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Evaluation of the chiral anomaly by the stochastic quantization method
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The method of stochastic quantization of Fermi fields is used to calculate the non-Abelian chiral
anomaly. The calculation is based on the formalism for the stochastic quantization of Fermi fields.
The regularization scheme followed is the one introduced by Breit, Gupta, and Zaks. The zero-
mode ambiguity is avoided by introducing a small energy for the zero mode. The result obtained is

the gauge-covariant anomaly.

I. INTRODUCTION

Recently the chiral anomalies were discussed extensive-
ly from various points of view—perturbative,! path in-
tegral,> and topological.’ In this paper we develop a
method for calculating the chiral anomaly in terms of sto-
chastic quantization.*

We start from the (Euclidean) Dirac action

S= [d*ypy,
where

P=iy*[3,— Viu(x)—iysd,(x)]

(1.1)

and ¥,(x),4,(x) are NXN Hermitian matrices (vector
and axial-vector fields).
Under the local chiral transformation

B(x)—e' "M y(x) ,

S—S+8S, (1.3)

85=— [ d*x §(x){elx)ys,BYx) . (1.4)
If A,(x) is changed simultaneously as

Ay(x)—A4,(x)—0,e(x) , (1.5)

then 8S is compensated by this change so that the action
is invariant.
Let us consider a path integral over Fermi fields:

[ DyDYe=S¥¥= [ DyDyexp [— f:'/iwdx]

WV, A
=e Lo

Woz,. (1.6)

If the integration measure of (1.6) is invariant under (1.2),
we should obtain
W(V,,A,—3,el=W[V,,A,]. (1.7)

That is, W is chiral-gauge invariant. The existence of a

_ iyt (1.2) chiral anomaly means that this relation is invalid and the
Px)—Px)e' functional W[V,,4,] is not chiral-gauge invariant.
Therefore we intend to calculate a variation of W by in-
the action transforms as finitesimal chiral-gauge transformation:
J
— [ DyDF [ dx etx)3,Fryspiexp |~ [ Fpax |

SW=

th/;D{Zexp - fJDz//dx]

This relation is an ill-defined quantity if P contains zero
modes. In this case both the numerator and denominator
become zero and the procedure for the calculation of the
anomaly becomes ambiguous. It is known, however, that
if we regularize the integral by assuming a small, finite,
nonzero value for the zero-mode energy and by letting go
to zero at the end of the calculations, we avoid the ambi-
guity. This is the infrared regularization. (This method
of regularization is implicitly mentioned by Fujikawa,’
but it was pointed out to me by Sakita.5)

There are two distinct ultraviolet regularizations in the
stochastic quantization procedure. The first (original) is
to keep fictitious time 7 finite. It is known that this is not

33

=(8S) . (1.8)

[

sufficient to regularize all the perturbative terms. Thus,
Breit, Gupta, and Zaks introduced an additional regulari-
zation on the random average procedure. We use this reg-
ularization scheme to compute (1.8).

II. STOCHASTIC QUANTIZATION
OF FERMI FIELDS (REF. 7)

In this section, the stochastic quantization of Fermi
fields is reviewed. The specific formalism we are going to
use is due to Sakita. Since this work was published in an
obscure publication’ we shall outline only the significant
points.
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The path-integral expression of Fermi fields to be con-
sidered is given by

[ DyDg(- - )e—s[nm/ [ DyDFe-s# | @1

where ¥ and ¥ are independent Grassmann variables. We
restrict .S to be a bilinear form

1147

since we can always bilinearize S by introducing a set of
auxiliary fields. G may contain not only derivative opera-
tors but also other (external) fields.
In general,
G'xG . 2.3)

An appropriate form for the Fokker-Planck Hamiltonian

S= [ dx P0GYx) , (2.2) s given by
1]
5 ) 58 o) rt] 8 5S
Hgp= | dx G — +—— —— +
w=J SYix) | 8gx)  8B(x) | SB(x) dp(x) ' Si(x)
8 t 8 8 Tt 8 T
= | dx G — +GiY(x) | — — —GYx) ||, (2.4)
el el el i
which has been proved’ that it has positive-definite eigenvalues.
The corresponding Langevin equations are
5@;¢<x,r)=—c*cw(x,f)+%G*n,mz :
(2.5)
—%J(x,ﬂ: —(GGHTP(x, 1)+ + +(GH T, ,
where
(o x, T gx 7)) = — (X", 7 )M a(X,7) ) g =2868(x —Xx")ap(T—1') . (2.6)
The general expression for the 7 average is given by
f D7Dn---exp|—~ f dxdrdt'a)(r—7'Mx,7)n(x,7)
(o )= Alim , 2.7

D7 Dnex
f’?"]P

where a,(7—7') is a symmetric regulator function, which
has the following properties:

ap(r)=ap(—r1),

[ drapir—7)=1, (2.8)
Alim ap(r—7")=08(r—71") .
III. CALCULATION OF (5S)
Our action is in bilinear form
S= [ $x)py(x)dx . 3.1)

¥ and ¢ are Fermi fields and P contains derivatives as
well as external fields.
The Langevin equations taken from (2.5) are

Ea;lll(x,‘r)= —P'PY(x, 1)+ P (x,7)

%J(m): — (PPN, T +T(x,T)

-+ f dxdrdrap(r—7"M(x,7)n(x,7)

[

where we assume that PP’ does not contain the zero-
mode energy. According to our prescription for the
correct definition of (1.8), we need a small energy for the
zero mode. Nevertheless, allowing this to be zero at the
end of the calculations we recover the right theory.

The stochastic quantization prescription gives the quan-
tity to be computed as

(8S[4,9]) = lim (8S[Py(x,7),Yy(x,7])y,  (B3)

where ,(x,7) and ;Z,,(x,r) are the solutions of Egs. (3.2).
These give the evolution of the Fermi fields ¢ and ¢ with
respect to the fictitious time 7 as

*(‘r—rl

Bax,r)= [ A0 me ™0 W

(3.4)
-2'p(r—r,

Yulx,7)= fore )DT'r](x,fz T, .

Then the 7 average of 8S is specified by
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(Ss[ﬁn(x,f),zpn(x,f)])":(— [ J,,(x,a—){e(x)y,,p}‘/;,,(x,f)d‘*x)
n

T T _ )
=<-— fd“x d'y fo drm fo dTiMo(x,T1)e {e(x)ys,P]}

Using the relation (2.6) and performing the 7 average of the noise function we have

-pplr—1 . —p'Bir—r)

D*n,,(y,m) .33
n

- . T 2 —ppl(r—1) —p'Bir—1y
(8S[hyx, g D)])g=— lim [ d* [ dr, [ “2ap(ri—mule ™ " exlysBle T “p'.  Ge
We compute the last trace
_pptir ' Pir— Bt O — _ptPr—r —
tefe P2 " ey, Dle TP P T D = trlex)ysPDTe P2 T T telex)ysBIRe TP PP 3
PP' and P'P are two Hermitian operators, which pick only even values of the gauge field since
Pl4,)=p(-4,). (3.8)
Then
(8S[%,9]) = lim (8S[#,(x,7),¢y(x,7]),
T—> 0
) ] T T —ppY2r—r -1
=— lim lim [ d*x fo dry fo dry2a (1 —7){tr[e(x)y sPDe S
—pt —r -
+rfe(x)yspPe 2 POy (3.9)
First we perform the integration over time 7. We change the variables
T +T
TI—T2=Z, 12 2 =T. (310)

Then the first term of (3.9) becomes

T/2 2T 2Ar-T)
— lm lim [ d4x[ J77ar [T dizapw 7T [T drdapo |uletoyspplemPP =T 3

7o A—w
We keep A finite during the integration over 7. Because of the relations (2.7) the regulator function gives the following:

21 . 1 1
f_ZTdtaA(t)=l only if 27> - or T> -,

(3.12)

2Ar-1) ) 1 )
J o pdtaad=1 only if 2r—T)>—-or T<r—>—,

and (3.11) takes the form

. . 7/2 T—1/2A _ to_
— lim lim fd‘x[ [fmAdT2+ [, drzjtr[e(x)ywv*e 20p(r—1)

7o A—>wx

T—1/

2A
t,—2ppYr—1
1A dT 2DD'e

=— lim lim fd‘x tr [e(x)}’s fl

T—o A—w®

=— lim lim fd‘x tr[e(x)(yse“ww/z"—-yse"ZDDT("VM))]. (3.13)

T—+o0 A>w

As we already discussed, PP' has a small finite value for the zero mode. Thus we can take the limit 7— oo , while pp'
is finite. Then (3.13) gives

— lim fd‘x tr[e(x)yse*"w/"]. (3.14)

A—>ow

The trace in the last expression can be evaluated by using the plane-wave basis.> Taking both terms of (3.9) into account
we have
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4

(85[9,9])=— lim lim [ d* |tretx) [

d
(2m)*

=— lim lim [d*%

A—s o x—oy

4
+tre(x)f% 5

k Ve e —PP /AGik(x=p) 4 tre(x) f

—(DHD, +0™Fyy /D/A ik(x

+ N
)4 Ys e—D D/Aetk(x —y) }

—y)

—<i5#5p+a"ﬂFm/2)/Ae,-k(x - l

. . . 1
=—1\11_{11w fd“ tre(x)f )475exp [(D“+tk")(D“+tk‘,)+%a"“Fm]X
+tre(x) f )4 ——Vsexp [(ﬁ"—f—ik“)(ﬁ#+ik“)+%amfm]% H , (3.15)
where
=0,—iV,+iysd,, D =0,—iV,—iysd,, F,,=F, +75fm, w=Fw—Ys o (3.16)
and
F’v“=—(ayVy—ava)+i[Vv1Vp]+i[Avay]y fvy=(avAp_ayAv)'_l[VvaAp]+'[Vp:Av] . (3.17)
After the expansion of (3.15) and rescaling
kk—VAk*, (3.18)
we have
~ )2
- ) o**F o™F A2 d*k
8 y = — 4 (e i (g2 , .
(8S[$,91) =~ lim [ d*x tre(x)ys | |— > oz | e e (3.19)

where we replaced e —**/A by g (k2/A).

The result of (3.19) is independent of the specific form
of g(z), if we require that g(z) is any smooth function
which approaches zero as z = o0,

gloo)=g"(0)=g"(0)="-- =0
and
g0)=1.

In obtaining (3.19) all other terms vanish either due to the
trace operation over the ¥ matrices or because they con-
tain the factor 1/A/, I >0. Finally, using

d'k

(3.20)

"(k?)= (3.21)
(27)4 gk 1672
we obtain
<5S)————trfd €xX)ys[(0"F ) + (0" F )]
L [ d*x €)™ (FiuF oo+ f S po) »
(3.22)

where F,F',F,f are given at (3.16) and (3.17).

IV. CONCLUSION

We have shown by explicit calculation that the stochas-
tic quantization method can be applied to the evaluation

of the chiral anomaly. Notice, however, that it would be
impossible to achieve the result without the specific regu-
larization scheme which we used. This method of
regularization—stochastic regularization—due to Breit,
Gupta, and Zaks respects the chiral-gauge symmetry of
the system and recovers the unregularized theory at the
limit A— 0. The crucial point in our calculation was the
regularization procedure in which A was kept finite while
the limit 7— o was taken. Then the limit A— oo is tak-
en. Also the infrared regulator was kept finite but
nonzero during all calculations. Letting it go to zero at
the end of the calculations the right theory can be
recovered. We also emphasize the important role played
in this work by the computation of the Langevin equa-
tions for anticommuting Fermi fields.’

Our result for the chiral anomaly is in covariant form.
According to Bardeen and Zumino,? the chiral anomaly
can assume covariant form when the definition of the
composite current is covariant. In that sense the “con-
sistent” anomaly, which can be obtained by varying the
functional with respect to gauge potential and the “covari-
ant” anomaly, are allowable.’~!!

When we had completed our calculation we received a
paper prior to publication from Alfaro and Gavela.!> Our
prescription for infrared regularization which we used to
avoid ambiguities at the zero mode (assuming pp' dif-
ferent than zero), is equivalent to that used by Alfaro and
Gavela (assuming a finite mass in the Langevin equa-
tions).
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