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Gauge anomaly in 4-dimensions can be viewed as a current inﬂow into an extra-dimension, where
the total phase of the fermion partition function is given in a gauge invariant way by the AtiyahPatodi-Singer(APS) eta-invariant of a 5-dimensional Dirac operator. However, this formalism
requires a non-local boundary condition, with which the physical roles of edge/bulk modes are
unclear and how the causality of the theory is maintained is not obvious. In this work, we consider
a special case where the Dirac operator is in a real representation and its eta invariant becomes
the mod-two type APS index. We propose a physicist-friendly reformulation of the mod-two
index using domain-wall fermion formalism, which naturally describes how the global anomaly
is canceled between edge and bulk.
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1. Introduction

1In [14], it was discussed how any unphysical properties caused by the APS boundary condition are cancelled in the
fermion partition function.
2The APS index of a pseudoreal Dirac operator in even dimensions coincides with the η invariant mod integer.

2
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Quantum anomaly [1, 2] have played important roles in particle physics. The anomaly of the
axial U(1) symmetry describes some low-energy behavior of QCD, like π 0 → γγ decay. The gauge
anomaly restricts particle contents of the theory beyond the standard model. The anomaly matching
[3] is a powerful tool for the analysis of strongly coupled theory even when the corresponding gauge
symmetry does not exist in the theory.
Any gauge anomaly must be cancelled for the theory to be consistent. The cancellation of
anomaly among quarks and leptons in the standard model is the most well-known example. In this
work, we consider another type of anomaly cancellation by embedding the anomalous fermion into
a higher-dimensional theory. For example, let us consider a four-dimensional chiral gauge theory,
which has a perturbative gauge anomaly. The anomaly can be viewed as a current ﬂowing into the
ﬁfth dimension from the four-dimensional edge, which is cancelled by the Chern-Simons action
in the bulk [4]. This anomaly inﬂow or matching can be viewed as a realization of the bulk-edge
correspondence of the fermion system in a topological phase [5].
In [6], it was pointed out that the anomaly inﬂow mechanism can also be generalized to the
global anomaly [7] along with perturbative anomalies, that is, a global anomaly in a d-dimensional
theory, where it is absorbed into a d + 1-dimensional bulk [8, 9]. Concretely, the anomaly inﬂow
is extended by an η-invariant of Atiyah, Patodi, and Singer (APS) [10]. The relation between
the η-invariant and anomalies was mathematically formulated by Dai and Freed [11] (the physical
formulation was given in [12]).
The eta invariant introduced in Refs. [11, 13] is, however, not very physicist-friendly. It
imposes the so-called APS boundary condition, which is non-local1. Moreover, the boundary
condition does not allow the edge-localized modes to exist, and therefore, it is diﬃcult to separate
the bulk and edge contributions.
The alternative set-up without any nonlocal condition was ﬁrst proposed in [15] by three
physicists of the authors. Instead of the manifold with the boundary, they considered a domain-wall
fermion Dirac operator on a ﬂat 4-dimensional manifold extended from the original boundary,
where the sign of the mass is set to ﬂip. They perturbatively showed that the η invariant of the
domain-wall Dirac operator of a pseudoreal fermion coincides with the APS index2. In the new
formulation, the contributions from the bulk and edge modes are manifest, and the anomaly of
the time-reversal symmetry is cancelled between them. Moreover, a local boundary condition is
automatically imposed. In [17], three mathematicians of the authors joined and gave a mathematical
proof that this reformulation of the APS index is valid on any even-dimensional curved manifold.
In [19], the work was extended to a deﬁnition of the APS index in lattice gauge theory. For a recent
review, we refer the readers to [18].
In this work [21], we consider an extension to real fermions on an odd-dimensional manifold.
When the Dirac operator is real, its η invariant coincides with the mod-two APS index. The
mod-two APS index is more diﬃcult compared to the standard APS, in that a natural separation
of the bulk and edge modes is not obvious in the index formula, and it essentially requires a
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non-perturbative treatment to describe the global anomaly. We will show below that domain-wall
fermion can describe the mod-two APS index and even oﬀers a natural separation of the bulk and
edge contributions.

2. Short review of Global anomaly and Mod-two APS index
In this section, we brieﬂy review the SU(2) global anomaly and the mod-two AS index following
[7]. Then, we discuss its extension to the mod-two APS index on a general manifold with boundary.

In [7], it was pointed out that the gauge theory in the fundamental representation of the gauge
group SU(2) with an odd number of Weyl fermions is inconsistent. In general, when the Dirac
operator is real and anti-symmetric, the same inconsistency exists.
Let us consider a real and anti-symmetric Dirac operator DX on a manifold X and assume that
there are no zero eigenvalues. The non-zero eigenvalues of DX make a complex conjugate pair ±iλ,
where λ is real. In this setup, it is shown that the Weyl partition function is real. Therefore, there is
no perturbative anomaly since the anomaly appears in the complex phase in the partition function.
To see the non-perturbative anomaly, we consider the smooth connection between the two
g
g
gauge equivalent conﬁgurations Aµ and Aµ , i.e., Aµs = (1 − s)Aµ + s Aµ, (0 ≤ s ≤ 1). Here Ag is
a gauge ﬁeld which is performed the gauge transformation in the nontrivial class of π4 (SU(2)). In
this case, the eigenvalues ﬂip the sign by odd times and the spectral ﬂow against s is odd. Therefore,
the sign of Weyl partition function is not determined in a gauge invariant way.
The proof is given by the mod-two Atiyah-Singer(AS) index on a ﬁve-dimensional manifold.
Let us consider a ﬁve-dimensional cylinder S 4 × R, where R is the ﬁfth direction s. Since the both
ends of the cylinder are gauge equivalent, we can construct the torus S 4 × S 1 , which is called a
mapping torus. On the mapping torus, the number of zero modes of the real Dirac operator D mod
mod−two
2 is known as the mod-two AS index I AS
(D). In [7], it was proved that the spectral ﬂow of
original four-dimensional DX is odd if the mod-two AS index is odd. Moreover, it was also shown
that the mod-two AS index is odd when the gauge transformation g is in the nontrivial class of
π4 (SU(2)).
2.2 Non-perturbative anomaly inﬂow and Mod-two APS index
It is well-known that perturbative anomalies in d-dimensional spacetime is related to the ChernSimons action in (d + 1)-dimensional spacetime [22–24]. It was formulated as the anomaly inﬂow
mechanism: the anomaly on the boundary is viewed as the current ﬂowing into the bulk [4].
Recently, the anomaly inﬂow was generalized and extended to global anomalies[6, 11, 14].
The anomaly of a d-dimensional fermion can be absorbed into a (d + 1)-dimensional bulk and the
phase of the total fermion determinant is described by exp(iπη(iD)), where the η-invariant of the
Dirac operator D on the (d + 1)-dimensional manifold is deﬁned by
η(iD) =

Õ

sgnλn + h,

n

3

(1)
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2.1 Global anomaly and Mod-two Atiyah-Singer(AS) index
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3. Domain-wall fermion and Mod-two APS index
In this section, we describe the reformulation of the mod-two APS index with the domain-wall
fermion. The mathematical rigorous discussion is given in [21].
First, let us explain some deﬁnitions and setting. As we mentioned in the previous section, the
mod-two index is deﬁned by the number of zero-modes of a real anti-symmetric Dirac operator D,
Ind(D) := dim KerD (mod2).

(2)

Let Y be a closed Riemannian manifold and X ⊂ Y be a submanifold that separates Y into two
compact manifolds Y+ and Y− with the common boundary X. We assume that near the boundary X,
the manifold has the collar structure [0, +ϵ)s × X, and the Dirac operator D is assumed to take the
form
D = γ s ∂s + DX ,

(3)

where s is the coordinate normal to the boundary, and γ s is the gamma matrix which plays a role
of a chiral operator. The gamma matrix γ s satisﬁes the relations (γ s )2 = 1 and {γ s , DX } = 0.
The APS boundary condition eliminates the positive eigenstates on the boundary X,
(A + | A|)ϕ|X = 0,

(4)

where A = γ s DX and | A| is the absolute value of the operator A. This boundary condition is
non-local since the operator | A| is a non-local operator.
The purpose of this study is to show that the mod-two APS index with APS boundary condition
and the sign of the partition function of the domain wall fermion are equivalent:
IndAPS (D|Y+ ) =

−1 )
1 − sgn Det(DDW DPV

2
4

(mod2),

(5)
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where the summation is regularized, λn is the non-zero eigenvalues of iD, and h is the number of
the zero-modes. This quantity is gauge-invariant and includes non-perturbative eﬀects as well as
the Chern-Simons action.
When the Dirac operator is real, the η-invariant equals to the mod-two APS index [20] which
is given by the number of the zero-modes h since the non-zero eigenvalues make a pair. In this
case, It implies the anomaly inﬂow for the global anomaly.
We note that the mod-two APS indices are deﬁned on any (d + 1)-dimensional manifolds with
boundary, no longer restricted to a mapping torus. In [10, 11, 13], the so-called APS boundary
condition was imposed to make the quantity η(iD) well-deﬁned keeping the Dirac operator massless.
However this boundary condition is non-local and physicist-unfriendly in that no edge-localized
modes survive, which is quite diﬀerent from our target physical setup of topological insulators.
In this work [21], we give a reformulation of the mod-two APS index using the domain-wall
fermion. Our formulation is physicist-friendly and requires no unphysical boundary condition.
Moreover, it oﬀers a natural separation of the bulk and edge contributions of global anomaly so that
one can easily see how they are canceled, which is a realization of the bulk-edge correspondence.
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where DDW and D PV on the closed manifold Y are deﬁned as follows.
DDW = D + Mϵ(s),

(6)

D PV = D − M.

(7)

The function ϵ(s) is the sign function, i.e., ϵ(s) = +1 for s > 0 and ϵ(s) = −1 for s < 0.
3.1 Some theorems used in our claim

IndAPS (D|Y+ ) = Ind(Dcyl ).

(8)

Let us consider a one-parameter family of the real anti-symmetric Dirac operator Dt labelled
by t. When t moves from −1 to 1, the spectral ﬂow of Dt , i.e., how many times pairs of eigenvalues
cross zero, is given by the following formula [25]
Sf(D−1, D1 ) =

1 − sgn Det A
,
2

(9)

where the operator A satisﬁes the relation D1 = A† D−1 A.
3.2 Proof of our main theorem
Now, we give the proof of our main theorem (5).
We consider a 6-dimensional Dirac operator
bt :=
D

∂t
D + M κ(t)
D − M κ(t)
−∂t

!
,

(10)

bt
where t is the 6th direction, κ(t) = ϵ(s) for t > 0 and κ(t) = −1 for t < 0 (See Fig.1). D
can be decomposed into the 5-dimensional Dirac operator and 1-dimensional Dirac operator with
domain-wall mass,
!
0
D
bt =
D
+ D1D
D 0
!
∂t
M κ(t)
1D
D
:=
(11)
−M κ(t) −∂t
bt is expressed as the product of the index of D and that
Note that the mod-two index of D
of D1D . In fact, we can consider the zero-modes ψ of D, the zero-mode uexp(−M |t|) of D1D
bt are expressed as these product
independently, where u = (1, 1)T . And the zero modes of D
uexp(−M |t|)ψ. Furthermore, since there is now only one zero-mode of D1D ,
bt ) = Ind(D).
Ind( D
5

(12)
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In this subsection, we introduce two theorems that are necessary to prove our main theorem.
We will leave their proofs to these references [10, 17, 21, 25].
We consider the cylindrical manifold Ycyl which is Y+ with semi-inﬁnite cylinder attached to
the boundary X, i.e., Ycyl := Y+ ∪ (−∞, 0] × X. In this setting, the mod-two APS index on Y+ is
equivalent to the mod-two AS index on Ycyl [10].

Yoshiyuki Matsuki
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The index Ind(D) is the mod-two AS index on the semi-inﬁnite bended cylindrical manifold
which indicated as the black thick line in Fig.1. The previous work [17] showed that this index is
consistent with the mod-two AS index on the manifold Ycyl . Therefore, the formula (8) tells us
bt ) = IndAPS (D|Y+ ).
Ind( D

(13)

Next, let us rewrite the Dirac operator (10)
bt = ε(∂t + Dt ),
D
!
1 0
ε=
, Dt =
0 −1

0
D + M κ(t)
−D + M κ(t)
0

(14)

!
.

(15)

Let ϕ be the eigenfunction with the eigenvalue λt of Dt . We assume that the t-dependent part
bt . From the normalization condition,
of ϕ is exp[−λt t]. Then, the function ϕ is a zero-mode of D
the λt must be negative when t < 0 and positive when t > 0. It means that there is a zero-mode of
bt when the spectral ﬂow occurs once:
D
bt ) = Sf(D−1, D1 ) (mod2).
Ind( D

(16)

D−1 and D1 are evaluated as follows,
!
D−1 =

0
D†PV

D PV
0

!
, D1 =

0

D†DW

DDW
0

.

For these operators, the operator A which is given below satisﬁes D1 = A† D−1 A,
!
0
DDW
A=
.
D−1
0
PV
6

(17)

(18)
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Figure 1: Kink mass structure in 6-dimensional plane
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From (9), the spectral ﬂow of Dt is equivalent to the left hand side of (5),
Sf(D−1, D1 ) =

−1 )
1 − sgn Det(DDW DPV

2

(mod2).

(19)

The above formulae (13), (16) and (19) lead to our main result (5).

4. Separation of bulk and edge contributions of Mod-two APS index

In the previous section, it is proved that the phase of the product of these determinants is proportional
to the mod-two APS index on the ﬁve-dimensional manifold. The left hand side of (20) is easily
decomposed into the bulk and edge contributions as follows,
Det

D + Mϵ(s)
0
0
∂ − Mϵ(s)

!
· Det

D−M
0

!

 D + Mϵ(s)

0





0
∂ − Mϵ(s) 




!  · Det 
= Det 

 D + Mϵ(s)

µ





µ
∂ − Mϵ(s) 


edge
bulk
≡ DetD
· DetD .

0
∂−M

! −1
,

D + Mϵ(s)
µ
µ
∂ − Mϵ(s)
!
D−M
0
0
∂−M

!





,





(21)

In the second line, we insert the Pauli-Villars determinants in the denominator and numerator. In the
hierarchical limit λedge ≪ µ ≪ M (λedge is a typical energy scale of the edge modes), the ﬁrst and
second determinants are dominated by the edge-localized modes and the bulk modes, respectively.
Since the Dirac operators Dedge and Dbulk are both real, the mod-two APS index is decomposed
as follows:
mod−two
I APS
= Iedge + Ibulk (mod2),

Iedge ≡
Ibulk ≡

1−

sgn DetDedge

,
2
1 − sgn DetDbulk
.
2

(22)
(23)
(24)

We remark that neither DetDedge nor DetDbulk are gauge-invariant due to the Pauli-Villars
mass µ. However the total partition function is gauge invariant. This is nothing but the bulk-edge
correspondence for the global anomaly.
7
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Finally, we explain a natural decomposition of the mod-two APS index into the bulk and the
edge contributions, and show the bulk/edge correspondence of the global anomaly.
To this end, we introduce a single free domain-wall fermion with the opposite sign of mass,
which does not contribute to the anomaly. The total partition function is given by




mo d−t w o
D + Mϵ(s)
∂ − Mϵ(s)
Det
· Det
∝ (−1)I AP S
.
(20)
D−M
∂−M
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5. Summary and Discussion

Dlat
DW (x, y) = DW (x, y) + κmδx,y ,

(25)

where DW is the Wilson-Dirac operator
DW =

5 
Õ
µ=1

γ

µ

∇µ + ∇µ∗
2

−

∇µ ∇µ∗
2


,

and ∇µ and ∇µ∗ is forward/backward discrete derivatives, respectively.
the lattice version of the mod-two APS index by

(26)
Then it is natural to deﬁne

1 − sgn DetDlat
DW
(mod2).
2

(27)
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