
Physics Letters B 844 (2023) 138098

Contents lists available at ScienceDirect

Physics Letters B

journal homepage: www.elsevier.com/locate/physletb

Edge states and the η invariant

Rodrigo Fresneda, Lucas de Souza, Dmitri Vassilevich ∗

Center of Mathematics, Computation and Cognition, Universidade Federal do ABC, 09210-580, Santo André, SP, Brazil

a r t i c l e i n f o a b s t r a c t

Article history:
Received 4 June 2023
Received in revised form 19 July 2023
Accepted 24 July 2023
Available online 28 July 2023
Editor: N. Lambert

We propose a relation between the η invariant on a manifold with boundary, the η invariants of edge 
states, and the η invariant in an infinite volume limit. With the example of planar fermions with bag and 
chiral bag boundary conditions we show that this relation holds whenever edge states are sufficiently 
well-localized near the boundary. As a by-product we show that the spectrum of edge modes for chiral 
bag boundary conditions is linear but bounded.
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1. Introduction

The η invariant plays an important role in Quantum Field The-
ory. It describes the parity anomaly [1–3] which leads to a Chern–
Simons term in the effective action for gauge fields and to a Hall 
type conductivity in condensed matter applications. The Jackiw–
Rebbi fermion number fractionization [4] can be also described 
through the η invariant, see [2,5].

If there are boundaries, the η invariant has specific boundary 
contributions. For example, on four-dimensional manifolds these 
contributions take a form of Chern–Simons actions on the three-
dimensional boundary manifold [6,7]. Much attention has been 
paid to the relations between η invariants in the bulk and η invari-
ants in effective boundary theories. Important results in this direc-
tion were obtained [8] in the context of anomaly inflow, where an 
expression for η in terms of boundary states was derived. However, 
many problems still remain open. The boundary conditions used in 
[8] (and earlier in [9]) are non-hermitian and thus cannot be used 
for the Dirac Hamiltonians and for the problem of fermion number 
fractionization. In [10], the η invariant for local boundary condi-
tions leading to a hermitian Dirac operator were expressed through 
the anomalies in effective boundary theories. However, only mass-
less Dirac operators do not admitting any boundary states were 
considered in the work [10]. (For completeness, we also mention a 
work [11] which considered domain walls rather than boundaries.)

The purpose of this work is to derive the relations between the 
η invariant on a manifold with boundary and the boundary (edge) 
modes in theories with hermitian Dirac operators.

* Corresponding author.
E-mail addresses: rodrigo.fresneda@ufabc.edu.br (R. Fresneda), 

lucas.souza4799@gmail.com (L. de Souza), dvassil@gmail.com (D. Vassilevich).
https://doi.org/10.1016/j.physletb.2023.138098
0370-2693/© 2023 The Author(s). Published by Elsevier B.V. This is an open access artic
SCOAP3.
Let us give some main definitions. For more details we refer 
the reader to [12]. Let H be a hermitian Dirac type operator on 
a smooth manifold M, dimM = n, with a smooth boundary ∂M
with eigenvalues λ. The η function of this operator is defined as

η(s, H) =
∑
λ>0

λ−s −
∑
λ<0

(−λ)−s, (1)

where s is a complex parameter. The sum in (1) is convergent if 
�s is large enough and defines a meromorphic function in the 
whole complex plane. The η(0, H) measures the spectral asym-
metry of H . Note that zero eigenvalues of H are not included 
in (1). The Atiyah–Patodi–Singer η invariant is defined as ηH =
1
2 (η(0, H) + dim Ker(H)). This invariant jumps by ±1 whenever 
an eigenvalue crosses the origin. The exponentiated η invariant 
E(H) = exp(−2π iηH ) is smooth.

Let t be a positive real parameter. Then, there is an asymptotic 
expansion at t → +0 of the heat kernel

Tr
(

Q exp(−t H2)
)

=
∞∑

k=0

t
k−n

2 ak(Q , H2) (2)

for any smooth matrix-valued function Q . The heat kernel coef-
ficients are very well studied in the literature, see e.g. [13]. Let 
δH be a variation of H . We assume that δH is a matrix-valued 
function rather than a differential operator. If due to this variation 
no eigenvalue passes through 0, the corresponding variation of the 
η(0, H) reads [3,14,15]

δη(0, H) = − 2√
π

an−1(δH, H2). (3)

This formula will be our main technical tool. We will study exclu-
sively the perturbative (smooth) contributions to η(0, H). This is 
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equivalent to saying that we will be interested in the logarithm of 
the exponentiated η invariant.

The heat kernel expansion and the formula (3) are valid pro-
vided the boundary conditions are strongly elliptic. Without dis-
cussing this requirement in detail, we just mention that all bound-
ary conditions used in this work are strongly elliptic. Let us also 
note that (3) can be used for arbitrary smooth variations on com-
pact manifolds while on noncompact manifolds the variations have 
to be localized and thus cannot change the asymptotic behavior of 
background fields.

We are going to argue that in some situations η(0) can be rep-
resented as a sum of a bulk part and a contribution of boundary 
states. It is not easy to separate the bulk and boundary contribu-
tions in general, especially since in many cases η(0) is topological 
and may be presented as a volume integral of a topological density 
as well as a surface integral. To make this separation transparent, 
we propose the following scheme. Consider a Dirac type operator 
on Rn such that all background fields entering this operator are lo-
calized near the origin. (Example: a gauge field with field strength 
rapidly decaying away of the origin). We introduce a spherical 
boundary Sn−1 of a radius r and impose some boundary condi-
tions. We expect that if r is sufficiently large the η invariant on the 
ball splits into two parts, one being the η invariant for Rn with-
out boundaries while the other part is given by contribution of the 
edge states. The edge states are the eigenstates of Dirac Hamilto-
nian which decay exponentially fast as functions of the distance 
from the boundary. The decay rate has to be sufficiently fast to 
ensure localization of the states in a small neighborhood of the 
boundary.

In this paper, we check the proposed relation between η func-
tions with the simplest yet nontrivial example of planar fermions 
in an external magnetic field. In the next Section, we consider bag 
boundary conditions, we show that the edge states are localized 
near the boundary, and we confirm the relation. In Section 3, we 
generalize boundary conditions to the chiral bag boundary con-
ditions. We demonstrate that the edge states have a non-Dirac 
spectrum which is linear but bounded. Besides, near the thresh-
old the edge states are not localized leading to a violations of the 
relation between η functions.

2. Bag boundary conditions

Consider a plane R2 pierced by a perpendicular magnetic field. 
We assume that this field has a finite flux and is concentrated 
somewhere near the origin. The Dirac Hamiltonian for fermions 
confined to the plane reads

H = α j(i∂ j − e A j) − βm, (4)

where α j and β are hermitian 2 × 2 matrices satisfying

tr
(
αkα jβ

)
= −2iεkj, α jαk + αkα j = 2g jk, (5)

with ε jk and g jk being the Levi-Civita tensor and the metric tensor, 
respectively. Besides, βα j + α jβ = 0 and β2 = 1.

The famous Niemi–Semenoff [2] result for infinite plane is

η(0, H) = − e

4π

m

|m|
∫

R2

d2xε jk F jk . (6)

Let us consider a disk Dr of radius r centered at the origin. Let 
n be a unit inward pointing normal to the boundary ∂ Dr = S1

r , θ
be a coordinate on S1

r , and 
√

hdθ = rdθ be the induced integration 
measure. We introduce

ηr(0, H) := e

2π

m

|m|
∫

1

dθ
√

h A jε
n j (7)
Sr

2

so that

η(0, H) = lim
r→∞ηr(0, H). (8)

We stress that ηr is not an η function of any operator.
Let us compute the η function for H Dr which is H restricted to 

Dr with boundary conditions

�−ψ |S1
r
= 0 (9)

with

�± = 1
2 (1 ± iεβαn), (10)

where ε = ±1. We also define

χ := �+ − �−, �± = 1

2
(1 ± χ). (11)

The boundary conditions (9), (10) are known under the name of 
bag boundary conditions [16,17] in the physics literature and un-
der the name of Clifford boundary conditions in Mathematics [18]. 
For these conditions, the normal component of fermion current, 
ψ†αnψ , vanishes at all point of the boundary, so that H is selfad-
joint.

For any Dirac type operator H on a two-dimensional manifold 
M with bag boundary conditions on ∂M

a1(Q , H2) = 1

8
√

π

∫
∂M

dθ
√

h tr (Q χ). (12)

By specifying H = H Dr , Q = δH Dr = −eα jδA j and using the for-
mula (3) for n = 2, we obtain

δη(0, H Dr ) = εe

2π

∫

S1
r

dθ
√

h δA jε
n j, (13)

which is integrated to

η(0, H Dr ) = εe

2π

∫

S1
r

dθ
√

h A jε
n j . (14)

Let us analyse the edge states. We fix the gauge An = 0 near 
the boundary and consider an auxiliary eigenvalue problem

Ĥϕ = λϕ (15)

on R+ where the operator Ĥ is constructed from H in the follow-
ing way. Let e‖ be a unit vector tangential to the boundary, so that (
α‖)2 = 1 with α‖ := e‖

jα
j . The corresponding coordinate on the 

circle is x‖ = rθ . The function ϕ is assumed to be an eigenfunction 
of i∂‖ − e A‖ with an eigenvalue ξ . At large r, the extrinsic curva-
ture of the boundary is negligible. Thus, the eigenvalue problem 
(15) reads

iαn(∂n + q(λ,m, ξ))ϕ = 0, (16)

q(λ,m, ξ) = −iαn(α‖ξ − βm − λ) . (17)

ϕ depends on a single coordinate xn and satisfies the boundary 
condition

�−ϕ(xn = 0) = 0 . (18)

Edge states correspond to

ϕ → 0 at xn → ∞, (19)

which means that the eigenspace of q(λ, m, ξ) corresponding to 
a positive eigenvalue should coincide with the kernel of �− . To 
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resolve this condition, let us take a particular representation of α j

and β ,

β =
(

1 0
0 −1

)
, αn =

(
0 1
1 0

)
, α‖ =

(
0 i
−i 0

)
. (20)

With this choice, εn‖ = +1.
We have,

q(λ,m, ξ) =
( −ξ i(λ − m)

i(λ + m) ξ

)
. (21)

The eigenvalues of this matrix are ±μ with μ = √
ξ2 − λ2 + m2

while(−ξ + √
ξ2 − λ2 + m2

i(λ + m)

)
(22)

is an eigenvector corresponding to the positive eigenvalue of 
q(λ, m, ξ).

The kernel of the projector

�− = 1

2

(
1 −iε
iε 1

)
(23)

is spanned by the vector(−1
iε

)
. (24)

The vectors (22) and (24) define the same linear subspace iff
m

|m| = −ε and λ = εξ . (25)

The first equation in (25) defines the boundary condition when 
edge state exist, while the second one gives the spectrum of Dirac 
Hamiltonian H on these modes. Thus we conclude that the restric-
tion of H to edge states reads

Hb = ε(i∂‖ − e A‖). (26)

The dependence of edge states on xn is defined by the positive 
eigenvalue of q. Due to the second conditions in (25), this eigen-
value is μ = |m|, so that whenever edge modes exist they decay 
as e−|m|xn

and are well localized relatively to r as long as |m|r is 
sufficiently large.

The boundary Hamiltonian Hb is a one-dimensional Dirac type 
operator. The variation of η(0, Hb) can be calculated by using (3)
for n = 1,

δη(0, Hb) = − 2√
π

a0(δHb, H2
b) = − 2√

π

1√
4π

∫

S1
r

dx‖ δHb

= eε

π

∫

S1
r

dx‖δA‖ = εe

π

∫

S1
r

dθ
√

h δAθ ε
nθ . (27)

The variation (27) is integrated to

η(0, Hb) = εe

π

∫

S1
r

dθ
√

h Aθ ε
nθ . (28)

If m/|m| = ε there are no boundary states and the expressions 
ηr(0, H) coincides with η(0, H Dr ). If m/|m| = −ε the two η func-
tions have opposite signs but their difference is compensated by 
the contribution of boundary modes (28). In general,

η(0, H Dr ) = ηr(0, H) + η(0, Hb). (29)
3

The second term on the right-hand side of (29) is zero if there are 
no boundary modes. At r → ∞, this is exactly the relation which 
has been announced in the Introduction. We stress again that in 
(29) we relate smooth parts of the η functions. In other words, our 
claim is that variations of both parts agree as long as eigenvalues 
do not cross the origin.

3. More general boundary conditions

A natural generalization of the boundary conditions considered 
in the previous Section consists in the modification of χ in (11) as

χ = iεβeτβαn, (30)

with τ being a real parameter. These conditions are the chiral 
bag boundary conditions [19] (modulo the replacement of a Dirac 
Hamiltonian by a Euclidean Dirac operator). For chiral bag bound-
ary conditions, the normal component of fermion current van-
ishes and H is selfadjoint. Moreover, these boundary conditions 
are strongly elliptic [20] so that the heat kernel expansion (2) ex-
ists and the formula (3) for the variation of η(0, H) is still valid. 
Although the relation (12) is not hold for χ given in (30), it has 
been demonstrated [21] that the smooth part of η(0, H Dr ) does 
not depend on τ . Therefore, Eq. (14) can still be used. All what re-
mains is to analyse the edge states. The calculations are similar to 
that of the previous Section, so that we do not give details here.

The edge states exist if

−ε(λ sinh(τ ) + m cosh(τ )) ≥ 0 (31)

while the dispersion relation is given by

λ = εξ

cosh(τ )
− m tanh(τ ). (32)

We see, that the spectrum of boundary Hamiltonian given by (32)
is linear, but edge states exist for any signs of ε and m, while the 
spectrum is bounded either above or below.

For Eq. (29) to hold, η(0, Hb) must vanish when m and ε are of 
the same sign. We are not aware of any method of computations of 
η invariants for operators with the spectrum restricted as in (31). 
If we neglect this restriction for a while, Hb = ε(cosh(τ ))−1(i∂‖ −
e A‖) − m tanh(τ ). This is an operator of Dirac type which can be 
treated along the same lines as the boundary Hamiltonian in the 
previous Section. One thus obtains a non-zero value of η(0, Hb)

which depends on A‖ and m. It is hard to conceive that imposing 
the restriction (31) (which make the spectrum even more asym-
metric) can kill the spectral asymmetry. In fact, Eq. (29) does 
not need to hold for chiral bag boundary conditions. The positive 
eigenvalue of q which defines the decay rate of edge states reads 
|λ sinh(τ ) + m cosh(τ )|. Near the threshold of the spectrum (31)
the decay rate is very small, so that the edge modes are not well 
localized.

4. Conclusions and discussion

In this paper, we have shown with two examples that η(0, H)

can be represented as a sum of a bulk part and a contribution 
from the edge states whenever the latter ones are localized in 
a sufficiently small neighborhood of the boundary. This gives a 
new interpretation of the classical result [2] and opens an avenue 
for future research. A rigorous demonstration of this relation for 
generic Dirac operators is a complicated problem in Mathematics, 
which we are going to address in the near future.

As a by-product we derived the spectrum of edge modes for 
chiral bag boundary conditions. This spectrum reminds us of the 
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Fermi arc boundary states in Weyl semimetals [22] which also oc-
cupy a bounded region in the momentum space and points out to 
new physical applications.

In this work we focused on two-dimensional fermions. An ex-
tension to higher dimensions is rather straightforward though the 
computations may become somewhat more involved. In the case 
of magnetic monopoles in three dimensions considered in [5,23], 
for example, the surface contribution (7) should become the mag-
netic flux corrected by vacuum values of the Higgs fields while 
instead of (6) one should get an integral of corresponding topolog-
ical density. For more complicated configurations in odd dimen-
sions also non-topological terms not reducible to surface integrals 
may appear. However, such terms should contribute equally to the 
η invariant in the infinite space and to that on a manifold with 
boundary in the r → ∞ limit.

Including non-perturbative contributions to the η invariant in 
our approach is more tricky. It requires the knowledge of zero 
modes of Dirac operators in the infinite space, on the regularized 
manifold with a boundary, and in the effective boundary theory. 
This is a global information. Thus the heat trace asymptotics used 
in the present work are not going to help much. They should be 
used in combination with other methods like, e.g., the one pro-
posed in [8].

Our results may be applied to calculations of fermion fraction-
ization in the presence of solitons. This quantity is usually a func-
tion of asymptotic values of background fields (though there is an 
exception [24]) so that the formula (3) is not applicable. Having an 
expression for charge fractionization through η functions on com-
pact manifolds may simplify the calculations.

Finally, we would like to mention some publications which 
treated spectral properties and anomalies of Dirac operator and 
with bag [25–28], chiral bag [29] and even some other boundary 
conditions [30,31]. The setup used in these papers was quite dif-
ferent from ours.

Declaration of competing interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared to 
influence the work reported in this paper.

Data availability

No data was used for the research described in the article.

Acknowledgements

This work was supported in parts by the São Paulo Research 
Foundation (FAPESP), grant 2021/10128-0. Besides, the work of LS 
was supported by the grant 2022/09068-6 of FAPESP, and DV was 
supported by the National Council for Scientific and Technological 
Development (CNPq), grant 304758/2022-1.

References

[1] A.N. Redlich, Parity violation and gauge noninvariance of the effective gauge 
field action in three-dimensions, Phys. Rev. D 29 (1984) 2366–2374.

[2] A.J. Niemi, G.W. Semenoff, Axial anomaly induced fermion fractionization and 
effective gauge theory actions in odd dimensional space-times, Phys. Rev. Lett. 
51 (1983) 2077.

[3] L. Alvarez-Gaume, S. Della Pietra, G.W. Moore, Anomalies and odd dimensions, 
Ann. Phys. 163 (1985) 288.

[4] R. Jackiw, C. Rebbi, Solitons with fermion number 1/2, Phys. Rev. D 13 (1976) 
3398–3409.

[5] A.J. Niemi, G.W. Semenoff, Fermion number fractionization in quantum field 
theory, Phys. Rep. 135 (1986) 99.

[6] M. Kurkov, D. Vassilevich, Parity anomaly in four dimensions, Phys. Rev. D 
96 (2) (2017) 025011, arXiv:1704 .06736.

[7] M. Kurkov, D. Vassilevich, Gravitational parity anomaly with and without 
boundaries, J. High Energy Phys. 03 (2018) 072, arXiv:1801.02049.

[8] E. Witten, K. Yonekura, Anomaly inflow and the η-invariant, in: The Shoucheng 
Zhang Memorial Workshop, vol. 9, 2019, arXiv:1909 .08775.

[9] E. Witten, Fermion path integrals and topological phases, Rev. Mod. Phys. 88 (3) 
(2016) 035001, arXiv:1508 .04715.

[10] A.V. Ivanov, D.V. Vassilevich, Anomaly inflow for local boundary conditions, 
J. High Energy Phys. 09 (2022) 250, arXiv:2208 .00476.

[11] H. Fukaya, M. Furuta, Y. Matsuki, S. Matsuo, T. Onogi, S. Yamaguchi, M. Ya-
mashita, Mod-two APS index and domain-wall fermion, Lett. Math. Phys. 112 
(2022) 16, arXiv:2012 .03543.

[12] P.B. Gilkey, Asymptotic Formulae in Spectral Geometry, CRC Press, Boca Raton, 
2004.

[13] D.V. Vassilevich, Heat kernel expansion: user’s manual, Phys. Rep. 388 (2003) 
279–360, arXiv:hep -th /0306138.

[14] M.F. Atiyah, V.K. Patodi, I.M. Singer, Spectral asymmetry and Riemannian ge-
ometry. III, Math. Proc. Camb. Philos. Soc. 79 (1976) 71–99.

[15] P.B. Gilkey, Invariance Theory, the Heat Equation, and the Atiyah-Singer Index 
Theorem, Publish or Perish, Wilmington, 1984.

[16] A. Chodos, R.L. Jaffe, K. Johnson, C.B. Thorn, V.F. Weisskopf, A new extended 
model of hadrons, Phys. Rev. D 9 (1974) 3471–3495.

[17] A. Chodos, R.L. Jaffe, K. Johnson, C.B. Thorn, Baryon structure in the bag theory, 
Phys. Rev. D 10 (1974) 2599.

[18] P. Gilkey, L. Smith, The eta invariant for a class of elliptic boundary value prob-
lems, Commun. Pure Appl. Math. 36 (1983) 85–131.

[19] M. Rho, A.S. Goldhaber, G.E. Brown, Topological soliton bag model for baryons, 
Phys. Rev. Lett. 51 (1983) 747–750.

[20] C.G. Beneventano, P.B. Gilkey, K. Kirsten, E.M. Santangelo, Strong ellipticity and 
spectral properties of chiral bag boundary conditions, J. Phys. A 36 (2003) 
11533, arXiv:hep -th /0306156.

[21] A.V. Ivanov, M.A. Kurkov, D.V. Vassilevich, Heat kernel, spectral functions and 
anomalies in Weyl semimetals, J. Phys. A 55 (22) (2022) 224004, arXiv:2111.
11493.

[22] N.P. Armitage, E.J. Mele, A. Vishwanath, Weyl and Dirac semimetals in three 
dimensional solids, Rev. Mod. Phys. 90 (1) (2018) 015001, arXiv:1705 .01111.

[23] M.B. Paranjape, G.W. Semenoff, Spectral asymmetry, trace identities and the 
fractional fermion number of magnetic monopoles, Phys. Lett. B 132 (1983) 
369–373.

[24] C. Almeida, A. Alonso-Izquierdo, R. Fresneda, J. Mateos Guilarte, D. Vassilevich, 
Nontopological fractional fermion number in the Jackiw-Rossi model, Phys. Rev. 
D 103 (12) (2021) 125015, arXiv:2103 .06826.

[25] M. Hortacsu, K.D. Rothe, B. Schroer, Zero energy eigenstates for the Dirac 
boundary problem, Nucl. Phys. B 171 (1980) 530–542.

[26] P. Hrasko, J. Balog, The fermion boundary condition and the θ angle in QED in 
two-dimensions, Nucl. Phys. B 245 (1984) 118–126.

[27] A. Wipf, S. Dürr, Gauge theories in a bag, Nucl. Phys. B 443 (1995) 201–232, 
arXiv:hep -th /9412018.

[28] A. Kirchberg, K. Kirsten, E.M. Santangelo, A. Wipf, Spectral asymmetry on the 
ball and asymptotics of the asymmetry kernel, J. Phys. A 39 (2006) 9573–9589, 
arXiv:hep -th /0605067.

[29] P. Gilkey, K. Kirsten, Stability theorems for chiral bag boundary conditions, Lett. 
Math. Phys. 73 (2005) 147–163, arXiv:math /0510152.

[30] Y.A. Sitenko, Casimir effect with quantized charged spinor matter in back-
ground magnetic field, Phys. Rev. D 91 (8) (2015) 085012, arXiv:1411.2460.

[31] G. Angelone, M. Asorey, P. Facchi, D. Lonigro, Y. Martinez, Boundary conditions 
for the quantum Hall effect, J. Phys. A 56 (2023) 025301, arXiv:2209 .09629.
4

http://refhub.elsevier.com/S0370-2693(23)00432-X/bibE6B917571615CB0F762835037CEB4E30s1
http://refhub.elsevier.com/S0370-2693(23)00432-X/bibE6B917571615CB0F762835037CEB4E30s1
http://refhub.elsevier.com/S0370-2693(23)00432-X/bibD18FEE4DBF50CC893103C5CA75492F67s1
http://refhub.elsevier.com/S0370-2693(23)00432-X/bibD18FEE4DBF50CC893103C5CA75492F67s1
http://refhub.elsevier.com/S0370-2693(23)00432-X/bibD18FEE4DBF50CC893103C5CA75492F67s1
http://refhub.elsevier.com/S0370-2693(23)00432-X/bibC72DF1195EA84537DDC54C7BD5325F8Ds1
http://refhub.elsevier.com/S0370-2693(23)00432-X/bibC72DF1195EA84537DDC54C7BD5325F8Ds1
http://refhub.elsevier.com/S0370-2693(23)00432-X/bibB1B4956CFEC475B20E2D037AF6010BFCs1
http://refhub.elsevier.com/S0370-2693(23)00432-X/bibB1B4956CFEC475B20E2D037AF6010BFCs1
http://refhub.elsevier.com/S0370-2693(23)00432-X/bib4FDA8AEE8B59F056B3A1865E527EB39Fs1
http://refhub.elsevier.com/S0370-2693(23)00432-X/bib4FDA8AEE8B59F056B3A1865E527EB39Fs1
http://refhub.elsevier.com/S0370-2693(23)00432-X/bibA9F08C07EEAD2DDEA7E5FE3390AD3074s1
http://refhub.elsevier.com/S0370-2693(23)00432-X/bibA9F08C07EEAD2DDEA7E5FE3390AD3074s1
http://refhub.elsevier.com/S0370-2693(23)00432-X/bib47FA0B0F062A1582F3D02C0A7F5AA576s1
http://refhub.elsevier.com/S0370-2693(23)00432-X/bib47FA0B0F062A1582F3D02C0A7F5AA576s1
http://refhub.elsevier.com/S0370-2693(23)00432-X/bib12D5561B829B7E7E64CFA1AFE726F935s1
http://refhub.elsevier.com/S0370-2693(23)00432-X/bib12D5561B829B7E7E64CFA1AFE726F935s1
http://refhub.elsevier.com/S0370-2693(23)00432-X/bibF11E5F66539F5A3FE35A7917701467A5s1
http://refhub.elsevier.com/S0370-2693(23)00432-X/bibF11E5F66539F5A3FE35A7917701467A5s1
http://refhub.elsevier.com/S0370-2693(23)00432-X/bibF7030E3EAEADDC9DCFBBC9FF29B414CFs1
http://refhub.elsevier.com/S0370-2693(23)00432-X/bibF7030E3EAEADDC9DCFBBC9FF29B414CFs1
http://refhub.elsevier.com/S0370-2693(23)00432-X/bibAB4CD372A7E0160875622128722120D4s1
http://refhub.elsevier.com/S0370-2693(23)00432-X/bibAB4CD372A7E0160875622128722120D4s1
http://refhub.elsevier.com/S0370-2693(23)00432-X/bibAB4CD372A7E0160875622128722120D4s1
http://refhub.elsevier.com/S0370-2693(23)00432-X/bibC30509FFF401B8411BDB1268A1FC12D0s1
http://refhub.elsevier.com/S0370-2693(23)00432-X/bibC30509FFF401B8411BDB1268A1FC12D0s1
http://refhub.elsevier.com/S0370-2693(23)00432-X/bib839979C506E3CB87301C592CEE3FA263s1
http://refhub.elsevier.com/S0370-2693(23)00432-X/bib839979C506E3CB87301C592CEE3FA263s1
http://refhub.elsevier.com/S0370-2693(23)00432-X/bib203B8DA953A6C339F0300918822925E0s1
http://refhub.elsevier.com/S0370-2693(23)00432-X/bib203B8DA953A6C339F0300918822925E0s1
http://refhub.elsevier.com/S0370-2693(23)00432-X/bib61D373DA8A8F11ACE1A0F6FFD5846804s1
http://refhub.elsevier.com/S0370-2693(23)00432-X/bib61D373DA8A8F11ACE1A0F6FFD5846804s1
http://refhub.elsevier.com/S0370-2693(23)00432-X/bibED065560A4755CC35627A4100B78230Es1
http://refhub.elsevier.com/S0370-2693(23)00432-X/bibED065560A4755CC35627A4100B78230Es1
http://refhub.elsevier.com/S0370-2693(23)00432-X/bib18741533A050CC0D5BDE8A0488E2D896s1
http://refhub.elsevier.com/S0370-2693(23)00432-X/bib18741533A050CC0D5BDE8A0488E2D896s1
http://refhub.elsevier.com/S0370-2693(23)00432-X/bib21410C19AF7C9D5D438DFCB9B53B85DFs1
http://refhub.elsevier.com/S0370-2693(23)00432-X/bib21410C19AF7C9D5D438DFCB9B53B85DFs1
http://refhub.elsevier.com/S0370-2693(23)00432-X/bib04D81EB3CCE9B74F63E8F9346894F38Es1
http://refhub.elsevier.com/S0370-2693(23)00432-X/bib04D81EB3CCE9B74F63E8F9346894F38Es1
http://refhub.elsevier.com/S0370-2693(23)00432-X/bib5DDD0A828B01EAB418B343EB1F2AB66Ds1
http://refhub.elsevier.com/S0370-2693(23)00432-X/bib5DDD0A828B01EAB418B343EB1F2AB66Ds1
http://refhub.elsevier.com/S0370-2693(23)00432-X/bib5DDD0A828B01EAB418B343EB1F2AB66Ds1
http://refhub.elsevier.com/S0370-2693(23)00432-X/bibB0AC5D7BECBD5A2A19A2871316F3A512s1
http://refhub.elsevier.com/S0370-2693(23)00432-X/bibB0AC5D7BECBD5A2A19A2871316F3A512s1
http://refhub.elsevier.com/S0370-2693(23)00432-X/bibB0AC5D7BECBD5A2A19A2871316F3A512s1
http://refhub.elsevier.com/S0370-2693(23)00432-X/bib0B3CA1E54CB1022EFFCB95CD23CFB29Cs1
http://refhub.elsevier.com/S0370-2693(23)00432-X/bib0B3CA1E54CB1022EFFCB95CD23CFB29Cs1
http://refhub.elsevier.com/S0370-2693(23)00432-X/bib43F8A22F876F5481ECDCC93D79E31B96s1
http://refhub.elsevier.com/S0370-2693(23)00432-X/bib43F8A22F876F5481ECDCC93D79E31B96s1
http://refhub.elsevier.com/S0370-2693(23)00432-X/bib43F8A22F876F5481ECDCC93D79E31B96s1
http://refhub.elsevier.com/S0370-2693(23)00432-X/bib88AC7B1F3BD873F1A87FE83C0D0D1355s1
http://refhub.elsevier.com/S0370-2693(23)00432-X/bib88AC7B1F3BD873F1A87FE83C0D0D1355s1
http://refhub.elsevier.com/S0370-2693(23)00432-X/bib88AC7B1F3BD873F1A87FE83C0D0D1355s1
http://refhub.elsevier.com/S0370-2693(23)00432-X/bib6474A30E72D2ED8F396CB594DE5EC2ACs1
http://refhub.elsevier.com/S0370-2693(23)00432-X/bib6474A30E72D2ED8F396CB594DE5EC2ACs1
http://refhub.elsevier.com/S0370-2693(23)00432-X/bibD542E899145AF440C3AAAC0369029E37s1
http://refhub.elsevier.com/S0370-2693(23)00432-X/bibD542E899145AF440C3AAAC0369029E37s1
http://refhub.elsevier.com/S0370-2693(23)00432-X/bib9589633D5E63316AA1BDB16530E7DA3As1
http://refhub.elsevier.com/S0370-2693(23)00432-X/bib9589633D5E63316AA1BDB16530E7DA3As1
http://refhub.elsevier.com/S0370-2693(23)00432-X/bibD92E0AF84FB60EF72E0D64B49EC6464Es1
http://refhub.elsevier.com/S0370-2693(23)00432-X/bibD92E0AF84FB60EF72E0D64B49EC6464Es1
http://refhub.elsevier.com/S0370-2693(23)00432-X/bibD92E0AF84FB60EF72E0D64B49EC6464Es1
http://refhub.elsevier.com/S0370-2693(23)00432-X/bib3C52FE528A257004857C4A5DD35F12A3s1
http://refhub.elsevier.com/S0370-2693(23)00432-X/bib3C52FE528A257004857C4A5DD35F12A3s1
http://refhub.elsevier.com/S0370-2693(23)00432-X/bib4E4DFBEBCDA5ACC49D5572599CD7E7FEs1
http://refhub.elsevier.com/S0370-2693(23)00432-X/bib4E4DFBEBCDA5ACC49D5572599CD7E7FEs1
http://refhub.elsevier.com/S0370-2693(23)00432-X/bib04CCCDA8634C7F97AC3A5CBF80486147s1
http://refhub.elsevier.com/S0370-2693(23)00432-X/bib04CCCDA8634C7F97AC3A5CBF80486147s1

	Edge states and the η invariant
	1 Introduction
	2 Bag boundary conditions
	3 More general boundary conditions
	4 Conclusions and discussion
	Declaration of competing interest
	Data availability
	Acknowledgements
	References


