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This is the second paper in a series in which we show how to use the principles of the 8 expansion to
obtain nonperturbative solutions to gauge theories. The approach consists of replacing the usual
minimal-coupling term ¢(id—e A )¢ by $(i#—e A)% and then expanding the new theory in powers of 5.
For all values of § the theory is locally gauge invariant. Thus, local gauge invariance holds order by or-
der in powers of §. In this paper we show how to calculate the photon propagator and thus the anomaly
in the Schwinger model (two-dimensional massless quantum electrodynamics) to first order in §. At
8=1 the exact value for the anomaly, e2 /7, is obtained.

PACS number(s): 11.15.Tk, 03.70.+k, 12.20.Ds

I. INTRODUCTION

In the first paper in this series [1] we showed how the
expansion can be used to solve theories having a minimal
covariant momentum of the form

Yid—ed)) .

The procedure is to introduce a small parameter 8 into
the exponent of the coupling term

Wid—eAd )y

and then to solve the theory as a series in powers of §.
The expansion in 8 has two advantages. First, it is non-
perturbative in the coupling constant e and, second, it
preserves local gauge invariance order by order in powers
of § [2].

In Ref. [1] we considered a simple model in one-
dimensional space-time whose coupling has the form in
(1.1). The advantage of such a model is that there is no
complication coming from the ¥ matrices, which, in one-
dimensional space-time, are completely absent. The pur-
pose of this paper is to explain how to extend the calcula-
tional procedures developed in Ref. [1] to interaction
terms such as that in (1.2) in which ¥ matrices are
present.

.Specifically, we consider the Schwinger model (mass-
less two-dimensional quantum electrodynamics) de-
scribed by the Lagrangian

(1.1)

(1.2)

L=—(F P+ Hid—eA) . (1.3)

*Permanent address: Physics Department, Technion-Israel In-
stitute of Technology, Haifa 32000, Israel.

We introduce the perturbation parameter &:

&
-_1 id—ed
L=—+ | Y (1.4)

(F, 2 +MP [

where M is a mass parameter that maintains the dimen-
sional consistency of (1.4). Note that when §=1 the La-
grangian in (1.4) reduces to that in (1.3). We illustrate
and describe the technical details of the & expansion by
computing the anomaly in the Schwinger model. To
summarize, the general procedure is rather easy to under-
stand but the details involve combinatoric arguments that
are somewhat lengthy and elaborate in coordinate space.
Thus, in this paper we limit the discussion to the deter-
mination of the first term in the & series, namely, the
coefficient of 8. The result for the anomaly is 8e?/7 as
was shown in Ref. [2]. At §=1 this reduces to the well-
known value e?/r for the Schwinger model.

To obtain the first term in the 8 expansion we follow
the general rules described in Ref. [3]. We expand the
Lagrangian (1.4) to first order in 8:

id—ed

2
7 [prosh.

L =—%‘(F#V)2+M1Z¢+8M{/31n

(1.5)

Then we replace (1.5) by a provisional Lagrangian having
a polynomial interaction term
N

Bed | (1.6)

M

LN=—%(FM)2+M$¢+8M1Z‘

where we think of N as a positive integer. To obtain the
solution to (1.5) we must solve (1.6) for all N. Then we
differentiate with respect to N and set N =0 to recover
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the solution to (1.5)." This differentiation process of
course requires that we analytically continue the solution
of (1.6) off the integers. Clearly, this procedure is not
rigorously justifiable. However, in all models we have
studied thus far, including the gauge model described in
this paper, we have always found the unambiguous and
correct result. In particular, we show that to leading or-
der in 8, the anomaly for the Schwinger model is 8e? /7.

This paper is organized very simply. In Sec. IT we re-
view briefly the standard diagrammatic calculation of the
anomaly in the Schwinger model using weak-coupling
perturbation theory. Then, in the next two sections we
give a detailed calculation of the anomaly to leading or-
der in § and to leading order in e?. Section III illustrates
the calculation with three spemal cases and Sec. IV
presents the complete and general calculation. Finally, in
Sec. V we redo the long calculation presented in Secs. III
and IV in a very brief and simple fashion: by doing the
calculation in momentum space rather than in coordinate
space we reduce it to just a page.

II. CONVENTIONAL CALCULATION
OF THE ANOMALY IN THE SCHWINGER MODEL

In this section we review the conventional computation
of the anomaly in the Schwinger model using weak-
coupling perturbative methods. In Minkowski space, the
Lagrangian in (1.3), or that in (1.4) evaluated at 6=1,
yields the following Feynman rules: —iey* for a
fermion-fermion-boson vertex and i(f)~! for a fermion
line. The anomaly is determined by computing the one-
fermion-loop contribution to the photon propagator (see
Fig. 1):

J

ddq 2qtq"—2a(l—

a)ppr—Iq* —a(l“a)p "
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FIG. 1. The diagram from which one computes the anomaly
in the weak-coupling expansion for two-dimensional massless
electrodynamics.

[ e |(— )iy ——yr L | @.1)

where ¢ is the internal loop momentum. We have regu-
lated the integral by computing it in d-dimensional
space-time.

We simplify the formula in (2.1) algebraically by ra-
tionalizing the denominators,

d 1
2 q v
—e .——_Ir;);,u- ﬁ_q),),q s

+q)%q
and perform the trace
—e22 (p+qVq"—(p+49)ge""+(p +9)°q"

(p+97q*

Next, we introduce a Feynman parameter a,
1 1 1
——= | da
q%(p +q)? fO [(1—a)g’+alp +¢)*]
perform a shift in the momentum integration variable ¢

to eliminate terms linear in ¢ in the denominator, and
then drop terms in the numerator that are odd in ¢:

—e22d/2f f 5
)¢

[¢*+all—a)p?

Using rotational symmetry in d-dimensional space we
have, in general,

uv

[ flahgrqraiq=2— [ fig)q’d’

d

Thus, (2.3) reduces to the sum of two integrals:
2
=1
d
[q2+a( 1—a)p?)?

q* +ala—1)p?

dd
—e2d/2guv 1da q
& fo f 2m)?

2a(1—a)
27rd [¢>+a(l—a)p?)?
(2.4)

et iy [ g [ 4

1As noted in Ref. [1] to leading order in § this technique bears
a close resemblance to the replica method of statistical mechan-
ics. In higher order this resemblance does not persist.

(2.3)

When d =2 the coefficient of p¥p" [the second of the
two integrals in (2.4)] is finite and this term evaluates to
eptp”/(p?m). The second term in the first integral in
(2.4) is also finite at d =2. The first term in the first in-
tegral in (2.4) is infinite at d =2, but it contains a factor
of (2—d)/d which vanishes at d =2. We thus evaluate
this integral keeping d arbitrary and compute the limit
d —2 afterwards. Our final result for the evaluation of
(2.4) is

v 2
£ . (2.5)
o

p'p
p2

—gh

Had we attempted to evaluate (2.1) directly in two-
dimensional space-time using a momentum cutoff to re-
gulate this integral, we would have encountered an ambi-
guity, namely, a logarithmically divergent integral multi-
plied by zero. To resolve the ambiguity, we would have
imposed the requirement that the result be transverse.
Since the coefficient of p#p¥/p? is finite, the coefficient of
g"¥ is then uniquely determined. The advantage of di-
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mensional regularization is that it enables us to obtain
the answer in (2.5) directly without having to impose the
requirement that the answer be transverse; transversality
emerges naturally because dimensional regularization is
consistent with gauge invariance.

Our objective in the remainder of this paper is to show
how to calculate (2.5) from the Lagrangian Ly in (1.6).

III. ORDER-¢2 CONTRIBUTION TO THE ANOMALY
IN THE 6 EXPANSION: THREE SPECIAL CASES

In this and the next section we show how to calculate
the photon two-point Green’s function to order 8§ from
the Lagrangian Ly in (1.6). In this paper we are con-
cerned only with the coefficient of § to order e?.

Let us examine the term in Ly proportional to 8:

SM' N [ dix Jix)id—e d)Vp(x) 3.1
where we regard N as a positive integer. This term gives
rise to a large collection of vertices. To identify these
vertices we can expand the gauge derivative term in the
form of a polynomial in e?:

5M1‘Nfddx i3 Y+ (term of order e)
+(term of order e?)
+(term of order e3)+ - - - .

Our purpose here is to examine the e? term in this expan-
sion, and, using graphical methods, to calculate its con-
tribution to the photon two-point Green’s function.

The term of order e? is complicated for two reasons.
First, the derivative operator 4§ does not commute with
the field A4 (x). Second, the y-matrix algebra must be
taken into account. A typical e? term in the expansion of
(3.1) has the form

elfddeaaAabAaN—a—b—Z,‘l” (32)
where a,b, N—a —b—220 are all integers and the
derivatives g operate forward. This term is characterized
by the two integers @ and b. However, we now show that
the integer a is superfluous if we are only interested in
graphs of order 6. We integrate by parts a times so that

the derivatives (4)° now operate backward on ¥. Now
(3.2) becomes
eA—1)° [dxFFoAB ABY "0y (3.3)

Now let us consider the kinds of graphs that will ap-
pear in this calculation. All graphs of order Se? that con-
tribute to the anomaly have two external photon lines
and one fermion loop (see Fig. 2). The graph shown
arises from a vertex of the type

AP ABY .

As shown, the 3% derivatives on ¥ correspond to a
momentum insertions that have a direction opposite to
the flow of the fermion loop momentum, while the (8)"
derivatives on i correspond to ¥ momentum insertions
that are in the same direction as the loop momentum.
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DIRECTION OF LOOP MOMENTUM
.

«— Y DERIVATIVES ON ¥

= ——
v

B DERIVATIVES ON ¥ *‘

f DERIVATIVES ON A

DIRECTION OF LOOP MOMENTUM
A\

O+ DERIVATIVES ON

~

~— NO DERIVATIVES ON W/

B DERIVATIVES ON A

FIG. 2. A typical graph of order e’ for the anomaly in
massless electrodynamics. Note that a graph arising from an in-
teraction term having a derivatives on ¢ and y derivatives on ¢
is equal to a graph from an interaction term having no deriva-
tives on ¥ and a+ v derivatives on ¥ multiplied by (—1)°.

Thus, the graph is equal to one in which there are a+y
derivatives on the ¢ field and there are no derivatives on
the ¢ field if the new graph is multiplied by (—1)%
Furthermore, since a trace on the y matrices is taken
around the fermion loop and traces are cyclical, we can
simplify the expression in (3.3). Taking a =a, (3.3) takes
the much simpler form
e2[dix AR ABY Py (3.4)

We emphasize that (3.3) and (3.4) are, of course, not equal
but they give the same graphs of order § having two
external photon lines.

Thus, we can expand the original interaction Lagrang-
ian in (3.1) as a sum of terms

N—2 _
e S SM'VW, [dx §(x) A(iB) AGBY TP TY(x)
b=0

(3.5)

where W, is a combinatoric weight (like a binomial
coefficient) that we will now determine.

For a given value of b there are N —b —1 terms of the
form in (3.2) having b derivatives (#)® between A and A.
This is because the N —2 factors of 8 can be distributed
in N —b — 1 possible ways:

BN 02 43° 4y,
98" 3 43% A3y ,
P8V A A (D) Y,

VBABABY "3y,
VAR AR 72y .
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Each of these terms becomes identical after integration
by parts. Thus,

W,=N—b—1. (3.6)

The expression in (3.5) must be decomposed further be-
cause the term (i@)® contains derivatives that operate for-
ward; some of these derivatives operate on A and
others operate on ¥(x). We distinguish each of these
cases by the integer P. Thus, we will consider separately
the cases where no derivatives operate on A (P =0), two
derivatives operate on A (P =2), four derivatives operate
on A(P=4), and so on. Note that we cannot have a
graph in which an odd number of derivatives acts on ¥
because the fermion momentum loop integral would van-
ish by symmetry (replacing p by —p in the momentum in-
tegral shows that the integral equals its negative). Furth-
ermore, since N is the number of ¥ matrices in the typical
graph shown in Fig. 2, N must be even. If N is odd, then
since the trace of a product of an odd number of ¥ ma-
trices vanishes, the graph vanishes. Thus, both N and P
must be even integers.

A. Special case P =0

The simplest special case to consider is that in which
all derivatives in the expression (i@)® in (3.5) act on #(x)
and no derivatives (P =0) act on A. Thus, the derivative
structure of (3.5) takes the form fddx JAA(:‘B)N_Z:L.
However, we must also take into account the ¥ matrices
that accompany each factor of d and A. There are thus
two subcases to consider: subcase even b is that in which
an even number of operators g lie between A and A and
between A and ¢ in the sum in (3.5), and subcase odd b is
that in which an odd number of derivative operators g lie
between A and A and between A and ¥ in the sum in
(3.5). Remember that N is always even.

Subcase even b. If P =0 then every even-b term in the
sum in (3.5) has the form

MW, [ dx Plx) 42i3)Y " H(x) 3.7

because #>=3° and A’= A% Summing over all such
terms is easy:
(N/2)—1 (N/2)—1
SW,= 3 Wy= 3 N—-2k—1=(N/N2)?,
even b k=0 k=0

where we have used the expression for W, in (3.6).
Hence the total contribution from even b is

2
eV M M [ad g 4%V yx . G8)

Subcase odd b. Every odd-b term in the sum in (3.5)
has the form

SM' "MW, [ dx P(x) Ay, Ay @.050" ~*P(x)

Summing over all such terms is again easy:

(N/2)—1

(N/2)—1 NI|N
2 sz 2 W2k*1: 2 N—2k:7 ——1
odd b k=1 k=1

where we have again used the expression for W, in (3.6).
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Thus, the total contribution from odd b is

N
2

X [dix Px) Ay Ay @0,05" *p(x) .  (3.9)

The expression in (3.9) may be simplified further if we
recall that it is the effective action that will be used to
evaluate diagrams of the type shown in Fig. 2. The fer-
mion loop integral in this case is an integral whose gen-
eral form can be simplified by making use of rotational
symmetry:

[ dx 3,9,f (x?

Hence (3.9) becomes

eZBiN—ZMl—N_]!

—1
2

)= 805 [ 4% 87 (x2 (3.10)

N
2

e281~N—2M1*Nﬂ

—1
2

X [dix fﬁ(x)AyaAyﬁ - BaV—2p(x) .  (.11)

Finally, we make use of the y-matrix identity
Ay Ay ,=(2—d)A? (3.12)

to simply (3.11) to

e285iN 2p1 - -n2—d dN
d

]fddxw ZaN 21,}

(3.13)

Combination of even-b and odd-b subcases. Combining
(3.8) and (3.13) gives the effective action

N-2p1-nN| NP 2—d
20:N—2paq1—-N
e?8iVN M 7 T g N -2)
X [d% Px)A%Y Y(x) . (3.14)

Hence, when we evaluate the diagram in Fig. 2, which in
this case has no powers of the momentum on the external
photon lines, we obtain, for the amplitude [4],

_N|N?  2—d
— 28M1 N =+ N(N —2 ,uvzd/Z
¢ 2 2d e
g (3.15)
f (2n')d M
where the factor of 2972 comes from computing the trace

around the fermion loop. The loop momentum is g and
there are N —2 momentum insertions as is clear from
(3.14). The factor of 1/M comes from the fermion propa-
gator (which is a constant), the minus sign comes from
the fermion trace, and the factor of g#* comes from the
vector interaction term A42= 4 #4, in (3.14).

Now that we have determined the amplitude in (3.15)
we must differentiate this result with respect to N and set
N =0 (regarding N as a continuous parameter). Observe
that since the even-b case gives a term proportional to N2
this case cannot contribute to the final answer. Only the
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term proportional to N in the odd-b case gives a nonvan-
ishing contribution:

2—d pvad/2 2
e’ dg2 f(z)“q .
This is our final result for the contribution of the P =0
terms to the anomaly.

Observe the remarkable similarity between the result in
(3.16) and that in (2.4). In both expressions there is an in-
tegral that is divergent when we set the dimension d =2
but the integral is multiplied by the vanishing quantity
d —2. The delicate limit d —2 must be performed in or-
der to obtain a finite and nonvanishing value for the
anomaly in two-dimensional electrodynamics. We can-
not perform the limit d —2 in (3.16) yet. We must first
combine the P =0 calculation in (3.16) with the results of
the calculations for P =2, 4, 6, . . . . These more difficult
calculations are described below.

Note also that the P =0 calculation is proportional to
g"¥ but that the exact result in (2.5) for the anomaly con-
tains a p#p" term as well as a g*¥ term, in order that the
result be transverse. We will see that contributions pro-
portional to p#p” come from the P =2,4,6, . .. calcula-
tions even though no such term occurs in the P =0 case.

(3.16)

B. Special case P =2

The P =2 case is more complicated than the P =0 case
because when the derivative operators in the summation
in (3.5) are moved to the right, exactly two derivatives
must remain operating on the A field. An additional
complication arises because the indices on the derivatives
acting on the A field may or may not be contracted. To
assist our analysis we introduce the new parameter L
which counts the number of pairs of contractions of the in-
dices on the derivatives on the A field.

Subcase even b. When L =0 we have terms of the form

P A(3,054)3,353%) NP3y (L =0) (3.17a)
and when L =1 we have terms of the form

PA@ AN NI (L=1). (3.17b)
(In general, L takes on the integer values

L=0,1,2,...,P/2)

The problem is now to determine the relative weights
of the terms in (3.17a) and (3.17b). This problem is in
fact a simple problem in probability: When terms of the
form in (3.5) are simplified by allowing the derivative
operators to act, it is much less likely that we will obtain
a term of the L =1 form in (3.17b) than a term of the
L =0 form in (3.17a). Clearly, the change of two deriva-

|
N-—-2 -
e 3 SM'"VW, [dx §ilx) A (i) AB)N TP ()
b=2
even b
N/2)—1
=N 2201V > (N—2k-—1

k=1
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tive operators 3, having the same index a with both end-
ing up differentiating the photon field A4 is small. Let
U,y 1 p be the coefficient of terms of the form in (3.17) ap-
pearing in the expansion of 3% A¥=(3%)* A¢. That is,

(3% A= A(3")*p (P =0 term already considered)
+124.0,2(0,054)3,95(3%) "
gy 1,32 ANy
-+ (additional terms with P =4, 6,...) .

(P =2 terms)

(3.18)
It is easy to show that
Uyp 0, =2k(k—1) (3.19a)
and that
Uy 1=k . (3.19b)

To illustrate the probabilistic nature of u,, ; p wWe note
that this coefficient is a binomial coefficient multiplied by
a probability:

2k

2 —
Uzk0,2™= i_—‘:‘ ) (3.20a)
2k 1
Y12 12 |5k —1 ° (3.20b)
Observe that sum of the probabilities is unity,
2k —2 1
+ =
2k—1  2k—1 L
so that
2k
Ugio,2 Tl 12— 2 (3.20c)

Terms with L =0 can be replaced by terms of the
L =1 form using the same rotational symmetry that we
used in the odd-b case for P =0. Specifically, we may ap-
ply the identities (3.10) to the fermion momentum loop
integral to replace

$A,(3,054,)3,953%) N2y
7 Bag 2avw/2—2
1 7 —_—
=g¢A#(82A”)(a2)w/2) 2.

Thus, combining the L =0 and L =1 terms, we find that

the P =2 contribution of the even-b terms in the sum in
(3.5) is

) [ZEEZL k| [ i) 4,082 4,020
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where the ¥ matrices have disappeared because b is even:

N

=iN=2,25p1-N N >

2
o 4=d+N(@d =3+ | [ % Bix) 4,8 4,0 2ytx) (3.21)

—1

To evaluate finite sums such as that in (3.21) we rewrite the summand as a sum of terms of the form
(k +a)k +a+1)k +a+2)---(k+a-+n—1); then we recall the simple and general identity

N
> (k+a)k +a+1)k+a+2) - (k+a+n—1)
N\
=§: (k+a)k +a+1)(k+a+2) - (k+a+n)—(k+a—1)k+a)k+a+1)- - (k+a+n—1)
+1
N, h

__ (Ny+a)(N,+a+1)Ny+a+2) - (Ny;+a+n)—(N;+a—1)(N; +a)(N,+a+1)-- - (N +a+n—1)
B n+1 '

(3.22)

The sum in (3.22) is the discrete analogue of the integral
(Ny+a)"*'—(N,+a)" *!
n+1
Subcase odd b. When b is odd, b =2k — 1, the sum in (3.5) contains terms of the form
W, SM 'V [[d% Plx) A3~ AGBY 2 My(x)

=iV "2e2W,, _ 8M' N [[dx Plx) A3V T'B AR NP TR T ly(x) . (3.23)

N, n
Jy dkik+ar=

Now we recall that we are only interested in graphs of order 8 and such graphs have only one vertex and one fermion
loop. The fermion loop involves a trace and we choose to compute this trace in advance of drawing the graph; that is,
we perform this trace for the interaction Lagrangian in (3.23). Of course, such a procedure would make no sense if we
were going to compute a two-vertex graph, but for graphs of order § it provides a useful and valid simplification of
(3.23). Specifically, taking a trace reduces (3.23) to three distinct terms which must be considered in turn:

Tr[ AB(32)* ~' ABN@H) NPT, ~1=(Tr1) 4,0,(01)* 71 434dY) N2 ~* 1 (type-I term)
—(Tr1) 4,340%)* 71 4,053 M2=*~1 (type-II term)
+(Trl) 4,043 71 4,50,(3*)¥/2=K~1 (type-III term) . (3.24)

Terms of type I. Let us consider terms of type I. After allowing the derivative operators to act to the right with the
provision that exactly two derivatives must remain acting on 4z (P =2), there are two possibilities that can arise: ei-
ther the derivative operator d, acts on 4z producing a term of the form

(2k —2)(Tr1) 4 ,(3,9, 45)3,343%) V7> (L =0, « inside) (3.25a)
or it commutes past 4z producing terms of the form
(2k —2)(k —2)(Tr1) A ,(3,05 4 5)3,943,35(3)¥/2~* (L =0, a outside) (3.25b)
and

(k —1)(Tr1)4,(3 45)3,043")N/¥7% (L =1, a outside) . (3.25¢)

It is of course necessary to find the correct coefficients 2k —2,(2k —2)(k —2), and k —1 of the terms in (3.25). These
coefficients are determined by simple counting arguments.
We simplify the term in (3.25a) using the identity in (3.10):
L2k —2)(Tr1) 4,(8,3545)(@) V22 (3.26)
The term in (3.25¢) is simplified using the same identity:

Ltk = DT 4,84 @22 (3.27)

To simplify the term in (3.25b) we must use a slightly more complicated identity:
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fddx aaaﬂaya&f(xl)=d—(d—lrz—)(aaﬂsyﬁsayaﬁﬁaaaaﬁy)fddx(az)zf(xz) . (3.28)

This identity is the second in an infinite sequence of identities that rely on the rotational symmetry of f(x?) in the in-
tegrand. The first such identity is given in (3.10). The Nth integral identity in the sequence is

I'(d/2)

fddx 9, 0q, " " a(,(mf(x2 =m( @, " Oayy _a,, 1all permutations of indices)fddx(az)Nf(xz) .

(2N —1)¥ terms

(3.29)
Using (3.28) we simplify (3.25b) to

1
d(d+2)

Terms of type I11. The type-11I term in (3.24) may be treated in the same way as the type-I term. The results are ex-
actly the same; namely, we obtain the three expressions in (3.26), (3.27), and (3.30). (To observe the symmetry, inter-
change a and 3 and integrate by parts to make the derivatives act to the left.)

Terms of type 1I. As in the case of terms of type I we can expand the type-II term in (3.24) into three terms. These
terms are

(2k —2)(k —2)(Tr1) 4,[(3*4,)+2(3,954 5) (3% N/D 72 (3.30)

—2(k —1)(Tr1) 4,(343, 4,)349,(3%) ¥/ 73 (L =0, B inside) , (3.31a)
—(k —1)(Trl1) 4,(3*4,)(3*)V2=2 (L =1, B outside) , (3.31b)
—2(k —1)(k —2)(Trl) 4,(353, 4,)353,(3*)¥/¥~3 (L =0, B outside) . (3.31¢)

These terms may be combined using rotational symmetry and the identity in (3.10) to
2(k —1)(k—2)

Akd"—”wc — 14 ZEE2) (7r1) 4, (82 4,080 (3.32)

Combination of terms of types I, I1, and III. Next we combine the results in (3.26), (3.27), and (3.30) and multiply by
2 (these are the type-I and type-III terms) and add the results in (3.32) (type-II terms) to obtain
(k —1)(2k —2+d) 2 2N/ -2, Mk —1)2k —2+d) ) _
— Trl) A4 A 9 + (N/2)-2
412 (Trl1)A,(3°4,)(3°) dd+2) (Tr1)A4,(0,054 3)(3%)
Finally, we multiply the result in (3.33) by the weight W, =N —2k and sum over odd b =2k —1 from k=1 to
k =(N/2)—1. The sum is performed using the identity in (3.22) and the result is

(3.33)

N 2 2\(N/2)—2
- (N — — +2d —2)XTrl)A _(3°A4_)(3
48(d+2)(N 2)N —4)(N +2d NTrl) A ( «)(37)
N 2\(N/2)—2
—_— (N — — — A_(0,0;A45)(0 . 3.34
+ 12d(d+2)(N 2)(N —4)(N +2d —2)(Tr1)A,(3,0545)(3%) ( )

Combination of even-b and odd-b cases. We can now write down an effective action that produces the combined re-
sults in (3.21) and (3.34) to first order in 8:

iV 225 M!

_NN(N—2)(N*—~6N +2Nd +3d>—2d +8) 4 - 2 2(N/2)-2
24d (d +2) Jd% §x) 4,82 4,)(3) W(x)

N=2,2 1-vN(N —=2)(N —4)(N +2d —2)
AN oM 12d (d +2)

Jdtx $(x)4,(3,8,4,)) N 2y(x) . (3.35)

The next step is to apply the operator 3 /9N to the expression in (3.35) and then to set N =0. We obtain

e28M (3d?—2d +8)
12d (d +2)

4e28M
3d(d +2)

[ §x) 4,032 4,08 4y — 2L MU D) 10 5y 4 (3,0, 4,00 () . (3.36)

The first term in (3.36) gives a graphical amplitude [4] proportional to p?g** and the second term gives an amplitude
[4] proportional to p#p" (the graphs have the form shown in Fig. 2):

3d2"2d+8 d/2 2 2,1t S(d—l) ds2.2 ddq —4
3d°—2d+8 v 4% s 8d—1) japag v . (3.37)
sdd+2) 2w G T g @y Y et f(zv)dq
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Note that when d =2 the integrals in (3.37) are strongly
infrared divergent.

C. Special case P =4

In preparation for the general case discussed in the
next section (arbitrary P) we consider one last special
case: namely, P =4. In this case four derivatives remain
between the two A fields when the expression in (3.5) is
expanded.

Subcase even b. When we expand a typical even-b
(b =2k) term in (3.5),

A@)F ANk (3.38)
there are three P =4 terms that result:
A(3485,34,9,,4)(3%) ND738, 84,834,890, 42k,0,4

(L=0, P=4), (3.39)
A(3,3,9°4 )(az)‘”/z’*4aalaa2u2k,,,4

(L=1, P=4), (3.39b)
AP ANNND 3y, 0y (L=2,P=4) . (3.39¢)

Simple counting arguments show that the coefficients
U, 1 p are given by

o= |k |2k =2 2k —4 2k —6 1
2047 14 |2k—12k—22k—30"°

2k |2k —22k—4 1 1

= -, 40
Y147 | 4 |2 —12k—2 2k—3 (2] 1! (340
o= |22 1 1|42
k2414 J2k—12k—22k—3 (2] 2])2t°

As we saw in the P =2 case, the coefficients u,; o 4 have
the form of a binomial coefficient multiplied by a proba-
bility:
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This formula is the analogue of that in (3.20c).

Next we use rotational symmetry of the fermion loop
integral to simplify the formulas in (3.39). The identity in
(3.28) simplifies (3.39a) to

A(3%2 A ()N 2k _;i(;;;)’(k =3) | (3.42a)
and the identity in (3.10) simplifies (3.39b) to
A Ay /a3 2Rk =k =2) (3 4

d

The expression in (3.39¢c) is already in rotationally sym-
metric form:

(N/2)-3k(k—1) .

A (%% A)(3%) )

(3.42¢)
The three expressions in (3.42) must now be multiplied
by the weight W, =W,;, =N —2k —1 and summed from
k =2to (N/2)—1. We will carry out this part of the cal-
culation later.
Subcase odd b. A typical odd-b term in (3.5) has the
form

A@BF T A@N T
or

A L AF@HN/D kT (3.43)

Following the approach taken in the P =2 case we take
the trace and identify three types of terms which we must
consider in turn. These terms are listed in (3.24) and are
called terms of type I, type II, and type III.

Terms of type I. If we allow the derivative operators in

(Trl) A,9,(8%) 1 449481 N2~k 1

to act to the right with the constraint that exactly four

) 2k derivatives remain acting on A4z (P =4) there are exactly
S U= (3.41) two possibilities that may arise. If the derivative opera-
L=o0 4 tor 3, acts on Ag it produces terms of the form
J
2k =2 | 2k —4 2k —6
2\(N/2)—5 2k —6 — .
A,,(a‘,a,,laazaaBA,,)aalaazaasaﬁ(a ) 3 k=3 2k —4 (L =0, « inside) (3.44a)
and
2k —2 1 2k—4 2
2\(N/2)—4 — -
Aa(aaaalaZAﬂ)aalaﬂ(a ) % —3 2k —3 2k —4 (L =1, a inside) . (3.44b)
On the other hand, if the derivative operator 3, commutes past A4 g it produces terms of the form
A(3, 3,3, 3, Ag)d,3g3, B B dy (@ N/2I—0 [ X T2 |2k 2k 6 228 | ;g o guside), (345
aCatay eyt T B aT e "y ey ey 4 2k —3 2k —4 2k —5 ’
2k—2|2k—42k—6_ 1 ,
2 2\(N/2)—5 =
A4(34,9,,8 Ag)3;0504,9,,(97) 4 k=3 2k—4 2k—5 |2 (L =1, a outside) , (3.45b)




45 6 EXPANSION FOR LOCAL GAUGE THEORIES. 1II. ...

and

e |2k =2 2kk—4 1
A,(3%0% 45)3,84(8%) N/~
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4

4

(Note that the a outside case has the same coefficients as
the even-b case with 2k replaced by 2k —2.) The proba-
bilistic nature of the coefficients of these terms is easily
demonstrated. For the a-inside terms in (3.44) the sum of
the coefficients is the binomial coefficient

3k—2
3

b

and for the a-outside terms in (3.45) the sum of the

coeflicients is the binomial coefficient

2k —2
4

Next we use rotational symmetry to simplify the a-
inside expressions in (3.44). The identity in (3.28)
simplifies (3.44a) to

4k — 1)k —2)(k —3)
d(d+2)

Aa(aZaaaﬁAﬁ)(aZ)(N/Z)—B

(3.46a)
and the identity in (3.10) simplifies (3.44b) to

%(k —1)(k —2)4,(3%3,0345)(d%)N/D73 | (3.46b)

In a similar way, we simplify the a-outside expressions in
(3.45). The identity in (3.29) with N =3 simplifies (3.45a)
to

2(k —1)(k —2)(k —3)(k —4)
d(d+2)(d +4)

X[ 4,327 4,)+44,(3%8,8544)](3%) N3,
(3.47a)

The identity in (3.28) simplifies (3.45b) to
2(k —1)(k —2)(k —3)

[4,(3%0%4,)+24,(3%9,0545)]

d(d+2)
X(3H)N/D=3 - (3.471)
The identity in (3.10) simplifies (3.45c¢) to
wAa(azazAa)(az)w/z)—s ) (3.47¢)

2d
Terms of type III. As we observed in our discussion of

J

16(k —1)(k —2)(k —3) , 4k —1)k —2)

2k —3 2k —4 2k —5

16(k —1)(k —2)(k —3)(k —4)

(L =2, a outside) . (3.45¢c)

21
2122

r

the P =2 terms, the contribution of type-III terms is
identical to the contribution of type-I terms.

Terms of type II. We can expand the type-II term in
(3.24) into B-inside and B-outside terms. The two B-inside
terms are

— 2y(N/2)—5
A o330 3,3, A0 1300, D903

Xk =1k =2)(k=3) (348
and
— A, (359, 8 44)359, () NP2k —1)(k —2) .
(3.48b)
Using rotational symmetry these two terms become

4k —1)k —2)(k—3) + 2(k —1)(k —2)

d(d+2) d

X A (3% A NP)N/2=3 1 (3.49)

The three B-outside terms, after we use rotational symme-
try, contribute

2(k —1)(k —2)(k —3)(k —4)

d(d+2)
4 20 =1)(k =2)(k —3)
d
+ =D =2) | @2824,)@)N 273 (3.50)

2

Observe that this result is identical to that in (3.42) for
the even-b terms except that the sign is changed and k is
replaced by k — 1.

p¥pY term. We can look ahead to the final answer and
determine the origin of its structure. The final answer
contains one term proportional to p#p* and another pro-
portional to g#*. The p#p" term arises from an effective
Lagrangian containing an interaction of the form
A,(3,040% 4p) and the g*” term arises from an interac-
tion of the form A,(3°3°4p). Hence the pp” term
comes only from the type-I and type-III terms in the
odd-b case. Thus, we must collect all the p#p*-producing
terms in (3.46) and (3.47) and multiply by 2:

d(d+2) d

d(d+2)d +4)

A ,(3%9,9545)(3*)N/273 (3.51)

We must then multiply by the weight W, =N —2k and sum over odd b =2k —1 from k =1 to k =(N/2)—1. To per-

form this sum we use the identity in (3.22). The result is
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N(N —2)N—4)N—6)5d*—18d +8— 12N +6Nd +2N?)
120d (d +2)(d +4)

A, (3,050 Ag) (@) NP3 (3.52)

It is easy now to insert the expression in (3.52) into (3.5) to construct the effective order-8 action:

N(N —2)N —4)N —6)(5d*—18d +8—12N +6Nd +2N?)
120d (d +2)(d +4)

eZSMIANI-N*2fddx J(X)Aa(aaaBaZAB)(82)(N/2)—3¢(x)

(3.53)
Finally, we differentiate with respect to N and set N =0:
2(5d*—18d +8) , d, T 2 2y-3
oM | d A ,(3,050° 4 . 3.54
sdd T ad o [ d¥x (x) A ,(3,050° 4 5)(3%)  *(x) (3.54)
This action produces a two-photon amplitude from a graph of the form shown in Fig. 2 [4]:
2_
4(5d°—18d +8) e2524/2p (3.55)

5d(d +2)(d +4)

g"¥ term. The g"¥ comes from both even-b and odd-b terms. The contribution from even-b terms is taken from
(3.42),

(N/2)—1
+

ok — 292 4(a2)(N/2)—3 6
dd12) d (N —2k —1)A03°3° A(3%) ; (3.56)

72k(k—1)(k—2)(k-3) 2k (k —1)Xk —2) + k(k—1)
2

k=2

and the contribution from odd-b terms is taken from (3.47) (multiplied by two to account for terms of type I and type
I11, (3.49), and (3.50):

N2 4k — 1)k —2)(k —=3)(k—4)  (k—1)(k—2) 2(k—1)(k—=2)(k—3)(k—4)

d(d +2)(d +4) d d(d+2)

k=1

20k = 1)(k =2)(k —3)  (k—1)(k—2)
d 2

(N —2k)A,(3%% 4 )(*) N3 (3.57)

We now evaluate the sums in (3.56) and (3.57) using the identity in (3.22) and combine the results to obtain a form for
the effective action to order §:

N(N —2)N —4)

N34+3dN2—12N2+5d2N —12dN + 60N +5d>+4d — 144
240d (d +2)(d +4)( )

X€28M1 N: N—Zfddx w aZaZ )(82)(N/2)*3¢(x) . (3.58)
Finally, we differentiate with respect to N and set N =0:

_ 5d°+4d —144
30d (d +2)(d +4)

This action produces a two-photon amplitude from a graph of the form shown in Fig. 2 [4]:

e2M [ dx U(x)A4,(3%0%4,)(3%) *y(x) . (3.59)

5d3+4d—144 5 _an dig
— 2282 mv . (3.60)
T5dd 12)d +4)¢ 22 f(27r>dq

D. Summary

Here is a summary of the results derived in this section taken from (3.16), (3.37), (3.55), and (3.60). Terms containing
g

2—d d%
v, 284d /2 P=0
gretsa |\ Sm [ e (P=0)
3d*—2d +8 , 4
P=2
ted(d +2) [ 27r)dq (P=2)

144—4d —5d* 4f dig
15d(d +2)(d +4) N

... ]
(3.61)

(P=4)
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Terms containing p#p":

—4

EﬂEvelszd/Z
p2

2
3d d+2) f(z y 9
4(5d>—18d +8)
f (2 )"q -

5d(d +2)(d +4

+\

Observe that while the scale mass M appears in the La-
grangian in (1.4), it does not appear in the formulas (3.61)
and (3.62). This convenient cancellation occurs because
the fermion propagator is the constant 1/M and the ver-
tex amplitude is proportional to M™%, which becomes
M at N =0.

Note also that subsequent integrals in (3.61) and (3.62)
are increasingly infrared divergent. It will be necessary
to perform a summation over P (under the integral) be-
fore attempting to evaluate these integrals. We will see in
the next section that this summation gives an integrand
that is no longer infrared divergent.

IV. ORDER-e? CONTRIBUTION TO THE ANOMALY
IN THE 6 EXPANSION

In this section we show how to find the general term in
the series in (3.61) and (3.62) for arbitrary values of P. It
is easier to derive the coefficient of p#p” so we consider
this case first.

A, p¥p"terms

From our experience with the special cases considered
in Sec. III it is clear that p¥“p” terms come only from
il

(2k —2)(2k —4)(2k —6)

{(Zk —8)(2k —10)

51
5
+ |5 |2k —8)
51 (3]
* 2 [25

For P =8 we have

(2k —2)(2k —4)(2k —6)(2k —8)

(P=2)

(P=4)

(3.62)

—

terms of type I and type III for the case of odd b. Recall
that a typical odd-b term in (3.5) has the form

APV g(FN 21
or

AB@) T AB@) NPT

When the trace is taken we obtain a type-I term of the
form [see Eq. (3.24)]

(Tr1)A,0,(3")* 71 450437 N2k ~1 4.1)

Now, when we allow all derivatives to act to the right we
obtain two types of terms: a-inside terms (where the
derivative with index a acts on 44 and remains between
the two A fields) and a-outside terms [where the deriva-
tive with index @ commutes past 4z and acts on ¥(x)].
a-inside terms. When P =0 there are no a-inside
terms, when P =2 there is one such term corresponding
to L =0 [see (3.25a)], and when P =4 there are two such
terms corresponding to L =0 and L =1 [see (3.44a) and
(3.44b)]. In general there are P/2 such terms corre-
sponding to L =0, L=1,...,L=(P—2)/2. The
coefficients of these terms fit a relatively simple and
recognizable pattern. For example, for P =6 we have

(L =0 term)
(L =1 term)
(L =2 term)

(4.2a)

e (2k —10)(2k —12)(2k —14) (L =0 term)
7
+ 2 (2k —10)(2k —12) (L =1 term)
711511 _
+ 21 12 E(Zk—lO) (L =2 term)
711511311 _
+ 2112112130 (L =3 term)

(4.2b)
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and for P =10 we have

(2k —2)(2k —4)(2k —6)(2k —8)(2k —10)
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(2k —12)(2k —14)(2k —16)(2k —18) (L =10 term)

9!
9
+ |, |(2k —12)(2k —14)(2k —16) (L =1 term)
711 _
2| |2 |2k —12)2k —14) (L =2 term)
91171151 _
+ >l 3!*(2k—12) (L =3 term)
IR (L =4t )]
_— - erm .
LSRG RCRCA R (4.2¢)
—

The pattern is now clear; the coefficient of a term for a
particular value of P, 2k — 1, and L has the form

2P—L-1
2k —1,L P)=—=—
ul L= e i
P—L—1 P+1-2]
X I (k=—mTI 5
n=1 I=1
(4.3)

This formula reproduces correctly all of the odd-b results
we have seen so far; namely, (3.25a) for P =2, (3.44a) for
P =4, and (4.2) for P =6, 8, and 10.

The formula in (4.3) can be generalized to include even
b as well as odd b [5]:

2P'G—L
2k — S
u k= P = L
P—L—1 L |P+2—a—2I
X I k—mTI 5 ,
n=a 1=1
(4.4)

where a =0 for the case of even b and a =1 for the case
of odd b. Now, when a =0, (4.4) gives the even-b results
in (3.7) for P =0, in (3.19) for P =2, and in (3.40) for
P =4

a-outside terms. Next, we examine the a-outside
terms. When P =0 there is one a-outside term [see (3.9)],
when P =2 there are two a-outside terms [(3.25b) for
L =0 and (3.25¢c) for L =1], and when P =4 there are
three a-outside terms [(3.45a) for L =0, (3.45b) for L =1,
and (3.45¢c) for L =2]. Once again, the coefficients for
these terms fit a simple pattern:

QP-LP-L L (P+2-21
u(2k—1,LP= 0 T ke=m T 5

Imposition of rotational symmetry. Next we apply the
identity in (3.29) to the a-inside terms. Rotational sym-
metry reduces the coefficient in (4.3) to

gP—L-1 L P+1-—-2I P~L—1(k )
H —n
(P—DIL! Y 2 i
(P—2L — 1)
X P/2—L ’

Il [d+2(n—1)]

n=1

(4.6)

where L =0,1,2,...,(P/2)—1.
Applying the identity in (3.29) to the a-outside terms
changes the coefficient in (4.5) to

P—L

Il (k—n)
n=1

L

I1

=1

P+2-21
2

2P—L
PIL!

4.7)

(P+1—2L)M—(P—1—2L)!
(P/2)—L+1 ’
I [d+2n—1)]

n=1

where L =0,1,...,(P/2)—1.

Summation on k and L. Just as we did in the special
examples considered in Sec. III we multiply the expres-
sions in (4.6) and (4.7) by the weight W, =N —2k and
sum over the odd b=2k —1 from k=(P+2)/2 to
k=(N/2)—1. To perform this summation we use the
elementary identity in (3.22). We also sum on L from 0
to (P/2)—1 [6]. We must multiply these sums by 2 be-
cause we have identical contributions coming from terms
of type I and terms of type III, as we saw in Sec. III. We
spare the reader the algebra in performing these sums
and merely present the final result, which is a sum over P:
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p'upv d2 2 4
—aeINEE [ gV | Py L
)4 (27) 6q 15¢
6 8
5 s+ 2 10
140¢® * 315¢
P P
= Z P
212 [|?
+ .
(P+1)g*+F
+ -0, (4.8)

where we have set d =2. For large N the first few in-
tegrals in this sum are strongly ultraviolet divergent.
However, recall that we must differentiate with respect to
N and set N =0. Performing this operation before at-
tempting to integrate removes all ultraviolet divergences
and gives the result

£[(P/2)!]2pP

PuPy  dlq 2 2
—4e? . (4.9)
p? f(zwﬂ sz (P+1)g2*F
even P

If we set d =2 in (3.62) we obtain the first two terms in
this sum corresponding to the special cases P =2 and
P =4

Of course, each term in (4.9) gives an integral that is in-
frared divergent. However, if we perform the sum over P
first, we obtain a convergent integral. Taking P =2n and
z=|p|/|q| we have the identity

In | Z+V1-22/4
i zZnn(n!)2 =.1_z—_d_ 2 2i
S Qn+1) 2 7dz | —iz V1—22/4
(4.10)
Thus, substituting (4.10) into (4.9) gives
z 2
In|=+V1—-z2/4
_gprPuby pedzd | 2 %
p? Yo 4w dz | —iz V1—22/4 ’
(4.11)
which can be evaluated trivially:
In |=+V1—2z2/4 5
_€2 py.pv 2 zepypv
Tt~z Vi-o4 |,
(4.12)

This answer agrees, of course, with the correct result in
(2.5).

B. g"¥ terms

As we have seen from the special examples considered
in Sec. III, there are three sources of g"” terms: the

even-b terms, part of the type-I and type-III odd-b terms,
and the type-II odd-b terms.

The even-b case is given in (4.4) with ¢ =0. Imposing
rotational symmetry [see (3.29)] now gives

oP-L L |P+2-2]
PIL! ,EI, 2
pL-l —2L —1)!
X I (k—mpab— 2k =1 *.13)
n=o I (d+2n-2)
n=1

The corresponding formula for odd-b terms of type I
and type I1I is

9P—L L |P+2-2]
PIL! ,EII 2
P—L —1— n
XTI (k —n) gt 2N @.14)
n=l I (d+2n-2)

n=1

and the corresponding formula for odd-b terms of type II
is

_9P-L L |P+2-2]|P-L —1—2L)"
2 I (k—n) (Ii 1—=20)!
piLy A 2 ] (P/2)—L
= n=t II (d+2n—2)
n=1
(4.15)

for the a-outside terms and the result in (4.15) times
[(P/2)—L]/(k —P +L) for the a-inside terms.

As before, we multiply the even-b terms by the weight
N —2k —1 and the odd-b terms by the weight N —2k
and sum over k, making use of the identity in (3.22). We
sum over L using the identity in Ref. [6]. In the final re-
sult we must set d =2, differentiate with respect to N,
and set N =0. The resulting series is identical to that in
(4.9) except that the opposite sign occurs:

PP P
qu 0 2 2
+4¢2 y (4.16)
) (27)? ,Z’z (P+1)g*t?
even P

Indeed, if we set d =2 in (3.61) we obtain the first two
(nonzero) terms in this series.

Summing the series in (4.16) as we did above and per-
forming the integration over g we get

2

8 - 4.17)

This answer agrees with the correct result in (2.5).

V. MOMENTUM-SPACE CALCULATION
OF THE PHOTON PROPAGATOR

The calculation presented in Secs. III and IV is easy in
principle but technically complicated because the struc-
ture in (3.2) contains both y matrices and derivatives.
Since the derivatives do not commute with 4 (x) and the
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v matrices are also noncommuting objects, the calcula-
tion required to find the photon propagator determined
by (3.2) as a function of N is rather complicated.

The combinatorics for this problem can be simplified
enormously if we rework this problem in momentum
space. Now the derivative operator 9, is replaced by the

commuting object p,,. We describe the calculation in this
section.

We begin by rewriting the interaction term in (3.2) in
momentum space. We substitute

d* .
vx)= [ (ijd Y(ge (5.12)

J

d d
SezM‘_Nfof(;Tq d k d ’dJ kDDA G+ A

This interaction term is represented by the four-point
vertex shown in Fig. 3. The amplitude for this vertex fac-
tor is

—8eM' NG +K+D g Ky g N T (5.3)

To construct the photon propagator I1#*(p) we connect
the two fermion legs on the vertex in Fig. 3 together to
make the graph shown in Fig. 4. Recall that the ampli-
tude for the fermion propagator is 1/M. Thus, the
order-8 contribution to the photon propagator IT#"(p) is

Il’uv(p)_ﬁM] Ne z f Tr,}/y(q_'_p)b,yvq N—b-2 .

(2 )"
(5.4)

To obtain (5.4) we set ¢ +k +! =g and integrate over gq.
There are two ways to construct such a graph, one for

]
. NeZ —1N-— 2k—2
N Een(p)=0M"~ b
o Mk:O a=0
=M~ g,uvzd/Z

Next we sum over k using the identities

-

n—1 —x
z k= 1 (5.6a)
—X
and
n—1
S kxk=(Tf;~)2~[1+(n —Dx"—nx""'].  (5.6b)
k=0
Ie
[y
q+k+ Ilyu
'

FIG. 3. The four-point vertex represented by the interaction
term in (5.2).

f(z Gla +p)gt T Han 2k —1)
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for the Fermi field,

d°k i
Alx)= kle'™ , (5.1b
o= (2 e !
Ax=[-4 o )dA(l) i (5.1¢)

for the two photon fields, and

- dis -  _.
(x)= (s)e "% . 5.1d
= [ Ve (5.1d)

Inserting (5.1) into (3.2) and keeping the factors of & and
M'~Vin (3.1) gives an interaction term of the form

(k) Y7272 2y(q) (5.2)

[

which k = —[=p and another for which —k =I=p; let
us now consider just the first. The closed fermion loop is
associated with a negative trace. Under the trace sign a
structure such as

Trq a,},,u(4 +p )bYV41\"a —b=2
simplifies to
Try(4+p)yd ¥ 072

Note that the total number of ¥ matrices must be even or
else the trace vanishes. Thus, N is even as we concluded
at the beginning of Sec. III and we write N =2n. There
are now two cases to consider: b even (b =2k) and b odd
(b=2k+1).

Even b. When N =2n and b =2k the expression in
(5.4) collapses immediately:

f Q q+P)2k 2n —2k — ZTr(,yu,y )

(5.5

—

Note that each sum in (5.6) vanishes at N =2n =0 and
that

9 "t 1 Inx
= > X =—= (5.7a)
oN 2, |v=o 2 1—x
and
3 "! 1 x 1
k =—= Inx — . (5.7b)
oN kéo N=0 2 (I—X)z 2(1—x)

Thus, after differentiating with respect to N and setting
N =0, we have

FIG. 4. The graph constructed from the vertex in Fig. 3
representing the photon propagator.
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dlq _q’+(qg+p)

(g +p)?

1

ey, .(p)= %Sezg“VZd/zf In

2m)? [q*—(q +p))?

+8e g‘“’Zd/Zf (5.8)

(277)" g’>—(g+p)?

Hence, as we saw in Secs. III and IV, the even-b case only produces terms proportional to g*.

Odd b. Substituting N =2n and b =2k +1 into (5.4) gives

n—12n —2k—3

I1%y(p)=e28M ~ 2 3 4

2)"

Evaluating the trace and summing over a gives
4(p)=e22%2M ¥ z (2n —2k —2) f

Finally, we sum on k, compute d/0N, and set N =2n =0:

2
1 In (p +q)

(g +p)*q> " TryH(g+p)q .

(g +p)¥egn =2k = Ugt+pH)g +qHq +pY)—g"(g*+q-p)] . (5.9)

1

M3,(p)=8e2472 [ dﬁ)d

(g*—(p +q)*] q’

X [(p +q)q¥+q*(p +q)—

.

q*[q’—(p +q)]

(5.10)

Combination of odd-b and even-b terms. We combine II£), (p) in (5.8) and I14},(p) in (5.10) to obtain IT*"(p):

2
[4(p) = 822472 [ (;1 q ][I;[(q;;pl/;]]]
) [gi—

(Lg*p*+(p +qVq*+q*(p +q)*]

+8e224/ [ dlq_(p+qV'q"+q"(p +q)"—
(2m)? 9’lg*—(p +9)7]

Contribution of the second graph. Finally, we must add
to the result in (5.11) the contribution from the second
graph of the form in Fig. 4 coming from the vertex in
Fig. 3. The amplitude for this graph is obtained simply
from that in (5.11) by replacing p with —p and inter-
changing u with v. If we make a shift of the integration
variable of the form g —gq +p in the new amplitude and
add it to (5.11) we obtain the result in (2.2) multiplied by
8, which is easily evaluated to give the result (2.5).
Again, we have successfully evaluated the photon propa-
gator and the anomaly.

g"qp

(5.11)
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