation value from that in the symmetric state
to that in a pointer state.

The way that Vafa and Witten showed that the right-hand side of is stable under a symmetry
breaking perturbation dM is by giving a bound on the propagators which is independent of the gauge-field
configuration and also the spatial volume, and then arguing that det(I) + M) is positive. Since the Wilson
lines W are unitary they are also bounded, and this means that we are computing the expectation value of
a bounded quantity against a positive probability measure. The average thus obeys the same bound, and
so in particular there can be no divergence as we take dM — 0. The key ingredient to showing both of
these things is realizing that the Euclidean Dirac operator ) is antihermitian, which you will show on the
homework. This means that given an eigenspinor

Dy =iy (9.29)
with A # 0 we always have another eigenspinor 1 obeying

Dy = =Py = —idyy, (9.30)

so the nonzero eigenvalues are always paired. Thus their contribution to the determinant is
(M +iX)(M —iX\) = M? + )2 (9.31)

which is positive. There can also be zero eigenvalues which do not have paired eigenspinors, but for these
we are just computing the determinant of M which is again positive by assumption. To get a bound on the
propagator, we first adopt a flavor basis where M is diagonal. We may then write

(P+M), =+ / dladdyf (z) /0 s (eﬂmmiﬁ)my £i(), (9.32)

where + indicates the sign of m;, and we have used that I) is antihermitian to ensure the convergence of
the s integral. z and y are the position labels on the differential operator eFP+mi)s and fi and f; are the
smooth spinors of compact support that we have smeared 1 and ¥ against. We take these to be normalized
as

[ dtart@ipta) =1, (93
where we have contracted the unwritten spinor indices. Noting that e? is unitary, by the Cauchy-Schwarz
inequality for operators on spinors we have

1 1

-1 > .
+M). | < / dse”Imils = _—_ < , 9.34
(P )” | 0 Ims| — mg (9:34)
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where mg is the absolute value of the smallest (in absolute value) eigenvalue of M. This bound is indeed
smooth under small deformations of M, provided that we begin with M positive.

What we have shown so far is that any symmetry of massless QCD that persists when we turn on some
positive mass matrix M cannot be spontaneously broken once we do so. In other words any candidate
vacuum that breaks these symmetries must have strictly higher energy. This part of the argument is quite
solid. Now we ask what can happen as we tune M to zero. Unless there is a coincidence, we should not
expect these symmetry-breaking vacua to become degenerate with the unbroken vacuum in this limit. Indeed
the only reason for a degeneracy to appear as M — 0 is if a new symmetry emerges. Of course there are new
symmetries that emerge when M = 0, and these are precisely the pseudovector symmetries which we expect
to be spontaneously broken! The point however is that if these new vacua are related to the one where
the M > 0 symmetries are not broken by a new symmetry, then (possibly up to a relabeling) the M > 0
symmetries should also not be broken in these new vacua. In order to have them be broken, we would need
an additional coincidental degeneracy beyond that provided by chiral symmetry breaking.

9.4 Effective actions for general Goldstone bosons

We now turn to the question of how to describe the interactions of Goldstone bosons. In general say that
we have a compact internal global symmetry group G broken to a closed subgroup H by some expectation
value

vi = (0]0ilv), (9.35)

where O; is a basis for the local operators in the theory. Writing the action of the symmetry group on the
local operators as 4
U'(9)0:U(9) = D (9)0;, (9.36)

where D by definition is a faithful representation of GG, the unbroken subgroup H is defined by
H ={h € G|D(h)v = v}. (9.37)

|v) here are the set of degenerate vacua. In this situation Goldstone’s theorem tells us that there are
dim(G) — dim(H ) massless Goldstone bosons. At low energies we can hope to build an effective field theory
describing the physics of these Goldstone bosons, together with any other light degrees of freedom which
happen to be around. To do this we postulate the existence of some Goldstone boson fields, determine their
symmetry transformation properties, and write down an effective action containing all possible terms built
out of these fields that respect the symmetries. Higher derivative terms will be suppressed by powers of the
energy cutoff on this effective field theory.

The first step in this algorithm is to describe the Goldstone boson fields. From Goldstone’s theorem
these should be dim(G) — dim(H) independent scalar fields, transforming in the adjoint representation of H
since that is what the broken currents do. An elegant way to implement these two requirements is to take
the Goldstone fields to be valued in the quotient vector space g/h. In other words we take the field at each
point to be

T=¢£T,, (9.38)

where T, are the generators of g, and we identify

T~T+X (9.39)
for any X € . The unbroken symmetry H acts on these Goldstone boson fields as

T =h~'Th, (9.40)

which respects the quotient ((9.39) since b is closed under conjugation by elements of H. To describe this
quotient more concretely, we can use the adjoint-invariant inner product on g to pick an orthonormal set of
broken generators T, each of which is orthogonal to everything in h, and then we can simply take

T = ¢°T, (9.41)
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with no further quotient. The adjoint action of H keeps us within this subspace since for any X € § we have
(" YT,h, X) = (T, hXh™1) = 0. (9.42)

There are two problems however with this simple approach. The first problem is that the effective action
we write down should be invariant under all of G, not just H, and the G transformation of T" is complicated.
This is because conjugation by a general element of G takes us out of the subspace spanned by the Ta,
so we need to remove by hand the part of g~ !Tg that lives in h. The other problem is that changing
the constant modes of €% should correspond to changing the symmetry-breaking vacuum |v) that we are
expanding around, but the set of distinct vacua is not parametrized by g/h. Instead it is described by the
quotient space G/H, meaning the group G quotiented by the equivalence relation

g~ gh (9.43)
for all h € H. To see this, we note that the expectation value has the symmetry transformation
vi = (WU (9)'0iU (9)lv) = D (9)v;. (9-44)

Assuming that there are no “accidental” degeneracies that do not arise from symmetry, every possible
expectation value can be reached from any particular one by acting with D(g) for some g € Gm Acting
with an element of H however does not change the expectation value, so the set of distinct vacua are labeled
by points in G/H.

The solution to the second problem is easy to guess: we should take our Goldstone boson fields to be
valued in G/ H instead of g/h. This actually solves the first problem as well. We can abstractly write elements
in this space as [g], meaning the equivalence class that contains the group element G. These equivalence
classes are usually called cosets of G by H. The action of G on the coset field follows from our vacuum
transformation law , it is simply

U9 g(@)U(g") = [¢'g()]. (9.45)

Near the identity class [e] we can parametrize the classes as
g(z) = ei€" @) (9.46)

which gives the g/h parametrization we described above. The complicated G transformation of % arises

because we have ) . Cars
g'et @Ta = (i€ @) Tap e o) (9.47)

for h(£,¢") some complicated function of £ and ¢’ that is discarded when we pass to the coset.

For general G and H the construction of the effective action proceeds in the following way. We first
introduce a G-valued field g(z). We would like to construct an action which assigns the same value to g(z)
and g(z)h(z) for any h(zx), since this is an action which is well-defined on cosets. For this purposes it is
convenient to introduce the Maurer-Cartan one-form

Wy =9 9, (9.48)

which we showed before is valued in the Lie algebra g. w is automatically invariant under the left-
multiplication G transformation (9.45). Under a chang@

g'(x) = g(a)h(z)™" (9.49)

76The only theories I know with robust degenerate vacua not related by symmetry are supersymmetric. Even in these cases
however the conclusion here is still correct: the Goldstone bosons propagate on G/H. There are just additional massless scalars,
called moduli, whose zero modes also change which vacuum we are in.

7TThe inverse on h here is included for later convenience, as you will see in a moment. Also beware that ¢’ now means a
change of representative rather than a symmetry transformation.
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of the coset representative, we have
w' =h (g 0ug —h ') K1 (9.50)
This is useful because we can decompose
971049 = E\ + F, (9.51)
with B, € h and F), € ht, in terms of which the change of coset representative gives

E, = h(E, —h™"9,h)h~"
F =hF,h™" (9.52)

In other words F' transforms in some linear representation of H that is induced by the adjoint representation
of Gm and F transforms like a gauge field for H! Using these transformations it is simple to write down
effective actions that are G-invariant and also independent of our representative choice in G/H. For example
a simple two-derivative Lagrangian for our Goldstone boson fields is

L= fi2Tr (F,F"), (9.53)

where f is an energy scale we have included to make the units correct. In the homework you will show that
near the identity you can write this term as

L= f% F2723ap0,6%0M€ + O(£3), (9.54)

with 1
Tr (TaTb) = b (9.55)

being our usual metric on the Lie algebra (here restricted to the broken generators), so this term is a kinetic
term for the Goldstone bosons together with higher order interaction terms that are needed to make the
action G-invariant. In order for these fields to be canonically normalized we should define

,n_a

o= — 9.56

s (9.56)

so these interaction terms are suppressed by increasing powers of the energy scale f;.
We can also include other light matter fields that are charged under G-symmetry. For example say that

we have a field ® that transforms in some representation

®' = D(g)® (9.57)

of G. We can define a new “dressed” field

®=D(g ' (2))®(x) (9.58)

which is automatically invariant under G transformations. Unfortunately it now has a nontrivial dependence
on our coset representative: ~
&' (x) = D(h(z))®(x). (9.59)

We are very good however at constructing actions which are invariant under such transformations: anytime
we see a derivative of ® we need to turn it into a covariant deriative using a gauge field - and indeed we have
a gauge field available, E,! We thus need to construct our Lagrangian using

D,® =9,% —iEiT,®, (9.60)

78Note that it is not the adjoint representation of H, since F' lives in hL instead of h.
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together with ® and F,,, in such a way that it is invariant under the “gauge transformations” (9.52]) and(9.59).
Any Lagrangian so constructed will be automatically invariant under G transformations and also independent
of our coset representative! In particular if ® is a complex scalar field then we have the simple two-derivative
action

L= fI2Tr (F,F*) — (D"®)'D,® — V(|®]). (9.61)

Once we rescale € to canonically normalize it, the Goldstone boson interactions in this Lagrangian are again
all suppressed by powers of f.

9.5 The chiral Lagrangian

There is clearly more that we could say about the general case of the breaking of G to H, but in the special
case of chiral symmetry breaking there is a trick that makes the problem substantially easier and it would
be remiss of me to go further without making use of this. The trick is that the coset space G/H is actually
itself equivalent to the group manifold SU(Ny), so we can simply use a field U(z) valued in SU(Ny) as the
Goldstone boson field without any further mention of quotients. To see this, we need to be a bit more careful
about the global structure of the flavor symmetry group than we have been so far. There are two subtleties
we need to be careful about. First of all U(1)4 axial symmetry is violated by the anomaly we will discuss
soon except for a discrete subgroup Zsay,.. This means that the Lie algebra of flavor symmetry is actually

su(Np)r @ su(Ny)r @ u(l)p. (9.62)

This does not however mean that the flavor symmetry group is the product of these groups, and in fact it
isn’t. The reason is that there are elements of SU(Ng)y x SU(Ng)g which are shared with U(1) g, and also
with the discrete remnant Zsn, of U(1)4. For example Uy, = Ug = e2mi/Nr has determinant one and thus
isin SU(Np)r x SU(NF)g, but it is also in U(1)p. The actual flavor symmetry is thus given by

SU(NF)L X SU(NF)R X U(l)B X ZQNF

Gp = X , (9.63)

where K is a discrete central subgroup that identifies these shared elements that we won’t need to describe
explicitly. Similarly the true remaining symmetry after chiral symmetry breaking is

SU(NF)[ X U(].)B X Z2NF
K )

H= (9.64)
with K being the same discrete central subgroup in both cases. What we are really after however is the
quotient space G/H, and since the discrete identifications are the same in G and H, and in particular K C H,
we simply have

SU(NF)LXSU(NF)RXU(l)BXZQNF SU(NF)LXSU(NF)R

G = SU(Np);r xU(1)p X Zan, - SU(Ng); : (9.65)

In the second equality we used that U(1)p X Zapn, is in the center of the numerator and denominator, and
thus can be canceled. This last quotient is easily identified as being equal to SU(Np) as a manifold: the
correspondence is

[(Ur,Ur)] <> ULUR". (9.66)

Indeed under right multiplication by an element Urof SU(Np); we have
(UL,Ur) — (UrU, URUr), (9.67)

which does not change Ur,Up !, and going the other way we can simply map U — (U, 1). Thus we can take
our pion field to simply be U(z) valued in SU(Ng). Moreover the action of Gg on U is simply

U'(z) = LURT, (9.68)
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with L € SU(Np)r and R € SU(Np)g (this is a valid representation of G since the U(1)p x Zyn, part
commutes with U, as does the central subgroup K). The leading invariant term in the effective Lagrangian
for the Goldstone modes can thus be written as

L=—fTr (9,U'0" D), (9.69)
which is called the chiral Lagrangian. If we parametrize near the identity as
U =e"Te, (9.70)

with now T, being all the generators of SU(Np), then this becomes
2 1 a 1 a¢ebyqueced 1 anpu(¢beced
L=—fr|50u8"0"Ea + | J0u(€7€7)0"(€°€7) — 30u8"0"(E7€7¢ ) ) Te (LT TeTa) + - .. (9.71)
In particular for Nr = 2 matching these interactions to experiment giveﬂ

fr ~ 46MeV. (9.72)

In fact the easiest way to measure f, is via the electroweak decays of pions, so it is usually called the pion
decay constant. There are also higher derivative terms we can add, such as Tr (@LU toruo,UtoYU ) There
are no more two-derivative terms, as you can check for yourself.

You may be somewhat concerned here that f; as we have defined it is too low of a scale to justify validity
of this effective field theory as low-energy expansion. After all the pion masses are of order 150MeV which is
substantially higher than f;! The point however is that what we are really expanding in when we compute
loops is

P2 __ ( energy \2
32m2f2 (820MeV) ’

(9.73)

which is of order .1 for low-energy pions. The 16% is the usual loop factor from % and the additional
1/2 comes from our normalization convention for the T,.

Finally we can consider how to include the couplings of pions to nucleons. One approach is to use the
general coset construction of the previous section to define a dressed nucleon field N, but then we lose the
clarity of writing things in terms of U. The representation of Gr on nucleons depends strongly on Np, so
we will specialize to Ny = 2 for the rest of this subsection, in which case the nucleons are in the fundamental
representation of SU(2);. We thus have two nucleon spinors N; transforming under SU(2); x SU(2)r in
the same way as the quarks:

N' = LP;N + RPgrN. (974)

The leading action coupling N to U is
L=—f2Tr (0,U'0"U) — iNJN — imyN (UTP, + UPg) N — %(1 — ga)Ny* (U9, U P, + U0, UPR) N,
(9.75)
where the relative sign in the second term comes from hermiticity and the relative sign in the third term

comes from imposing parity symmetry. g4 is called the axial vector coupling, we already met it back in
our first section where we saw it can be measured using the lifetime of the neutron. Empirically

ga =~ 1.3. (976)

Expanding out this Lagrangian to leading nontrivial order in £ gives an interaction

Lo %“aﬂgaﬁwwm. (9.77)

79Unfortunately there are many different conventions for how to define fr. So far I have seen values which are mine multipled
by 2, 2v/2, and 4. Mine introduces the fewest factors of 2 into the Lagrangian.
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Integrating by parts and using the Dirac equation N = —my N, and also rescaling ¢, we find a Yukawa
type interaction

Lo —gg;”v 7 NT,AN, (9.78)
so the pion/nucleon Yukawa coupling is given bym
07N = g;;“v ~13.3, (9.79)

which is called the Goldberger-Treiman relation. Experimentally it holds to about 5% accuracy, and
historically it was a key indication that pions are likely Goldstone bosons.

9.6 Goldstone masses

We can use this formalism to get some estimates for the pion, kaon, and eta masses in terms of QCD
parameters. To do this we need to consider how the chiral Lagrangian gets modified in the presence of a

quark mass term
L > —ig (MPy, + M'Pg)q, (9.80)

where we have allowed M to be an arbitrary Ny x Np matrix on flavor indices (the fact that we have M tin
the second term follows from hermiticity). We observe that an SU(Ng)r x SU(Npg)g transformation (L, R)
on the quarks can be canceled by a transformation

M' = RML' (9.81)

of the mass matrix, so the partition function is invariant under this transformation of the mass matrix. This
must therefore also be true for the effects of M on the low-energy effective action, which means that the
leading effect of the quark masses on the chiral Lagrangian is a linear term

Lo BTy (UM +M'UT), (9.82)

since this is hermitian and invariant under and . We match this M dependence between the
UV and IR theories by equating the contribution to the partition function that is linear in M in the two
theories:

(@ (MPr + M'Pg) q) = iB(Tr (UM + MTUT)). (9.83)

We can compute the left-hand side using the chiral condensate (9.20]), and on the right-hand side the vacuum
is (U) = 1 since we are expanding about £* = 0. Thus we have

wTr (M + M') =iBTr (M + M), (9.84)

and thus
B =v. (9.85)

We can Taylor expand the term (9.82)) to second order in £ to get a mass term, setting M = M we have
LD —vE% T (T, Ty M) . (9.86)

Considering first the case Ny = 2, and taking

M= (”8" 0 ) , (9.87)

mq

80You might worry that this Yukawa coupling is too large to justify perturbation theory in the usual Yukawa sense we
discussed last semester. Indeed it is, but our real expansion parameter is (9.73)). The tree-level Yukawa calculation still gives a
good explanation of the nucleon potential however, as the momentum transfer is quite small.
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we can use the SU(2) fact that
(T T3} = ou (9.85)
to get
L5~ JE Ealmy + ma). (9:89)
Finally setting £ = 7%/ f» to go to canonical normalization, we get

s _ vl + my)
which is called the Gell-Mann/Oakes/Renner relation. Using the observed values of m,, m,, mq, and

fr we get
v~ (225MeV)? . (9.91)

Finally we can do a similar analysis for Ny = 3: choosing generators

/2 0 0 0 1/2 0 0 —i/2 0
Th=|0 -1/2 0 To=1{1/2 0 0 Ts=1[(i/2 0 0
0 0 0 0 0 0 0 0 0
0 0 1/2 0 0 —i/2 0 0 0
;=1 0 0 0 Ts=(0 0 0 Te=(0 0 1/2
/2 0 0 i/2 0 0 0 1/2 0
0 0 0 1/V/12 0 0
Tm=(0 0 —i/2 Ty = 0 1/V12 0 (9.92)

0 i/2 0 0 0 —1/V3

and mass matrix

m, 0O 0
M= 0 mgqg 0], (9.93)
0 0 mg

and recognizing Ty as my, Tb, T3 as 74, T3, Ty as Ky, T5,Ts as Kq and Ko, and Tg as 7, we have the
prediction@

v(my, +mg)

m2 = TR (138MeV)?
mi, = W ~ (512MeV)?
m%, = ”(m; fgmd) ~ (518MeV)?
m2 = YUms Jg f”;;‘ M) (589MeV)?. (9.94)

Comparing to our table from the first section these are actually pretty good, although we shouldn’t get credit
for the pion mass since we used the experimental value it to determine v and we neglected electromagnetism
(as well as the mixing between my and 1 and also n and 7’). Historically these formulas were of course used
in the opposite direction, to learn the quark masses from the observed hadron spectrum.

81There is also a mass mixing between the mo and the 7, which is of order v(m, — mg)/f2. The true mass eigenstates are
thus superpositions of these
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9.7 Wess-Zumino-Witten term

There is actually another term in the chiral Lagrangian which I have not explained, which is very important
in understanding the relationship between pions and anomalies. It also connects to some beautiful topics in
algebraic topology. I will explain it at the end of the semester once we have enough mathematical machinery.
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9.8 Homework
1. In this problem we will understand the baryon decuplet.

(a) Argue that the tensor product of three SU(3) fundamentals decomposes into SU(3) irreps as
30303=1008@8 1, (9.95)

where the two 8s are adjoints and the 10 is a symmetric three-index tensor. Hint: a general three
index tensor 7j;;, transforms in the product representation, and you can decompose it into irreps
by contracting with €% in various ways.

(b) Decompose the 10 of SU(3) into SU(2) irreducibles. Do these fit the degeneracy pattern of the
spin 3/2 baryons?

2. Argue that i) is hermitian in Euclidean signature.

3. Cousider the case of Goldstone bosons where U(1);, x U(1)g is spontaneously broken to the diagonal
U(1) subgroup (', e?). Writing a general element of G as (€%, ¢"®), what are the quantities E,, and
F,,7 How does G symmetry act on 0y, and 6r? Let ® be a field that transforms with charges (qr,qr)
under G. What is D#CAI;? Write out the quantities Tr (F), F*) and D#fi)TDWI) in terms of 6y, 6, and
® and check that they are invariant under G symmetry.

4. Confirm the Goldstone mass calculations (9.94).
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10 Electroweak theory and the standard model

Having finally finished with QCD, it is time for us to to understand the weak force responsible for the 3-decay
of the neutron. I'll remind you of several features of this theory that we inferred back in the first section:

e The weak force is mediated by three massive vector bosons, the W and Z. The W, are charged under
electromagnetism, while the Z is neutral.

e Interaction with the W must be able to turn one quark flavor into another, and also electrons/muons/taus
into neutrinos.

e The neutrinos must be very light or massless, and they should not interact with electromagnetism or
the strong force

e C, R, and T symmetry should all be violated, with the R and C violation being the strongest since the
W4 and Z bosons only couple to left-handed quarks and leptons.

In this section we will construct a quantum field theory, the standard model of particle physics, that
meets all of these requirements and also incorporates QCD.

10.1 Gauge sector

We will begin with the gauge sector. In addition to the SU(3) gauge fields for QCD, we need four more
gauge generators to account for the Wy, the Z, and the photon. At least two of them must be non-abelian
in order for the W to be able to change flavor, so the only possible option for the gauge group is

(SU3) x SU2) x U(1)y)/K. (10.1)

Here K is a discrete central subgroup that we will ignore for now (eventually we will argue that K = Zg is
the most natural choice), and U(1)y is conventionally normalized so that its charge is quantized in units of
1/6. Since the Wy and Z are all heavy we clearly are going to want to Higgs some of this gauge group. The
most naive guess is that we should just Higgs SU(2) to nothing, leaving U(1)y to be the electromagnetic
gauge group, but this possibility is excluded since the W carry electric charge. Therefore we need to Higgs
in such a way that the unbroken U(1)g subgroup for electromagnetism is a mixture of the fundamental
SU(2) and U(1):

SU2)xUl)y = U()g. (10.2)

The charge associated to U(1)y is called hypercharge, while the charge associated to U(1)g is of course
just ordinary electric charge. The Higgs field ¢ that causes this breaking must thus be charged under both
SU(2) and U(1)y. The simplest guess is to take ¢ to transform in the fundamental of SU(2), and we will
take its hypercharge to be —1/2 for reasons that will be clear in a moment. The SU(3) of QCD should be
unbroken, so ¢ must be a color singlet. These gauge charge assignments are usually summarized by saying
the Higgs representation is (1, 2, —%) We can thus write the Lagrangian for the gauge and Higgs sector of
the standard model ad®?

1 1 1 A 1,\°
Loauge = ——=Tr (G G*) — —Tr (F,, F*) — — B, B" — (D,¢)" Dt¢ — = (¢T¢— 02> . (103
Here
G =0,G, —0,G,, —i|G,,G,] (10.4)
is the field strength for the SU(3) gauge field G,, of QCD,
Fu =04, —0,A, —i[A,, A)] (10.5)

82In this section we will follow standard practice and capitalize the gauge fields while writing matter fields in lower case. This
is not consistent with our usual rule of writing classical fields in lower case and field operators in upper case, sorry.
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is the field strength for the SU(2) gauge field A,,, and
B;Lu = a,uBu - az/B,u (106)

is the hypercharge field strength. The covariant derivative on ¢ is
) a {
Dy¢ = 0,9 —iT, A9 + §BH¢, (10.7)

where T, = 0,/2 are the generators of SU(2).
To identify the physical degrees of freedom in the gauge sector we can go to unitarity gauge. We leave
a general discussion of the definition of this gauge to the homework, here only noting that it amounts to

choosing ¢ to have the form
1 fv+ h(x))
T)=— 10.8
o= (" (10.8)
with v + h > 0 and (h(x)) = 0. This does not completely fix the SU(2) x U(1)y gauge symmetry however,
since we can have

o= ( 8)(57 ) CH)-(F)

6% =w mod 4. (10.10)

The periodicity of 6 here is 47 and the periodicity of w is 127 (the latter is because we choose the minimal
hypercharge to be 1/6), so this describes a U(1) subgroup of SU(2) x U(1)y that wraps SU(2) three times
for each time it wraps U(1)y. We can take the generator of this subgroup to bﬂ

Q=T5+Y, (10.11)

if

where Y is the hypercharge generator. We will see in a moment that @ is electric charge. The transformation
of the gauge field under this unbroken subgroup is given by

AYT, + B, = e "3 AT, e "5 + B, + (1 + T5)0,L, (10.12)
which motivates us to introduce a change of variables on the gauge fields,
1 1 42
W= — (A —iA )
V2gg m
1 g1 .3 |, 92 >
A= —— A+ =B
SN <92 ST

1 3
Nz A

The reason for the factors of g1 /g2 and g2/g1 in the expression for A, as well as the overall factors in front,
is that we want the transformation from Ai and B, to A, and Z,, to be an orthogonal transformation when

Z, = (10.13)

expressed in terms of the canonically normalized fields AZ = AZ/ g2 and Bu = B, /g1, since this will ensure
that the new fields are also canonically normalized. Using these new fields we have the gauge transformations

W, ='W,
Z/; =2,
2 2
A=A, YIS o (10.14)

9192

83This formula is the reason for the somewhat bizarre normalization of hypercharge; if we set the minimal hypercharge to
one then we would have 6Y here. I actually think that would be better, since it would make the appeal of the Zg quotient in
the gauge group more obvious, but it is too widely accepted to change it.
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Thus we can identify A, as the electromagnetic gauge field, and the W+ that are annihilated/created
by the complex field W, indeed have charge £1. Since A, is canonically normalized we can identify the
electromagnetic gauge coupling from its gauge transformation as

9192

o= (10.15)
Vit 93
The mass term for these gauge bosons is
v? A3 — B, Al —iA Am3 — Bl A — A2 (1
- M p
£5-5 (1 0) (Af +iAZ A3 —BM) (A”vl INYVERNTE —B“) (o)
1
= —my WiWH — §m2ZZMZ“, (10.16)
with
v
mw = 5!]2
v
mz =3 g1+ g3. (10.17)

Thus we see that indeed the W and Z are massive, while the photon remains massless as required by its
unbroken U(1)g gauge invariance. These low-energy parameters are typically expressed in terms the U(1)g
gauge coupling e and the Weinberg mixing angle

g1 =1\/9} + g3sinfy
g2 = \/ 9% + g3 cos Oy, (10.18)

which is also the angle in the orthogonal transformation between (/1/3;, Bu) and (Z,,A,). In terms of these
we have

e = go sin Oy

ve
my = ————
w 2 sin Oy
mw
= . 10.19
Z cos Oy ( )

Observationally we have my ~ 80.4 GeV, mz ~ 91.2GeV, and e =~ .303, from which we see tha@

v~ 250 GeV
sin HW ~ 472
go ~ .642. (10.20)

In degrees the Weinberg angle is about 28°, so the photon is more BM than it is fli. We can also look at the
Higgs potential, this is given by
V(h) = A—vzh2 42U A (10.21)
4 4 16 ° '

In particular the Higgs mass is given by
Av?

84These results are scheme-dependent in detail, for example we should really use e at mz instead of me, which is more like
.313, and in MS the Weinberg angle is defined so that sin 6y, ~ .481. With these modifications, we instead get v ~ 247 GeV
and g2 ~ .651.
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The Higgs boson was finally discovered at the LHC in 2013, with my =~ 125GeV. This therefore predicts a
Higgs self-coupling
A~ .25, (10.23)

although this has so far not been measured directly (doing this is one of the main long-term goals of the
LHC, and perhaps a future collider as well).

The full gauge and Higgs Lagrangian expressed in terms of W, Z,,, A,, and h is not so pleasant. It is
convenient to first define the Abelian field strengths

F,, =0.,A, -0,A,

Z;Ll/ - a,uZV - auZ,u’ (1024)
as well as
Wuu - D,L,LWV - DVVVM (1025)
with
DLW, = (8, — ieA,)W,. (10.26)

We then have
1

V293

(F), —iF},) = Wy — iecot Ow (Z,W, — Z,W,,)
Z‘ 2

F,Sl/ =e (FHV + cot HWZ;,W) Y (WTW WTW )
sin? Oy

B/,u/ = g1 COS GWF/,J,V — g1 sin QWZ#V, (1027)

from which it isn’t too hard to crank out the Lagrangian:

1 LV 1 v 1 LV
Egauge = 2 (GMVG'L ) ZFNVFH - ZZP”’Z‘
1 t
-5 ( — iecot Ow (Z,W, — Z,W, )) (W‘“’ —iecot by (ZHWY — Z"W“))

+ie (F™ + cot O ZH) WIW, — Esm 20w (WWHWIWY — WIWHw, )

1 h\>
— (m%VWgW“ - 2mQZZ#Z“) (1 + U)
1
— 5 0uhd"h =V (h). (10.28)

As you can see, there are a large number of interaction terms involving the Higgs, the W, and the Z -
computing higher loop amplitudes in the standard model is a full-time occupation!

10.2 Quark and lepton fields

We now discussed the matter fields, i.e. the quarks and leptons. Here there is a qualitatively new feature: the
couplings of quark and lepton fields to SU(2) x U(1)y depends on their helicity, which is usually described by
saying that the standard model is a chiral gauge theory. There are five types of matter field, which have
the cuddly names of qr,,ur,dg, ¢y, er. The first three are quark fields, which transform in the fundamental
representation of the QCD SU(3) gauge group, while the last two are lepton fields that are color singlets. In
our notation all of these fields are four-component spinors, with subscripts indicating which Weyl component
is nonzero (so e.g. the lower two spinor components of gy, vanish). The right-handed spinors are all singlets
under the SU(2) gauge group, while the left-handed spinors transform in the fundamental. There are three
copies of each of these fields, so we can write them as (¢, uﬂ%,dﬁ%,éi, e%), with ¢ = 1,2,3. The fields for
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each i are called a generation, so the standard model has three generations of quarks and leptons. We can
decompose the three generations into the familiar quarks and leptons as

ur, Ve
q = (dL> Uk = uR dp =dg (7 = <€Z> ek = er

g3 = <Z§> up=tr dh=bp (}= (Z;) ek =r (10.29)

Using (|10.11)) we can then infer the hypercharge assignments of these fields from the known electric charges
of these particles, leading to the following table of gauge and baryon/lepton charges for the standard model
matter fields:

SU(3) | SU2) | U(l)y | B | L

@ | 3 2 s |30

up |3 1 2 1310
4 1 1

dp | 3 1 5 |3 0

oo 1 2 -3 |0 |1

e |1 1 -1 |01

With these gauge charge assignments, we can write the fermion kinetic terms as
L:matter = _ZgL,leq}, - ZER,JZ)U% - ZaR,zwd% - ZZLJ.IDEZL - iéR,iweg{v (1030)

where we have implicitly summed over generation labels as well as spin and gauge indices.
To see the interactions of these quarks and leptons with the standard model gauge bosons we need to
expand out the covariant derivatives. The interactions with the W come from the covariant derivative on an

SU(2) fundamental via
i (0 W,
D,>d, NG <W,j 0 > , (10.31)
while the photon interactions are the usual QED ones determined by the electric charge. The interactions
with the Z boson are trickier since they depend on Ay, and in particular the Z boson can talk to right-

handed quarks and leptons since it mixes with the B,,. One way to describe it is to say that the Lagrangian
includes an interaction

L£>Z,JY, (10.32)
where
1 1 _ 1 1 - 2_ 1-
Jh = —e[ 3 cot Oy — étanﬂw urytur — §C0t Ow + 6tan0w dry"dp, — etan Oy guRv“uR — ng'y“dR
1 1
+ 3 (cot Ow + tanOw ) vpyH vy + 3 (tan Oy — cot Oy ) epy"er, + tan QWER'y“eR} (10.33)
is called the electroweak neutral current (in this expression we have implicitly summed over color and
generation number).
We can also use these charge assignments to comment on the choice of discrete central quotient K
in the standard model gauge group. What we will show is that there is a discrete central subgroup of

SU(3) x SU(2) x U(1) that acts trivially on all matter fields. Indeed any central element has the form

g= (eZTring/37 em’nz’ eiw/ﬁ)’ (10.34)
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with n3 € {0,1,2}, ny € {0,1}, and w € [0,127). In the homework you will show that in order for this
group element to act trivially on all quark and lepton fields (and also the Higgs, which has the same gauge
representation as £% ), it must live in a Zg subgroup of SU(3) x SU(2) x U(1) that is generated by

g = (™3, -1, ¢ei™/3). (10.35)
Therefore the most minimal choice of the Standard Model gauge group is

SU3) x SU2) x U()y
_ 7 .

G (10.36)
It must be acknowledged however that at present we are not able to test experimentally whether or not
this quotient is present; to do so we would need to either create some kind of magnetic monopole, which
could be quite heavy compared to the reach of current colliders, or else observe some kind of quantum
gravity fluctuation that changes the topology of the universe. On the other hand we could much more easily
rule out the quotient by discovering a new matter field that transforms nontrivially under Zg. Why then
should we provisionally adopt the hypothesis that the quotient is present? For the same reason that we
say the electromagnetic gauge group is U(1) instead of R: either could be true, but if it is the latter then
the observed quantization of charge is an accident. Similarly if the standard model gauge group does not
include the quotient, then it is a coincidence that all the matter fields are invariant under it and unnecessary
coincidences are undesirable.

10.3 Yukawa sector

The matter fields we have constructed so far are all massless, which is certainly not what is observed. At
first this may seem like a serious problem, since adding a direct mass term like Truy, is forbidden by SU(2)
gauge invariance. Fortunately however we can get masses that are gauge-invariant by using Yukawa terms
that couple the quark and lepton fields to the Higgs field: the gauge transformation of the Higgs field can
soak up the SU(2) charge, and then since this field has a vev we can still get a mass term. The basic Yukawa
terms we can write down have the form

qrour 7,0 dr Ir¢*en. (10.37)

In the first of these the spinor and color indices are contracted between q;, and ug, while the SU(2) indices are
contracted between the antifundamental g; and the fundamental ¢. It is easy to check that the hypercharges
add up to zero. To construct the second and third terms we need to remember that we can convert an SU(2)
fundamental into an SU(2) antifundamental using the e tensor. This follows from the SU(2)-invariance

/

D,,"(g)D,, ™ (g)e" ™ =™ (10.38)
of the e tensor. Indeed note that if
N () (10.39)
then defining N
Pt =" (10.40)

we have

" = €D, "™ (9)bm
= D"(g7 YD (9)€*™ D, (9) o
=D, (9)d™. (10.41)

Thus (E is an antifundamental. Taking the complex conjugate then brings us back to a fundamental:

o =D, " (9) P (10.42)
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In the second and third Yukawa terms we have thus contracted the antifundamental SU(2) index on §G;, or
/1, with the fundamental index on 5* What this trick buys us is that the hypercharges still add up to zero.
Note that there is no Yukawa term involving ¢ for leptons: this is because in the standard model we do not
have a right-handed neutrino field vg.

So far we did not write down the couplings for these Yukawa terms. In general there is no reason for
these couplings to be diagonal in the generation index i, so we in general have

Ly ukawa = —1Q" 7, ;0uh — iQ' Gy, ;0" dly — iL' I1 ;0" ek + h.c. (10.43)

On the other hand, there is nothing to stop is from trying to remove some of these couplings by redefining
each matter field by a unitary transformation on the generation index. It is a general theorem (called the
singular value decomposition) that any matrix has the form

M = VDU, (10.44)

with D diagonal with non-negative entries and U and V unitary, so applying this @ by absorbing U into ug
and V into g7, we can diagonalize ). Similarly we can diagonalize L by doing a redefinition of {7, and eg. The
diagonal elements determine the masses of the the electron, muon, 7, up, charm, and strange quarks once
we set ¢ to its expectation value. We do not however have enough remaining freedom to also diagonalize Q:
we can redefine dg to remove U, but there is a remaining unitary transformation V' that cannot be removed
since we have already redefined ¢; to diagonalize (). We thus arrive at the Yukawa Lagrangian

‘CYukawa = —1 Z yquL(bu}{ —1 Z y;igL,zg*dZR - ZZ yzeZL,lg*elR + h'C'7 (1045)

where
qr = V(];KMQL (10.46)
with Vogar a unitary matrix that is called the the Cabbibo-Kobayashi-Maskawa matrix@ The CKM

matrix is responsible for some of the most interesting features of the standard model. Returning first to the
quark and lepton masses however, substituting in the Higgs expectation value we have

u_ Yiv
m. =
V2
d
mf _ Yiv
V2
me =42, (10.47)

V2

In particular given the top quark mass m¥ ~ 173 GeV we have y¥ ~ 1, which is already rather large (but
still under perturbative control due to loop factors like ﬁ)
One way to think about the CKM matrix is that it describes a tension between two identities of quark

fields: they would like to fit into nice SU(2) doublets as <Z>

the mass matrix. We can pull off both of these for one of them but not the other, and we have arbitrarily
chosen the down-type quarks to be the ones that have clashing identities. It is up to us which identity to
manifestly express in any particular equation. For example we could choose to use ¢z, in the bottom half of
the SU(2) doublet and gy, in the top, in which case the quark doublets become

, but they would also like to be eigenstates of

uL ‘L te (10.48)
Viidr + Viasp + Vishr Vardr + Vaasp + Vasbyr Vaidr, 4 Vaasp, + Vasby, '

85In another Nobel scandal the prize was given to Kobayashi and Maskawa but not Cabbibo, even though he introduced this
matrix and explained its importance in the context of two generations and Kobayashi and Maskawa merely extended it to three.
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with a diagonal mass matrix.

Perhaps the most important feature of the CKM matrix is that it is the only confirmed source of violation
of 7 symmetry in the standard model@ We showed earlier that Yukawa theory is invariant under 7T
symmetry, but it was crucial in that argument that the Yukawa coupling is real. This is because time-reversal
is an antiunitary symmetry, so it takes the complex conjugate of any number appearing in the Lagrangian.
In the Yukawa theory there is only one fermion field, so the reality of the coupling is a consequence of
the hermiticity of the action. In the standard model however the CKM matrix mixes quarks of different
generations, so it is only required to be unitary. This introduces phases into the Yukawa Lagrangian that
will violate 7" symmetry unless they can be removed by field redefinitions. We have already done quite a few
field redefinitions to diagonalize the other two Yukawa terms with positive y;, so the only remaining field
redefinitions available are the rephasings

g7 = e,
u¥ = eieiuzé
dih = e'idl,. (10.49)

This looks like six rephasings, but actually if we choose all of the 6; and ¢; to be equal that does not
change Vo so we have only five phase redefinitions available. A unitary matrix with no phases is an
orthogonal matrix, and the space of orthogonal matrices has dimension three. A general unitary matrix has
nine parameters, and so there are six phases in the CKM matrix. By rephasing we can remove five of them,
but not the sixth - the CKM matrix indeed breaks T symmetry@ How exactly to parametrize this phase is
highly convention-dependent, but the absolute values of the matrix are more sociologically stable and have
all been measured to giv

Vit [Via| |Vas| 975 225 .003
[Var| [Vaa| |Vas| | = | .225 973 .042 (10.50)
Va1 |Vaa| |Vas] 009 .041 .999

The T violation is often described in convention-independent way using the Jarlskog invariant (invented
by Cecilia Jarlskog), which is defined as

J=Im (V12%3V1*3V2*2) (1051)
and by construction is invariant under the rephasings (10.49)). It has been measured to be
J~3x107°, (10.52)

which is not zero and thus there is no rephasing that makes V real.

10.4 0 terms

There are three more terms we need to discuss to complete our presentation of the standard model La-
grangian. These are the #-angle termﬂ

03 0 01
Lo = —2 BT (G Gag) + —2m BTy (F, Flg) + — L
0= 39,2¢ (G Gag) + 55 3¢ (FuvFag) + 3602

86 Particle physicists usually talk about this as CP violation instead of 7~ violation, which is equivalent by the CR7T theorem.
T however is much more intuitive however: I dont know a way to connect CP violation to phases in the Lagrangian except for
using the CR7T theorem to turn it back into 7 violation. I believe the reason people like to discuss CP is mostly historical,
although it is true that some of the experimental signatures are easier to describe in terms of CP as we will see later in the
section.

87This conclusion relies crucially on the existence of three matter generations, on the homework you will show that with two
all phases can be removed.

88 Using only the absolute values you cannot directly check the unitarity of V, but you can check some of its consequences
such as 3~ |Vij|?2 = 1.

89The bizarre factor of 36 in the U(1)y case is there because we took the minimal charge of U(1)y to be 1/6, gauge field is
6 times what it should have been.

P B, Bug. (10.53)
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Figure 24: Electroweak decay of a muon by W boson exchange.

We will see when we discuss anomalies that we can actually set 6 = 0 by a field redefinition, but #; and
03 are genuine parameters of the standard model. Both of them violate 7 symmetry if they are not equal
to zero or m (we will see later that the theory is periodic in 6 with period 27, so 7 — —= gives the same
theory). Nonzero 03 would lead to an electric dipole moment of the neutron: since no such moment has been

observed, this gives a bound
03] < 10710, (10.54)

Thus the current data is consistent with 63 = 0. 67 is much more difficult to measure experimentally, for
topological reasons that we will understand later. It leads to interesting effects if the topology of spacetime
is different from R%, and it also would cause a magnetic monopole to acquire an electric charge via something
called the Witten effect. So far we therefore do not have any observational information about 6, so as
stated above the only known 7-violation in the standard model is from the CKM matrix. We will have more
to say about these # terms once we have understood anomalies and instantons.

10.5 Electroweak phenomenology

This is not a class in standard model phenomenology, but we will still consider two simple processes to
illustrate some of the issues that arise.

10.5.1 Muon decay

Our first process is the electroweak decay of the muon. The diagram is shown in figure The main new
ingredient we will need for this calculation is the W-boson propagator in unitarity gauge, you will show on
the homework that in momentum space this is given by

w_ (77“” + 1;';%’:)
AHV - m (10.55)
w

Evaluating the diagram (which also requires the interaction vertex from (10.31))) then gives a covariant

matrix element
(p=p")* (p—p")"

M = — Byl Pl Pl ) e (10.56)
(2 = ——U u u v . .
3 W Prulp)alaly Prold) = na e
Taking advantage of the fact that m, < mw however we can simplify the W boson propagator to
_“7 v
AV ~ 1 (10.57)
: m%v
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Figure 25: A loop diagram for K — K mixing.

which simplifies the amplitude to

2
iM ~ —i 2y )y Prup)i(a)y PLo(q). (10.58)
myy

This is the same amplitude we would have gotten starting with the effective Fermi interaction

LEermi = fQﬁGF(ELvaye)(ﬁﬂfyapL) + h.c., (10.59)
with )
_ 93 -5 —2
Grp= —2=—~11x107°GeV™~. 10.60
T emy, (1060)

Squaring this amplitude, averaging/summing over initial/final spins, and integrating over final momenta to
get the total decay rate is not too interesting, since m. < m, we know by dimensional analysis that the
result must be proportional to G%mz. It turns out to be

2,5
Grm,,

= 19273

(10.61)
which gives a lifetime of about 2 x 1076s. This is in good agreement with experiment.

10.5.2 K-K mixing

The other process we will consider is the electroweak mixing between the neutral kaons K° with quark
content d5 and K with quark content ds. In QCD these particles are strictly orthogonal quantum states
since they have different down and strange flavor numbers, but flavor number symmetries are broken in
the electroweak theory so there can be a mixing between the two of them. This process is an example
of what is conventionally called a flavor changing neutral current (FCNC) interaction, since the
QCD currents that creates the neutral kaons, 3y*yd and dy*vs, mix different flavors but are electrically
neutral. The important point however is that in the standard model such interactions are suppressed for
three independent reasons. The first reason is that this mixing cannot happen at tree level. This is because
the Z vertex is diagonal in flavor while the W vertex carries away electric charge and thus cannot couple to
a neutral current. The first thing that works is a one-loop diagram, which is shown in figure We will
not compute it in detail, but it has one particularly elegant feature that is worth emphasizing. This is that
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once we take the CKM matrix into account, all three kinds of up-type quarks can run into the loop. This is
most clear if we put the CKM matrix into the gauge interactions, by writing the SU(2) quark doublet as in
(10.48]). The four interactions thus contribute something like

Z Vli‘/;]; Z szVjTl (10.62)
i J

to the diagram. If this were the only dependence on the internal quark flavor labels i, 7, which would for
example be the case if all the up-type quarks had equal masses, then this would actually vanish due to the
unitarity of the CKM matrix! This is called the GIM mechanism, named after Glashow, Iliopoulos, and
Maiani, and it further suppresses this diagram on top of the loop suppression. Of course the up-type quark
masses are not all equal, so the suppression is not complete. Roughly speaking we can estimate the GIM
suppression as follows: naively this loop diagram is quadratically divergent in the Fermi theory where we
integrate out the W boson, so we should expect something of order G%m¥, since my is the cutoff scale for
the Fermi theory. But in order to get a nonzero answer we need to bring in a power of an up-type quark
mass (and in fact it needs to be squared due to the chiral nature of the interaction). Due to the smallness
of the CKM matrix elements involving the top quark, the dominant contribution ends up having the charm
quark at least one of the internal legs, with either the charm or the up on the other. This gives a factor of
m?2/m%,, which substantially suppresses the diagram. Finally the third suppression arises because the CKM
matrix elements that mix generations themselves are small, for the dominant uc or cc channels they give
another suppression by .2252. This triple suppression by a loop factor, the GIM mechanism, and the CKM
matrix is very important in studying proposals for particle physics beyond the standard model, since pretty
much any new physics breaks at least one of these and thus gives neutral kaon oscillation which is too large
unless the new physics is at a rather high energy scale.

The presence of the CKM matrix in this diagram also suggests that we can use it to probe T violation in
the standard model, and indeed we can: it leads to an oscillation between CR-even and CR-odd superpositions

of K° and K that would be strictly forbidden were 7 an exact symmetry.

10.6 Neutrino masses

Although the standard model predicts massless neutrinos, flavor oscillations of neutrinos have actually been
observed in a number of experiments. The easiest way to explain this is that neutrinos are actually massive.
One way to accomplish this is to add a vp field to the standard model which is neutral under all gauge
symmetries, and then use the Higgs to write down a mass term of the form 7 ¢vg. Since there are now two
lepton Yukawa terms, the situation becomes exactly analogous to the quark Yukawa terms, and in particular
there is now a lepton analogue of the CKM matrix which is called the PMINS matrix, for Pontecorvo, Maki,
Nakagawa, and Sakata. This matrix then leads to oscillations between neutrinos of different type. This is the
only way to include neutrino masses in the standard model without introducing non-renormalizable terms. If
we are willing to do the latter, then there is also a term called the Weinberg operator, which is essentially
(plr)TC(¢r), which gives a Majorana-type mass to neutrinos without needing to introduce any new fields
such as vg. The Weinberg operator also does not need to be diagonal in generation number and thus still
introduces a PMNS matrix. So far it is not known which of these options is a better description of the
observed neutrino oscillations, hopefully we will find out soon!
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10.7 Homework

1. In this problem we will define and study unitarity gauge for a general Higgsing of a gauge group G to
a subgroup H with Lagrangian

1 1 .
L=-7 > gFWF(f — (Du®) D'¢ — V() (10.63)
and covariant derivative
D, =0,¢— iTaAZ¢. (10.64)

Writing the expectation value of ¢ as

v
= —, 10.65
@ =25 (10.65

the subgroup H is defined by
H ={h e G|D(h)v=uv}. (10.66)

The definition of unitarity gauge is that in each gauge orbit ¢(x) ~ D(g(x))d(xz) we choose a repre-
sentative that maximizes the quantity Re (¢Tv). In other words at each point in spacetime we choose
go(z) € G such that the function

fa(9) = Re (¢'(x)D(g)v) (10.67)

is maximized at g = g4(z), and then we define the fields in unitarity gauge as

#(z) = D(gy(z) ) o(x)
A, = 95 Au(@)gs + 9, Ouge. (10.68)

Such a maximum always exists since we are maximizing a continuous function over a compact space.

(a) Show that the unitarity gauge Higgs field obeys
Im (25* (x)Tav) =0, (10.69)

where T, are the generators of g. Also show that if ¢ = v then we can take 5 = v as well, so ¢
and ¢ have the same expectation value.

(b) Show that multiplying g4(z) on the right by an element of H always gives another maximum of
fo(g), and argue that this means that in unitarity gauge H is a residual gauge symmetry that
is not fixed. In particular argue that if we decompose the gauge fields as g = b + b, then the
unbroken gauge fields in h transform as gauge fields under local H transformations, while the
broken gauge fields in h transform in a linear representation of H.

(c) We could still hope that there is a unique maximum if we re-interpret fy(g) as a function on
coset space G/H, but in general this is not true@ It is true however in a small neighborhood

of [g4(x)] € G/H and for ¢ valued in some neighborhood of v, which is enough to justify using
unitarity gauge in perturbation theory. Confirm this by expanding

f5(e"T2) = Re @Te“}“%) (10.70)

to second order in A% and then arguing that for 5 close to v, f(; is strictly less than its maximum
at 0% = 0 unless we have
0%Tav = 0. (10.71)

This shows that T, € b, and thus " 7= ¢ H.

90This is another avatar of the Gribov problem in gauge fixing.
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(d) Parametrizing the Higgs field in unitarity gauge as

~ 1
¢ = 7 (v+h), (10.72)

write the Lagrangian in terms of h and Zﬂ. Make sure to use the condition (10.69)). Show that

the gauge field mass matrix for the canonically-normalized gauge field AZ = 3—3 is
=20 {10, v, (10.73)

and argue that this is positive, real, and symmetric, and thus that it can be diagonalized by an
orthogonal change of basis on g. Also show that ¢® is a null eigenvector of p2, if and only if
Y0 9ac®Ty € b, so the gauge field remains massless in the unbroken directions.

(e) Consider the case of G = U(1) with Higgs field ¢ transforming with charge p € Z. What is g4 and
(E, and what is ©2? Does this agree with what we called unitarity gauge in our previous discussion
of the abelian Higgs model?

(f) For the standard model case G = SU(2) xU(1)y with a Higgs field in the (2, —1/2) representation,
assuming that the Higgs vev is

1 (v
= — 10.74
@ = (0) (10.74)
with v > 0 show that in unitarity gauge the Higgs field has the form ([10.8]). Also show that the

gauge boson mass matrix ((10.73)) is

g3 0 0 0
s _ P[0 g 0 0
Hab = 410 0 g% —9192

0 0 —-giga 4i

(10.75)

with the first three rows/columns being the SU(2) generators and the last row/column being the
U(1)y generators.

2. Derive the expression (|10.55) for the W-boson propagator in unitarity gauge.

3. Show that the subgroup of SU(3) x SU(2) x U(1) generated by the (10.35) is the full set of gauge
transformations that act trivially on all quark and lepton fields.

4. Argue that if there were only two generations then we could remove all of the T-violating phases from
the CKM matrix.

5. Argue that the standard model of particle physics has twenty dimensionless parameters@ How many
are added if we include Dirac or Majorana neutrino masses? Hint: you do not want to count parameters
that can be removed by field redefinitions.

91People often say there are nineteen, but that is because they do not understand that the U(1) §-angle is physical.
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11 Anomalies

We now turn to the topic of “anomalous” symmetries in field theory. This can be a somewhat confusing topic,
in substantial part because the traditional understanding of it is rather muddled due to various historical
baggage. Indeed the term “anomaly” is used for a number of distinct phenomena. I will do my best to give
a more coherent treatment.

11.1 What is an anomaly?

In order to give a section about anomalies we need to define them. The definition we will use is the following;:
a quantum field theory with a global symmetry group G has an candidate anomaly for that symmetry
if the partition function of the theory on some spacetime manifold M as a function of a background gauge
field A for the symmetry is not gauge invariantﬁ

Z|Ag) # Z|A], (11.1)
where
Aug=9(Ay—ig ' 0u9) g " (11.2)

There are many ways to not be equal, but in most cases of interest this non-equality has a rather specific
form: it comes in the form of a phase that is a local integral of A and g:

Z[A,] = e A9 7] A], (11.3)

with
alA, g] = /ddxA(A,g). (11.4)

The form of the candidate anomaly «[A, g] is constrained by the group law of gauge transformations: we
must have
AT Z[A] = Z[Agy) = Z[(Ag)y) = @ 14091Z]4,) = eiolAssTriolAsl g 4] (11.5)
and thus
alA, ¢'gl = a[Ay, ¢ + oA, g] + 27Z, (11.6)

which is called the Wess-Zumino consistency condition.
This candidate anomaly is not so interesting however if it can be removed by redefining the partition
function as

Z'[A] = P 7] 4] (11.7)
with 8 being a local functional

BlA] = / B A] (11.8)

of A and its derivatives. This is because we are always free to include such local terms in the definition of
the action, so if by doing so we can restore naive gauge invariance Z[A,] = Z[A] then we might as well do
so. We can see how this redefinition changes the candidate anomaly as follows:

Z'A,] = eiﬁ[Ag]Z[Ag] = eiB[AgHia[Ag]Z[A] = eiB[AgHia[Ag]fB[A]Z/[A]’ (11.9)

and thus
o[A,g] = alA, g] + B[A,] — BA] + 27Z. (11.10)

92We have not yet defined gauge fields on general manifolds M, we will do so in the next section. In general the gauge
transformation rule is a bit more subtle than what we write here, after all if G is a finite group what we write here has no
content, but the idea is the same: there is an anomaly if the partition function assigns different values to gauge-equivalent
background gauge field configurations.
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We therefore say that the symmetry has a true anomaly, or just an anomaly, if it has a candidate
anomaly that cannot be removed by such a redeﬁnition@ Classifying local functionals obeying up to
an equivalence of the form turns out to be a problem it what is called group cohomology, although
we will not explore this further here.

11.1.1 A simple example

Having given a definition, we should now give an example. Consider a free massless scalar field 8 in 1 + 1
dimensions, obeying a periodicity condition
0~ 0+2m. (11.11)

The theory has a global shift symmetry
0 =0+ X\ (11.12)

and we will turn on a background gauge field A, for this symmetry like this:
L au Iz 0 v
L= —5(3 0—A )(BHG—AH)—FEE F,. (11.13)

You can think of the field 6 as the phase of a more conventional scalar field, and the first term in the
Lagrangian is precisely the kinetic term we had for such a phase in the Abelian Higgs model (although I
remind you that here A, is a background field instead of a dynamical gauge field). The second term is
perhaps more mysterious, in particular it looks like it does not respect the periodicity . Quantum
mechanically however it actually does: we will see in the next section tha

1

7/ M F,, =277 (11.14)
2 M

for any spacetime M, so a shift of ¢ by 2rm does not change the quantity e’ in the path integral. The
equation of motion for this theory in the presence of the background field is

1
(010 — AM) = —Ee“”Fﬂy. (11.15)
Now let’s consider what happens to the partition function
Z|A] = / D504l (11.16)

under a gauge transformation
Ao = A+8HQ. (11.17)

The natural way to try to compute Z[A.ie] is to change variables in the path integral as
0 —0+9Q, (11.18)

after which we can use the gauge invariance of the first term in £ to absorb the gauge transformation of A,,.
The second term however now picks up a nontrivial gauge transformation, giving us our first calculation of
a candidate anomaly:

Z[Agn] = el Z]4], (11.19)

93What I am calling an anomaly here is these days usually called an “’t Hooft anomaly”, to distinguish it from the various
other things that are also called anomalies. My view is that all of those things are downstream of this definition, so with all
respect to 't Hooft it is easier to just call it an anomaly (and anyways the way 't Hooft thought about it was not quite the same
as the modern approach).

94This statement is essentially the Dirac quantization of magnetic charge, which we studied in problem 10.4 last semester. If
M is noncompact then we also need to impose boundary conditions at infinity, for example for M = R? the requirement is that
a large Wilson loop needs to become trivial as we take its radius to infinity.

140



with )
alA, e = o /deQe‘“’FW. (11.20)
7r

To confirm that this is indeed an anomaly, we need to show that we cannot remove it by a local redefinition
of the action as in ((11.10)). Let’s check: in order to remove it, we need

alA, e = BlAue] — BIA] (11.21)
for some local functional 5. Integrating by parts in the anomaly we can rewrite it as
. 1
alA, e = ~5r /deG“Qe’“’Au, (11.22)
i

which at first looks like indeed it wants to be of the form (11.21)), but actually the term we would want to
write is

1
BlA] = - /deAMA,,e“” =0 (11.23)

so we are out of luck.

You might complain that in the example the anomaly was self-inflicted - why did we add this weird extra
term to the Lagrangian? On the other hand the equation of motion is perfectly invariant under the
gauge transformation

0 =0+9Q
A=A, + 8,0, (11.24)

so classically there is nothing wrong with the gauge symmetry of this theory. We will also see later in the
section that terms like this can emerge in the infrared from theories that are quite natural in the UV, and in
particular we will see that this happens in QCD. So we had better understand how to think about theories
with anomalies.

There are three conceptual points I want to make about this anomaly:

e It has nothing to do with difficulty in finding a UV regulator that is consistent with gauge invariance.
e There are no fermions in this theory.
e There is nothing wrong with this theory, or with its global shift symmetry.

I mention these because most QFT textbooks strongly give the impression that anomalies are a phenomenon
that arises from the difficulty of regulating chiral fermions in a way that preserves symmetries that are there
in the continuum, and also that they ruin the symmetry that is anomalous. A problem regulating fermions
is indeed one way to get an anomaly, as we will see shortly, but it is only one way out of several. Moreover
we will see that anomalies can indeed sometimes lead to a symmetry being violated, but not always. The
essential feature of an anomaly is not the fermions or the regulator, or the possible destruction of a symmetry;
instead it is the failure of the partition function to be invariant under background gauge transformations.

11.1.2 What do anomalies do?

Having defined anomalies and given an example, we should now say why they are interesting. There are
three main reasons:

(1) The presence of an anomaly is an obstruction to gauging the global symmetry G. By “gauging”, I mean
turning on a background gauge field for the symmetry and then making it dynamical by integrating
over it in the path integral and dividing by the volume of the gauge group@

DA

Vorgy 4! (11.25)

950ften when we do this we included extra “kinetic” terms for the gauge field in the action; here we are thinking of these as

local modifications of Z[A] as in (11.7).
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The reason the anomaly is an obstruction to such gauging is that we cannot view a gauge transformation
as a redundancy of description if the integrand in the path integral is not gauge-invariant, and we saw
that in a gauge theory if we do not view the gauge symmetry as a redundancy then the initial value
problem is not well-defined (in quantum mechanical terms the Hamiltonian is not well-defined on the
larger Hilbert space that includes gauge-variant states)ﬁ

(2) Sometimes there is a normal subgroup H of G that is not affected by the anomaly. We are then free to
gauge it in the usual sense, but once we do then the naive remaining global symmetry group G/H is
often broken by the anomaly. We will see that this is what happens to the U(1) 4 symmetry of QCD.

(3) The existence of an anomaly is a statement about the partition function of a field theory. It does not
depend on how we evaluate the path integral. This has a very important consequence: if we integrate
out some heavy degrees of freedom in the theory to get a low-energy effective action, then that action
must have some kind of dynamics which is able to reproduce any anomaly that we found by doing
calculations directly in the high-energy theory. This is called anomaly matching: if a UV theory has
a calculable anomaly, then whatever happens in the IR must be able to reproduce that anomaly. This
is powerful because in general the relationship between the UV and the IR involves strong coupling
dynamics that are often intractable for concrete calculation, but any proposal for what happens in the
IR can be immediately tested by asking if it is consistent with anomaly matching.

We will illustrate all three of these points below in concrete examples.

11.2 Path integral calculation of the Abelian chiral anomaly

We now turn to the first kind of anomaly that was discovered, what we will call the Abelian chiral
anomaly. The theory we consider is Ny free Dirac fermions in d spacetime dimensions, with Lagrangian

L= —ih, Py (11.26)

with ¢ = 1,2,..., Np. We will take d to be even. This theory has a large flavor symmetry group. In our
discussion of massless QCD we discussed a flavor symmetry U(Ny), x U(Ng)g, but since we here do not have
dynamical gauge fields there is actually a larger U(2Np) flavor symmetry since we can mix the left-handed
spinors 1% with the left-handed spinors B*y%, where

B= <Z.0 _i"2> (11.27)

is the matrix appearing in the Majorana constraint condition ¥* = Bt. Such mixing wasn’t a symmetry in
QCD since 11, and B*y}, are in conjugate SU(3) gauge representations. To study in general the possible
anomalies of this larger symmetry we should therefore turn on an arbitrary background U(2Np) gauge
field and then study the gauge transformation of the resulting partition function under U(2Np) gauge
transformations. We will do this calculation later in the section, but unfortunately it is somewhat tedious.
We therefore will illustrate the basic idea in a more elegant way by first considering the special case where
we only turn on gauge fields for some arbitrary subgroup H of the vector U(Ny) symmetry

) (11.28)

together with one axial symmetry _
d)/ — ezﬂr’yw’ (1129)

96t is worth mentioning however that if we nonetheless integrate over A the theory we get is not necessarily sick provided
that we do not divide by the volume of the gauge group. What can happen instead is that the gauge transformation itself
becomes a new degree of freedom. In such cases the resulting theory is not pathological, it just has extra degrees of freedom
beyond what we would have expected from a gauge field (and in particular the resulting “gauge field” is often massive).
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such that
[T,7.] =0 (11.30)

for all T, € h. This last condition is why the anomaly is called “Abelian”, we only turn on a background for
one axial symmetry and it is required to commute with all the (possibly non-Abelian) vector symmetries.
This is not merely a warmup exercise, we will see shortly that some of the most important anomaly physics
is contained in this special case[”]

This calculation is most easily discussed in Fuclidean signature, where the partition function we are
interested in if%)

Z[A,B] = /DwD(—iE)e’SE[w’E’A’B] = det (—iDp) , (11.31)

with
SglY, ¢, A, B] = /ddﬂlﬁw. (11.32)

Here
Dﬂw = 8H¢ - iAZ%U’ - Z.Bu7—7d)7 (1133)

where B, is the background axial gauge field and Af, is the background H gauge field. We will focus on
gauge transformations of B, = 0, so the anomaly that we will compute has the form

Z|A,dQ) = el 7]4, 0). (11.34)

From the path integral we have
Z[A,dQ) = /szD(_@)e—SE[w@,A,dQ]
= /Dz/)emD(—@em)e—SE[wem,Eem,A,dg]
= /Dz/;emD(_i@em)e*SEW@A,O]’ (11.35)

where in going from the first line to the second we changed the integration variable and in going from the
second to the third we used the gauge invariance of Sg. Therefore the only possible 2-dependence on the
right-hand side, and thus the only possibly anomaly, can come from the gauge transformation of the path
integral measure. We will spend the rest of this subsection regulating the measure carefully enough that we
can extract it

We'll begin by first trying to compute the transformation of the measure without any regard for UV
regularization. Introducing a notation ¢, (x) where the index n accounts for both spinor and flavor indices,
we can view a symmetry transformation

V(%) = Upim ()0 (2) (11.36)

as a big change of variables matrix
U ym = Unmd%(z — y) (11.37)

970ne reason why considering subgroups is natural is that in most applications we add other fields and interactions to the
theory, and these typically break the full U(2Np) flavor symmetry to some smaller subgroup.

98The factor of —i in the measure for i arises because in Euclidean signature we defined ¥ = \IITW% = {00 while the
measure was defined originally in terms of W40, This overall phase rarely matters however, and in particular it has no effect
on the anomaly.

99This approach to computing anomalies is called the Fujikawa method, and it can be compared with the direct perturbative
approach we take for the general chiral anomaly later in the section. On major advantage of the Fujikawa approach is that it
makes it clear that there are no higher-order corrections to the anomaly.
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in the path integral. This symmetry acts on 1 viewed as an infinite-dimensional vector as

P =Uy
¥ =9U, (11.38)
with
Usnym = (VU E) 8" (& — ). (11.39)
The transformation of the path integral measure is thus
DY'D(itp ) = WD¢D(¢¢). (11.40)
For vector gauge transformations in H we have
U=efm, (11.41)

which commutes with 7%, so we have U = U' and thus det (/) det(id) = 1. Therefore the measure is invariant
under the vector gauge transformations. For axial gauge transformations on the other hand we have

U = e, (11.42)

which obeys ) )
A %eTIITYAO — iliTy, (11.43)
Thus for the axial gauge transformation we have & = U, and thus a potentially anomaly of the form

ol — p—2logdett _ ,—2i [ d*aQ(2)Tr(y7)5 (v —a) (11.44)

Thus we can extract the anomaly density
Aw) = =2Q(2) T (v7) §(x — ). (11.45)

Unfortunately as written this is a rather useless expression: the trace of 7 is zero but §¢(0) is infinity. To
get something more useful we need to regulate this calculation.

To come up with a sensible version of , we can make our lives easier by 1) making sure to continue
preserving vector gauge invariance and 2) constructing a regulator only using the differential operator I,
since that is the operator whose determinant we are ultimately Computing@ The choice we will make is

A(z) = —2Q(x)Tr (W” ! A2) 3%z = y)ly—a- (11.46)

This is a version of what is called a heat-kernel regulator, with UV cutoff A, and it can be derived directly
from a heat-kernel regulated version of the determinant on the right-hand side of (|[11.31f). Introducing a
momentum-space representation of the d-function, we have

dek 202\ ik (me
—2Q(x) / WTK (’yTemm/A ) ety _,

dik i 22
= fQQ(x)/ (27r)dTr (’yTe( k+D.)*/A )

Alz)

_ d d'k —k242ik-D/A+1D? /A2
2Q(x)A @ )dTr yTe (11.47)
v

100Neither of these principles is strictly necessary: if we break the former we will get something that differs from the anomaly
we compute by a local counterterm B[A] that breaks the vector gauge invariance, while if we break the latter, for example by
using D, D* instead of D2 below, then the regulation of the determinant produces an additional term that restores the anomaly.
Whatever choices we make about the regulator, in the end they at most change the anomaly by some [A] so we might as well
make a convenient choice.
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In going from the first line to the second we have used that each derivative can either act on the gauge fields
in powers of IP to its right or on e’*(*=%)_ In going from the second to the third we have rescaled k by A
and expanded out the exponent. The idea is now to Taylor expand in the second two terms in the exponent.
Any terms which give a power of 1/A that is greater than d can be ignored in the limit of large A, and we
can also use that in order for the spinor trace to be nonzero we need to bring down at least d y-matrices.
The only term in the expansion that satisfies both requirements is to bring down d/2 powers of ﬁQ /A% so
the anomaly is given by

Az)

ek 2 1 d
—2Q($)/76_k —Tr (’yT]D )

et (@)

Q(x)

= u "
sy &) Tr (tDy, ... Dy,) Tr (.o 4P, (11.48)
where in the second line we evaluated the Gaussian integralFirI Everything in this expression is now finite,
so we are on track for a nice answer. To finish up we need to figure out how to compute the spinor and
flavor traces. I'll begin by noting that in Lorentzian signature we have the convenient identity

Tr (yyH ... yla) = 28" ehi-ha, (11.49)

This follows from first noting that the left-hand side is completely antisymmetric due to the v matrix algebra,
and then noting that we can use
d—2
v=At =TT A 401 (11.50)

together with the unitarity of the y-matrices to determinant the coefficient of proportionality. We have
defined the Lorentzian e tensor here to obey 4=l = —1 For the Euclidean v matrices the only
difference is that 7% = i7°, so in Euclidean signature we instead have

Tr (yyh ...yt = 258 el he, (11.51)
Here we have defined a Euclidean € tensor obeying e%’"dil = 1. Finally we note that in the flavor trace,

since the covariant derivatives are all contracted with the e tensor we can replace neighboring pairs by field
strengths using

[Dy, Dy = —iF}, 7. (11.52)
Thus we at last have
Q(.TL') W1 bd TOaq ad/2
A(z) = _mn (TTay - Tag)s) €6 HIFS () .. Fuy’3 (@), (11.53)
2!
and in particular for d = 2 we have
Q LV a
A= —%Tr (17a) € F, (11.54)
and for d = 4 we have
A= =g Tr(rram) e F, L. (11.55)
To continue these expressions back to Lorentzian signature we useFT_BI
dtg = idt
a,E - a
Fyi™ = —iky,
hyH = —ehrba (11.56)

101This step is where Euclidean signature is essential, in Lorentzian signature we would have had a divergent integral that
required some subtle analytic continuation to justify.

102This is because the e tensor naturally has indices down, as we will see in the next section, and raising the 0 index in
Lorentzian signature flips the sign.

103The continuation of dt g is relevant here because what are really comparing is J d*zA in Euclidean and Lorentzian signature,
and the continuation for Fy; arises because Fp;dz"dx? should be the same in Euclidean and Lorentzian signature.
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so the Lorentzian anomaly is

Q(.’E) a a
A = WTI’ (TTal .. 'Tad/z) Gul“'ude‘ll#Q ([C) Ce Fujﬁud(:ﬂ) (1157)
5!
in general,
Q

A= ETT (77a) "V, (11.58)

for d = 2, and

Q

= To.2 Tr (77,7) VP ;LluFab,@' (11.59)

for d = 4. Note that the form of the anomaly for d = 2 is the same as we got in our simple scalar example!
There is a useful alternative presentation of this anomaly as a violation of the current conservation law
in the presence of a background gauge field. Since the axial current appears in the Lagrangian as

L > B,J", (11.60)
and the gauge transformation is
L'=L+9,0J" =—-Q0,J" + total derivative, (11.61)

we can compute the expectation value of the divergence of the current in the presence of the background
gauge field A as

M(z)) = iZ[A, 07 ———Z[A,dQ|g=0 = — A, e™]q=0. 11.62
<8lt‘] (1‘)> ? [ 70] (59(1’) [ 7d ]|Q—0 (SQ(.’E)Q[ 76 HQ—O ( 6 )
Thus for the abelian anomaly we have
1 a Gq/2
<3#J“(x)> = 7WTI‘ (7_7_0,1 . 'Tad/Z) EMI'“MdFullﬂz (:E) NN Fugilud(m). (1163)

(5"

This suggests that, although the axial symmetry is perfectly fine in the theory with no background gauge
fields turned on, if we do turn them on, or even worse make them dynamical, then there may be a problem
with this symmetry.

11.2.1 The fate of U(1)4 in massless QCD

Let’s now apply the previous discussion to massless QCD in four dimensions. As a warmup we can first
briefly consider what happens to the axial symmetry in 1 4+ 1 dimensions with a single Dirac fermion in the
presence of a background electromagnetic field under which it has charge one. This is a special case of the
calculation that we just did, with the result

1 v
(OuJ*) = fﬂe” F.. (11.64)
We can compute the change in total axial charge from ¢t = —oco to t = 400 by integrating this equation over
all of space:
1 2 v
Qoo — Qo = —%/d xe F,. (11.65)

By equation the quantity on the right-hand side is an even integer, but in general it is not zero so the
charge is not conserved. Thus we see that axial symmetry is broken in the presence of a sufficiently interesting
background gauge field. Moreover if we now make this gauge field dynamical, then we are summing over
such configurations so the axial symmetry is destroyed (except for the Zs subgroup, which remains a good
symmetry since we have an even integer on the right-hand side of )
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Turning now to QCD with Ny massless quarks, a few sections ago we said that the U(1) 4 axial symmetry
of the classical Lagrangian is destroyed by anomalies. We are now in the position to see this explicitly. Indeed
first viewing the SU(3) gauge field as a background field, the result of the previous section with 7 = 1 and
74 = T, tells us that

N va
(0, J") = 771671;2 Ty (G Gag) s (11.66)
and thus N
— f 4 Vo
QOO - Q—OO = 7@/61 ret ﬂTr (G,u.l/Gaﬁ) . (1167)

It is far from obvious, but the quantity on the right-hand side of is also an integer (and in fact it is
an integer multiple of 2Ny). The gauge field configurations for which it doesn’t vanish are called instantons,
and we will construct them in the next section. Thus once we make the gauge fields dynamical, the U(1)4
symmetry is destroyed (except for its Zon, subgroup, as we mentioned a few sections ago).

Having shown that U(1) 4 is broken to Zay,., we should check that this mechanism does not also destroy
the conservation of the psuedovector currents that gave rise to the Goldstone bosons of chiral symmetry
breaking. The point is that the color generators 7" for SU(3) act on different indices than the flavor
generators 719" for U(N¢), x U(Ny)g, so we have

Tr (Tglavor,rbcolor,rccolor) — Tr (T({lavor) Tr (Té:olor,rccolor) _ 07 (1168)
since for the pseudovector generators we have 7/'9%°" = ¢, /2 which is traceless. This didn’t happen for
U(1) since that was the part with 7/1%vo" o T.

11.2.2 Can we improve the current?

There is one particularly subtle aspect of this discussion that is worth highlighting. This is that the quan-
tities which have appeared on the right-hand side of the current conservation equations have all been total
derivatives,

(OpJ*)y = 0 K. (11.69)

For example for (11.64) we have
1
Kt =——¢"A,. (11.70)
T

Therefore it is quite tempting to define an “improved” current
Jh = Jr— KF (11.71)

so that B
O J" =0. (11.72)

Why does this not restore the symmetry? An immediate warning sign is that K* is not gauge-invariant, but
this is not necessarily fatal since to have a symmetry we really only need to have the charge

Q= /OO dzJ°. (11.73)

So the crucial question is whether or not this charge is gauge-invariant. Under a gauge transformation we
have

o1
JU =70+ —0.0, (11.74)
so the charge will be gauge invariant if and only if
° 1 1
/ dx;@mﬁ = (Q(o0) — Q(—00)) (11.75)
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vanishes. Does it? Here it is crucial to decide whether we are treating the gauge group of electromagnetism
as U(1) or R. If the latter, then we must have 0 — 0 at spatial infinity to get a gauge transformation we
should quotient by. So indeed the charge is gauge-invariant, and we have a valid symmetry@ So when the
gauge group is R this symmetry actually gives a counterexample to Noether’s theorem: there is a continuous
global symmetry but no local conserved current (this was pointed out by myself and Hirosi Ooguri a few
years ago). On the other hand if the gauge group is U(1), then we only need to have ¢’ = 1 at the spatial
boundaries. The right-hand side of thus does not need to vanish, it can be an arbitrary even integer.
Therefore in the U(1) case no improved symmetry can be defined and the axial symmetry is indeed destroyed
(or more carefully broken to Zs).

This discussion has a direct parallel for U(1) 4 symmetry in massless QCD. You showed on the homework
back in section 3 that the right-hand side of is indeed a total derivative. We will discuss the gauge
transformation properties of K* in the next section, but indeed it turns out that no gauge-invariant charge
can be defined so the symmetry is lost (except for its Zyy, subgroup).

11.2.3 Anomaly matching and the neutral pion

Another important application of our anomaly result, and in fact the first anomaly to be discovered, arises
when we turn on a background electromagnetic field for massless QCD. Focusing on Ny = 2, the electro-
magnetic gauge transformation is

’ 20,

u =e€

d = e 3%, (11.76)

u

The symmetry we are interested is the one generated by the neutral pion current

Jps = aTu", (11.77)
which acts on the quark fields as
u = ey
d =e /2, (11.78)

In our anomaly calculation we thus have
1 2
o ) ()
=2 T, = (3 , (11.79)
(6 ) b -4

Tr (772) = == (11.80)

and therefore

where N, = 3 is the number of colors (in the anomaly calculation color is just another flavor). As we already
discussed there is no anomaly involving the QCD gauge field, so the full anomaly is

N.Q
A= WGWQBFWFM, (11.81)

with F},, being the usual Maxwell field strength. This is called the ABJ anomaly, for Adler, Bell, and
Jackiw [[09]

Now let’s consider what happens in this theory at low energies. Due to confinement all of the quarks are
bound into hadrons, most of which are heavy and thus can be integrated out, but because of chiral symmetry

104In this case the integer that measured charge non-conservation in the previous section is actually zero since no magnetic
flux is allowed for an R gauge field.
105When T arrived at MIT my office was in between those of Goldstone and Jackiw, which was somewhat intimidating...
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breaking there are three massless pion fields £%. The first two are charged under electromagnetism, but &3
is neutral since the current is invariant under . Since the anomaly is a feature of the
full partition function, the low-energy pion theory must have the same gauge non-invariance. And in fact
we have already seen how to accommodate this kind of thing in the Goldstone theory in our first example
of an anomaly above: we simply need the low-energy chiral Lagrangian to include a term

N,
£c iral O L ¢ MVOLBF VFa ; 11.82
wiral 3 oozt ¢ FuFas (11.82)
since then the pion gauge transformatiorF_R’—I
& =¢3 420 (11.84)

will reproduce the form of the anomaly. This is our first concrete example of anomaly matching. Typically
this term is rewritten using the canonically normalized field 70 = ¢3/f, in which case it has the forrrm

N, 0
Lechiral D mﬁ P Fuy Fop. (11.85)
This term is somewhat surprising from the point of view of the chiral effective theory, since it does not
have any derivatives acting on 7%. It therefore cannot arise from the chiral Lagrangian we constructed before,
since that always has at least two derivatives on U = e*¢" e, In fact it arises from the Wess-Zumino-Witten
term that we did not have time to discuss. Historically this was important because in real QCD with massive
quarks this term gives rise to a decay rate for 7° — ~+ which is of order
N2a2m?
%7 (11.86)
where o &~ 1/137 is the electromagnetic fine structure constant and the power of m2 is supplied by dimen-
sional analysis. Including the O(1) factors it is

N2a2m3 AR
~ % ~ () x 1.2 x 101071, (11.87)
0 ™

T~

r
3

which is in good agreement with experiment. If we have already measured m, and f, then it tells us the
value of N., while if we have already inferred N, = 3 from the existence of baryons then we can use it to
measure fr (this is why f; is called the pion decay constant). The way that this anomaly was originally
discovered was that the naive chiral theory not including the WZW term predicted a 7° decay rate that was
much smaller than the observed value, so theorists thought hard to come up with an explanation of why.

11.3 General chiral anomaly

We now turn to calculating the full flavor anomaly, which in the theory involved the symmetry
U(2Ny). In fact however there is no reason to restrict to an even number of left-handed spinors 9%, so to
be fully general we will just take ¢ = 1,2, ... Ny, and discuss a U(Ny,) flavor symmetry (the previous case is
N = 2Ny). We will turn on background gauge fields for all of U(Ny,). The Fujikawa approach is not so
pleasant here, so we will instead use the traditional perturbative method by which such anomalies were first
understoodlﬂ_rgl The idea is to directly study the conservation equation for the currents

Ty = =Ty P (11.88)

106 This transformation follows from the chiral effective theory flavor transformation

(i€ Ty _ i i€ T LiQTy (11.83)

107Beware that this formula is written in my convention where fr &~ 46MeV, if you compare to something else you need to
take this into account.

108 The Fujikawa approach is still possible, but one has to directly regulate the Pfaffian arising from the Gaussian path integral
and there are some subtle points to consider.
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Figure 26: The two triangle diagrams computing the three-point function of a fermion current, with all
external and internal momenta labeled.

in the presence of the background gauge fields. When the background fields are small we can expand the
expectation value of one of the currents as

R =1 [ dyA TR @ W) ~ 5 [ dd A WAL TR @R I + s (1189

so to extract any possible anomalies we “just” need to calculate these current correlators in free field theory
and then take the divergence to see what we get. The reason this is nontrivial however is that the integrals
on the right-hand side include points where the current locations coincide, so in particular contact terms,
meaning d-function type singularities in the correlators, can contribute. Contact terms are notoriously
scheme-dependent, which means that we may (and in fact will) encounter some subtlety in computing them.
Indeed the term which is linear in A leads to an anomaly in d = 2 that generalizes the abelian one we found
above while the term which is quadratic in A leads to an anomaly in d = 4. We will here focus on d = 4, so
the rest of this subsection will consist of an analysis of contact terms in the current three-point function.

In free field theory there are two ways of contracting the currents (excluding self-contractions that do
not contribute to the renormalized currents), as shown in figure . The correlation function is

(TJ4 () Iy (y)JE(2)) =Tr (Sk(z — y)V'1SF(y — 2)7 7eSp(z — )y 7. Pr)
+ Tr (Sp(x — 2)v°7.5r (2 — YY)V ToSr(y — )y 74 PL) , (11.90)

which we can write in momentum space as

d d
TI2@) T )I2)) = [ GBIt o)y s=iem (1L.9)
with
e Te (£ = p, + @7 (£ + @17+ p, + D" Pr)
ittonn) = =i [ (oo | T (e a0

Tr ((Z — Py I+ B L+, + b)wPL)
(L —pa+0b)%2—ie)(L+b)2 —ie)((£+ p1 +b)% —ie)

+ Tr (1p7aTe) ] . (11.92)

We have somewhat mysteriously included here independent shifts a* and b* of the loop momenta in the two
terms; naively these should have no effect since the current three-point function (11.90)) is finite, but the two
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terms separately are linearly divergent at large £ so a shift can have a nontrivial effect on the finite part of
each. This linear divergence does cancel between the two terms, but the residual finite part still depends on
these shifts as we will see. As a toy model of this, we can consider the definite integral

A T
dr— =
0 vz +1

If we shift the integration variable as * = 2’ — a without changing the cutoff scheme, we instead have

VAZ41-1=A—-1+0(1/A). (11.93)

/Ada:’ (=9 R aPFi-1=A—(1+a)+O0(1/A). (11.94)

Thus we see that the finite part can depend on a seemingly innocuous shift, and if we take the difference
of two such integrals we get a finite integral whose result depends on the choices we made for each. We
can therefore view a and b as allowing us to simultaneously consider a wide variety of cutoff schemes; we
will interpret them later in terms of extra local counterterms S[A]. To compute the divergence of the first

current we should contract J!'” with —i(p} + p4), and by noting that

pr+pe=0C+prt+a)—(l—pi+a)=L+p+b) —(l—p2+0b) (11.95)

we can use this to cancel one of the denominators at the cost of doubling the number of terms:

(4= p Ut @Pe) T (@04 gy + 0 PL)

. v . dy
—i(pr +p2)u Ly = _Z/ (2m)d

fr ane) ( T TRt P €+ P+ pa+ P

e ((£=p, +BP(E+ D77 PL) T ((E+ B (L +p, + BPPL)

+ Tr (1p707e) (
(11.96)

Here we have also done a Wick rotation £° = if%, and then dropped the ie factors. To proceed further it is
useful to write

Tr (TaTch) = Dabc + %C(a)cabca (1197)

where )
Dabc = iTr ({Taa Tb}Tc) (1198)

are called the anomaly coefficients. The terms proportional to Cyp. have a simple interpretation: they
are there to provide the terms on the right-hand side of the Ward identity

0 y ) y . v
Fpn (L Ja (@) Iy (y) J2(2)) = i6%(a — y)CU (T TG (y) JE(2)) + 6% (a — 2)C% (T Ty (y) T (), (11.99)
and thus do not really constitute a violation of the symmetry. In fact if we move them to the left-hand side
of the current conservation equation they have the beautiful effect of converting the non-covariant derivative
0, J# into a covariant derivative
D, Jl =8,k — C%, AL JE, (11.100)

which anyways is the thing that should vanish if the symmetry is preserved. Therefore if there is an anomaly
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it comes from the Dgp. part of this equation:

ate [ (U =py+ @ U+ epn) T (0 + de o+ p, + 9P
ZDabc/( [

_q JM P o — _
ip1 - P2)idun 20 | (= pr+ 020+ 0 (0 a2+ pa + )

Tr ((t —p, + (L + lf)VVPL) Tr ((Z + B+ P, + lﬁ)w’PL)

(0 — pa +b)2(0 + b)? B (€ +D)2(L +p1 +b)?
= — iDape [Tr (Y47 yPPp) Ing(a —b— p1,b,p1 +b)
+ Tr (’ya’yp’yB’yV‘PL) IQB(b —a—Pp2,a,p2 + CL):| 9 (11101)

where in the second equality we recognized (following Weinberg’s book) that the first and fourth terms are
the difference of the same integral with a shifted argument and so are the second and third. The integral is
defined as

d
Lap(k,c,d) = /(;de (Fas(C+ s erd) = fap(ls e, d)) (11.102)
with L b d
Fas(kye,d) = m. (11.103)

This integral would vanish if the two terms were separately convergent, but for d = 4 they are both quadrati-
cally divergent. One approach we could use to evaluate the integral is to combine the terms into one fraction
and then evaluate the integral using dimensional regularization. This works, but it is unpleasant since the
denominator has four factors so we need an integral over four Feynman parameters. Instead we will use a
clever trick from Weinberg’s book, which is to Taylor expand the integrand in k. The zeroth order term can-
cels, removing the quadratic divergence, and the other terms are all total derivatives so they can be reduced
to surface integrals at some large sphere £2 = A? (remember we have already Wick rotated to Euclidean
signature). For d = 4 this sphere has a volume of order A3, so we only need to keep terms that are at most
of order 1/A3. These can only be generated by the first two terms in the Taylor series, so for d = 4 we have

B d*¢ , 0 »0fas
Ia,@(k,c,d)—/( )k‘ ET2Y (fa,@+ -k 8@0)

o 1 A o Ofap
STy / Kk (faﬁ ek ) | (11.104)
Setting ¢# = An* and expanding the right-hand side in 1/A, we can use the integrals
2
/ngn#ny = 5 v (11.105)
2
/ dQsn,mynang = 7{2 (0" +mpon”® 4Py (11.106)

which are determined by symmetry up to the constant multiple that can be determined by contracting with
the Euclidean metric and using [ dQ23 = 272, to find

aﬁ(k} c,d) = [Qk dg + 2kgcq — kacg — kgda + ko kg — Nk - (k+c+ d)} (11.107)

1
9672
Returning the the current conservation equation (11.101)), for the terms not involving v we can use the
symmetry of Tr (fyo"y”fyﬁfyp) under a < 8 and v < p to see that the possible anomaly contribution is
proportional to

Ing(a—b—p1,b,p1+b)+1ga(a—b—p1,b,p1+b)+Insg(b—a—p2,a,p2+a)+Iga(b—a—p2,a,pa+a). (11.108)
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Using (|11.107)) it is not hard to check that this vanishes if and only if we take
b= —a. (11.109)

We will see in a moment that this choice ensures that the nonchiral part of the divergence with respect to
the other two currents in the correlator also vanishes. Proceeding with the part involving -, using (11.49)
we have

—i(p1 + p2)u JHP D = 2D e PP (Inp(2a — p1, —a, pr — a) — Ing(—2a — p2,a,p2 + a))
= - #Dabcewﬁpaa (p1 + p2)s- (11.110)
From this result for the anomaly you may simply be tempted to choose
a X p1 + pa, (11.111)

which would cause it to vanish. We need to be careful however, since the regulator we used was not symmetric
between the three currents in the correlator. Looking at figure to use this result for the other currents we
should change a and b so that the momentum of the propagator opposite to the current we are differentiating
is £ + a in the first diagram and ¢ + b in the second. If we want to take the divergence of J (y) using the
same regulator (i.e. without shifting the loop momentum) we should therefore set

a =a+ps (11.112)
b/ = b_p2a

while if we want to take the divergence of J?(z) we should set

a"=a—-p (11.113)
b” = b —+ P1-
We have written the b redefinitions to check that these redefinitions preserve the condition b = —a, which

indeed they do, so we have succeeded in removing the nonchiral part of the anomaly from all three currents.
Having done so, we can by symmetry write the current conservation for all three currents as

. 1
—i(p1 + p2)uJi D = < Dabee® P aa(p1 + p2)s

8w
. 1
i1 D — @Dabcﬁpﬁﬂ(& +p2)a(—p1)8
. 1
ip2,p il O — @Dabcﬁa“ﬁy(a —p1)a(—p2)s- (11.114)

To remove the chiral part from J} (y) we apparently should set
a+ py o p1, (11.115)
while to remove it from J#(z) we should set

a — p1 X p2. (11.116)

Unfortunately there is no choice of a that achieves (11.111)), (11.115), and (11.116]) at the same time. For
example if we choose

a=—(p1+p2) (11.117)
we can arrange for the first two currents to be conserved but then (11.116)) does not hold, while if we choose

@ =p1—py (11.118)
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then the second two currents are conserved but the first is not. Similarly if we choose
a=pi+po (11.119)

then the first and third currents are conserved but the second is not. This is the main lesson: For any
three currents for which Dy # 0, at least one of the three must be anomalous. In particular if any of these
currents generate symmetries that we wish to gauge, then we must choose a, to preserve the conservation
of those currents.

Once we make a choice for a,, we finally compute the current expectation value in the presence
of background gauge fields. For example say that J; and Jf are gauge currents, so that we much choose

(11.118). We then have

1
(D, Jt) = —S?Dabcea”ﬁpﬁaAﬁ’,aﬂA; + .., (11.120)

where the neglected terms are higher order in A and thus would in principle require a calculation of more
diagrams. But in fact since we are regulating to preserve gauge invariance there is a unique possible answer:

(D, Tt =

avf b c
~ 553 Dancc™ P FL, T, (11.121)

Alternatively if none of the currents are gauged then it is perhaps more natural to choose an a that treats
all currents symmetrically. This means that we want

a = apy + Bp2 a’ = apy — B(p1 + p2) a" = —a(p1 + p2) + Bp1, (11.122)
which holds for « = —3 = 1/3 and thus
a= 1~ p). (11.123)
With this choice we have 1
(D, JH)y = —mDabce“”ﬁpaaAﬁaﬁA; SR (11.124)

The higher order terms can no longer be determined using gauge invariance since this regulator does not
preserve it, but they can still be determined from the quadratic part by solving the Wess-Zumino consistency

conditions (|11.6).

Let’s quickly check this calculation by comparing to our result for the abelian anomaly obtained by the
Fujikawa method. To bring back the Dirac structure we have Ny left-handed spinors 17, on which the axial
generator acts as 7 and the gauge generators act as 7,, and Ny left handed spinors B*1} on which the the
axial generator acts as 7* and the gauge generators act as —7;. We thus have

1 1 * * *
Dapa = §Ter ({7, matm) + §Ter ", 703m) = 2Ten, (77aTs), (11.125)

where we have used [, 7,] = 0 and also that 7 and 7, are hermitian. Here Tr N, indicates the trace over the
Ny-dimensional representation of 7 and 7, on v, as opposed to the 2/N;-dimensional trace appearing in the

definition of Dgp4. Thus (11.121)) agrees with (11.63)).

11.4 Cancellation of gauge anomalies in the standard model

Having worked so hard to compute the general chiral anomaly, we should do something with it. The first
thing we will do is make sure that anomalies do not ruin the gauge symmetries of the standard model of
particle physics. In other words we need to check that

1
Dabc = §TI' ({TaaTb}TC) =0 (11126)
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for all gauge generators. In showing this it is useful to first note that if there is an invertible matrix such
that
(ita)* = S(i14)S™H, (11.127)

for all the generators 7, in some Lie algebra h C U(Ny), meaning that the fermion representation of this
subalgebra (and the subgroup it generates) is equivalent to its complex conjugate, then we have

Dgpe =0 (11.128)
for all 7., 7y, 7. € h. This is because since 7, is hermitian, is equivalent to
7l =-81,57, (11.129)
from which we have

Tr ((ra7o + To7a)7e) = Tr (270 + 70 70)7E) = —Tr ((7aTo + ToTa)Te) - (11.130)

a c

A representation for which we can find such an S is called either real or pseudoreal, depending on whether
or not there is a basis where i1, is real. In particular this is true for the fundamental representation of
SU(2), where we can choose S to be the € tensor.

Turning now to the standard model, the vanishing of Dy, is automatic for three SU(3) generators since
these are all vector generators. More concretely each pair of left-handed quarks which live in the same Dirac
spinor transform in a real representation 3 @ 3 of SU(3) (the matrix S just exchanges the two left-handed
spinors). The anomaly also vanishes for three SU(2) generators since the fundamental of SU(2) is pseudoreal.
Moreover since Dy is a trace of a product of generators, and thus a singlet under the adjoint action of the
gauge group (which acts on each generator as D(g)7,D(g~!) and thus cancels in the trace), the anomaly
can only be nonzero if the tensor product of the three generators contains a singlet. This means that D,
must also vanish if we have one SU(3) or one SU(2) generator. Therefore the only anomaly coefficients we
actually need to compute are those with zero or two SU(3) or SU(2) generators. Here are the computations:

e SU(3)—SU(3) —U(1): we have

2 2 1
Dayy = 3Tr (T, Tp) (6 -3+ 3) =0, (11.131)

where the 3 comes from the number of generations, T, are SU(3) fundamental generators, the 2/6

comes from the left-handed quark doublet, the —2/3 comes from the right-handed up-type quark, and
the 1/3 comes from the right-handed down type quark.

e SU(2)—SU(2) —U(1): we have
3 1
Dgpy = 3Tr (T, Tp) <6 — 2) =0, (11.132)

where 3/6 comes from the left-handed quarks and 1/2 comes from the left-handed leptons.
e U(l)—U(1) —U(1): we have

Dyyy =3 x <6>< <é>33<§)3+3x (;)32(;>3+1> = 0. (11.133)

Thus we see that the standard model is indeed free of gauge anomalies!
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11.5 Anomalies involving baryon and lepton number symmetry

The standard model Lagrangian has two important U(1) global symmetries, baryon number and lepton
number. To what extent are these broken by anomalies? These are nonchiral symmetries, so we do not need
to check their anomaly with SU(3). For the electroweak gauge symmetries we have:

e SU(2)—SU(2) —U(1)p: we have

Dupss = 3TH(T,Th) (g) | (11.134)

e U(l)y —U(l)y —U(1)p: we have

1\? 1 2\? 1 1\ 1 3
Do — Ly Lo 2) w23 (2) x2)==2 11.1
YYB 3<6>< <6) X3 3 x <3) X3 3(3) X 3> 5 (11.135)

e SU(2)—SU(2) —U(1)L: we have
Dapr, = 3Tr (TuT3) (1) (11.136)

e U(l)y —U(l)y —U(1)L: we have

1\? 3
DYYL:?) 2 X 5 —1 :—5. (11137)

Note in particular that the anomalies are the same for B and L: this means that B — L is a continuous
global symmetry of the standard model. On the other hand B + L is anomalous, which is an overall phase
rotation of all the quarks and leptons. Due to the form of the anomaly in this case, we can use such
a redefinition to remove 05 or ¢; from the action (but not both).

In the case of U(1) 4 we saw that the anomaly did not completely destroy the symmetry, instead it broke
it to Zan,. We can ask if a similar statement is true for baryon number. Rewriting the anomaly in terms of
a baryon number background gauge transformation, from we haveFEI

. QN, 1
Q] g avp
Oé[A, € ] - _32’/T2€ r (TI‘ (FonF,@P) - 2BauBBp>
= —QNg (TLQ - 187]1) 5 (11138)

where we will see next time that ns and n; can be arbitrary integers on a general spacetime manifold M
and ns can be nonzero already on R*. Here N, is the number of generations. Since 2 has periodicity 27
(that is why we assigned baryon number 1/3 to quarks), this means that in order for this to be equal to 27
times an integer we need 2 = 2rm/N, where m is an integer. Thus we see that in the standard model with
N, generations baryon number is violated except for a subgroup Zy,. Interestingly this means that with
Ny > 1 the proton is stable, while for N, = 1 it is not.

11.6 Fermion masses and decoupling

There is a somewhat puzzling feature of anomalies that is worth mentioning. The chiral fermion anomalies
we discussed so far all arose in theories where those fermions do not have a bare mass term. In the abelian
case this was because we considered an axial symmetry involving €”? that would be explicitly broken by
a mass term, while in the standard model bare mass terms are not allowed by gauge invariance. But from
the path integral point of view we interpreted the anomalies as arising from a UV-regulator problem in the

109In this calculation I do not include the Zg quotient in the gauge group. If we include it it is trickier to identify the integer,
but I think the unbroken subgroup is still Zy, .
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measure, and fermion masses should not matter for a UV regulator problem at least as long as m < A. And
moreover in the standard model the quarks and leptons are indeed massive due to the Higgs mechanism, and
yet they contribute to anomalies e.g. for B and L symmetry. On the other hand from the point of view of
anomaly matching there is clearly something strange about having a fermion that contributes to an anomaly
but whose mass can be increased arbitrarily: if we make the fermion sufficiently heavy we usually expect
that it should decouple and have no effect on the infrared physics of the theory. Otherwise we would be able
to use the low-energy anomaly to discover an arbitrarily heavy particle! How can we resolve this tension?

The first thing we will note is that in the case of the general chiral anomaly, a fermion which is allowed by
some symmetry to have a bare mass term cannot contribute to any anomaly for that symmetry. Conceptually
this is because if a mass term is allowed we can regulate the fermion determinant using something like Pauli-
Villars, which does not break the symmetry. We can confirm this directly from our result for the general
chiral anomaly: in our language where all fermion fields are left-handed, the most general mass term allowed
by Lorentz invariance has the form

Linass = f%W’TCM,-jWL' +h.c., (11.139)

where 4,5 = 1,..., Ny, label the left-handed spinors. We can take the mass matrix M;; to be symmetric since
T Crpd is symmetric in i and j due to the antisymmetry of C and the anticommutation of the fermions.
Now let’s say that H C U(Ny) is the symmetry group of the theory that we want to test for anomalies. If
this mass term is invariant under H then we must have

M+ M7, =0 (11.140)

for all generators 7, such that T, € h. Group theoretically this equation tells us that M is an intertwiner
between the representation o of H that the 1% transform under and its inverse transpose (or equivalently its
conjugate @). We would like to apply Schur’s lemma to constrain the form of M, but in general the repre-
sentation « is not irreducible. We can decompose it however into a direct sum of irreducible representations:

a=aa, (11.141)

after which we can re-interpret M as a list of matrices M;{L:;%},, with M i’} giving a list of intertwiners

between irreducible representations ~ and r’. We may then invoke Schur’s lemma to tell us that each M {rr'}
is either zero or invertible. Thus if we define the contribution of the fermions in a particular irrep r to the
anomaly coefficient as

1
L {ry iy _{r}
2Tr ({Ta 7Tb }Tc ) ) (11142)

abec —

then for any 7 and / for which M{r} # 0 we have

abc —

]_ ’ T’/ ’
=— §Tr ({’TiT },T,;{ }}TC{T })

—_p" (11.143)

abe*

]_ ’ ’ ’ r ’ _ ’ ’ _
r _iTr ({M{TT}TL;{T}(M{M})A’M{Tr}Tb{ }(M{rr}) I}M{r T}TC{T}(M{M}) 1)

Therefore if » = 7’ the representation does not contribute, while if r # 7’ then the contributions of the two
irreps cancel in the full anomaly coefficient Dyp. = ZT D7,.. This result ensures that fermions that we can
decouple by taking their bare mass to infinity do not contribute to any chiral anomalies.

The situation becomes more interesting however for fermions that get their mass from the expectation
value of another field, as in the standard model. Then the above argument does not work, so in general
massive fermions can indeed contribute to anomalies (as they do in the standard model). These contributions
still must be consistent with the decoupling principle however, and the way this happens can be subtle. For
example in the standard model itself we cannot make the quarks and leptons arbitrarily massive without
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also increasing the Higgs expectation value v, and this increases the masses of the W and Z bosons as well.
Thus the limit that decouples the fermions is the same limit that removes any evidence of SU(2) x U(1)
symmetry from the theory, except for its unbroken and non-anomalous subgroup U(1l).. In particular
the topologically nontrivial SU(2) x U(1) field configurations that activate the baryon and lepton number
anomalies become strongly suppressed by the W and Z masses. But this is by no means the only way to
resolve the tension between heavy fermions contributing to anomalies and decoupling. For example if we
instead view SU(2) x U(1) as background gauge fields, then even when v is large there are three massless
Goldstone bosons 74 o arising from the Higgs modes that would be eaten by the W and Z if we gauged the
symmetry. In situations of this type it is possible for fermions that are arbitrarily heavy to still contribute
to anomalies that in the infrared theory are reproduced by the Goldstone boson effective theory. The reason
this is not a violation of decoupling is that a low-energy observer cannot detect these anomalous terms (such
as ) without creating some kind of configuration that varies over large distances in the vacuum space

G/H (this is reflected by the 1/f in (11.85)).

12 Differential forms and the topology of gauge fields

So far we have only considered gauge fields configurations on R?, where we defined a gauge field A as a
one-form valued in the Lie algebra g of the gauge group G. This is fine as far as it goes, but to understand
the full range of interesting applications of field theory we need to define gauge theory on general spacetime
manifolds M. There are at least three reasons for this:

e We can have an effective field theory description that is only valid in part of space, for example if we
build a piece of material with the topology of a ring. We would like to be able to study what happens
in this ring without making assumptions about the rest of spacetime where the effective theory is not
valid.

e Even for field theory in R? we have a choice of what boundary conditions to impose at infinity, and there
are interesting dynamical effects which are most easily demonstrated by imposing boundary conditions
which replace R? by S¢. We will see that gauge fields on S? can have topologically non-trivial gauge
configurations, and also that this leads to important consequences for particles physics on RZ.

e Once we include gravity, spacetime itself becomes dynamical so general topologies must be included.

In this section we will explain how to define gauge fields on general manifolds M, and then discuss some of
the remarkable effects which can arise from this. Along the way we will introduce the idea of differential
forms, which give a powerful notation for discussing the topology of gauge fields.

12.1 What is a gauge field on a manifold?

The reason the construction of a gauge field on general M is nontrivial is that manifolds are built by gluing
together patches U,, and we need to say what happens to the gauge field in the gluing. Perhaps the most
obvious thing we could do is require A to be a globally defined one-form on M, but this is too restrictive since
it is not compatible with our understanding that a gauge transformation should be viewed as a redundancy
of description. Since a gauge transformation is a redundancy, we should allow for the gauge field in a patch
U, be related to the gauge field in a patch Ug by a nontrivial gauge transformationflo.l

Ay = Jap (AB - ig;gdgaﬂ) 9;g~ (12.1)

Here gop : Uo NUs — G is a new kind of object for us: it is a “gluing” gauge transformation that tells us
how to relate the gauge fields in different patches. Similarly matter fields that are charged under the gauge

110Note that in this equation a and 3 label patches, they are not Lorentz indices. The quantity A, is a Lie-algebra-valued
one-form defined in the patch Uy, and dgog is a one-form that is the exterior derivative of g,g. We will review differential
forms in the next subsection.
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Figure 27: A simple nontrivial Zs bundle over a circle. The red patch and the blue patch overlap in the two
purple regions, one of which has transition function 41 and the other of which has transition function —1.
Doing a gauge transformation by —1 in either region flips both signs, but it cannot remove the relative sign.

symmetry must obey the gluing relation

$a(r) = D(gap(x))pp(x). (12.2)

There are two important conditions that gluing gauge transformations need to obey. First of all if we
transition from « to 5 and then back to o we should get back the same local gauge field A, and matter field
P, 50 we need to have

960 = Gap- (12.3)

Secondly if we go in a triple overlap U, N Ug N U, from «a to B to v and then back to o the same should be
true:

Javy9vypY9pa = 1. (12.4)

These two conditions then imply that higher overlaps also work, for example in a quadruple overlap we have

9ab695v9vB9Ba = (gaégévg'ya)(ga’yg’yﬁgﬁa) =1 (12.5)

An open cover {U, } of M together with a set of transition functions g,g : UoNUs — G obeying and
is called a principal G-bundle over M. Two principal G-bundles ({Ua}, {gas}) and ({U }, {955/ })
over M are said to be equivalent if we can define transition functions ko/g : U, N Ug — G such that the
union cover {U,} U {U.,} together with gug, ka/g,g;,ﬂ, together also define a principal G-bundle over M.
We won’t prove it here, but all equivalence classes of G-bundles over M can be constructed using any fixed
covering {U, } with the property that the U, are all contractibleFEI Two bundles with the same open cover
{Uy4} are equivalent if and only if their transition functions are related as

Gop = hagophy ' (12.6)

for some maps h, : U, — G. A principal G-bundle is said to be trivial if it is equivalent to a bundle that
covers M with only one patch U, = M. If if we fix the cover, for example to some list of contractible Uy,
then the bundle is trivial if and only if we can set all the transition functions to 1 by some appropriate choice
of hy. The simplest example of a nontrivial G-bundle is shown in figure we take M = S! and G = Z,
we take {U,} to be a pair of intervals Uy, Us that have nontrivial intersection at both ends, and then we
take g12 to be +1 in one of the intersections and —1 in the other. By choosing h; = 1 and he = —1 (or vice
versa) we can switch which intersection has the minus sign, but we can’t get rid of it. This is the simplest
example of a nontrivial Zy gauge field, and indeed in general when G is a discrete group the definition of

11 «Contractible” means that a space is homotopy-equivalent to a point. The thing to show is that any G bundle over a
contractible space is trivial, which follows from a simple homotopy argument.
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a gauge field configuration on M is precisely a principal G—bundleFEI The other two nontrivial bundles we
will study in this section are generalizations of this example to S? and S*.

When G is continuous, i.e. has manifold dimension greater then zero, then there is more to a gauge field
than just a principal G-bundle. Namely we also need to specify a one-form gauge field A, valued in the Lie
algebra g in each patch such that the overlap rule holds. A set {A,} of such one-forms is called a
connection on the principal G bundle defined by ({Ua}, {gas}), so the modern definition of a gauge field
is that it is a connection on principal G-bundle. In the discrete case we have g = 0, so we are just left
with the bundle. Similarly a matter field is defined as an assignment of a field ¢, to each patch U, obeying
overlap rule , where D is a representation of G. A set {¢,} of such matter fields is called a section
of an associated vector bundle. Under a local gauge transformation the gauge and matter fields
transform as

Al = ho (Aa —ihy'dho) B
P = D(ha)da- (12.7)

There is a lot more that could be said about the geometry of these definitions, but for our purposes this will
be enough to be getting on with.

12.2 Differential forms

When discussing the role of topology in gauge theory, differential form notation is so convenient that it is
silly not to use it (and in fact we already used the exterior derivative “d” in the previous subsection). We
therefore will now explain how it works. A differential p-form, or a p-form for short, is a completely anti-
symmetric tensor wy, .., With p lowered indices. In manipulating differential forms it is useful to introduce
an antisymmetrization operation

1 s
Tl ) = p! Z (-1)! ‘Tﬂw(nwuﬂpw (12.8)
TESy

where T),, ., is an arbitrary tensor with p lowered indices, not necessarily antisymmetric, and || indicates
the parity of the permutation 7 (0 for even and 1 for odd), in terms of which a p-form obeys

Wl ptp] = Ypacpip e (129)

The vector space of p-forms at a point x € M is <z) -dimensional for 0 < p < d, and there are no nonzero
p-forms with p > d. A d-form is often called a top form, and the set of p-forms on a manifold M is denoted
QP(M).

12.2.1 Wedge product and exterior derivative

A natural operation on differential forms is the wedge product A : QP(M) x QI(M) — QP4(M), which is
defined by

_(p+q)!
(w A U)ul...upvl...uq = plg! Wty Ovr vy (1210)
We can string together wedge products as
|
M ) _ it ) ) (n)
WAL AW = w W . 12.11
( T T R raY Buouy R MR NI ) (12.11)

H2With a little algebraic topology you can convince yourself that something stronger is true: for any finite group G a principal
G bundle on a connected manifold M is equivalent to a homomorphism from 71 (M) to G, with two homomorphisms identified
if they are related by conjugation by an element of G. This homomorphism assigns a G-holonomy to each loop in M, and the
quotient by conjugation accounts for possibility of a gauge transformation at the base of the loop.
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This shows that the wedge product is associative, but it is not in general commutative:
wAo=(—1)Plo Aw. (12.12)
Another natural operation is the exterior derivative d : (M) — QPFTY(M), which is defined by:
(dw)pig..piy = (P + 1)OpoWpay .- (12.13)
It is easy to show that this obeys the important relation
d*> =0. (12.14)
The exterior derivative distributes over the wedge product as
dlwANo)=dwAo+ (—1)PwAdo. (12.15)

We can nicely encapsulate these formulas by noting that they all follow from the simple definitions

1
w= me”_ﬂpdm“l Ao A dxte
dw = dx"0, Nw, (12.16)

together with the assumption that exchanging two dz*’s in the wedge product costs a minus sign.

12.2.2 Integration and Stokes’ Theorem

One of the most important applications of differential forms is that any top form w on an orientable manifold
M can be integrated over M to produce a real number. To understand this we first note that in each
coordinate patch U on a manifold M of dimension d we can define the quantity

é=da' AL Nda?, (12.17)
whose components are
Eppr g = A0, 00 (12.18)

This quantity is not in general a d-form on M, since dx* is only defined on U and the definitions in different
patches do not need to coincide. Since the space of d-forms is one-dimensional, any p-form on M restricts
to a p-form on U that is a multiple of é:

w(@)|y = a(z)é(x). (12.19)

We may then define the integral of w over U to be

/UwE/del...dxda(m), (12.20)

where the integral on the right-hand side is the usual Riemann integral. The motivation for this definition
is that under a coordinate transformation on U we have

ox'
A ~
€ = det <8w> €, (12.21)

which is the usual Jacobian transformation of the integration measure on R? as long as the determinant is
positive. We would like to use this to extend the integral from U to M, but for this to work we need to
make sure that the transformations between the patches all have positive Jacobian determinant. In other
words we need M to be orientable, which means that we can cover it with a collection of patches U, whose
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transition functions all have positive Jacobian determinant. This is not true for all manifolds, for example
the Mobiiis strip is not orientable, but it is true for S? and that is all we will need[/™]

To complete the definition of the integral we also need the idea of a partition of unity subordinate
to {U,}, where {U,} is an open cover of M. This means a set of smooth scalar functions p, : M — R such
that

(i) pal(z) =0 for all z ¢ U,
(i) >, palx) =1 for all x € M.

It is a theorem that for any manifold M and open cover {U,} there exists a (highly non-unique) partition
of unity subordinate to {Ua}rn_zl Finally we need a way to actually choose an orientation on M. There are
various ways to do this; the choice we will use is to say that an orientation on M is a nowhere-vanishing
d-form A. Such a d-form exists if and only if M is orientable, and we can flip the orientation of M by flipping
the sign of AFEI We say that an open cover {U,} is compatible with an orientation A if in each patch we
have

Alp, () = A (2)éy (12.22)

with A, (z) > 0. The integral of a d-form w over a manifold M with orientation A is then defined by

/Mw = Xa: /Ua Paw, (12.23)

where {U,} is any cover of M that is compatible with A and the integral on the right-hand side is defined
by

Perhaps the most important general result about integration of d-forms on oriented d-manifolds is Stokes’
Theorem. This says that for any (d — 1)-form w on an oriented d-manifold M with boundary OM, if we
choose an orientation on 9M that is compatible with the orientation A on M then

/M dw = /aMw. (12.24)

What it means for the orientations to be compatible is that in a coordinate patch U, in which M is the
region z' < 0, with OM being at 2! = 0, the orientations A on M and Ay on OM obey

Aly, = Bdz' A Aoy, (12.25)

with S(z) > 0. The usual integration theorems of vector calculus are all special cases of this theorem.

Metrics and the Hodge star

You may object that this definition of integration did not make any use of the metric notion of volume.
Indeed this is true, but this is really an advantage since it allows integration to be defined even in situations
where no metric exists. On the other hand we would still like to know in what sense this definition coincides
with the usual one when we do have a metric. The point is that given a Euclidean or Lorentzian metric g
on M we can define in each patch U, a quantity

€a =V Egéq, (12.26)

1131t is possible to define integration on unorientable manifolds, but not of d-forms. Instead what you integrate are called
densities. This is important in some string theory applications of field theory.

114 This theorem is one of the places where it is necessary to use the requirements that manifolds are second countable and
Hausdorff.

115The proof uses a partition of unity: given an open cover {Ua} whose transition functions all have positive Jacobian, we can
take A(z) = Y, pa(x)éa. Conversely if A is nowhere vanishing, then on any open cover {Uas} we can re-order the coordinates
in each patch so that A(z) = Aq(z)éq with Aq(x) > 0.
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where g is the determinant of the metric and + indicates Euclidean/Lorentzian signature. This definition is
useful because if M is oriented then the coordinate transformation

az'\ ~?
r_
g =det (8:U> g (12.27)

of the metric determinant cancels the coordinate transformation (12.21)) of € (an orientation on M is needed
to ensure that det (%—’g) is positive). € is thus well-defined as a global d-form on M, and since it is nonzero

we can (and usually do) use it to define the orientation of M. € is usually called the volume form induced
by the metric g. Given an oriented Euclidean/Lorentzian manifold with a metric g and volume form €, we
can define an integral of any scalar function ¢ on M as

/ddx\/quﬁz/ Pe. (12.28)
M M

One application of this formula is the divergence theorem for a vector field V# on an oriented manifold
M with metric g. Given such a V#* we can define a d — 1 form

w=V-e (12.29)
with the right-hand side defined by
(V ! €)M1~~Md—1 = VUeVMl-HMd—l' (1230)
A short calculation shows that
dw = (V,VH#)e, (12.31)

where V, is the covariant derivative with respect to the metric g. If M has a boundary then we can define
a normal form n, at that boundary by
e=nAey, (12.32)

where € is the volume form on M and €y is the boundary volume form constructed using the boundary
induced metric vy,, and whose orientation is compatible to that of € in the sense of Stokes theorem. In
particular this means that in coordinates where the boundary is at ' = 0, with M lying in 2! < 0, then n,,
is outward—pointin and

€0 = VIldz? A ... A dat (12.33)

Applying Stokes’ Theorem to w we get the divergence theorem
/ dae/EgV, VH = / A /|y, VR (12.34)
M aM

The € tensor on an oriented manifold M can also be used to define a convenient map x : QP(M) —
Q4=P(M) called the Hodge star map:

1 v ..l/p
(*w)ﬂlmud—p = }7!6 1 p-epra—p Ve (12.35)
It is not too hard to show that
*xw = £(=1)PE=P)y, (12.36)

and there is also the very useful fact that if w and o are p-forms then

1
WA*0 =0 A *w = (—1)p(d_p) WAoo = <p'wm,,,upa”1“'””) €. (12.37)

116 Beware that in Lorentzian signature this means that if n# is timelike then it is inward-pointing.
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These are most easily derived using the e-tensor contraction identity

ealmapupﬂ“‘Hdeﬁ1---5pltp+1--~ud = +pl(d - p)!g[%ll to 6;:]7 (12.38)

which you can check by writing out the definitions. Using this contraction identity we can also give a formula
relating the two notions of integration on an oriented manifold M:

1
/ w=to dhao/Ege P, (12.39)
M JM

12.3 Gauge theory using differential forms

The reason we have made this aside to set up differential form notation is that it really is a superior
way to discuss gauge theory. For example the electromagnetic gauge potential is a one-form A and the
electromagnetic field strength is the two-form

F = dA. (12.40)

The Maxwell action coupled to a background current one-form J on an oriented Lorentzian d-manifold M is
1

S:/ {ZF/\*FJrA/\*J] , (12.41)
ML 2e

which can be compared to our previous expression using ((12.37). Varying with respect to A we have

1
55:/ —262(d6A/\*F+F/\*d6A)+6A/\*J]
M L

:/ —12d5A/\*F+5A/\*J}
ML €

:/ f%d(éA/\*F)+5A/\ (Zd*F+*J)]
ML € (&

1 1

:/ 0A N (—2d*F+*J) - 0A NXF. (12.42)
M e e” Jom

In going from the first line to the second we used the first equality in (12.37)), in going from the second to

the third we used ([12.15f), and in going from the third to the fourth we used Stokes’ theorem ((12.24)). Thus
Maxwell’s equations can be written as

1
gd*F = *J (12.43)
together with the Bianchi identity
dF = d*A =0, (12.44)

and to make the boundary term vanish at the spatial boundary I' C M we should either adopt Dirichlet
boundary conditions dA|p = 0 or Neumann boundary conditions xF'|r = 0. For d = 4 we can also have a 0
term, which in differential form notation iﬂ

Sp=——" /F/\F. (12.45)
M

82

The easiest way to get this from our previous expression for the € term is using (12.39)), with the minus sign
arising because we are in Lorentzian signature.

H7We will see shortly that this is the correct normalization assuming that M is required to be a “spin manifold”, meaning
a manifold on which spinors can be defined. If general orientable M are allowed, i.e. if all fields are bosonic, then we should
instead write 5. We used the normalization appropriate for spin manifolds in our discussion of the standard model, which of
course is a theory with fermions.
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gNS = e’

Figure 28: The Dirac monopole on S?. The transition function between the northern and southern hemi-
spheres wraps n times around U(1).

We can also describe non-abelian gauge theory using differential forms: A is a Lie-algebra valued one-form
(sticking in one patch for now), with gauge transformation

A= g(A—ig~tdg)g™", (12.46)
and the field strength is
F=dA—iANA (12.47)
with gauge transformation
F' =gFg'. (12.48)

In (12.47) the wedge product of Lie-algebra valued quantities is defined by
ANA=T,T,A A A, (12.49)

so we antisymmetrize in Lorentz indices but multiply the Lie algebra matrices in order. Using the same
convention we can write the Lorentzian Yang-Mills action (including a 6 term for d = 4) as

1 0
S:—/M[ Tr (B AF) + ¢ 5Te (FAF)| . (12.50)

72
This action is well-defined on all of M because the traces make the Lagrangian gauge-invariant under (12.48)),
so it is a globally-defined d-form without any extra transition function as we move from patch to patch.

12.4 The Dirac monopole

We now consider the simplest topologically nontrivial gauge field, the Dirac monopole on S?. This describes
the gauge field configuration on a spatial two-sphere surrounding a magnetic monopole. The idea is to find
a U(1) gauge field configuration such that

/ F #0. (12.51)
S2
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Such a configuration must be a connection on a nontrivial U(1) bundle, since if globally we have F' = dA

then we have
/F:/dA:/ A=0 (12.52)
§2 2 as?

by Stokes’ theorem. We can build a connection that does work using two patches, which in spherical
coordinates we can take to be a “northern hemisphere” Uy with 0 < 6 < m/2+4¢ and a “southern hemisphere”
Us with 7/2 — e < 0 < 7 (see figure [28| for an illustration). Here we are using spherical coordinates (6, ¢),
with 6 being the polar angle and ¢ being the azimuthal angle. We can look for gauge fields in these two
patches such that the field strength is proportional to the volume form on S? with round metric,

F = Bsinfdf A dg. (12.53)
A gauge potential that locally obeys F' = dA is
A = —(Bcosf+ C)dg, (12.54)

where C is arbitrary. For this gauge field to be smooth at the north pole (6 = 0) we need C' = —B, while for
this gauge field to be smooth at the south pole (§ = w) we need C = B. Thus in our two patches we have

Any = —B(cosf — 1)d¢
Ag = —B(cosf+ 1) do. (12.55)
I emphasize that Ay does not need to be smooth at the south pole and Ag does not need to be smooth

at the north pole. On the other hand we do need to check that the relationship between the two gauge
potentials comes from a valid gluing transformation gyg : Uy NUg — U(1), meaning that we need

ANn — Ag = 2Bdé = —ignsdgns. (12.56)
The solution of this equation is 4
gns = goeP?, (12.57)

where gq is an arbitrary phase, but this function is only smooth on Uy N Ug if

B= (12.58)

n
2
with n € Z. In particular we have

/ F = 2mn, (12.59)
S2

which is called the the Dirac quantization of magnetic flux. There is a nice topological interpretation of
the integer n. Namely the gluing transformation is

gns = €7, (12.60)

so viewing this as a map from S* (the equator) to S' (the gauge group) the integer n counts the number of
times that the domain circle wraps around the target circle. In mathematical language, monopole number
classifies elements of the fundamental group 71 (U(1)).

You may be wondering to what extent the Dirac quantization we found is an accident of the particular
configuration we studied. In fact it is not: for any U(1) gauge field on any oriented two-dimensional manifold
M, we have

/ F =2mn (12.61)
M

with n € Z. There are various ways to explain this, my favorite is as follows. Begin by covering M with
patches V,, that we have “shrunk” so that they fit together to tile M as in figure (mathematically this
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Figure 29: The geometry near a triple overlap V3, of patches in a two-dimensional manifold. The orienta-
tions on the double and triple overlaps are assigned so that (12.66]) and (12.67) hold.

tiling gives M the structure of a CW complex). The partition of unity construction can then be simplified

N / Z / (12.62)

Within each patch we can write F' = dA,, with the Aa in the different patches being related by
Ay = Ag + dQap. (12.63)
The triple overlap rule implies that for any three patches we have
Qap + Qsy + Qya = 2mN40s, (12.64)
where nqg+ are integers. (2,5 and g.pg are related by
Gap = €08, (12.65)

We can write the boundary of each V,, as a sum over intersections V3 as

Vo= Vag (12.66)

and we can write the boundary of each Vg as a sum over triple intersections:
Wap =Y Vapy. (12.67)
v
We can then use these expressions together with Stokes’ theorem to evaluate the integral of F over M{T¥]

/MF:Z/VdAa:Za Aa_z/ Aa_z/ W= Ag) = Z/ 020

a<f a<f

_Z/ aB—ZZ/ Qp= ), /QBW Qg+ + Qo) =21 > /Wnam

a<pf a<fB v a<fB<y a<fB<y
(12.68)

H1181n the fourth and eighth equalities we relabeled the sum to put the patch labels in order, it may be helpful to refer to figure
|Z§| to confirm the orientations.
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In the second line the integrals over the points Vg, are just signs to keep track of orientation, so the final
expression is indeed 27n for some integer n! This basic chain of operations is what lies behind most of the
applications of topology in field theory.

12.5 Topology of non-abelian gauge fields in 3 + 1 dimensions

We now turn to non-abelian gauge theory in 3 + 1 dimensions. In our discussion of anomalies we claimed
that the quantity

1

~ 8n?

calA] / Tr(FAF) = £ / o EGE Ty (F oy Fis) (12.69)
M 3272 o,

which is called the second Chern class, is an integer for any four-manifold M and simple gauge group G.
The full justification for this integrality is rather subtle; if you ask a mathematician they will tell you that
you need to learn about classifying spaces and the splitting principle, perhaps with some category theory
thrown in for good measure. In fact the Stokes’ theorem method of equation is up to the task, but
it takes some thought to figure out how to make it work so instead of explaining the details here T will
post a paper about it later this summer. Here we will instead content ourselves with telling the first part
of the story and then specializing to the case of M = S*, where we can finish the computation in a more
straightforward way. In the next subsection we will see that there are solutions of the Yang-Mills equations
of motion on R* called instantons that have cy[A] = 1.

Based on our experience with Dirac quantization, we can guess that the explanation of the integrality
of ¢a[A] begins by showing that the integrand is the exterior derivative of something. In fact you already
showed this on a previous homework, in differential form notation we have

TI‘(F/\F) = dwcsg, (12.70)
with )
wes = Tr (A/\F+;A/\A/\A). (12.71)
wes is called the Chern-Simons three-form. Its gauge transformation is given by
1
weg =wes +d(iTr (wA A)) — gTr (WAwAw), (12.72)
where
w =g tdg (12.73)

is the Maurer-Cartan one-form. In checking this equation (and also (12.70])) it is useful to first show that

dw = —w A w. (12.74)
Beginning as in (12.68)), we therefore have
1 1
CQ[A] = — Z / d(iTl" (wag AN AB)) — =Tr (wag N Wapg N wag) (12.75)
87'('2 oy Vg 3
with
Wap = Goidgas- (12.76)

Proceeding from here is where things get tricky on general M, so we will now specialize to the case of M = §*
covered by northern and southern hemisphere patches as in figure This case is special because there is
only one double overlap Vg and it obeys Vg = 0, so by Stokes theorem we simply have

1
2472

calA] = / Tr (wns A wns Awns) (12.77)
S3
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where S? is the equator of the S* with its orientation defined by viewing it as the boundary of V. The
quantity on the right-hand side here is a famous topological invariant: given any smooth map g : X3 — G,
with X3 is a closed oriented three-manifold and G a compact matrix group, defining w = g~ 'dg as before we

have
1

2472

v3lg] = /z Tr(wAwAw) € Z. (12.78)

Rather surprisingly v3[g] doesn’t seem to have a standard name, I will refer to it as the third Maurer-
Cartan topological charge. The method of can be used to show that v3[g] is indeed an integer,
somewhat more easily than for the case of co[A] on general M, but I will still leave the details to my upcoming
paper. What is easier is just to show that it is a topological invariant in the sense that it is unchanged by
small changes of the function g. Indeed under a small change dg of g we have

dw=wg tog — g ' ogw + d(gdyg), (12.79)
and thus
0Tr (wAwAw) =3Tr ((wgfl(;g — g Yogw+ d(gilég)) Aw A w) =d (3Tr (gflégw A w)) , (12.80)
where we made liberal use of the cyclicity of the trace and also used . Thus we have

1

dvslg] = Y /2 d(3Tr (g_légw)) =0 (12.81)

by Stokes’ theorem. A similar argument shows that v3 is additive in the sense that

v3lg192] = valg1] + vs[g]- (12.82)

Returning to the particular case of S?, since gyg is a map from S? to the gauge group G, and v3 is unchanged
by continuous deformations of gyg, we can view it as giving us information about the third homotopy group
m3(@G). In fact for any simple Lie group we have m3(G) = Z, so v fully captures the topological information
in gnys. In this case v3 is often called the winding number of the map gyg, we will see more justification
for this term in a moment (although really “wrapping number” would be better).

To give a concrete example of gnyg we need to assume something about the gauge group G. To begin
with we will just take G = SU(2), which has the topology of S since we can uniquely represent any element
of SU(2) as

g = b0y + ib'o;, (12.83)

with o; the Pauli matrices, o = I, and b* a unit vector in Euclidean R*. To get a nontrivial winding for
gns, we can take gyg to be the identity map

gns(x) = 2% +iz'a, (12.84)

with 2 being a unit vector in R* that parametrizes the S* equator. We can think of this gyg as wrapping
SU(2) exactly once. We can parametrize the hemisphere with #° > 0 using 2 with 0 < 2’z < 1, in terms

of which we have ,
gns(Z) = V1 — 22 +izo;. (12.85)

Computing v3 directly is a bit tedious. We can streamline the calculation by realizing that gy g is rotationally
invariant, so we must have

Tr (wys Awns Awng) = Ae (12.86)
wherd™| 1
€ = ——dz' Ndz® A dx? (12.87)
|°|

11976 derive this we can note that the induced metric on the sphere is (5” + fifz) datdxzd, which has determinant ﬁ
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is the volume form on a round S?. To determine A it therefore is sufficient to compute wyg at the north
pole. In general we have

7. dF
Wrs = \/1f:v27if~5'> <x+i5~df>, 12.88
v = ( i (12:55)

so at the north pole

WNS = 16 - d¥ (12.89)
and thus
Tr (wns Awns Awnsg) = —iTr (opomog) dz™ A dx™ A da’
= 2epmedz™ A dz™ A dz’
= 12dz! A dz? A da?. (12.90)
Therefore A = 12, so we have
12, 4 2 3
Tr (wys Awns Awng) = —5dx” Adx® Ndx (12.91)
T

and thus

vy = (12.92)

1
X 2 X 4 x 12
2472 T / 1/;1_742

The factor of two is here because we need to do the integral for both the northern (z° > 0) and southern
(2% < 0) hemispheres. We can also get this directly from the volume of a unit S3:

x 12 x 27% = 1. (12.93)

1
v =
57 U2
Using the additivity ((12.82]) it is now easy to construct a configuration that realizes any winding number n:
we simply take the transition function to be

gns = (2000 +izlo;)", (12.94)

which is a map that wraps SU(2) n times. Finally for more general simple Lie groups we can simply choose
an arbitrary SU(2) subgroup and then perform the same construction, although in general the integer we get
from the identity map of S? into this subgroup may be larger than one (for SU(IN) however we can always
get one since we can simply use an SU(2) subblock)@

12.6 Instantons

The discussion of the previous subsection tells us that there exist on S* gauge field configurations with
nonzero second Chern-class. Namely we can pick an arbitrary gauge field configuration Ag in the southern
hemisphere, use to transition to the northern hemisphere, and then extend this Ay away from the
equator however we like. It is not obvious, but gauge fields on S* are actually in one-to-one correspondence
with gauge field configurations of finite action on R*. To see this, we note that in order to have finite action
a gauge field configuration A, on Euclidean R* must approach pure gauge at large radius:

A=igtdg+ O(1/r'e), (12.95)

with ¢ independent of . This ensures that the field strength tensor is of order 1/r2+2¢

density is of order 1/r4+4e

and the Lagrangian
, and thus is integrable at large r. This gauge field configuration does not actually

120Something nicer is actually true: any map from S3 to G can be smoothly deformed into a map that is takes values only in
an SU(2) subgroup. So there is nothing else to find beyond what we have already constructed.
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Figure 30: The relationship between finite-action configurations on R* and gauge field configurations on S*:
the “inner” and “outer” patches on R* become hemispheres on S*, with the asymptotic gauge transformation
¢ in the inner patch becoming the gluing gauge transformation ggy at the equator.

obey our boundary conditions that A|sps = 0, but we can turn it into one that does by introducing an
“inner” patch r < R+ € and an “outer” patch r > R — ¢ and then using the gluing between the inner and
outer patches to remove the gauge transformation g. Since the gauge field in the outer patch vanishes at
infinity, we can extend this gauge field to a gauge field on S* where we re-interpret these inner and outer
patches as the northern and southern hemispheres and the south pole becomes the “point at infinity” in R*.
See figure [30] for an illustration.

The existence of gauge field configurations on R* with finite action and nonzero cy[A] is all we need
to justify the main consequences of instantons that we discussed in the previous sections: the violation
of U(1)4 symmetry in massless QCD and U(1)p and U(1), in the standard model due to anomalies and
the electric dipole moment of the neutron arising from the #-term. For some purposes however it is nice
to have examples of such configurations that obey the Yang-Mills equation of motion. Such an example
was discovered by Belavin, Polyakov, Schwarz, and Tyuptin, and it is called the BPST instanton. In
constructing this solution there is a useful trick, which is to note that in Euclidean signature by we
have

1
/F/\*F:F/ F/\F:—/ (F ¥ +F) A% (F F+F) >0, (12.96)
M M 2 M

/F/\*FE’/ FAF
M

Thus if we find a gauge field conguration where this inequality is saturated it must be a minimum of the
Euclidean action among all configurations with fixed cp[A]. This implies that it must be a local minimum of
the action under arbitrary variations, since no small variation can change cs[A], and therefore that it must
be a solution of the Yang-Mills equation of motion. Moreover the inequality is saturated for any gauge field
configuration obeying

and thus
) (12.97)

«F = +F, (12.98)

so any configuration obeying (|12.98]) is a solution of Yang-Mills equation. Such gauge configurations are
called self-dual/anti self-dual. As a guess for such a gauge configuration we can take (in the inner patch)

A =ia(r)w, (12.99)
where a — 1 as r — oo and w = g~ 'dg with
0 4 i
g= “# (12.100)



being the same gauge transformation we used for gyg in the previous section. Here it is actually playing the
role of ggn, since this way we get
4] =1 (12.101)

due to the minus sign in (12.77). The field strength for this gauge field is
F=i(ddrAw—a(l—a)wAw). (12.102)
To impose the condition (12.98)) we need to know that

* (dr A w) = —gw/\w7 (12.103)

which is most easily derived by using rotational invariance to set 2 = 0 and z° > 0, in which case w = %Uidxi.
We thus have

2
*F =1 (ra(l —a)dr Aw — ga’w A w) ) (12.104)

so the solution will be self-dual/anti self-dual if

2
d =+2a(l—a). (12.105)
r
The self-dual solution (meaning the + sign) is
2

with R an arbitrary real number, which is indeed smooth at » = 0 and goes to one as r — oo. The anti

self-dual solution is !

alr] = 1+7r2/R%’

which vanishes as r — oo and thus does not give a solution with nonzero second Chern-class. We therefore
will use the self-dual solution, which at last gives us the BPST instanton solution:

(12.107)

~tdg. (12.108)

The parameter R is not fixed by the equations of motion, it describes the “size” of the instanton. We are also
free to change our origin of coordinates, so there is a five-dimensional continuous family of these instantons.
To the extent that we want to compute a semiclassical approximation to the path integral using them as a
stationary point, we need to integrate over this family.

The historical development of this subject was almost the opposite of what we have done here. The
BPST solution was found first, and initially the primary use of instantons was expected to be a semiclassical
approximation to the path integral around these solutions similar to what is done for tunneling in quantum
mechanics. In QCD however this hope did not pan out quantitatively: instantons are most important when
their size R is of order the QCD scale, and then the semiclassical approximation is not good. The most
important lesson from the existence of instantons has turned out to be qualitative: they are what “activates”
the second Chern class for applications such as the violation of U(1)4 symmetry or the contribution of the
QCD @ angle to the electric dipole moment of the neutron. For these applications it is not so important
to actually construct instanton solutions of the Yang-Mills equation of motion, since anyways the dominant
contribution comes from the regime that is not semiclassical. What really matters is just that there are
configurations in the path integral with cs[A] # 0. On the other hand there are some situations where
semiclassical instantons do give reliable quantitative answers, in particular in supersymmetric theories, so it
is still good to know about them.
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12.7 Is it necessary to include instantons?

Based on the end of the previous section, you may wonder if it is really necessary to include instanton
configurations in the path integral. In other words why not just stick to gauge field configurations which are
globally-defined one-forms on M7 On the other hand such a restriction does not seem consistent with locality:
locally there is no way for us to tell how many patches are used to define a gauge field configuration, so
demanding that there is only one imposes a rather non-local constraint on the set of gauge field configurations.
We can make this argument more precise using the principle of cluster decomposition, which we will use
in the guise that that if we work in a large but finite spatial volume, vacuum expectation values of local
operators near us should be independent of the volume. Indeed we can split spacetime into a big region
R, where our operators are located and a complementary big region R;. We would like to get the same
expectation values of operators in the interior of R; whether or not we include Ry. From the path integral
point of view this happens in field theory because

_ fD¢1D¢20[¢1]6*S[¢1]7S[¢2] _ IDQSlO[(ZSl]e*S[%]
O ) = g Dgse ST~ = [ Do (12.109)

where ¢ are the fields in R; and ¢ are the fields in Rs. In the second equality we factored out the integral
over the fields in RQE Now let’s suppose that we would like to introduce a function f(n) in the path integral
that weights configurations by instanton number. In particular we could exclude instantons altogether by
choosing f(n) = d,,0, but for now we will be open-minded. Attempting the same manipulation, we have

> iy F(11 +12) [ DG D32 O |e~Slr 1= 51627)

Q|O0[24]|2) = w1 2]
< ‘ [ 1” > Znhn? f(n1+n2)fp¢;t1p¢;2€—5[ 1 1=S[¢p57]

, (12.110)

where ¢7* are field configurations in Ry with n; instantons and ¢52 are field configurations in Ry with no
instantons. For general f(n) however we cannot factor out the integral over fields in Re: we can do this if
and only if we have

f(n1 +ng) = f(n1)f(nz). (12.111)
Choosing ny = 0 we see that
f(n) = f(n)f(0), (12.112)
so either f(n) =0 for all n (clearly not acceptable) or else f(0) = 1. For n > 0 we have
f)=fn—1f1)=fn-2)f(1)"=... = f(1)", (12.113)
while for n < 0 we have £0)
f(=n) = ) fa=". (12.114)
Thus for all n we have
fn) =) =em, (12.115)

where we should take 8 to be real so that in Lorentzian signature the action is real. This however is nothing
but the usual 0 term for Yang-Mills theory, so the only freedom we have to modify instanton contributions
is the one we already know about! In particular there is no value of 6 that suppresses n # 0.

121 This factorization isn’t quite correct due to terms in the action right at the interface between R; and R, but this effect is
small when R; is large and O is far from the interface. Similarly in the following argument we could worry about what happens
with instantons right at the interface between the regions, but at large volume this again should have a small effect on the
expectation value.
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12.8 Chern-Simons theory

So far our primary application of the Chern-Simons three-form
wes[A] = Tr <A/\F+;A/\A/\A> (12.116)

was in computing the second Chern class. It is also interesting however to consider this form as the Lagrangian
for a three-dimensional gauge theory, which is called Chern-Simons theory. There is an obvious problem
with this proposal however, which is that wcg is not gauge-invariant. Its gauge transformation is given
by . On the other hand this gauge transformation involves a total derivative, as well as the third
Maurer-Cartan form Tr (w A w A w) that is locally a total derivative, so there is still some hope that we could
fix this. The most common approach works for three-manifolds M and gauge connections A such that we
can find a four-manifold M with boundary such that

OM =M
Al = A (12.117)

The idea is then that we simply define the Chern-Simons action on M for simple gauge group G to be

Scs[A] = % /MTr (ﬁ A ﬁ) : (12.118)

where the quantity & is called the Chern-Simons level. The motivation for this definition is that the four
dimensional integrand is manifestly gauge-invariant, and a naive application of Stokes’ theorem turns it into

the integral of 1=wcs on M. This application is not really justified however, since Tr (F ANF ) = dwcs[g]
applies only patch by patch in M it is not a global statement. In particular this means that there is some
dependence of this S¢g on our particular choice of M and A, which is not consistent with it really being a

local action on M. The idea however is that if we change to a different four manifold M M’ and extension A
then we have

k ook o ok e B0\ o
Ses[A] — Ses[A] = E/IT/Tr (F /\F) —E/MTr (F/\F) - E/M* Tr (F AF ) = 2rkes A",
(12.119)

where M* is the closed four manifold constructed by gluing -M I to M’ on the common boundary M and
A* is the gauge field on M* that is equal to A on M and A’ on M'. What this tells us is that the quantity

etSoslAl (12.120)

appearing in the path integral will be independent of our choice of M and A provided that we take the level
k to be an integer, since then we have

eiScslAl _ eiScs[A](i?‘fTikCz[g*] — iScslA] (12.121)

There are two problems with this approach to defining the Chern-Simons action:

e It requires the existence of a four manifold M and gauge field A that extend M and A. In general
these do not exist. There is a fix for this based on bordism theory, which is to show there is a natural
number n such that n copies of M and A can be extended and then define the action using this
extension divided by n. I find this rather ugly (why is it local?), and in any case it does not work for
more general actions of this type since in general there is no n that works.

e It is not manifestly local on M, and although we checked that e*5¢s is independent of our choice of
extension it is not clear that that is really all we need to check to confirm locality.
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For these reasons it is useful to have an alternative definition of S¢g that is intrinsic to M. I will motivate
the idea behind it by using a simpler example of the same phenomenon, which is the definition of a Wilson
loop for a nontrivial gauge bundle. In differential form notation we can write our previous definition of a
Wilson loop in representation « as

W, [C] = PetJe A"Ta, (12.122)
In particular in the U(1) case we can write the Wilson line of charge one as
Wh[C) = et le A, (12.123)

Here A is analogous to the Chern-Simons form: it is not gauge-invariant, but it is gauge-invariant up to
a total derivative. This is good enough for trivial gauge bundles where we can cover M with a single
patch, but for general gauge fields involving multiple patches it needs some refinement: when we do a gauge
transformation A, = A, + df2, the quantity €, is only defined in U,, so we cannot use Stokes’ theorem to
argue that is gauge-invariant. Another way to think about this problem is to ask what we do in an
overlap U, NUpg: do we use A, or Ag? One fix for this problem is the one we just discussed for Chern-Simons

theory: we write C as the boundary of an auxiliary disk C , and then define
Wi[C] =e'le P, (12.124)

where A is an extension of the gauge field on C to C. What we will do instead is a more intrinsic fix: we
split up the curve into segments C,, each contained in V,, where V, is our tiling of spacetime as in figure
and then at the end of each segment we include an extra gauge transformation as the curve passes from V,,
to V3. Defining these endpoints by
aC, = anﬁ, (12.125)
B
we can take the Wilson line of charge n to be

W,[C] = exp |in Z/ A, Z/ Qas | | - (12.126)

a<f
This is gauge-invariant under
Al = A, +dQ,
Q:lﬁ = Qap + Qo — O, (12.127)
since we have
S [ oan=3[ a Z/ a_z/ "= 9), (12.128)
—Jc. — Jac., oy

which cancels the gauge transformation of the second term in the exponent of m We can also use this
definition to see why n must be an integer: if we consider an infinitesimally short loop that circles a triple
overlap like that in figure then we would like to get one for the Wilson loop. What we get from ((12.126))
is
W, [C] = e™ i (Fast8s7+00a) (12.129)

so using the triple overlap condition (|12.64)) we see this gives one only if we take n to be an integer.

The intrinsic definition of the Chern-Simons action proceeds in an analogous way to (12.126f), but since
the integral is higher dimensional we need more overlap terms. I will leave the details to my upcoming paper,
but for the case of gauge group U(1) the fully intrinsic definition of the Chern-Simons action is

Scs[A] ( / Ao, NF — Z/ Qoo F

ay<ag Vayjag

+ 27 Z / Nayasas Aas — 2T Z /

ay<oaz<as 01a2a3 <o <az<og a1a2a3a4

na1a2a3 Qa3a4> . (12130)
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Here the orientations on the quadruple overlaps V,g,s are defined by

WVapy =Y Vapys: (12.131)
Y

with everything else defined as in our discussion of the Dirac monopole.

Chern-Simons theory is a simple example of a topological field theory, meaing a quantum field theory
that does not require a spacetime metric g,,. It has many applications, but unfortunately we do not have
time to discuss any of them in detail so I will just mention a few:

e Chern-Simons theory is the low-energy theory of the integer and fractional quantum hall effects, which
are quite remarkable phenomena in condensed matter physics where a certain electrical conductivity
can take only certain discrete values. The integer quantum hall effect is described by U(1) Chern
Simons theory, with the level k giving the number of filled Landau levels. The fractional quantum hall
effect is described by a mixed Chern-Simons theory with two gauge fields. There is also some evidence
for non-abelian Chern-Simons theory in the v = 5/2 fractional quantum hall effect, with an SU(2)
gauge field at level k = 2 coupled to a U(1) gauge field at level k = 8.

e String theory involves a number of gauge fields, including some where A is a more general p-form
instead of a one-form, and its low-energy effective action includes a number of Chern-Simons type
terms.

e Chern-Simons theory has many interesting applications in mathematics, for example Witten won the
Fields medal for showing that the expectation value of a Wilson loop in Chern-Simons theory whose
path ties a knot is related to a famous topological invariant of that knot called the Jones polynomial.

12.9 Wess-Zumino-Witten term

As a final application of topological methods we will briefly return to the Wess-Zumino-Witten term in chiral
effective field theory, which we now have the tools to understand. It is based on the five-form version of the
Maurer-Cartan topological charge, which is given by

i

Y5 = 54078

/ Tr(wAwAwAwAw) (12.132)
X5

where Y5 is an arbitrary oriented five-manifold. The method of equation can again be used to show
that this is an integer, see my upcoming paper. The Wess-Zumino-Witten term is a four-dimensional term
in chiral effective theory whose relation to v5 is the same as the relationship of the Chern-Simons action in
three-dimensions to the second Chern class. More concretely let U : My — SU(3) be the Goldstone field
for pions, kaons, and the 1 on a spacetime manifold M that we can realize as the boundary of some five-
manifold M with boundary on which U extends to a map U. Then the Wess-Zumino-Witten contribution
to the Goldstone theory can be written as

SD#/MTM@/\&/\&/\@/\&) (12.133)
with ~ ~
w=U"tdU, (12.134)

where n is an integer for the same reason it needed to be in Chern-Simons theory. It also has an intrinsic
presentation analogous to 7 see again my upcoming paper. The WZW term turns out to be needed
with n # 0 for anomaly matching (for example once we turn on a background gauge field it includes the
term that leads to mg — ), and it also accounts for the observed process KK — mrm. Mathematically we
can think of it as probing the homotopy group 75(SU(3)) = Z.
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Homework

1. Confirm the consistency of (12.16]) with (12.10]) and (12.13]).

2. Confirm (12.37) and (12.38).
. Confirm the parametrization ((12.83)) of SU(2).

w

S

. Confirm (12.79)), (12.80)), and (12.82)
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13 What next?

We have reached the end of QFT III, but we have certainly not reached the end of quantum field theory.
Indeed there are many important topics that I was not able to discuss, and if you stay in theoretical physics
you will see that learning quantum field theory is a lifelong process. Here are a few of the things I wish I
had had time to talk about:

e Conformal field theories: In our discussion of the renormalization group back in QFT I we saw that
field theories that are invariant under rescaling of the spacetime coordinates are the natural starting
and ending points of the renormalization group flow. These theories have many special properties, and
in particular in 1 + 1 spacetime dimensions they are rather well-understood. A good place to look
to learn the basics of CFT is David Simmons-Duffin’s TASI lectures, and there is also chapter 15 of
Polchinski’s string theory book and the “big yellow book” of Senechal, Di Francesco, and Mathieu.

¢ Phases of gauge theory: We have learned that gauge fields can be in deconfined, confined, and Higgs
phases. But what are these phases really? This question turns out to be rather slippery to answer
in general, since at first glance the confining and Higgs phases do not have any robust distinguishing
features (to be contrasted with a broken phase of a global symmetry, which reliably has domain walls
or Goldstone bosons). On the other hand these phases can sometimes have interesting topological
structure in the infrared, and recently this has been understood rather systematically using the idea
of “generalized global symmetries”. Some references I like for this are the classic paper of Fradkin and
Shenker on the phase diagram of Z, lattice gauge theory, the paper “generalized global symmetries”
by Gaiotto, Kapustin, Seiberg, and Willett, my own paper with Hirosi Ooguri on symmetries in field
theory and gravity, and Shu-heng Shao’s TASI lecture. I also very much like Polyakov’s textbook
“Gauge fields and strings”, although parts of it are dated.

e Large N expansion: Quantum field theories sometimes simplify in the limit of a large number of
fields. In particular this is true for the O(NN) vector model at large N, and also to some extent SU(N)
Yang-Mills theory. A nice reference for this is the chapter in Coleman’s book “Aspects of Symmetry”,
which also has many other great things in it. Polyakov talks about this in his book as well.

e Supersymmetry: We did have one homework problem on supersymmetry in QFT II, but there
is much more that could be said about it. In particular supersymmetry sometimes enables exact
calculations in interacting field theories, including those with strong interactions and confinement. It
is thus a powerful laboratory for testing ideas about quantum field theory. Useful references for this
are Weinberg volume III for the physics of SUSY, the book of Wess and Bagger for formalism, and the
books of Argyres and Terning.

e Physics beyond the standard model: The standard model has passed many experimental tests,
but it also has several major deficiencies. Chief among these are its lack of gravity, dark matter, and
neutrino masses, and it also has cosmological problems since it cannot explain the observed baryon
number density of the universe or give rise to the density perturbations that led to the formation of
stars and galaxies (this seems to require something like inflation). There are also the apparent fine
tunings that make the Higgs mass and cosmological constant small in Planck units, as well as the QCD
0 angle small. Many ideas have been proposed to address these problems, including supersymmetry,
grand unification, axions, and more. Some of them are discussed in volumes II and III of Weinberg’s
book.
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