Introduction to Anomalies

Dileep P. Jatkar

4.1 Introduction

Anomalies are important in quantum field theories, particularly in the gauge
field theories because they determine quantum consistency of the theory. The
word anomaly, in fact, is bit of a misnomer, and a more accurate description of
anomaly is quantum mechanical symmetry breaking. Symmetries of a classical
field theory can be broken in various different ways. One of them is explicit
symmetry breaking, which corresponds to adding a term to the Lagrangian
density which does not respect the symmetry. Another way of breaking the
symmetry is what is called the spontaneous symmetry breaking. In this case
the classical Lagrangian density has a symmetry which is not respected by
the ground state. In both the cases listed above symmetry is broken at clas-
sical level. The situation in the case of anomalies is different. The symmetry
of the theory is intact at classical level but quantum mechanical effects do
not respect the symmetry. It is in this sense that the word ‘anomaly’ is a
misnomer.

More specifically, consider the action S of a classical field theory. Let us
assume that this action is invariant under transformations of classical fields
under a symmetry group G. The symmetry group G is anomalous if the full
quantum theory does not respect this symmetry. Thus anomalous symmetries
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142 4. Introduction to Anomalies

are legitimate symmetries of the classical field theory but fail to survive when
quantum effects are taken into account. Nature of the anomaly and its effects
on the physics of the quantum theory depend on the role of the symmetry group
G in the theory. For example, G can be a continuous group or a discrete group.
Similarly, G can be a global symmetry of the theory or it could be a local gauge
symmetry.

Anomaly in the global symmetry has interesting physical consequences
like the neutral pion decay (7° — 7). Anomaly in the local gauge symmetries
implies violation of the gauge invariance of the theory. The lack of gauge invari-
ance means the theory is nonunitary. Any gauge theory with anomalous gauge
group is therefore quantum mechanically inconsistent. The only way we know,
as of now, to make sense of such theories is to adjust matter content of such
theories so that the anomaly is canceled. This restores gauge invariance of the
theory at the quantum level. A classic example of this is the Standard model
of particle physics. For a generic matter content as well as charge assignment
the Standard model is potentially anomalous. However, it turns out that the
anomaly is canceled if we have equal number of quark and lepton families. This
is one of the nontrivial consistency checks of the Standard model of particle
physics.

In these lectures, we will begin our discussion of anomalies by studying
the Schwinger model, i.e., the two dimensional electrodynamics. We will see
that the anomaly in this model is due to the level crossing as one changes
the background gauge field. In this model we have two classically conserved
currents, the vector current and the axial vector current. The anomaly due to
level crossing implies that in the quantum theory we cannot have simultaneous
conservation of both the currents. Since the vector current is coupled to the
gauge field we will preserve conservation on the vector current. This in turn
means the axial vector current is not conserved. We will illustrate this computa-
tion using the point splitting regularization method as well as the Pauli-Villars
regularization method. The reason for doing this computation in two different
regularization scheme is to show that the anomaly is independent of the choice
of regularization scheme. We will then discuss vacuum degeneracy by studying
n-vacua as well as f-vacua in this model. After studying the anomaly in the
Schwinger model, we will consider anomalies in four dimensional gauge theories.
We will begin the discussion with the abelian gauge theory and then discuss
the non-abelian gauge theory. Path integral formalism is briefly introduced so
that derivation of anomalies can be carried out using path integral methods.
Finally we will apply it to the Standard model of particle physics and establish
the criterion for the model to be anomaly free.
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4.2 Two Dimensional Gauge Theory

Let us start with a toy model, the Schwinger model on a circle. The Schwinger
model is a two dimensional U(1) gauge theory coupled to a massless Dirac
fermion. The Lagrangian density is given by

1

L= —@FMVF'U'V + ‘Ili’)/'uDH\IJ, (41)

where, ¥ is a two component spinor field and
F,, =0,A, —0,A,, D,=0,+1iA,. (4.2)

The gamma matrices are: Y0 = o5, v' = io; and 4° = 3. We define the chiral
fermions ¥y, and Uy as

0
Uy, = < %1 > , Ur= ( o > ;o U =90, Ugp=-—"Up (43)

In the two dimensional electrodynamics, there are no transverse degrees of
freedom for A, (the photon), however, the Coulomb interaction does exist. The
Coulomb interaction in two dimensions grows linearly with the distance. This
leads to the confinement of charged particles for any non-zero value of the
coupling constant e. Here we are not interested in studying the confinement in
this model. Our interest is to study possible anomaly in this theory.

To minimize the effect of the Coulomb potential, let us consider the model
defined on a circle. We will take the circumference of the circle to be L. If we
choose L in such a way that el < 1 then the Coulomb interactions never
become large. We can then ignore the Coulomb interactions in the first approx-
imation and can include them perturbatively.

Let us impose following boundary conditions on the fields

A, <93—L,t> =A, (x— L,t) U <x— —L,t> =-VU <x— L,t).
2 2 2 2
(4.4

Using these boundary conditions we can expand A, and ¥ in terms of the
Fourier modes as

Ap(z,t) = f: au(k,t)exp<27r£kx)

k=—o0

U(x,t) = Z b (t) exp (W) . (4.5)

k=—o00
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The Lagrangian density is invariant under the local gauge transformation
U(z,t) = exp(io(x,t))V(x,t), Au(z,t) = Au(z,t) — Oua(z,t). (4.6)

Using the periodic boundary condition, we can write A;(x,t) as

omi
Aq(z,t) = Zal(k,t) exp ( mka:) (4.7)
k
If we choose I ok
mika
az,t) = Z 2m,ka1(k,t) exp ( T ) , (4.8)

k

then we can gauge away Aj(xz,t) except for the zero mode, i.e., kK = 0 mode
of Ai(x,t). The gauge parameter «(x,t) in (4.8) is periodic on the circle and
therefore it is a legitimate gauge transformation. Since only k¥ = 0 mode of
Aj(x,t) cannot be gauged away, it implies A;(x,t) is independent of x. Thus
only non-trivial gauge field component that we need to consider is a constant
mode.

However, the gauge transformation (4.6) does not cover all possible gauge
transformations. That is, after fixing this gauge, we are left with a residual
gauge symmetry. This residual gauge symmetry comes from the non-periodic
gauge transformations,

2
a(z,t) = %nm, n==+1,42,--- (4.9)

This gauge transformation parameter(4.9) does not obey the periodicity of
the spatial direction, but da/dz = constant, and da/0t = 0 as a result the
periodicity of A, (z,t) is still preserved.

Recall that the fermion wavefunction picks up a local phase, exp(ia(z,t)),
under the gauge transformation. In the interval x € [—%, %}, the phase picked
up by the fermion wavefunction is exp(ia(xz = L,t)) = exp(2min), where n is an
integer. Therefore the fermion wavefunction is left invariant by this non-periodic
gauge transformation(4.9). We thus conclude that the gauge field component
Aj(z,t) does not take values in the interval (—oo,00) but is valued between
[0, 27] with points Ay, Ay +27n/L, Ay £47/L, --- being identified due to the
linear non-periodic gauge transformation(4.9).

In addition to the local gauge symmetry, the Lagrangian density is invari-
ant under the global gauge transformation,

P(x,t) = explia)v(x, t). (4.10)
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This invariance corresponds to conservation of the electric charge. Using the
Noether procedure we can write the conserved current,

Ju = J"Yu@ba 7/; = W O’ (4.11)

with 0#*J,, = 0, using the equations of motion.
The conserved charge is

Q= /dww. (4.12)

The Lagrangian(4.1) is invariant under another symmetry transformation,
(1) — exp(iays)y(z, t). (4.13)
The conserved current corresponding to this symmetry is
Ty = 017, (4.14)
with 0*J 2 = 0, again using the equations of motion and the conserved charge
is
Qs = [doviu. (4.15)
Notice that for the massive fermions, the current .J 3 is not conserved.

oM = 2imyy e, (4.16)

where, m is the mass of the fermion. We have chosen gamma matrix convention
in such a way that ¥° = o3. Therefore, Q5 charge of ¥z, is +1 and that of ¥z
is —1. The conservation of @ and Q5 for massless fermions implies separate

conservation of 040 0-0
Qr=""", and Qp=-*>".

We can decompose the interaction term in the Lagrangian density, namely

1/_)7“1/1AH as

(4.17)

Py pA, = i (Ao + AL + Phvr(4o — Ay). (4.18)

This implies that within the perturbation theory, the photon does not change
the chirality of fermions. This would lead us to conclude that both @ and
Q@5 are conserved in the quantum theory. However, the exact answer is more
interesting, we will see that only one of these two classical symmetries survive
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in the quantum theory. Before we embark on this, let us first observe that in
two dimensions, J,, and Jﬁ are related to each other.

J) =€l (4.19)

where, €, is the Levi-Civita tensor in two dimensions.

However, conservation of J,, does not imply conservation of J 3 and vice
versa.

We will now ‘derive’ the anomaly using a heuristic argument. For simplic-
ity we will assume Ay = 0. This, to be precise, is not correct, because electric
charges in two dimensions feel only the Coulomb interactions, which implies
Ap # 0. However, if we take the circumference of the spatial circle small, i.e.,
el < 1, then Ag = 0 is a good approximation. This is because the Coulomb
potential Ay = e|x|, which gives rise to linear confinement of electric charges
does not take significant value for —L/2 < x < L/2. Therefore, to the leading
order we are justified in setting Ay = 0. We cannot set the gauge field com-
ponent A; to zero. Periodicity of A; implies any value of A; is identified with
Ay +2mn/L, n € Z. Only the constant mode of A; along the spatial direction
is relevant because this spatially constant mode cannot be gauged away.

We will now look at the fermion dynamics in this gauge field background.
The Dirac equation is

[igt + ag(ia% - Al)} b(z,t) = 0. (4.20)

Let us look for the stationary state solutions,
Y(x,t) = exp(—iExt) i (). (4.21)

The Dirac equation then becomes

Ek’(/Jk(.’L') = —03 (26(1 — A) Ql}k(l') (422)

On the spatial circle, we have imposed the anti-periodic boundary condition on
the fermion wavefunction. The spatial part of the wavefunction consistent with
this boundary condition is

Y(x) ~ exp2miz(k +1/2)], ke Z. (4.23)

Using this wavefunction we can write the energy spectrum for the left moving
and the right moving fermions

1\ 27 1\ 27
Eyr) = (k? + 2) -t A1, Eyr)=-— (k + 2) T~ Ay (4.24)
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Ey

3n/2

/2 R

—1/2 S~ Ay

=3m/2 o

Figure 4.1: Level crossing for the left moving fermion (solid lines) and that for the
right moving fermion (dashed lines).

At Ay = 0 and A; = 27n/L, the left moving and the right moving fermion
energy levels are degenerate(4.24) (Also see figure 4.1).

Due to the gauge invariance, points A; = 0 and A; = 27/L are identified,
but this identification occurs in a nontrivial way. By the time we move from
A; =0 to A = 2x/L , all the left moving fermion energy states(4.24) have
moved upwards by one unit and all the right moving fermion energy states(4.24)
have moved downwards by one unit. We will now see that this rearrangement
of fermion energy levels is responsible for the chiral anomaly.

To see this we will switch from the single particle state formulation to the
field theory. First thing that we need to do is to define the fermion vacuum.
Let us denote the unoccupied states by |0y r; k) and the occupied states by
|11 r; k). For Ay = 0, we define the fermion vacuum as

\If}?rm = IT 1wk 11 low;k)

k=—1,—2, k=0,1,2,--

X IT  loz;k) T ek |. (4.25)

k=-1,-2,- k=0,1,2,---

Notice that for all the left moving particles negative energy levels correspond
to k < 0 and for the right moving particles negative energy levels correspond
to k>0 for A; = 0.
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Now we will vary A; slowly until it becomes Ay = 27/L. At A} =27 /L,
we see that one negative energy level of the left moving fermion has moved
up and one negative energy level of the right moving fermion(hole) has moved
down. Thus at A; = 27/ L, we have a particle-hole pair over the vacuum defined
at A1 =~ 0. As far a the electromagnetic charge @ is concerned, this state with
a particle-hole pair is still electrically neutral, i.e., AQ = 0. However, this is
not true for the charge @5, because the Q5 charge of a right moving hole is the
same as that of the left moving particle. Therefore, AQs; = 2. The Q)5 charge of
the fermion vacuum at A; = 0 is zero by construction. Therefore we find that
slow variation of A; from A; =0 to A; = 27/L takes us from Q5 = 0 state to
Q5 = 2 state. Using this fact we can write

L
AQs = ZAA,. (4.26)
™

Treating this as an adiabatic variation of the axial charge, we get

dQs LdA, _d L\ _
U ad T <Q5 - ﬂf‘“) =0 (4.27)

Thus we find that the conserved charge is modified and is given by

/m(ﬁ;m). (4.28)

The current corresponding to this conserved charge is
TH I L .
JE=JE — —e'A,. (4.29)
T
This new current J£ is conserved,
Ot =0 = DIt = — e F, 4
wts = 0= 0y = 5.6 L (4.30)

While the new conserved charge is gauge invariant under small gauge trans-
formations, the new conserved axial current is not gauge invariant. Another
point to notice is that the original axial current, which is gauge invariant, is
not conserved anymore.

Thus we find ourselves in a situation where the conserved axial current
is not gauge invariant and the gauge invariant axial current is not conserved.
Since the gauge invariance is important to maintain consistency of the quantum
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theory, we give up on conservation of the gauge invariant axial current. Thus
1
9, JE = %e‘“’Fw. (4.31)

This is the axial anomaly in the Schwinger model. In this picture we see that
the axial anomaly is a statement of crossing of the zero energy levels.

In this derivation we have implicitly assumed some ultraviolet cutoff of
the theory. We have also assumed that whenever a state crosses zero energy
level and appears on the positive energy side, one state exits the ultraviolet
cutoff on the positive energy side and one state enters the ultraviolet cutoff on
the negative energy side. Although we have used infrared methods for counting
number of levels crossing zero energy, in most practical applications we need to
use the ultraviolet regularization method to derive the anomaly. This is because
many gauge theories, including the QCD, are much harder to analyze in the
infrared limit. The asymptotic freedom in these theories make the ultraviolet
analysis easy to carry out.

Let us now use the ultraviolet regularization to derive the axial anomaly.
There are various ways by which we can see the need for the ultraviolet regula-
tor. One way to see this is to notice that the fermion vacuum state with filled
Dirac sea involves an infinite product of fermion levels |11; k) and |1g; k). Thus
the energy of the fermion vacuum is

= 1\ 27

E ~ I§<k+2> T (4.32)
This is a divergent sum. To make sense of E' we need to regularize this sum. If we
choose a regularization procedure which throws away states with |k| > |kmaz]
then we get a finite answer for E but this regularization is not gauge invariant.
If we violate the gauge invariance, it would lead to the non-conservation of the
electric charge. We can instead choose to regulate this sum by restricting the
values of p + A. This would be a gauge invariant regulator. We will implement
this using the point splitting regularization. Another way to see the need to
use the ultraviolet regulator is to notice that the classical conserved currents
are written in terms of products of fields defined at a coincident space-time
point. In a quantum field theory, a product of two or more fields at a coin-
cident space-time point is ill-defined. Such a product gives rise to the short
distance singularities. These singularities are taken care of in the quantum field
theory using the ultraviolet regularization method. The regulated currents are
defined by writing the fields at non-coincident points and at the same time en-
suring that they continue to remain gauge invariant. This is the point-splitting
regularization procedure.
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4.3 The Point-Splitting Regularization Method

We define regulated expressions for the classically conserved currents using the
point-splitting regularization method as follows:

x+e
Jf‘eg = Y(x+e€t)y,0(x,t) exp <z/ Aldx’)
x+e€
JgRey = Yz + e,t)v,/ysw(x,t) exp (—z/ Alda:’> . (4.33)

The exponential factor ensures that the regularized expression of currents is
gauge invariant. The regularized expressions for () and Q5 obtained from the
regularized currents is

Q= / dzJf9(x,t) and Q5 = / dz 3R (z,t). (4.34)

The charge Qr = (Q + @5)/2 measures the left moving fermion charge and
Qr = (Q — @Q5)/2 measures the right moving fermion charge. We will now mea-
sure @7, and Qg charge of the Dirac vacuum state. The regularized expressions
for Q1 and Qg are

xr+e
QL /dﬂ/)}; (33 + ¢ t)’lr/)L (ZIJ, t) exXp (_Z/ A1d$/>

x+e
Qr = /dxw;%(m + e, t)r(x,t) exp (—z/ Aldx’) . (4.35)

The fermion wavefunctions with appropriate normalization on a circle of cir-
cumference L are

Yz, t) = % exp (—iEkt + 22% (k + ;) :1:) . (4.36)

We can expand v, and ¥ in terms of this basis. However, to evaluate @7, and
@r on the Dirac vacuum state we do not need full decomposition of ¥ and
1Yg in terms of Y. Only information we need is that in the vacuum state, the
left moving particles occupy states with negative k values and the right moving
particles occupy states with non-negative k values. Thus positive & modes of
11, do not contribute to vacuum value of @)1, and negative k modes of ¥ do
not contribute to vacuum value of QQr. Expressions for Q;, and Qr therefore
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are

Qr = LZ/L/2 dmexp(—?i(k—i—;) (HE))X

k<0 —L/2

oo (253 (i )Y (4 [ mar). s

Qr = Z/L/Q dwexp(—2z<k+1)(a;+e)) X

k>0 —L/2

oo (i Do) (< [ mas). am

Since A; is independent of z we can simplify these expressions by explicitly
carrying out integration over z.

QL = kzoexp {26 ( (k+ 1) +A1>} (4.39)
;Oexp {Ze( (k+ 2) +A1>} : (4.40)

where k € Z. Although expressions for @, and Qg look the same, the sum over
k is over different values. The range of values of k£ in the summation are chosen
for |A;] < m/L.

Let us first notice that in the ¢ — 0 limit, both @ and Qg reduce to
an infinite series ), 1. Although k takes different values for Q1 and Qg, this
fact is irrelevant for this infinite series, which is divergent. Point splitting is a
covariant regulator because it cuts off states with |p; + A;| > 1/e.

Both @1 and Qg are written in terms of geometric series. It is easy to
sum both of them.

Qr

exp[—ie(F + A1) exp[—i€e( L + A1)
_ , = . 441
QL exp[ 27,71'6} -1 QR 1— exp[ 217re] ( )
Expanding these sums in terms of a power series in € gives
L L
Qr = ——+—A1+0(¢) (4.42)
Qime 2w
L L
= — ——A . 4.4
@r 2ime 21 +o(e) (4.43)

The first term in both the expression diverges as we take the limit € — 0. This
is just a reflection of the fact that original series were divergent.
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It is easy to see that the electric charge of the vacuum state,

Q=0QL+Qr=0, (4.44)

in spite of the fact that Q; and Qg are individually divergent quantities.
Though Q1 and Qg depend explicitly on Ay, the electric charge @ is indepen-
dent of Ay once we remove the regulator, i.e., ¢ — 0. This ensures conservation
of electric charge.

The axial charge, on the other hand, has two contributions,

L

L
— + —A; +o(e). (4.45)
ime W

Qs =QL—Qr=
The first term is divergent as ¢ — 0, however, this divergence can be removed
by defining normal ordered expression for QJ5. The second contribution is finite
as € — 0, and it shows that the regularized axial charge depends on A;. Thus
as A; goes from 0 to 27/L, Q5 changes by two units. This result is identical to
the one obtained by counting the number of levels crossing zero energy in the
earlier computation.
If we change A; adiabatically then
d LdA 1
% = EdTI = Ol = 5" F. (4.46)
We have got the anomaly equation with correct normalization. Recall in the
infrared picture we got non-conservation of axial charge due to crossing of zero
energy level. This time around we have obtained the anomaly by imposing
ultraviolet cutoff. Non-conservation of the axial charge is now understood as
follows. As we change A; adiabatically from A; = 0 to A; = 27/L, one right
moving fermion level exits the Dirac sea from its lower boundary, i.e., —1/|¢|
and one left handed fermion level enters the Dirac sea from the same boundary.
In fact, both infrared and ultraviolet phenomena occur simultane-
ously. Compatibility of these two methods of determining axial charge non-
conservation is stated in terms of 't Hooft consistency condition. 't Hooft’s
consistency condition states that singularities of the amplitudes computed in
the ultraviolet theory should be reproducible from the amplitudes computed in
the infrared theory.

4.4 The Pauli-Villars Regularization Method

We will compute this anomaly one more time. This time we will use Pauli-
Villars regularization scheme. The reason for doing this computation once again
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is to show that the axial anomaly computed using point-splitting regularization
method is not an artifact of specific choice of the regularization scheme. In other
words, anomaly equation is independent of regularization scheme.

Since anomaly is intrinsically quantum mechanical, its manifestation is
seen at loop level in the perturbation theory. Loop diagrams are generically di-
vergent and we will use Pauli-Villars regularization method to evaluate loop in-
tegrals. For simplicity we will use background field method, i.e., we will assume
a fixed gauge field background and evaluate loop integrals in this background.
The relevant diagrams for computation of axial anomaly in the Schwinger model
are

X
Y Y
WYs NAVAVAVAVAVA Y“Y 5 NAVAVEVAVAYS

First graph is a one-loop contribution from the massless fermion, and the
second graph is one-loop contribution from the Pauli-Villars regulator fermion
X with mass Mjy. 7,75 corresponds to axial current vertex for both 1) and
x. In the Pauli-Villars regularization procedure, loop of the regulator fermion
does not pick up negative sign. The regulator fermion thus cancels all high
frequency modes of the fermion 1 in the loop. This cancellation occurs for all
frequencies w > Mjy. The regulator is removed by taking Mj to infinity. For all
low frequency modes of ¥, My acts as a gauge invariant cutoff. The regularized
axial current is

T = Py s + XY s X (4.47)
Due to existence of massive fermion we do not expect conservation of the axial
current. Equations of motion for ¢ and x are

D=0, and Px=—iMyx. (4.48)
Using these equations of motion we can evaluate divergence of the axial current,

We will now evaluate the vacuum expectation value of 9, J£ in the background
field formalism. If the current is conserved then this vacuum expectation value
should vanish as we remove the regulator, i.e., take My — oo. To evaluate the
vacuum expectation value of the divergence of the axial current, it is easiest to
work with the right hand side expression in the coordinate space representation.

2iMo (X (z, t)ysx(z, 1)) = 2iMo(Tr(ysx(x, t)X (2, 1))). (4.50)
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In spite of having x and ¥ defined at the same space-time point, the vacuum
expectation value (x(z,t)x(z,t)) gives a formal coordinate space propagator
for x. The coordinate space propagator satisfies the Green’s function equation

(i~ Mo)S(z,y) = i6*(x — y). (4.51)

Due to coincident space-time point, momentum space representation of S(z,x)

is
. d?p 1
S(z,t;x,t) :Z/Wm_i My’ I, =p.+ Ay (4.52)

Notice the exponential factor in the expression of propagator is missing. The

momentum p serves as the loop momentum. Let us list a few standard manip-
ulations

[
L M+ M, N+ My (4.53)
M- My WWI—Mg 12— M — LervFlys '

o [, 1] = =[Dy, Dy} = iF .
e In two dimensions y#~" = nH¥ + Vs .

Using these relations vacuum expectation value of 9, Jf can be written as,

(Ot (,1)) =—”@/é§ﬂ<wﬁ%>

w%/QEQ 11+ M)

R
112 — M§ — 5er Fuys
Expanding the denominator in a power series gives,

V5 (4.54)

(Op Tt (z, b)) = —zMo/(if;Tr[vs(M+Mo)

1 1 i 1
X —e' —_t 4.55
(i v (5o g+ )| 69
It is easy to see that the first term vanishes due to trace of the integrand. Third
term onwards all terms drop out as My — oo. Only relevant term is the second
term and therefore the effective one loop integral is

d?p e F,
“ = —2iM? d 4.
<6MJ5 (ac,t)) tiM / (271_)2 (H2 _ M§)2 ( 56)

A few comments are in order at this point.
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e WM does not contribute because trace vanishes.
e We get a factor of 2 because Tr 1oyo = 2.

We will now replace 1I,, by p, and neglect A,. we can do this because terms
proportional to A,, are not divergent as p — oo and hence can be dropped when
computing the anomaly. The loop integral now becomes

d’p  e"F
b — 92 pv
(OpJE (z,t)) = —2iM; / 27 (7 — M2 (4.57)

We will evaluate this integral by first performing Wick rotation in the momen-
tum space, i.e., (po,p1) — (ip2,p1). Define p%, = p? + p3. Substituting this in
the loop integral gives

dpepe €' P
0, Jt (z,t)) = 2M2/ K
< I 5('T7 )> 0 1t (p%+M§)2
MZ 1 >~ ¢ F,,
- _ 273 " Fly— P =—* nY (4.58)
e+ My, o n

Thus we see that the Pauli-Villars regularization procedure for removing ultra-
violet divergences gives the same anomaly equation as the one derived using
level crossing and point-splitting method. We therefore argue that the anomaly
is independent of choice of regularization scheme.

4.5 n-vacua and 0-vacua

It is now time to check if our assumptions are consistent with the results we
have obtained. Let us first recall what is our working hypothesis. We have
assumed that fermions are fast variables and gauge field is a slow variable. We
have taken el < 1 and neglected Ay. In the absence of Ay, the gauge kinetic

term becomes
1

42
Since A; is independent of z, contribution of the kinetic term to the effective
Lagrangian is LA?/2¢2.
Let us now look at the fermion Hamiltonian

v 1
F, F" = @A% (4.59)

H=— / W(m,t)ag(i(% A () da, (4.60)
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We will regularize this Hamiltonian using the point-splitting method.

T+e
H= —/dwa(w + e,t)ag(i(,% — Ay)yY(x,t)exp (—Z/L Aldx’> . (4.61)

Since o3 is the ys-matrix we can split the energy spectrum into E; and ERg.
Using Fourier modes (4.36) we can determine the energy of the Dirac sea

EL = ZEk(L)eXp(_ieEk(L)) (462)
k=—1

Er = ZEk(R)eXp(ieEk(R))v (4.63)
k=0

where, Ey 1y and Ey(g) are given in eq.(4.24). These are regulated expressions
and are valid for |A;| < 7/L. If we take € — 0 then we will get divergent sums.

Let us now notice that expressions for E;, and Er can be obtained by
differentiating @, and Qg (see eq.(4.37) and (4.38)) with respect to e. Thus
energy of the Dirac sea is

Ey=EL+ Er = i%(QL —QR). (4.64)
Since QL = Qr = {iexp(—icA1)}/{2sin(me/L)}(see eq.(4.41)),

.0 [iexp(—ieA;)\ L , w1
Eo= D¢ ( sin(me/L) ) 2« 241 - ztae) (4.65)

After dropping the constant term and soaking up the divergent term in the
normal ordering prescription we find that the energy of the Dirac sea generates
an effective potential for A;. The effective Lagrangian for A; degrees of freedom

is

L . L
This is just the harmonic oscillator problem with the spring constant K = 2L/,
mass m = L and h = e. The energy spectrum is,

E= <n + ;) \/Ee. (4.67)

Thus we see that characteristic energies of A; quanta is E4 o« e whereas char-
acteristic energies of 1 quanta is Ey, o< 1/L. Therefore E4/Ey ~ eL < 1. This
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implies A; quanta are low energy or slowly varying variables compared to 1
quanta. This justifies our procedure of studying ¥ quanta in the adiabatically
varying A; background. It is easy to determine the ground state wavefunction
of the gauge field problem, since it is a harmonic oscillator problem

Uo(Ay) o exp (— f%) . (4.68)

Thus the total vacuum wavefunction is

\IIO(AI?'(/)) = \IJE‘()e)rm\IIO(Al)
o H 1L k) H |0z; k)
k=—1,-2,-- k=0,1,2,---
x IT 10&:k) IT &k
k=—1,—-2,- k=0,1,2,---
LA%)
< exo (- , 4.69
p( 2me? ( :

provided |A;| < w/L. This wavefunction is invariant under small gauge trans-
formations. Recall small gauge transformations imply A; is independent of x.
Small gauge transformations therefore shift the centre of the A; harmonic os-
cillator slightly away from A; = 0. Note that small gauge transformations, by
definition, are those which transform the initial configuration, say, |A;| < n/L
to the gauge transformed configuration |4, | < 7/L.

Large gauge transformations are the ones which take A; to Ay + 2nk/L,
where (k = £1,42, - ). The vacuum wavefunction is not invariant under large
gauge transformations. Although A; = 0 and A; = 27/L are related by gauge
transformation, we know from our study of the fermion energy levels that the
fermion vacuum at A; = 0 is different from that at A; ~ 27 /L. In particular,
at Ay = 2m/L we have fermion spectrum containing a particle-hole pair. This
state is a gauge transform of the fermion vacuum at A; = 0. Clearly a particle-
hole pair over vacuum is not a legitimate vacuum state at A; ~ 27/L. In
other words, the correct vacuum state of fermions at A; = 2w /L has a different
description in the neighbourhood of A; = 0. It is certainly not the fermion
vacuum at A; = 0. From the level crossing picture, we know that as we increase
Ay, left moving fermion energy states move upwards and right moving fermion
energy states move downwards. The fermionic energy spectrum, nevertheless, is
identical for A; and Ay +27n/L (n € Z). Level crossing affects the occupation
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number of these energy states. The fermion vacuum state at A; appears as
a state with n left moving fermionic particles and n right moving fermionic
holes.excited over the Dirac sea at Ay + 27n/L with n > 0. However, we want
to define fermionic vacuum at every value of n, and we will describe this state
in terms of the fermionic state defined in the interval —7/L < Ay < 7/L.

Suppose we want to define fermionic vacuum at Ay =~ 27/L. Tt is now
obvious from the level crossing argument (see Fig.4.1) that the state at A; = 0
which evolves into a fermionic vacuum at A; ~ 27 /L is

27
vir = I 1tkor:k)
k=—2,-3,
X I lowskigsk) | (4.70)
k=—1,0,1,--

This state gives correct description of the Dirac sea at A; = 2w/L. It is now
easy to write down the full vacuum wavefunction

Ui(A,e) = I 1k)I0ssk)
k=—2,-3,
X II 1oL E)1R; k) ®o(Ay — 27/L). (4.71)
k=—1,0,1,--

This argument can be generalized in a straight forward manner to write down
the fermionic state describing the Dirac sea at A; ~ 27n/L. This implies we
have degenerate ground states labeled by an integer n corresponding to a large
gauge transformation 41 — A; + 27n/L, n € Z. Appropriate vacuum wave-
function for nth sector is

— 00

Ui(Ae) = 1 1wik)0ss k)
k=—1-n
i 2mn
kYR kYW | Ay — — 4.72
S L T P

where n € Z. A large gauge transformation takes us from ¥,, to ¥,,,. Therefore
these wavefunctions are not invariant under large gauge transformations. These
degenerate vacua are called “n-vacua”. It is, in fact, possible to write down a
new vacuum state which is invariant, up to an overall phase, under large gauge
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transformations. Define

Uy (A1) = Y Wa(Ar, ) exp(ind). (4.73)

n

This state depends on a continuous parameter 6, which is called the vacuum
angle.

Let us now see the effect of a large gauge transformation on the new vac-
uum state \Iléo)(Al, ). For illustration, consider a large gauge transformation
which takes A; to Ay + 27 /L. From the expression of n-vacuum state, it is clear
that this large gauge transformation takes us from W¥,, to ¥,,_;. This in effect
means

U s exp(i) v, (4.74)

This overall phase is not observable. The state \I/((,O) is not unique because for any
angle @ it is invariant under large gauge transformations. The states represented
by \I/éo)(Al,i/)) is called the “f-vacuum”. All physical quantities obtained by
averaging over f-vacua are invariant under all gauge transformations.

Existence of #-vacua can be incorporated in the Lagrangian density by
adding a term

0

Ly= —e"F

bl 4.75
2T H ( )

to the original Lagrangian density. This quantity is called the topological den-
sity. Since Ly is a total derivative, addition of it to the original Lagrangian
density does not affect equations of motion. Classical physics is therefore unal-
tered. The topological density contributes only if

L2 g4,
/dt/_L/dedt £ 0
L)2
/ o[ Ay (2t = 00) — Ayt = —00)] # 0. (4.76)

—L/2

Partition function of the Schwinger model in the Lagrangian formulation and
with the inclusion of the topological density is

Z= Y exp (i/d%(c + £9> : (4.77)

{A4}

where the summation is over all field configurations of 1) and A,. The original
Lagrangian density is invariant under both small and large gauge transfor-
mations. Invariance of the partition function under all gauge transformations
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means the topological density should change by a factor 27 x integer. Since we
are looking at adiabatic variation of the gauge field, integral of the topological
density itself must be 27 x integer. Thus we need

L/2
/ Ay, t = 00) — Ay (2, = —00)] = 2mn. (4.78)
—L/2

Using small gauge transformation we can set A; to be independent of x. We
can then choose A; varying adiabatically from A; at ¢ = —oo to Ay + 27n/L
at t = co. Thus,

Av(z,t = 00) — Ay (2,1 = —o00) = 2%71 (4.79)
Putting this back into the integral (4.78) and noticing that it is independent of
z and carrying out the integral gives us the desired answer. However, A; and
A1+ 2mn/L, n € Z are related by a large gauge transformation. That means
our final gauge field configuration is a gauge transform of our initial gauge field
configuration.

day,
Ay (2,t = 00) = Ay (z,t = —00) — a%’ (4.80)
where, a,, = —27na /L. The topological density therefore can be written as
L/2 L/2 g
/ dz[Ay(z,t = 00) — Ay (z,t = —00)] = 7/ dx—". (4.81)
—L/2 —L/2 Ox

We are now in a position to understand why we call Ly, a topological density.
Spatial direction in our model is periodic with periodicity L. The gauge field
component A; is also periodic with periodicity 27/L. As we traverse z from
—L/2 to L/2, o, changes by —2mn and as a result A; changes from A; to
Aj 4 2mn/L. Since both z and A; are periodic we can treat them as variables
parametrizing a circle. The circle parametrized by x has a circumference L
whereas the circle parametrized by A; has circumference 27 /L. Going around
x circle once takes us around A; circle n times. «,, defines a map from z-circle
to Ai-circle. Maps from z-circle to A;-circle which wind the A;-circle n times
are not continuously connected to the maps that wind A;-circle m times for
m # n.

Thus these maps are divided into different equivalence classes according
to number of times they wrap the A;-circle. These wrappings are parametrized
by an integer called the winding number. Mathematically, maps from a circle
to a circle are classified by the first homotopy group or the fundamental group
71. Windings parametrized by an integer is a statement 71 (S!) = Z. It is easy
to see that 7 (S*) forms a group.
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e For every element which gives a map with winding number n, there exists
a map of winding number —n. Composition of these two maps gives a map
with winding number zero.

e A map with winding number zero is in the equivalence class of identity
maps.

e A map with winding number n and a map with winding number m can
be composed together to get a map with winding number m + n.

71(S1) is an abelian group.

Why do we need f-vacua? The n-vacuum, denoted by ¥, is invariant
under small gauge transformations and that is sufficient to ensure conservation
of electric charge. We can then ignore the fact that ¥,, is not invariant under
large gauge transformations. If we are going to work within the perturbation
theory then we will not see such a large change in the field configuration anyway.

The problem with this line of argument is that W, violates the cluster
decomposition property of the quantum field theory. Suppose we are studying
vacuum expectation value of the time ordered product of some local operators,
then the cluster decomposition property implies that this vacuum expectation
value is reducible to the sum over intermediate states including the vacuum
state and all the excitations over it. The fact that ¥,, would violate this property
is easy to see. Consider a two point function of the operator

o) = / D, 1)(1 + sl t)de, (4.82)

Ga(t) = (¥, T{O(H)O(0)}¥y,). (4.83)
We are evaluating this two point function in ¥,, state. The operator O changes
the axial charge by minus two units. We therefore expect that Gz(t) will be
non-vanishing. Now if we use the cluster decomposition property then we can
insert complete set of states between OF and O. If we restrict ourselves to ¥,
sector then G(t), by cluster decomposition property depends on ((1+5)1).
Since 9)(1 4 75)v changes U, to U,,.1, (¥(1+73)1) = 0 in the ¥,, sector. This
contradicts our earlier expectation that Ga(t) is non-vanishing. If, instead of
v,,, we use \Iléo) then the cluster property is restored. This is because in the
f-vacuum we can have non-diagonal vacuum expectation value.

el

Violation of cluster property leads to violation of causality as well as violation
of unitarity. It is therefore imperative that we work with #-vacua and not with
an n-vacuum.

_ )3/2
(W B+ 350 ,) o +exp <z‘0 (2m) ) (4.84)
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4.6 Four Dimensional Gauge Theory

We will start with the four dimensional abelian gauge theory coupled to a
massless Dirac fermion. The classical action for this theory is given by

1 _
S = /d% <4F#,,F’“’ + \mm/> , (4.85)
where, D, = 0, — teA, and D= ~*D,,. Our conventions are

guu = glﬂj = dlag(L 713 717 71)7 P)/M = (’yoaf}/i)v 7# = (707 771)

0 o 0 1 i 0 O'i
_ .o01.23_ (10
s —wvvv—(o N

Since the fermion is massless, we can write it in terms of left handed and right
handed components.

1 1
U, = 5(1 +’V5)\I’, Up = 5(1 — 75)‘1’. (487)

Let us also consider four dimensional non-abelian gauge theory with gauge
group SU(N) coupled to ny massless fermions. The classical action for this
theory written in terms of left handed and right handed components of the
fermion is

1 nf N nf _
S :/d4$ (—4GZVGG#V +Z \I/mLilD\I’mL + Z \I/TVLRZ.@‘IITHR> ) (488)
m=1 m=1

where, G, = 0,47 — O, A, + gf“bCAZAﬁ and fermions ¥, are all in the
fundamental representation, N of SU(N). The covariant derivative is defined
as D), = 0, — 1gA;T", where T, a =1, - ,IN?2 — 1 are generators of the Lie
algebra of SU(N), in the fundamental representation.

1
[T, T = ifobTe, Tr(T°T) = 55@’). (4.89)

Let us enumerate symmetries of these actions,

1. Local gauge invariance: In case of abelian gauge theory, the action is in-
variant under

U(z) — U'(x)=e @@(g), (4.90)
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For non-abelian gauge theory, the action is invariant under
U(z) — U (2)=U0)¥,,(x), (4.92)
_ i _
A(@) = UOADUTO) - OUOUT ), (493)

where, U(0) = exp(—iT%0%(z)).
2. Global symmetries:

(a) Apart from obvious Poincare invariance, both abelian and non-
abelian gauge theory actions are invariant under the scale trans-
formation. This gives conserved dilatation current.

Au(x) — Al (x) = A, (\x), (4.94)
U(r) — U(x)=I\2T(\z). (4.95)

(b) Both the actions are invariant under the phase transformations

U(x) — e“U(x), or U, (z) = W, (), (4.96)
and
U(z) — PP (x), or U,,(x) =P, (z). (4.97)

These two symmetries give rise to conserved vector current
(@) = (U 0) (@) [(Tmy" Tm) (@), (4.98)

and conserved axial current

Ty (@) = (P 0) (@) [(Tmy" 95 Tm) (2)]. (4.99)

Action of these symmetries on left handed and right handed fermion
is (for vector transformation)

Ur(z) — Up(r) =e VU (z), (4.100)
Up(r) — W) =e "Vg(z), (4.101)

and (for axial vector transformation)

Up(z) — W(x)=ePUp(a), (4.102)
Ur(z) — Uh(x)=e PUp(x). (4.103)
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(¢) In addition to these symmetries, the non-abelian gauge theory action
has SU(nys)r, x SU(ns)r flavor symmetry. To see this symmetry we
first write n; fermions in a column vector

Uy

Uy
U(x) = _ (x). (4.104)

U,
An ny x ny unitary matrix U mixes these fermions into each other.
This unitary matrix is an element of SU(nys) group. Since we have
decomposed fermions into left handed and right handed components
with no term in the action which couples left and right components,
we can do independent rotations of left handed and right handed
fermions. This corresponds to the transformations

Up(x) — Vi(x)=UVL(x) (4.105)
Up(z) — Uh(z)=UUg(z). (4.106)

Thus in case of massless fermions we have SU(ns)r x SU(ns)r
chiral flavor symmetry. This symmetry can also be written as
SU(ng)y x SU(ny)a flavor symmetry. This can be seen by recog-
nizing that vector transformation acts on ¥r(x) + ¥r(x) and axial
vector transformation acts on ¥y (z) — Ug(z).

We are interested in the axial U(1) transformation symmetry. To study that let
us choose Fock-Schwinger gauge, i.e., J?“AZ(;L‘) = 0. We will make this gauge
choice both for abelian as well as non-abelian gauge theories. However, to see
the utility of this gauge we will carry out manipulations in the non-abelian
gauge theory. The Fock-Schwinger gauge implies we can write down the gauge
field A7, in terms of the field strength G, as

1
A,‘i(m):/o daax! Gy, (ax). (4.107)

It is trivial to see that this gauge field satisfies the Fock-Schwinger gauge con-
dition. However, it is instructive to check this relation explicitly. To do that let
us write

AL(y) = 0u(AS(y)y") — v 0. AL ()
fyﬂaﬂAZ(y) (4.108)
= PG (y) — YO, AL (4.109)

wp
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The last relation is true because

VG, (y) +y O AL = yP (9, AG — DpAf, + g f " A AT)
+ yPO,AL. (4.110)

The non-linear term vanishes due to gauge choice leaving us with
Y G, (y) +yP0, AL = y O, AL (y). (4.111)

We can now rearrange the equation (4.108) as

Y Gy (y) = A(y) + Yy 0, Ay (4.112)

Let us now write y* = aa*, which allows us to rewrite the equation (4.112) as
a d a

az’Gy (ax) = %(aAu(ozx)). (4.113)

Putting this expression back into (4.107) gives us the identity. Explicit expres-
sion for Af,(r) can be obtained by Taylor expanding the field strength and
carrying out integration over a.

" 1 " x* G2 (x)
Al(z) = /OdaaxpGpu(ax)z%
1P ardpGe,(v)  x*aPardr0pGY,(x)
3 8
+ o (4.114)

Using the gauge condition we can replace ordinary derivatives by covariant
derivatives.
xszu(x) N x'@xngGg#(x)
2 3
mAasﬁxpD,\DgGZu(x)
8

Similarly, Taylor expansion of the fermion field can also be expanded in terms
of covariant derivatives

A(x) =

+

(4.115)

W(w) = W(O) + D, W(0) + 5o a DuDW(0) + - (1.116)

Let us now consider the fermion propagator. we will ignore flavor indices on
the fermion.

S(@,y) = (T{¥(x)T(y)}). (4.117)
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The propagator satisfies the Green’s function equation
(i7" 0y + 97" Ap(2))S (2, y) = i (x — y). (4.118)

We will use the background field method, i.e., we will fix the classical gauge field
background A, (z) = Ajf,(x)T*. We cannot determine the propagator exactly,
however, we can express it in terms of the free propagator using the Dyson
series.

S(z,y) = SO (z —y) + g/d4z SOz — 2)A(2)SO(z —y) + -+ (4.119)

The free propagator in the coordinate space is given by

i -9

SOz —y) = 4.120
(=) = 5y (4.120)
This form of the propagator can be obtained by using following identities
4 e —ik-(z—y)
¢ J=-9=5O0@—y) =-9 [ Lhpm "

o [ dxexp( 7%2) = /27 = Volume of S? = 472
e Fourier Transform of 1/k? is 1/22.

This form of the propagator can also be determined by dimensional analysis.
We will now choose Af,(2) = 2#G%,(0)/2. Higher order terms are regular. Sub-
stituting this in the expression of the propagator

S(z,y) = SO —y)
0 [, o i

M A T T i Py D
i f—y izt -y
= — — eR 4.121
2’/T2 (x — y) + 47_(_2 ( y)gg 67 5 + - ( )
where Gaﬁ = %eaﬁ,ﬂ;G”‘;. This result can also be derived using momentum

space representation of the propagator and expanding exact formal propagator
in terms of free propagator.
Le us now look at the U(1) axial current in this theory.

JY = U(z)y y5 U (). (4.122)

We will consider only single fermion flavour and multiply the final result by ny
to accommodate contribution of all fermion flavours. The axial current in the
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quantum theory is ill-defined due to product of operators at same space-time
point. We will use point-splitting regularization method to define J ().

x+e

JY = U(z + €)y"ys exp <zg/ Apdyp> U(x —e). (4.123)

—€
Let us compute divergence of this current. Using equation of motion it is easy
to show that the divergence vanishes except for a contribution coming from
the derivative acting on the gauge field in the exponent. We thus get (using
Ay = %y“Gup(y))

OpJt = U(z + €)y" 15" Gup(z) exp (zg/ Apdyp> U(z — ). (4.124)

Let us now evaluate vacuum expectation value of 9, J in the classical gauge
field background.

x+e
@) = (Wt 0 Gpaa e (ia [ Ay 0o - )

= —(Tr(igy" 756 up (@)U (2 — ) U( + €)))
= —Tr(igy"15¢°Gup(2)(S(x — €,z + €)))

. 1 2
— B
= TI' (Zgr)/'u’fys€ GNB(:E) {2’/1'2 (26)4

ige®  ~
_ G AP -
271_2(2 )2 apV V5 + })
g
= Ga Ga“" 4.125
1672 ( )
where, we have used the relation Tr(T%T?) = %5“1’ and anticipating the fact that
in the point splitting method we eventually take ¢ — 0 we have retained only
non-vanishing terms. We will take ¢ — 0 limit in such a way that the Lorentz
invariance is recovered. This corresponds to taking this limit in a symmetric
manner,

e 1

5 = Zgaﬁ . (4.126)
In this way we get the axial anomaly equation in four dimensional abelian and
non-abelian gauge theories. In case of non-abelian gauge theory this anomaly
is computed using single fermion flavour. Taking into account contribution of

ny flavours gives

2
w9
(0.98) = 12

@ G, (4.127)
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4.7 Path Integral Method

We know how to study quantum mechanics and quantum field theory using
canonical operator formalism.We have developed elaborate techniques to com-
pute physically relevant quantities in this formalism and have compared them
with laboratory results. We will now briefly introduce path integral methods
and use them to compute anomalies. There are several reasons to take re-
sort to the path integral methods. Firstly, operator method is not manifestly
Lorentz invariant, although the final result is Lorentz invariant. Secondly op-
erator method becomes cumbersome if the interaction Hamiltonian contains
derivative terms. Path integral method is well suited for quantizing non-abelian
gauge theories.

We have developed good intuition in classical physics. However, many of
these classical physics intuitions encounter problems in quantum theory in the
operator formalism due to operator ordering ambiguity, normal ordering, time
ordering of operators in the correlations functions etc. A quantization approach
which avoids these roadblocks and allows extension of classical intuition to the
quantum theory domain is most desirable. This is precisely what is achieved
in the path integral method. Of course, this can not be achieved at no cost.
In the path integral approach we not only sum over all classical trajectories
but we also sum over all other trajectories connecting initial and final point.
Advantage of this method is, we work with classical variables.

4.7.1 Path Integral Approach to Quantum Mechanics

The utility of the path integral approach is easy to illustrate in quantum me-
chanics. We will show that the canonical operator method in quantum mechan-
ics is identical to the path integral method. Let us start with the Hamiltonian

operator
52

i = éan +V(9) (4.128)

This is derived from the classical Hamiltonian

H=— . 4.12
v (4.129)
The corresponding Lagrangian is
1,
L=-mq¢*°—-V(q). (4.130)
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t

a; q,; q

Figure 4.2: Classical trajectory of a particle.

The action associated with a given path ¢(¢) is

ta
S= [ dt (1mq'2 — V(q)) : (4.131)

ty 2
Any path joining ¢; at ¢ = ¢; and g2 at time t = t2 gives a number for the
action. Extremization of the action functional gives the classical path. Let us
use Heisenberg picture to describe quantum mechanics, i.e., states are time
independent and operators are time dependent. Using the Heisenberg equation
of motion for an operator O,

o 90 . .
E = E—’_Z[H?OL (4132)
we can write R R
O(t) = exp(iHt), (4.133)

where for simplicity we have set i = 1. Let us define position eigenstates. |¢")
and |¢"’), with eigenvalues ¢’ and ¢” respectively. Let us now define the kernel
K(q/’ t/, q//’ t//) as

K t'5q" ") = (¢" | exp(—iH{t" —t)|q). (4.134)

K(q',t';q",t") give the probability amplitude of a state created at a point ¢’
at time ¢’ and measured at a point ¢” at time ¢”’. We now claim that

K(q/,t/;q",t”) :N/[Dq] exp (Z;j) (4.135)
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where N is the normalization factor and [[Dg] is a sum over all paths in

t

q q q

Figure 4.3: Path Integral representation of motion of a quantum mechanical particle.

(¢,t) space which begins at (¢’,¢') and end at (¢”,t"”). We sum over all paths
connecting ¢’ and ¢ with the weight exp(iS/h). This sum over paths is carried
out by discretizing time interval (¢ —¢') into N units, A = (¢ —¢')/N, N large
but fixed. Using this the action can be written in the discretized form as

t,,
S = / dt (lmq'2 — V(q))
§ 2

- AZ{ (ql“ q>QV(q1)}, (4.136)

where ¢; = q(t;) and ¢; = t' + (i — 1)A. The kernel in the discretized form
becomes R

K(¢,t;q",t") = (¢"|exp(—iHNA)|q'). (4.137)
By writing exp(—iHNA) = exp(—iHA) - - - exp(—iHA) N-times and introduc-
ing complete set of position eigenstates between them, we get

K(d t;q",t") = /dq2-~qu(Q"IGXP(*Z'fIA)Iqm

(an|---laz){az| exp(—iHA)|q'). (4.138)

Let us look at one matrix element
~0
e Y o
(lesp(-i8)a) = (aiesfoxw (=i | 2+ V@) )

qi> . (4.139)
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We will now use the following results

o (-5 [ £+ via) )

exp (—ZA P’ ) exp (—iAV (§))
X exp(—o(A?))

dlai) = aila)

lgi) = /dplp>(p|q>

(plg) = exp(—ipq)

plp) = »plp), (Blp) =0(p—p)

Using these results we can write the matrix element as

<Qi+1

2
X exp <—z’A2p;n> exp(i1Apgi+1)0(p — P) exp(—iApg;) (4.140)

e (80 + V(@)

qz-> - / dpdpexp(—iAV (g:))

Carrying out the integration over the d-function and using the following identity

o (o vite ) = Eoor (-5 qaaan

we get

(i1 exp(—iHA)|g;) = exp(—iAV (g;)) exp (i%(qi+1 - qi)2) - (4142)

Substituting this expression back in the expression for the kernel gives

K(d,t;q",t") = N/ dgo - - dgn

exp (mz { <qz+1 a >2 - V(qi)}> . (4.143)

The term in the exponent is precisely the discretized form of the action. The
final expression for the kernel does not contain any operator. It contains only
eigenvalues/numbers. Therefore description in terms of classical action makes
sense. In this formalism, vacuum expectation value of time ordered product of
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operators can be written as

(¢"| exp(—iHt")T (H ) exp(iHt'|¢)

/ [Dq] exp(iS)qn(tn) - - q1(t1)- (4.144)

Note that in the path integral ¢; --- ¢, are all classical variables. We can or-
der them any which way we want, but when we evaluate the path integral it
naturally gives thee time ordered expression.

4.7.2 Path Integral Approach to Quantum Field Theory

Results of quantum mechanics can be generalized to quantum field theory.
Quantum mechanical degrees of freedom ¢;(t;), p;(t;) go over to quantum field
theoretic degrees of freedom qASZ(x), II; (). In the path integral picture we re-
place Lagrangian of the classical mechanical system by the Lagrangian density
of the classical field theory.

5= / dtL(g,q) — S = / A L(6(x), 0,6(x)). (4.145)
In case of the free scalar field theory we write the path integral as
Zpree = [ DSl (4.146)
where,
Sle] = / d'x Bn"”amaucb — ;m%ﬂ : (4.147)

and [D¢] is the integration measure defined over the space of field configu-
rations. Vacuum expectation value of time ordered product of field operators
¢(x;) is given by

(T(B(z1) - Blan)) = / (DY) exp(iS[a) (1) -~ ). (4.148)

It is worth noting that on the left hand side we have expectation value of
product of quantum operators and on the right hand side we have classical
action functional and classical fields. In path integral approach we do not need
to put in explicit time ordering. This method can be extended to any field
theory involving bosonic fields.
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Let us now discuss path integral with fermionic fields. The Dirac field
satisfies anticommutation relations

{7&0( (X? t)a 1&5 (ya t)} = 0 (4149)
{0, 05y, )} = 0 (4.150)
{a(x,1), 0 (y, )} = hoagd®(x—y). (4.151)

Note z/AJL (x,t) is the momentum conjugate to @a(x, t). In the i — 0 limit we find
that all anticommutation relations vanish. This is not a regular classical limit,
because in the classical limit the functions should have commuted but instead
they seem to anticommute. Thus there exists no classical limit of fermions, and
the classical theory would be a formal construction. Path integrals for fermions
also are formal procedures.

The formal action for a free fermion is

St = [ dtad(o)irve, ~ myu(o) (4.152)

and the path integral is
/ [Dy][Dy] exp(iS[)). (4.153)

¢ and 1) are anticommuting variables. We need to define the notion of inte-
gration over anticommuting variables. Anticommuting variables are called the
Grassmann variables. They have following properties.

Suppose 8;, (i =1,---n), are n Grassmann variables, then

o Anticommutativity: 6;0; = —0;0;, V1, 7,

e Suppose F () is a function of Grassmann variables then it has a finite
Taylor series expansion in powers of 6s.

F(01,02,-+ ,0,) = fo+ Y fO0+--4 Y g, -o-0; , (4.154)

11, in
where f; are ordinary numbers. F(f) is an even(odd) function if

fom+1(fom) vanish for all m.

e Differentiation:

00; »
— =4, 4.155



174 4. Introduction to Anomalies

This implies
0 OF 0G
F
00; (FG) = 06; (=1)" 20;’
where, (—1)f is 1 if F is an even function and —1 if it is an odd function.
Since differentiation anticommutes §%F /9607 = 0.

(4.156)

o Integration: We define integration using the property that integration if a
total derivative term vanishes.

/ do— (4.157)

This implies [ d9F(0) = 0F(0)/06. This is effect means

/dﬂ =0, and /d99 =1. (4.158)
Consider an integral involving ordinary variables
/dx1-~-dmnf(:1c1,-~-xn). (4.159)
If we make a change of variables z; — y; = A;;2; then define
/d331 coedry f(Aym, - Apitg). (4.160)

Let us not relate these two integrals. To do that let us notice that
dyrdys - - - dyy, = (det A)dzidzy - - - dxy,. (4.161)

Thus

/dacl coeden f(Avixg, - Apizy) =

(det A)~" /dy1 s dyn f(yr, o yn)- (4.162)
By relabelling y as x we get

/dﬂcl cedrn f(Ayx, - Aniry) =

(det A)~! /dml coodrn f(xy, - xp). (4.163)
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Let us now consider an integral involving Grassmann variables,
/dé)mdem_l < d01F (61,02, ,0m), (4.164)
and relate it to

/ A0 dBpy_1 - - - A0y F(Ari0;, Agi, - - -, Apni). (4.165)

It is easy to see by explicitly expanding F (/19) in terms of the Taylor series
that

/demd9m—1 o d F (A0, Asiby, - -+ Ai) =
i(detﬁ)/domdem_l..-dolF(el,az,.-. Om). (4.166)

Let us also compare the Dirac §-function for ordinary variables and for Grass-
mann variables. For ordinary variables

/00 dxd(z) f(z) = f(0), (4.167)

—00

and for Grassmann variables
/ d05(0)F(0) = F(0). (4.168)

In particular, if F'(§) = a + b6 then F(0) = a, implying §(0) = 6.
Let us now define complex Grassmann variables

0; = ¢, + iy, and 0] = ¢; — iv);, (4.169)

whereg; and 1; are real Grassmann variables. Same rules for differentiation
and integration extend to complex Grassmann variables.

4.8 Path Integral Formalism for Anomalies

Let us start with the discussion of symmetries and conservation laws. Since
the path integral formulation of quantum field theory is in terms of classical
action and classical field variables, it is trivial to implement Noether procedure
and derive conservation laws corresponding to the symmetries of the action.



176 4. Introduction to Anomalies

However, path integral approach is designed to give us results in the quantum
theory. That would imply all classical symmetries and conservation laws would
trivially carry over to the quantum theory. If this is so then what is the status
of anomalies? How do we derive them from path integral approach?

Although classical action is invariant under symmetry transformations,
we have not checked if the integration measure is invariant or not. If the inte-
gration measure is not invariant then under symmetry transformation we will
get a Jacobian factor. It is this Jacobian factor which can potentially carry
information about anomalies.

Having spotted possible location for finding anomalies in the classical
symmetries let us proceed with the analysis of the integration measure in gauge
theories coupled to fermions. For simplicity, let us consider SU(N) gauge theory
coupled to a single Dirac fermion. The Minkowski space action is

S = /d4x£, L= %GZVG““” + i . (4.170)
The fermion belongs to the fundamental representation N of SU(N). In the
path integral approach it is convenient to work in the Euclidean space. This
cane be achieved by Wick rotating time direction 20 — —iz* and Ay — iAy.
We define in? = 4* and ) = v'D; + v*D,. Like 7%, 4* is antihermitian but
v5 = 170919293 = —y14243~4 is hermitian. The metric on the Euclidean space
is gy = diag(—1,-1,-1,-1).

To define path integral measure, let us decompose the Dirac field in terms
of the complete set of eigenfunctions of .

Y(z) = Z an®n(T), 7;(37) = Z (bil(x)gn’ (4.171)

where,

and

/ A 6] () bm () = S (4.173)

where a, and b,, are elements of Grassmann algebra. In terms of this decom-
position of v, the path integral measure becomes

1P AP0 @) Do) = [[PAu@) [T dow [[db. (4174)

Since we will not be concerned too much with the gauge field measure, we will
not bother to define it properly. To derive conserved current corresponding to



4.8. Path Integral Formalism for Anomalies 177

the chiral transformation, we will follow Noether’s prescription. Consider the
local chiral transformation.

() = (x) = exp(ia(r)ys)P(z) (4.175)

U(@) = (x) = P(z)explia(@)ys). (4.176)

Under this transformation the Lagrangian density of the Dirac field transforms
as

iy Dytp — Din" Db — Oyeu() by ysep. (4.177)

Effect of this chiral transformation on the fermion modes is

Z a, dn(x Z ane @5 ¢ (z). (4.178)
Using this relation and orthogonality of ¢, (x), we can write a}, in terms of a,,

=3 / d*xpl (2)e" @5 g, (2)ay, = ZAmnan. (4.179)

Similarly,

Z / Azl () @b, b, (2 ZAmn - (4.180)

Since [ df is same as 9/00,

Hda et Amn l;Idan (4.181)
and
H v’ et Amn 1;[ db,,. (4.182)
Therefore,
H da,db!, = m 1;[ day,db,. (4.183)

Let us now evaluate this determinant for infinitesimal chiral transformation.

/ Azt (2)(1 + i(z)7s)bn (z) +

Am,n

= Gt [ diwia()o (@hsal@) £ (4180
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Thus,
-1
[det A, ]! = det {6% +i / d4xa(x)¢;(x)75¢n(x)}

= exp (—Tr In [5mn +1 / d4ma(x)¢;'n(x)'y5¢n(x)}>
— exp (—iz / d4ma(x)q§};(a:)75¢n(x)> . (4.185)

As a result we find

[ da,,dbi,, = [ dandbye2 =) deat@én@nsonte), (4.186)

Thus the Jacobian factor is

exp <2¢ > /d4m(x)¢f(x)75¢n(x)) = exp (2@ /d4m(x)A(x)> . (4.187)

We will evaluate this Jacobian by regularizing the term in the exponent. For
global chiral transformations a(x) is independent of coordinates and can be
pulled out of the integral.

Let us now look at the infinite sum in the exponent,

quT J5¢n(x) = lim <Z¢T ‘(*n/M)zqsn(x)). (4.188)

We regularize the infinite sum by introducing the Gaussian cut off. This not
only gives a smooth cut off for eigenvalues A\, > M but also maintains the
gauge invariance. For simplicity we will change basis vectors from ¢, (x) to
plane wave basis, i.e., e*®

Ax) = lim (Zqﬁ )se W/M%n(m))

M—o0
. d4k —ik-x _— 2 ik-x
= N}gnoo<Tr/ (2#)4756 hew o= (D/M)” ik ) (4.189)

Using the expansion Y= 1I? + [y*,4"]G /2 and 11, = (ik, + A, (x)),

: Ah ik A G )20
A(z) = lim Tr @ )4")/56 pT e T S . (4.190)
T

M—o0
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We need to pull down [y*,~+] factors enough number of times to get non-zero
trace. Since A,, is not relevant in trace manipulations, we will ignore it. We will
then be left with a Gaussian integral over k.

1 1 d*k 2
= : woAv 2 - —k“ku/M
M) = i ol "G s | oo
1 v g ! 7
_ @TI‘GHVGM , G#V = ie‘uupa’GP . (4191)

We will now substitute A(x) back into the Jacobian factor. The Jacobian factor
is

g2 e A@) — o3l (4.192)
Total variation of the path integral is

[ 1A @IDUDT exp(=814,0.3) —

[PA@IDEDY exp(-s[a.0, )

- / (DA, DYDgeSAwTI-] d'a,a() i

Xe&r% fd4fL‘Oé(I)(TrG“,yéHU)' (4193)

Thus we get the anomalous conservation law
OpJ5 (x) = *SZ?TI“GWC?“”, (4.194)

where, JE(x) = ¥ (x)y ys51(z).

Analytlc continuation from the Euclidean space back to the Minkowski
space gets rid of ¢ factor in front of the anomaly term. The imaginary factor
has important implications in the Fuclidean version of the theory. Another
point to note is that the exponent of the Jacobian factor is given by

Zaﬁ* )Y5¢n(x (4.195)

The basis vectors ¢, (x) satisfy the Dirac equation with eigenvalue A,

Pon(x) = Ao (). (4.196)
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Multiplying this equation by 5 we get

%5(1571(3;) = _/\n75¢n(-r)- (4197)

Thus for every eigenvector ¢, () with eigenvalue \,, there exists an eigenvector
V50n () with eigenvalue —\,,. Therefore ¢, (z) and y5¢,(x) are orthogonal to
each other. This implies

/ d*z Az / d%:Zgb* )Y50n () = 0, (4.198)

except for the zero modes, i.e., when A = 0. When X\ = 0, we can rewrite A(z)
as

/ d*z Az / d%Zgzﬁ )56 (x
~ [t (qu D)pin(e Z¢> )i (v ) (4.199)

where ¢, (g) are left handed (resp. right handed) zero modes, and

/d4xA(x) =ng—n_. (4.200)

In other words, the anomaly term is equal to the number of positive chirality
zero-modes minus the number of negative chirality zero-modes. This is the
Atiyah-Singer index theorem.

Yet another point to notice is that computation of the Jacobian factor
gives the anomaly term in any even space-time dimensions. Number of factors
of [7*,7"]G,,, that we pull down depends on dimensionality of space-time or
equivalently on the definition of 75. It is also easy to see that in two dimensions
non-ablelian gauge theory cannot have anomaly because TrG,,,, = 0.

Let us now consider a theory with parity violating gauge couplings. The
Lagrangian density is

L= (x)iPhr(z) - EGZUGWV (4.201)

where ¢, = (1 —5)1/2, ¥r belongs to representation N of SU(N). Using the
fact that v5¢,, (z) has eigenvalue —\,, if ¢, has eigenvalue A, we can decompose
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the eigenvectors into left and right chirality modes as

1—15

Gnr(r) = 7 ¢n(x), for Ay, >0 (4.202)
_ 1= () for A =0 (4.203)
bnr(z) = L\/;%n(x), for Ay > 0 (4.204)
-1 + 75 4 (2) for A = 0. (4.205)

Using these modes we can decompose the chiral fermion as

Yr(z) = Y andur(x) (4.206)
An>0

Vr(z) = Y buglp(2). (4.207)
An>0

Under global U(1) chiral transformation,

Y (x) = e @y () (4.208)
b () = Pp(x)e™, (4.209)
where we have kept o to be x dependent only to carry out the Noether pre-
scription. The change in the Lagrangian density due to this transformation
is
L — L+ 0,ay"Yr. (4.210)
The integration measure also changes under this transformation. It is now easy
to see that the Jacobian factor is

exp | [ dtoa(e) 3 (6] (00onso) - 6] a(0)6nn(z)

An>0
= exp (—i/d4xa Zq’)T VY5 Pn (2 >
= exp (—i/d4xa(m)A(;v)> . (4.211)

This phase factor is half of the factor obtained with the Dirac fermion. If we
define the current B
= ¢L’}/‘M¢L, (4212)
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then

0Tt = 1o L ™G,,an. (4.213)

It is now trivial to extend this result by replacing abelian chiral transformation
by non-abelian chiral transformations. Consider a chiral transformation,

Yr(x) = exp(—ia®(z)T")Yr (), (4.214)

where, T% are generators of the gauge group G. The classically conserved cur-
rent in this case is

Ji(x) = Yo (x)y, T YL (@). (4.215)

Since the generator T does not affect our computation except for contributing
to group theory trace, it is easy to write down the anomaly factor

Z(b* )T P () = % (;2) T (TG, G"). (4.216)

Due to Bose symmetry of gauge bosons the anomaly factor can be written as
a _ b duv a b d
At(x) = 1 (87r2> G, G T (TH{T, T}). (4.217)

This is called the gauge anomaly. It is now easy to see that this anomaly
vanishes for SU(2) gauge theory. For SU(2) theory

(1%, 7%} = 26° = Te(T*{T°, T%}) = Te(T*) = 0. (4.218)

Let us now look at the Standard Model of particle physics. This model
is based on a gauge theory with gauge group SU(3). ® SU(2), ® U(1)y. Of
these SU(3). is not a chiral gauge theory and hence is free from anomalies.
SU(2), ® U(1)y theory can be potentially anomalous.

However, we will see that for the anomaly to cancel we will get constraints
on the matter content of the theory. Let us look at the fermionic matter content
of the Standard Model and their quantum numbers.

e Quarks
Y=1/3 o\ V=13 L\ Y=1/3
, (4.219)
S /L b )

unlY = 4/3), dnl(Y = ~2/3). ca(Y = 4/3),
sp(Y = —2/3), tr(Y =4/3), b(Y = —2/3). (4.220)

SURS
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e Leptons

() ()

eR(Y = ) /,LR(Y = — Y = —2 (4222)

Let us look at only one generation of leptons and one generation of quarks.
Result obtained in this case generalize naturally to three generations. We will
see that the Standard Model anomalies cancel in each generation provided
quarks come in three colours. Potentially anomalous traces in the Standard
Model are

Tr(Y?), and Tr({T%, T°}Y), (4.223)

where, T® are generators of SU(2);, and Y is a generator of U(1)y. There
are two more traces but they do not contribute due to tracelessness of SU(2)
generators and the fact that every member of SU(2); multiplet has same Y
quantum numbers. Let us now concentrate on Tr({7%, T°}Y") term. Due to the
fact that for SU(2) group {T%, T} = 26?*, we get

Tr({T¢,T°}Y) = 26°°Tr(Y). (4.224)

It is now easy to see that hypercharges of u, d quarks when added up give
Y, = —Y1/3, where Y, is the total hypercharge of quarks in one generation and
Y} is the total hypercharge of leptons in one generation.

|
\
_|_
\
+
\
|
[
\

Y, (4.225)
Y, = —1-1-2=—-4. (4.226)

Thus hypercharge anomaly cancels if quarks come in three colours. That is
3, +Y, =0. (4.227)

Let us now look at Tr(YYY') anomaly. First of all notice that hypercharge gauge
field B,,(z) does not couple hypercharged matter through vector coupling. For
example, coupling of B, (z) to left handed electron is different from coupling
to right handed electron.

/
Djep = <8H—|—i923#) er (4.228)

Dyer = (0, +i9'B,)er. (4.229)
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We will split this interaction into vector and chiral coupling. We will choose the
vector coupling in such a way that chiral coupling involves only right handed
fields. Of course, this is purely a matter of choice. It is always possible to adjust
vector coupling so that chiral coupling are purely left handed. The latter choice
is more physical as we will see below.
For anomaly computation, this splitting means we can write Y = Yy +Ypg.
Let us do this assignment for the first fermion generation.
vo ve— Lt oya Loyt o ye (4.230)
72 V_S’V_gv v~V = » SV T .
Vi YE=1,Ya=—1, Yh: YE=1Y5=—1. (4.231)

Substituting this in pure hypercharge anomaly term gives
TI‘(YYY) = Tr ((YV + YR)(YV + YR)(YV + YR))
= Tr(VwYvYy)+3(Tr(YvY3)
+Tr(Y3YR)) + Tr(Y3). (4.232)

However, we know that the triangle diagram with three vector current insertions
is not anomalous. We are thus left with

Tr(YYY) = 3(Tr(Vo YZ) + Te(Y3YR)) + Tr(Y3). (4.233)

It is trivial to see that Tr(Y73) cancels within quark generation ans lepton
generation separately. However, the term (Tr(Yy Y3 + YrY{?)) cancel between
a quark generation and a lepton generation provided there are three coloured
quarks.

1 1 1 1 2
Tr(YyYE+YrYE)y = (2—-4+-+2)=2 4.234
Tr(YvYi + YY) = —1—-1=-2 (4.235)
3Tr(YvYh + YrY ), + Tr(YwYj + YRY), = 0. (4.236)

Let us now look at the Standard Model anomaly cancellation from low
energy point of view. This would be a check of 't Hooft’s anomaly matching
condition. At low energy we are left with the quantum electrodynamics. This
theory has only vector coupling and we know that a theory with vector coupling
does not have gauge anomalies. This may seem like a trivial result but if er
demand 't Hooft’s anomaly matching condition and turn the argument on its
head, we would say that the theory defined in the ultraviolet limit better be an
anomaly free theory because QED is free from gauge anomalies.
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Although it is trivial to see that the infrared theory is anomaly free, it is
still instructive to see how that affects the anomaly cancellation in the Standard
Model. To do this we will split the hypercharge gauge coupling into vector
coupling and left handed coupling. This is a familiar decomposition. This tells
is how electric charge is related to the third component of SU(2), generator
and the hypercharge.

Q=Ty+ 5 =Y =2Q Ty (4.237)

Since T3 is a purely left handed charge and @ is purely vector charge, this gives
us the desired decomposition of the hypercharge. With this decomposition,
the Standard Model anomaly cancellation is the statement that if quarks have
three colours then the Standard Model fermionic matter is ‘electrically neutral’
in each generation, i.e., the sum of electric charges of all fermions in a given
generation vanishes. To see the relation between these two statements, let us
proceed with the analysis of the gauge anomalies.

The first kind of term is Tr(Y) = 2Tr(Q — T3) = 2Tr(Q). Total charge in
the quark sector (u,d) = 1/3 and total charge in the lepton sector (v, e) = —1.
This implies Tr(Q) = 0 only if quarks come in three colours.

The second type of anomaly is Tr(Y?3).

Tr(Y?) = 2Tr(Q? — 3Q*Ts + 3QT% — T3). (4.238)

Of these terms we already know that Tr(Q?) = 0 because the vector coupling
is not anomalous. We also know that Tr(73) = 0 due to the tracelessness of
odd powers of T3. Thus we are left with

Tr(Y?3) = —24Tr(QT3(Q — T3)) = —12Tr(QT3Y). (4.239)
Now using the fact that @ = To + Y/2, we can write
Tr(YV?) = —12Tr(TFY) — 6Tr(T3Y?). (4.240)

The second term in eq.(4.240) vanishes because T35 is traceless and that the
hypercharge of all the members of a given SU(2);, multiplet is same. Thus we
are reduced only to one term and since T32 = loxo,

Tr(Y?) —12Tx(Y) = —12Tx(2(Q — T3))

—24Tr(Q) = 0. (4.241)
Thus we have seen that the Standard Model anomaly cancellation means that

the fermionic matter of the Standard Model is ‘electrically neutral’ when all
charges of the fermions is a given generation are added up.
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