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We revisit the chiral anomaly in the quantum kinetic theory in the Wigner function formalism under the
background field approximation. Our results show that the chiral anomaly is actually from the Dirac sea or
the vacuum contribution in the un-normal-ordered Wigner function. We also demonstrate that this
contribution modifies the chiral kinetic equation for antiparticles.

DOI: 10.1103/PhysRevD.101.096015

I. INTRODUCTION

The chiral anomaly is a novel and prominent quantum
effect in particle physics and can only be understood at the
quantum field level. The kinetic theory is a bridge to
connect the macroscopic physical magnitude to the micro-
scopic particle motion in classical phase space. Hence, it is
a highly nontrivial task to incorporate the chiral anomaly
into the kinetic approach in a consistent way so that the
chiral kinetic theory is properly formulated. In recent years,
a considerable amount of work on the chiral kinetic theory
has been published where the chiral kinetic equation has
been derived from various methods such as the semi-
classical approach [1-7], the Wigner function formalism
[8—13], the effective field theory [14—17], and the world-
line approach [18-20].

In these publications, most works connect the chiral
anomaly in the chiral kinetic theory with Berry’s phase or
Berry’s curvature. In contrast, it has also been pointed out
by Fujikawa and co-worker [21-23] that topological effects
due to Berry’s phase and the chiral anomaly are basically
different from each other. The Berry phase arises only in the
adiabatic limit, while the chiral anomaly is generic and
independent of kinematic limits. This distinct difference
has been further demonstrated by Mueller and Venugopalan
in Refs. [18,19] where they found that the Berry phase
arises from the real part of the world-line effective action in
a particular adiabatic limit, while the chiral anomaly is from
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the imaginary part. In Ref. [24], Hidaka et al. performed the
derivation of the chiral anomaly by using the nontrivial
boundary condition of a distribution function. Recently, in
our paper with other collaborators [12], we found that some
singular boundary terms also result in a new source term
contributing to the chiral anomaly, in contrast to the well-
known scenario of the Berry phase term.

It is clear that such a controversial situation needs to be
further clarified with a more fundamental approach. In a
very recent paper by Yee and Yi [25], the authors try to
clarify the relationship between the chiral anomaly and the
Chern number of the Berry connection via the conventional
Feynman diagram. In this paper, we try to clarify this
situation from the quantum transport theory based on
Wigner functions [26-29], a first principles approach from
quantum field theory. To do this, we will start with the basic
Wigner equations and derive the chiral anomaly step by
step so that one can see clearly where the contribution
comes from. The results obtained show that the Dirac sea or
vacuum contribution that originated from the anticommu-
tation relations between antiparticle field operators in the
un-normal-ordered Wigner function cannot be dropped
casually. This unique term that comes directly from the
quantum field theory plays a central role in generating the
right chiral anomaly in quantum kinetic theory both for
massive and massless fermion systems. The coefficient of
the chiral anomaly derived this way is universal and is
independent of the phase space distribution function at zero
momentum. We will also present the updated chiral kinetic
equation for antiparticles with Dirac sea contribution.

The rest of the paper is organized as follows: In Sec. II,
we give a very brief review of the Wigner function
formalism of the relativistic quantum kinetic theory and
present especially those equations that will be used in
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deriving the chiral anomaly. In Sec. III, we derive the chiral
anomaly from Wigner equations and show in particular that
it is generated from the Dirac sea contribution. In Sec. IV,
we exhibit how the chiral kinetic equation is derived from
Wigner function formalism at the chiral limit and give
the updated chiral kinetic equation for antiparticles with
Dirac sea contribution. Lastly, we summarize the paper
in Sec. V.

II. THE WIGNER FUNCTION FORMALISM

We recall that the quantum kinetic theory based on
Wigner functions is a first principles approach from
quantum field theory. Here, the Wigner matrix W(x, p)
is the basic unit, and for spin-1/2 fermions, it is defined as
the ensemble average of gauge invariant nonlocal bilinear
Dirac spinor field,

W= [ (g’ﬂyye-f"'y<u7,;<x+>v<x+,x_>wa<x_>>, (1)

where x. = x £ y/2 are two space-time points centered at
x with separation y, and U denotes the gauge link along the
straight line between x, and x_,

Ulx, x.) = o I A A (2) 2)

Here we did not define the ensemble average with normal
ordering for the Dirac fields because the Wigner equa-
tion (3) below derived from the Dirac equation must be
satisfied by the Wigner function without normal ordering
instead of with normal ordering [30]. In addition, we did
not include the path ordering in the definition of the gauge
link above since we restrict ourselves to the background
field approximation in this work. The electric charge has
been absorbed into the gauge potential A, for brevity.
Under the background field approximation, we obtain the
equation satisfied by the Wigner matrix from the Dirac
equation as given by [28]

[yﬂ <H,, + éG”) - m] W(x. p) =0, (3)

where y#’s are Dirac matrices and m is the particle’s mass.
The operators G* and IT* denote the nonlocal generaliza-
tions of the space-time derivative & and the momentum p*,

G = -y @ m) oy, )

1 1
H”EPﬂ—Efljl (EhA)F”UaIIJ)’ (5)

where j, and j; are the zeroth and first order spherical
Bessel functions, respectively. The triangle operator is

defined as A = 9” - 0, in which 9, acts only on the field
strength tensor F** but not on the Wigner function.

We emphasize once more that in the definition of the
Wigner function given by Eq. (1) and the Wigner equation
given by Eq. (3), there is no normal ordering in the Wigner
matrix. We will illustrate that this point plays a central role
in giving rise to the chiral anomaly in the quantum kinetic
theory. The Hamiltonian derivation of the chiral anomaly
from the physically correct normal ordering can be found
in [31].

The Wigner equation given by Eq. (3) is a matrix
equation that actually includes 32 equations for 16 inde-
pendent components in the Wigner matrix. These 16
components are classified as scalar &, pseudoscalar &,
vector 7/, axial-vector &/, and tensor &,, components
according to the Lorentz transformation. They are all real
functions of x and p defined by the I'-matrix expansion of
W(x, p), ie.,

1 , 1
W= (9 PP APV + e, + Eaﬂvsﬂy) (6)

The chiral anomaly is a quantum effect that can be
studied using the semiclassical expansion in terms of 7". It
has been shown that [32], for massive particles, up to the
first order of 7 in the expansion, we can choose # and </,
as independent dynamical Wigner functions and sort the
32 Wigner equations as follows: Eleven of them provide
explicit expressions of other Wigner functions in terms
of # and ,,

h
@:—%V”Q[ﬂ, (7)
p oz 14 0 (o)
v, = E”./' o €upoV P’ A, (8)

1 h
Cs);w = - Eeﬂypappﬂg +5— (vupy - vypﬂ)‘o;’ (9)

2m?

five of them give transport equations,

1 -
pf‘vﬂgZ =—pHAF, A",
2m

1724

(10)

1 3
PV, = Fud” 45 p AF,, 7 (11)

where V¥ = 8¢ — F*9), '3 = 1,and F, = €,,,5F* /2,
and another five provide mass shell equations with the
following general solutions:

h
F =6(p* —m*)F +;Fﬂyp”«4”5’(p2 -m?), (12)

h -
.Q(H:5(p2—m2)¢4”+a WP FS(p* —m?),  (13)
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where F and A, are arbitrary functions that are nonsingular
for on-shell momentum p?> = m?. They can be taken as the
fundamental functions replacing % and &, in practice.
Finally, there is another constraint equation for the axial
vector component &,

ptet, =0, (14)

and the other ten Wigner equations are satisfied automati-
cally, and thus are not needed to consider in practice.

We will now use these results to derive the chiral
anomaly in the following. Other work on quantum kinetic
theory for the massive fermion can be found in
Refs. [33-38].

III. THE CHIRAL ANOMALY

Using the results presented in Sec. II, we can calculate
the chiral anomaly to the first order in 7. In this section, we
present the calculations step by step. To do this, we start
with the expression of P given by Eq. (7). It should be
mentioned that this expression can actually hold up to the
second order of /. By inserting the general solution of the
mass shell equation for A, given by Eq. (13) into Eq. (7)
and integrating over the four-momentum p, we obtain the
divergence of the axial current j3 as

h? -
hokjy = —2mjs + hX — 52 CF"F,,, (15)
T

where j5 = [d*pdl,, js = [d*pP, and

X = / dpd[AS(pE—mD).  (16)
272
C= I~ d4P8é[P15E5/(P2 - ’”2)] (17)

We note that though there is an m in the denominator in
Egs. (7)—(11), the expression of Egs. (15) and (16) is finite
in the chiral limit m = 0 because F « m. The result after
taking the massless limit is consistent with the one directly
from the chiral kinetic theory [8,9,12]. Therefore, Eq. (15)
actually holds for both massive and massless fermions.

We now calculate these two coefficients X and C
carefully to find the source of the chiral anomaly by using
the solution of A, and . First of all, it is easy to verify that
X vanishes if A, approaches zero rapidly at infinity in
momentum space. Such a result is obvious since the chiral
anomaly is a quantum effect and should not exist in the
classical limit. This boundary condition seems reasonable
for A, from the result at zeroth order that can be calculated
directly from the free quantum field theory, i.e.,

A — ﬁsﬂ(]ﬁ_—f_)’ Po >0, (18)
! s, (fT =), po <0,
where s, is the spin polarization vector with s> = —1 and

s-p=0,and f* and f* are number densities in the phase
space for particles and antiparticles with spins =s,,
respectively. They are defined as the ensemble averages
of the normal-ordered number density operators and are
expected to vanish at infinity in phase space. For A, there
is no nontrivial Dirac sea or vacuum contribution because
for a free gas of fermions the energy levels are all
degenerate with different spins, and the vacuum terms
from different spins cancel each other. However, for
fermions in strong magnetic field such as that discussed
in [39], the ground states are nondegenerate with one
specific spin. There is no cancellation and the vacuum term
exists.

The situation is however different for the coefficient C
where the solution of the scalar function F is needed. Here,
at the same level as A, given by Eq. (18), we have the result
from the free quantum field theory as

p0>07

e {ﬁ(f + /7). (19

LA(f+F+2f). po<O.

We see that, in contrast to the axial vector A,,, there exists a
Dirac sea or vacuum contribution f, = —1 to the scalar
function F [39,40]. This contribution originates from the
anticommutator of the antiparticle field in the definition
of the Wigner function given by Eq. (1) without normal
ordering. It takes the value f, = —1 that is universal and
does not depend on the state of the system that we are
considering.

Now we show how the universal f, = —1 gives rise to
the universal coefficient C of the chiral anomaly in front
of F"”I:"W in Eq. (15). We consider in Eq. (19) only this
universal Dirac sea contribution f, = —1 and substitute it
into Eq. (16) and obtain

d*p 1
.= [ Fonlag o+ 5]

d*p I,
—/73;)' [pE5(p0+Ep):|
d*p 1
+ (200, o yono+E)| (0
P 4Ei P

T

where E, = /p? + m?, and we use the subscript “v” to
denote the Dirac sea contribution only. It is easy to verify
that the first and second terms vanish by direct calculation,
while the last term survives and gives
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C, = (21)

3
é£a<£J:L
2z * \2E3

This is just the right coefficient of the chiral anomaly. It is
also obvious that this derivation does not depend on
whether the system is for massive or massless fermions.
At the chiral limit m = 0 and E,, = |p|; hence, p/(2E}) in
the bracket in Eq. (21) is just the usual Berry curvature
Q = p/(2|p|?) with V- Q = 27, and this exhibits how the
chiral anomaly comes from the Berry curvature. As we all
know, we can carry out the integration above either directly
in the three-dimensional momentum volume where the
Berry monopole appears and only the infrared momentum
contributes, or in the two-dimensional momentum boun-
dary area by using Gauss’s theorem in which only the
ultraviolet momentum contributes. It should be noted that
when we calculate the integral by using Gauss’s theorem,
we have to introduce an ultraviolet cutoff for momentum to
regularize the sphere at infinity. After taking the limit of this
cutoff at infinity, the integral is finite and independent on
the cutoff. This illustrates how the ultraviolet and infrared
regions in momentum space are connected. However, for
the massive particle there is no infrared singularity or Berry
monopole. When the Dirac sea contribution is included, the
boundary conditions of distribution functions at infinity
of momentum space for the particle and antiparticle are
different and this will be compatible with the treatment
given in [24].

Now we analyze the normal contributions associated
with f* and f*. Totally, they give no contribution to the
chiral anomaly because usually the normal distribution
functions f* and f* are all supposed to vanish rapidly at
infinity in phase space so that they lead to no contribution
after the integration in Eq. (16). The details of the
calculations are given in the Appendix.

We note that although we relate the chiral anomaly with
the Berry curvature through Eq. (21) at the chiral limit, it is
different from the result given in Refs. [4,7,9] where the
coefficient of the chiral anomaly is generated from

c:—/dkpg-ap(fﬁ]p). (22)

2
After integrating by parts and using V - Q = 2z, we obtain
C :fp:O +.]_Cp:0-

Hence, it depends on the specific distribution function at
infrared momentum. It is interesting that with the Fermi-
Dirac distribution,

(23)

1
+

P = 1 (24)

o 1

f (25)

TP/

Eq. (23) gives the right coefficient of the chiral anomaly. In
our approach, a similar term to Eq. (22) indeed exists as
well and is included in C,, where the subscript “n” indicates
that only the normal distribution functions f* and f* are
involved; see the definition in Eq. (A2) in the Appendix.
However, they always appear in the divergence form [see

the first term Cl(ll) of C, given by Eq. (A3)]

(1)
Ch'=—- [ —
4z P

&3 _
pa[%uﬁfﬂ

d’p p -
- EE_z'ap(fp + /)

d? -
_/T:(fp +fp)ap‘ <Ep_3>v

p

(26)

where f|, and fp in our approach are defined by Eq. (A8).

We see that C,(]U is divided into two terms, and the sum of
them vanishes for f, and fp that go to zero at infinity of
momentum. At chiral limit m = 0 and with specific Fermi-
Dirac distribution, the first term in Cr(ll) reproduces the
result (23) and gives the coefficient of the chiral anomaly.
However, the second term always cancels this term and the
total contribution must vanish. Hence, in such a very
special case, one might regard the Berry curvature as the
effective source for the chiral anomaly because the Dirac
sea contribution and the second term in Eq. (26) happen to
cancel each other. However, such a case is a coincidence
since it holds only for the chiral system with a very specific
distribution constraint f, + ]_”p =1 at the zero momentum
point. It does not hold for massive fermions at all. In
general, the Berry curvature contribution to the chiral
anomaly is always canceled by the second term in
Eq. (26), and the real contribution to the chiral anomaly
comes actually from Dirac sea C,.

Now let us consider another interesting term—the last
term Cl(f) in Eq. (A2). At the chiral limit and for the isotropic
distribution function in momentum space, we have

CS) = (fp0=0 + ]_CP0=O) - (fp[):O t J_CPOZO).

Once more, if we choose the Fermi-Dirac distribution, the
first term gives the right coefficient “1” of the chiral anomaly,
though it is always canceled by the second term.

To summarize, we see that for a massless Fermion with
special distribution functions f, —I—J_‘P =1 and f, o+
]_‘,,0:0:1, we can rewrite Eq. (15) as

(27)

1 -
o) = —57 iV +c + ¢, )pmF,,
1 -
:—g[l—l‘Fl—l‘Fl]FﬂyFﬂy
1 -
- _QFM F’w. (28)
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In our previous work in [12], the first, third, and fourth
terms were obtained while the second term and last term
were missing. Some other work kept only the third term
corresponding to the Berry curvature term.

As we all know, the vector current must be conserved and
does not have anomalous terms. At the end of this section, it
would be valuable to verify this point as well. Making the
time-space divergence of both sides and integrating over
the 4-momentum, we obtain

a“;[F”aﬁpwn}. (29)

+ m2 Shro

The last term must vanish because it is a total derivative
term on momentum and there is no vacuum contribution for
o/°. After dropping this term and using Eq. (10), we have

, 1 _h )
= [ @[ LR (r5) 5t Fu (i) G0)

where we have used Maxwell’s equation 04 F w = 0 when
moving p* after the derivative operator A. Although the
two terms above are both total derivatives, the first term
could contribute from the vacuum term. We only keep the
vacuum contribution and obtain

) 1
Oy == 53 F [ 0317 = m)0(=po)

1
— =1 Fu [ 0137 = )
=0. (31)
Hence, the Dirac sea or vacuum contribution does not
influence the conservation law for electric charge as it should.

IV. THE CHIRAL KINETIC EQUATION

In this section, we show that the Dirac sea contribution
modifies the chiral kinetic equation for the antiparticle. We
now first recall how we obtain the chiral kinetic equation
from the Wigner function approach. In the chiral limit, it is
convenient to define the helicity basis,

(¥ + sav), (32)

N[ =

Js =

where s = = is the chirality. In this chiral limit, the helicity
bases are completely decoupled from each other and from
all the other Wigner functions as well,

pﬂjﬂ - 07
vﬂjﬂ - 07
2S<p/4jv - pl/jﬂ) = _heﬂvpavpj67 (33)

where we have suppressed the lower index “s” for brevity
and only kept the contribution up to the first order of 7.

As shown in [12], in the chiral limit, a disentanglement
theorem of the Wigner function is valid. According to this
theorem, only one of the four components of the Wigner
function 7, is independent, and the other three can be
determined completely from it. This independent Wigner
function satisfies only one Wigner equation and the other
equations are satisfied automatically. We especially have
the freedom to choose which component is the independent
one. In general, we can introduce a timelike 4-vector n*
with normalization n> = 1 and choose _Z, as the indepen-
dent Wigner function. For simplicity, we assume n* is a
constant vector. With the auxiliary vector n*, we can
decompose any vector X* into the component parallel to
n* and that perpendicular to n*,

Xt = X,n* 4 X¥, (34)

where X, =n-X and X-n=0. The electromagnetic
tensor F** can be decomposed into

F* = EFn¥ — E“n* + €7°n,B,. (35)

With 7, as the independent Wigner function, we obtain the
other components

- _ Fn sh In
j =Py—— eﬂl//)”nyv” <p 0 > 36
P e 2pa " P (36)

by contracting both sides of the last equation in Eq. (33)

with n”. Substituting this relation into the first equation of
Eq. (33), we obtain the general expression,

h
In_ ts2) - B pre(p2). (37)
Pn Pn

It follows that,

hs j—
]ﬂ ~ <g;w + 2pn €,uy/mn/ \Y% >
B-
x {p”fé(pz—hs p)]. (38)

n

Inserting this result into the second equation in Eq. (33), we
obtain the covariant chiral kinetic equation up to the first
order of 7 as
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hs
V”{ (g,w + gé’/wp(,npv >

X [p”f5<p2 —hsB‘pﬂ } =0.
p”

Integrating over p,, from 0 to +oo gives rise to the chiral
kinetic equation for particles

(39)

(1+shB-Q)n-d'f;
+ [v* + sh(p - Q)B* + she"”'”"anaQu]aﬁfp
+ (B* + e Py,n,Bs + shE - Bgﬂ)éﬁfﬁ

+ shE - B(9,Q,)f =0, (40)
where
Ip=f(pn=|PI(1 +hsB-Q)), (41)
p” - =2 2o l_)y
Q - _ 3 p - p 3 p = T 42
2(pP? 1P “ 1Pl #2)
ShB - p\ shBH
m=1 Pt , 43
= () @
Er = E* — sh|p|(0{BHQ,. (44)

For finite momentum p*, the last term in Eq. (40) vanishes
due to Berry’s monopole in momentum space O Q¢ =
278°(p), and the chiral kinetic equation reduces to the
usual form obtained in [4,7,9—-12,14] and so on. However,
once we leave the infrared region where the last term can be
neglected, the place where the chiral anomaly comes from
is also concealed, because this last term will always cancel
the last term in the second line from below in Eq. (40) after
integrating over the momentum.

By integrating over p, from —oco to O and replacing p
and s with —p and —s, respectively, we obtain the chiral
kinetic equation for antiparticles,

(1—shB-Q)n-0"fY
+ [v* — sh(p - Q)B* — she"””"angQu]é/)j]_[};
— (B* + e Pv,n*BF — shE - BQ, ) f'

+ ShE - B(24Q,)F%, = 0, (45)
where
F5 = f(pa==IPI(1 = AsB-Q)[,_,— . (46)
hB- D\ . hB*
-] o

Here, ]_”j, = }_”I—, + f, denotes the total contribution of the
normal ]_CI—, and the vacuum distribution f,. Using the free
quantum Dirac field theory with f, = —1, we obtain the
kinetic equation of the normal distribution J_”I-, as

(1 —shB-Q)n-0'f,
+ [0 = sh(p - Q)B* — she'"°n,E, Q)91
— (Ell + ey n*BF — ShHE - BQ”)(_?;;J_(]-,

+ shE - B(0,Q,)(f5 — 1) = 0. (48)
It should be noted that it is sufficient to use the result
fy = —1 from the free quantum field here in order to
describe the chiral anomaly because the chiral anomaly
term with E - B in Eq. (48) always arises at the first order of
f. The last term in Eq. (48) is different from that in Eq. (40)
for the particle due to the Dirac sea contribution. There
exists an inhomogeneous term —sAE - B(@‘,‘,Qﬂ) originated
from the Dirac sea. As discussed in the last section, this
term will eventually lead to the chiral anomaly. In the
scenario of the Dirac sea, the difference between the
particle and antiparticle is very natural.

V. SUMMARY

Starting from the quantum transport theory based on the
quantum field theory, we find that the Wigner equation
holds only for Wigner functions that are not normal
ordered. It turns out that the Dirac sea or the vacuum
contribution that originated from the anticommutation
relation between antiparticle field operators in the un-
normal-ordered Wigner function plays a central role in
generating the right chiral anomaly for both massive
fermions and massless fermions. Correspondingly, the
chiral kinetic equation for antiparticles should include
the contribution from the Dirac sea contribution.
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APPENDIX: INTEGRAL CALCULATION

In this appendix, we give the details on how to calculate
the normal contribution from f* and f* in Eq. (16).

Substituting the normal distribution function given by
Eq. (19) into Eq. (16) and using the identities
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39 =) = o B0~ Ep) + 8 (00 + )
= % [6(po —E,) +6(po + E,)]
(o= E) =8t B (A

we decompose Eq. (16) into the following three parts:

C,=c+ e+ (A2)

d4
o. -
0

~c ;Tﬂ,\a:'

(f++f (po + E,

cﬁ”z—/
-/

SOy |5 (FF 4570 }
d*p '_
55 0 )

p

d*p
o == [ G20 [ Belr + 103 b= Ey)]
d*p -

P

P 5 P (po+ E,»] C(Ad)

LEp

T / 9,
4
(3) d'p | PP
Cy' = — 1) —-E
_ / d'p
8
For Cﬁl) and c,ﬁz’, we integrate p, over the delta function or
derivative of delta function and obtain

Iy {EL,, (f*+f7)8(po+ Ep)} . (A5)

d3
Cgl) = _/ Ar |:EL (fp +fp):| (A6)
& -
P =~ [ oy [T )
where
1
fo =50+ F e
_ 1 - _
Fo =50+ F e,
1
f{) = _Eapo(fjL +f—)|p0:Ep’
_ 1 _ _
Fo =500 " + 7y (A8)

It is obvious that both C ) and C ) vanish for the normal
distribution function that approaches zero rapidly at infinity
in momentum space.

3) ... . .
For C,(1 ), it is more convenient to integrate |p| over the
derivative of delta function,

dQdp
o= [ S| p%—meme(po—m)}

/dePO o2 [ / fpoe( Po—m }

dQd
+/ 4poap0|: pg—m*f},,0(po— )}

dQdp
R N AT OO
where
1 —
fpo :E(f++f )||p|:W7 (AIO)
_ 1 - _
_ (7t -
Too =50+ ) e (Al1)
/ 1 _
fPoziaPo(f++f )l‘p‘=\/w, (AIZ)
- 1 - _
o + _
fpo - 2apg(f +f )l‘P‘:W, (A13)
and 0(£p, — m) is the step function. It is obvious that the

last two terms vanish because the function in square
brackets vanishes at the boundary points py = £m, £oo.
For the first two terms, when one of the derivative acts
on f, or the step function, the integral also vanishes.

However, when the derivative acts on /pj—m?, the

reciprocal of +/pj —m? will arise and leads to possible
divergence at boundary point p, = £m,

pOfpo

o _ /depO 5 [
iy Po /717(2) — m2

_ dQdpg Pofpo o
[ S, | Do) (414

We expand each term above according to whether the
derivative acts on the step function or not,

_/@/“"d 5 (_Pofm
ax Jo PO\ -
dQdpg Pofpo
/ A \/Wé(p() m)
pof
d a Po >
/ / Po po(y/p%—mz
pOfpo

. /depO
4z \/p—m?

0(p )]

8(po +m). (A15)

096015-7



JIAN-HUA GAO, ZUO-TANG LIANG, and QUN WANG

PHYS. REV. D 101, 096015 (2020)

In order to regularize the divergence at pj, =m and
po = —m, we set po =m + € and py = —m — €, respec-
tively. It follows that

3 m+te dQ =
@ = (2m+e)e) 4n (Fpy=m-e - py=-m-c)
m-+e dQ

(fp0=m+e +jp0=—n1—€)' (A16)

_\/(2m+€)€ 4n

We see that each term is divergent at the limit ¢ — 0 when
m # 0, but every two terms cancel each other and give a

null result. It is interesting that for the chiral limit m = 0
there is no divergence, and we obtain

s [dQ _ Q _
Ch’ = /E (fp():o + fp():()) - /E (f170:0 +f170:0)'

(A17)
As has been mentioned in Sec. 111, the first term happens to

be the right coefficient of the chiral anomaly if we choose
the Fermi-Dirac distribution function given by Eq. (24).
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