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We study anomalies of fermions with spacetime-dependent mass. Using Fujikawa’s
method, it is found that the anomalies associated with the U(N), x U(N)_ chiral sym-
metry and U(N) flavor symmetry for even and odd dimensions, respectively, can be written
in terms of superconnections. In particular, the anomaly for a vector-like U(1) symmetry
is given by the Chern character of the superconnection in both even- and odd-dimensional
cases. It is also argued that the non-Abelian anomaly for a system in D-dimensional space-
time is characterized by a (D + 2)-form part of the Chern character of the superconnection
which generalizes the usual anomaly polynomial for the massless case. These results en-
able us to analyze anomalies in the systems with interfaces and spacetime boundaries in
a unified way. Applications to index theorems, including the Atiyah—Patodi-Singer index
theorem and a Callias-type index theorem, are also discussed. In addition, we give a natural
string theory interpretation of these results.

Subject Index B31

1. Introduction

Quantum anomaly is one of the most fascinating topics in quantum field theory. It implies
important constraints to have a consistent gauge theory and provides powerful tools to inves-
tigate non-perturbative properties of quantum field theory. It has been used to discuss phase
structures of strongly coupled systems and give non-trivial evidence of conjectured dualities.
Another interesting aspect of the anomaly is its beautiful mathematical structures. In particular,
the relations between the anomalies and various index theorems have attracted much attention
and have been vigorously studied by both physicists and mathematicians.

In this paper we investigate perturbative anomalies in the systems with N Dirac fermions
including spacetime-dependent mass as well as external gauge fields associated with U(N), x
U(N)_ chiral symmetry or U(N) flavor symmetry for even- or odd-dimensional cases, respec-
tively. The spacetime-dependent mass is equivalent to an external scalar field (Higgs field) that
couples with the fermions through the Yukawa coupling. Although the masses of the quarks
and leptons in nature are considered to be constant, spacetime-dependent mass naturally ap-
pears in the standard model and various other models when the value of the Higgs field is not
constant. It also appears in hadron physics and condensed matter physics, because the effec-
tive mass of fermions can vary depending on some parameters of the environment, such as
temperature, chemical potentials, magnetic field, strength of the interaction, etc., which can be
spacetime dependent.
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Apart from possible applications to realistic systems, spacetime-dependent mass can be used
as a theoretical tool to study quantum field theory. For example, it can be regarded as an exter-
nal source coupled to a fermion bilinear operator. In particular, although the U(N), x U(N)_
chiral symmetry is explicitly broken to a subgroup when the mass is non-zero, we can make the
action invariant under the U(N), x U(N)- gauge transformation in Eq. (3.7) by promoting the
mass to a spacetime-dependent external field. Then, we are allowed to discuss the anomaly for
this symmetry even though the mass is non-zero. In this sense, the spacetime-dependent mass
plays a similar role to the external gauge field, with which the action becomes gauge invari-
ant. Furthermore, it can be used to study chiral fermions localized on an interface or fermions
in a spacetime with boundaries. When we make the mass very large except for some regions in
spacetime, the low-energy modes are trapped in the regions with small masses, which effectively
induces a system with boundaries. If the mass profile has a zero locus of non-zero codimen-
sion, it represents an interface defined by the mass. As we review in Sect. 4.1, it is possible to
realize Weyl fermions localized in such interfaces. This mechanism is widely used to construct
theories with chiral fermions in lattice gauge theories, phenomenological models of elementary
particles with extra dimensions, etc.

In fact, the anomaly for the fermions with spacetime-dependent mass (Higgs field) was an-
alyzed in the 1980s in Refs. [1,2].! The conclusion of these papers was that the mass does not
contribute to the anomaly at all. This is true in the case that the mass is bounded and fixed while
the cut-off scale is sent to infinity. However, as we will demonstrate, the mass dependence of the
anomaly survives when the mass is unbounded. Remarkably, we will also find that the anomaly
exists even for odd-dimensional cases when the spacetime-dependent mass is introduced. Our
discussion is closely related to that of Refs. [4,5], in which coupling constants including the
masses are promoted to external scalar fields, and the anomalies are extended to include them.
The systems with massive fermions were analyzed in Ref. [4], and it was found that the space
of masses can be considered as a compact space with non-trivial topology by including |m| —
o0, and anomalies in D-dimensional systems are characterized by a (D + 2)-form, which is a
generalization of the usual anomaly polynomial involving differential forms on the space of
masses. This also shows that it is crucial to consider |m| — oo to have a non-trivial anomaly
that involves the masses.

The main goal of the first half of this paper (Sect. 3) is to show that the anomaly (D + 2)-form
and the anomaly associated with U(1), symmetry are given by the Chern character written in
terms of the superconnection introduced in Ref. [6]. This was also suggested in Ref. [4]. We will
show this explicitly by using Fujikawa’s method. Our formulas in Egs. (3.56) and (3.58) can be
used for both even- and odd-dimensional cases, provided that the superconnection of the even
and odd types are used accordingly.

These results are probably not surprising for those who are familiar with the Chern—Simons
(CS) terms including the tachyon field in unstable D-brane systems, which are written with the
Chern character of the superconnection [7-10]. As we discuss in Sect. 5, the systems with Dirac
fermions in various dimensions can be realized on a D-brane with unstable D9-branes. The
mass of the fermion is proportional to the value of the tachyon field, and hence the spacetime-
dependent mass can be naturally obtained by considering a varying tachyon field. The anomaly
of the fermions is supposed to be canceled by the contribution from the CS term. Therefore,

ISee also [3, Sect. 6.5.1].
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string theory suggests that the superconnection appears in the formulas of anomaly, which is
indeed what we find in the field theory analysis.

The rest of the paper (Sect> 4) is devoted to the applications of these formulas. We con-
sider systems with interfaces and boundaries realized by the spacetime-dependent mass. Most
of the discussion there consists of consistency checks and demonstration of our formulas in
Egs. (3.56) and (3.58). We show in several explicit examples that some known results can be
consistently reproduced in a simple and unified way. The results of Sect. 4.2.2 are new. In this
section, a system with a spacetime-dependent boundary condition is considered and the anoma-
lies due to this boundary condition are obtained.

The paper is organized as follows. We start with a brief review of the superconnection in
Sect. 2. In Sect. 3, we derive our main formulas for the anomaly with spacetime-dependent
mass using Fujikawa’s method. Applications of these formulas are given in Sect. 4. The cases
with interfaces and boundaries are studied in Sects. 4.1 and 4.2, respectively, and implications
for index theorems are discussed in Sect. 4.3. The systems with spacetime-dependent mass can
be realized in string theory, and our results have natural interpretations in string theory as
explained in Sect. 5. Finally, in Sect. 6 we summarize our results and make concluding remarks.

2. Superconnection

In this section we briefly review the superconnection introduced in Ref. [6] with physicist-
friendly notations. Our description here is not as general as that given in the original paper,
but restricted to the cases to be used in the following sections. See, e.g., Refs. [6,11] for more
general and mathematically rigorous descriptions. A superconnection® A of the even type is
a matrix-valued field composed of U(N) x U(N) gauge fields (4., A_) and a bifundamental
scalar field 7 as

iT A-

N I e RNl N

In our notation, the gauge fields 4. = A4,(x)dx* are one-forms that take values in anti-

Hermitian N x N matrices. o= in Eq. (2.1) and dx* are treated as fermions, i.e. they anti-

commute with each other in the products. The field strength of the superconnection is defined
3

as

Tt
A= <A+ i ) Ayt + A e +iTlo" +iTo", Q.1

where

F.—T'T iDTT
]:EdA-I-Az:( +iDT F_—TTT)’ (2.3)
where
Fr=dAs + A%,
DT =dT +A_T — TA,, DT ' =dT"+ A, T' —TTA4_. (2.4)

2In this paper, the word “superconnection” is used for the field A rather than the covariant derivative
d + A, which is often used in mathematical literature.

3The products of differential forms are the wedge product, though the symbol for the wedge product,
A, 1s omitted.
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The Chern character is defined as

.\ k/2
ch(]—")zZ(é) [Str (¢7)], . (2.5)

k>0
where [---]; denotes the k-form part of the differential form in the square brackets, and Str is
the supertrace* defined by

Str (‘C’ z ) = Tr(a) — Tr(d)  (even case). 2.6)

Because of Eq. (2.6), only the even form part in Eq. (2.5) can be non-zero.
A useful formula for a one-parameter family of superconnections denoted as A; with a pa-
rameter ¢ € [0, 1] is

Str (e™) — Str (™) = d ( / 1 dt Str (e’ a,At)) : (2.7)
0

where F; = dA, + A?. For A = Alr—r = Ag+ 1T with Ag=A,et +4 ¢ and T =
iT'o+ +iT o™, this formula implies

1
Str (ef) = Tr(ef*) — Tr(e™) + d (/ dt Str (ef’ )) . (2.8)
0

Since Str(e”"T) is gauge invariant, Eq. (2.8) implies that ch(F) and ch(F, ) — ch(F_) are equiv-
alent up to an exact form. For a trivial bundle (or, in a local patch) the formula in Eq. (2.7) with
A; = tAimplies’

1
Str () = d ( / dt Str (efdA”ZAzA)) . (2.9)
0
This implies that the Chern character can be expressed locally as
ch(F) =dQ, (2.10)
where Q2 is the CS form given by

i\ tdA+2 A2
a=%" (E) UO di Str (e A)]k. 2.11)

This €2 is, in general, not gauge invariant.
The superconnection of the odd type is given by Eq. (2.1) with the restrictions 4, = A_ and

T=T"
A T .
A= (iT A) =Al,+iToy, (2.12)
where 1, = et + ¢~ is the unit matrix of size 2 and oy = 0™ 4+ o~ = (}}). The field strength

18

(2.13)

F—T? iDT
Ed 2:
F A+ A ( DT F—T2>’

with F=dA + A? and DT = dT + [A, T).

“In some literature, the symbol Str is used for the symmetrized trace, which should not be confused
with the supertrace in this paper. For the symmetrized trace, we use Tr¥™.

SWhen the gauge group is U(N,) x U(N_) with N, # N_, the right-hand side has an additional con-
stant term N, — N_.
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The supertrace for the odd case is defined as

Str (Z z) =27 Te(b)  (odd case). (2.14)

The reason for putting the normalization factor /2 i~3/? will become clear later.® We also define

an analog of the Chern character for the odd case by the same formula as in Eq. (2.5). In this
case, only the odd form part contributes. The formulas in Egs. (2.7)—(2.11) also hold for the
odd case. In particular, Eq, (2.8) with A, = A_ and T = T" gives

1
Str (ef) =d (f dt Str (eF'iTol)) , (2.15)
0
where F, = (F — t*T?)1, + itDT o,. Therefore, the Chern character can also be written as

ch(F) = d<?, (2.16)

i\ k+D2 1 .
Q= — ‘iToy) | 2.1
k;:(zn) UO dt Str (7 al)]k (2.17)

Unlike © in Eq. (2.11), this Q' is gauge invariant.

where

3. Derivation of the anomaly

3.1. Even-dimensional cases

3.1.1.  Massive fermions and chiral anomaly. In this section we consider a system with N Dirac
fermions ¥ in a D = 2r-dimensional flat Euclidean spacetime (r € Z.(). We include external
gauge fields A = (4, A_) associated with U(N), x U(N)_ chiral symmetry and a spacetime-
dependent mass m, which belongs to the bifundamental representation of U(N); x U(N)_.
The action is

S= [ d% @ Dovs 4T Dy T s+ Gomly) = [@TDY. G

where?
= (V+() o = A 32
v = ("o Y(x) = (V(x), ¥ _(x)), (3.2)
and
Dy mi(x)
D= (m(;) Pl Dy=0"0,+A4,,). D_=0"@,+A4_,). (3.3)
Here, 0* and o*T (u =1, 2, ..., D) are 2"~ ! x 2"~ ! matrices satisfying
oMo’ + 0" Toh = oo 4 otoVT = 251, (3.4)
so that
0 ot
y“z(om 0) (w=1,2....2r) (3.5)

The sign ambiguity of i~3? is compensated by that of the /> factor in Eq. (2.5). Namely, the supertrace
Str of the odd case always appears in the combination /*Str with odd k in the anomaly, and i*/?Str (¢2) =
V2 i*=3/2Tr(b) has no ambiguity.

7 Although we discuss N Dirac fermions, it is easy to get the results for N positive/negative chirality
Weyl fermions by considering a U(N, )y x U(N_)_ subgroup of U(N), x U(N)_ with large enough N.

8This notation is useful for our purpose, but is not a standard one. A more standard notation is obtained
by replacing v and D with v (9}) and ({}) D, respectively.
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are D-dimensional gamma matrices in a chiral representation. We choose a representation of
y* such that

R B TS 0 . 2
iyt = = "yt (3.6)
O _lzr—l

is satisfied, where > * ! is the chirality operator.

The crucial point here is that we allow the mass parameter m to depend on the spacetime
coordinate x* and regard it as an external scalar field, which is sometimes called a Higgs field
in the literature, that plays a similar role as the external gauge fields 4, and A_. Then, the
classical action is invariant under U(N), x U(N)_ chiral gauge transformation that acts on the
external fields as well as the dynamical fermions as

Vi > Uy, Yo —>9,U7 YUy, Yoy U
Ay = U AU + U AU A > U AU +U_dU~", (3.7)
m— U.m U;l, m — U+mTU__1,

with (U, (x), U-(x)) € UN); x UN)-.
As is well known, the chiral symmetry is anomalous in quantum theory. In fact, when the
external fields are non-trivial, the partition function

Z[A, m] = e = / [dyrdyr) e SW-V-Am (3.8)

gets a non-trivial phase under the chiral gauge transformation in Eq. (3.7), even though the
action is invariant.

Let us briefly review the explicit form of the anomaly for the massless case. Under an in-
finitesimal chiral gauge transformation (Uy = e+, U- = ¢~ "~ with v;, v_ < 1) with

8,Ar =dvy +[A4, v4], SyA- =dv_+[A_,v_], (3.9

the effective action for the massless case I'[ 4] = I'[4, m = 0] defined in Eq. (3.8) transforms as
I' - T 4+ 4§, with

8,[[A] = / I (v, 4), (3.10)
where 1) (v, A) is a 2r-form obtained as a solution of the descent equations’
b, = 8,1,  dIy., = b (3.11)
with
Dyi2(A) = =2mi[ch(F}) — ch(F- )]y, - (3.12)

Here, [---]2, + 2 denotes the (2r + 2)-form part of the differential form in the square brackets, and
ch(F.) = Tr (exp { = F+}) is the Chern character. I, ; »(A4) is called the anomaly polynomial,

and I (A4) is the CS (2r + 1)-form.!°

9See, e.g., Refs. [3,12-14] for reviews of the anomalies.
10Tn this paper we consider a flat spacetime. For curved spacetime, ch(F) should be replaced with
ch(F)A(R), where A(R) is the A genus. Explicit expressions for Izor 41(4) and Izlr(A) are
. r 1
0 i 1 - -
Bt =(55) 5 [ dr () - (an)).
i

r 1 1 o . - ~
L,(v.4) = (Z) mfo dt (1= 1) (T (vid (AL E7Y)) = T (vod (4-E1))
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As pioneered in Refs. [15,16], the chiral anomaly in Eq. (3.10) can be understood as a con-
sequence of the fact that the path integral measure for the fermions is not invariant under
the chiral transformation in Eq. (3.7). After a careful regularization, it can be shown that the
fermion path integral measure transforms as

[dydy] — [dydy]T, (3.13)
with the Jacobian 7 given by

log J = /Izlr(v,A) (3.14)

under the infinitesimal chiral transformation, reproducing the result in Eq. (3.10).
The form of the Jacobian J in Eq. (3.13) depends on the regularization. In Refs. [1,16], a
manifestly gauge-covariant form of the anomaly with

log J = / L(v, A), (3.15)

where

o |
1) = () 3 (0 0 =T (7). 616

is obtained with a covariant regularization (see Sect. 3.1.2). This form of the anomaly is called
the covariant anomaly, while Eq. (3.10) is called the consistent anomaly. Unlike the consistent
anomaly, the covariant anomaly does not satisfy the descent equations in Eq. (3.11) and cannot
be written as the gauge variation of a well-defined effective action. The consistent and covariant
anomalies are related by the addition of a Bardeen—Zumino counterterm in the associated
currents [17] (see Appendix B).

We are particularly interested in the anomaly for the U(1)y transformation which corresponds
to v, = v_ = —ia(x) 1y with a function «(x) and the unit matrix 1y.!! In this case, Eq. (3.16)
is

o
2

The main claim of this section is that, when the spacetime-dependent mass 72 is turned on, the
Chern character ch(F,) — ch(F_) appearing in Egs. (3.12) and (3.17) is replaced with the Chern
character written by the superconnection in Eq. (2.5). More explicitly, the anomaly polynomial
I+ 2(A) in Eq. (3.12), the covariant anomaly Izlrc""(v, A) in Eq. (3.16), and the U(1); anomaly
I} *V(v, A) in Eq. (3.17) are replaced with

L (—ia, A) = —ia [ch(F\) — ch(F.)],, = =— b, (A). (3.17)

byi2(A4, m) = =27i[ch(F)ar12, (3.18)
L (v, A, m) = (é) [Str(veT)],, . (3.19)
LY (—ia, A, m) = —ia [ch(F )], (3.20)

up to closed forms and contribution from local counterterms, where F+ = td A4 + 1> A3 and Tr™ stands
for the symmetrized trace.

""More precisely, what we are concerned with here is the mixed anomaly between U(1); and SU(N),.
x SUN)_ x U(1)4.
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respectively, where v = diag(v,, v_), m = m/A is the mass rescaled by the cut-off A (see
Eq. (3.35) for the definition), and
F, —m'm iDm'
F = ~ e 3.21
( iDm F — mmT> ( )
is the field strength of the superconnection in Eq. (2.3) with 7" = m. Equation (3.18) is related
to I2lr(v, A, m), which gives the consistent anomaly

8, T[4, m] = / (v, A, i) (3.22)

by the descent equation in Eq. (3.11).!2 Since /»,,2(4, 1) is not a polynomial of the field strength
F, we refer to it as an anomaly (2r + 2)-form following Ref. [4]. Equation (3.19) is the covariant
anomaly related to the Jacobian 7 defined with a covariant regularization adopted in Sect. 3.1.2
by

logJ = / L (v, A, m). (3.23)

Equation (3.20) is obtained from Eq. (3.19) by setting v, = v. = —ixly. In Egs. (3.22)
and (3.23), we take the A — oo limit after the integration.

Note that when m is bounded, 7 vanishes in the limit A — oo and the m dependence drops
out [1,2]. However, there are some physically interesting systems in which the mass is of the
order of the cut-off scale or unbounded, and the m dependence in the anomaly may survive.
For example, a system with a boundary can be realized by setting m — oo in a region of the
spacetime. Another interesting example is a system with localized massless fermions on an
interface (defect) with mass of the order of the cut-off scale in the bulk, such as the domain-
wall fermions used in lattice quantum chromodynamics [18]. We consider such examples in
Sect. 4.

Another related issue is that, as shown in Ref. [6], the de Rham cohomology class of Eq. (3.18)
is independent of 1 because of the relation in Eq. (2.8), which would mean that the m-
dependent part of the (2r + 2)-form in Eq. (3.18) does not contribute to the anomaly. This is
true in a compact spacetime. However, for an open space, the nm-dependent part of the anomaly
(2r 4 2)-form can give a non-trivial element of the cohomology with compact support.!® As
discussed in Sect. 4.1, this non-trivial element is interpreted as the anomaly of the fermions
localized on the interfaces located around the zero locus of the mass profile. The local coun-
terterm that cancels this anomaly is the contribution from the anomaly inflow.

In Sect. 3.1.2 we will explicitly show Egs. (3.19) and (3.20) using Fujikawa’s method, fol-
lowing the prescription given in Ref. [1]. Our argument for Eq. (3.18) is more indirect. This is
suggested as a consequence of the relation in Eq. (3.17) between the non-Abelian anomaly in
2(r — 1) dimensions characterized by I5,(A) and the Abelian anomaly given by Izlrco" —ia, A)
in 2r dimensions [19,20] generalized to the cases with spacetime-dependent mass. This issue is
discussed in Sect. 3.1.3.

3.1.2.  Calculation of the Jacobian. In order to show Egs. (3.19) and (3.20), we evaluate the
Jacobian 7 in Eq. (3.13) for the U(N), x U(N)_ transformation in Eq. (3.7). In the following,
we demonstrate the derivation of Eq. (3.20) in detail, focusing on the U(1)) transformation

12See Sect. 4.1 for more on the use of the anomaly (D + 2)-form in Eq. (3.18).
13See Ref. [4] for more on this point.
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that acts on the fermions as

Y(x) = (), P = e Y (x), (3.24)
which is a special case of the transformation in Eq. (3.7) with U, = U_ = ¢®1y. The general-
ization to general U(N), x U(N)_ transformations that leads to Eq. (3.19) is straightforward.

Following Ref. [1], we expand the fermion fields v and ¥ with respect to the eigenfunctions
of the Hermitian operators DD and DDY, respectively. Let n, and n, be the number of zero
modes of DI'D and DDF, respectively, and choose the eigenfunctions such that they satisfy the

eigenequations'

DD, (x) = A2pa(x)  (mefk—n, | k=1,2,3,...}), (3.25)

DDIp(x) = A2pu(x)  (nefk—ng | k=1,2,3,...}) (3.26)

and the normalization conditions
/d X‘Pm(x)(/’n(x) = 8m ns /de (]5;()6)(]5”()6) = 8m,n- (327)

Here, the eigenvalues of DD and DD are denoted as A2, because they are non-negative and
can be written as the square of real numbers.!> Without loss of generality, we assume A, = 0
forn<0and 0 < A; < Ay < A3 < ---. Note that the eigenvalues for Egs. (3.25) and (3.26) are the
same, because the non-zero modes ¢,, and ¢, with n > 0 are related by

=D, @) =Dl (orn=0) (3.29)
up to phase.
Then, fermions ¥ (x) and v (x) can be expanded as
V) =Y agn(x), Y=Y bupi(x), (3.29)

where a, and b, are Grassmann-odd coefficients, and the action in Eq. (3.1) becomes

S=>"Jubuty. (3.30)
The fermion path integral measure is formally defined as

) = [T ()a506) = et det (8)(0) " [T dau [T b 330

where det(p,(x))~! det(é(x))~! is the Jacobian for the change of variables from {1 (x), ¥ (x)}
to {an’ Bn}
Under the U(1)y transformation in Eq. (3.24), a, and b, transform as

an = d = [ ol = Y (am,n +i [ anx w,i(x)a(xm(x)) i

by— b, = / dPx Y (x)e™* D (x) = > by (3 —i / deqﬁ,L(x)oz(x)qﬁn(x)), (3.32)

“Here, we have assumed that the spectra of DI'D and DD' are discrete. Later, we will consider the cases
with non-compact spacetime. In such cases, the asymptotic behavior of the mass and the gauge fields
should be chosen appropriately to have discrete spectra.

I15Be aware that A, is not the eigenvalue of D. D is not Hermitian and its eigenvalues are not real in
general.
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where we have assumed «(x) < 1. Then, the Jacobian in Eq. (3.13) is
log J = —i / dPx a(x)Z(x), (3.33)

where

I(x) = Y (phx)pu(x) = ¢l (x)pu(x)) . (3.34)

n

Z(x) can be regularized by introducing a UV cut-off A as
52
o —4 gt
700 = lim 3267 (pl(000() = 411, ()

= 1im " (¢fx)e” = P, (x) = g0 =" p(v))

. Pk . _1pi — DD ikx

where Try is the trace over both flavor and spinor indices. The cut-off A will be sent to infinity
16

at the end of the calculation.
To evaluate Eq. (3.35), note that DD and DD are written as

D'D=-D2 — A’F, DD'=-D2 - AF, (3.36)
where
0 A 0
D, — ( z +o e ) (3.37)
Ay
and
F_ soto  Fy,, — mim +otD,mi 118
LoD, i LotloVE,, — i)’ (3.38)
_ s=0M oV Fyyy — mii —1otiD, mt 339
AL | 3:39)
_XO Dﬂm mO’MO' F—,LLU - mmT

with m = m/A. Then, Eq. (3.35) becomes

1 de L(k +D )2—‘,-}: L(k +D )2_,’_j_-\/
I(_X) = lim WTrS (6'/\2 WLy — eal ik, +D,, )
A—o0 T

. d’k o AP 2up 4 F L p2idfup 47
=Ah_r>%oAD/ (2”)De—ku Tr, (eAzDM+Ak DAF _ A Di+ 2R Dﬁ-]—')’ (3.40)

where %ﬂ = k,/A. Using the formula

0 k<),

Qiyet i (k =r), (3-41)

tr (GMUMT B T oy LI S N 3} Py SR ‘O-H«Zk—lJfo-lilk) — {

where e*1*#> is the Levi—Civita symbol with €>>~? = 1, and assuming that the gauge field,
m, and k,, as well as their derivatives are all of O(1) in the 1/A expansion,!” it is easy to verify

16The explicit form of the anomaly actually depends on the choice of the regularization scheme. We
adopt this heat kernel regularization in a covariant form.

7In Sect. 4 we consider the cases with m being a linear function of x*. One may wonder whether 71
can be regarded as an O(1) parameter, even though 71 diverges at |x| — oo. In that case, our treatment
here can be understood as the evaluation of the A — oo limit of the integration [ d”x a(x)Z(x) by using
rescaled coordinates X* = x*/A.
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that
dPk ¢ > 5 AP PSS
T D i F_P\_ F_F
I(x)_l\lglgoA (277)1)6 Tr, <e e ) Ah_r}gO 2D7TD/2TrS (e e ) (3.42)
and
Tr, (ef - ef’) d*x = A7) [Str(eF)],, + O(A™> Y, (3.43)

where d”’x = dx!---dx*" and F is the superconnection defined in Eq. (3.21). Neglecting the
O(A~") terms, this implies that!®

T(x)d¥x = (é) [Str (¢)],, = [ch(F)l,, , (3.44)
and hence we obtain
log J = —i/a(x) [ch(FA)]p ., (3.45)

which is the desired result, Eq. (3.20).
In Sect. 4 we consider the cases with A, = 4_ and the mass given by a scalar matrix as

m = u(x)ly, (3.46)
where p(x) is a complex function and 1 is the unit matrix of size N. In this case, we have
ch(F) = %dﬁwﬁ e " ch(F), (3.47)
with F=F, = F_ and it = /A, and the Jacobian in Eq. (3.45) becomes
log J = % / diitdii e ™ o (x) [ch(F)]p_, . (3.48)

3.1.3.  Anomaly (D + 2)-form. In this subsection we give a simple derivation of the anomaly
(D + 2)-form in Eq. (3.18) using the result in Eq. (3.20) for the U(1); anomaly. Although
the description here is for the even-dimensional case, the argument is applicable to the odd-
dimensional case as well.

We decompose the U(N), x U(N)_ gauge fields into the U(1)y gauge field 7 and the rest,
and write the Chern character as

ch(F) = exp {é fV} ch(F), (3.49)

where ¥ = dV is the field strength of the U(1) gauge field and Fy = Flpoo=F — oy,
First, we try to show Eq. (3.18) for the case with ¥ = 0. To this end, let us consider the U(1)y
anomaly in Eq. (3.20) with /¥ = 0 in a (D + 2)-dimensional system:

1) (—ia, A, )| pv—g = —ic[ch(Fy)]p+a. (3.50)
Note that for this component of the anomaly there is no difference between the covariant

and consistent anomalies'® (see Appendix B.1). The anomaly (D + 4)-form for the (D + 2)-
dimensional system that reproduces Eq. (3.50) via the descent equations in Eq. (3.11) is

S [eh(Fo)lp+a. (3.51)
Now, consider a (D + 2)-dimensional spacetime of the form S?> x Mp, where M is a D-
dimensional manifold. We assume that /* has a flux with | of V' = —2mi,and F is independent

8This formula (in the A — oo limit with /17 kept fixed) corresponds to the local index theorem proved
in Ref. [21]. See also Ref. [22].
YWe thank Y. Tanizaki for the discussion on this point.
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of the coordinates on S2. In this case, each fermion in the (D + 2)-dimensional system has one
zero mode on S2, and hence we get a D-dimensional system with N Dirac fermions in the limit
that the radius of S? becomes zero. The anomaly (D + 2)-form for this D-dimensional system
is given by integrating Eq. (3.51) over S?, yielding

Ipa(A,m)| g = /S2 SV Ieh(Fo)lps2 = =2mi[ch(Fo)lp+2, (3.52)

which is Eq. (3.18) for the ¥ = 0 case.
The /7 dependence of the anomaly (D + 2)-form can easily be recovered by replacing Fo with
F, which completes the derivation of Eq. (3.18).

3.2.  Odd-dimensional cases

3.2.1.  Anomaly in odd dimensions. In this section we consider a system with N Dirac fermions
¥ in a D = (2r + 1)-dimensional flat Euclidean spacetime (r € Z~). The flavor symmetry is
U(N) and the associated external gauge field is denoted as 4. We include a spacetime-dependent
mass m, which is a Hermitian matrix of size N and belongs to the adjoint representation of
U(N). The action is

S = dexE(mm)x// = /deEDx//, (3.53)
where
DP=y"u+4,)., D=DP+m, (3.54)
and y* (u=1,2, ..., 2r + 1) are gamma matrices satisfying y** = y* and {y*, y"} = 26"". For
explicit computation, we choose y* to be of the form in Eq. (3.5) for u =1, ..., 2r and y* *!
in Eq. (3.6) for w = 2r + 1. This action is invariant under the U(N) flavor symmetry:
v — Uy, v — yU, A— UAU '+ UdU!, m— UmU™", (3.55)

with U(x) € U(N).
Our claim is that the formulas analogous to Eqgs. (3.18), (3.19), and (3.20),

Ip2(A4, m) = =2xi[ch(F)]ps2, (3.56)

i D/2
I (v, A, i) = (Z) [t (ve)], - (3.57)
I (—ia, A, ) = —ia [ch(F)]p, (3.58)

hold even for the odd-dimensional cases, using the odd-dimensional analog of the Chern char-
acter in Eq. (2.5) defined by the supertrace for the odd case in Eq. (2.14). Unlike the even-
dimensional cases discussed in Sect. 3.1, both Egs. (3.56) and (3.58) vanish when the mass m
vanishes. The anomaly appears only when m is turned on.

We show in Sect. 3.2.2 that the formula in Eq. (3.45) for the U(1)y transformation in Eq. (3.24)
also holds for the odd-dimensional cases by examining the Jacobian of the fermion path integral
measure using Fujikawa’s method. This implies Eq. (3.58). The derivation can be easily gener-
alized to Eq. (3.57). Equation (3.56) follows from Eq. (3.58) by an indirect argument given in
Sect. 3.1.3.

The meaning of Eq. (3.56) is somewhat more ambiguous, because, for odd D, we can find a
gauge-invariant (D + 1)-form I}) | (A4, m) satisfying Ip,2(A4, m) = dI}) (A, m) (see Eq. (2.16)).
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Then, the odd-dimensional analogue of the descent equations in Eq. (3.11),
dIy=8,0py,  dlpy =Ipp, (3.59)

would imply that the anomaly I}, simply vanishes. However, as we will see in Sect. 4.1.1,
Ig (4, m) is non-vanishing at infinity in our examples with non-trivial interfaces, and Ip , »
can be a non-trivial element of the cohomology with compact support.>’ We will argue that the
anomaly of the fermions on the interfaces can be extracted from Eq. (3.45).

3.2.2.  Calculation of the Jacobian. The Jacobian of the fermion path integral measure for the
U(1)y transformation in Eq. (3.24) in the odd-dimensional case can be calculated in a similar
way to the even-dimensional case in Sect. 3.1.2. In particular, Egs. (3.33), (3.35), and (3.40) can
be used for the D = (2r + 1) case, with F and 7' defined as

F= my“y”FM + Xy“Dum -, F = myMyVF,w - X;/MD,M — 0.

(3.60)

Note that F' is obtained by replacing y* with —y* in F. Therefore, when the matrix in the
trace in Eq. (3.40) is expanded with respect to y*, only the terms with odd numbers of y* can
contribute. Furthermore, using the relation®!

0 k<),
Hu Ly Rkl —
tr ()/ Y ) { (2l')r€l/«1“'u2r+1 (k = r),

we find that Eq. (3.42) also holds for the odd-dimensional case, and
Tr, (ef - ef’> At = Ay [Str (€F)], L, + O(A~Hh (3.62)

where F is the superconnection of the odd type given by Eq. (2.13) with 7" = m = m/A:

_i?  iDi
.7-"=<F m sz>' (3.63)

(3.61)
2r+1

iDim F — m?

Note that we have taken into account the +/2i~3/? factor in the definition of the supertrace Str
for the odd case in Eq. (2.14). Then, we obtain

- i\ D2 .
T(x)d'x = (E) [Str (¢7)],,,, = [ch(F)layss (3.64)

This implies that
1%J=4fmmm0mw, (3.65)

which takes the same form as Eq. (3.45) for D = 2r + 1.
In particular, when the mass is a scalar matrix given by

m= pu(x)ly, (3.66)
with a real function u(x), we have
1 ~
ch(F) = 7 dfi e " ch(F) (3.67)

20 A similar statement holds for the mass-dependent part of the Chern character ».(4, ) for the even-
dimensional case, as mentioned in Sect. 3.1.1 and demonstrated in Sec. 4.1.2.
2IHere, y> * ! is chosen to be the same as in Eq. (3.6).
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and
log J = —ﬁ / dil e ™ a(x) [ch(F)],, . (3.68)

where 1 = u/A.

4. Applications

4.1. Anomalies on interfaces

In this section we consider mass profiles with isolated zero loci, which we call interfaces, and
show that the anomaly carried by the fermions localized on the interfaces can be easily extracted
by the formulas obtained in Sect. 3. As pointed out in Refs. [4,23], the anomaly of the localized
modes implies the existence of a diabolical point in the space of parameters of the theory, as
mentioned at the end of Sect. 4.1.3.

4.1.1.  Kink (codimension 1 interface). We consider a D = (2r 4+ 1)-dimensional system given
by Eq. (3.53) with a kink-like mass profile as

m= pu(y)ly =uyly, 4.1)

where y = x T ! is one of the spatial coordinates and u is a real parameter. Since the mass m
diverges at |y| — oo, the operators DD and DD' have discrete spectra as required in Sect. 3.1.2.

To simplify the discussion, we assume that the gauge field as well as a(x) are independent of
y. Then, the integration over y in Eq. (3.68) can be done, and we obtain

log 7 = ~isen(u) [ a(0)ch(F)l;. (4.2)

where sgn(u) = u/|u| is a sign function and the integration is taken over the 2r-dimensional
space along x' ~ 2" directions. Note that this result is independent of the cut-off A, and hence
it survives in the A — oo limit. The dependence on the parameter u is only through its sign.
Knowing this fact, it may be convenient for some purposes to take the |u| — oo limit as

|ulli_r)noo ch(F) = sgn(u)§(y)dy ch(F). (4.3)
In fact, Eq. (4.2) does not depend on the detail of the profile in Eq. (4.1). As is clear from
Eq. (3.68), we get the same result, Eq. (4.2), for any function u(y) satisfying u(y) — +oo (or
w(y) = Foo)as y — too.

The expression in Eq. (4.2) agrees with the anomaly for Weyl fermions in a 2r-dimensional
spacetime. In fact, Eq. (4.2) is identical to Eq. (3.15) with Eq. (3.17), provided we identify (£,
F_)=(F,0)foru>0or(F,,F_)=(0, F) for u < 0. We interpret this as the anomaly contribution
from the Weyl fermions localized on the interface at y = 0. As a check, it is easy to show that
there exist positive- or negative-chirality Weyl fermions at the interface as the zero modes of
the operator D = P +m with u > 0 or u < 0, respectively [24]. To see this, let us consider the
Dirac equation Dy = 0, where D is defined in Eq. (3.54). Working in the 45, . | = 0 gauge, this
equation can be written as

DY + 9y 4+ n()y =0, (4.4)
where
2r
D= "y @+ Ay) (4.5)
n=1
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is the Dirac operator in the 2r-dimensional space. Then, we find a solution localized around y
=0:

Y(E ) = e 2y (), (4.6)
where ¥ = (x', ..., x*") and ¥ ®"(¥) is the 2r-dimensional Weyl fermion at the interface satis-
fying

D(Zr)w(Zr) — O, y2r+lw(2r) — Sgn(u)w@r)‘ (47)

Note, however, that the anomaly contribution of the localized Weyl fermions are known to
be canceled by the contribution from the bulk via the anomaly inflow mechanism [25]. Outside
the region with u(x) = 0, the one-loop effective action contains a term with the CS (2r + 1)-
form, whose gauge variation precisely cancels the anomaly of the localized fermions. Our result
in Eq. (4.2) can be interpreted in two ways. One is that the variation of the CS term simply
vanishes when the gauge field and the gauge variation are independent of y, and Eq. (4.2) is the
contribution of the localized fermion. The other is that the anomaly of the localized fermion
at y = 0 is canceled by the contribution from the CS term, but the variation of the CS term also
produces the same amount of anomaly at y = +o00, which gives Eq. (4.2). We will make more
comments on the relation to the anomaly inflow below.

Let us next discuss the anomaly (D + 2)-form in Eq. (3.56). Inserting Eq. (4.1) into Eq. (3.56),
we obtain

byy3(A, i) = =2/mie”™ dii [ch(F )2 = df () by42(A), (4.8)
where I, , 2(A) = —2mi[ch(F)]» +» and
1 X 1
f(x)=— eV dy = —erf(x). 4.9)
T Jo 2

A possible choice of Igr“ satisfying the relation Ip,, = aUgJrl in Eq. (3.59) with D =2r + 1
is

Lo (A, ) = [ 42(A). (4.10)

Since this is invariant under the U(N) transformation, we have 8,15, (A, m) =0 and the
anomaly I}, 1 related to Igr ., by the decent relation in Eq. (3.59) vanishes. However, this does
not mean the m-dependent anomaly (D + 2)-form 5, 3(A, m) is useless. In fact, we can extract
the information of the anomaly from the fermions localized at the interface from Eq. (4.8) as
follows.

The point is that the factor f(m) in Eq. (4.10) does not vanish but approaches j:%sgn(u) at
y = to0. Therefore, the relation I, 3 = d]g‘ +» With a gauge-invariant (2r + 2)-form Igr 4 does
not imply that I, ; 3 is trivial as an element of a cohomology with compact support. To find
the anomaly for the localized modes, we decompose 13, +» in Eq. (4.10) into a local part that
vanishes at y — 400 and a closed form that does not contribute in the relation 5,3 = dlg, 4
as

B 5 (A,m) = LA, i) + dawner1 (A, ), 4.11)
with
BYSNA, ) = —df (B, (A), o4, i) = [, (A), (4.12)

where I | (A) is the CS (2r + 1)-form satisfying by2(A4) = dI, (4).
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We interpret Igrlj:gal(A, m) as the part that gives the anomaly localized at the interface. Inte-

grating Igrljggal (A4, m) over the y direction, one obtains the CS (2r + 1)-form
Blsl(4) = - f{ }Ig}gga‘(A, i) = sgn(u)ly. (A), (4.13)
y

which is related to the anomaly Izlrl"cal(v, A) for the Weyl fermions localized at the interface by
the descent relation 8,15/°%(4) = d 1, (v, 4) in Eq. (3.59). Here, [,; denotes the integral

over y. The anomaly (2r + 2)-form for the localized fermions is given by
B = [ B, ) = senlsa(4). (4.14)
83

The second term in Eq. (4.11) corresponds to the anomaly contribution from the bulk that
cancels the anomaly localized at the interface around y = 0 through the anomaly inflow [25]. To
see this explicitly, it is convenient to take the |u| — oo limit, in which f'(m1) and df (m) approach
a step function and a delta function one-form with support at y = 0, respectively:

~ 1 -
f(m) — §sgn(u) sgn(y), df (m) — sgn(u)s(y)dy. (4.15)
Then, I)'%5(A4, m) is completely localized at y = 0 and w,, 4 | becomes
- 1 -
wyr41(A4, m) — —Esgn(m)lng(A), (4.16)

which can be interpreted as the CS term in the bulk induced from the path integral of the
massive fermions, which precisely cancels the anomaly localized at the interface.

4.1.2. Vortex (codimension 2 interface). Next, consider a D = (2r + 2)-dimensional system
in Eq. (3.1) with a vortex-type mass profile given by

m= u(z)ly =uzly, 4.17)
where z = x¥ * ! — ix?*+2 and u is a complex parameter. Here, we assume that the gauge fields
as well as the parameter « are independent of z, and satisfy A, = A_ = Aand Ay, | = Ay 1>
= 0, for simplicity.

Then, Eq. (3.48) implies that

logJ = —i/oz(x) [ch(F)],, . (4.18)

This agrees with the anomaly of a 2r-dimensional system with Weyl fermions, and is interpreted
as the anomaly contribution from the Weyl fermion localized on the interface at z =z = 0.
Again, we can explicitly find localized Weyl fermions as follows [25-27]. For this purpose, it
is convenient to choose o = ., (=1, ..., 2r + 1) and 022 = —ily, where Vo (0 =1, ...,
2r) are gamma matrices in 2r dimensions and y > +!

(2r)
case, the Dirac equation Dy = 0 can be written as

DYy + 2Pd. — Py, + uzy =0, (4.19)

is the chirality operator for them. In this

PPy 4+ 2(Prde— P34 uzipy =0, (4.20)
where P is defined in Eq.(4.5)and Py = %(12/‘ + yé’;;l) is a projection operator that projects
to positive-/negative-chirality spinors in 2r-dimensions. Then, we find a solution localized

around z = 0:
V(% 2,2) = (X, 2,2) = e 247y 20 (30), (4.21)
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where we have assumed u to be real and positive without loss of generality, and ¥?" is a
positive-chirality massless Weyl fermion in 2r-dimensions.?

The role of the anomaly (D + 2)-form in Eq. (3.18) can be discussed in a similar way as
the codimension 1 interface considered in Sect. 4.1.1. For the mass profile in Eq. (4.17), the
anomaly (D + 2)-form (with D = 2r 4 2) becomes

byya(A, m) = dfi(m) b2 (A), (4.22)
where I, ; 2(4) = —2mi[ch(F)] 4 2 1s the anomaly polynomial for a Weyl fermion in 2r dimen-
sions and f; is a one-form given by

~ l _ ﬁ 2 ~ ~
fl(m)za(l e ')(dlogm—dlogmf). (4.23)
Note that /7 is non-vanishing at |z| — oo, while its derivative
dfy (i) = %d;%*dﬁz e Vil (4.24)
T

decays exponentially as |z| — oo, and approaches a delta function two-form with support at
z =z = 0 in the u — oo limit. The integral of df; over the z-plane is normalized as

/ dfy = 1. (4.25)
The CS-form Iy, (A4, n) satisfying b 4(A, m) = d1I3,, (A, m) can be chosen as
I, 5(A, i) = fi(i)brya(A) = RSFNA, M) + dwyia(A, i), (4.26)
where
LA, m) = dfy (), (A), wyrs2(A, m) = — fi(m) ), (A). (4.27)
Here, I, | (A) is the CS-form satisfying b,42(4) = dI, ., (A).

The anomaly contribution of the fermions localized at the interface, denoted as 7}1°%41(4), is
related to

Bsg) = / LS A M) =1, (4), (4.28)

where f{z 5 denotes the integral over the z-plane, by the descent relation a’]zlrlOCal = (Svlgrf?l. In
other words, it is characterized by the anomaly polynomial

1os () = /{ B 0) = F(4). (4.29)

On the other hand, w,42(4, m) gives the bulk contribution of the anomaly that cancels the
anomaly on the interface.

4.1.3.  Interfaces of higher codimension. The discussion in Sects. 4.1.1 and 4.1.2 can be gen-
eralized to the cases with interfaces of higher codimensions. We are interested in the interfaces
with Weyl fermions on them.

A codimension 7 interface in D = (2r 4+ n)-dimensional spacetime can be constructed by
giving a mass of the form

m(x)=u i rxl, (4.30)
I=1

22 A negative-chirality mode is obtained when the mass is m = uZ 1y, which represents an anti-vortex.
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where I' (I =1, 2, ..., n) are matrices of size N = 2[? = DI related to n-dimensional gamma
matrices 7’ by

I
71 =r1! (for odd nand D), yl= (F” r ) (for even n and D). (4.31)

In this case, it can be shown that there is a Weyl fermion on the interface at x' = . = x”
= 0 obtained as a localized fermion zero mode, as we have seen this explicitly in Sects. 4.1.1
and 4.1.2 for n = 1, 2. We give an indirect argument for this fact for general » in connection to
index theorems in Sect. 4.3.2 and string theory interpretation in Sect. 5.

It is also possible to get kK Weyl fermions by replacing I'/ in Eq. (4.30) by 1; ® I' as

m(x)=u) L@ (4.32)
I=1

In this case, the gauge group is U(kN) or U(kN), x U(kN)_ for odd or even D, respectively,
and the vector-like U(k) subgroup of the form g ® 1y with g € U(k) is unbroken. Then, k£ Weyl
fermions coupled with the U(k) gauge field a can be obtained by setting the U(kN) gauge field
A as

A=a® ly. (4.33)

It is straightforward to check that the anomaly for these Weyl fermions on the interface can be
obtained by inserting the mass profile Eq. (4.32) and the gauge field Eq. (4.33) into our formulas
in Egs. (3.18)—(3.20) and (3.56)—(3.58). In particular, the expressions in Egs. (4.14) and (4.29)
of the anomaly (2r + 2)-form for the localized fermions are generalized as

B30 = [ Broniatd. ), (4.34)

where [, denotes the integral over x! (I =1, 2, ..., n). This agrees with the anomaly polynomial
for 2r-dimensional Weyl fermions coupled to the U(k) gauge field a.

As discussed in Refs. [4,23], the anomaly contributions from fermion zero modes localized on
the interfaces implies that there is at least one point in the space of parameters of the theory,
called a diabolical point, at which the theory is not trivially gapped. In our examples, it is of
course clear that the massless point m = 0 is the diabolical point. However, since the anomaly
takes a discrete value, the existence of the diabolical point is robust against continuous defor-
mations of the theory. In fact, as we have seen, the anomaly depends only on the asymptotic
behavior of the mass profile. The existence of the diabolical point can be shown without ex-
amining the theory at the massless point. This point is more explicit in the Callias-type index
theorem in Eq. (4.74) discussed in Sect. 4.3.2.

4.2.  Anomaly in spacetime with boundaries

Since the fermions cannot propagate in a region with infinite mass, it is possible to realize a
spacetime with boundaries by considering a spacetime-dependent mass that blows up in some
regions. In this subsection we discuss the anomaly driven by the boundary condition imposed
on the fermions, using our formulas obtained in Sect. 3.
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4.2.1.  Odd-dimensional cases. Let us first consider a D = (2r 4+ 1)-dimensional system of N
Dirac fermions with y = x> ¥ !-dependent mass given by

(mo+u'(y—L)ly (L <y),
m(y) = p)ly = moly O=y=1L), (4.35)
(mo + uy)ly (r<0),
where u, i/, and my are real parameters.”> We assume that the gauge field is independent of y
in the y < 0 and L < y regions.

When |u| and [¢/| are large enough, this system can be regarded as that of N Dirac fermions
with mass m living in an interval 0 < y < L with boundaries at y = 0 and y = L. The bound-
ary conditions for the fermion fields follow from the requirement that they do not blow up
at y — +oo. The discussion around Eqgs. (4.4)—(4.7) implies that the corresponding boundary
conditions are

(Y —sen@y) h=o =0, (¥""y —sgn@)y) = =0, (4.36)
which are equivalent to one of the boundary conditions considered in Ref. [28].
In this setup, the formula in Eq. (3.68) implies that the Jacobian is

logJ = ix_ / o [ch(F)],, + i/c+/ o [ch(F)],, , (4.37)
y=0 y=L
with
1 - 1 ~
K- = Esgn(u) + f(my), Ky = Esgn(u’) — f(my), (4.38)

where my = my/ A, f(2) is the function defined in Eq. (4.9), and « is assumed to be independent
of yin the y < 0 and L < y regions. When the cut-off A is sent to infinity, while keeping 1
finite, /(1) simply vanishes and we get

1 1
K_ = Esgn(u), Ky = Esgn(u/). (4.39)

Note that each term in Eq. (4.37) with Eq. (4.39) is proportional to the anomaly contribution
from a Weyl fermion in 2r dimensions. However, since the coefficients x . are not integers, it is
not possible to interpret this result as the contribution from the Weyl fermions localized at the
boundaries. This is because the wave function of the fermions is not completely localized at the
boundary in our setup, unless we take the |n79] — oo limit. One way to understand Eq. (4.39)
is to use the anomaly inflow argument given in Sect. 4.1.1. Namely, the anomaly contributions
from the modes localized at y = 0 and/or y = L are canceled by the bulk CS terms, but the
gauge variation of the (half-level) CS terms implies non-vanishing surface terms at y = 400,
which gives Eq. (4.37) with Eq. (4.39) as « and F are independent of y for y < 0 and L < y.
On the other hand, one can argue that k. can be shifted as k. — x5 £+ B by adding a local
counterterm of the form

Ser = B / Vch(F o (4.40)

where V' is the U(1) gauge field, and including its gauge variation in the Jacobian, Eq. (4.37).
Therefore, only the combination k, + k_ = %(sgn(u) + sgn(u')) is free from this ambiguity.

It is nonetheless useful to find the anomaly contribution of the localized fermionic zero
modes. Assuming that i is very large and the y dependence of the gauge field is negligible,

ZStrictly speaking, since Byz,m has delta function singularities at y = 0, L, the assumption that we made
above Eq. (3.42) is not satisfied. However, it can be shown that these singularities do not contribute and
the result is unchanged. Alternatively, one could replace w(y) with a smooth function with the same
asymptotic behavior as Eq. (4.35), which also gives the same result.

19/35

Zz0z Aseniged z uo Jesn ayolqiqenusz-AS3a Aq 2z590+9/209¢€ L 0/1L/220z/elonle/ds)d/woo dnoolwepeoe//:sdiy woly peapeojumoq



PTEP 2022, 013B02 H. Kanno and S. Sugimoto

the solutions of the Dirac equation in Eq. (4.4) in the region 0 < y < L are approximately a
linear combination of exponentially increasing and decreasing modes as

V(X p) = ey () 4+ ey PO(R), (4.41)
where \?") satisfies
D(Zr)w:(tZr) =0, Verlﬂfr) -+ Wiz")- (4.42)

Then, the boundary conditions in Eq. (4.36) imply that there are Weyl fermions localized near
the boundary with chirality sgn(«) and sgn(«/) localized around y = 0 and y = L, if sgn(my)
= sgn(u) and sgn(my) = —sgn(u’), respectively. The anomaly contributions of these localized

modes are obtained by formally taking the limit |779] — oo in Eq. (4.38),%* in which we have

1 1
- = S (sgn(u) +sgnmo)).  wy = S(sgn(u’) — sgn(mo)). (4.43)

4.2.2.  Even-dimensional cases. In this subsection we consider a D = 2r-dimensional space-
time with boundaries realized by the mass profile

w(y—L)gx) (L<y),
m(x) = u(y)g(x) =10 0<y=<L), (4.44)
uyg(x) (v <0),

where y = x%, g(x) € U(N), and u, u’ € C. Since the phases of u and «’ can be absorbed in
g(x), we assume u, v’ > 0 without loss of generality. We take a gauge with 4, = 4_, =0 and
assume that the gauge fields (4., A_) and g(x) are independent of yinthe y <0Oand L <y
regions. Since () vanishes in the region 0 < y < L, the g(x) dependence in this region drops
out. Therefore, we can choose g(x) to be discontinuous in the regione <y < L — e with 0 < ¢
<« L, and the configuration of g(x) at y = 0 and y = L can be topologically different.

As discussed around Eq. (4.36) for the odd-dimensional case, by the requirement that the
fermion fields do not blow up at y — 400, the boundary conditions corresponding to the mass
profile in Eq. (4.44) are obtained as

(Y ¢ — ¥®) ly=o.L = 0, (4.45)

where ¢ = () ¢ = (gfj).ZS Therefore, this system can be regarded as that of massless N Dirac
fermions on the interval 0 < y < L with a boundary condition as in Eq. (4.45). Note that this
boundary condition depends on the spacetime coordinates through g(x). With fixed g(x), the
boundary condition in Eq. (4.45) breaks the U(N), x U(N)_ gauge symmetry down to the U(N)
subgroup that consists of elements (U, U_) € U(N), x U(N)_ with U_ = gU,g~'. However,
as is evident from our construction, the boundary condition in Eq. (4.45) is invariant under the
gauge transformation

A. —> AY, 4-—> 4%, g U_gUTY, (4.46)

and it makes sense to consider the anomaly with respect to U(N), x U(N)_ even at the bound-
aries.

24In this limit, only the localized zero modes are expected to contribute, since the modes with energy
greater than A are suppressed by the heat kernel regularization in Eq. (3.35).

23This type of boundary condition with constant g was introduced in the bag model of hadrons [29,30].
The cases with g = 1 or g = i were considered recently in Refs. [28,31-33].
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For this configuration, the field strength of the superconnection in Eq. (3.21) becomes
s g! Ff — 1y i(dily —(A-—4A5) )\ (g
1y l(dﬁlNﬁ-(A,—Ai)ﬁ) F,—ﬁle Iy

1
= (g | ) (—ﬁzlzN + Ffe+ +F e + idﬁ0’1 + ﬁ (A_ — Ai) 0’2) (g | ) s
N N

(4.47)
where i = u/A, A% =gA. g ' + gdg™!, and Ff = gF,g~'. The second line of Eq. (4.47) is
written in the notation introduced in Eq. (2.1) with oy = (}}) and o> = (¥ ). Then, we obtain

Str(e”) = e Str (eFe e UMD (1t dfio) ), (4.48)

and hence the Jacobian in Eq. (3.45) becomes

logJ = —i/0<y<La [ch(F}) — ch(FL)],, — i/yZLa[CU]Zrl + i/y: a[w]r-1, (4.49)

0
where we have assumed that « is independent of y in the y < 0 and L < y regions, and defined

. i\ [ 2 St L F o Ao
a)le(Z> /0 dte! [Str (eF+ +F-e (A~ AY) 201)]2)‘_1. (4.50)
r>1

This w is a formal sum of differential forms on the boundaries (i.e. the y = 0 and y = L planes).
The one-form and three-form components of w are

i
] = ETr (A- — 4%), (4.51)
1 1 3
[w]; = —@Tr ((A — A%) (F. + Ff) — 3 (A- — 4%) ) . (4.52)
One can show that this is a generalization of CS-forms satisfying
dwly=o,. = (¢h(F~) — ch(F})) |y=o,r, (4.53)

and it is manifestly invariant under the gauge transformation in Eq. (4.46). To show Eq. (4.53),
consider the L < y region and note that w at y = L can be written as

wly=r = / ch(e?), (4.54)
{L=<y}

where [, <, denotes the integration over y with L < y. Then, applying the exterior derivative
d=d, +d,, whered, = 2,2;;11 dx"9, and d, = dy d,, and using the fact that ch(e”) is a closed
form, we obtain
dwly—1 = f dich(e’) = — / dych(e”) = —ch(e)|,=1, (4.55)
{L=y} {L=y}
which implies Eq. (4.53).
An important observation is that even if the gauge fields are set to zero, Eq. (4.50) can be
non-vanishing. In fact, for 4, = A_ =0, we obtain
—i\" (r=1)
1= (5 Gy Tiedg ) (4.56)
When the spacetime is of the form S ~! x {y}, the integral of this form over S ~! gives
a winding number in 7, _ {(U(N)) represented by the map g: S ~! — U(N). If the winding
number at y = 0 and y = L are the same, a function g: S ~! x {y} — U(N) that interpolates
the configuration of g at y = 0 and y = L can be found and the Jacobian in Eq. (4.49) can be
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canceled by the gauge variation of a local counterterm,

Set = — / Vb1, .57)
O<y<L

where Vis the U(1)y gauge field and [w],- _ | 1s given by Eq. (4.56). However, when the winding
numbers at y = 0 and y = L are different, this is not allowed and there is an anomaly.

Another interesting situation is the case with g(x) = ¢#™1y and 4 = A, = A_. In this case,
the formula in Eq. (4.50) implies

w = —d—¢ch(F). (4.58)
21

Therefore, when the spacetime is of the form S! x S =2 x {y} and the winding number of
¢ on S! for y = 0 and y = L are different, there is an anomaly for the U(1); symmetry in the
presence of a non-vanishing background vector-like gauge field on S* ~ 2.

4.3. Index theorems
From Eq. (3.27) and the first expression in Eq. (3.35), we find that the integral of Z(x) gives the
index of operator D:

/ dPxI(x) = ny, — ng = dimker D — dim ker D' = Ind(D), (4.59)

and the result in Eq. (3.44) implies an index theorem written in terms of the superconnection:¢
Ind(D) = / [ch(FA)]p. (4.60)

When we set m = 0 and 4_ = 0 in an even-dimensional case, this formula reduces to a more

familiar form of the Atiyah-Singer (AS) index theorem: Ind()) = | ch(F, ). Thus, Eq. (4.60) is
a generalization of the AS index theorem that which includes spacetime-dependent mass and is
supposed to hold even when the spacetime manifold is odd-dimensional and/or non-compact,
provided that the spectra of DD’ and DD are discrete.

Here, we discuss some of the implications of this formula. We will not try to make the state-
ments mathematically rigorous.?’” Nevertheless, we hope they are useful and worth mentioning.

4.3.1.  Atiyah—Patodi—Singer index theorem. The Atiyah—Patodi-Singer (APS) index theorem
[34-36] is an index theorem for a Dirac operator on an even-dimensional manifold N with
boundary, stated as

Ind(1) = / ch(F)A(R) — %n(imb), .61)

where ) is a Dirac operator on N, and n(i),) is the eta invariant of a Dirac operator on the
boundary denoted as I, (see Eq. (4.65)).%8

In this subsection we first generalize Eq. (4.61) to include the spacetime-dependent mass m
and then apply it to the system considered in Sect. 4.2.2. Let us consider a system as in Sect. 3.1
with D = 2r-dimensional spacetime of the form N = M x I, where M is a (2r — 1)-dimensional

26 A quick way to get the expression of the index from the results of the Jacobian in the previous sections
istoset o =iinlog 7, as Ind(D) = log J | 4=

?TSee, e.g., Ref. [22] for a mathematically rigorous description of index theorems using the supercon-
nection.

28See Refs. [37-45] for recent physicist-friendly formulations and derivations. See also Ref. [46] and
Appendix A.

22/35

Zz0z Aseniged z uo Jesn ayolqiqenusz-AS3a Aq 2z590+9/209¢€ L 0/1L/220z/elonle/ds)d/woo dnoolwepeoe//:sdiy woly peapeojumoq



PTEP 2022, 013B02 H. Kanno and S. Sugimoto

manifold with coordinates x* (u =1, 2, ..., 2r — 1)and I =[y_, y+] C R is an interval param-
eterized by y = x*" € I. For simplicity, as in the previous sections, we assume M to be flat and
the 4 genus is omitted.

It is convenient to choose o in Eq. (3.3) such that 6" = 1,1 and o* = iy* (u=1,2, ..., 2r
— 1) with y* being the (2r — 1)-dimensional gamma matrices. Then, the operator D defined in
Eq. (3.3) and its conjugate D' can be written as

D=2d,+H, D'=-9+H, (4.62)
inthe 4, = A_, = 0 gauge, where
- (2r—1) T
—ilp m
H, = * , 4.63
¥ ( m Z.D(Zrn) (4.63)
2r—1 2r—1
DYV =3y @+ Ay, BTV =)y, + Ay, (4.64)
u=1 n=l1

Note that although H, is y-dependent, it does not contain the derivative with respect to y and
it can be regarded as a Hermitian operator acting on spinors on M. Here, the mass m can
depend on both x* and y. When M is non-compact, the mass should diverge at infinity, as in
the examples considered in s Sects. 4.1 and 4.2, so that H, has a discrete spectrum.

The eta invariant of a Hermitian operator H is defined as

. . 2 o s _L2H?
n(H) = limn(s, H), n(s,H):—F((S+1)/2)/O dt * Try <He ) (4.65)

where the trace Try is over the Hilbert space H on which the operator H is acting, and the s —
0 limit is taken after analytic continuation of n(s, H) on the complex s-plane [34-36]. n(s, H)
can be written as a sum over eigenvalues A of H as

n(s. H) = sgn(A)[r™". (4.66)
A

Here and in the following, we assume that H does not have a zero eigenvalue, whenever it is
used in n(H) or n(s, H). For the massless case, the eta invariant of H, reduces to the difference
of the eta invariant of the Dirac operators ilDfr_l) and ip*>":

NCH o = —n (iBF") + 5 (iD7) (4.67)
Then, as explained in Appendix A, the index of D is given by

. 1 = +
Ind(Dly) = Jim [eh(F)lor + 5 [} (4.68)
yo<y<y:

where F is the field strength of the superconnection in Eq. (3.21) with A — oo taken after
the integration, [f()}=)" = f(v+) — f(y-), and Ind(D|;) denotes the index of the operator
D acting on spinors on M x I with the following APS boundary conditions. For the operator
D, when the wave function at y = y. is expanded with respect to eigenfunctions of H,,, the
components with the negative (for y = y) or positive (for y = y_) eigenvalues of H,, have
to vanish. The conditions for the operator D' are the same as D with the replacement H,, —
—H,, . These boundary conditions follow from the requirement that the wave function of the
fermion does not blow up at y — £o0, when the system is extended tothe y < y_and y, <y
regions with a y-independent configuration for y < y_ and y, < y (see Appendix A).
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Let us apply Eq. (4.68) to the system considered in Sect. 4.2.2. Using Eq. (4.67), the formula
in Eq. (4.68) with [y_, y,] = [0, L] becomes

Ind(Dl,1)) = f

O<y<L
which is the APS index theorem for the massless Dirac operator defined by D|,,,—o with the APS
boundary conditions. On the other hand, for [y_, y.] =[ — 00, +00] Eq. (4.60) can be used,
and from Eq. (4.49) we obtain

Ind(D) = /

O<y<L

y=L

[ch(F+)—ch(F)]zr—%[n (i) =0 (e )] L @69

y=0

h(F) —eh(F )l + [ fobi = [ ol (4.70)
y= =

This is interpreted as the index theorem for the massless fermions in the interval [0, L] with the
boundary condition given by Eq. (4.45).

The difference between Eqgs. (4.69) and (4.70) can be evaluated by applying Eq. (4.68) to the
cases with [y_, y,] =[L, +oo] and [ — oo, 0] (more precisely, Egs. (A.12) and (A.13) with ny =

0):
Dy o) = [ 5 (1 (i27) =0 (i027)) | .
tnd(Dl ) == [ fobs = 5 (n (03 ") = ()| @

In particular, it implies a well-known relation between eta invariant of a Dirac operator and
the CS-form w defined by Eq. (4.50):

/ (Wl 1 = % (n (z’E(,ZM)) — (ilbf’*”)) (mod 7). 4.72)

4.3.2.  Callias-type index theorem. To illustrate the importance of the mass parameter (or
the Higgs field) in the formula in Eq. (4.60), let us consider the case where the gauge fields are
turned off. The spacetime manifold is chosen to be a D-dimensional plane R”, where D can be
either even or odd. In order to have a discrete spectrum, we assume that the mass diverges at
infinity. To be specific, the asymptotic behavior of the mass is assumed to be

m — rg(x) (as r — 00), (4.73)
where r = ./x, X" is the radial coordinate of R” and g(x) € U(N) is a unitary matrix that only
depends on the angular coordinates of R”. For odd D, g(x) is also required to be Hermitian.?

Then, the right-hand side of Eq. (4.60) can be easily evaluated by using Eq. (2.8). The result
is
N2 (D
—i\* (3 - 1)! —1\D-1
Tr ((gdg™")"")  (for even D),
SD—]

Ind(D) = / ch(F) =] 7 LoD (4.74)

1 2 1
R - T d D—1 f dd D ,
(87T> 2(%)!‘/‘;1)_1 I'(( ) g) (for o )
where SP ~! is the sphere at r — oo. The former (even D case) is the same as the integral

of Eq. (4.56) over S~ ! and the latter (odd D case) agrees with expression of the index for
Callias’s index theorem [47].

2Here, we assume g(x) to be unitary for computational simplicity. However, this condition can be
relaxed to g(x) € GL(N, C), as an invertible matrix (or invertible Hermitian matrix) can be continuously
deformed to a unitary matrix (or unitary Hermitian matrix, respectively), keeping the invertibility.
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We can apply these formulas for the configuration given by Eq. (4.30), in which g(x) is given
by

g(x) = % >oriK (4.75)
I=1

Inserting this into Eq. (4.74), we obtain Ind(D) = (—1)I"z'], which is consistent with the fact
that there is a fermionic zero mode as suggested in Sect. 4.1.3 from the existence of the anomaly.

5. Relation to string theory

Many of our results have natural interpretations in string theory. In fact, it is well
known that the CS terms for unstable D-brane systems (D-brane—anti-D-brane sys-
tems and non-Bogomol’'nyi-Prasad—Sommerfield (BPS) D-branes) can be written by using
superconnections® [7-10] as

SBY = f Cch(F), 5.1

where Cis a formal sum of Ramond-Ramond (RR) n-form fields (# is even or odd for type ITA
or type IIB string theory, respectively) and F is the field strength of the superconnection for
the gauge field and tachyon field on them;’! it is natural to anticipate the appearance of the
superconnection in anomaly analysis of quantum field theory counterparts.

An easy way to realize even-dimensional systems having fermions with manifest chiral sym-
metry is to consider a Dp-brane (p = —1, 1, 3, 5, 7) with D9-branes and D9 -branes in type IIB
string theory [49].3? On the Dp-brane world-volume, (p + 1)-dimensional fermions are obtained
in the spectrum of p-9 strings and p-9 strings. Here, a p—p’ string is an open string stretched be-
tween a Dp-brane and a Dp/-brane, and  corresponds to a Dp -brane. It can be shown that p—9
strings and p-9 strings create positive- and negative-chirality Weyl fermions, respectively. When
we have N D9-D?9 pairs, there are N flavors of fermions and the U(N) x U(N) gauge symmetry
associated with the D9-D9 pairs corresponds to the U(N); x U(N)_ chiral symmetry for the
(p + 1)-dimensional system realized on the Dp-brane. The CS term of the D9-D9 system is
written as in Eq. (5.1) with F being the field strength of the superconnection of the even type,
Eq. (2.3), in which 4, and 4_ are the U(N) x U(N) gauge fields given by 9-9 strings and 9-9
strings, respectively, and T is the tachyon field obtained by 9-9 strings. The tachyon field T'is in
the bifundamental representation of the U(N) x U(N) symmetry. It couples with the fermions
with Yukawa interaction, and the value of the tachyon field plays the role of the mass of the
fermions. When | 7| — oo the fermions decouple, which corresponds to the annihilation of the
D9-D9 pairs.

Similarly, odd-dimensional systems with N Dirac fermions can be obtained by placing a Dp-
brane (p = 0, 2, 4, 6, 8) with N non-BPS D9-branes in type IIA string theory. In this case,
the CS term for the non-BPS D9-branes is given by Eq. (5.1), where F is the odd type given by
Eq. (2.13). Here, 4 and T'in F are the U(N) gauge field and the tachyon field, respectively, on the
non-BPS D9-branes. The tachyon field 7 is a Hermitian matrix of size N and transforms as the
adjoint representation of the U(N) symmetry. There are N Dirac fermions in the spectrum of

3 As in the previous sections, we omit the terms with curvature represented by the A genus.

31See Ref. [48] for a generalization.

32A T-dual version (N, D4-branes with Ny D8-D8 pairs) is used in Ref. [50] to realize quantum chro-
modynamics in string theory.
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p-9 strings, which are in the fundamental representation of U(N), and the value of the tachyon
field corresponds to the mass of the fermions.

Although the CS term in Eq. (5.1) for the unstable D-brane system was originally derived by
the computation of the interaction with the RR fields, it can be determined by the requirement
of the anomaly cancellation, as argued in Refs. [S1-56]. For the brane configuration above, the
standard argument shows that the anomaly contribution from the CS term for the unstable
D9-branes, Eq. (5.1), and the Dp-brane,

Sl = /M Cch(f), (5.2)

where M is the D = p + 1-dimensional Dp-brane world-volume and ch(f) = exp (5 /) is the
Chern character for the U(1) gauge field on it, is given by the anomaly (D + 2)-form of the

form33

27 [ch(F)ch(/)]p.s - (5.3)

Note that Eq. (5.3) can be written as 277 [ch(F)],,, by absorbing the U(1) gauge field on the
Dp-brane into the U(1)y part of the gauge field of the unstable D9-brane system. This contri-
bution is supposed to cancel the anomaly contribution from the fermions, which is indeed the
case with our proposal in Egs. (3.18) and (3.56), provided that the tachyon field is identified
with the mass as 7' = m. From dimensional analysis, the cut-off A is of the order of the string
scale, though the precise relation between A and the string length /; is not clear.

The argument above suggests that the anomaly is characterized by the anomaly (D + 2)-
form written in terms of the Chern character of the superconnection. However, as discussed
in Sects. 4.1.1 and 4.1.2, since the 7-dependent part of the anomaly (D + 2)-form drops out
in the naive use of the anomaly descent relation, it is important to have more evidence for this
statement. To this end, let us show that the analysis in Sect. 4.1 is consistent with the D-brane
descent relation [57-61].3*

It is known that a Dg-brane (g is even/odd for type IIA/IIB) localized at x! =0 (I =1, 2, ...,
9 — g) can be realized as a soliton in the unstable D9-brane system by choosing the tachyon
field as in Eq. (4.30) with n =9 — ¢ and u — o0 [60,61]. In fact, the tachyon configuration
with Eq. (4.30) is related to the generator of K-groups K(R") ~ Z or K'(R") ~ Z for even or
odd n, respectively, given by the Atiyah—Bott—Shapiro construction [64], and these K-groups
correspond to the Dg-brane charge. When we have the Dp-brane extended along x* = 0 (u
=0,1, ..., p)with9 — g < p, the Dg-brane corresponds to the codimension (9 — ¢) interface
considered in Sect. 4.1.3 (¢ = 8 and ¢ = 7 correspond to the kink and vortex considered in s
Sects. 4.1.1 and 4.1.2, respectively).

For this intersecting Dp—Dg system, it can be shown that there is a Weyl fermion localized
at the (p + ¢ — 8)-dimensional intersection in the spectrum of p—¢ strings, obtained by quan-
tization of the open string. This is consistent with the analysis of the localized fermionic zero
modes in Sect. 4.1.

Furthermore, we can obtain k& Dg-branes with U(k) gauge field ¢ on them by choosing the
tachyon and gauge fields as in Egs. (4.32) and (4.33). Then, one can show that the CS term
for the Dg-brane is reproduced from Eq. (5.1) by inserting Egs. (4.32) and (4.33) into Eq. (5.1)

33To be more precise, we should consider an anomaly 12-form of the form 27 [ch(F)ch(/)do—]
where 89 _ , is a delta function (9 — p)-form supported on M.
HSee, e.g., Refs. [62,63] for reviews.

12°
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and integrating over the transverse space [65] (see also Ref. [63]), which corresponds to the
procedure in Ref. (4.34). As the anomaly contribution from the CS terms for the Dp-brane and
Dg-branes precisely cancels that of the Weyl fermions created by the p—¢ strings, the anomaly
polynomial for these Weyl fermions is given by Eq. (4.34), which is completely parallel to the
discussion in Sect. 4.1 for the localized fermionic zero modes.

6. Conclusion

We have investigated the anomaly of fermions with spacetime-dependent mass. It was found
in Sect. 3 that the U(1), anomaly and the anomaly (D + 2)-form are written with the Chern
character of the superconnection in both even- and odd-dimensional cases as Egs. (3.56), (3.58),
(3.56), and (3.58). Applications of these formulas were discussed in Sect. 4. In Sect. 4.1, we
considered the interfaces made by the spacetime-dependent mass on which Weyl fermions are
localized and confirmed that our formulas can be used to extract the anomaly of these Weyl
fermions. The boundaries of spacetime realized by making the mass large in some regions were
studied in Sect. 4.2. A notable example was a system with the spacetime-dependent boundary
conditions in Eq. (4.45) considered in Sect. 4.2.2. It was found that there are contributions to
the anomaly from the boundaries, even when the gauge fields are turned off. Implications for
the index theorems were discussed in Sect. 4.3, in which the AS and APS index theorems for
the operator D defined in Eqgs. (3.3) and (3.54) were given, and the application to the Callias-
type index theorems was briefly described. Finally, in Sect. 5 we pointed out that the system
of fermions with spacetime-dependent mass can be realized in string theory, and our formulas
of anomaly are consistent with the anomaly cancellation via the anomaly inflow from the CS
term of the unstable D9-brane systems.

We considered here complex Dirac fermions. An obvious interesting problem would be to
generalize our discussion to systems with real or pseudo-real fermions, for which there are eight
families of theories. For this purpose, the concept of real superconnections and their realization
on unstable D-brane systems considered in Ref. [65] would be useful.

Although we have seen that the formulas for the anomaly with the superconnection are quite
useful in some applications, we have not explored much on the significance of the superalge-
bra acting on it. It would be interesting if a deeper meaning behind this structure could be
uncovered.?
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Appendix A. The APS index theorem

In this appendix we give a heuristic derivation of Eq. (4.68) following the argument given in
the appendix of Ref. [46]. The setup is the same as that of Sect. 4.3.1. As mentioned below
Eq. (4.68), we extend the system to —oo < y < 400 by choosing a y-independent configuration
in the regions y < y_ and y, < y.

First, we derive one of the key relations:

r— 1 : 1 - L A2
/M d¥ 'xI(x)= = Jim XTrH ((ayHy)e a2 ) (A.1)
Inserting
D'D=H; -0} —0,H,  DD'=H—03 +0dH, (A2)

into Eq. (3.35), we obtain

) . d% 72 L2 2T L (2 a2 2T 1 (2
/ d*'xI(x)= lim Af o e " Try (61\2 ARk =2 (Hy=0pH) _ o2+ akd =12 (}IJ’M}.H}.)) :
M A—o0 T

(A.3)

where k = ky/A. As we did around Eq. (3.40), we expand the right-hand side with respect to
1/A, regarding k and H,/A to be of O(1). The leading term in the 1/A expansion gives Eq. (A.1).
On the other hand, Eq. (4.65) implies

dyn(H,) = % /Ooodt Try ((8},H},) (1 _ 2,2Hy2) eftsz)

2 > —12H?
== /0 dr Ty (1(0,Hy) e )

2 . 762 2
= ——= lim Try (o) e ). (A.4)

Combining this with Eq. (A.1), we obtain

1 .
_ann(Hy) = /Mdzr_lXI(X), (AS)

which can be used when H, does not have a zero eigenvalue.

Let us assume that H, has zero eigenvalues at finite values of y denoted as y; (i =1, 2, ..., k)
with y_ <y <y, < -+ < yr < y,. From the expression in Eq. (4.66), we see that the value of
n(H,) jumps by +2 or —2 at y = y; when one of the eigenvalues of H,, crosses zero from below
or above, respectively, while increasing y from y = y; — € to y = y; + € with a positive small
parameter 0 < € < 1. It is known that the index of the operator D is equal to half of the sum
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over these jumps [34-36]:%°

1 k
Ind(Dh) = 5 Z (n(H ,-+e) - n(Hyi—e))

i=1

1 I
=5 (n(Hy) = n(H, ) = 3 ;0 (n(Hy1-e) = n(Hy 1))
1 1Ky o
=S =) -3 Y [ avana,). (A6)
i=0 v Vi

where yo = y_ and y,, 1 = y.. Using Egs. (A.5) and (3.44), we obtain the desired result,
Eq. (4.68):
1 .
Ind(Dly) = 5 (n(Hy,) = n(H, ) + lim [eh(F )l (A7)
Yo <y<ys
Here, the boundary conditions for the fermions are such that the wave function does not blow

up at y — £o0. In these regions, the Dirac equation Dy = 0 with Eq. (4.62) can be solved by

Yo=Y, (A.8)

where v, is an eigenfunction of H,, with the eigenvalue 1. Therefore, the modes with A, <
0 and A_ > 0 are discarded, which gives the APS boundary conditions.

Note that formula Eq. (4.68) is valid only for the finite interval 7 = [y_, y.]. When one wishes
to apply it for the cases with y_ — —oo and/or y, — +00, one should be careful about the order
of the limit y» — +o00 and A — oo, because they do not commute when the mass diverges at
y — $o00, as we have seen in many examples in Sect. 4. Let us consider a system defined on
M x R with mass diverging at y — $o00. Suppose |y | are large enough that /, does not have
a zero eigenvalue for any y satisfying y < y_ or y; < y. Then, Eq. (A.6) implies that the index
Ind(D];) is the same as that for I = R. Therefore, in this case, comparing Eqs. (4.60) and (4.68),
we obtain

1 ) 1 .
Sn(H,,) — lim [ch(F)or = n(H,_) + lim [ch(F)]- (A.9)
A—o0 Vi <y 2 A—o0 y<y_
Since the field configurations of the left-hand and right-hand sides are independent, we find
n(H,) =2 im [ [ch(F)L + o, (A.10)
Y+<y
n(H, )= -2 lim [ch(F)]or + 7o, (A.11)
A—o0 y<y_
with a field-independent constant 7. Using these relations, we obtain
1 .
Ind(Dly. 4o0) = 5 (n0 — n(H,)) + lim [ch(F)]r, (A.12)
2 A—oo J, )
1 .
Ind(Dli-s0y.1) = 35 (n(Hy,) — no) + Jim [ch(F)]a- (A.13)
Y<r+

36This fact can be easily understood in the adiabatic limit [69-71], in which H, is slowly varying with
respect to y. In such cases, the Dirac equation Dy = 0 has an approximate solution of the form ¢ =
e 4y, where v, is an eigenfunction of H. \, with eigenvalue A(y). This solution is normalizable when
A>0and A <0asy— 4+ooand y — —oo, respectively. Similarly, a normalizable approximate solution
of Dl = 0is given by ¢ = et/ ¥y, with A <0and A > 0 as y — +oo and y — —oo, respectively.
Therefore, the index is given by the difference of the number of eigenvalues that cross zero from below
and above when y is increased from y_ to y,.
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These formulas are formally the same as Eq. (4.68) with [y_, y.] replaced with [y_, +oc] or [
— 00, ¥1], and n(Hi) replaced with ny. Note that the second term on the right-hand side of
Egs. (A.12) and (A.13) is the generalized (gauge-invariant) CS-form given in Eq. (4.54) inte-
grated over M.

For example, let us consider the case with compact M. As a simple field configuration, we
choose A = A, =0 and m = uyly with a real non-zero constant u. In this case, we have

ik _a2 2
H, = iy*o, .uy ’ o — 0” + (uy) ) 0 ). (A.14)
uy iy"d, Y 0 —0° + (uy)

and n(H,) is trivially zero for any y # 0. This implies ny = 0.

Appendix B. Consistent vs. covariant anomalies

For the massless cases, it is well known that the consistent and covariant anomalies are related
by the Bardeen—Zumino counterterm [17]. In this appendix we review the relation between con-
sistent and covariant anomalies, and sketch the derivation of the Bardeen—Zumino countert-
erms for the cases with spacetime-dependent mass in the covariant anomaly for completeness.
Our strategy is to find a counterterm to be added to the covariant anomaly so that it satisfies the
Wess—Zumino consistency condition. Note, however, that this approach is not powerful enough
to fix the mass dependence of the anomaly (D + 2)-form for the consistent anomaly. We also
point out that anomalous violation of current conservation laws can be written in terms of
supermatrix-valued currents.

B.1. Wess—Zumino consistency condition
Let us first introduce the notations for the consistent and covariant anomalies:

G(v) = §,I[4, m], (B.1)

G (v) = / I (v, A, ), (B.2)
M

where I'[4, m] is the effective action defined in Eq. (3.8), M is the D-dimensional spacetime,
and / })COV is given in Egs. (3.19) and (3.57). By definition, the consistent anomaly G(v) satisfies
the Wess—Zumino consistency condition [72]

8y, G(n2) = 8,,G(v1) = G([v1, n2)). (B.3)

On the other hand, it is easy to check from the explicit expression that the covariant anomaly
satisfies

(Svl GCOV(VQ) = GCOV([Vl, Vz]), (B4)
which implies that
81, G (v2) = 8, G (1)) = 2G°*([n1. 1)) (B.5)

and hence the Wess—Zumino consistency condition is not satisfied.
The claim is that G(v) and G°°Y(v) are related (up to surface terms and the gauge variation of
local counterterms) by

G(v) = G(v) + a(v), (B.6)

a(v) = (i>D/2 f / s [Strsym (_@v efdA+f2A2A)] (B.7)
-\ 2n uJo p’ ’
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where A is the superconnection in Egs. (2.1) or (2.12) for even or odd dimensions, respectively,
with T = m = m/A and
Pv=dv+[A v]=6A (B.8)

Here, StrY™ denotes the symmetrized supertrace, in which 2v, td A + t* A%, and A are sym-
metrized (taking into account the sign flip when the odd elements such as Zv and A are ex-
changed) before taking the supertrace.

Let us show that the right-hand side of Eq. (B.6) satisfies the Wess—Zumino consistency con-
dition oin Eq. (B.3). For this purpose, it is convenient to rewrite a(v) as

a(v) = — (%)M /MX; [Str (5V,Zef)]0+l , (B.9)

A=1A, F=dA+ A =tdA+ 1A+ dtA, sz+dt%. (B.10)

where I = [0, 1]>¢ and

We also define covariant derivatives 2 and 2 as
In=dn+An—(—D)"n A, Fi=di+ Aj— (—1)M5 A, (B.11)
where n and 7 are supermatrix-valued fields in M and M x I, respectively, and |n| and |7] denote

their fermion numbers (mod 2).%’
Using the relations

8y, 81y A — 84,80, A = 8y, 1y A, (B.12)
8, F = ds, A+ A8, A+ 8,AA = 78,4, (B.13)

and the Bianchi identity
IGF =dF + AF - FA=0, (B.14)

one can show that

i D/2 - e~
8,,0(v2) — 8, (1)) — a([v1, va]) = — <E) / Strym (.@ (5V1A5V2,4 ef))
MxI

.\ D)2
_ L 7 Qy.Sym T v F
_ (271) /MX[dStr (aleavae ) (B.15)

Using Stokes’ theorem and dropping the surface terms on the boundary of M, the right-hand
side of Eq. (B.15) is evaluated as

/ d Stry™ <SVIXSV2Zef) = / Str™ (5, A8,,Ae”)
MxI M
— f Str®Y™ (Qvlgvz ef)
M
— / (d Str™™ (v Dv, ef) — Stry™ (vl.@sz ef))
M
— / Str™ (vi[va, .F]ef)
M

= / Str ([vy, va]e”) . (B.16)
M

37Recall that the differential form dx* and o* are treated as fermions. See Sect. 2.
3¥We only keep the parts that contribute to the anomaly (D + 2)-form for the consistent anomaly.
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where we have used
DF =dF + AF — FA=0, PP =dDv+ ADv+ DvA =[F, ). (B.17)
Therefore, we get
Sna(v2) = S, (vi) — a([vi, »2]) = =G ([v1, »)), (B.18)
which implies that the right-hand side of Eq. (B.6) satisfies the Wess—Zumino consistency con-
dition in Eq. (B.3).
In Sect. 3.1.3 we used the fact that there is no difference between the consistent and covariant
anomalies for the U(1)y transformation when the background U(1), gauge field V' is turned

off. This fact can be easily seen from the expression of «(v) in Eq. (B.7). When v is proportional
to the unit matrix and the U(1)y gauge field V'is set to zero, «(v) in Eq. (B.7) can be written as

a(v) = /M6VV/3<A0>= /Mavwmo)), (B.19)

where Ay = A|y—o and

i D/2 ! dA, 2A2
—( sym td Ao+t
B(Ao) = ( 2;1) /0 dtt [Str <e oAO)]D_l. (B.20)

Therefore, this part can be canceled by the gauge variation of a local counterterm.

B.2. Currents and the Bardeen—Zumino counterterm
The gauge variation of the effective action I'[ 4, m] can be written as

5,T[A4, m] = / d°x (D) TE + (D)) (B.21)
where
8T[A, m] _ OI'[A4, m]
Jc'il(X) = 8AZ( ) , Ja(.X) = W. (B22)

Here, 4}, and m* = m®/A are the components of the gauge field and the mass rescaled by a
constant A, and (Z,,v)* = (§,4,)" and (Zv)* = (§,m)* are their infinitesimal gauge variations;
(S see Eq. (B.8). J¥ and J, in Eq. (B.22) are the vacuum expectation values of the currents
8S/8 Al and the fermion bilinear operators §S/8m*, respectively. Note that A here is just an
arbitrary parameter. In fact, Eq. (B.21) does not depend on A.

JY and J, can be considered as components of a supermatrix-valued current analogous to
the superconnection in Eq. (2.1). To see this explicitly, we choose a basis of the supermatrices
{T,, T,} such that the superconnection can be written as A = A;’de” T, + m“T,, and introduce
a dual basis {77, T*} satisfying

Str(7,T?) = &, Str(7, T%) = 8F, Str(7,7%) = 0, Str(T, T?) = 0. (B.23)
A supermatrix-valued current is defined as
I (x)=xJVx) T+ xJO(x) T°, (B.24)

where * is the Hodge star operator:

1
«JD(x) = mem...m]jf'(x) dxt ... dx", (B.25)
#JO(x) = J,(x)dx' - - dxP. (B.26)

Using this, Eq. (B.21) can be written as
8,I'[4, m] = / Str(2v_7), (B.27)
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and the anomaly equation, obtained as the functional derivative of Eq. (B.1) with respect to
v(x), becomes

3G
(D )a=— av(aV)’ (B.28)
which shows that the consistent anomaly G(v) represents the anomalous violation of the current
conservation law. For example, for the axial U(1) symmetry (with v, = —v_ = —ix1ly) in four
dimensions, the left-hand side of Eq. (B.28) becomes
(20 ), = 0u (Vv v v) + 2im Yy v) (B.29)

and, together with the right-hand side obtained from Eq. (3.22),% Eq. (B.28) reduces to the
well-known formula for the axial U(1) anomaly.
From the expression in Eq. (B.7), we find that «(v) can be written in the form

a(v) = fM dPx ((Z,v)* Pt + (2v)*By) = / Str(2v 2), (B.30)

where P! and P, are local functions of the gauge field and the mass, and & = P, T + P, T*.
Then, the relation in Eq. (B.6) implies that the covariant anomaly is understood as the anoma-
lous violation of conservation laws,

(97 = -
for the covariant currents defined by
J M (x) = JH(x) — P(x), J3%(x)=Jy(x) — Pu(x), Z%(x)=_7(x)— P(x).
(B.32)

These P, P,, and & are the Bardeen-Zumino counterterms generalized to include the
spacetime-dependent mass.

S GCOV(V)

B.31
S (B.31)
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