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Many-body higher-order topological invariant for C,-symmetric insulators
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Higher-order topological insulators in two spatial dimensions display fractional corner charges. While frac-
tional charges in one dimension are known to be captured by a many-body bulk invariant, computed by the Resta

formula, a many-body bulk invariant for higher-order topology and the corresponding fractional corner charges
remains elusive despite several attempts. Inspired by recent work by Tada and Oshikawa [arXiv:2302.00800], we
propose a well-defined, many-body bulk invariant for C,-symmetric higher-order topological insulators that is
valid for both noninteracting and interacting systems. Instead of relating them to the bulk quadrupole moment as
was previously done, we show that in the presence of C, rotational symmetry, this bulk invariant can be directly
identified with quantized fractional corner charges. In particular, we prove that the corner charge is quantized as
e/n with C, symmetry, leading to a Z, classification for higher-order topological insulators in two dimensions.
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I. INTRODUCTION

Protected by crystalline symmetries, higher-order topologi-
cal insulators (HOTTIs) exhibit nontrivial gapless or degenerate
states at the higher-order boundaries of a sample, such as
corners in two spatial dimensions and hinges in three spa-
tial dimensions [1-19]. As a paradigmatic example, the
Benalcazar-Bernevig-Hughes (BBH) model [1,2], defined on
a square lattice, is fully gapped in the bulk and at the boundary
but exhibits fractional charges +e/2 at the corners. More
generally, in the presence of C,, C3, and C¢ symmetries, by
directly constructing lattice models, it has been shown that
HOTIs exhibit richer patterns of quantized fractional corner
charges [20]. Beyond HOTIs, the concept of higher-order
topology has since been extended to superconductors [21-31],
semimetals [32-37], and intrinsically interacting bosonic sys-
tems in two and three spatial dimensions [38—45].

Via the bulk-boundary correspondence, the nontrivial
boundary states for HOTIs should be naturally captured by
topological invariants in the bulk. In the BBH model, multiple
topological invariants have been proposed, such as the nested
Wilson loop in the presence of mirror symmetries [1,2] and
eigenvalues of the rotation operator at high-symmetry points
in the Brillouin zone. However, these invariants are based on
band structures, and there is no straightforward generaliza-
tion to interacting systems. Furthermore, as pointed out in
Refs. [2,46], the nested Wilson loop is not protected by a
bulk gap but rather the surface gap, thus making it difficult
to interpret as a bulk topological invariant. A Z4 Berry-phase
topological invariant was proposed in Ref. [47] for the BBH
model, but a bulk-boundary correspondence was not generally
established, and it is not clear how to generalize to different
models.
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For topological insulators in one spatial dimension (1D)
hosting +e/2 fractional charges at the ends, a bulk many-body
topological invariant applicable in the presence of interactions
has been long known as the Resta formula, which captures the
quantized electric polarization density in the bulk. By analogy,
it has been proposed [48,49] that C4-symmetric 2D HOTIs are
characterized by a quantized bulk quadrupole density related
to the phase of the expectation value of the operator,

N 2mi N
nyzexp Fanxjyj , (1)
J

where L is the system size, and #; is the electron density
operator at site j.

However, such a straightforward generalization of the
Resta formula has been shown to be problematic [46], as it
violates the periodic boundary condition and does not always
lead to quantized values. The authors of Ref. [48] showed that
this pathology is related to the nonzero dipolar fluctuations
of the system and is resolved if one instead considers a limit
in which the system has an additional dipole conservation
symmetry. Unfortunately, for a generic system, especially in
the presence of interactions, there is no generic procedure to
take such a dipolar symmetric limit without closing the bulk
gap. Finally, it is unclear how a bulk quadrupole density can
account for various quantization patterns for C,-symmetric
HOTIs, particularly since the crystalline symmetries do not
play any role in the construction of the proposed many-body
invariant.

In a recent work, Tada and Oshikawa [50] proposed
a new many-body invariant for Cs-symmetric HOTIs. The
authors noted that when the system is subject to a 2w
flux, under the Landau gauge, while €, is no longer

a symmetry, C, 56'40)0. is. It was then suggested that
i = (War |Cy|War ) / (WolCy|Wo), in which |y, o) are the
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ground-state wave functions with or without a 2w flux, can
serve as a many-body topological invariant of the system.
The authors argued that this invariant is related to the bulk
quadrupole moment captured by ny but is a well-defined
quantum number and free from the aforementioned issues.
The authors further argued that a nontrivial value taken by
this invariant indicates ground-state degeneracy caused by
the corner states. However, the direct relation between the
quantized fractional corner charge and the bulk invariant was
not established.

A natural question is whether a similar many-body invari-
ant can be defined by generalizing this idea, and whether there
exists a direct correspondence between the bulk invariant and
the fractional corner charge. As we mentioned above, this
may require going beyond the paradigm of bulk multipolar
density. For example, it has been shown that for Cgs-invariant
HOTI, the fractional part of corner charges can take values
of multiples of £e/6 [20]. Depending on the arrangement
of the charges on the six corners, it is not clear how a
single bulk multipolar moment can adequately account for
the corner charge patterns. In fact, we show in Sec. II that
while the corner charges can lead to a planar electric oc-
tupole moment for a macroscopic hexagonal sample, this total
moment cannot come from integrating over a bulk octupolar
density.

In this paper we address these two issues for a C,-
symmetric HOTI. By modifying and extending the results in
Ref. [50], we provide a many-body bulk topological invariant
q satisfying nq € Z, defined under periodic boundary condi-
tions (topologically equivalent to a torus). Defined in Eq. (3),
the topological invariant ¢ is obtained via the ratio of C,
eigenvalues of the ground state with or without a background
27 magnetic flux through the macroscopic sample. As the
associated magnetic field is infinitesimal, this invariant probes
the property of the ground state, protected by a finite energy
gap. For n = 4, in the Landau gauge, our invariant reduces to
that proposed in Ref. [50].

Compared with Ref. [50], our result and its interpretation
do not rely on the connection with a bulk multipolar moment.
In fact, we argue that the resemblance of the many-body
invariant proposed in Ref. [50] with that in Refs. [48,49] based
on an electric quadrupole moment is an artifact of choosing
the Landau gauge. Instead, our work establishes directly a
relation between ¢ and the fractional part of the corner charge
v for a C,-symmetric HOTI in 2D. To that end, the physical
meaning of the bulk invariant becomes clear as we adiabati-
cally turn the hopping amplitudes ¢’ across boundaries of the
system to be parametrically weaker than the bulk, which is
~t. As long as ¢’ remains nonzero, the bulk gap remains open
and the quantized value g cannot change. We show that in the
spirit of the renormalization group (RG), the effective low-
energy Hamiltonian is captured by the hopping and interaction
among localized states near the corners of the system. By
matching the low-energy (IR) and high-energy (UV) data of
the theory, we show that g effectively represents the fractional
part of the electron filling per corner. As one sets ' = 0, the
boundaries become open, and the system host degenerates
localized corner states. Under open boundary conditions, we
obtain the fractional part of the electric charge v at each
corner, which also accounts for the ionic contribution, and

relate it to ¢ via v =¢ mod 1 (in units where the electron
charge e = 1).

Importantly, the many-body invariant and the bulk-
boundary correspondence remain well defined in the presence
of interaction effects. Thus, we conclude that C,-symmetric
second-order topological insulators are classified by Z,. For
crystalline systems, n can only take values of 2,3,4,6, but
for noncrystalline systems (e.g., quasicrystals), n can take all
integer values. Unlike previous attempts, by generalizing bulk
multipolar moments, our construction does not rely on transla-
tion symmetry, and thus we expect our many-body invariant to
be applicable to quasicrystals with a generic n. Interestingly,
corner charges of e¢/4 have been obtained in a twisted bilayer
graphene structure with a twist angle of & = 7 /6 [51]. Such a
system has a Cj, symmetry, and our topological invariant with
n = 12 is indeed compatible with an e¢/4 corner charge.

Recently, classification of C,-symmetric topological
phases in 2D has been studied by several authors [52—62] from
the perspective of generalized Wen-Zee effects [63], which
describe the mixed anomaly between charge symmetry and
spatial rotational symmetry. We show that our bulk invariant is
proportional to the generalized Wen-Zee shift S, and thus the
classification results from the two approaches are consistent.
Compared with these field-theoretic or topological quantum
chemistry [61] approaches, our proof from UV-IR mapping
directly relating the bulk invariant to the second-order topol-
ogy and corner charge is novel.

We demonstrate the results for our many-body invariant
for several lattice models on square and honeycomb lattices.
These lattice models have been shown [20] to exhibit vari-
ous fractional corner chargers within some certain parameter
range. Indeed, the corner charge agrees with a direct calcula-
tion of the many-body invariant, which can only change upon
a gap closing in the bulk. We expect the agreement to hold
quantitatively, even in the presence of interaction effects.

The rest of this paper is organized as follows. In Sec. II
we argue that in general the corner charges in a C,-symmetric
higher-order topological insulator cannot be described by a
bulk electric multipolar moment. In Sec. III we define our
many-body topological invariant via the change of C, eigen-
value upon adding a flux quantum. In Secs. IV and V we
provide two different proofs directly relating our topological
invariant to the fractional corner charge of the system un-
der open boundary conditions. In Sec. VI we show several
examples in which we numerically compute the topologi-
cal invariant as well as their corresponding fractional corner
charges, which remain consistent across topological phase
transitions.

II. INADEQUACY OF A BULK MULTIPOLAR MOMENT
FOR CORNER CHARGES

Before we discuss the many-body invariant, let us begin
by explaining why a bulk multipolar density is inadequate to
account for the corner charges in a Cs-symmetric HOTI.

As was shown in Ref. [20] by a concrete lattice model
(see Sec. VI for more details), a Cg-symmetric HOTI can
host +e/2 charges at the six corners. When the charges
alternate in sign every 7 /6 (see Fig. 1), the system displays
a macroscopic electric octupole moment. According to basic

205123-2



MANY-BODY HIGHER-ORDER TOPOLOGICAL INVARIANT ...

PHYSICAL REVIEW B 109, 205123 (2024)

+e/2

.

‘ —e/2
‘+e/2

—e/2
r
+e/2\

v

—e/2

FIG. 1. The charge distribution of a higher-order topological in-
sulator protected by Cq with alternating -¢/2 charges on a hexagonal
sample. Trying to understand the charge distribution as a direct
consequence of an octupole moment in the bulk is not possible, as
the corner charges do not scale with the system size.

electrodynamics, the octupolar moment is expressed as

O:/mmm@f—ﬁpz—gx&{ )

where p(r) is the electric charge density, and L is the length
of the side of the hexagon.

Note that O ~ L3 for the 2D system in consideration. This
immediately indicates that a bulk octupole density, which
is an intensive quantity, cannot account for the macroscopic
octupolar moment. Indeed, a bulk density can only lead to an
octupolar moment ~L? and thus a vanishingly small corner
charge in the thermodynamic limit.

Therefore, we conclude that in general quantized corner
charges of a C,-symmetric HOTI do not correspond to the
multipolar density in the bulk.

III. DEFINITION OF THE MANY-BODY BULK INVARIANT

The system is defined on a macroscopic 7i-sided regular
polygon (7i-gon) with opposite sides identified. With C,, sym-
metry, 71 > 4 is chosen to be a multiple of n. For example,
for n = 3 we can choose /i = 6. As can be checked from its
Gauss character, this is topologically equivalent to a torus for
all m. Under periodic boundary conditions, due to the Dirac
quantization condition, the magnetic flux through the torus
can only be integers of 2, which we choose to be either 0
and 27 here.

Under symmetric gauge A « (y, —x) in the bulk, as shown
in Fig. 2, the system remains C, symmetric with or without
the 2 flux. The topological invariant is then defined as

exp(2riq) = w (3)

<“I’[0|Cn|ly0)
where Wy, are the ground states of the Hamiltonian in the
absence/presence of a uniform 27 flux through the torus. In
the thermodynamic limit, this represents a vanishingly weak
magnetic field, and the ground states belong to the same phase
protected by the insulating gap. The many-body Hamiltonian

FIG. 2. Adding a magnetic field perpendicular to a C,-symmetric
system using the symmetric gauge does not spoil the C, symmetry.

in the presence of the 27 flux is obtained via Peierls substi-
tution to the background gauge field A. Since the 27 flux can
be viewed as coming from a magnetic monopole inside the
torus, the A field cannot be covered by a single gauge choice.
In particular, the hopping terms across the boundary of the
fi-gon need to be determined separately.

Here we introduce a consistent way to directly determine
the phases of hopping amplitudes across the boundaries that
gives the correct value for flux through loops across a bound-
ary and preserves the C, rotation symmetry. As shown in
Fig. 3 (with n = 7i = 6), the destination of hopping across the
boundary is determined by the periodic boundary condition
of the 7i-gon (the torus). The phase of the complex hopping
amplitude is determined by the line integral of the gauge po-
tential A on a path that involves a counterclockwise circulation
around the boundary. By construction, the system remains
C, symmetric, and as can be seen in Fig. 4, any loop across
the boundary encloses the same flux as it would in the bulk,
modulo 2.

Since (C,)" is proportional to the identity operator, the
eigenvalues of C, are quantized as A,, = exp(2mwim/n)ky. As
a result, we conclude that C,-symmetric HOTIs in 2D are
classified by

nqg € Zy. 4)

FIG. 3. We calculate the invariant on a finite system defined on
a torus. In the Gy case, we obtain the torus by identifying opposite
sides of the hexagon, defining the boundaries of the system as shown
in (a). This identification means that hopping is allowed between unit
cells on opposite boundaries. An example of such hopping is shown
inred in (a). In the presence of the vector potential, hoppings crossing
the boundary obtain a phase 6 that is the line integral of the vector
potential on the contour shown in (b). For other values of n, the values
of hopping amplitudes across boundaries can be obtained similarly.
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FIG. 4. The modified boundary hoppings are designed to ensure
the flux inside the boundary plaquettes is the same as the bulk
plaquettes ¢.

We note that the Z4 classification for C4-symmetric HOTI in
2D has been shown using a Berry-phase topological invariant
in Ref. [47] specifically for the BBH model.

IV. BULK-BOUNDARY CORRESPONDENCE
FROM UV-IR MAPPING

In this section we prove that the topological invariant in
Eq. (3) directly corresponds to the fractional charge local-
ized at the corners of a C,-symmetric 2D insulator. To be
precise, throughout this work, by ‘“corners” we refer to a
set of n elements related by C, symmetry that form its reg-
ular representation. This includes cases with 71 # n, where
the combination of 7i/n neighboring vertices of the 7i-gon
is viewed as a proper corner. Indeed, these vertices can ge-
ometrically merge into one single corner without breaking
C, symmetry. We also emphasize that our proof in this sec-
tion is limited to insulators with trivial first-order topology (no
protected gapless edge modes). While g can generally be cal-
culated even for, e.g., a Chern insulator or a weak topological
insulator, the corner charge is only well defined when the edge
is gapped. We demonstrate one such example in Sec. VI A for
the model at quarter filling.

The corner excitations can be made energetically distinct
from the bulk by setting all hopping amplitudes across edges
and corners ¢’ to be much smaller than their bulk counterpart
t [64], as shown in Fig. 5. In the process of decreasing ¢’ the
energy gap is kept open and thus the value of " cannot
change, whose nth power must be 1. In an RG sense, as
the energy scale of the system flows from ¢ to ' <« ¢, the
system can be described by an effective IR Hamiltonian. In
the absence of gapless edge states, when t' = 0, we expect
the Hilbert space of the IR Hamiltonian to be supported on
the corners. The IR Hamiltonian describes hopping among n
sites, forming a ring (see Fig. 5; the exact hopping pattern
depends on n and is not important for our purposes). The
C, symmetry for the entire system gets mapped to discrete
translation symmetry 7, of the ring.

Now, the bulk invariant (3) computed using the UV Hamil-
tonian can be expressed purely by physics in the IR, which
ultimately describes the same ground state. The IR physics

¥ < It §

e 0o 0 0 0 o
e o 0 0 o
n

FIG. 5. Let the magnitudes of hoppings crossing boundaries be
|#'] and those in the bulk be |¢| as shown in the figure on the left. We
can take open boundary conditions by setting |#'| = 0. In this limit
we expect the system to host corner charges. Studying the system
with || < |t|, the model representing the low-energy physics is
that of particles hopping on a ring, as shown in the figure on the
right. If the original system has a flux ® = 0, 27 piercing the bulk,
the low-energy ring also has the same flux going through it. The
ground state of the low-energy model after threading the flux is
related to the ground state before threading the flux by a large gauge
transformation.

is much simpler—in particular, adding a 27 flux to the bulk
is simply captured by a large gauge transformation to the
n-site ring. Matching UV with IR, we have the following
identification:

Co ~ T W) ~ [9), W) ~ Ulgo),  (5)
where T, is the translation operator of the n-site boundary
system, L[A] is an integer ¢ number corresponding to the total
angular momentum from UV (bulk) fermionic modes, |) is
the ground state of the IR Hamiltonian with and without the
27 flux, and U is the large gauge transform operator given by

U =e Xinhii, (6)
where 71 is the electron number operator at corner j, 1 < j <
n, and we have sete = 1.

First, we show that in the thermodynamic limit, the angular
momentum from the bulk L[A] is independent of A, i.e., it
does not change upon on the insertion of the 27 flux. We
express the bulk operator [[A] as

. 1 n—1
Lial=— 3" > tejme ), )

rebulk £=0

where ¢, (r) is an annihilation operator that transforms as a 1D
irreducible representation of the C,, group:

co(r) = % ; exp znrfng[(Cn)j rl, ®)

where c(r) is the annihilation operator at r comprising only
bulk modes, and (C,)’r is the coordinate of a site at r subject
to j consecutive C, rotations. The expectation value L[A] can
be obtained using Green’s function. We have

n—1 n

N Y4 . .
LIAI=(LIAD = ) Y D~ Galr, (CY'r], 9)

rebulk (=0 j=1
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where

Ga(r,r') = (Walc" (r)e ()| Wa). (10)

For any bulk sites r, it is straightforward to see that G4 (r, r) =
n(r), i.e., the electron density at site r, which is independent
of the magnetic flux and A. For j # 0 we have for a bulk
insulator

2
Galr, (C,)'r] o 8:[r — (C,)rlexp (icpf,#) (11)

Here L is the system size, ®4 is the magnetic flux through the
system, and 8¢ (r) is a wave packet rapidly decaying beyond a
characteristic length &. The decaying behavior of G4 follows
from the fact that the system is an insulator in the bulk with a
correlation length & « L. Importantly, since the fermions are
projected to only include bulk modes, the correlation function
has no “shortcuts” across the corners, and thus G4 [r, (C,)/r]
is significant only for r near the origin. The presence of a mag-
netic flux ®,4 introduces an additional phase via (the shortest)
path connecting r and (C, )/r. However, in the thermodynamic
limit L >> &, 8¢ (r) can be replaced by §(r) for the summation
in Eq. (9). We have
Nn-1)

LA X ) s
where N is the total number of electrons. We see that the A
dependence vanishes. For this reason, using the identification
in Eq. (5), we can rewrite the topological invariant ¢*™¢ in
terms of IR quantities as

12)

(YolUTT,U o)
(Yol Tulyo)

Effectively, we have deformed the system in consideration
from a 2D sample to a ring with n sites, with or without a
27 flux penetrating it, shown in Fig. 5. As we explained, the
main advantage is that the wave functions of the ground state
with or without the 27 flux simply differ by a large gauge
transformation U'.

The operators for the n-site ring have the following algebra,

(14)

exp(2miq) = (13)

P N
Tnnj Tn =nNj41,
which leads to

UTY}UTn_1 = g i/ = e 2P, (15)

where p =) jRj/n is the average electron number operator
for each corner. Thus the topological invariant evaluates to

(WolUT,U |40)
(Yol Tulbo)

Notice that since there are nonvanishing hopping amplitudes
between the corners (¢'), the ground state |1) is not an eigen-
state of the particle number 71; on each site. However, since
UV and IR degrees of freedom decouple in the t' <« ¢ limit,
the state |) involving only IR degrees of freedom (the corner
electrons) should conserve particle number. Therefore 3, 7
is a good quantum number, and so is p. We can thus equate the
right-hand side of Eq. (16) with €™ where p = (p) mod 1
is the fractional part of the average electron number at the
corners.

exp(2riq) = = (Yole P |).  (16)

We see that our topological invariant defined in Eq. (3)
satisfies

qg=—p modl, (17)

i.e., captures the fractional filling of the ring formed by n
corner states. Incidentally, we note that this derivation us-
ing the braiding algebra between translation and large gauge
transformation is quite similar to the nonperturbative deriva-
tion of Luttinger’s theorem in 1D [65,66], which formally
corresponds to the n — oo limit.

The corner charge for a HOTI is computed under open
boundary conditions, i.e., ' = 0. To this end, we note that
the ground state [1/y) can be written as a superposition of
localized states |¢;) without entanglement among the corners,
all of which have the same total corner electron number 7np.
When ¢ = 0, all |¢;) states become degenerate ground states.
However, for all |¢;), the electron occupation numbers for
each corner can only take integer values, e.g., either O or 1.
In a HOTI, the corner charge comes from the combination
of both electrons and ions when ¢ = 0. We know that for a
tight-binding model with periodic boundary conditions and
t' # 0, each corner is electrically neutral, even if the electrons
contribute a fractional charge p to each corner. After all, the
electronic charge is compensated by ions in a tight-binding
model. This indicates that when corner electron filling be-
comes integer valued under open boundary conditions, there
must be a fractional net charge v, which amounts to the ad-
ditional electronic contribution between integer and fractional
filling. We have

(18)

where the charge of an electron is set to e = 1. This completes
our proof that the bulk topological invariant in Eq. (3) directly
captures the fractional part of the corner charge under open
boundary conditions. Just like g, the fractional charge v is
quantized by 1/n of the electron charge.

‘We emphasize that our proof applies to both interacting and
noninteracting cases. Indeed, our proof only used the local na-
ture of the single-particle Green’s function in the bulk and the
algebraic relations between 7;, and U, none of which relies on
the noninteracting limit. Finally, we note that our proof above
does not rely on translation symmetry in the bulk either. This
indicates that the Z, invariant can be extended to noncrys-
talline systems with a generic value of n. As we mentioned in
the Introduction, it has been obtained that a model defined
in a twisted bilayer graphene structure with a twist angle
6 = /6 and a Cj, rotation symmetry displays an e/4 corner
charge. From Eqs. (4) and (18), indeed this is compatible with
our topological invariant. It would be interesting to directly
compute it for the Cj,-symmetric model in Ref. [51], although
it remains to be seen how such a noncrystalline system may
be placed on a torus.

v=—p=gq modl,

V. RELATION TO THE WEN-ZEE TERM

Recently, several works [52—-62] have studied 2D C,-
symmetric topological phases using a topological responses
which include the crystalline generalization of the Wen-Zee
term. Here we briefly summarize the key results and then
demonstrate the complete agreement between our approach
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of UV/IR mapping for Eq. (3) and the approach from a
generalized Wen-Zee effect.

The low-energy physics of a 2D symmetry-protected topo-
logical crystalline insulator (TCI) is described by the Abelian
Chern-Simons theory [52,60,63,67,68]:

et Io J
Lok = — e 1.70,0,a;
E;w)» , Eiuv ,
+ A, 0,a, + —sjw; 0,4, 19
21 R Ty (19

where A, is the external electromagnetic gauge field and w;
is the spin connection, i.e., the gauge-field-associated spatial
rotational symmetry U (1), in 2D. We have followed the Ein-
stein convention to sum over repeated indices. The K matrix
of a 2D TCI has the following general form [67,68],

A I 0
K=1M®<O _1), (20)

where 1 ~Nxn 18 the identity matrix of N dimensions. The 2N-
dimensional vector f = (t1, ..., tyy)" is known as the charge
vector, while 5 = (51, ..., sov)’ is known as the spin vec-
tor of a rotational-symmetric Abelian topological order [63].
After integrating out the dynamical gauge fields afL, which
describe the low-energy topological excitations of the system,
we achieve an effective field theory for quantized responses of
the TCI,

Oy S
Eeff = 4—;EMUAAM8UA)\ + ZGM }LAMal,(,z))L

£
+ Ee““wﬂauwx, 1)

where the Hall conductance o, (in unit of e’ /h) and the Wen-
Zee shift S [63] are given by [69]

Oyy = Tk, S=sTK"t; £,=sTKls. (22)
In particular, the last term Lwen.zee = %Adw of the response
theory (21), known as the Wen-Zee term [63], describes
the quantized response from the mixed anomaly between
global charge symmetry U (1), and spatial rotational symme-
try. Initially proposed for systems with continuous rotation
symmetry, the Wen-Zee term has been extended to crystalline
systems with discrete C, rotation symmetries [52,53,55]. The
key feature with discrete C, rotation is that the shift S is de-
fined modulo n, i.e., S € Z,, leading to the same classification
as ours.

The Wen-Zee term can be interpreted in two ways as
follows:

(i) In terms of orbital angular momentum (in units of %)
carried by a fluxon excitation (i.e., a flux quantum) in the TCI
phase [55],

9 Lwenze0 %A, — 3,A, @
Lz(®)=f—w z =/S—’ Y _S—. (23)
dwy 21 21

Specifically, a single fluxon (® = 2x) carries an orbital an-
gular momentum of L,(27)=S. As we mentioned, our
topological invariant (3) precisely measures this angular mo-
mentum, and thus

LD S o4
n n

(ii) In terms of quantized charge (in units of ¢) localized as
a disinclination [52,56,62],
EOU a,wj

al:Wen—Zee
w(©) = [ e o s
Pdis(®) / oA, / o

since a disclination can be regarded as a curvature flux of the
spin connection w that is equal to —®, where ® is the Frank
angle.

Reference [62] has recently shown that for an Abelian
topological order with both charge conservation and C, ro-
tational symmetry, when the system is placed on an n-gon,
the corner charge g is the same as a disclination with Frank
angle ® = 2m/n. This can be easily understood from the
disclination charge formula (25): for a finite sample to create a
O = 27” disclination on an n-gon, one has to remove a slice of
the n-gon with a corner. As the slice removed from the sample
must have integer charge, the fractional charge hosted on the
corner of the slice now must be trapped at the disclination. We
then have

®
=-5—, (25
7 29

S
0 = pdis = ——. (26)
n

Combining Egs. (24) and (26), and noting that S is a defined
modulo n, we immediately obtain the bulk-boundary corre-
spondence (17).

VI. EXAMPLES

In this section we numerically demonstrate the capa-
bility of our invariant to capture the topology of various
C,-symmetric insulators. For numerical simplicity we focus
on noninteracting cases, while we leave the numerical verifi-
cation for interacting systems to future work.

For the fourfold-symmetric case, we calculate the invariant
for the BBH model at half and quarter filling. The half-filling
case has e/2 corner charges, and the quarter-filling case has
3e/4 corner charges. For the sixfold-symmetric case, we cal-
culate the invariant for the two models that can generate all
possible Cg-symmetric higher-order phases [20]. For a macro-
scopic hexagonal sample, these models host ¢/2 and 2e/3
charges on the vertices. In the following we introduce all the
models and present the numerical evaluation of the proposed
topological invariant in Eq. (3).

All tight-binding models we study have the following
structure:

HA)= —w Z Cho Migp(A) crp
R

—1 Y chy Hin (A) cr g, (27)
(R.R')

R.R

where cg o is the annihilation operator for an electron at site
R and orbital o, and (R, R’) indicates a sum over nearest-
neighbor sites. The models are all similar in that there are
two competing hopping terms, an intraunit cell hopping term
whose magnitude is given by |w| and an interunit-cell hopping
term whose magnitude is given by |¢|. The different models
are characterized by the different number of orbitals per unit
cell, number of nearest neighbors, and hopping patterns en-
coded in the hopping matrices hgg'.
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FIG. 6. Tight-binding model for a quadrupole insulator. In (a) the hopping terms are defined. We use a 7 /2 flux per plaquette to study the
model at both half and quarter filling. Panel (b) shows the topological invariant evaluated for the model at half filling, and the insets show the
local density of states (LDOS) for the two phases of the model. The invariant correctly captures the phases and its value predicts the correct
corner charges as in Eq. (18). At quarter filling with open boundary conditions, the model has gapless edge modes, which we get rid of by
applying a staggered potential on the edges in a fourfold-rotation symmetric way as shown in (c). Orbitals on the edge marked by red have
a positive on-site potential energy. Such a staggered potential is physically equivalent to inducing a charge density wave on the edge to make
sure it is gapped. In panel (d) we calculate the invariant at quarter-filling and also show the corner modes for the gapped phases. Again, the

value of the invariant correctly corresponds to the corner charges.

A. Fourfold-symmetric model with 3e/4 and e/2 corner charges

The prototypical example of an insulator hosting ¢/2 cor-
ner charges is the BBH model, which is a four-band model
defined on a square lattice. Originally the model was defined
with a 7 flux per plaquette [2]. This leads to the bottom two
bands being degenerate, and when filled the model has e/2
corner charges. We modify the model in a way that makes
filling just one band of the model more natural by threading
a /2 flux instead of  per plaquette, putting all four bands
of the model at different energies. A C4-symmetric version is
shown in Fig. 6(a), where every gray circle represents a unit
cell and the black nodes represent the different orbitals. We
take the positions of the orbitals to be at the centers of the
unit cells, but draw them at different positions in Fig. 6(a) for
better visual representation.

The hopping matrices for the 7 /2 BBH model can be
written explicitly as

0 1 0 1

1 0 1 O
her@A) =1, o _;|’

1 0 i O

hise R(A) = hy_, R(A)

0 0 0 O
, 1 0 0 O
= expliggee kA1 0 g |
0O 0 0 O
hRte, R(A) = hy_, R(A)
0O 0 0 O
. 0O 0 0 O
=expligrie @l o | o o @9
1 0 0 O

where the primitive lattice vectors e; and e;, and the orbital
numbering are defined on the right in Fig. 6(a). The phases
drr(A) are calculated using the Peierls substitution in the
case of bulk hopping terms and through the prescription de-
scribed in Fig. 3 in the case of hopping terms crossing the
boundary of the sample.

The model here has a fourfold rotation symmetry Cy : R =
aey + bey — —be, + aey with its action on the orbitals given
by

(29)

Cy =

SO = O
(=l e )
-~ O OO
S oo~
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FIG. 7. We calculate our topological invariant for two different C4 models that host corner charges. The model shown in (a) has a filling of
three electrons per unit cell to ensure the bulk and edges are neutral. This model hosts £e/2 charges at the corners for w/¢t > 1. The model in
(b) has a filling of two electrons per unit cell to achieve charge neutrality in the bulk and edges. This model hosts —2¢/3, e/3 corner charges

forw/t > 1.

We note that since we use the symmetric gauge to add the
magnetic field, this form of symmetry is the same even for
nonzero A.

At half filling, the model has two phases. For |w/f| < 1
it is in the topological phase, and for |w/f| > 1 it is in the
trivial phase [2]. In Fig. 6(b), we numerically evaluate our
invariant g using a periodic boundary condition as discussed
in Sec. III. The results show that the invariant does capture
the topological phase transition of the model by suddenly
changing value at the phase transition. According to Eq. (18),
the value ¢ = 1/2 in the topological phase predicts that the
system under open boundary conditions exhibits fractional
corner charge e/2 mod e.

In the insets of Fig. 6(b), we plot the local density of states
(LDOS) using open boundary conditions for a representa-
tive point in each phase of the model. Working in a basis
where there is no entanglement between different corners,
we pick one ground state and plot the LDOS. The values of
the LDOS confirm that the model indeed hosts £e/2 corner
charges.

We also solve the model and its invariant at quarter filling.
The invariant along with the corner charges are calculated in
Fig. 6(d). From the results we see that the model has three
phases as we increase the ratio |w/f|. For |w/f| < 1, the
model is in the topological phase and host corner charges. In
particular, ¢ = —1/4, which predicts corner charges v = 3e/4
mod e. As |w/t] is increased, the bandwidths increase and the
lower two bands overlap, leading to a gapless phase at quarter
filling. For |w/¢| > 1 the bandwidths decrease once more,
and we obtain a gapped phase that is trivial with no corner
charges.

We compute the fractional corner charges from LDOS
under open boundary conditions. One subtlety here is that
at quarter filling the bulk has a nonzero polarization that
leads to gapless edges. This can be resolved by adding a
staggered potential on the edge unit cells while still pre-
serving the C4 symmetry in such a way as to open the
edge gap and make it neutral. As shown in Fig. 6(c), the
orbitals on the edge marked in red have an additional pos-
itive potential energy shift. Physically, this can be thought
of as inducing an edge charge density wave (CDW) in a
fourfold-symmetric way that cancels the edge charges due
to the bulk polarization. In the insets of Fig. 7(c) we plot
the LDOS under open boundary conditions in the topological
and trivial phases. The LDOS for a ground state confirms
that the model has 3e/4 corner charges in the topologi-
cal phase which are captured by the invariant as expected
from Eq. (18).

B. Sixfold-symmetric models with e/2, 2¢/3,
and e/6 corner charges

The sixfold-symmetric models are defined on a triangu-
lar lattice. They have a similar structure to the BBH model
with intraunit-cell hopping terms that are proportional to w
and interunit-cell hopping terms that are proportional to z.
Specific models hosting e/2 and 3e/2 corner charges were
proposed in Ref. [20], and are defined in Figs. 7(a) and 7(b),
respectively.

The sixfold rotation symmetry is Cg : R = ae; + bey; —
(a —b)e; + ae, with the orbitals transforming as the
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following:

(30)

Co =

cleoloNel "=
S OO~ OO
SO = OO O
O = OO OO
=N =l )
SO OO O

As discussed in Sec. III, we calculate the invariant on a
hexagonal sample under periodic boundary conditions imple-
mented by identifying opposite sides of the hexagon. This
treatment is essential for maintaining Cg in the presence of
a nonzero vector potential. We consider the model in Fig. 7(a)
at half filling and the one in Fig. 7(b) at 1/3 filling, both of
which can be straightforwardly expressed in the form of a
tight-binding Hamiltonian in Eq. (27). The invariants and the
resulting corner charges under open boundary conditions are
calculated for both models as shown in Figs. 7(c) and 7(d).
Similar to the BBH model at half filling, the models have
two phases that are determined by the ratio between intra-
and interunit-cell hoppings |w/¢|. For |w/t| < 1 the models
are in the topological phase with different corner charges. As
shown in Figs. 7(b) and 7(c), the invariant captures the phase
transition of both models and takes different values for the
topological phases of the two models, reflecting the different
corner charges consistent with Eq. (18).

Finally, by simply combining the tight-binding models in
Fig. 7(a) at half filling and in Fig. 7(b) at 1/3 filling, we see
straightforwardly the topological invariant in the topological
phase has ¢ = 1/6 and exhibits ¢/6 corner charge.

VII. CONCLUSION

In this work we proposed a Z, many-body topological
invariant for 2D second-order topological insulators with C,
rotation symmetry. Our construction does not rely on multi-
polar moments in crystalline systems, which we argued to be

inadequate to capture the second-order topology for a general
n. Via a UV-IR matching, we directly demonstrated the corre-
spondence between the topological invariant in the bulk and
the fractional electric charges at the corners quantized to be
multiples of e/n. We also clarified the connection between our
invariant with the generalized Wen-Zee shift for C,,-symmetric
systems.

Compared to the various topological invariants proposed
for higher-order topological insulators, our result readily ap-
plies in the presence of interactions for a generic C, rotation
symmetry, and even in the absence of translation symmetry.
In particular, it will be interesting to compute the topological
invariant in this work for quasicrystal systems, some of which
has been recently shown to exhibit fractional corner charges.

It will be interesting to extend the topological invariant
here to other higher-order topological phases, such as higher-
order topological superconductors or higher-dimensional
systems. For a higher-order topological superconductor, the
magnetic flux is trapped in vortices, and it has been shown
recently for noninteracting systems there exists a correspon-
dence [70] between corner Majorana modes and the Majorana
bound states in the vortex. An extension of our topological in-
variant for superconductors may generalize the vortex-corner
correspondence beyond the noninteracting limit [71]. We
leave these interesting issues to future work.

ACKNOWLEDGMENTS

We thank J. Herzog-Arbeitman, M. Barkeshli, G. Y. Cho,
T. L. Hughes, M. Oshikawa, Y. Tada, Y. You, and R.-X. Zhang
for useful discussions. A.J. and Y.W. are supported by the
NSF under Award No. DMR-2045781. Y.M.L. is supported by
the NSF under Award No. DMR-2011876. Y.W. and Y.M.L.
acknowledge support by Grant No. NSF PHY-1748958 from
the Kavli Institute for Theoretical Physics (KITP) and No.
NSF PHY-2210452 from the Aspen Center for Physics.

[1] W. A. Benalcazar, B. A. Bernevig, and T. L. Hughes, Quantized
electric multipole insulators, Science 357, 61 (2017).

[2] W. A. Benalcazar, B. A. Bernevig, and T. L. Hughes, Electric
multipole moments, topological multipole moment pumping,
and chiral hinge states in crystalline insulators, Phys. Rev. B
96, 245115 (2017).

[3] F. Schindler, A. M. Cook, M. G. Vergniory, Z. Wang, S. S. P.
Parkin, B. A. Bernevig, and T. Neupert, Higher-order topologi-
cal insulators, Sci. Adv. 4, eaat0346 (2018).

[4] H. Shapourian, Y. Wang, and S. Ryu, Topological crystalline
superconductivity and second-order topological superconduc-
tivity in nodal-loop materials, Phys. Rev. B 97, 094508 (2018).

[5] J. Langbehn, Y. Peng, L. Trifunovic, F. von Oppen, and P. W.
Brouwer, Reflection-symmetric second-order topological in-
sulators and superconductors, Phys. Rev. Lett. 119, 246401
(2017).

[6] L. Trifunovic and P. W. Brouwer, Higher-order bulk-boundary
correspondence for topological crystalline phases, Phys. Rev. X
9,011012 (2019).

[7] E. Khalaf, Higher-order topological insulators and supercon-
ductors protected by inversion symmetry, Phys. Rev. B 97,
205136 (2018).

[8] R.-X. Zhang, W. S. Cole, X. Wu, and S. Das Sarma,
Higher-order topology and nodal topological superconductivity
in Fe(Se,Te) heterostructures, Phys. Rev. Lett. 123, 167001
(2019).

[9] F. Liu, H.-Y. Deng, and K. Wakabayashi, Helical topological
edge states in a quadrupole phase, Phys. Rev. Lett. 122, 086804
(2019).

[10] Z. Yan, Majorana corner and hinge modes in second-order topo-
logical insulator/superconductor heterostructures, Phys. Rev. B
100, 205406 (2019).

[11] Y. Xu, Z. Song, Z. Wang, H. Weng, and X. Dai, Higher-order
topology of the axion insulator Euln,As,, Phys. Rev. Lett. 122,
256402 (2019).

[12] D. Célugaru, V. Juric¢i¢, and B. Roy, Higher-order topological
phases: A general principle of construction, Phys. Rev. B 99,
041301(R) (2019).

205123-9


https://doi.org/10.1126/science.aah6442
https://doi.org/10.1103/PhysRevB.96.245115
https://doi.org/10.1126/sciadv.aat0346
https://doi.org/10.1103/PhysRevB.97.094508
https://doi.org/10.1103/PhysRevLett.119.246401
https://doi.org/10.1103/PhysRevX.9.011012
https://doi.org/10.1103/PhysRevB.97.205136
https://doi.org/10.1103/PhysRevLett.123.167001
https://doi.org/10.1103/PhysRevLett.122.086804
https://doi.org/10.1103/PhysRevB.100.205406
https://doi.org/10.1103/PhysRevLett.122.256402
https://doi.org/10.1103/PhysRevB.99.041301

AMMAR JAHIN, YUAN-MING LU, AND YUXUAN WANG

PHYSICAL REVIEW B 109, 205123 (2024)

[13] Q. Wang, D. Wang, and Q.-H. Wang, Entanglement in a second-
order topological insulator on a square lattice, Europhys. Lett.
124, 50005 (2018).

[14] S. Franca, J. van den Brink, and I. C. Fulga, An anomalous
higher-order topological insulator, Phys. Rev. B 98, 201114(R)
(2018).

[15] H. Li and K. Sun, Pfaffian formalism for higher-order topolog-
ical insulators, Phys. Rev. Lett. 124, 036401 (2020).

[16] P. Zhu, K. Loehr, and T. L. Hughes, Identifying C,-symmetric
higher-order topology and fractional corner charge using entan-
glement spectra, Phys. Rev. B 101, 115140 (2020).

[17] M. Geier, L. Trifunovic, M. Hoskam, and P. W. Brouwer,
Second-order topological insulators and superconductors with
an order-two crystalline symmetry, Phys. Rev. B 97, 205135
(2018).

[18] M. Ezawa, Higher-order topological insulators and semimetals
on the breathing kagome and pyrochlore lattices, Phys. Rev.
Lett. 120, 026801 (2018).

[19] H. Fan, B. Xia, L. Tong, S. Zheng, and D. Yu, Elastic higher-
order topological insulator with topologically protected corner
states, Phys. Rev. Lett. 122, 204301 (2019).

[20] W. A. Benalcazar, T. Li, and T. L. Hughes, Quantization of frac-
tional corner charge in C,-symmetric higher-order topological
crystalline insulators, Phys. Rev. B 99, 245151 (2019).

[21] Y. Wang, M. Lin, and T. L. Hughes, Weak-pairing higher order
topological superconductors, Phys. Rev. B 98, 165144 (2018).

[22] S. A. A. Ghorashi, X. Hu, T. L. Hughes, and E. Rossi,
Second-order Dirac superconductors and magnetic field in-
duced Majorana hinge modes, Phys. Rev. B 100, 020509(R)
(2019).

[23] J. Ahn and B.-J. Yang, Higher-order topological superconduc-
tivity of spin-polarized fermions, Phys. Rev. Res. 2, 012060(R)
(2020).

[24] Z. Yan, Higher-order topological odd-parity superconductors,
Phys. Rev. Lett. 123, 177001 (2019).

[25] R.-X. Zhang, W. S. Cole, and S. Das Sarma, Helical hinge Ma-
jorana modes in iron-based superconductors, Phys. Rev. Lett.
122, 187001 (2019).

[26] N. Bultinck, B. A. Bernevig, and M. P. Zaletel, Three-
dimensional superconductors with hybrid higher-order topol-
ogy, Phys. Rev. B 99, 125149 (2019).

[27] R.-X. Zhang, Y.-T. Hsu, and S. Das Sarma, Higher-order
topological Dirac superconductors, Phys. Rev. B 102, 094503
(2020).

[28] R.-X. Zhang, J. D. Sau, and S. Das Sarma, Kitaev building-
block construction for inversion-protected higher-order topo-
logical superconductors, Phys. Rev. B 108, 115146 (2023).

[29] B. Roy, Higher-order topological superconductors in P-, T -
odd quadrupolar Dirac materials, Phys. Rev. B 101, 220506(R)
(2020).

[30] Z. Yan, F. Song, and Z. Wang, Majorana corner modes in a high-
temperature platform, Phys. Rev. Lett. 121, 096803 (2018).

[31] B. J. Wieder, Z. Wang, J. Cano, X. Dai, L. M. Schoop, B.
Bradlyn, and B. A. Bernevig, Strong and fragile topological
Dirac semimetals with higher-order Fermi arcs, Nat. Commun.
11, 627 (2020).

[32] M. Lin and T. L. Hughes, Topological quadrupolar semimetals,
Phys. Rev. B 98, 241103(R) (2018).

[33] H. Zeng, W. Duan, and H. Huang, Generalization of
the nested Wilson loop formalism in topological Dirac

semimetals with higher-order Fermi arcs, Phys. Rev. Res. §,
L042003 (2023).

[34] Z. Xiong, Z.-K. Lin, H.-X. Wang, S. Liu, Y. Qian, and J.-H.
Jiang, Valley higher-order Weyl semimetals, Phys. Rev. B 108,
085141 (2023).

[35] R. Chen, B. Zhou, and D.-H. Xu, Quasicrystalline second-order
topological semimetals, Phys. Rev. B 108, 195306 (2023).

[36] Y. Zhou and P. Ye, Entanglement signature of hinge arcs, Fermi
arcs, and crystalline symmetry protection in higher-order Weyl
semimetals, Phys. Rev. B 107, 085108 (2023).

[37] Z.-M. Wang, R. Wang, J.-H. Sun, T.-Y. Chen, and D.-H. Xu,
Floquet Weyl semimetal phases in light-irradiated higher-order
topological Dirac semimetals, Phys. Rev. B 107, L121407
(2023).

[38] M. Serra-Garcia, V. Peri, R. Siisstrunk, O. R. Bilal, T. Larsen,
L. G. Villanueva, and S. D. Huber, Observation of a phononic
quadrupole topological insulator, Nature (London) 555, 342
(2018).

[39] C. W. Peterson, W. A. Benalcazar, T. L. Hughes, and G. Bahl,
A quantized microwave quadrupole insulator with topologically
protected corner states, Nature (London) 555, 346 (2018).

[40] S. Mittal, V. V. Orre, G. Zhu, M. A. Gorlach, A. Poddubny,
and M. Hafezi, Photonic quadrupole topological phases, Nat.
Photon. 13, 692 (2019).

[41] A.ElHassan, F. K. Kunst, A. Moritz, G. Andler, E. J. Bergholtz,
and M. Bourennane, Corner states of light in photonic waveg-
uides, Nat. Photon. 13, 697 (2019).

[42] Y. Chen, Z.-K. Lin, H. Chen, and J.-H. Jiang, Plasmon-
polaritonic quadrupole topological insulators, Phys. Rev. B 101,
041109 (2020).

[43] L. He, Z. Addison, E. J. Mele, and B. Zhen, Quadrupole topo-
logical photonic crystals, Nat. Commun. 11, 3119 (2020).

[44] Z.Pu, H. He, L. Luo, Q. Ma, L. Ye, M. Ke, and Z. Liu, Acoustic
higher-order Weyl semimetal with bound hinge states in the
continuum, Phys. Rev. Lett. 130, 116103 (2023).

[45] J. A. Medina-Véazquez, E. Y. Gonzilez-Ramirez, and J. G.
Murillo-Ramirez, Corner states in photonic higher-order Dirac
semimetals, Phys. Rev. A 107, 053511 (2023).

[46] S. Ono, L. Trifunovic, and H. Watanabe, Difficulties in
operator-based formulation of the bulk quadrupole moment,
Phys. Rev. B 100, 245133 (2019).

[47] H. Araki, T. Mizoguchi, and Y. Hatsugai, zy, Berry phase
for higher-order symmetry-protected topological phases, Phys.
Rev. Res. 2, 012009(R) (2020).

[48] W. A. Wheeler, L. K. Wagner, and T. L. Hughes, Many-body
electric multipole operators in extended systems, Phys. Rev. B
100, 245135 (2019).

[49] B. Kang, K. Shiozaki, and G. Y. Cho, Many-body order pa-
rameters for multipoles in solids, Phys. Rev. B 100, 245134
(2019).

[50] Y. Tada and M. Oshikawa, Many-body multipole index and
bulk-boundary correspondence, arXiv:2302.00800.

[51] S. Spurrier and N. R. Cooper, Kane-Mele with a twist: Qua-
sicrystalline higher-order topological insulators with fractional
mass kinks, Phys. Rev. Res. 2, 033071 (2020).

[52] B. Han, H. Wang, and P. Ye, Generalized Wen-Zee terms, Phys.
Rev. B 99, 205120 (2019).

[53] S.Liu, A. Vishwanath, and E. Khalaf, Shift insulators: Rotation-
protected two-dimensional topological crystalline insulators,
Phys. Rev. X 9, 031003 (2019).

205123-10


https://doi.org/10.1209/0295-5075/124/50005
https://doi.org/10.1103/PhysRevB.98.201114
https://doi.org/10.1103/PhysRevLett.124.036401
https://doi.org/10.1103/PhysRevB.101.115140
https://doi.org/10.1103/PhysRevB.97.205135
https://doi.org/10.1103/PhysRevLett.120.026801
https://doi.org/10.1103/PhysRevLett.122.204301
https://doi.org/10.1103/PhysRevB.99.245151
https://doi.org/10.1103/PhysRevB.98.165144
https://doi.org/10.1103/PhysRevB.100.020509
https://doi.org/10.1103/PhysRevResearch.2.012060
https://doi.org/10.1103/PhysRevLett.123.177001
https://doi.org/10.1103/PhysRevLett.122.187001
https://doi.org/10.1103/PhysRevB.99.125149
https://doi.org/10.1103/PhysRevB.102.094503
https://doi.org/10.1103/PhysRevB.108.115146
https://doi.org/10.1103/PhysRevB.101.220506
https://doi.org/10.1103/PhysRevLett.121.096803
https://doi.org/10.1038/s41467-020-14443-5
https://doi.org/10.1103/PhysRevB.98.241103
https://doi.org/10.1103/PhysRevResearch.5.L042003
https://doi.org/10.1103/PhysRevB.108.085141
https://doi.org/10.1103/PhysRevB.108.195306
https://doi.org/10.1103/PhysRevB.107.085108
https://doi.org/10.1103/PhysRevB.107.L121407
https://doi.org/10.1038/nature25156
https://doi.org/10.1038/nature25777
https://doi.org/10.1038/s41566-019-0452-0
https://doi.org/10.1038/s41566-019-0519-y
https://doi.org/10.1103/PhysRevB.101.041109
https://doi.org/10.1038/s41467-020-16916-z
https://doi.org/10.1103/PhysRevLett.130.116103
https://doi.org/10.1103/PhysRevA.107.053511
https://doi.org/10.1103/PhysRevB.100.245133
https://doi.org/10.1103/PhysRevResearch.2.012009
https://doi.org/10.1103/PhysRevB.100.245135
https://doi.org/10.1103/PhysRevB.100.245134
https://arxiv.org/abs/2302.00800
https://doi.org/10.1103/PhysRevResearch.2.033071
https://doi.org/10.1103/PhysRevB.99.205120
https://doi.org/10.1103/PhysRevX.9.031003

MANY-BODY HIGHER-ORDER TOPOLOGICAL INVARIANT ...

PHYSICAL REVIEW B 109, 205123 (2024)

[54] Y. You, J. Bibo, and E. Pollmann, Higher-order entanglement
and many-body invariants for higher-order topological phases,
Phys. Rev. Res. 2, 033192 (2020).

[55] N. Manjunath and M. Barkeshli, Crystalline gauge fields and
quantized discrete geometric response for Abelian topological
phases with lattice symmetry, Phys. Rev. Res. 3, 013040 (2021).

[56] Y. Zhang, N. Manjunath, G. Nambiar, and M. Barkeshli, Frac-
tional disclination charge and discrete shift in the Hofstadter
butterfly, Phys. Rev. Lett. 129, 275301 (2022).

[57] Y. Zhang, N. Manjunath, G. Nambiar, and M. Barkeshli, Quan-
tized charge polarization as a many-body invariant in (2 + 1)D
crystalline topological states and Hofstadter butterflies, Phys.
Rev. X 13, 031005 (2023).

[58] Y. Zhang, N. Manjunath, R. Kobayashi, and M. Barkeshli, Com-
plete crystalline topological invariants from partial rotations in
(2 + 1)D invertible fermionic states and Hofstadter’s butterfly,
Phys. Rev. Lett. 131, 176501 (2023).

[59] N. Manjunath, V. Calvera, and M. Barkeshli, Characterization
and classification of interacting (2+1)D topological crystalline
insulators with orientation-preserving wallpaper groups, Phys.
Rev. B 109, 035168 (2024).

[60] J. May-Mann and T. L. Hughes, Crystalline responses for
rotation-invariant higher-order topological insulators, Phys.
Rev. B 106, L.241113 (2022).

[61] J. Herzog-Arbeitman, B. A. Bernevig, and Z.-D. Song, Inter-
acting Topological Quantum Chemistry in 2D with Many-Body
Real Space Invariants, Nat. Commun. 15, 1171 (2024).

[62] N. Manjunath, A. Prem, and Y.-M. Lu, Rotational symmetry
protected edge and corner states in Abelian topological phases,
Phys. Rev. B 107, 195130 (2023).

[63] X. G. Wen and A. Zee, Classification of Abelian quantum Hall
states and matrix formulation of topological fluids, Phys. Rev.
B 46, 2290 (1992).

[64] To display corner fractional charge in open boundary condi-
tions, in some cases one would need to add an on-site potential
to the corner and/or the edge to ensure the chemical potential
passes the corner modes. In those cases, for our proof we would
also need to add the same potential in addition to taking ¢’ < t.

[65] M. Oshikawa, Topological approach to Luttinger’s theorem and
the Fermi surface of a Kondo lattice, Phys. Rev. Lett. 84, 3370
(2000).

[66] D. V. Else, R. Thorngren, and T. Senthil, Non-Fermi liquids
as ersatz Fermi liquids: General constraints on compressible
metals, Phys. Rev. X 11, 021005 (2021).

[67] M. Levin and A. Stern, Classification and analysis of two-
dimensional Abelian fractional topological insulators, Phys.
Rev. B 86, 115131 (2012).

[68] Y.-M. Lu and A. Vishwanath, Theory and -classification
of interacting integer topological phases in two dimen-
sions: A Chern-Simons approach, Phys. Rev. B 86, 125119
(2012).

[69] The ¢, term here does not take into account the framing anomaly
discussed in Ref. [72].

[70] R.-X. Zhang, Bulk-vortex correspondence of higher-order topo-
logical superconductors, arXiv:2208.01652.

[71] Y. You, Anomalous flux state in higher-order topological super-
conductors, Phys. Rev. Res. 5, 023201 (2023).

[72] A. Gromov, G. Y. Cho, Y. You, A. G. Abanov, and E. Fradkin,
Framing anomaly in the effective theory of the fractional quan-
tum Hall effect, Phys. Rev. Lett. 114, 016805 (2015).

205123-11


https://doi.org/10.1103/PhysRevResearch.2.033192
https://doi.org/10.1103/PhysRevResearch.3.013040
https://doi.org/10.1103/PhysRevLett.129.275301
https://doi.org/10.1103/PhysRevX.13.031005
https://doi.org/10.1103/PhysRevLett.131.176501
https://doi.org/10.1103/PhysRevB.109.035168
https://doi.org/10.1103/PhysRevB.106.L241113
https://doi.org/10.1038/s41467-024-45395-9
https://doi.org/10.1103/PhysRevB.107.195130
https://doi.org/10.1103/PhysRevB.46.2290
https://doi.org/10.1103/PhysRevLett.84.3370
https://doi.org/10.1103/PhysRevX.11.021005
https://doi.org/10.1103/PhysRevB.86.115131
https://doi.org/10.1103/PhysRevB.86.125119
https://arxiv.org/abs/2208.01652
https://doi.org/10.1103/PhysRevResearch.5.023201
https://doi.org/10.1103/PhysRevLett.114.016805

