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Perturbative analysis for Kaplan’s lattice chiral fermions
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Perturbation theory for lattice fermions with domain wall mass terms is developed and is applied
to investigate the chiral Schwinger model formulated on the lattice by Kaplan’s method. We calculate
the effective action for gauge fields to one loop, and find that it contains a longitudinal component
even for anomaly-free cases. From the effective action we obtain gauge anomalies and Chern-Simons
currents without ambiguity. We also show that the current corresponding to the fermion number
has a nonzero divergence and it flows off the wall into the extra dimension. Similar results are
obtained for a proposal by Shamir, who used a constant mass term with free boundaries instead of

domain walls.

PACS number(s): 11.15.Ha, 11.30.Rd

I. INTRODUCTION

Construction of chiral gauge theories is one of the long-
standing problems of lattice field theories. Because of
the fermion doubling phenomenon, a naively discretized
lattice fermion field yields 2¢ fermion modes, half of one
chirality and half of the other, so that the theory is non-
chiral. Several lattice approaches have been proposed to
define chiral gauge theories, but so far none of them have
been proven to work successfully.

Kaplan has proposed a new approach [1] to this prob-
lem. He suggested that it may be possible to simulate
the behavior of massless chiral fermions in 2k dimensions
by a lattice theory of massive fermions in 2k + 1 dimen-
sions if the fermion mass has a shape of a domain wall in
the (2k+1)th dimension. He showed for the weak gauge
coupling limit that massless chiral states arise as zero
modes bound to the 2k-dimensional domain wall while
all doublers can be given large gauge invariant masses.
If the chiral fermion content that appears on the domain
wall is anomalous the 2k-dimensional gauge current flows
off the wall into the extra dimension so that the the-
ory cannot be 2k dimensional. Therefore he argued that
this approach possibly simulates the 2k-dimensional chi-
ral fermions only for anomaly-free cases.

His idea was tested for smooth external gauge fields.
Jansen [2] showed numerically that in the case of the
chiral Schwinger model in two dimensions with three
fermions of charge 3, 4, and 5 the anomalies in the gauge
currents cancel on the wall. The Chern-Simons current
far away from the domain wall was calculated in Ref. [3].
It is shown that the (2k+1)th component of the current
is nonzero in the positive mass region and zero in the neg-
ative mass region such that the derivative of the current
cancels the 2k-dimensional gauge anomaly on the wall,
as was argued in Ref. [1].

In the continuum perturbation theory Frolov and
Slavnov [4] proposed a gauge invariant regularization of
the standard model through an infinite tower of regula-
tor fields. Some similarity between their proposal and
the Kaplan’s approach was pointed out by Narayanan
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and Neuberger [5]. It has been also shown that the chi-
ral fermion determinant can be nonperturbatively defined
as an overlap of two vacua (6], which can be extended to
lattice theories. Using the Narayanan-Neuberger point
of view, we observed in Ref. [7] that nongauge (chiral)
anomalies are correctly reproduced within the Frolov-
Slavnov regularization method.

The results above provide positive indications that Ka-
plan’s method for chiral fermion may work. There ex-
ists, however, several potential problems in his approach.
Since the original (2k+1)-dimensional model is vector-
like, there always exists an antichiral mode, localized on
an antidomain wall formed by periodicity of the extra
dimension. If the chiral mode and the antichiral mode
are paired into a Dirac mode, this approach fails to sim-
ulate chiral gauge theories. Without dynamical gauge
fields, the overlap between the chiral mode and the an-
tichiral mode is suppressed as O(e %) where L is the size
of the extra dimension. If gauge fields become dynami-
cal, the overlap depends on the gauge coupling. In the
original paper [1] the strong coupling limit of the gauge
coupling in the extra dimension was proposed to suppress
the overlap. However, a mean-field calculation [8] in this
limit indicated that the chiral mode disappears and the
model becomes vectorlike.

More recently Distler and Rey [9] pointed out that
the Kaplan’s method may have a problem in repro-
ducing fermion number nonconservation expected in
the standard model. Using the two-dimensional chi-
ral Schwinger model they argued that either the two-
dimensional fermion number current is exactly conserved
or the light degree of freedom flows off the wall into
the extra dimension so that the model can not be two-
dimensional.

In this paper we carry out a detailed perturbative
analysis of the Kaplan’s proposal for smooth background
gauge fields on a finite lattice taking the chiral Schwinger
model in two-dimensions as a concrete example. In Sec.
II, we formulate the lattice perturbation theory for the
Kaplan’s method with the periodic boundary condition.
Since translational invariance is violated by domain wall
mass terms, usual Feynman rules in the momentum space
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cannot be used except in the regions far away from the
domain wall [3]. To perform perturbative calculations
near or on the wall, we use the Feynman rules in real
space of the extra dimension, as proposed in Ref. [5].
We calculate the fermion propagator for the periodic
boundary condition, which reproduces the fermion prop-
agator in Ref. [5] near the origin of the extra dimen-
sion. A similar calculation is also made for the constant
fermion mass with free boundaries in the (2k+1)th di-
mension. As shown by Shamir [10] the constant mass
term with this boundary condition can also produce the
chiral zero mode on the 2k-dimensional boundary. The
results are similar but simpler than those by the Ka-
plan’s method. In Sec. ITI, using the Feynman rules of
Sec. II we calculate a fermion one-loop effective action
for the U(1) gauge field of the chiral Schwinger model
simulated by the Kaplan’s method. We find that the
effective action contains the longitudinal component as
well as parity-odd terms, and that this longitudinal com-
ponent, which breaks gauge invariance, remains nonzero
even for anomaly-free cases. This result is compared with
those of the conventional Wilson fermion formulation of
this model [11]. In Sec. IV we derive gauge anomalies
as well as the Chern-Simons current from the effective
action without ambiguity. Then we show that the cur-
rent corresponding to the fermion number has a nonzero
divergence and the fermion number current flows off the
walls into the extra dimension. In Sec. V, we give our
conclusions and discussions.

J
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II. ACTION, FERMION PROPAGATOR, AND
CHIRAL ZERO MODES

A. Lattice action

We consider a vector gauge theory in D = 2k+1 di-
mensions with a domain wall mass term. For later conve-
nience we use the notation of Ref. [5], where the fermionic
action is written in terms of a d = 2k dimensional theory
with infinitely many flavors. Our action is denoted as

S =S¢+ Sr. (1)
The action for gauge field Sg is given by

Se=0 Z ZRE{TI‘[U“U(TL,S)]}

nu>v 8

+Bp Z Z Re{Tr[U.p(n,s)]}, (2)

n,u 8

where u, v run from 1 to d, n is a point on a d-dimensional
lattice, and s a coordinate in the extra dimension; S is
the inverse gauge coupling for plaquettes U,, and Bp
that for plaquettes U,p. In general we can take 8 # [p.
The fermionic part of the action Sg is given by

Sr = % YN B WulUeu(n)ds(n + ) = Uf (n = w)dbs(n— )] + D >~ 6y () [MoPr + M Prlese(n)

n s8,t

+% YN B (W) Ui (0)a(n + ) + Uy (n = w)bs(n — ) — 24 (m)], | (3)

where s, t are considered as flavor indices, Pr/; = (1 £
Yak+1)/2,

(Mo)st = Us p(n)8541,t — a(5)dst, (4a)

(Mg)se = UJ_; p(n)Ba-1,t — a(s)dt, (4b)

and U, ,(n), U, p(n) are link variables for gauge fields.
We consider the above model with periodic boundaries
in the extra dimension, so that s, ¢ run from —L to L—1,
and we take

a(s) =1 - mo[sgn(s + ) -sgn(L — s — 3)]

_ [ 1-m, -1<s<L-1, (5)
1+mo, —L—3}<s<-1

for —-L < s < L. It is easy to see [5] that Sr above is
identical to the Kaplan’s action in D = 2k+1 dimensions
(1] with the Wilson parameter r = 1. In fact the second
term in Eq. (3) can be rewritten as

r

1-
§¢37D[U3,D¢8+1 - Ua—l,DdJa—l]

+%1/—)8[U8,D¢8+1 + Ua——l,D'l/"a——l - 211)5] + M(s)'d_’ad}s’
(6)

with M(s) = mo[sgn(s + 1/2) - sgn(L — s — 1/2)]. Note
that our action is slightly different from that of Ref. [5]:
We have the Dth component of the link variable U, p(n)
and all link variables have s dependence. With the gauge
fixing condition U, p(n) = 1 for all s and n [9], our action
becomes almost identical to that of Ref. [5], but still the
s dependence exists in our link variables in d dimensions.
The model in Ref. [5] corresponds to our model at 8p =
oo, where s dependences of gauge fields are completely
suppressed, and the model at Bp = 0 was investigated
by the mean-field method (8].
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B. Chiral zero modes

We now consider chiral zero modes of the action Sg in
the weak coupling limit, i.e., VU, , = YU, p = 1. Accord-
ing to Ref. [5], the right-handed zero modes are given by
zero modes of the operator M and the left-handed zero
modes by those of the operator M', where

(M)st = (MO)st + @681,
(7)
(M%) = (MJ)st + V—é@(;st,

with V(p) = 22:1 2[cos(pya) — 1] in momentum space of
d dimensions. It is noted that 0 < —V(p) < 4d and zero
modes exist if and only if —V(p) < 2my [3]. Hereafter
we only consider the case that 0 < mg < 2. In this
range of mg, there is only one right-handed zero mode
up satisfying Mug = 0, which is given by

[1-V(p)/2 —mg]°Cy* for s >0,
ur(s) = (8)
1 —V(p)/2 +me]*Cy ! for s <0,

where the d-dimensional momentum p has to be re-
stricted to 0 < mg 4+ V(p)/2 so that (1 -V /2 —mg) < 1.
The normalization constant Cy takes the value

1-[1-Y(p)/2 - mo]*

1—[1-V(p)/2 +me] *
mo + V(p)/2 ‘

mg — V(p)/2

(9)

This zero mode is localized around s = 0. On a finite
lattice (i.e., L # oo) with the periodic boundary condi-
tion, there exists another zero mode uy with the oppo-
site chirality satisfying M - uy = 0, which is given by
ur(s) = ur(L —t — 1) and is localized around s = L.
The overlap between the two zero modes vanishes expo-
nentially as L — oo:

L-1 B v(p) L
S;L ur(s)ur(s) = Cy %L (1 5 mo)
-L
x (1— Y—(zﬂumo) —0, (10)

We illustrate the shape of the two zero modes ug and ur,
at mg = 0.1 and 0.5 for p = 0 in Fig. 1.

|

GL (p)st =

( Be—cx+ls—i} + (AL _ B)e—a+(s+t) +
ALeAQ+s+a_t +ARe~a+(L—s)—a-(L+t)

ALeaAs-a+t + ARegcx,(L—Fs)—a_(,(Lft)

Ce-a“sﬁtl + (AL _ C)ea"(s+t) + (AR _ C)e—a_(2L+s+t)
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Zero mode function
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FIG. 1. Two zero modes u; and ugr as a function of s at
mo = 0.1 and 0.5 for p; = pz = 0. We take L = 100.

C. Fermion propagator and zero modes

The fermion propagator in d-dimensional momentum
space and in real Dth space has been obtained in Ref. [5]
for the infinite Dth space (i.e., L = oo ). It is not difficult
to obtain the fermion propagator for a finite lattice with
periodic boundaries. We have

<iz7upu + M) GL(p)

"

P,

st

SF'(p)st = _‘{

+ (iZ%ﬁu + Mt) Gr(p) PR}’
K st
(11)
where
1 1
Gr(p) = 2 MM Gr(p) = 7T MM (12)

with p,, = sin(p,a) . Explicit expressions for Gy, and Gg
are complicated in general, but they become simple for
large L where we neglect terms of order O(e~°L) with
¢ > 0. We obtain

(Ap — B)e o+(2L=s=t) (5 ¢ >0),

(s >0, t<0),
(13)
(s <0, t>0),

(s,t <0),
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ARe—a+(s+l)+a_ (t+1) + Ape~o+ (L—s—1)—a_(L+t+1)

( Be—o+ls—tl + (AR _ B)e—a+(s+t+2) + (AL _ B)e—a+(2L—s—t—2) (s,t > _1),

(s> =1, t < —1),

Gr(p)st = (14)
ARea_(a+1)—a+(t+1) + ALe—a_(L+s+1)—a+(L—t—1) (S <-1, t> __1)’
L Ce—a-|s—t| + (AR _ C)ea_(s+t+2) + (AL _ C)e—a_(2L+a+t+2) (S,t < _1)’
[
where Gr(p)st = Be—a+ls—tl A'Le—a+(8+t) + A’Re"‘+(’+t“2L),
v (18)
axr =1-— —g F mo, (15a)
GR(P)gt — Be—a+|s—t| + AlRe——a+(s+t) + A28a+(a+t—2L)’
1 1+ p?
a4 = arccosh [— (ai + +P )} >0, (15b). (19)
2 a4
where
1 1 1—-a e o+
= y Agr = g %+% ! _ _Be 2o+
AL a+ea+ —a_e - R a_e®- — a+e—a+’ AL B a+ea+ 1 ) R Be 5 (20)
(15¢) and now 0 < s,t < L. Singularities occur only in A’ at
p = 0 such that
1 = (15d) 2 — ma)
= — =—— mo(2 —m
2a4sinhay 2a_sinha_ Ay —» R0 (21)

For |s|,|t| < L the propagator above coincides with
that of Ref. [5]. From the form of Az, Ag, B, and C, it
is easy to see [5] that singularities occur only in Az at
p=20:

mo(4 — m3)

A —
L 4p2a2 )

p— 0. (16)

Therefore the propagator G, describes a massless right-
handed fermion around s,t = 0 and G a massless left-
handed fermion around |s|, [t| = L, which correspond to
the two zero modes in the previous subsection. Later we
use the above forms of the fermion propagator to calcu-
late fermion one-loop diagrams. It is also noted that the
fermion propagator away from the two domain walls ap-
proaches the Wilson fermion propagator with a constant
mass term, i.e.,

Sr(p)

dpp etopp(s—t)

21 iy-p+ iyppp £ mo — V(p) + 1 — cos(ppa)

a7

for 1 < |s|,|t|,|L — s|,|L — t| with st > 0, where +my is
taken for s,# > 0 and —mg for s,t < 0. Therefore the
calculation in Ref. [3] is valid in this region of s and ¢.

Before closing this subsection, we give the form of prop-
agator for the Shamir’s free boundary fermions [10]. This
is again given by Eq. (11) with M,; = §,41,: —a+9d,,+ and
M:t = 0s_1,t — @40, For large L, it becomes [10]

p2a2

Thus, the propagator describes a right-handed massless
fermion around one boundary at s,t = 0 and a left-
handed massless around the other boundary at s,t = L.

D. Fermion Feynman rules

In this subsection, we write down the lattice Feynman
rules for fermions relevant for fermion one-loop calcula-
tions, which will be performed in the next section. We
first choose the axial gauge fixing Us p = 1. Although
the full gauge symmetries in D dimensions are lost, the
theory is still invariant under gauge transformations in-
dependent of s [9]. We consider the limit of small d-
dimensional gauge coupling, and take

U, u(n) = expliagA,(s,n + p/2)], (22)

where a is the lattice spacing, and g o< 1/4/B is the gauge
coupling constant whose mass dimension is 2—D/2 (mass
dimension of the gauge fields A, is D/2 —1). It is noted
that the other gauge coupling g, &< 1/4/8, is not neces-
sarily small and can be made arbitrarily large. We con-
sider Feynman rules in momentum space for the physical
d dimensions but in real space for the extra dimension.
The fermion propagator is given by

(¥a(—P)¥e(p)) = SF(P)ats (23)

where Sr has been given in Eq. (11) with Eqgs. (13,14)
for the Kaplan’s fermions or with Egs. (18,19) for the
Shamir’s fermions.
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The fermion vertex coupled to a single gauge field is
given by

ags(q)d, [SEI (%2)} B Au(s,p — @)va(—p). (24)

9Sr' (q)
9(gua)
Cu(q) = cos(qua) and S,(g) = sin(gua). From this form
of the vertex it is easy to see that the fermion tadpole
diagram for an external gauge field vanishes identically.
The fermion vertex with two gauge fields is given by

2 -
oo o5yt (52)] Aisp-awn),

(25)

Here 8,Sp'(q) = = iCu(q)Y. + Su(g) with

where AZ(s,p) =
fixed.

Au(s,p — p1)Au(s,p1) with p and p;

III. PERTURBATIVE CALCULATIONS FOR THE
CHIRAL SCHWINGER MODEL

In the following two sections we analyze the chiral
Schwinger model formulated via the Kaplan’s method for
lattice chiral fermions. Using the Feynman rules of the
previous section for D = 3, we calculate the effective
action for external gauge fields, from which we derive
gauge anomalies, Chern-Simons current, and anomaly of
the fermion number current. We perform the calcula-
tions for the Shamir’s method in parallel with those for
the Kaplan’s method.

A. Effective action at fermion one-loop level

Since [A,, A,] = 0 for U(1) gauge fields, all diagrams
with odd number of external gauge fields vanishes iden-
tically. Furthermore diagrams with four or more exter-
nal gauge fields are all convergent. Therefore only the
diagrams with two external gauge fields are potentially

2
g v
$E =13 Au(s,p)Au(t, —p) 1" (D)

2
p,s,t
2
=-9 @), (@
= —EZ:tAu(s,p)A (t,—p)I¥ + 7).y, (26)
where
d2
(2)pv q —1
L /_" (2ﬂ)ztr{[ausp (q )SF(Q+P)Lt
x [3,,5;1 (q + g) Sp(q)]”} a? (27)
and
2)ypv q — .
(716 = ~buedun . Wtr[aispl(Q) - SF(g)ss - a®,

(28)

with tr meaning trace over spinor indices.

B. Evaluation of zero mode contributions

To evaluate I*¥(p) we decompose it into two parts as

" (p) = Ig" (p) + [1**(p) — Iy" (P)), (29)

where I/ is the contribution of zero modes and I*¥ — I¢*”
is the remaining contribution. For I} we replace the
integrand of I*¥ with that in the a — 0 limit, and we
obtain

qu st_Z/ 7rq2 2

<2mg )
XtT{iv,[~Va(q + P)aalGX (¢ + p)at Px
xiy,|—ivs(q + p)palGx (¢ + p)eaPx},  (30)

with X = L for |s|,|t| = 0, or X = R for |s|, |t| = L. The
zero mode propagators G% are given by

. 1
Gk (@)t = Bm Gx (@) = 5z Fx(s0, ()

divergent. The effective action for two external gauge
fields is denoted by where Fx(s,t) = Fx(t,s) and
]
(1 —mp)**t for s,t >0,
m0(4 - mg) s t
FL(S’t):—TX (1 —mg)*(L +mg)* fors>0andt <0, (32)
(1 4+ mg)**t for s,t <0,
(1- me)2b—st2 for s,t >0,
mo(4 — md) L—s—1 —L-t—1
FR(s,t)_—.—4——~—x (1 —mo)t 2711 + myo) fors>0andt <0, (33)
(1+ mg) " 2Lmemt2 for s,t <0,
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for the Kaplan’s fermion with the domain wall mass
terms, and
FL(S,t) = TTLQ(2 - mo)(l - mo)”H,
Fg(s,t) = mo(2 —mo)(1 — me)2L—e7t,

(34a)
(34b)
for the Shamir’s fermion with the constant mass terms

and free boundaries.
We evaluate I} (p) in the ¢ — 0 limit. In this limit,

d%q (¢ +DP)adp
li —tr[P Yo Yg| —
50 gy <ame @R XA (g
* d¥q (q+P)agp
= = I PX VYoV V8l 95
R SR
1 . e PvPu PPy, O
- 5 pa 6;“1 _ _ ;
o [ x1€ —pz + ( —pz ) ) (35)

therefore, we obtain
. v 1 . pa PP, v PuPv
31_1';%.[6‘ (p) = Z 2—71_ |:5x7,€# —1;2—” + (5“ - —;T>
X
oM
—TjIFX(S,t)z, (36)

where 67, = 1 and §g = —1. It is noted that Fx satisfies

> Fx(s,t)* = Fx(s,s), > Fx(s,t)>=1. (37)

S restat) == [ Fue{asi0asea), =2 | [ R (057 05 @),

This would be zero if there were no infrared singularities in Sp.

modes, Sg is singular at ¢ = 0. Therefore,

/2
> Tos(s,t) = = Tes(t,s) = 4lim [ / %"; > 6x[su(q)cu(q)c‘3<(q)]u]
t t € X

=—4) 6xFx(s,s) !i_%/
X €

= — 226"@ [arctang} "/
X

C. Evaluation of remaining contributions

We consider the remaining terms in I*¥. Since the
combination I*¥(p) — I}”(p) is infrared finite, we can
change the integration variable from ¢ to ga and take the
a — 0 limit in the integrand. Thus we obtain

: v v v 1 . v v
GILI—IR)I# (p) — I{ (p) = I**(0) = 5;[26“ Lgs + 6" K],
(38)
where

Tos(at) = Sn [ 2 tnfi0.57 05wl

x[auS;l(q)sF(q)ln} (39)

and

K(s,t) =27r/%(tr{[auSEl(q)SF(q)]n
x[8,57"(¢)SF ()]s}
—84ttr[02551(9)SF(9)]ss).  (40)

Here no summation over u, v is implied.

The parity-odd term I'cs is the coefficient function of a
three-dimensional Chern-Simons term in the axial gauge
[9], which satisfies T'cs(s,t) = —T'cs(t,s). It is easy to
show that

™

qu =€

However, because of the contribution from zero
w/2
qu =€

/2 dq# P
2m 2 + €2

€le

=3 X Fx(s,s), (41)
X

where Fx(s,t) is given in the previous subsection.

Since Sr becomes the Wilson fermion propagator with constant mass term for 1 < |s|, |¢|,|L — s|,|L —t| with st > 0

[see Eq. (17) ], it becomes

v ” a3 _ _ _
D TEs(s,t)Au(s,p)Au(t, —p) — —€* / dp3 Ay (ps, P)p3Au(—ps, —p) / '&T?ztr{[auSFISF][83SFISF][8VSFISF]}’
8,t

(42)
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which coincides with the result of Ref. [3]. This is a good
check of our calculation. From Ref. [3] we obtain

1 for +my,
= [ dpas,(pa,p)pads(—ps, 1) x
0 for —my.
(43)

The parity-even term K satisfies K(s,t) = K(t,s) and

S. AOKI AND H. HIROSE

Si?') = - gi dzm{ Fx(s,t)? |A,(s,z) | 0" —
4 4rr§/ ; X [ )(

+ {K(s,t) -3

X

+ Z’I:(S)(Fx(s,t)z [
X

Fx(s,t)2

N | =

o)

This is the main result of this paper. It is noted that
the above formula is valid for both the Kaplan and the
Shamir methods. The following consequences can be
drawn from Eq. (45) above.

The parity-odd terms, which are proportional to €*¥,
are unambiguously defined, contrary to the case of the
continuum regularization for anomaly-free chiral gauge
theories [4] which only regulates the parity even terms
[5,7]. These parity-odd terms break gauge invariance in
the two-dimensional sense.

For anomalous chiral Schwinger model, the parity-odd
term with X = R is localized around s = 0 and that
for X = L is localized around s = L. The effective ac-
tion above for anomalous chiral Schwinger model via Ka-
plan’s method or Shamir’s variation is different from the
one via the usual Wilson fermion in two dimensions [11]:
The term proportional to I'cs, which cannot be evalu-
ated analytically for s-dependent gauge fields, is special
for chiral fermions from three-dimensional theories, and
the presence of this term prevents us from concluding
whether the anomalous chiral Schwinger model can be
consistently defined via Kaplan’s (Shamir’s) method.

For anomaly-free cases such that 3" g% = >, g%, the
parity-odd terms are exactly canceled locally in s space.
Here gp(r) is the coupling constant of a fermion with pos-
itive (negative) mo which generate a right-handed (left-
handed) zero mode around s 0. The simplest but
nontrivial example is a Pythagorean case, g = 3,4 and
gr = 5 [9]. Even for these anomaly-free cases, the lon-
gitudinal term, whose coefficient is K — F?/2, remains
nonzero in the effective action, so that gauge invariance
in the two-dimensional sense is violated. In this regard

0.0,

O

—DﬁAu(s,z)ea"aaAu(t,a:)

Q
> K(s,t) =Y K(t,s)
_ dzq -1
- / el O
+ 025515k}
= Z %Fx(s,s). (44)

X

The derivation of the last equality is similar to that of
Eq. (41).

D. Total contributions

Combining the above contributions we finally obtain

) o]

Au(s,z)A,(t, )

} + il"cs(s,t)e“"A“(s,a:)A,,(t,a:)} . (45)

f

the form of the effective action via Kaplan’s (Shamir’s)
method is similar to the one via the usual Wilson fermion
[11].

Let us consider the effective action for s-independent
gauge fields as in Ref. [5]. Since }°,  e*VA4,(z)A4,(z) =0
for s-independent gauge fields, the Chern-Simons term
vanishes. The other parity-odd term is canceled between
the two zero modes since Yy , ,dxFx(s,t)?> = 0. The
longitudinal term also vanishes due to the identity

) =0

t
Therefore the effective action

Fx(s, t)2

. (46)

[K(.s, t) —

[see Egs. (37) and (44)].

becomes
2
(2) — _ g_ 2 uy o auau
S 247r /d z [Au(:c) (5 0 A (x)| .

(47)

This effective action is transverse and thus gauge in-
variant in the two-dimensional sense. Both zero modes
around s = 0 and s = L equally contribute so that a fac-
tor 2 appears in the above result. This is consistent with
the general formula derived in Ref. [6]. The anomalous
chiral Schwinger model cannot be simulated by Kaplan’s
(Shamir’s) method with the s-independent gauge fields,
since the gauge fields see both of the zero modes so that it
fails to reproduce the parity-odd term, expected to exist
[12].
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IV. ANOMALIES IN THE CHIRAL SCHWINGER
MODEL

A. Currents and their divergence

From the effective action obtained in the previous sec-
tion, we can calculate the vacuum expectation values

J

of various currents in the presence of background gauge
fields. Let us define the fermion number current as
5 S(z)
Jg =< 48
(T(o,2)) = oo (48)
where the index g in the current explicitly shows the
charge of the fermion. From Eq. (45) we obtain

o g 2( av a aa v
Ji(s,z) = Oy zt: l:; OxFx(s,t)*(e™ 0, + € “BV)EA,,(t, z) — 2l cse” 4, (8, :v)]

t
— 79,0dd ,even
= Jgodd 4 Jo.even,

where J9°4 is a parity-odd current (the first two terms)
and J2°V°" is a parity-even current (the last two terms).
Hereafter all J, should be understood as vacuum ex-
pectation values, though ( ) is suppressed. From
the fermion number current the gauge current for a
fermion with charge g is easily constructed as J f (s,z) =
9J3(s,z).

Divergences of the parity-odd and parity-even currents
become

8, (s,z) = i% 3|3 6xFx(s,t)? - 2Tcs(s, t)}
t X

xeh 9, A, (¢, ), (50)

aﬂ‘];,even(svx) = % Z |:Z FX(37t)2 - 2K(8,t):l
t X

x0,A,(t, x). (51)

B. Gauge invariance

As mentioned in Sec. II, the action in 43 = 0 gauge
is invariant under s-independent gauge transformation.
This invariance implies Y, 8,JF (s, z) = 0. This identity
is satisfied in our calculation of the effective action, since

Z [Z ‘SXFX(S, t)z - 2ch(s, t):l
X

8

= Z Ox[Fx(t,t) — Fx(t,t)] =0, (52)
X

> [Z Fx(s,t)* — 2K (s, t)}
X

=Y [Fx(t,t) — Fx(t,t)] =0, (53)
X

—41 [ZZFx(s,t)z (5#" - a—'l‘j?i) A, (t,x) + (2K(s,t) - ZFx(s,t)z) A,,(t,z)}
4 X X

(49)

[
from Eqs. (37,41,44).

C. Gauge anomalies

The gauge anomaly for a fermion with a charge g, de-
noted Ty, is defined by T, = g(?,,Jg'°dd, and it becomes

Ty(s,z) = Y g°C(s,t)T°(t, ), (54)

where
1
T(t,z) = i4—7re"”3,,A,,(t, z) (55)
is the gauge anomaly of a two-dimensional theory, and

C(s,t) =Y 6xFx(s,t)* — 2Tcs(s,t) (56)
X

represents the spread of the gauge anomaly over the third
direction due to the spread of zero modes. This spread
of the anomaly has been observed in a numerical compu-
tation [2]. It is noted that the divergence of the gauge
current J f also contains parity-even contributions, given

by )
Z g
t D(s,t)EBuA,,(t, m), (57)

where D(s,t) = Yy Fx(s,t)? — 2K (s,t).

The one-loop integral (39) defining I'cs is too compli-
cated to calculate analytically. For t-independent gauge
fields A, (t,z) = A,(z) there is a considerable simplifica-
tion and we obtain

Ty(s,z) = _q"’C’(s)T0 (x), (58)
where
T(c) = i‘%’re“”aﬂAu(m) (59)

and
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C(s) =) C(s,t) =2 8xFx(s,s)
t X

_ m0(42— mg) %

for Kaplan’s method. We plot C(s) as a function of s at
mgy = 0.1 and 0.5 in Fig. 2. For Shamir’s method, we
obtain

C(s) = 2mo(2 — myp) [(1 _ mo)Zs —(1- mo)z(L"q)
(61)
and plot this in Fig. 3. It is noted that there is no parity-

even contribution in 8,J5 since Y, D(s,t) = 0 in this
case.

D. Chern-Simons current

From the three-dimensional point of view, the gauge
anomaly should be canceled in such a way that T, +
039J$S(s,z) = 0 [1,3], where JSS is the third component
of the Chern-Simons current for the three-dimensional
vector gauge theory. With our gauge fixing the effective

C(s) for Kaplan’'s method

L=100
1.5
— m,=0.1
T m,=0.5 .
05+ |

Y
i 4
-0.5
1.0 B
L 4
15 L 1 . ] . ot L
-100 -50 0 50 100

S

FIG. 2. The coefficient of the anomaly C(s) for Kaplan’s
method as a function of s at mg = 0.1 and 0.5 for L = 100.

(1 =mg)? — (1 —mg)2L—s=1)]

for s > 0,
(60)

[(14mp)?* — (14 mp)~2E++tD]  for s <0,

f

action does not depend on As, and it is difficult to calcu-
late J$S analytically except in the region away from do-
main walls [3]. However, for t-independent gauge fields,
we can obtain the Chern-Simons current everywhere via
the relation 63ng3’0dd(s, z) = —T,, which becomes

IS8 (s + 1,2) — J9S(s — L,2) = g2C(s) x T°(x). (62)

Taking J$5(s + 1,z) = g2I(s)T°(z), we obtain

I(s+3)—I(s— %) =C(s). (63)

We have to solve this equation with the boundary con-
dition I(s) — —2 as s — +oo [3]. For a finite s space
s = +o0o means 1 € s K L.

For Kaplan’s method we obtain

C(s) for Shamir’s method
L=100

1.5

05 .

0.0 K -

-05

C(s)

|
0 50 100
S

FIG. 3. The coefficient of the anomaly C(s) for Shamir’s
method as a function of s at mo = 0.1 and 0.5 for L = 100.
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2+m0
2

_2—m0
2

This solution automatically satisfies the other boundary
condition that I(s) — 0 as — —oo [3]. Again — —oo
means 1 € —s < L for a finite s space. We plot I(s)
as a function of s at mp = 0.1 and 0.5 in Fig. 4. For
Shamir’s method we obtain

I(s = 3) = 2[(1 — m)?* + (1 — mg)*(E=*+1] — 2
for0<s<L-1, (65)

which is plotted in Fig. 5.

E. Pythagorean chiral Schwinger model and
anomaly in fermion number current

Let us consider the Pythagorean chiral Schwinger
model [9]. In this model there are two right-handed
fermions with charges g; and g, and one left-handed
fermion with charge g3. Formulation of this model via
Kaplan’s method has already been discussed in Ref.
[1,2,9] (an extension to Shamir’s method is straightfor-
ward). We assign +mg for fermions with charge g; and
g2, and —my for a fermion with charge g3. The value

I(s) for Kaplan’s method
=100

0.5

I(s)
>
1

25} .

a1 L I 1 I

1
-50 0 50 100
S

FIG. 4. The coefficient of the Chern-Simons current I(s)
for Kaplan’s method as a function of s at me = 0.1 and 0.5
for L = 100.

3.0
-100

[(1 = mo)® + (1 —mo)*E~)] ~ 2,

[(1 + mo)?® + (1 + mg) ~2(EH2)],

0<s<1L,
(64)
—-L<s<0O.

of |mo| should be equal for all fermions, as will be seen
below.

The theory has a U(1)® symmetry [9] corresponding
to independent phase rotations of three fermions. The
corresponding currents are

JS = q1J9 + g2J% + g3J %,

il

92 It — 1 JP, (66)

F
J, Jo + Jg + Jge.
The first one is the gauge current, whose divergence be-
comes

8uJS (s,x) = (g + 93 — 93) ) C(s,t)T°(t,z).  (67)

Therefore, if g2 + g2 = g2 (Pythagorean relation) is satis-
fied and if all fermions have the same value of |my| to give
the same C(s,t), this current is conserved and there is
no gauge anomaly for any background gauge fields. The
second current is nonanomalous, since

I(s) for Shamir’'s method
L=100

1.0
0.
SF — m,=0.1
L === My =0.5 4
0.0 i .

I(s)

-3.0 : ' .
0 50 100

S

FIG. 5. The coefficient of the Chern-Simons current I(s)
for Shamir’s method as a function of s at mo = 0.1 and 0.5
for L = 100.
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8T (s,2) = (9291 — 9192) D C(s,)T°(t,x) = 0. (68)

The third current, which corresponds to the fermion
number of the theory, is anomalous, since

8uJ5(3’17) = (g1 + 92 — 93) ZC(S, t)yT°(t,z). (69)

Kaplan’s method as well as Shamir’s successfully gives
a nonzero divergence for the fermion number current,
though the coefficient C(s,t) has a finite width. For t-
independent gauge fields, this anomaly becomes

(91 + 92 — 93)C(s)T°(z), (70)

where C(s) is almost localized at s = 0 and at s = L
as seen in Figs. 2 and 3. Since the fermion number
is conserved in the three-dimensional theory, the third
component of the fermion number current should satisfy
03JE + (g1 + g2 — g3)C(s)T°(x) = 0 [9]. Therefore we
obtain

J.f(s, z) = (91 + g2 — g3)I(s)T%(z). (71)

V. CONCLUSIONS

In this paper we have formulated a lattice pertur-
bative expansion for Kaplan’s chiral fermion theories,
extending the suggestion by Narayanan and Neuberger
[5]. Applying our perturbative technique to the chiral
Schwinger model formulated via Kaplan’s or Shamir’s
method, we have calculated the fermion one-loop effec-
tive action for gauge fields. The effective action con-
tains parity-odd terms and longitudinal terms, both of
which break two-dimensional gauge invariance, and the
anomaly of the gauge current is obtained from the ef-
fective action. The gauge anomaly is calculable in Ka-
plan’s (Shamir’s) method if the perturbative expansion is
carefully formulated. For the anomaly-free Pythagorean
chiral Schwinger model, the fermion number current is
anomalous. To obtain this anomaly the fermion number
current should not be summed over s, in contrast to the
case of the continuum calculation [7], where the anomaly
comes from an infinite summation over s.

The main conclusions drawn from the results are as
follows.

(1) Anomaly of the fermion number current is shown
to be nonzero in this method, though the current flows off
walls into the extra dimension. Since the current is exter-
nal we feel that this does not affect the dynamics of the
model and therefore does not spoil the two-dimensional
nature of the chiral zero mode. The three-dimensional

nature of Kaplan’s (Shamir’s) formulation manifests it-
self only in the nonconservation of the fermion number,
which is expected to occur in nature.

(2) Two-dimensional gauge invariance at low energy
cannot be assured by Kaplan’s (Shamir’s) method, ex-
cept for s-independent gauge fields, even for anomaly-
free cases. This is similar to the situation with lattice
chiral gauge theories formulated with the ordinary Wil-
son mass term [11]. In this point Kaplan’s (Shamir’s)
method does not seem better than the conventional ap-
proaches. At this moment it is not clear whether this
violation of gauge invariance spoils the whole program of
this method. In particular the effect of the longitudinal
component of gauge fields has to be analyzed further. It
may be better to use s-independent gauge fields instead
of s-dependent ones since the problematic longitudinal
term automatically disappears in this case.

(3) If the theory is anomaly free and gauge fields
are s independent [5], the gauge invariance as a two-
dimensional theory can be maintained. However, the
gauge fields feel both of the zero modes even in the
L — oo limit, and the fermion loop contribution to the ef-
fective action is twice as large as the one expected from a
single chiral fermion. Therefore we have to take a square
root of the fermion determinant to obtain the correct
contribution. For fermion quantities such as the fermion
number current, however, it seems possible to separate
the contribution of the chiral zero mode at s = 0 from
that of the antichiral zero mode at s = L, as seen in the
previous section. Finally it should be mentioned that the
antichiral mode at s = L is a consequence of the finite-
ness of the extra dimension. If L is strictly infinite from
the beginning [5], only a chiral zero mode exists; hence,
the theory becomes chiral. Therefore, it is interesting to
study this model in detail.

Perturbative calculations performed in this paper can
be extended to (4+41)-dimensional theories. Of course
actual calculations become much more complicated and
difficult because of severe ultraviolet divergences in 4+1
dimensions than in 2+1 dimensions. Work in this direc-
tion is in progress.

Note added. After finishing this work, a new paper
by Narayanan and Neuberger [13] appeared. In their
paper the gauge anomaly for the chiral Schwinger model
was calculated semianalytically via the overlap formula

of Ref. [6].
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