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We resolve inconsistencies between integration in four dimensions, where shifts of integration
variable may lead to surface terms, and dimensional regularization, where no surface terms accom-
pany such shifts, by showing that surface terms arise only for discrete values of the dimension pa-
rameter. General formulas for variable-of-integration shifts within N-dimensional Feynman in-
tegrals are presented, and the VVA triangle anomaly is interpreted as a manifestation of surface

terms occurring in exactly four dimensions.

I. INTRODUCTION

It has long been known that shifts of integration vari-
ables within linearly divergent Feynman integrals in four
dimensions are accompanied by finite “surface terms”; for
example, >

f d*k k,
[(k _p)Z_mZ]Z

d*k (k +p) .
__f [kZ—mZ]Z":—mrzp#/Z.

(1.1)

It is also well known that naive shifts of integration vari-
able are always permitted within dimensional regulariza-
tion>*:

d"k k, d"k(k +p),
— =0. 1.2
f [(k P)2 m2]2 f [k2 m2]2 ( )

Equations (1.1) and (1.2) are contradictory, and this
contradiction merits further investigation (as opposed to
defining or postulating it away) if perturbative field
theory is to be truly self-consistent.

The basic point of our paper is that if dimensional regu-
larization is to be a procedure for continuing four-
dimensional Feynman integrals to » dimensions, then it
should reproduce finite results that occur from standard
four-dimensional manipulations when n is taken to be
equal to four. In particular, Eq. (1.1) should be repro-
duced in n dimensions when 7 is taken to equal four. This
criterion is certainly reasonable from a mathematical
point of view. We emphasize that the criterion has a
physical motivation as well; the triangle anomaly can be
made to vanish within dimensional regularization if sur-
face terms are not included, unless ad hoc rules for mani-
pulating the matrix ys are constructed.® These rules ap-
pear to be incompatible with supersymmetry,® and alterna-
tive rules® consistent with supersymmetry (in which
{¥s57u} =0 for all y,, as in four dimensions) appear to be
inconsistent with the Adler-Bardeen theorem, whose
perturbation-theory proof in dimensional reduction seems
still to require the nonfully anticommuting ys matrix of
Ref. 3.7 Consequently, we believe features of n-
dimensional integration need to be reexamined in order to
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facilitate the development of a regularization procedure
fully consistent with supersymmetric theories.

In this paper, we generalize the arguments of Ref. 1 to
calculate finite terms accompanying shifts of integration
variables in 2w dimensions. We argue that such terms
occur only for discrete values of w. For example, we find
in Sec. II that

i d*k k,
[(k _p)2_m2]2

f d*k (k 4+
[ k 2_ m 2 ]2
)
i
= Tp " 80),2
for w <. Hence, Eqgs. (1.1) and (1.2) reflect a discon-
tinuity at @w=2. This discontinuity is not merely a curios-
ity. We demonstrate in Sec. V the explicit connection be-
tween shift-of-integration-variable “surface terms” and
the VVA triangle anomaly, and we argue that the anomaly
may be peculiar to four (as opposed to 4+ €) dimensions if
we wish to maintain a sensible and self-consistent Dirac
algebra.
In Sec. III, we examine the difference

(1.3)

2n+1
a*k [ (k+p),

2n 41
a*k I] k,,
f j=1 "’ —f j=1
[(k —p)?—m?]" [k2—m?)

for less-than-quadratically divergent integrals in which
neither w nor r is constrained to be an integer. We find
this difference to be zero unless w=r —n. A general for-
mula [consistent with Eq. (1.3)] for the difference is ob-
tained when this condition is satisfied.

In Sec. IV, we make a similar analysis of the difference

2n 2n
d*k [ ky, a*k [I (k+p),,

R
[(k _p)z__mZ]r [k2___m2]r
for less-than-cubically divergent integrals, and obtain a
nonzero result only if w=r +1—n. Once again, a general
formula for the difference is obtained when this constraint
is satisfied.
In Sec. V, we briefly discuss the significance of these
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28 SHIFTS OF INTEGRATION VARIABLE WITHIN FOUR- AND N ...

discontinuities in @. We show that divergences of all
three VVA-triangle-graph currents may be expressed as
differences of variable-shifted linearly divergent integrals,
and we show how the usual chiral anomaly is obtained
from finite terms accompanying such a shift when w=2.
We compare this approach to regularization procedures in
which the anomaly arises from either having ¥s commute
with (fractionally indexed) y matrices associated with
20 —4 dimensions,’ or from abandoning the cyclic trace
property of ¥ matrices.® We present a case for retaining
conventional y-matrix properties and for regarding the
anomaly (and observed 7°—yy rate) as a manifestation of
the discontinuity in Eq. (1.3).

Two lengthy appendices follow Sec. V. In Appendix A,
we examine symmetric integration (over k) in 2 dimen-
sions of numerator factors

m
Hl(k +p2)y, s
J=

where z can be zero, one, or a Feynman parameter. Re-
sults of Appendix A are extensively used in Secs. III and
Iv.

In Appendix B, we “bootstrap” Eq. (1.1) to derive for-
mulas for differences between divergent variable-shifted
integrals in (exactly) four dimensions. These results pro-
vide a consistency cross check of the general formulas ob-
tained in Secs. II and III. Appendix B is also intended for
those readers who would like to pick up where Ref. 1
leaves off without having to fight through the more gen-
eral arguments of Secs. III and IV, where w is not con-
strained to be 2.

II. THE JAUCH-ROHRLICH SURFACE TERM

We begin by considering the difference between
Kk

I*(w,r)= f dzwkm

(2.1

and
J;L( )_ dkaM (2 2)
a,r= f [k2_m2]r -
for three illustrative cases:
Case I. 1*(2,2)—J"(2,2)
k* (k+p)
= f d4k [(k ___p)Z___mZ]Z - [kl_mZ]Z ’ (233.)
Case II: I"®,2)—JMw,2)
" k# (k +pH
= [ d*k [k —mE  kom?F |’ (2.3b)
Case III: "M w,0)—J*w,w)
k# (k +pH
= [ d*k - (2.3¢)
f [(k _p)Z_mZ]m [kZ_mZ]w ¢

Case I corresponds to the case considered by Jauch and
Rohrlich!; cases II and III continue the dimensionality
and the power of the propagator from the w=r =2 limit
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of case I. To proceed further we shall need the following
relations:

1
a~"—b~"=r [ dz(b—alaz+b(1—2)]" "+,

2.4)
i d*k (k) _ m*T(e+0T(g—o—1)
[k2+X) [(w)[(g)X?—2~t
Re(g —wo—1)£0, (2.5)
J a*k(f () +g ()= [ d*kf (k) + [ d*kg(k),
(2.6)
0if x =
[ d®kf (kx,p)x —y)= (x —p) })dzwkf(k,x,y),
if xs£py, (.7
where x and y do not depend on k¥, and
J d*k fabdzf(k +p2)= [ d*k fabdzf(k,z) 2.8)

for less-than-linearly divergent integrals,' i.e., for

f(k)k~ (k?)~" when 20—2r <1 .

Equation (2.4) is standard Feynman parametrization.
Equation (2.5) follows from the definition of the beta-
function; note that Eq. (2.5) is finite on both sides and
well defined on the right-hand side. If 20 &Z* (positive
integers), then (2.5) is the definition of the left-hand side.
It is important that Re(q — o —1)50; otherwise the right-
hand side is not well defined and (2.5) cannot be em-
ployed. Equations (2.6) and (2.7) follow from the linear
algebra of integration operations. Equation (2.8) indicates
the conditions under which shifts of the integration vari-
able are permitted.! Note that in Eq. (2.8) a reversal of k
and z integrations is not allowed if the k integral is diver-
gent!; such a reversal is permitted only for finite integrals.
We also employ the relations

2,1y
[ a%k krierp (k= [ ak X8 racr), 2.0
20

[ d*k ktf(kH)=0. (2.9b)

Equation (2.9a) holds for 20 €Z *+; if 20 Z *, then (2.9a)
defines the left-hand side. Equation (2.96) follows from
setting k, — —k,,.

We shall find it useful to briefly recapitulate the argu-
ments of Ref. 1 in evaluating case I. Using (2.4) we find
that

I#(Z,Z)—J“(z)z)

— [a*% [ dz

__—p*
[k2__m2]2
2k*(2p-k —p?)
[k*—2p-kz +p*z —m?]
(2.10)

Since the second integral is logarithmically divergent, (2.8)
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may be used (note that k and z integrations are not inter-
changed) in order to obtain

1%(2,2)—J*(2,2)

1 7

- 4 __—P

_fdkfo dz [k2_m2]2
4k*k*p,

+ [k*4+z(1—z)p?—m?]?

_ 2pHp*z(1—22)
[k*+z(1—z)p?—m?]?

(2.11)

In the last integrand, we may partial integrate over z to
find that

f‘ dzz(1—2z)
0 [k2+z(1_z)p2_m2]3

_ =1/2p*) [ 1 pt dz
[k2—m?]? * 2p? Y0 [k 4z(1—z)p*—m?]?
(2.12)
Substitution into (2.11) yields
TH(2,2)—JH(2,2)
1 4kt k*p,,
= [d*% | d
f fo z [K2+z(1—2)p2—m ]
_ [k +z(1—2)p>—m?p*
k2 —\n2__ 213
[k*+z(1—z)p?—m?] (2.13)

Using (2.9a), we find k#k*—gH*k? /4, explicitly canceling
the factor k’p* in the second integrand of (2.13) [Eq.
(2.7)]. The remaining terms lead to finite integrals, so k
and z integrations may be interchanged; using (2.5) we ob-
tain

—pHpz(1—z)—m?]
[K24z(1—z)p2—m?]?

1
1*2,2)—g"2,2)= [ 'dz [ d%

=—im’ph/2 . (2.14)

Thus we reobtain the Jauch-Rohrlich surface term [Eq.
(1.1)].

Consider now case II. All manipulations leading to Eq.
(2.11) remain valid provided 20 —4 < 1, so that (2.8) may
be used to obtain
IMw,2)—J*w,2)

1 _ph

= [d*k f dz | ——=P~

0 [k 2 m 2]2
4kFk¥p, —2p*prz (1 —2)
[k24z(1—z)p2—m?]?

(2.15)
For case II, (2.12) is still valid, so
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"w,2)—J*w,2)

= [ a*x foldz

4k kp,
[k2+z(1—z)p>—m?

_ K4z —z)p?—m?p+
[K*+z(1—z)p>—m?P

(2.16)

Using (2.9a), k*k*—g"*k? /2w, and (2.16) becomes
IMw,2)—J*(w,2)

= [d*k foldz

PrE(2/w)—1]
[*+z(1—z2)p?—m?)?

__pMz(1 —z)p%—m?]
[k2+z(1—z)p2——m2]3

(2.17)

We may interchange k and z integrations provided
20 —4 <0. Using (2.5) and (2.8), (2.17) becomes

IM@,2)—JMw,2)

=. fol dz

—iT*(1-2/0) 0+ 1)T(2—w)
2l(w)[p%2(1—z)—m?)?~®

_ iTT(3—w)
2[p%2z(1—z)—m?*—2 |’ (2.18)

or
I*w,2)—J*®,2)=0, w<2. (2.19)
Hence
0, w<2,
IMw,2)—JMw,2)= l—i‘trzp"/Z w=2, (2.20)

and so I*(w,2)—J*(®,2) is discontinuous at w=2, con-
sistent with Eq. (1.3).

For case III, the same manipulations that lead to (2.17)
now yield

IMw,0)—J*"w,0)

= [d*k foldz

PP (w/w)—1]
[k2+z(1_z)p2__m2]w+1

___pMz(1—2)p’—m?]
[k24z(1—z)p?—m?]@+!

=—inp* /[T w+1)], (2.21)
where the first integrand vanishes because of (2.7), and
where (2.5) has been used to evaluate the second integrand,
which is finite.

We stress that cases I and III do indeed differ from case
IL, in the limit @—2. This is not surprising; in general,



28 SHIFTS OF INTEGRATION VARIABLE WITHIN FOUR- AND N ...

we find that

lim [fd”"kf(k,co)]#(},iinz[fdz“’kf(k,z)] :

0—2

(2.22)

reflecting a discontinuity at @ =2. As an example, consid-
er the integral
d**k

(w,a,B)= | —————=
doaf)=[ (kD[ (k +p)°]P
. No+pB—w) _ _ 2yo—a—PB
=i7? M) B) Blo—a,o0—B)p*)
(w<a+pB). (2.23)
One can show that

o, 1,1)=im"T2—0)Blo—Lo—1(p?*"? (2.24)

and
i e l(4—20)
{w,1,3—w)=ir TO—0)
X Blw—1,20—3)(p2)?*~*, (2.25)
in which case®
limz[g(w,l,3—w)]=% limz[g(w,l,l)] , (2.26)

and not

lim (w,1,1)

w—2
as one might expect.

III. SURFACE TERMS
FROM LINEARLY DIVERGENT INTEGRALS

We wish to consider the difference between any pair of
Feynman integrals that are related to each other by an ad-
ditive shift in the variable of integration, and are linearly
divergent when integrated over (exactly) four dimensions.
To proceed, we must first establish that naive shifts of the
integration variable are permitted in any Feynman integral
whose degree of divergence is less than one. Consider the
difference between two integrals whose degree of diver-
gence is Dy =2w —2r,

dZa)k d2a)k
I(O)= _ .
f [(k _P)Z___mZ]r f [kZ_mZ]r

(3.1
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The degree of divergence of the integral in Eq. (3.3) is one
less than that of the integral of Eq. (3.1). If ® <7 + 5, the
integral over k in Eq. (3.3) is finite and a naive shift of
variable k —pz—k is allowed,

19=r [ d%% fol =

The integral over z can be shown to be zero by noting that

dz p*(1—2z)
+p%2(1—2z)—m

T 09

dp?*2(1—z)]=p*1—-22)dz ,

and that z(1—2z) is symmetrically double valued between
z=0 and z =1. Therefore I'”=0 provided w <7 + 3,
which case naive shifts in the variable of integration for
I'9 are allowed provided D < 1.

In fact, this argument can be applied to any less-than-
linearly divergent integral; henceforth, we shall always as-
sume that naive shifts of integration variable are permit-
ted in integrals with degree of divergence less than one.

Let us now consider the difference between variable-
shifted integrals containing the product of an odd number
of numerator momenta:

2n+1,r 2 ntl 2 21—
Iﬂlf‘z l"zn+|E fd k jI—-[] k [(k _P) —m ] ,
(3.5)
2 1, 20 2 21—r
T = | T et |85y
(3.6)

If 2w+42n +1—2r < 1, these integrals are equal. We wish
to consider the difference between these integrals in the re-
gime 2>2w+2n +1—2r>1. Using Eq. (3.2), we find
that

2n+1 r
I “Han 41

[k2__m2]—r

2n+1
= [a%k|[] k
ji=1

1 [2kp_'P2] H kpj
+r [d*k [ dz =

Using the formula! [(k —pz)*+p2z(1—2)—m?]"+! ~
1
T—b~'=r(b—a) [ dzlaz+b(1-2)]""F", (32 (3.7)
we find that The first integral in Eq. (3.7) is odd in at least one com-
1 dz(2p -k —p? ponent of k and must therefore vanish [Eq. (Ala) of Ap-
IO=r f d*k f o Tk 22( ‘f 1 p)) Y pendix A]. The second integral has degree of divergence
[(k —p2)*+p°z(1—2)—m"] 2w+2n +2—2(r +1) <1, in which case the variable shift
(3.3)l k—k +pz is allowed. Consequently, we find that
s r [ ak [ dz|2p ansa® H (k +pz),, —p ﬁ (k +p2),, |[k2+p*2(1—2)—m?]*! (3.8)
”2n+l— 0 12 L] P B P . .

Let us now define an n-indexed object o 4
same:

n which equals unity if all j’s are different and zero if any two j’s are the
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o 1i2 —€ a ( I)SIgn(e) (3.9)
L < iy

>SS - 3 m=ml. (3.10)

. =

Using the “o tensor” (which is not, strictly speaking, a tensor), we see that

m
I1 Ry, =kuky, - ky,

jriy
0.12 m

m
. -2=1 (kﬂjlkujz - kujm )—m! . (3.11)

|| M§

Note that values of u; need not necessarily be different for different values of j;. For notational convenience we will

treat the summation over j’s as understood whenever indices j; are repeated.
In Appendix A, we prove that numerator factors of (3.8) can be expressed in terms of the contraction of the o tensor
onto products of the momenta Py, and the metric tensors

g"fi—ryl} )
Substituting Eqgs. (A20) and (A 15) of Appendix A into Eq. (3.8), we find that

Han 41

1 n
12n+1r = demk fo dz 2 ((kZ)tZZn+1——21[2(w+t)p22]+(k2)t22n—2![(2 2t+1)k2] t 2n+1— 21[ (w41) 2])
t=0

X[Gyon 1PV [k*+p*2(1—2)—m?]~ 771, (3.12)
where [from Eqgs. (A11) and (A7) of Appendix A]

G"2"+](p)=(g"11"1'2 o g“izx—1”l'z:)(p"fzt+1 o p”jzn—H

Xaj' "'j2"+‘r(w)/[t!22'r(w+t +2)2n +1-=-2)17. (3.13)

We choose to regroup the terms of Eq. (3.12) as follows:

Tty = J 4%k 3 ()2 =2+ DGy0 11(p)
1 dzzZn-—Zth
X |r
fo [k24p%2(1—z)—m?2]"+!
p (1—2z)dz zZn—21+1
t . .
+r(w+)f l[k2+Pz(l 2)—m?]+ || 2n =2t +1 .14
An obvious integration by parts yields
= dewkz(k (2n —2t +1)G; 24 11(p)
X [(co+t)(2n —2t +1)"Nk2—m?)~T
1 _u [k r—o—t)—(p*2(1—2z)—m*)(w+1)]
d 2n —2t . 3.15
+ fo z |z [t p2(l—2)—m ]+ (3.15)

In (3.15), we are performing a 2w-dimensional integral, lr —w—1t=0. Then the coefficient of k2 is nonzero for all
where the value of w is fixed. In particular, the coeffi- t. If we employ the formula®
cient of k2 in the numerator of the last integral on the 20 mo i o
right-hand side is (» —w—1), where both r and ® have f d f(k L _ iz F(w+m)F(q;c—um—m)
fixed values which are not necessarily integral. (k*+X)T Mo)'(g)X?

Let us first suppose that there is no integer ¢ for which  in (3.15), we see that the integrand of the right-hand side

(3.16)
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integral over z vanishes when integrated over k.

Now let us suppose for our particular choices of » and
o that there exists an integer ¢ such that » —w—t=0.
Since 2w+2n +1—2r <2, the only possible value of ¢ for
which » can equal w—+t is n. Thus, if r =w+n, the in-
tegrand of the integral over z in (3.15) when ¢ =n is just

—[p’2(1—z2)—m*(w+n)
[k2+4p2z(1—z)—m?2]|otn+l ’
leading to a surface term when integrated over k:
2n+1,r
177 Han 41

n
= [ d%k 3 (k¥G,n 1PV @+1)/(K*—m?)
t=0

ir®

mGn,sz,x(P) (3.17)

_ar,a)-{—n

One can attempt to argue away this surface term for the
case of »r =w-+n by choosing w=r —n +¢€ and consider-
ing the limit e—~0%. The relevant term in (3.15) becomes

lim [ d?°k (k?)'+'e
eot ¥ [k24p2z(1—z)—m2]otitite”

which leads to a nonzero result proportional to

el'(e)=TI'(e+1) — 1
e—~0t

that would cancel the surface term. Such an approach as-
sumes continuity in o, inevitably removing any surface
terms that may arise at discrete values of w.!° We take
the point of view here that Eq. (3.15) has a discontinuity
when 7 =w+n which the €e—0" limiting procedure
necessarily defines away. Indeed, by saying that the con-
tribution of (r —w—1)k? is exactly zero for r=w+n
when ¢ =n, we are assuming that

2)S
r f dzwk (kz) ——

[(k+p)—m~]

consistent with Eq. (2.7), even if

f d*k (kK>S
[(k +p)2_m2]r
diverges for the choices of 7, w, and s considered.!! Hence,
we cannot use the pole to cancel the zero as in case II of
the previous section of our paper; to do so would violate
Egs. (2.7) and (2.8), equations which are necessary for us
to be able to continue to values of » outside of the range
0<w<2

We now use Eq. (3.17) to evaluate the difference be-
tween (3.5) and (3.6). The first term on the right-hand
side of (3.17) is equal to J}, 2" *L p . » @ result easily seen by
setting z=1 in Eq. (A15) and then substituting directly

(kS
[(k +p)2__m2]r

=0,

into (3.6). Therefore, we find that
12n+1 r J2n+1 r _ i"TMGn,an(P)
T Hon 41 Fony1 ™ INow) ro+n >

(3.18)

where

1983

“ e jl'.'j2n+l
X(g”flﬂfz g'ujZn—l'uj?.npﬂjZn+la )
(3.19)

Note that in the (27 +1)! terms of (3.19), each of the
(2n +1) possible values for Py, multiply (2n — 1)!! distinct

products of n g’s, as is discussed in Appendix A. For ex-
ample, if n =2, each j; goes from 1 to 5, and

flf2f3f4j5
gl‘!]'ulzg”']3"] p'u.l

= 8Py (8 Buugps +8up Brisps T 88y,
+8pl‘2(gﬂll‘3gﬂ4l‘s+ T )+8pi‘3(gl‘1l‘2g#4l‘s+ )
)+ 8P (8 8y, + ") -

(3.20)

+8pl‘4(gl‘1!‘2gﬂsl‘5+ T

Also note that if n =0,
Go,1(p)=[T(@)/T(0+Dlp,, ,

consistent with Eq. (1.3).

We stress that no surface term arises unless w and r
differ by an integer. When w=r —n, the integrals of Egs.
(3.5) and (3.6) are exactly linearly divergent. We see,
therefore, that variable shifts do not lead to surface terms
within less-than-quadratically divergent integrals with
products of an odd number of numerator momenta unless
the degree of divergence is exactly one.

IV. DIFFERENCES OF MORE-THAN-LINEARLY
DIVERGENT VARIABLE-SHIFTED INTEGRALS

Let us now consider the difference between

12'1”.’..#2"= fdz“’k I_Ilk ] pP—m?]=" 4.1)
j=
and
T = [ d%k [11<k +p)y, [[K2=m?]™",  (42)
j=
where 2w +2n —2r <3. We once again use Eq. (3.2) to
find that
2n,
I I.’..#Zn
2n
=fd2wk Hk [k2_m2]—r
j=t1
dz[2p-k —p?] H kﬂj
d*k = :
+rf f() [(k _pz +p Z(I—Z) 2]r+1
(4.3)

We want to make the variable shift k—k +4-pz in the
second integral of Eq. (4.3). Such a shift results in a sur-
face term when 2w+2n +1—2(r+1)=1; using Egs.
(3.18) and (3.19) we find that



1984 V. ELIAS, G. McKEON, AND R. B. MANN 28

2n
e, = [ d*k [ IT %, ][kz—mz]"

j=1
u 2n+1 2n
l pham+ H (k +pz)”j 1 H(k +PZ)M,~
2r [d*k [ d =1 —rp? [a%k [ dz =1
+ rf fO Z[k2+p22(1__z)_m2]r+1 P f fo [k2+p22(1_z)_m2]r+1
+ 2"+ [z —ins /NI T o+n +D1}g, 4 " 8 pu,  zo’' ) 4.4)
0 o,r +1—n : BjBiy Bisn —1Finy' Figg 41 ' ’

The integrands of the second and third integrals in (4.4) can be evaluated using Eqs. (A16) and (A19). The contraction
of p"*"*! into terms in the final curly brackets is given by

Banyrg, - Jv g
p (8u, p, "~ 8, Dy, O )
Hik, Fion —1*ion #12n+1
2 jl...j2 jl.y.jz"
=P (&u, u, """ &y, o )+2n(gy . """ 8, . Pu, Pu, O ), (4.5
Bjtiy Hipn 1z Bjkiy Fipn —3tian—2" Pigw 1" P @.5)

a result most easily understood when one considers that (2n + 1)! permutations of indices on the left-hand side of (4.5)
may be partitioned into either (1) a choice of
“Pugy iy

Fipm 41

in which case there are (2n)! permutations of the remaining indices running between u; and u,,, or (2) the
[(2rn +1)!—(2n)!]=2n (2n)! permutations of 2n + 1 indices constrained such that Py, does not equal p,, o [for both
. a4 "

P +
cases (2n)! corresponds to the contraction of the 2n indices ;- - p j,, iNtO o't I,
Upon substitution of Egs. (A16), (A19), and (4.5) into Eq. (4.4), we find that
2n,r 2 2n 2
e, = [ d%k [[1 ky, |[k2—m?]~"
J=
nl 1 222 )+ (2 —20)G,y ,,(p)
+r 3 fdzwk fo dz 2, .2 29r+1
{=0 [k*+pz(1—z)—m~]
2n =207, 2y, 2
n 1z (k*w+t)p“(1—-22)G, 5, (p)
-r3 fdzwk fo dz 2., 2 297 +1
£=0 [k°+p°z(1—2)—m?]
i7r“’r8m,+1_,, Jic g )
— i " cee 2 . 4.
22" N w+n +1) {gﬂflyfz g”fzn—3“f2n—z[p g'ujZn—l”jh + np“fzn_1p”fzn]} 4.6
The third integral in (4.6) can be integrated by parts over z by identifying
du =p*(1—-22)dz /[k>+p%2(1—z)—m?]"+! .
We see that when ¢ =n, the third integral vanishes, and (after a little algebra) we find that
2n n=l 1z 22120 —20)(r —o— )k Gy, (D)
e, = [d%k | I k,, |[[K2=m?1~"+ d*k [ dz L
L B 2T f LI;I] Hj [ ] t§0 f f() [k2+pzz(1_z)_m2]r+1

n—1 1 2n—2t —1 e 2 )
2 z (2n —2t)(w+1)(k*)[p°z(1—2z)—m?]
— tgo fd o) fO dz [k2+p22(1_z)_m2],+1 GI,Zn(p)

n—1
+ 3 [ d®k(+0k>G o (pk>—m?]~"

t=0
i'rr“’rsm’,_‘_l_,, 2 jl".jZn
T2y T(w+n+1) {gﬂjlufz gyfz;;_zyfzﬂ_z[p gijHijz" +2np“j2n—1pulin lo b @D

If r5£w+1, the second and third integrals cancel [Eq. (3.16)] as before,
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(r_m_t)fd2wk(k2)t+l[k2+p2z(1_z)_mZ]—r—l

=(+0[p2(1—2)—m?] [ d%k(k*[k*+p*2(1—2)—m?]~"~!

=T+t + DT(r —o—t +1)[p’2(1—2)—m?]°*' 7 /{T(0)[(r +1)} . (4.8)

If »r =w+t, our restriction that 2w +2n —2r <3 is satisfied only if ¢ equals n —1, its largest allowed value. Thus, we
find that

2n
2n, _ 2
I#']'.'..MZ"_fd“’le lk,,j
e

n—1
[k2_m2]—r+ fd2wk 2 (co+t)(k2)’G,_2,,(p)[k2—m2]_’
t=0

2im? iT®

2T G,
o) 120 2+ D@ +n + 1)

_Sr,w+n -1

J1° " Jan
#jZn +2npl‘j2n_1pl‘j2n Jo ] : (4.9)

X[g#flﬂfz o g”fzn—s"fzn—z(p

n—1
The first two integrals on the right-hand side of Eq. (4.9) are equal to J#Z":", -y, 88 iIs seen from substituting Eq. (A16)

(with z=1), (A1b) and (A11) (with t =n,m =2n) into Eq. (4.9). If we then use Eq. (A11) to evaluate G, _; 3,, we find
that '

2n,r 2n,r
2r g =T,
R JioJ
i’ "
=—8r,m+n—1

2°L(n + DMNw—+n +1) (8, " By

2
X[(w+n—1)p gujh— W, +2n 2w +2n —l)p”fzn_xp"fzn]} . (4.10)

1

As an example, note that for four indices there are 24 permutations, facilitating determination of

Jraisia _

O NGy 8y gy, )= BL8 8y B uagny B Buyps 1 (4.11a)
Jriadsi

&R,y Puy Py )= A8 sPusPrsy T BuussPrsPiuy T 8pnuaP Py + 8 Prsi Py +8upPruPrus +8uysPrPuy) - (4.110)

Once again, we see from Eq. (4.10) that naive shifts of variables are permitted for products of an even number of
numerator momenta unless o is exactly equal to » + 1 —n, corresponding to a degree of divergence exactly equal to 2.

V. DISCUSSION

In Secs. III and IV, we have shown that naive variable shifts are permitted in divergent integrals with nonintegral de-
grees of divergence, but that additional finite terms accompany such shifts when the degree of divergence is 1 or 2. In
other words, the function F(w) defined by

Fl o (@)=I . (@) =T, () 5.1

is not a continuous function of the dimensionality ». This result has its most obvious ramifications in calculations of the
VVA triangle anomaly.

Consider S,,,, the sum of the triangle graphs in Fig. 1 (in which interior momenta are parametrized in the most gen-
eral possible manner). In four dimensions, divergences of all three triangle-graph currents are proportional to differences
of variable-shifted linearly divergent integrals (note that p5 —p,=p] —p,):

)
—ie _ - , _ Fy—
kSupo =157 J @*r{Tely r + 01+ @) " uys(r +0) " 1= Tl r +25+@) " vy sr+p3) "1}
ie?
(2m)*

+ fd4r{Tr[1/p(r+p’z+q)“1/,,1/5(r+p'1)“]—Tr[y,,(r+Fz+q)“ly,n/5(r+p1)“‘]} , (5.2)
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—(@+KVSypo = 27
)
ie
+
(2m)*
)
_aks.  — _le
4 e (2m)*
. 2
ie
+
(2m)*

Each difference of traces within curly brackets yields a
finite surface term contributing to anomalous divergences
of triange-graph currents. If we define

P32 —p2(=pi—p1)

as an arbitrary linear combination of the external momen-
ta g and k such that

(py —p2)y=Aq, +Bk, , (5.5)
we repeatedly apply Eq. (1.3) and find that
kS ypo =(—ie?/87°)(1+ A€, rpmg k" , (5.6)
—(q + KPS, =(ie*/87)(2—A +Beyrona k" , (5.7
—q*S,po =ie?/87*)(1 —B)€yropnq k" . (5.8)

These three equations in two unknowns forbid simultane-
ous conservation of vector and axial-vector currents. Im-
position of vector-current conservation upon Egs. (5.6)
and (5.7) yields A =—1,B = —3; this value for B yields
the usual chiral anomaly in Eq. (5.8).

We stress that this result is obtained directly from sur-
face terms associated with the difference of variable-

—(k+q)

k(=p; —py)

—(k+q)

_y-;\l\f\/\.,» k(=|32—-l-‘>l )
FIG. 1. VVA triangle graph and cross graph.
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J d*r{Ttly 4024+ Yo +51+0) " Y sI=Tely (r +55) " 7 o r +01) " 51}

-2
’9)4 J @ (T (r 224+ o r +21+ O~ Yy s = Tel(r +-25) "7, (r 421" y,751)
J @ (T +p) " o r 0+ 1,y ) =Tl 4+25) " o 405+ 7,751}, (5.3)

—— [ (Tely (r 024+ 0) " oy s(r 40" N =Trly r + 05 +0) " v oy sir+51) "1}

(5.4)

‘shifted linearly divergent integrals in exactly four dimen-
sions.!? If naive variable shifts were permitted in Egs.
(5.1), (5.2), and (5.3), no anomalous divergence would
occur,'? despite the fact that the anomaly corresponds to
the physical field-theoretical amplitude for 7°—y7.

One can, of course, obtain the triangle anomaly in 7 > 4
dimensions (where naive variable shifts are permitted) at
the price of defining a ys which commutes with y, for
n >4 (Ref. 3). In essence, an exotic definition of ys (not
to mention nonintegral y-matrix indices) compensates for
removal of the discontinuity in dimensionality that occurs
in Eq. (3.18).

Such a ys does not seem to be appropriate for super-
symmetric theories; {ys,7,}=0 and Tr(1)=4 are neces-
sary conditions to preserve supersymmetry in the Wess-
Zumino model.>® Dimensional reduction, an alternative
regularization procedure in which naive variable shifts are
also permitted, manages to uphold these conditions by
partitioning four-dimensional space into »n and 4—n di-
mensions and by using the usual four-dimensional ¥ ma-
trices.'* Unfortunately, the calculation of the triangle
anomaly under dimensional reduction is somewhat ambi-
guous. Nicolai and Townsend® show that to recover the
usual triangle anomaly, one must selectively abandon cy-
clicity of Dirac-matrix traces. For example, we retain
having Try,y,=Try,y,, but we also require that

Tr[y sby uv v oV ob 1= — 0> Ty sy ¥ 37 oV o] »

contradicting the equality that follows from cyclic rear-
rangement. ’

Under these circumstances, we find it reasonable to
question the exclusion of variable-shift surface terms at
integral values of dimensionality. In particular, if ¥ ma-
trices retain their usual properties, the triangle anomaly
appears to be peculiar to four dimensions, a manifestation
of the discontinuity of Eq. (3.18) when w—r is in-
tegral.!> 1

Consequences of retaining finite terms associated with
variable shifts in divergent integrals have also been exam-
ined in the renormalization of a spontaneously broken
gauge theory in which fermions are absent.!” The in-
clusion of such terms to full two-loop order has been
shown to lead only to absorbable divergences (even though
the absence of fermions precludes any y-matrix peculiari-
ties that may compensate for surface terms). Finite terms
associated with variable shifts in divergent integrals have
also been examined in two-dimensional QED!3; results ob-
tained are consistent with the theory first-discussed ob-
tained by Schwinger.!®
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APPENDIX A: SYMMETRIC INTEGRATION IN 20 DIMENSIONS

Consider the k2-symmetric integration of a product of numerator momenta k _in 2w dimensions:
y g p W,

2r4-1
[ @k £k [ k,,=0, (Ala)

j=
Ry
N, o' 7

g, [ A
Fipp _1Fizy ri2"

2r
20 2 _ 20 2y( 1 2y ..
[ a*k fk )Jg1 ky,= [ d®k £ (k) By, By, (Alb)
(The “o tensor” is defined in the text.) In general, there are (2r)! terms on the right-hand side of Eq. (A 1b), correspond-
ing to (2r)! permutations of the 2r indices gy, . . . , 4y, obtained when the product of g’s is contracted into o. Of these
(2r)! terms, only (2r)1/(r!2")=(2r — 1)! are distinct, as there are r! ways to arrange a product of » g’s, and for each one
of these g’s, there are two equivalent choices of indices (g,5=gp,). For example, when r =2,
J1J2i3J
8y iy 8y, O =88 By 8By F By Bpigsy) 5 (A2)
corresponding to 3(=3!) distinct terms within 4! permutations of four indices.
We wish first to derive the value of N, in terms of r and w. To do this, consider

J17 7 Jar g2
N,+1(T

Neproo 777 A3
Buyrsy Bk My (r 27 (A3)

2w 2 pa 20 2 2yr+1
[ @*k ¢(k?) Il ky = [ d%k gk (k)
j=

Let us call u,, , 1=p and p,, . ,=0. Consider contractions of g’ on both sides of Eq. (A3); using Eq. (A1), we find that
contraction on the left-hand side yields

N,-O'] 2r

g"fl"fz o g'uer—I#jZV ri2’ (A

2r
dewkqb(kZ)kZ qkﬂj: fd20k¢(k2)(k2)r+l
ji=

Contraction of g#? into the right-hand side of Eq. (A3) will be proportional to the same product of  g’s and the o tensor
as in Eq. (A4). To find the constant of proportionality, consider the (2r +-2)! permutations of indices on the right-hand
side of Eq. (A3). The number of permutations containing an explicit factor of g,, is (r +1)X(2) X (2r)}, corresponding
to 7 +1 choices for either g,, or g,, in the product of  +1 g’s, and (2r)! permutations of the remaining indices u; —p,,
excluding p and 0. Moreover, the number of permutations not containing an explicit factor of 8po (i.e., p and o indices
occur in different g’s, as in 8pu,8ou,) 1

2r+2)—(r +1D)(2)2r=[2(r + 1)(2r)](2r),

where once again the factor of (2r)! corresponds to the number of ways of arranging the 2r indices u; —pu,,. Conse-
quently, contraction of g#° into the right-hand side of Eq. (A3) yields

J1°  Jar g2
Ny 10

' gl"fzr+1”j2r+2 (r +1)127+1

po 20 2y 2yr+1 ..
g [ >k gk gy,

= [ d%k ¢(k>)(k?Y +1(gPog o [2(r + 1)]+[2(r + 1)(29)]} Buyn, "8 iv—iﬁj—% (A5)
1772 Jar—1"2r (r4-1)12
Since g°°g,, = 2w, comparison of Eqgs. (A5) and (A4) shows that
(20 +2r)N, =N, . (A6)
Since N =1/2w, we see from induction that
N,=2"T(0)/T(w+r) . (A7)

We now wish to consider the integration of a product of variable-shifted numerator momenta over a function of k? in
2w dimensions:

2n +1
Lni@= [ d*kfk*) T (k+q),, - (A8)
j=1
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Using the o tensor defined in the text, we see that

2n+1

S (ky, -k
s =0 N

2n+1
JI;II (k +q)pj= i, )(qﬂ'
[Summation over jj,j, - -
(k.uj R k“j ) and (q,,,

' q
1 o Jan+2 Fiom 41
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JvJan g

o
- -z A9
s +1 q”f2n+1)s!(2n +1—s) (A9)

- Jan4+1 over integers 1<j; <2n +1 is understood. Note that the “out-of-order” products
) corresponding to s =0 and s =2n + 1, respectively, are understood to be unity.]

If we substitute Eq. (A9) into (A8) and make use of Egs. (A1), we find that

Mg

Fioe

Lwiil@= [ d®k f(k}) 3 (kyy = k
t=0

‘ ce gy,
#1214.1 ”-’2n+l

o™ L 20N 2n —26 +1)1]

n
— 2w 2 | e
fd kfk )tgo (Zt)'(g"‘fll‘jzg“j3”i4 g”fz;_l"fzr)
(k2)'N, o.jl"'fzn+1
. . A10
2t | M T, | @onze —2er (Al0)
[Note that the factor (k PR ku,- ) corresponds to (2¢)! products of 2¢ k’s.]
1 2t
We define
G (@) =2 X gy | TN (A1D)
o =8y g, Bhy ) T T T m — 22t
—
and use Eq. (A6) to find that 2n 1
use Eq. (A6) to find that I1 (k+p2),,— z(k Ylw+0z2m+1=2G, 5, \(p)
Ly (@= [ @k f(k? ) 3 (kD (@+0G 20 41(q) i=1
=0 (A12) (A15)
This result corresponds to making the following substitu-
tion in the integrand of Eq. (A8): H (k +pz)y,— 2 (k)@ +1)z2" %G, 5,(p) .
2n +1 n j=1 t=0
II1 k+9), z D@ +1)Gyon 41(q) - (A13) (A16)
j=1 =0
An identical argument yields the result Let us now consider the numerator factors
2n n . I‘2n+|
I1 (k +9),— 3 (k2@ +0G,24(q) - (A14) ,Hl (k +pz)y, »
j=1 t=0 -
When g =pz, we see that G, ,,(q)=z" %G, ,,(p), leading which occur in
to the following formulas for products of variable-shifted P, (p2)
momenta within kZ%symmetric integrands of 2o- m
dimensional integrals: [Eq. (A8)]. From Eq. (A10), we see that
J
o o n (k )th2n—2t+1
p T (pz)= [ d*k f(k? T
et Jakr 'Z | ian 210
xXp" " (g u 0 8 Wpu, pu, ol TmE (A17)
Biytiy By 1Pine FPin 41 Pim 41

There are [(2n +1)—2¢] p indices; if any one of them is u,, ;, contraction with p"¥"+1 will reduce the number of p in-
dices by 1. Similarly, there are 2z g indices such that if any one of them is u,, ., contraction with plon+ replaces

g”ji# Tan+1
Hence, we find that

8y, C)py. ** Py, o
Bipe 1P ”Jzz+1 "Jzn+|

2
=pI(2n+1)—2¢ <o .
Pl + ][(g”flﬂfz gﬂjzr—l”fzz)(p"fzwl

+2t[(g"j1#j2 o gl‘fm_s”fzx—z )(p”fzx—l o puon o

Py

fl"'jzn] )

with Pu;» thereby increasing the number of p indices by 1.

ix“'fzn+1]

j ..4]'
)a,l Zn]
J2n

(A18)
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Substitution of Eqs. (A18), (A11), and (A6) into Eq. (A17) shows that

p”2n+1 II (k +PZ)
j=1

— 3 2"k (0 +1)p°2]Gy 20 (p)

t=0
n 22n+1-—22(k2)tNt F TRy
PN c e 1 Jan
2 T g 1—zen B Bty P, P, )
n n—1 zZn 2t—l(k )t+1N
2n —2t( 1.2 2 t+1 ..
,go (kD@ +1)p721G1onlp) + §0 1242 2t —1)! [ g’“fl"‘jz g”ju_]”fzt)(p SR
=3 222k [(@+1)p*2]1G, 2 (p)+ 2 220 =21k [(n —1)k*]Gy 24 (p) (A19)
t=0 t=0
Similarly, we find that
“2"“ H (k +pz), ;= 2 2 =2+ ) (w0 +1)p22)Gy g 41(P) + 2 222k [(2n —2t + 1k?/2]G 20 41(P) .
ji=1 t=0
(A20)
I
APPENDIX B: VARIABLE-OF-INTEGRATION d*k kﬂkvkk
SHIFTS WITHIN FOUR-DIMENSIONAL Lin= [ Tk —pr—m (B5)
FEYNMAN INTEGRALS
) ) Following Ref. 1, we use the identity
In this appendix, we use Eq. (1.1) in order to derive the
following formulas for integration-variable shifts in four 1 — 1
dimensions: [(k—p)—m?2]" (k*—m?)"
[ d*kkukky [ d*k (k +p),(k +p)y(k +p); = —n(p*—2pk)
[(k —p)*—m?} [k*—m?T “ [ dz (B6)
) 0 [(k—pz)?—(p%?—p%z+mH]**+!
" [Pug +P8ur +P28u] »  (B1)
=15 vA vo uA AsSuvl >
12 ¢ a # in order to write
4 4
f d’k k,k, B f d*k(k 4+p),k +p), d*k K koks
[k —pP—m?] [k*—m?]? Twa= [ Gy
. 2
L
:__6_[p2g,w+5pupv] , (B2) —3p2fd4k f‘ dz k,k k)
0 [(k —pz)*—(p%22—pz +mH)]*
d*k k* d*k (k +p)* 3im? 5
J g~ sy = @ +6p7 [ a% [, phaal
0 [(k —pz)*—(p*z*—p*z +m?)]
d*k d*k iT , B
S [(k—pP—m?] S kP—m?] 2 (B4 7
The final two integrals in Eq. (B7) are at most logarith-

These results are consistent with Egs. (3.18) and (4.10).
Consider first the integral

d*k k kK,
Iuvl=f (k2—m?2)
1 (k+pz),(k +pz),k +pz)
——3p2fd“kf dz—— #22 2 2 4A
[k*—(p“z°—p°z+m?)]
_ f d k d*k k,kyky

2)3

mically divergent in k. Consequently, the variable kK may
be replaced in these integrals with k +pz, and

(k +pz),(k +pz) (k +pz)i(k +pz),
[k2 —p z+m2)]4

6p” fd‘*kfd
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1 dzz3(1—2z) dz z°k?
3 2 g%k d*k
PuPvP |P f fo [kz—(pzzz—pzz+m2)]4 f fo [k2—(p22—p%z + mH)]*
dzk z(1—2z)
+(ppgvA+Pvgyh+Plguv) 0 [kz ——p22+m2)]4

dz k*

1
1 4
+3 fd k fo (2= (p22—pz +mD)]*

The coefficient integrals multiplying p,,p,py are finite and
can be easily evaluated,

f d4k k”kvkk i77'2

Ty = (KI—m2p  am2PHPvPr
+(Pugn +Pv8ur+Pr&uI " - (B9)
Now consider the integral
Joan= [ 4% (k +(":'2‘Yc;f;zv(k Pk (B10)

corresponding to a naive shift of integration variable in

(B8)

| X .
Consequently, we find that any surface term in 1,,, can
only be proportional to (Pp8wr +Pv8ur +Pr8uv):
,uvk —J uvA =4 (pl’m 2)(Pugv7» +pvgy7» +pkg[,w) .
(B11)

The coefficient 4 can be determined by contracting two
indices in Eq. (B10), using Egs. (B5) and (B10) for I and J:

64 (p*,m*)p, =g —J pra)
d*k k,k?
= f [(k —pP—m?]
f d*k (k +p),(k +p)?

I, It is straightforward to obtain the coefficient of 3 33 (B12)
PuPvPy in Jpu,,. This coefficient is precisely the same as (k% —m?)
that obtained for I,,) on the right-hand side of Eq. (B9).l Now we see that
f d*k k,k? d*k{[(k —pP?—m?]+m?+2p-k —pl}k,
[(k—pP—m?P® [(k—p)*—m?]}
4 . 2
_ f d'k k, 2f d k k, f d°k(2p-k —p*)k, (B13)
[k —p—m [(k—pP—m’F " 4 [(k—pP—m]

Only the first integral on the far right-hand side of Eq. (B13) is more-than-logarithmically divergent. The surface term
for that integral is given by Eq. (1.1). Naive shifts of integration variable are permitted for the remaining integrals on
the far right-hand side of Eq. (B13), leading to the following result:

[ dk ke [
[(k ___p)Z_mZ]} - (k2—m2)

o (K 4p)(k+p)?  in?

d*k(k +p),

d*k (k +p), m2
f (k2 2

i d*k (p>+2p-k)(k +p),
(k2_m2)3

= f (kP—m?? 2 Py - (B14)
Substitution of Eq. (B14) into Eq. (B12) determines A4:
2 2 l‘1T2
64 (p*m )p“=—7pp, (B15)
in which case 4 (p?,m?)= —in?/12. Thus, Eq. (B1) is obtained by substitution of this value for 4 into Eq. (B11).
Equation (B2) can be derived using the identity of Eq. (B6) and, subsequently, Eq. (B1). First note that
d*k k,k d*k k.k, kyk,k
I= = 4p™ [a*k [ a BovT
7 f [(k—pP—m?T f [k2—m2] + f f z[(k —p2—(p—pz+mI)
k,k
—2p% [ d*k [ dz £ .
P f fo [(k _pz)Z_(pZZZ_p22+m2)]3 (B16)
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The integral multiplying p? in Eq. (B16) is logarithmically divergent, in which case the shift of integration variable
k—k +pz is permitted. The integral multiplying p, is of the same form as the first integral in Eq. (B1). Hence, we can

use Eq. (B1) in order to find that

d*k kuk.,
I;Lv= fﬂ(}r——— f dz (pngvr+vagpr+pnguv)
1 (k +pz),(k +pz)k +pz) (k +pz) (k +pz)
+4p7 [ d*k | dz £ = _2p% | d*k d v
P f fo [kZ_(pZZZ_p22+m2)]3 f f z _p22+m2)]3
d*k kuk, iz?_, ) . 22)k,k,
= f (kz_m2)3 _—6_[p g;w+2Pva]*2P fd k f dz k2 z)+m2]}2
1 2(1—22) ! zk?
—2p%.p, [d*% [ dz 2 +2p,p, [d*k [ d ) B17
P PuP f fo (K—[pAz2—2)+m?]} PP f fo z (K —[p*z—2)+m?]}’ (B17)
The first of the last three integrals in Eq. (B17) vanishes, since
1 0
[, dzp(1-22)f(p*z2—2)= [ du f(w)=
(B18)
The second of the three integrals can be integrated by parts over z,
1 2(1—2z)z? d*k 1 z
—2p,p, [d% [ d s =ppy [ 25— —2p.p, [d*k [ d .
P uP f fo z{kz—[pz(zz—z)+m2]}3 PppP f (k2—m?)? PupP f fo z[kz_[pz(zz_z)+m2]}2
(B19)
The last integral of Eq. (B19) can be combined with the last integral of (B17) as follows:
1 1 k2
—2p.p, | d*k dzz -
PP f fo (KA —2)+m?]})?  (kK—[pAz2—2)+m?]}
! (p’2®—p’z +m?) in?
=2 dz [ d%,—ZP2Z =P - _im”
PuPv fo Zf [k2_(p222_p22 +m2)]3 PuPvy 2 (B20)

[We are allowed to interchange the order of integration in Eq. (B20) because the integral over k is finite.] Substituting

all of these results into Eq. (B17), we find that

d4k(kpkv+p;l.pv) l"IT2 2
I/LV: f (kz_mz)z -T[p g,uv+5pypv] ’

which is a rearrangement of Eq. (B2).

(B21)

Equation (B3) can be found trivially by contracting the indices of Eq. (B2). Equation (B4) can be found through judi-

cious application of Egs. (1.1) and (B3) as follows:

d*k
f [(k —m?]

7 d*k[k2—2p-k +(p>—m?)]

—p) [(k —p)*—m?]?
f d4k k+p 3117'
2 2 P

=f d*k _i17'2 2
k2—m? 2 )

—2pT

fd“k(k+p), i
(k—m2? 2 77

d*k
+(p*—m?) [f T

(B22)
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