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Many-body multipole index and bulk-boundary correspondence
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We propose dipole and quadrupole indices for interacting insulators with point group symmetries. The
proposed indices are defined in terms of many-body quantum multipole operators combined with the generator
of the point group symmetry. Unlike the original multipole operators, these combined operators commute with
the Hamiltonian under symmetry and therefore their eigenvalues are quantized. This enables a clear identification
of nontrivial multipolar states. We calculate the multipole indices in representative models and show their
effectiveness as order parameters. Furthermore, we demonstrate a bulk-boundary correspondence: a nonzero
index implies the existence of edge/corner states under the point group symmetry.

DOI: 10.1103/PhysRevB.108.235150

I. INTRODUCTION

Multipoles provide essential information on charge degrees
of freedom in materials. There are characteristic charge distri-
butions on the surface of a material as a result of a uniform
multipole order in the bulk. Therefore, it is naturally consid-
ered that there exists a “bulk multipole moment” which is
defined for a system with the periodic boundary condition.
This has been a subject of intensive research for decades,
and it is now widely recognized that the bulk dipole moment
P, is described by the Berry-Zak phase of a wave function
[1-5]. Furthermore, the bulk dipole moment can also be de-
scribed by the dipole moment operator U, ~ ¢ [6,7]. The
dipole moment operator U, is closely related to the Lieb-
Schultz-Mattis theorem and it works as an order parameter
of symmetry protected topological states in one dimension
[8,9]. Therefore, the dipole moment operator is regarded as a
fundamental quantity not only for electric insulators but also
for general gapped quantum states. Unfortunately, however,
there are several subtleties in applications of the dipole op-
erator U, to general systems. For example, although it was
proved that the argument of the expectation value (U,) agrees
with the dipole moment evaluated by the Berry phase formula
in gapped one-dimensional systems, such an equivalence may
break down in higher dimensions [10]. This stems from the
fact that U, is not a conserved charge, and thus its expectation
value can vanish in the thermodynamic limit. While it may be
still possible that the argument (phase factor) is well defined
and gives the dipole moment in the thermodynamic limit even
if the expectation value vanishes, this makes the formulation
rather subtle.

Compared to the dipoles, bulk characterizations of higher
order multipoles such as the quadrupole Q,, are even less un-
derstood. There are gapless corner or hinge states in multipole
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insulators with open boundaries and emergence of such gap-
less modes can be characterized by state-based quantities such
as the nested Wilson loops, Wannier centers, and symmetry in-
dicators in non- (or weakly) interacting systems [11-18]. For
general interacting systems, “bulk multipole operators,” such
as the bulk quadrupole moment operator U,, ~ e'%v, were
introduced as generalizations of the bulk dipole operators
[19,20]. As in the case of the dipole operator, its ground-state
expectation value generally vanishes in the thermodynamic
limit. This leads to a subtlety in (and possibly to the ill de-
finedness of) the bulk operator formulation of the multipole
moments. Furthermore, the bulk operator formulation of the
multipole moments is shown to have more pathological fea-
tures, such as the dependence on the choice of the origin [21].
So far, several other topological indices have been proposed
for characterizations of bulk multipole insulators [22—32], but
their relations to multipole moments are not well understood.
In this paper, we propose many-body indices for dipole
and quadrupole insulators, which have natural interpretation
in terms of the response to an external electric field and
are closely related to bulk multipole operators, but are de-
fined by exact quantum numbers of a deformed system. As
a consequence, the indices are quantized under point group
symmetries. As another advantage, unlike the bulk multipole
operators, the indices are compatible with the periodicity of
the system. Finally, the present formulation can describe a
bulk-boundary correspondence in multipole insulators.

II. DEFINITION OF THE QUANTIZED MULTIPOLE INDEX

Here we sketch the key ideas, and define multipole in-
dices. While our discussions apply to more general systems, to
be concrete, we consider the one-dimensional Su-Schrieffer-
Heeger (SSH) model for dipoles [33] and the two-dimensional
Benalcazar-Bernevig-Hughes (BBH) model for quadrupoles
[11,12] [Figs. 1(a) and 1(b)]. Both models can be represented
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FIG. 1. (a) SSH model and (b) BBH model, where squares rep-
resent sites with multiorbitals. (¢) The gauge configuration for L = 3
with the periodic boundary condition. Each number on the bonds
corresponds to A j; in units of 277 /L* = 27 /9. The site at the left-
bottom corner is defined as the origin (x,y) = (0, 0). This gauge
configuration can be defined for general models [34].

by the Hamiltonian of the form

iA
Z ¢ /ktﬁc /uck” + Z wj

Jk, v Jsuv

H(A) = ],Lc,u + Hine, (1)

is the intrasite
hybridization between local orbitals. Details of #/,” and w’”
are explained in Appendix A. The vector potential A j; is an

external probe field which is distinguished from phases in

where #};” is the intersite hopping and w'"

1 and w%"”. We have also added the interaction
Hi =Y Vinjng. @
Here the particle number operator n; at site j is defined as
nj= Ciuin = P 3)
”w

where p is the average particle number per site. Note that we
define n; differently from the standard one by subtracting the
average particle number p, for later convenience. In this paper,
we focus on integer filling p € Z. Thus n; € Z still holds. The
interaction Vj; does not necessarily have translation symme-
try, but is assumed to be point group symmetric.

We consider a finite system of linear size L, and impose
the periodic boundary conditions. Let x; and y; be the x and
y components of the coordinate of the site j. The multipole
moments are probed by electric fields, as follows. In terms of
the electron number operator n;, the dipole moment is given
as Py =} ;x;n;, and the xy component of the quadrupole
moment is given as Q,, = Y .x;y;n;. The dipole moment

J
couples to the external electric field through the dipole energy

Hdipole = —E/P,. (4)

Likewise, the quadrupole moment couples to the gradient of
the electric field as — ), ; 3, Ep Qup-

Now, we can express the electric field in terms of a time-
dependent vector potential A, instead of the gradient of the
scalar potential [19,20]. For example, in the SSH model,
we can take the ground state at A =0 as the initial state,
and consider the time-dependent uniform vector potential
A, = (—E;t) for 0 <t < T, which can be interpreted as
an insertion of an Aharonov-Bohm (AB) flux. Here we set

E.T = —2m /L, where L is the linear system size, and fur-
thermore take the “quench” limit 7 — 0. In the quench limit,
the wave function remains unchanged during the process.
On the other hand, the Hamiltonian changes due to the time
dependence of the vector potential. At the end of the process
t =T, the system contains an AB flux of 27, which can be
eliminated by the large gauge transformation

2w
U, = exp ZT ijn_,- , (@)
J

where n; was defined in Eq. (3). In order to compare the wave
function before and after the flux insertion, we must apply
the large gauge transformation H — U;H U, to get back to
the original gauge. Including the effect of the large gauge
transformation, the quantum state (wave function) of the
system is

Ul |Wo(A = 0)). (6)

In this paper, we are interested in insulators with an excitation
gap, for which the polarization density is well defined. In
such systems, the sudden insertion of the AB flux, which is
equivalent to the application of a delta-function pulse of the
electric field E, = — (2w /L)5(¢), is expected to preserve the
ground state. Namely, the postquench state essentially remains
the ground state. Nevertheless, we expect the phase factor due
to the dipolar energy (4) fOT dt E;Py = —2aP,/L = —2nP,,
where P, = P,/L is the polarization density. This implies
(Wo(A = 0)|U|Wo(A = 0)) o e~ 27, or equivalently

1 > =
Pe=——arg [(Wo(A = 0)|Ux|Wo(A = 0))]. )

This is nothing but the Resta formula [6] for many-body
polarization.

There are a few subtleties concerning this formula. First,
even though we are usually interested in the polarization at
A =0, the above flux insertion process would give a certain
average over 0 < A, < 27 /L. We can however expect that the
dependence on the vector potential vanishes in the thermody-
namic limit L — oo. The more serious issue is the robustness
of the ground state against the sudden insertion of the AB flux.
In one dimension, the robustness is supported by the agree-
ment [10] between the Resta formula (7) and the Berry phase
formula which corresponds to an adiabatic AB flux insertion.
However, in higher dimensions, the fidelity [(Wo|U,|Wo)| is
generally smaller than unity even in the thermodynamic limit,
implying the significance of excitations due to the sudden AB
flux insertion. We may still hope that Eq. (7) is valid even in
such cases, but it is still an open question.

As we mentioned in the Introduction, the subtlety of the
Resta formula (7) is related to the fact that U, is not a
conserved charge. In order to resolve this issue (for inversion-
symmetric systems), let us consider the following setup.
Instead of A = 0, we now choose the ground state at A =
AOP = (—m /L) as the initial state. This gauge field is writ-
ten as Ajy¢ j = —m /L in the SSH model (1). Following the
sudden insertion of the 2w AB flux, we apply the spatial
inversion M, : x — —x. After the process, the wave function
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is M,|Wo(AF)), where
M, = M,U,. ®)

The crucial observation is that M, commutes with the
Hamiltonian H (A}), since U, shifts Ay — AP = —AP. As a
consequence, the ground state |\I/(AP )) should be an eigenstate
of M, and the eigenvalue of M, can be regarded as a quantum
number. Since M, is unitary, its eigenvalue is unimodular
(phase factor). The phase of the eigenvalue of M, must contain
the dipole energy contribution 27 Py, as in the Resta formula
(7). However, it also contains the response of the ground state
to the inversion operation M,. In order to subtract the latter
effect, let us consider the ratio

LN - <w0(§g) |MX|\IJO (‘K{)’»

= - - . C))
(Wo(A = 0)|M,[Wo(A = 0))

Since the denominator in the right-hand side represents the
inversion parity of the ground state, the ratio would give
the information on the dipole moment. It should be noted,
however, that in the denominator we use the ground state at
zero vector potential, so that it is an eigenstate of the inversion
M. Although the ground-state response to the inversion could
be different between |\IJO(/TOP )) and |Wo(A = 0)), we expect
that they can be identified in the thermodynamic limit. The
advantage of the formula for the polarization density Ap is
that both the numerator and the denominator are quantum
numbers (eigenvalues of operators).

We can extend this idea to the quadrupole moment (den-
sity). The electric field which couples to the quadrupole
moment is generated by

=49+ L(xe - z9), (10)

such that A = (277 /L*)(—y, 0) and A? = (27 /L*)(0, x). To
be precise, we have introduced the vector potentials A j in the
gauge configuration shown in Fig. 1(c) for the BBH model
[34-36] corresponding to /Yg . This induces the desired electric
field E o (y, x). After the application of the delta-function
pulse of the electric field by switching the vector potential
instantaneously from ng to leQ, we can perform the gauge
transformation by

2w
Uy =exp | iy > xivin (11)
J

to go back to the original gauge. While we may expect that
the ground-state expectation value U,, gives the quadrupole
moment (density), which was in fact what was proposed in
Refs. [19,20], we encounter various issues [21]. First, al-
though the expression (11) is applied to systems with periodic
boundary conditions, it lacks the periodicity. In case of the
dipole moment, U, defined in Eq. (5) is manifestly invariant
under the translation x; — x; + L because n; € Z, and thus
is consistent with the periodic boundary conditions. However,
Eq. (11) lacks the invariance because of the factor L? in the
denominator. Furthermore, the expectation value of Uy, shows
a peculiar dependence on the choice of the origin, although the
physical quadrupole moment should not.

In these respects, there are even more subtleties in the
many-body quadrupole moment defined by the expectation
value of Eq. (11) than the dipole moment based on Eq. (5).
Moreover, the subtleties in the dipole moment defined by
U, are also inherited by the quadrupole moment defined by
U,,. Following Egs. (8) and (9), we introduce an operator to
study the quadrupole moment in many-body systems with Cy4
discrete rotation symmetry, by combining the gauge transfor-
mation with the 7 /2 rotation as

Cy = C4U,. 12)

The composite operator C; also commutes with the Hamilto-
nian H (Ag ) with an appropriate definition. In order to subtract
the ground-state response to the Cy rotation, we again divide
the expectation value of Cy by the eigenvalue of C, for the
ground state at A = 0:

(Wo(AZ)|Cy| W (A7)
(Wo(A = 0)|C4|Wo(A = 0))

eZJriAq =

13)

As in the case of the dipole moment (9), the quadrupole
moment is now defined in terms of quantum numbers. This
also partially resolves the additional issues in the many-body
quadrupole moment, such as the origin dependence, as we will
demonstrate later.

Summarizing both cases, we define the multipole indices
as

Ar=7—r, (14)

where 7 = p, g represents the eigenvalue e>™" of the compos-
ite operator M, or C, for the ground state of the Hamiltonian
with the background vector potential A = A € and r = P, q
represents the eigenvalue ™ of M, or C4 for the ground
state of the reference Hamiltonian H(A = 0). Since Mf =
M,* = C} = C} = 1, the indices are quantized as p, j, Ap €
{0,1/2} and g¢q,q,Aqe{0,1/4,1/2,3/4} modulo 1
(see Appendix B). While the indices admit a natural
interpretation in terms of the response to an external electric
field similarly to the many-body multipole operator proposed
in the past [6,19,20], our proposal resolves various issues
related to the fact that U, and Uy, do not commute with the
Hamiltonian and thus do not represent quantum numbers
by themselves. Besides, the indices have several advantages
thanks to their definitions based on the quantum numbers;
Ar is robust to model parameters and it enables a rigorous
analytic derivation of the bulk-boundary correspondence.
Details will be discussed in the remainder of this paper.

III. GAUGE TRANSFORMATION

An advantage of the combined symmetry operator Cy is
that it naturally has a periodicity (x,y) > (x£L,y+L)
(any double sign) thanks to gauge transformations, in con-
trast to Uy, alone [19,20]. To see this, let us first consider
the trivial symmetry x — x & L for dipoles from the view-
point of the gauge transformation. We introduce a scalar
function f; = 47 for 0 < x; < (L —1)/2(0 < x;<L/2 1)
and f; = Fmr otherwise when L is odd (even), and
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consider a gauge transformation A — A/ = A+ df by U =
exp(i Y j finj). The transformed operator is

. o 2
M/ =UMU™" = M, exp lTZ(xjiL)nj . (15)
J

which is a spatially translated version of M, and matches the
periodicity of the system. Similarly for quadrupoles, the scalar
function f; = (27 /L)(x; £y;)for0 < x;,y; < L — 1leads
to

- . 2
Cl =uCu™" =cyexp i > (e £ L)(y; £ Ln
J

(16)

(any double sign). This well matches the periodic boundary
condition. It should be noted that the index Ar does not
change under the gauge transformation on both the symme-
try operator and the wave function. This is simply because
3|W) = €277 |W) readily implies g/ |W/) = 77 |W/f) for § =
M,, C,, where |W/) = U|W) is the ground state of H(A') =
UH (AU, Therefore, our discussions based on Ar work for
the gauge fields A/ as well.

IV. CALCULATION OF THE MULTIPOLE INDEX

We can explicitly calculate the indices Ar in the SSH
model and BBH model to show their effectiveness as a variant
of order parameters.

A. Calculation of Ap for the SSH model

We first show that Ap is nonzero in the topologically
nontrivial phase of the SSH model and zero in the trivial state.
For this problem, we emphasize that our index Ap does not
change in presence of interactions as long as the many-body
spectrum is gapped under the symmetry, because it is defined
by the quantum numbers. Therefore, we can focus on the
noninteracting limit V; = 0 at half filling (0 = 1) and it is
sufficient to consider two limiting cases with either ¢+ = 0 or
w = 0, which greatly simplifies the calculations. Thus calcu-
lated results hold true for all the states adiabatically connected
to the limit.

In the trivial phase with w # 0, the ground state of H(A) is
adiabatically connected to that of + = 0 which is independent
of A:

|Wo(A)) = [L4%+%m> (17)

The fermions are localized at each site and the index is Ap =
0 in this phase. On the other hand, in the nontrivial phase
with < 0, the ground state is smoothly connected to that of
w=0:

1
(Wo(A)) = [ [ —= (el + et )I0),  (18)
; V2

where A, = 0, —m /L. In this case, the fermions are localized
on each bond. One can easily evaluate the eigenvalues of

M, and M, for A, = 0and — 7 /L respectively, and obtain a
nonzero value Ap = 1/2.

B. Calculation of Ag for the BBH model

Similarly, we compute Ag for the BBH model at half
filling (p =2) to find Ag = 0 for the topologically trivial
phase and Ag = 1/2 for the nontrivial phase. As in the SSH
model, it is sufficient to focus on the noninteracting case. The
ground-state wave function in the trivial phase in the limit
t =0, w # 0 is independent of A j;, where the fermions are
localized at each site and correspondingly Ag = 0. On the
other hand, for the topologically nontrivial phase, the ground-
state wave function in the limit7 < 0, w =0 is

1Wo(A) = [ [} 1v}010).
J
T _ Lo —1/4.% 12,1
Y0,0,0 = E(w Cou T c o Vel ol ),
1 £
¥ = 1/4 —1/4 . 1/2 7
Yoo = E(w Bepo ticy, — o™ el —io'Pe] ),

19)

where @ = exp(i2 /L? + i6,), and 6, # 0 is a model parame-
ter which induces a nonzero band gap at half filling [11,12,20]
(see Appendix A). The operators y;, at general sites have
structures similar to that of y,0),,. In this state, the fermions
are localized at each plaquette. Then, one finds Ag = 1/2 =
2x1/4 which basically arises from the factors '/* in y;, (see
Appendix C).

C. Application to strongly interacting systems

Our argument and indices are applicable equally to
strongly interacting systems. Here, we discuss SSH and BBH
models with sufficiently large interactions Hip = ) i Viknjng
with on-site translation symmetry 7 in addition to point group
symmetry. To be precise, the range of Vj; is assumed to be
within the nearest neighbor sites. Although the on-site V, =
V;; will be larger than the intersite V; = Vi (|j — k| = 1) in
a realistic system, we consider the opposite limit Vy < V| to
demonstrate efficiency of our argument to interacting systems
in a simple manner. In this case, the ground state for the strong
coupling limit V; — oo will be a charge-density-wave state.
In this phase, the ground state wave functions for the SSH
model (at half filling p = 1 for an even system size L under
the periodic boundary condition) are adiabatically connected
to

1
Vi) = —=(|¥1) £ |¥2)),

>
(W) = [ chchl0n 192) = [] claciplo).  (20)

Jj:even Jj:odd

This holds true for both the zero vector potential A, =0
and the nonzero vector potential A, = —m /L. The two wave
functions |, ») break the translation symmetry of the Hamil-
tonian, while |W.) are translationally symmetric and are
eigenstates of the translation operator, T;|Wi) = £|W.).
They correspond to the degenerate ground states of the
charge-density-wave phase, which hold for both |f| < |w| and
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[t| > |w| as long as the interaction V; is sufficiently large.
Besides, |W; ,) are common eigenstates of M, and U,. Both
of |W;) and |V;) (and thus |W.)) have the mirror eigen-
values p L/4 (mod 1) for M, where L is even, because
M (C,a ,b)M_ =cf_ bcL_ a=€"c acz for each j
and there are L/2 such factors in Eq. (20) They also have the
common eigenvalue p = 1/2 + L/4 for M, = M, U,, because

27 \
U, |V, 2) = exp ilf Z(—l) ixj | 1W12)
j

= exp(Fim)|V¥12) = —[W12) @1

at the half filling p = 1. [Because of our definition of the
number operator (3) used in Uy (5), nj = £(—1)" in the ideal
charge-density-wave states |V ,).] Therefore Ap = 1/2 for
both states (and thus for |W.)). We emphasize that the index
Ap = 1/2is not limited to Vj; — oo and does not change in
the entire charge-density-wave phase, because it is defined by
the conserved quantum numbers. The nonvanishing Ap cor-
responds to the fact that the charge-density-wave states |W; »)
with broken translation symmetry have nonzero polarization.
Indeed, the polarization is Py = (1/L)};x;n; = £1/2 for
|W) ) under the open boundary condition. This means that
the index Ap can describe the dipole moment not only in
topologically nontrivial band insulators but also in topologi-
cally trivial correlated insulators. Note that Ap is no longer
a topological index for degenerate gapped states, which is
distinguished from the characterization of (uniquely gapped)
symmetry protected topological states.

A similar argument applies to the BBH model (at half fill-
ing p = 2) with |¢|, lw| < V and an even L. The ground states
show a staggered charge-density-wave order when V) <« Vi,
because the square lattice is a bipartite lattice with A and B
sublattices. The translationally symmetric states are adiabati-
cally connected to

1
Vi) = ﬁﬂ%) +[¥2)),

= J]

J:A—sublattice

W)= J]

Jj:B—sublattice

i
¢; cjbc de|0> 22)
Tor

CaC € 1cC1a10)-

Again, this holds true for both zero and nonzero vector po-
tentials. These two states are common eigenstates of C, and
Uy,. The C, eigenvalues for |V 5) are g = L?/4 = 0 (because
L is assumed to be even) similarly to p in the SSH model.
Furthermore, in the limiting charge-density wave states |V »),
the average particle number per unit cell is p = 2 and the
particle number is given as

nj = £2(—1y7. (23)
Thus

A oty
Upy |1 2) = exp :I:lﬁZ(—l)/ﬂ-’xjyj W) 5)
J

= |V ). (24)

(a) (b)
61 —e— AEjg 61 —— AEyg
5 AEy 5 Az
—e— AE3 —— AE3
= =4
= =
w3 w3
< <
2 2
! % :
0 0
2

2
Vi/lt| Vit

FIG. 2. Excitation energy AE,, = E,, — E, in the interacting
SSH model for t = —1.0, w = 0.5¢ with p = 1, L = 4. The vector
potential is (a) A, = O and (b) A, = —n /L.

As a consequence, |W »), and thus their superpositions |W.),
belong to the eigenvalue § = 1/2 + L?/4 = 1/2 of the com-
posite operator Cy4. Therefore

Ag = (25)

1
3
indicating that the charge-density-wave states belong to
the phase with a nontrivial quadrupole index which is
distinct from the trivial phase under the C; symmetry.
This is consistent with the fact that the charge-density-
wave states |y ,) have nonzero quadrupole moments Q,, =
(l/Lz)Zj xjy;jnj = £1/2 under the open boundary condi-
tion. On the other hand, Ag is well defined for the periodic
boundary condition. Furthermore, Agq is invariant within each
phase under the C4; symmetry. Therefore, similarly to Ap, the
index Ag can describe the quadrupole moments not only in
topologically nontrivial band insulators but also in topologi-
cally trivial correlated insulators.

As shown above, the multipole indices are nontrivial in the
strong interacting regime |f|, |w| < V, which is independent
of the ratio w/t. On the other hand, the ground states are
topologically nontrivial for |w| < |¢| and trivial for |w| 2 |¢]
at the weakly interacting regime ||, |w| > V. There must be a
quantum phase transition at V; = V. between a band insulator
for Vi <V, and the charge-density-wave ordered state for
Vi > V., and the many-body energy gap will close there in
a thermodynamically large system. (There might be multiple
quantum phase transitions between V = 0 and V — oo, but
here we just suppose that there is a single phase transition
for simplicity.) The phase transition is smeared in a finite
size system, but the gap closing remains even for small L
when the level crossing takes place between two states with
different quantum numbers. Therefore, the topologically triv-
ial band insulator with Ap = 0 is separated by gap closing
from the charge-density-wave state with Ap = 1/2 for finite
L. This can be demonstrated in the exact diagonalization of
the interacting SSH model with Vy = 0 and V| # 0. In the
numerical calculations, we choose a small system size L = 4
so that each of the nth energy levels E, is clearly visible, and
we have checked that the results are qualitatively unchanged
for larger L. As shown in Fig. 2 for |w/f| < 1, the energy
difference AE)y = E| — Ej between the ground state and the
first excited state is nonzero due to finite size effects, and the
dipole index Ap = 1/2 does not change for all 0 < V| < o0
in a finite size system. AE( will vanish in the thermodynamic
limit corresponding to the (nearly) degenerate states |W.) in
Eg. (20). On the other hand, for |w/¢| > 1 as seen in Fig. 3, the
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(a) (b)
4 — AEy a
AEyo
3 —— AE3 3
= =
—— AEy
1 1 AEa
—e— AE3g
0 0
0 1 3 4 0 1 3 4

2 2
Va/lt| Vi/lt|
FIG. 3. Excitation energy AE,, = E, — E, in the interacting
SSH model for t = —1.0, w = 2t with p = 1,L = 4. The vector
potential is (a) A, = 0 and (b) A, = —x /L.

energy difference AE)) = E; — Ep at |w/t| > 1 becomes zero
at a critical point V(L) =~ 2.4|¢t| when the vector potential is
A, = 0, while the gap remains nonzero for A, = —m /L. Con-
sequently, the ground state has Ap=0—-0=0for V; <V,
and Ap=1/2—-0=1/2forV, > V..

In absence of the additional translation symmetry of the
Hamiltonian, the two states | ¥ ) are no longer degenerate in
general. To be concrete, we introduce a staggered potential,

Hypg = Y (=1)ugn;, (26)
j

which favors one of |W;) or |W,). Then, the ground state for
|lw/t] < 1 is unique for all V| > 0 with the index Ap = 1/2,
where V| = 0 and V; — oo are adiabatically connected with
each other without a phase transition as shown in Fig. 4(a).
Therefore, the dipole band insulator and charge-density-wave
state are essentially the same state when u; # 0. On the other
hand, in the topologically trivial case |w/¢| > 1, the ground
states for V; = 0 and V; — oo can still be well distinguished
by Ap, where Ap = 0 for the former and Ap = 1/2 for the
latter. One can clearly see gap closing even in presence of the
staggered potential in Fig. 4(b). Note that the site-centered
mirror symmetry is kept in both states and this phase transi-
tion is not related to spontaneous mirror symmetry breaking.
(There is no bond-centered mirror symmetry in presence of
the staggered potential.) Numerical calculations suggest that
the gap approaches zero at some V >~ V. as L increases also
in the -flux system at |{w/¢| > 1 (not shown), which implies
that there exists a phase transition irrespective of boundary
conditions. Therefore, the trivial band insulating state and
charge-density-wave state are distinguishable only by the

NP

3 4 0 1

0 1 3 4

2 2
v/l Va/lt|
FIG. 4. Excitation energy AE,, = E,, — E, in the interacting
SSH model for t = —1.0: (a) w = 0.5¢ and (b) w = 2¢ with p =1,
L = 4. The vector potential is A, = 0 and the staggered potential is
uy = 0.1]¢].

site-centered mirror symmetry. This means that there is no
adiabatic path connecting the trivial band insulator and non-
trivial band insulator even in an enlarged Hamiltonian space
with Hiy and Hy,e under mirror symmetry. Similar arguments
may apply to quadrupole insulators.

V. BULK-BOUNDARY CORRESPONDENCE

By using the combined operators, we can naturally
describe a bulk-boundary correspondence for interacting mul-
tipole insulators with the point group symmetry and particle
number U(1) symmetry, which is a many-body generaliza-
tion of the previous studies [12,14,15,18,37-39]. We first
formulate our bulk-boundary correspondence focusing on in-
teracting band insulators where the ground state is uniquely
gapped. That is, we will show that a nontrivial index Ar # 0
requires that a gap closing must take place when the boundary
condition is deformed from periodic to open. Then, rela-
tions to the filling anomaly [40] are discussed. Furthermore,
bulk-boundary correspondence is confirmed by numerical cal-
culations. We emphasize that our argument holds in presence
of interactions and is applicable not only to a band insulator
but also to a correlated insulator whose energy gap is driven
by interactions.

A. Statement and proof

In this paper, we are interested in gapped insulators. Ro-
bustness of the many-body excitation gap is widely accepted
(and often assumed) although not mathematically proven in
general. One of the aspects of the robustness is the robustness
against the insertion of the AB flux [41,42]. That is, the ex-
citation gap is expected not to close for any finite AB flux.
Another is the robustness of the many-body excitation gap
against a cut in a trivially gapped phase. That is, if the system
is in a trivial phase, the gap is expected to remain nonzero
when the system is cut, and there appear no edge/surface
states. In contrast, gapless edge states often appear in topolog-
ical phases. This is a typical manifestation of bulk-boundary
correspondence.

Indeed, here we show that a nontrivial multipole index
Ar # 0 implies the existence of edge states. More concretely,
we prove the following statement

Claim. If the multipole index is nontrivial, Ar # 0, under
the periodic boundary condition, gap closing takes place in the
many-body energy spectrum of either H(A = 0) or H(A # 0)
when the periodic boundary condition is continuously tuned
to the open boundary condition.

The precise meaning of “tuning the boundary condition”
will be explained later.

We illustrate our argument using the examples of SSH
and BBH models, although it is naturally applicable to more
general models. First, let us consider dipole insulators by
using the SSH model under the periodic boundary condition
as shown in Fig. 5(a). The system size L is now assumed to be
odd, so that the corresponding system with the open boundary
condition also has site-centered mirror symmetry. Then we
can define the index Ap as in Eq. (9). We will show that a
gap closing must take place during the “cut,” namely when
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0,1
C

00 1O

FIG. 5. (a) SSH model and (b) BBH model with " = At on the
bonds with red colored broken lines. A = 0 corresponds to an open
chain with the center x = 0 and an open square with the center (0,0),
respectively. If there are other hoppings and intersite interactions,
they are scaled by A in a similar manner.

the boundary condition is modified from periodic to open, if
Ap = %

The cut is implemented by changing the hopping inte-
gral 1’ = At between the sites x; = (L — 1)/2 and (L + 1)/2,
while other hopping integrals are fixed toz. > = 1 corresponds
to the periodic boundary condition and A = 0 does to the open
boundary condition. In presence of other hoppings and inter-
site interactions, they are scaled by the parameter A in a similar
manner. Furthermore, we introduce the AB flux parametrized
by s as A,(s) = —sz /L. Therefore we consider a family of
Hamiltonians in the two-dimensional parameter space (A, s).

Let us define the operator U/(s) = exp(is2w /L Zj Xin;),
where 0 < s < 1. We have introduced the coordinate X; =
xjfor0<x; <(L—1)/2and X; =x; — L for (L+1)/2 <
xj <L — 1. In general, U/(s) introduces a twisted boundary
condition and thus can be used to define a symmetry of the
system, only at s = 0, 1. In other words, U/(s) corresponds
to insertion of s flux quantum as the AB flux and cannot
be related to the large gauge invariance except for s =0, 1.
However, for the open boundary condition A = 0, the system
is completely insensitive to the AB flux, as there is no path
encircling the AB flux. Equivalently, the vector potential A, (s)
can be eliminated by the gauge transformation U/(s) for any
0 < s < 1. [Since there is no hopping term at the boundary
for the open boundary condition A = 0, the twist introduced
by U/(s) can be ignored.] Thus the Hamiltonian on the lines
(A, s =0,1)and (A = 0, s) is invariant under

M. (s) = M U.(s). (27)

We can then define j/(%,s) by the eigenvalue e>*7*%) of
M’ ,(s) for the ground state under the boundary condition
A. This eigenvalue is quantized as p'(A,s) =0, 1/2 and can
change only when gap closing occurs, because [M'(s)]* = 1
holds for 0 < s < 1 (Appendix B).

Now let us connect the two points (A,s) = (1,0) and
(1,1) along the lines O < A< 1,s=1),(A=0,0<s < 1),
and (0 < A < 1,5 =0), as shown in Fig. 6. On the second
segment (A =0,0 < 5 < 1) represented by the red line in
Fig. 6, the Hamiltonian is always gauge equivalent. Thus the
eigenvalue p'(A =0, s) of the symmetry generator remains
unchanged. Furthermore, along the first and third segment,
M. (s) remains the exact symmetry. Therefore, if no gap

S A
¥(1,1) =7
1
(1,0 =r
_a—é
0 1 A

FIG. 6. The (A, s)-lane and lines connecting the two points
(A,s)=(1,0),(1,1), where A and s characterize the boundary
condition and the flux, respectively. 7 (A, s) corresponds to the eigen-
value of M.(s) or Cj(s) in the ground state with the boundary
condition A. These operators commute with the Hamiltonian on the
colored segments, but not on other regions.

closings take place along 0 < A < 1 atboth s = 0 (green line)
and s = 1 (blue line), p'(1, s) remains unchanged. Therefore,
under this assumption, /(A =1,s=1)=p'(A =1,5s =0).
On the other hand, by definition, M/(s = 1) = M, and thus
P(A=1,s=1)=p. Similarly, M.(s =0) =M, and thus
P'(A = 1,5 =0) = p. Thus the assumption of no gap closing
implies p = p and thus the dipole index is trivial: Ap = 0. As
a contraposition, if Ap # 0, there must be a gap closing along
either the first or third segments (0 < A < 1,5 =0, 1). This
signals the presence of gapless edge states.

We note that, in a finite-size system, the gapless edge state
(ground-state degeneracy) does not necessarily appear exactly
at A = 0. Nevertheless, the above argument implies that the
gap closing must take place at a critical value A.(L) € [0, 1]
depending on the system size L, which we confirm numeri-
cally later. In the thermodynamic limit L — oo, A.(L) — 0
is expected, corresponding to the gapless edge states for the
open boundary conditions. This can be also interpreted as the
existence of filling anomaly when Ap # 0 [40] as will be
discussed later.

A similar argument applies to quadrupole insulators with
an odd linear system size L. In this case, our argument is based
on the spectral robustness against the flux in each plaquette,
where the flux 277 /L? = O(L™?) is so small that the spectra
for H(0) and H(A) will be essentially the same [36]. The cut
is implemented by the hopping ¢’ = At for the bonds between
((L—=1)/2,y;) and ((L+1)/2,y;), and (x;, (L — 1)/2) and
(xj, (L +1)/2) as shown in Fig. 5(b), for which the open
boundary condition is realized at A = 0. If there exist other
hoppings and intersite interactions, they are scaled by A in a
similar manner. Then, it is convenient to introduce the coordi-
nate X;,Y; e {—(L—1)/2,...,0,...,(L —1)/2} similarly
to dipole insulators. Accordingly, we make a gauge trans-
formation by U = ¢' 2 /" with fi=0forY; >0and f; =
(27 /L)X for Y; < 0. The combined operator is transformed
to C4 = Cyexp(i2m /L? >;X;¥;n;) and commutes with the
Hamiltonian for 0 < A < 1.

Now we introduce the operator C‘A’l(s) = C4U)éy(s) with
U/, (s) = exp(i2ms/L* )~ ; X;Y;n;) which commutes with the
Hamiltonian with the open boundary condition A =0, in
the gauge: [C‘A’l(s), H(A(s), . = 0)] = 0. It is straightforward
to see (C’j‘(s))4 =1 for 0 <s <1 and its eigenvalues are
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quantized (Appendix B). Again, for the periodic boundary
condition A = 1, the eigenvalue of C 1(s)is givenby g ats = 0
and by g at s = 1. Given these definitions and properties, we
can repeat the same argument as before. That is, if there is
no gap closing while tuning the boundary condition along
0 < A < 1, the quadrupole index Ag = 0. This implies that
there must be a gap closing for A = A, € [0, 1].

We note that the square geometry with corners for the open
boundary condition is crucial in the above discussion, which
is consistent with corner modes in a quadrupole insulator. The
above argument does not apply to a cylindrical system, where
t" is introduced only in one of the x or y direction, because
the C4-rotation symmetry is explicitly broken in such a case.
This would suggest that the gapless modes appear at corners
of the system but not at edges, although their spatial positions
cannot be identified in our argument for the bulk-boundary
correspondence.

In the above discussion, we have used the property that
the small flux 27 /L* does not close an energy gap and the
spectra for H(0) and H(A) are essentially the same in two
dimensions. This can be proved when H (0) has no flux [36],
but the gap might close otherwise because the total flux in
the entire system is Zj 27 /L* = 2w = O(1) which is compa-
rable with the preassumed gap O(1). Although the argument
in the previous study [36] cannot be directly applied to the
BBH model with a flux parameter 8 # 0 which breaks the
time-reversal symmetry, the quadrupole phase is stable [20]
for an extended region of 6 and the energy gap should not
close when the tiny external flux 2w /L2 is added, which will
be true even in presence of interactions [43,44]. Therefore, our
argument on the bulk-boundary correspondence should work
for the BBH model with 8 # 0.

B. Relation to the filling anomaly

Let us discuss the gap closing at A ~ 0 in more detail
based on filling and symmetry of the wave functions [40]. In
our setup, we focus on the particle number fixed sector with
N, electrons for a system with N, atomic sites. For a fixed
system size L, the electron number is N, = pN, = L for the
half-filled SSH model and N, = pN, = 2L? for the half-filled
BBH model. In the following, we focus on the noninteracting
(V = 0) SSH model just for simplicity and similar arguments
apply to the BBH model as well. The concluding statement
holds also for interacting systems, because our analytical
proof in the previous section is applicable to such systems.
Under the open boundary condition (" = 0), the ground-state
wave function is a superposition of the state |W;) with an
excess electron charge on the left edge and the state |Wg) with
an excess electron charge on the right edge. In the limit w = 0,
they are explicitly given by

[WL) Clbl_[ f(cja+cj+lb)|0)
J#r

[Wg) = 1_[

Hﬁr

for t <0, where [ =(L+1)/2andr = (L — 1)/2 are the
sites corresponding to the left edge and right edge,
respectively. These states are mirror symmetry broken

(C,a +cl,y )10 (28)

N o v s
~r~r~r~
LU T
No v s

-
N
o

~r~r~r~

0.00

0.00 0.02 0.04 0.06 0.08 0.10
A

FIG. 7. The energy gap AE as a function of XA for the (a) SSH
model with t = —1, w = 0.6¢ and (b) BBH model with t = —1,
w =036 =6, =27x(5/16,8/25,12/36,16/49) for L=
(4,5,6,7), respectively. These fluxes correspond to 6 = 27 /3 in
the thermodynamic limit.

states, and the charge localized at the left edge site is

(W |m W) = +1/2 compared to the average charge density
p = landalso (W |n,|¥,) = —1/2. Similarly, (Wg|n;|Wg) =
—(Wg|n,|Wg) = —1/2. (The total charge is neutral by defini-

tion.) On the other hand, the two ground states

1
W) = ﬁ(NIL) + |Wg)),

1

[W_) ﬁ(I‘I’L)
are mirror symmetric with different mirror eigenvalues, and
there is no charge accumulation at the edges, (W4 |n|Vy) =
(Wiln,|Wy) =0. (The same notation |Wy) as those in
Sec. IV C is used here for simplicity, but they are different
states.) These ground states are exactly degenerate at w = 0.
Away from the w = 0 limit, each of |\ r) acquires correction
terms, and they will hybridize to obtain an energy separation
which is exponentially small in the system size L, which also
gives an energy gap for |W.). This corresponds to the energy
gap at A = 0 in the numerical calculations in Fig. 7. The finite
size gap will vanish in the thermodynamic limit L — oo, be-
cause distance between the opposite edges becomes infinitely
large.

The gap closing is robust to perturbations which keep the
point group symmetry. Indeed, one can add a perturbation to
the SSH model which breaks the on-site chiral symmetry but
keeps the mirror symmetry, as generally discussed for point
group symmetry protected topological phases [45-47]. For
example, we consider the potential term

pert = ZMJ CinCin (30)

|Wg)) (29)

where uf = uL . by the mirror symmetry. The two states
|W.) are still degenerate, although the single-particle edge
modes acquire a nonzero energy due to the lack of the chiral
symmetry. This means that the gaplessness (or degenerate
ground states) at the charge neutral filling is protected only
by the mirror symmetry, which can be regarded as a variant
of the filling anomaly [40]. In this context, our bulk-boundary
correspondence is a filling anomaly type statement and can be
rephrased as follows.

Claim. Consider a system with a charge neutrality fill-
ing, point group symmetry, and a nontrivial index Ar in the
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uniquely gapped ground state under the periodic boundary
condition. Then, it is impossible to realize a uniquely gapped
ground state under the open boundary condition with keeping
the same filling and symmetry.

The resulting ground state(s) under the open boundary
condition must be either gapless or break the symmetry in the
thermodynamic limit. We stress that the above statement is
valid for interacting systems as well, because our analytical
proof in the previous section is applicable also to such sys-
tems. This becomes important for understanding systems with
strong interactions as will be discussed in the next section.

C. Numerical confirmation of bulk-boundary correspondence

We numerically confirm the bulk-boundary correspon-
dence. To this end, we first show numerical calculations of
single-particle spectra for the noninteracting SSH and BBH
models, where the boundary conditions are tuned by the hop-
ping parameter ¢ = Ar on the specific bonds (Fig. 5). ¢ = ¢
corresponds to the periodic boundary condition and ¢’ =0
describes the open boundary condition. In case of a dipole
insulator, we can also consider ' = —¢ corresponding to the
antiperiodic boundary condition which is equivalent to the
periodic boundary condition with a 7 flux.

We consider the SSH model for both even and odd system
sizes L. Although our proof is not applicable for an even L,
we naturally expect that gap closing takes place in this case
as well similarly to the case of an odd L. As exemplified
in Fig. 7(a), the energy gap AFE at half filling [gap between
the Lth and (L + 1)th single-particle energy levels) is AE ~ ¢
when ' = and it decreases as ¢’ is varied. There is a small
energy gap due to hybridization of the edge modes localized
at opposite ends for a finite L when t' = 0. One can see
that AE = 0 at a critical strength of the hopping parameter
Ac(L) depending on the system size. This is fully consistent
with our proof of the bulk-boundary correspondence, where
it is shown that there exists gap closing when ¢ is tuned to
zero if Ap # 0. The gap closing takes place for any L and
the critical value A.(L — o0) numerically approaches zero in
the thermodynamic limit as physically expected, although we
cannot rigorously prove A.(L — 00) = 0.

The BBH model exhibits similar behaviors. The energy gap
AE at half filling [gap between the 2L?th and (2L + 1)th
single-particle energy levels] is shown in Fig. 7(b). The energy
gap vanishes at a critical A.(L) and it approaches zero in
the thermodynamic limit similarly to the SSH model. Note
that the energy gap AE does not close for L = 4, 6 to which
our proof for an odd L is not applicable, but AE at A =0
approaches zero as L increases and AE for an odd L and an
even L will converge to the same value in the thermodynamic
limit.

The bulk-boundary correspondence holds also for strongly
interacting systems as well, where energy gaps are driven
by the interactions. Here, we consider the interacting SSH
model with the intersite interaction V; at half filling p =1
(see also Sec. IV C), where hopping ¢ and V) are scaled as
t' = At, V) = |A]V) at a bond by the parameter —1 < A < 1.
The system size is taken to be L = 4 since an odd L is in-
compatible with the charge-density-wave order, although our
proof of the bulk-boundary correspondence is not applicable

—— Vi/|t|=0.0
Va/lt] =1.0
—— Vi/Jt|=2.0

—— VIt =0.0
1.25 Va/|t] = 1.0 25
1.00 Va/lt|=2.0 2.0

= »~¢,\ — Vit =3.0 = "’%+ Villt =3.0

—— Vi/|t|]=4.0 o 15 —— V1/|t|=4.0
. <10 ““.“\
0.5
0.0

-1.0 -05 00 0.5 1.0 -10 -05 0.0 0.5 1.0
A

FIG. 8. The energy gap AE between the ground state and the first
excited state as a function of A in the interacting SSH model with
the system size L = 4. The parameters are (a) t = —1, w = 0.5¢ and
byt=-1,w=2t.

to a system with an even L. As in the previous section, each
of the nth energy levels E, is clearly visible for L = 4 and
we have confirmed that qualitative behaviors do not change
for larger L. We naturally expect that the energy spectra for
an even L and an odd L will converge to the same spectrum
in the thermodynamic limit. As shown in Fig. 8, the energy
gap closes around A = O for |w/t| < 1 for any V, because the
dipole index is Ap = 1/2 as was discussed in Sec. IV C. On
the other hand, the gap closing takes place only for V|, > V,.(L)
when |w/f| > 1, because the index is Ap =0 for V| <V,
and Ap =1/2 for V; > V.. The gap closing in the charge-
density-wave ordered states is not related to single-particle
edge modes and is understood based on the filling anomaly
discussed in the previous section (Sec. V B).

VI. SUMMARY AND DISCUSSION

We have proposed the indices Ap and Ag for interacting
dipole and quadrupole insulators under the periodic boundary
condition. In presence of point group symmetries, these in-
dices are quantized and they can well characterize multipole
insulators. There are several advantages of our multipole in-
dices.

(1) They are well defined for general dimensions for ther-
modynamically large systems in contrast to the previously
proposed ones.

(ii) They do not change in a uniquely gapped phase in pres-
ence of the particle number U(1) and point group symmetries.

(iii) They are compatible with the periodicity of the system
thanks to gauge transformations.

(iv) They can be extended to systems with open bound-
aries, which leads to the bulk-boundary correspondence.

Our indices are applicable to bosonic particle systems and
spin systems as well, and hence can be widely used for charac-
terization of topological phases with point group symmetries.
Our approach may be extended to general C,-rotation sym-
metric quadrupole insulators and also octupole insulators in
three dimensions. These are left for a future study.
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APPENDIX A: DEFINITION OF SSH AND BBH MODELS

The SSH model in the present paper is a two-orbital spin-

less fermion model. The intersite hopping t;.‘k” and intrasite
Hnv
J

0 O 0 w
nv [
livsj = (t O)’ wj = (w 0)'

The mirror operation about the origin x = 0 in absence of
a vector potential is M,c;M;' =c;—j;, and MycjpM; ' =
CL—jq- This operator commutes with the Hamiltonian at zero
vector potential, [M,, H(0)] = 0. It is noted that the ground-
state eigenvalues of M, and M, depend on signs of ¢ and w
in each phase because energies of bonding or antibonding
states depend on the signs. On the other hand, the index Ap is
independent of the signs.

The BBH model is a four-orbital spinless fermion model
on the square lattice. The hopping and hybridization are

hybridization w’" are

(AD)

0O 0 0 O
N t 0 0 O
JtRj 0O 0 0 )
0O 0 0 O
0O 0 0 O
0O 0 0 O
o _
i 1o ¢+ o of (A2)
t 0 0 O
0O w 0 w
w | w 0 w 0
Yi=lo w 0 w
w 0 w O

The C; rotation about the origin (0,0) in absence of an exter-
nal vector potential is C4cmC4_l =Rucjv, j =C4j = (L —
yj i .Xj):

(A3)

—_ o O

R, =

=)
SO o=
S o= O

0

Although this model is well defined, it does not have a band
gap at half filling. One needs to introduce a flux 6, # 0 for
each intersite plaquette as a model parameter (which should be
distinguished from the external vector potential A ;) to create
a stable band gap. We add such a flux in the gauge shown
in Fig. 1(c) and also introduce a flux 6,, for each intrasite
plaquette in a C4 symmetric way, w — we'®/*, For simplicity,
we consider 6, = 6,, = 6. The quadrupole phase is extended
for 0 < 6 < m [11,12,20]. The conventional C4-rotation oper-
ator in absence of the external vector potential corresponding
to the flux 27 /L?> = O(L~?) in each plaquette is replaced as
Cy — Cyexp(it, Y jXjyin ;). This operator is the Cy-rotation
symmetry operator of the reference Hamiltonian H(0) in ab-
sence of the external vector potential Aj; and we denote it
simply as Cy.

APPENDIX B: PROPERTIES OF COMBINED MIRROR
AND C4-ROTATION OPERATORS

The square of M, for a one-dimensional system is

2 K24
. _
(M,)" = exp i— Z Lnp_;

)(j:l

L—1
2
X exp —i% S —xpmy | U

x;=1
=1, B1)
where 27 Zf;ll n; = 0 (mod 27r) has been used for an integer
filling p. (Note that n; = Zu cjﬂcm — p.) Clearly, this holds
true for any L and also in higher dimensions.

For an odd L, there is a center site xo =0 for the
mirror operation under the open boundary condition
and it is convenient to introduce the coordinate X; =
—-(L-1/2,...,-1,0,1,...,(L—1)/2, where X;=ux;
for 0<x; <(L—-1)/2 and X; =x; —L for (L+1)/2 <
x; <L—1. In this coordinate, X; = —X;_; under the
mirror operation M,. Therefore, for M.(s) = M U/(s) =
M, exp(is2m /LY 20 Xjn;) = My exp(is2m /L Y5~} Xjn;)
with0 < s < 1:

L—1
- . 2w ,
(M.(s))* = exp —is— § Xp_jni_j |UlGs)
Jj=1

=1. (B2)
It is obvious that M.(0) = M, and M.(1) = M,, which is the
key in the proof of the bulk-boundary correspondence in the

main text.
Similarly, the square of Cy is

(Ca)* = (Ca)’C; ' Uy Cal,y

g Lo
= Cyexp if Z Xjly; y;
xj,y;=1
= C2U2 = Cz. (B3)
The square of C, is evaluated similarly to that of M,:
g Lo
() =exp | i~ )Z:l Lnp—y 1y,
oy Lo
X exp —iT Z (L — xj)n,_,x/.,L,yj U,
xj,yj=1
=1, (B4)

where 27 Zf;l nj = 0 (mod 27) has been used for an inte-
ger filling p. This gives (C4)* = 1 for any L.

When the linear system size L is odd, there is a cen-
ter site for the rotation operation under the open boundary
condition and it is convenient to introduce the coordinate

X, Yj=—(L-1)/2,...,0,...,(L—1)/2 as before. They
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FIG. 9. The gauge for L = 5. The arrows with numbers (in units
of 277 /L?) represent A ;. The bonds with broken red lines have the
hopping #'. Note that, under the open boundary condition " = 0, this
gauge admits a uniform flux 275/L* when the parameter 0 < s < 1
is introduced as A j; — sA j.

behave under the rotation as Gy : (X;,Y;) — (X, Yc,j) =
(=Y}, X;). Correspondingly, we make a gauge transforma-
tion by U = exp(iijjnj) with f; =0forY; > 0 and f; =
(2m /L)X for Y; < 0 as mentioned in the main text. Then,
the combined symmetry operator becomes Cy = C4U,, with
Uy = exp(i27 /L* Y jXjYjn;), where we have suppressed

“f”in CL{ and UXJ; for simplicity. Note that a uniform magnetic
flux 27s/L? is realized under the open boundary condition
t' = 0, when the parameter 0 < s < 1 is introduced as~A ik —>
sA . (Fig. 9). A straightforward calculation gives, for C;(s) =
CaU(s) = Cyexp(is2n /L* Y~ X;¥Y;n;) with 0 < s < 1,

[Ci(s)]* =

because of the r9tati0n response~0f X, YZ) mentioned above.
It is clear that C;(0) = C4 and Cj(1) = C; in the gauge, and
they have the common eigenvalues for each of s = 0 and 1.

(B5)

APPENDIX C: CALCULATION OF Agq
FOR THE BBH MODEL

The ground-state wave function for the topologically non-
trivial case at t < 0, w = 0 is given by Eq. (13) in the main

text, where the operator y;, depends on the plaquette posi-
tion j. Thus we consider four disjoint regions of the system:
HDO0<Lxj,y; KL-2;G)x;=L—1,0<y; <L-—2; (iii)
0<x; <L-2, yJ =L—1,; and(iv)xj =y; =L — 1. When

we wnte Yjo as V,o = 1/2(ujac + ujbcj’ﬂ p T ujccjlﬂﬂ .t
u jdc 5.4)» we have for the regions i—iv
(1) (i) = (@', 0™, VT4 /2,
WD) ()L 14 )=Lxi=y (314 172y (C1)

Ujn

where @ = exp(i2m /L? + i0). These are obtained by suit-
able gauge transformations of u ) . Similarly, for ijl =

At ot ot )
1/2(vjacja + VibCiis +VjeCiiih5.0 T vjdcjﬂﬁ,’d), we have

;2 (i) ((,() l(,()ivj _wfyj71/4’ _ia)l/Z)’
(111) (iv) — ( —Lx,+l/4

Vi e A NN (&)
Then, a straightforward calculation gives
1 _ 1/4 p=imn/2
(1) C4)/MC i % imn ylﬂ’
(11) C4)/j'nC4_ :joYij,-wL(L—yj 1/4 —mn/ZJ/J’rn (CS)
(iii) CM/}LC‘;I = Xj}’ja)—xjyjw1/4e—i71n/2yj‘;n’

. At Al i =y 1/4 —imn)2 T
(iv) Cay)Cr' = 0w Mo eyl

where j' = (L —y; — 1, x;). Therefore, the index Agq is eval-

uated as
271 L—1L-2
2nAg = (2 — p) ny F Zx
x,y=0 x=0 y=0
~1
2w o7 &
+2—ZL(L y=1D =253 "x@L-1)
x=0
L-1
2 1
2= g
x,y=0
1
=21 X 5 (mod 27). (C4)
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