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Higher order topological insulators (HOTIs) are a novel form of insulating quantum matter, which are
characterized by having gapped boundaries that are separated by gapless corner or hinge states. Recently, it
has been proposed that the essential features of a large class of HOTIs are captured by topological multipolar
response theories. In this paper, we show that these multipolar responses can be realized in interacting lattice
models, which conserve both charge and dipole. In this paper we study several models in both the strongly
interacting and mean field limits. In two dimensions we consider a ring-exchange model which exhibits a
quadrupole response, and can be tuned to a C, symmetric higher order topological phase with half-integer
quadrupole moment, as well as half-integer corner charges. We then extend this model to develop an analytic
description of adiabatic dipole pumping in an interacting lattice model. The quadrupole moment changes during
this pumping process, and if the process is periodic we show the total change in the quadrupole moment is
quantized as an integer. We also consider two interacting three-dimensional (3D) lattice models with chiral hinge
modes. We show that the chiral hinge modes are heralds of a recently proposed “dipolar Chern-Simons” response,
which is related to the quadrupole response by dimensional reduction. Interestingly, we find that in the mean field
limit both the two-dimensional and 3D interacting models we consider here are equivalent to known models
of noninteracting HOTIs (or boundary obstructed versions). The self-consistent mean field theory treatment
provides insight into the connection between free-fermion (mean field) theories having vanishing polarization

and interacting models where dipole moments are microscopically conserved.
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I. INTRODUCTION

Through intense theoretical effort, symmetry protected
topological phases (SPTs) have become a well understood
area of condensed matter physics [1-9]. The most notable
feature of these phases of matter is that they have a gapped
bulk and robust surface states. As the name implies, the sur-
face states of an SPT are protected by a symmetry of the
system, and in the absence of this symmetry the system can
be smoothly deformed into a trivial insulator without closing
the bulk gap. For example, in one dimension there exists an
SPT protected by inversion symmetry with quantized half-
integer surface charges [10,11], and in three dimensions there
exists an SPT protected by time reversal symmetry that hosts
a single surface Dirac cone [12,13]. Additionally, there are
also topological phases, where the surface states remain robust
even in the absence of any symmetry. In two dimensions
such a topological phase is realized in integer quantum Hall
insulators [14].

In addition to their gapless surfaces states, the topological
nature of SPTs is also manifest through various quantized
topological response phenomena. For example, the aforemen-
tioned one-dimensional (1D) SPT has a half-integer quantized
polarization response, the two-dimensional (2D) topological
phase has a quantized Chern-Simons response, and the three-
dimensional (3D) SPT has quantized axion electrodynamics
[15-18]. Additionally, certain topological responses are also
related to each other through a dimensional hierarchy [16].
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For example, the 2D Chern-Simons/quantum Hall response
on a thin torus can be mapped onto the charge polarization
response of a 1D insulator. In this limit, the Laughlin gauge
argument for Hall current in two dimensions [19] maps onto
Thouless charge pumping in one dimension [20]. In SPTs,
topological responses such as these are quantized by the in-
terplay of topology and symmetry, and are robust, provided
the relevant symmetry is preserved, and the bulk of the system
remains gapped. Because of their sharp quantization, topolog-
ical responses can be used to predict experimentally relevant
characteristics of topological materials.

While the study of SPTs initially focused on systems pro-
tected by internal symmetries, it has since evolved to show
that there is a rich array of topological systems that are
protected by spatial symmetries—referred to as topological
crystalline insulators [21-26]. Of particular interest for this
paper are topological crystalline insulators having gapped
boundaries, but which exhibit gapless corner or hinge modes.
Systems with these novel surface states are known as higher
order topological insulators (HOTIs) [27-33]. The first exam-
ple was provided in Ref. [27], where it was shown that there
exists a noninteracting HOTI in two dimensions that can be
protected by C; spatial rotations symmetry (or M, and M, mir-
ror symmetries for a boundary obstructed phase [27,34]). This
model exhibits a symmetry-quantized quadrupole moment,
and when defined on a lattice with a boundary this HOTT has
half-integer charges localized at its corners. Similar to how a
polarized 1D system can be related to a 2D Chern insulator by
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dimensional reduction, the 2D quadrupole insulator is related
to a 3D HOTI with chiral hinge modes [28]. Due to the
rich phenomena exhibited by the quadrupole insulator and
its cousins, HOTIs have attracted a great deal of theoretical
attention. In particular, there have been several works classi-
fying these systems according to their symmetries [35-38].
Despite these advances, the topological response of HOTIs
still remains largely nebulous. This is in striking contrast
to SPTs with internal symmetries, and topologically ordered
systems, which have well understood topological responses.

Recently, it has been proposed that the topological re-
sponses of certain HOTIs can be written in terms of symmetric
rank-2 gauge fields [39]. Rank-2 gauge fields are symmetric
two index gauge fields A;; that, for scalar-charge theories,
transform as A;; — A;; + 0;0;A under a gauge transforma-
tion A. In the last several years, rank-2 gauge fields have
attracted attention in condensed matter physics because of
their relation to fracton phases [40,41]. A key feature of
these gauge theories is that Gauss’s law for rank-2 gauge
fields naturally conserves both charge and dipole [42—44]. In
particular, this inherent dipole conservation leads to modified
dynamics for the excitations in fracton phases [40,45-50].
Indeed, the exotic conservation laws can force quasiparticles
to be either immobile or confined to move along subdimen-
sional manifolds, such as lines or planes in three dimensions.
In lattice models, this subdimensional confinement can be
interpreted as arising from a microscopic dipole conservation
law [48,51,52]. Because of this, it has been proposed that
the essential physics of fracton systems can be captured by
effective rank-2 gauge theories. Generally it has been shown
that rank-2 gauge fields can couple to matter theories that
conserve the dipole [53]. In these systems, the dipole moment
can be treated as the conserved charge of a global 1-form
symmetry [54-56].

Returning to HOTIs, it was shown in Ref. [39], that a
rank-2 quadrupole response can describe the quantized cor-
ner charges of a 2D HOTI. This rank-2 quadrupole response
can be considered as a rank-2 analog of the (rank-1) charge
polarization of a 1D system [57]. Similar to how charge po-
larization describes the surface charge of a system, the rank-2
quadrupole response describes the boundary polarization and
corner charge of a system. The rank-2 quadrupole response
is also related to a topological response in three dimensions
by dimensional reduction. This 3D response is a kind of
dipolar Chern-Simons response [39], and it can describe a
3D HOTI with chiral hinge modes. As noted before, rank-2
gauge fields can couple only to matter theories that conserve
a dipole moment. In order to conserve the dipole, such a the-
ory must not have any single-particle charge dynamics, since
single-particle charge transport changes the dipole moment of
a system. However, it is possible to have multiparticle charge
dynamics in a dipole conserving system, e.g., correlated/pair
hopping terms which are represented by quartic interaction
terms. Because of this, the multipolar rank-2 topological
responses of Ref. [39] most naturally describe interacting
HOTIs.

In this paper, our goal is to develop tools to further investi-
gate these interacting HOTIs and their topological responses,
and then to apply our techniques to several dipole conserv-
ing lattice models of interacting fermions. To analyze these

systems, we formulate a linear response theory of the rank-2
quadrupole moment of dipole conserving solids. This formu-
lation of the quadrupole moment is largely analogous to the
linear response formulation of polarization in charge conserv-
ing solids [58]. Similar to how a change in polarization is
viewed as a pumping of charge across the system, here the
change in the quadrupole moment is viewed as a pumping
of dipoles across the system. For a system with boundaries,
the change in quadrupole moment can also lead to surface
charge currents and a change in corner charges. Using our
linear response formalism, we are able to exactly calculate
the quadrupole response of the interacting quadrupole model
of Ref. [39] and provide an alternative confirmation that it
is a HOTT having a quantized quadrupole moment. Interest-
ingly, we also provide a protocol for tuning the parameters
of the model to fully demonstrate a dipole pumping process
in this strongly interacting system, i.e., we can see how the
dipole is pumped across the system as the quadrupole mo-
ment of the system is tuned by varying parameters of the
model. Furthermore, we show that analyzing the model within
a self-consistent mean field theory approximation maps this
interacting HOTI to the noninteracting quadrupole model of
Ref. [27]. We can use this mean field approximation to demon-
strate a remarkable connection between noninteracting HOTIs
and topological rank-2 responses, the latter of which would
naively apply only to systems with exact dipole conservation.

We then move on to consider two interacting 3D models.
The first model we study is related to the dipole conserving
2D interacting quadrupole model by dimensional reduction.
This model conserves the dipole moment along the x and y
directions, and is invariant under C,7 symmetry (the prod-
uct of C4 symmetry and time reversal symmetry 7). Since
the 3D dipole Chern-Simons response is related to the 2D
rank-2 quadrupole response via dimensional reduction [39],
we expect this 3D model to exhibit a quantized dipole Chern-
Simons response and have chiral hinge modes. Indeed, we are
able to show that the bulk and surface responses of this 3D
model are identical to those predicted by the dipole Chern-
Simons theory. We also verify that this model supports chiral
hinge modes that are consistent with C,7 symmetry. Similar
to the 2D case, we show that within a self-consistent mean
field approximation this interacting 3D HOTI is equivalent
to a known noninteracting chiral hinge insulator in three di-
mensions. The second 3D model we consider is a related
interacting model that is invariant under M,7T (the product
of M, mirror symmetry and time reversal symmetry 7) and
M, T (the product of M, mirror symmetry and time reversal
symmetry 7) instead of C4 7. This model also has chiral hinge
modes; however, in the mean field limit, this model is equiva-
lent to a layered system that harbors dangling Chern insulators
on the top and bottom surfaces having Chern number 41 and
—1, respectively. Because of this, the mean field model consti-
tutes a “boundary-obstructed topological insulator” using the
terminology of Ref. [34].

In summary, our work on the generic formalism and the
explicit 2D and 3D models represents a further link be-
tween higher order topological phases protected by spatial
symmetries and analogous fractonlike systems having stricter
multipole conservation laws. Our paper is organized as fol-
lows. In Sec. II we motivate our linear response formulation
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FIG. 1. The bound charges of a 1D sample with polarization
P, = P, (gray) embedded in a 1D vacuum with P, = 0 (white).

of the quadrupole moment by reviewing the linear response
theory of polarization, and considering relevant examples.
In Sec. III we formulate a linear response definition of the
rank-2 quadrupole response in solids. We use this formalism
to calculate the quadrupole response of a dipole conserving
2D lattice model and show how adiabatic deformations of the
model can lead to a change in the quadrupole moment via
dipole pumping. We also show that this lattice model can be
tuned to a C; symmetric topological phase, with half-integer
quadrupole moment. In Sec. IV we review the 3D dipolar
Chern-Simons response theory, which is related to the rank-2
quadrupole response in two dimensions by dimensional re-
duction. In Sec. V we present a 3D C,7 symmetric lattice
model that is related to the dipole conserving 2D lattice model
we discussed earlier by dimensional reduction. We show that
this model realizes the dipole Chern-Simons response and has
protected chiral hinge modes. In Sec. VI we present a related
M, T and M, T symmetric lattice model in three dimensions.
We show that this model also has protected hinge modes, and
that it is related to a boundary obstructed phase in the mean
field limit. We conclude our results in Sec. VII. We also have
several appendices that contain the technical details of our
calculations.

II. LINEAR RESPONSE THEORY OF POLARIZATION

Before considering the linear response theory of the
quadrupole moment in solids, it will be useful to first review
the modern linear response theory of polarization [58] (from
here on we will use the terms “dipole moment” and “polariza-
tion” interchangeably in this paper). For simplicity we shall
focus on systems in one dimension. Our starting point is the
effective response action for a system with polarization P:

Sp = /dtdex(aon — 0,A). (1)

Here, the gauge fields A, and A are background fields that
serve as probes for the charge responses of the system. To
show that Eq. (1) does in fact describe the polarization of a
1D system, let us consider an infinite line where P, = P, for
0<x <L, and P, = 0 everywhere else. This corresponds
to a finite 1D system with polarization Py embedded in an
unpolarized vacuum. According to Eq. (1), the electric charge
is jo = &Sp = —0,P,. This means that a charge of —FPy will
be localized at the x = 0 boundary, and a charge of +PF,
will be localized at the x = L, boundary (see Fig. 1). This is
exactly the boundary charge distribution we expect for a 1D
system with polarization Py.

An important feature of Eq. (1) is that 9,A; — 9,A, is a total
derivative. Because of this, there are only nontrivial charge
responses when P, varies in space or time, e.g., when bound-
aries are present. In other words, only changes in polarization
are observable. This was a key insight in the development of

the modern theory of polarization [15,59,60]. In this frame-
work, the “polarization” of a given system is properly defined
as the polarization of a system relative to an (unpolarized)
reference state trivial insulator (which is often taken to be a
trivial atomic insulator). With this in mind, let us consider the
change in polarization during an adiabatic process. Physically,
this change in polarization can be attributed to the pumping
of charge across the system, i.e., to a charge current. If we
parametrize the adiabatic process by 6, then the change in
polarization for a system that is minimally coupled to a flat
background gauge field A, is given by

9 i (0195 |n) (n| 2L £10) (0 | 22 1n) (n| 5£10)
L ,
a0 €—0 eL#O €e+Ey—E e~|—E,,—E0

@)

where H is the Hamiltonian of the system we are considering,
and |n) is an energy eigenstate with energy E,. After some
algebra, this expression can be rewritten in terms of a Berry
curvature as

0 ] 0
—Px—’[ <|—|>——<o >} 3)

a6 0A,

where |0) is the ground state wave function of the model being
considered, and we are implicitly taking |0) to be a function
of both the adiabatic parameter 6 as well as the background
gauge field A,. Equation (3) is invariant under shifting |0)
by an arbitrary phase that depends on 6 and A,. Because of
this, we can choose an overall phase for the ground state wave
function such that ﬁ(m% |0) = 0. For this choice, the total
change in polarization during an adiabatic process is found to
be

AP, = . 4
x [ (© oA, )} “)
For band insulators, where the ground state can be written as a
product of eigenfunctions of the single-particle Hamiltonian,
the change in polarization can written as

AP_A|:—1)/ Zakl Iak):| (5)

oEeoce
where |o, k) are the eigenfunctions of the single-particle
Hamiltonian, « is the band index, and the sum is over the oc-
cupied bands. This is the celebrated Berry phase formulation
of the polarization of band insulators [15,60].

An important feature of this framework is that AP, is only
defined modulo an integer. In Eq. (4) this ambiguity is due to
the fact that the ground state wave function can be multiplied
by the gauge invariant Wilson loop |0) — exp(i [ dxA,)|0)
(we set e =h = 1). In Eq. (5) this ambiguity is due to the
fact that the eigenfunctions of the single-particle Hamiltonian
can be shifted by the k, dependent phase |, k) — e |, k).
In both cases, the redefinition of the ground state wave func-
tion does not change any physical properties of the ground
state, but it will shift the polarization by +1. Physically, this
phase shift corresponds to moving every particle in the system
over by one unit cell. For a system with periodic boundary
conditions, such a translation is trivial. For a system with
boundaries, translating each particle over by one unit cell will
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add or remove a single unit of charge from the boundaries.
This effect can be canceled by adding an integer number of
electrons to the boundaries and hence does not meaningfully
affect the bulk polarization of the system.

The integer ambiguity in the polarization enables the iden-
tification of an SPT protected by inversion symmetry. The
polarization response in Eq. (1) is odd under inversion sym-
metry, so in an inversion symmetric system P, = —P,. Since
P, is only defined modulo an integer, P, = —P, is satisfied
when P, =0 or 1/2. The former corresponds to a trivial
insulator with no fractional boundary charges, while the latter
corresponds to a 1D SPT with half-integer boundary charges.
It is well known that this SPT can be realized in the Su-
Schrieffer-Heeger (SSH) model for polyacetylene [10].

Having established the linear response theory of polariza-
tion, it will be useful to apply this formalism to a lattice
model. We would also like to verify that the polarization is
only defined modulo an integer, and that the polarization is
quantized in units of 1/2 in an inversion symmetric system.
To do this, we shall consider the SSH Hamiltonian with an
additional onsite potential term:

HSSH _ ZCT(kx)hSSH(kx)c(kx),
kx

WSU(k,) = (u+ vcos(k,))t; + vsin(k.)r, + s, (6)

where ¢ = (c¢y, ¢2), and t; are the Pauli matrices. Here, u
and v are the amplitudes for intracell and intercell hopping,
respectively, and w is the strength of the onsite potential.
When p = 0, the model has inversion symmetry. Here, we are
interested in the change in polarization during an adiabatic
process, and so we will make the parameters u, v, and u
functions of an adiabatic parameter 6. Specifically, we will
set

u = max(cos(8), 0),
v = max(— cos(6), 0), @)
= —sin(f).

This process is periodic with respect to 6, and the Hamiltonian
at & = 0 is the same as the Hamiltonian at 6 = 2. Addition-
ally, the system has inversion symmetry when 8 = 0(27) and
7. Using Eq. (5) the polarization of this system is given by

0 for0 <6 <xw/2
AP, = %[1 —sin(@)] form/2 <0 <L3x/2, (8
1 for3n/2 <0 < 2n

where AP, = P,(6) — P,(0). The polarization as a function
of 6 during this process is shown in Fig. 2. From this cal-
culation we can clearly see that when 6 is increased from 0
to 27 the polarization of the system increases from 0 to 1.
As noted before, this process is periodic, confirming that the
polarization is only defined modulo an integer. Additionally,
the model we are considering has inversion symmetry when
60 = 0(2m) and 7, and at these points the polarization is 0(1)
and 1/2, respectively. At = 0(2x) the system only has intra-
cell terms, and hence is a trivial inversion symmetric insulator.
At 0 =  we therefore expect that the system is in the SPT
phase with polarization P, = 1/2. In this phase, the model has
half-integer charges localized at it boundaries.

APy 1/2¢

FIG. 2. The change in polarization AP, = P.(6) — P,(0) of
Eq. (6) as a function of the adiabatic parameter 6 in Eq. (7).

It is also useful to consider the fully continuous
parametrization of the SSH chain [as opposed to the piecewise
continuous parametrization in Eq. (7)]:

u=7y[l+cos)],
v = v(const), )
w = —ysin(@).

For v/y < 2, this pumping process is topologically equiv-
alent to the one given in Eq. (7). In particular, at 6 = 7,
the parametrization in Eq. (9) leads to the same inversion
symmetric SPT discussed earlier, and as 6 is increased from 0O
to 27 the polarization P, increases by +1. Additionally, since
the parametrization depends smoothly on 6, we can relate the
1D model to a 2D model by identifying 6 with the lattice
momentum ky. This 2D model is an insulator with Chern
number +1. For a more detailed discussion of this mapping
see Ref. [16].

III. QUADRUPOLE MOMENT IN DIPOLE
CONSERVING SYSTEMS

Having reviewed the linear response formulation of po-
larization, we can now turn our attention to determining the
rank-2 quadrupole response of a system. This formulation will
largely parallel the formulation of polarization we reviewed
in Sec. II. Here, we shall start by considering the quadrupole
response term. For a 2D system coupled to a background
rank-2 gauge field, the Qy, quadrupole response term is given
by [39]

So = / dtdrQ.y[0:0,A0 — 9 A]. (10)

This term can naturally be interpreted as the rank-2 general-
ization of the polarization response given in Eq. (1). In two
dimensions, there are also xx and yy quadrupole responses,
which can be written analogously to Eq. (10). Here, we shall
focus on the xy quadrupole response. It is straightforward
to generalize the results of this section to other quadrupole
responses.

To show that Eq. (10) does indeed give the desired physics
of a model with nonvanishing quadrupole moment, let us
consider an infinite 2D plane, where Q,, = Qp for 0 < x < L,
and 0 <y < L,, and Q,, = 0 everywhere else. This corre-
sponds to a rectangular system with quadrupole moment Qy
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FIG. 3. The bound charges of an open boundary 2D sample with
quadrupole moment Q,, = Oy (gray) embedded in a 2D vacuum with
0,y = 0 (white).

embedded in a 2D vacuum. Using jy = &‘%OSQ = 0,0,0yy, We
find that this system has charge +Qy localized at (x,y) =
(0,0) and (Ly, Ly), and charge —Qy localized at (x,y) =
(0,Ly) and (L,,0) (see Fig. 3). This is exactly the corner
charge distribution we expect for a system with quadrupole
moment Q.

Since 9,0yAg — 9;Ay, is a total derivative, Eq. (10) is
only nontrivial when Qy, varies in space or time, e.g., when
boundaries are present. Because of this, only changes in the
quadrupole moment are observable. In this framework, the
“quadrupole moment” of a given system is properly defined
as the quadrupole moment of a system relative to a refer-
ence state. Based on this, we will consider the change in the
quadrupole moment during an adiabatic process. Analogously
to how a change in polarization is caused by pumping charges,
here the change in the quadrupole moment can be attributed
to pumping dipoles. If we parametrize the adiabatic process
by 6, then the change in quadrupole moment Q,, for a system
that is coupled to a flat background gauge field A,y is given by

3 _ i (0152 |n ><n|3H |0)
9920 = Imy €LyLy 4 Z [ €+ Ey—E,
(0] - In)(nl IO)}
- : (11)
€ +En —E()

As before, this expression can be simplified and written in
terms of a Berry curvature as

l
9o Oxy = _L[BAW(<O|89|O>) — 9((0104,10))],  (12)

x by

where |0) is the ground state of the microscopic model we
are considering, and L; is the length of the system in the i
direction. Here, we are implicitly treating the ground state
wave function as a function of both the adiabatic parameter
0 and the rank-2 gauge field A,,. Equation (12) is invariant
under shifting the wave function by an arbitrary phase that
depends on 6 and A,,. Because of this, we can choose an
overall phase for the ground state wave function such that
d4,,({0]94]0)) = 0. For this choice of phase Eq. (12) can re-
duce to

AQyy = A[ (0194, IO)} 13)

LiL,

A similar expression for the quadrupole moment was pre-
sented in Ref. [61].

Based on Eq. (13), we can infer that the quadrupole mo-
ment Q,, is only defined modulo 1. This is because the
ground state wave function can be multiplied by the gauge in-
variant “Wilson surface” |0) — exp(i f dxdyAyy)|0). Shifting
the ground state wave function by such a term will increase
the quadrupole moment Q,, by +1. Physically, this will
add/remove an integer amount of charge from the corners of
the system, while leaving the bulk of the system unchanged.
An integer ambiguity of this form was also seen when consid-
ering the polarization in Sec. II.

Due to this integer ambiguity, we can predict the existence
of a HOTI with half-integer quadrupole moment protected
by C4 rotation symmetry. Since the quadrupole response in
Eq. (10) is odd under C, rotations, a C4 invariant insulator
must have an xy quadrupole moment satisfying Qy, = —Qx,.
Since Qy, is only defined modulo an integer O, = —QOy,
is satisfied by Q,, =0 and 1/2. The former is a trivial C4
symmetric insulator, while the latter is a HOTI with quan-
tized half-integer quadrupole moment. This HOTI will have
half-integer corner charges, similar to those found in the non-
interacting quadrupole insulator of Ref. [27]. This logic also
predicts a similar quantized quadrupole insulator with half-
integer quadrupole moment protected by M, mirror symmetry
and M, mirror symmetry, since the xy quadrupole response is
odd under both of these symmetries.

Having established a linear response formalism, we can
now turn our attention to calculating the change in the
quadrupole moment in a microscopic lattice model. Based
on the rank-2 quadrupole response action in Eq. (10), we are
interested in lattice models that couple to the scalar potential
Ayg, and the rank-2 gauge field A,,. In order for a lattice model
to couple to these gauge fields it must conserve both charge
and dipole in the x and y directions. For a system of lat-
tice fermions, global charge conservation corresponds to the
symmetry that sends c(r) — c(r)e’®, where c(r) is the lattice
fermion annihilation operator, and « is a constant. Similarly,
dipole conservation in the x and y directions corresponds to
the symmetry that sends c(r) — c(r)e’#”, where B is a con-
stant two component vector.

To show why these symmetries are necessary, let us con-
sider an arbitrary lattice model that is composed of fermion
operators ¢(r), and the background gauge fields Ap and A,,.
Under gauge transformations A (r) these fields transform as

Ap(r) — Ap(r) + 3, A(r),
An(r) = Ay + Ar) — Ar+ %)

— AT+ +AC+E+) (14)

= A1)+ A AVA(r),
c(r) — c(r)e™®,

where A; is the lattice derivative in the i direction, and we
have suppressed any dependence on ¢. Let us now consider a
gauge transformation of the form A = « (const.). The gauge
fields Ag and Ay, are invariant under such transformations,
while the fermions transform as c(r) — c(r)e'®. So in order
for the system to be gauge invariant, it must be invariant
under shifting the phase of the fermions by a constant amount.
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Similarly, we can also consider a gauge transformation of the
form A(r) = B -r. Under this gauge transformation both Ag
and A,, are invariant, while the fermions transform as c(r) —
c(r)e®”. So in order for the system to be gauge invariant, it
must also be invariant under shifting the phase of the fermions
by an amount that depends linearly on position.

While charge conservation is fairly common in lattice mod-
els, dipole conservation is more unusual, and places strong
constraints on the types of terms that can appear in a lat-
tice Hamiltonian. Importantly, because of dipole conservation,
single-particle hopping terms such as ¢'(r + £)c(r) and ¢ (r +
$)c(r) are not allowed. However, if a system has multiple
degrees of freedom within a unit cell, single-particle intracell
terms are allowed, since they do not change the dipole mo-
ment of the system. This means one can include terms like
cj (r)c;(r) where i and j label the different fermionic degrees
of freedom within a given unit cell.

Although single-particle hopping terms are not allowed,
quartic interactions can allow for pairs of electrons to have
dynamics. A simple term of this form is the ring exchange
term: ¢ (e’ (r + 9 + 2)c(r + £)c(r + 9). A quick calculation
confirms that this term is indeed invariant under linear phase
shifts, and does not change the dipole moment in the x or y
direction. Physically, this term can be thought of as a dipole
hopping term. To see this, we note that ¢’ (r + § + &)c(r + 9)
can be interpreted as creating a dipole with dipole vector &
centered at r + 9 + )—2“ (the inclusion of ’5‘ indicates that the
dipole is defined on the link between r + 9 + % and r + 9).
Similarly, c(r + %)c(r) creates a dipole with dipole vector —%
(which equivalently annihilates a dipole with dipole vector x)
centered at r + %‘ The ring exchange term thereby hops an x-
oriented dipole from r + ’5‘ tor+3y+ %‘ This process can also
be interpreted as hopping a -oriented dipole one unit in the
% direction, from r + 3 to r + £ + 3. The ring exchange term
minimally couples to the rank-2 gauge field A,, via a rank-
2 Peierls factor of the form ¢f(r)cf(r + § + 2)c(r + X)c(r +
$)e A=) [39,61]. With the rank-2 Peierls factor included, this
term is invariant under the gauge transformations given in
Eq. (14).

Based on these considerations, we introduce the following
2D dipole conserving lattice model with four fermionic de-
grees of freedom per unit cell:

HC =" c"(h’e(r) — Ao(r)e’ (r)e(r)

— Ve ) 42 4 9)ea(r 4+ ea(r+9)e™» ™ + Hee,
h® = ulo+t(Ty + Ty). (15)

Here, ¢;(r) (i = 1...4) are the four lattice fermion operators
for a unit cell r = (x, y) in the 2D square lattice (see Fig. 4).
The I" matrices are defined as 'y =13 @ 79, v = — 10 @ 11,
and I'y = 71 ® 10, for k = 1,2, 3, where 7,53 are the Pauli
matrices. The 4 x 4 matrix h° contains the single-particle
intracell terms, and V is the amplitude of the ring exchange
term. Since the square lattice is bipartite, the sign of V can be
changed by an appropriate unitary transformation. Because of
this, we will take V > 0 without loss of generality. Within
the intracell term h°, t is the amplitude for intracell hopping,
while u is a staggered onsite potential. We have also included

FIG. 4. Schematic of the dipole conserving lattice model
Eq. (15). Orange squares correspond to the ring exchange inter-
actions with amplitude V. Solid (dashed) blue lines correspond to
intracell couplings with amplitude ¢ (—¢). Solid (dashed) green cir-
cles correspond to onsite potential with strength p (—pu).

the coupling to the rank-2 gauge field A,,, as well as the scalar
potential Ay. We will restrict our attention to the case where
the model is half filled (two fermions per unit cell).

As desired, this model is gauge invariant, and invariant
under constant and linear phase shifts of the fermion operators
ci(r). When p = 0, this model also has Cy4 rotation symmetry.
This symmetry acts on the internal fermionic degrees of free-
dom as ¢ — Ug,c in Eq. (15), where

Ue, = (16)

—_ o O O
SO = OO
SO O~
S o= O

When @ = 0, this model also has M, and M, mirror symme-
tries. The M, and M, symmetries act on the internal fermionic
degrees of freedom as ¢ — Upy,c and Uy, c, respectively,
where Uy, = 71 ® 13 and Uy, = 71 ® 71 (7; are the Pauli ma-
trices). When p # O the staggered onsite potential explicitly
breaks the C; and mirror symmetries. The model we consider
here also has a subsystem symmetry that acts on the fermionic
degrees of freedom as c(r) — c(r)e'*O+h® where f,(x) is
an arbitrary function of the x coordinate only, and f,(y) is an
arbitrary function of the y coordinate only. This symmetry
correspond to charge being conserved along every row and
column of the 2D lattice. This model is closely related to the
bosonic models studied in Refs. [62,63].

As we shall show, by adiabatically changing the parameters
in this model (¢, V, and ), it is possible to pump dipole and
change the quadrupole moment. In the following subsections,
we will present two related parametrizations of this pump-
ing process. First, we shall present a piecewise continuous
periodic parametrization of Eq. (15), where the quadrupole
moment can be found exactly. Second, we shall present a fully
continuous periodic parametrization, where the quadrupole
moment can be found via self-consistent mean field theory.
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0 77/2 T 3m/2 27T

FIG. 5. The evolution of ¢, V, and u in Eq. (15) as a function of
0 using the parametrization in Eq. (17).

A. Exactly solvable dipole pumping process

A simple and illustrative example of dipole pumping
in the lattice model Eq. (15) is found by considering the
parametrization

t(0) = max(cos(9), 0),
V)= Zﬁmax(— cos(6), 0), (17)
(@) = v/2sin(0).

The values of ¢, V, and u, for this adiabatic evolution, are
shown in Fig. 5. This system has C, symmetry when 6 = 0
and w. At 8 =0 the only nonzero terms are the intracell
hopping terms ¢, and at 8 = 7 the only nonzero terms are the
ring exchange terms V. Based on this we can identify that the
system at & = 0 is a trivial C4 symmetric insulator. We also
expect that at & = m the system is a HOTI protected by C4
symmetry, with half-integer quadrupole moment (relative to
the trivial insulator at 6 = 0).

To show that this expectation is correct, we will use
Eq. (13) to calculate the quadrupole moment. The ground
state of Eq. (15) with the parametrization given in Eq. (17)
can be found exactly in three steps. First, for 0 < 0 < /2
the amplitude of the ring exchange term V vanishes, and the
Hamiltonian consists only of the intracell terms ¢ and w. The
ground state for this range of 6 can thereby be expressed as a
product of single-particle wave functions defined on a single
site. For 0 < 6 < 7 /2 the ground state is

10) = [ [la1©)c](r) + a2(@)c} () + a3(0)c} )]

x [a1(0)cl(r) — ax(0)ci(r) + aa(@)c)(r)]|vac),

1 —sin(@)
ai(®) = ax0) = ||~
a3(6) = ay(9) = —\/w. (18)

Second, for 7/2 < 0 < 37 /2, the amplitude of the intra-
cell hopping ¢ vanishes, and only the ring exchange term V
and on-site potential term u remain. In this case, the differ-
ent plaquettes spanned by ¢ (r), c2(r + X + ), c3(r + %), and
c4(r +9) decouple from each other. The resulting four site

AQyy 1/2

0 77/2 T 3mr/2 25

FIG. 6. The quadrupole moment AQ,, = 0,,(f) — Oy, (0) as a
function of the adiabatic parameter 6 from Eq. (21).

interacting problem can be solved using exact diagonalization,
and the ground state of the system can be expressed as a prod-
uct of two-particle wave functions defining each plaquette. For
/2 < 6 < 3m /2, the ground state is given by

10) = [ Jle* an®@)c]@)ci@+x+39)

+ aza(0)ch(r + 2)ci(r + $)llvac),

ap(f) =, ﬂ,
a34(0) = ,/”STM). (19)

Third, for 37 /2 < 6 < 27, the ring exchange terms van-
ish, and the ground state can again be written as a product of
single-particle wave functions. Similar to Eq. (18) the ground
state for 37 /2 < 0 < 2m is given by

10) = [ [ e**[a10)c} @) + aa(@)chr) + as(©)ch )]

x [a1(8)c] (r) — ax(0)ch(r) + as(@)ch(r)]|vac),

a1(60) = ay0) = | L3O
4
a3(0) = as(6) = —\/”STM). (20)

Compared to Eq. (18), Eq. (20) differs by the addition of
the phase e*~. This phase is needed in order for the wave
functions in Egs. (19) and (20) to match at 0 = 37 /2.

During this process, the quadrupole moment can be calcu-
lated using Eq. (13), and the wave functions in Eqgs. (18)—(20).
As a function of 6, the quadrupole moment is given by

0 for0 <0 <n/2
AQyy = %(1 —sin(@)) formw/2 <60 <3n/2, (21)
1 for3n/2 <60 <27

where AQ,, = 0., (0) — 0,y(0). These values of AQ,, are
shown in Fig. 6. From Eq. (21) we can clearly see that after
a full period the quadrupole increases by 1. This corresponds
to an integer amount of charge being pumped to the corners,
and agrees with our earlier claim that the quadrupole moment
of the system is only defined modulo 1. Furthermore, we
can also confirm that Oy, () — Oy, (0) = 1/2, and that when
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FIG. 7. Schematic of the change in the charge distribution near
the corner of a lattice during the pumping process from Eq. (17).
Here we have added a charge —2 ion (in units of the electron charge)
to each unit cell to make the system charge neutral.

0 = m the dipole conserving model is a HOTTI protected by C4
symmetry.

Since the model is exactly solvable over the full range
of 6 between zero and 27 for the parametrization given in
Eq. (17), we can also exactly calculate the change in the
corner charge of this system as 6 is varied. For a lattice of
size N, x N, with open boundaries, the ground state can be
found by following the same steps we used in Eqgs. (18)—(20).
For this geometry, there is a net charge of +AQ, located
at the (1,1) and (N;, N,) sites, and a net charge of —AQ,,
located at the (N, 1) and (1, N,) sites, where AQ,, is defined
as in Eq. (21) (the charge remains constant at all other sites).
So, we find that the quadrupole response does indeed predict
the correct corner charges. Additionally, we can confirm
that the C4 symmetric HOTT has half-integer corner charges,
as expected from the quadrupole response in Eq. (10). The
change in the charge distribution as 6 is increased from zero
to 2 is illustrated in Fig. 7.

B. Continuous dipole pumping and mean field theory

In the previous section, we established how an adiabatic
process can lead to a change in the quadrupole moment. How-
ever, despite being exactly solvable, the pumping process in
Eq. (17) is not continuous (it is only piecewise continuous).
Preparing for our eventual replacement of the adiabatic pa-
rameter 6 with a new momentum k,, we also want to analyze

|
N

0 77/2 T

FIG. 8. The evolution of ¢, V, and u in Eq. (15) as a function of
6 using the parametrization in Eq. (22) withV =y = 1.

a parametrization of Eq. (15) that is fully continuous with
respect to 6, and displays the same essential phenomenology
we found using the piecewise continuous parametrization in
Sec. III A. Specifically, we want a periodic parametrization
where, as a function of 6, the model evolves from a C,
symmetric trivial insulator through a C4 symmetric HOTI, and
then back to a trivial insulator. Based on Sec. III A, we should
find that the quadrupole moment of the model should increase
by 1/2 during this evolution from trivial to HOTI, and should
change by 1 after a full period.
With this in mind, we will consider the parametrization

1(0) = y[1 + cos(9)],
V(0) = V(const), (22)

p(@) =y sin(0),

where y is a constant. The values of ¢, V, and u as a function
of 0 are plotted in Fig. 8. As before, the model has C; sym-
metry when u = 0, which occurs when 6 = 0, 7 mod (27).
When 6 = 7, the parameters in Eqs. (17) and (22) are the
same, and the ground state of the model can be found exactly
[see Eq. (19)]. Based on our results from Sec. [ITA, at 6 = &
the model is a HOTI with half-integer corner charges for all
values of V. Similarly, when & = 0 and V = 0, the parameters
in Egs. (17) and (22) are the same and at this point the system
is a trivial C4 symmetric insulator. Since this system is gapped
the system should remain in this trivial phase up to some finite
value of V. Beyond this value of V, we expect that it will
undergo a phase transition and become a C4 symmetric HOTL

For V # 0, this model cannot be exactly solved (except at
6 = m). Because of this, we will use self-consistent mean field
theory to analyze the interacting model. The first step in this
approximation is to decompose the ring exchange interaction
into terms that are quadratic in the lattice fermion operators
using a Hubbard-Stratonovich transformation. Here, we will
choose to use the following decomposition of the ring ex-
change term:

= Vel neir+ & 4 Hes(r + Dea(r + e
— A(P)eS (r + & + Dea(r + 9) + Aaoe(r)e (Fes(r + 2)
+ Ay (P 4 % + esr + &) — Aoy (F)c] (Pea(r +9)

2 ; 2 .
= S hPhaE)e M = S kg, e M. (23)
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] —ww=40
44 Viy =36
—/\ — V/y=32
3 A — V/y=1238
? /_\ — V=24
5] — Viy=20
Viy=16

1 — Vly=12
Viy=0.8
— Viy=10.4

0 /\

FIG. 9. The self-consistent values of A/y as a function of 6 for
V/y between 0.4 and 4.0.

The equations of motion for the Hubbard-Stratonovich fields
A are

V.
hie(r) = e Vel (e + 2),
\4 Ay (r) T N ~ ~
Aoe(r) = 7€ oy (r+ x4 9ear+9),
14 iA(r) .t PN
Ay (r) = -z e (Pea(r +9),

vV .
Ae(r) = Eemnmc; (r+ %+ P)esr + 2). (24)

As can be seen from the equations of motion, under a linear
phase shift c(r) — c(r)e#”, the Hubbard-Stratonovich fields
transform as

Aae(r) — Mg (r)e PS5,

Aoy (r) — Aoy (r)e 7. (25)

Ma(r) = Aig(r)e®s,
Ay (r) — Aqy(r)e?,

In the self-consistent mean field theory approximation, we
assume that the Hubbard-Stratonovich fields acquire an ex-
pectation value that satisfies the equations of motion Eq. (24).
Equivalently, this approximation can be interpreted as increas-
ing the number of flavors of lattice fermions that couple to
the Hubbard-Stratonovich fields from 1 to N, and taking the
N — oo limit [64]. As we show in Appendix A, the self-
consistent values of A,; (a = 1, 2, i = x, y) can be written as

Do) = A AN,
hiaa(F) = A0,

)\,1\,(1‘) = A‘ei¢)'(r)+iA,\»),(r)’

Aoy(r) = he 00, 26)

where the phase fields ¢, and ¢, satisfy the relationships
Ay¢x(r) = Ax¢y(r) = Axy(r)- (27)

The self-consistent values of A can be found numerically as a
function of 6 and V/y, and are shown in Fig. 9. Due to the
equations of motion in Eq. (24), the phase fields ¢, and ¢,
transform under a gauge transformation A as

¢u(r) = ¢x(r) + AcA(r),
¢y (r) = ¢y(r) + Ay A(r),
and Eq. (27) is consistent with the rank-2 gauge symmetry.

(28)

If we fix the external gauge fields to vanish (Ag = A,, = 0),
the quadratic mean field Hamiltonian can be written in Fourier
space as

HGe =Y [ ®OnGp@re®)].

I3
he(R) = T +1(Ty + T'y)
+ Alcos(k, + ¢ )4 + sin(k, + ¢, )3
+ cos(ky + ¢)I» + sin(ky + @)1, (29)

where k = (ky, ky) is the 2D lattice momentum. Here, we have
left the 6 dependence of ¢, u, and X implicit. Up to a shift in
momentum due to ¢, and ¢y, this mean field Hamiltonian is
equivalent to that of the noninteracting quadrupole insulator
that was analyzed in Ref. [28]. We note that this mean field
Hamiltonian can be coupled to A,, fields using the values for
the A,; in Eq. (26).
The spectrum of the mean field Hamiltonian is given by

(k) = i\/eg(kx) +€2(k,) + 2, (30)

where €;(k;) = /A2 + 12 + 2t cos(k; + ¢;), for i = x, y. The
band structure of Eq. (29) consists of two upper bands and
two lower bands. There is a gap between these bands when
A/t # 1 and/or u # 0. When A/t = 1 and u = 0, a gap clos-
ing occurs at (ky, ky) = (m — ¢, m — ¢,). In Ref. [28] it was
shown that when p = 0 this Hamiltonian describes a trivial Cy4
symmetric insulator for A/t < 1, and a C4 symmetric HOTI
with half-integer corner charges for A/ > 1.

With this in mind, we shall now consider the quadrupole
response of the mean field Hamiltonian, using our linear
response formalism. To do this, we will couple the mean
field Hamiltonian to the gauge fields according to Eq. (26).
Here, we are primarily interested in finding the change in the
quadrupole moment as 6 is increased from zero to , as well
as the total change in the quadrupole moment as 6 is increased
from zero to 27r. At these values of 6, the lattice model has Cy
symmetry, and the change in quadrupole moment is quantized
as an integer or half integer. Indeed within the mean field
framework, we find that

ifV <V,

1
0y =m) -0y =0) = {6 itV > V.’

0,(0 = 27) = 0y (0 = 0) = {(1) ey Sy 6D
where V. ~ 2.5y. The details of this calculation are presented
in Appendix B.

For V <V, these results are consistent with an adiabatic
process where a trivial C4 symmetric insulator adiabatically
evolves into a C4 symmetric HOTT as 6 is increased from zero
to . Indeed, we see in Fig. 9 that A(0 = 0) =0 for V < V,
and the mean field Hamiltonian at 6 = 0 is a trivial insulator.
As noted before, at & = , the model can be solved exactly,
and we can confirm that it is indeed a C; symmetric HOTI.
Additionally, we find that for this range of V the quadrupole
moment of the model increases by 1 after a full period. This
agrees with the results of Sec. IIT A.
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FIG. 10. Top: The solutions to the self-consistent solutions for
A/t as a function of V/t at © = 0. When V/t ~ 1.25 (gray line),
the quadrupole moment of the model changes by 1/2. Bottom: The
mean field phase diagram of Eq. (15) at © = 0. Note that the relation
between ¢ and y is given in Eq. (22).

For V > V, the quadrupole moment of the model at 8 = 0
is equal to the quadrupole moment of the model at 6 = 7.
As noted before, at 6 = 7, the model is a HOTI for all
values of V. This means that at & = 0 the model transitions
from being a trivial insulator to being a HOTI at V = V,. In
Fig. 9 we can see that at this transition the value of A(6 = 0)
jumps from zero to *2y. Indeed, for A(8 = 0) > 2y, the
mean field Hamiltonian describes a noninteracting HOTI with
half-integer corner charges [27]. In terms of the parameters of
the lattice model in Eq. (15), this means that the dipole con-
serving model is a C4 symmetric trivial insulator for u = 0,
V/t < 1.25, and a C4 symmetric HOTI for u = 0, V/r 2 1.25.
This phase diagram is shown in Fig. 10.

As a final point, we would like to address the role of the
phase fields ¢, and ¢,. Based on Eq. (28), the phase fields can
be considered as dynamic gauge fields. Since these fields are
dynamic, they must be integrated over. This integration will
project out any states that transform nontrivially under shifts
in ¢;. To see what states transform nontrivially, we note that
in Eq. (29) a shift in ¢; is equivalent to shifting the lattice
momentum k;. Integrating over ¢; therefore projects out any
many-body states that transform nontrivially under a shift in
momentum. Momentum is dual to position, i.e., it is the posi-
tion operator that acts to shift the momentum. From our earlier
discussion of polarization in Sec. II, we can conclude that the
many-body states that transform nontrivially under a shift in
momentum are the states with nonvanishing polarization. So,
the integration over the phase fields projects out any many-
body states with a nonvanishing polarization, and will ensure
that the many-body polarization is a good quantum number
in the ground state of the mean field Hamiltonian, as it is in
the full interacting Hamiltonian. This is crucial for applying
the rank-2 formalism which relies on dipole conservation.
This can be shown explicitly, by considering the mean field
Hamiltonian when p =t = 0 [this corresponds to 6 = 7 in
Eq. (22)]. For these parameters, the mean field ground state is

given by
—ig, T iy T PN PN i 5

|0>=l_[ e cl(r)+e cz(r+x+y)_c4(r+y)

, 2 2 J2

emitcl(r)  etelr+i+9) e+
X — — |vac).
2 2 J2
(32)

After integrating over the phase field ¢, and ¢,, Eq. (32)
reduces to

1 .
0)=]] E[c;mc;(r —%+9)

+ b (r + ) r + )1lvac). (33)

This is exactly the ground state of the full interacting model
when u =t = 0 [see Eq. (19)]. Here we can directly see that
the integration over the phase fields is necessary in order
for the ground state of the nondipole conserving mean field
Hamiltonian to match that of the dipole conserving inter-
acting Hamiltonian. We address this topic in more detail in
Appendix C.

We note that this is a very interesting outcome; i.e., if we
take the ground state of the free fermion quadrupole model
which has vanishing polarization in the ground state because
of symmetry quantization, we can couple it to phase fields
and after integrating them out we recover the ground state for
the ring-exchange quadrupole model which has microscopic
dipole conservation at the Hamiltonian level. Reference [65]
showed these two ground states were adiabatically connected
in the presence of C4 symmetry if the dipole conservation was
relaxed, and so our results forge a connection between these
models. These results open the possibility to use a rank-2
quadrupole calculation to determine the quadrupole moment
of free-fermion systems if the polarization-free projection can
be carried out as we did above. We leave such a program to
future work.

IV. DIPOLAR CHERN-SIMONS RESPONSE ACTION

It is well known that the polarization response of a 1D
system is related to the Chern-Simons response of a 2D sys-
tem via dimensional reduction [16]. Based on this, one would
expect that the 2D quadrupole response in Eq. (10) is related
to a topological response in three dimensions. Such a 3D
topological response was proposed in Ref. [39]. This response
describes a system with anomalous chiral hinge modes, and
can be written in terms of three background gauge fields, two
rank-1 gauge fields Ay and A; and 1 rank-2 gauge field A,,:

1
Sucs = - / d*3[A 3. Ao + Agd Ay — Ay diA,
- Aza,Axy + Azaxaon — AoaxayAz]. (34)

This action breaks both C4 rotation symmetry around the
z axis and time reversal symmetry 7, but is invariant un-
der their product, which we will refer to as C;7 symmetry.
Equation (34) is gauge invariant up to surface terms, which
shall be discussed later. Provided that the gauge fields are

085136-10



TOPOLOGICAL DIPOLE CONSERVING INSULATORS ...

PHYSICAL REVIEW B 104, 085136 (2021)

nonsingular, Eq. (34) can be written as a sum of total deriva-
tives. Because of this, the response action can be reduced
to a sum of boundary terms when defined on a mani-
fold with boundary. The Lagrangians for these boundary
terms are

1 1
Lacs,+r = F-—AAy,  Lacs,+: = £—A0A,,

vi%/ 4
1 1
Lacs,+x = ﬂ:EAzaon, Lacs,+y = ﬂ:EAzaon,
1 1
L4cs, +x, 4y = _EAzA(), Lacs,+x, 57y = EAZAO- (35)

Here, L4cs,+y (4 =2x,y,2,t) is the Lagrangian for the
boundaries oriented normal to the +u direction. Similarly,
Lycs,+x,+y 1s the Lagrangian for the hinges between bound-
aries normal to the d=x and %y direction, while Lacs +r ¢y is
the Lagrangian for the hinges between boundaries normal to
the +x and Fy direction.

Since the bulk action is a total derivative, all bulk cur-
rents vanish, and there are only nonvanishing currents at the
boundaries. These boundary currents are anomalous, and their
anomalous conservation laws are given by

1

o i 1
djiE + 8. = iE[ayaon —3,0,A,] = iaa},Ez,

.ty 4y 1 1
0 jo + az]z = ia[axazAO — 0:0,A;] = :l:EaXE21

-tz -z 1 1
0 + By iy’ = F—10edyAo — dAn] = F—Ex,

. . 1 1
=" + 0c0y iy = E[axayAz —9,A,] = +£—B,

4

. . 1 1
hjo ™ + o E = £ (040 — 8A] = £~ E.,

ey e ey 1 1
ajy ™ 0 T = F oo [0:A0 = 9iA] = F—E:, (36)

where we have introduced the fields Ey, = 0,0,A¢ — 0;Ay,
and B = 0,0,A; — 9;Ay,, which can be thought of as rank-2
electric and magnetic fields, respectively. Here, the superscript
+u (u=x,y,zt) indicates that the current is defined on
boundaries oriented normal to the +u direction. Similarly,
the superscript +x % y indicates that the current is defined
on hinges between boundaries normal to the +x and +y di-
rection, while £x F y indicates that the current is defined on
hinges between boundaries normal to the +x and =y direc-
tion. From Eq. (36), we see that a rank-2 electric field E,,
produces an anomalous dipole current j,, on the boundaries
normal to the +z direction, and a gradient of the electric
field 0,E, (i =y, x) produces an anomalous current in the z
direction on boundaries normal to the £x and %y directions,
respectively. There is also a chiral anomalylike response on
the hinges.

As noted before, Eq. (34) is only gauge invariant up to
boundary terms. After a gauge transformation A, the gauge

variation at the boundaries is given by
1
8£dCS,:I:t = :FEA[axayAz - 8zAxy],
1
8£dCS,:tz = :l:_A[axayAO - arAxy]s
4
1
8£dCS,ix = :t_A[avatAz - ayazA()]»
47
1
8Lacs,+y = £—A[0,0;A; — 0,0;A0],
4
1
8Lacs, x4y = ——A[0,A; — 3,Ap],
vi%

1
8Lacs, gy = 4__7TA[atAz — 3;:A0]. 37

In order for the full theory to be gauge invariant, there must
be additional degrees of freedom located at the boundaries
and hinges in order to restore gauge invariance. This is similar
to what occurs when the 2D Chern-Simons action is defined
on a manifold with boundary. Specifically, due to the hinge
terms 8 Lqcs, +x+y, there must be chiral modes that propagate
along hinges between boundaries normal to the +x and +y
direction in order for the theory to be gauge invariant. Sim-
ilarly, due to 8§ Lycs, +r5y there must be antichiral modes that
propagate along hinges between boundaries normal to the +x
and Fy direction. We can therefore conclude that a consistent
theory described by Eq. (34) must have chiral hinge modes.
Additionally, due to the boundary terms, £, and L., there
must also be additional modes at boundaries normal to the
+x and +y directions in order for the theory to be gauge
invariant.

The dipolar Chern-Simons response also predicts a
quadrupole analog of the Laughlin pump. The typical quan-
tum Hall Laughlin pumping process can be observed by
considering a 2D Chern-Simons theory defined on a cylinder.
When a unit of flux is inserted through this cylinder, the
Hall current pumps charge from one end of the cylinder to
the other, and changes the dipole moment by 1. A similar
process occurs when the dipolar Chern-Simons term is de-
fined on an annulus with periodic boundary conditions in
the z direction. In this case, when a unit of flux is inserted
in the z direction, Eq. (34) predicts that the xy quadrupole
moment of the system will increase by 1. This process
can analogously be thought of as dipole pumping, and will
change the amount of charge located at the hinges of the
system.

Finally, we would like to confirm that the dipolar Chern-
Simons action is in fact related to the 2D quadrupole response
by dimensional reduction. To do this, we will consider an
arbitrarily thin annulus with periodic boundary conditions
in the z direction. In this limit, we can treat the flux 6
passing through the z direction as an adiabatic parame-
ter of a 2D theory, and the dipole analog of the Laughlin
pump becomes a dipole analog of a Thouless pump. As
0 is increased, the quadrupole moment of the 2D system
is shifted due to an adiabatic pumping of dipole moment
across the system. This is exactly the phenomenology we
saw before when considering the quadrupole moment in
Sec. 111
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To show this formally, we can dimensionally reduce
Eq. (34) by setting A, = ©/L,, and taking the limit L, — O.
If we take © to be constant, the dimensionally reduced action
is given by

®
Sacs.ap = / a0~ dAy) (Y

However, as discussed in Ref. [39], the term in Eq. (38) is only
half the quadrupole response of the dimensionally reduced
system. The other half comes from the boundary degrees of
freedom we discussed earlier. Taking both of these contri-
butions into account, the full response of the dimensionally
reduced system is given by

®
Sacs,2p = /d3x§[3xaon — 0 Ax ], (39)

which is the quadrupole response from Eq. (10) with Q,, =
®/2r.

V. C4T7 SYMMETRIC LATTICE MODEL

Since the 2D quadrupole response is related to the 3D
dipolar Chern-Simons response via dimensional reduction,
the 2D dipole conserving insulator presented in Sec. Il should
be similarly related to a chiral hinge insulator in three dimen-
sions that realizes the dipolar Chern-Simons response. To go
from the 2D model to the 3D model, we will proceed in the
usual fashion of identifying the adiabatic parameter 8 [which
controls the dipole pumping of Eq. (15)] with the momentum
along the z direction, k. A local Hamiltonian should depend
smoothly on the momentum &k, and so we will consider the
parametrization given in Eq. (22), which is fully continuous
with respect to 6. If we substitute & — k,, the resulting 3D
Hamiltonian is

HIS =" " (r)h* (k)e(r)

k.,r
— V() + &+ Desr + Dea(r +9) + Hee.,
K (k) =y sin(k)To + y[1 +cos(k)I(T2 +Ta).  (40)

An illustration of this Hamiltonian is shown in Fig. 11. Equa-
tion (40) is invariant under phase shifts that depend linearly on
the x and y coordinates, c(R) — ¢(R)e'P*+F29) and conserves
the dipole in both the x and y directions. However, due to
the explicit dependence of A° on k,, the Hamiltonian does not
conserve the dipole in the z direction. Equation (40) also has
C,T symmetry and C; spatial rotations in the xy plane.

As expected from our discussion of the dipolar Chern-
Simons response, Eq. (40) can be coupled to the background
gauge fields Ao, A;, and A,,. In real space, the minimally
coupled Hamiltonian is given by

HS =3 [y’ R)Te(R) + ye' (R + )T c(R)e* ™
R

— Ve R)GR + £ + 9)es(R + )ca(R + §)e»®
— Ag(R)e’ (R)e(R) + Hecll,

1 I
T = §[F2+F4], T = 5[1F0+F2+F4], 41)

) 3fl I\l fl I\_
o )4 \_ J

<

I I\ - J
" T

z

FIG. 11. A cross section of the 3D lattice model Eq. (41). The
Hamiltonian consists of intracell and z direction hopping terms h*
(blue) and a ring exchange term V in the xy plane (orange).

where R = (x, y, z) labels the points of a 3D cubic lattice. The
matrix 7 is made up of the intracell terms, and the matrix 7°*
is made up of intercell hopping terms in the z direction. In this
form, it is clear that 7 violates dipole conservation in the z
direction.

A. Mean field analysis

To analyze the physics of the interacting C47 symmetric
lattice model in Eq. (40), we will employ a self-consistent
mean field theory approach. This will largely mirror the mean
field analysis of the 2D dipole conserving model in Sec. I1I B.
As we shall show, within the self-consistent mean field frame-
work the four particle ring exchange interaction V causes a
(Mott) gap to form for the lattice fermions. Additionally, the
resulting mean field Hamiltonian exactly maps onto a known
noninteracting HOTT with chiral hinge modes.

Similar to Sec. III B, we will decompose the quartic ring
exchange terms via a Hubbard-Stratonovich transformation:

— V[ (RIS (R + £ + 9)es(R + £)ca(R + §)e»®
= (RIS R + %+ 9ca®R +9)

+ Ao (R)e] (R)e3 (R + %)

+ Ay (R)CS (R 4 % + $)cs(R + &)

— Jay(R)c] (R)cs(R +9)

2 .
- v)" 1 (R)A2, (R)e_’AX,\'(R)

2 .
- Vxly(R)xzy(R)e—'AMR). (42)

The equations of motion are exactly those in Eq. (24) (upon
exchange the 2D lattice coordinate r with the 3D lattice coor-
dinate R). Under a linear phase shift c(R) — ¢(R)e! P+,
the Hubbard-Stratonovich fields transform as

Me(R) = A(R)EP . 2ae(R) — Max(R)e ™,
Ay(R) = A (R)EP2, X (R) — Ay(R)e ™2 (43)

As shown in Appendix A, in the self-consistent mean field
theory approximation the Hubbard-Stratonovich fields acquire
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FIG. 12. Top: The solutions to the self-consistent solutions for
M/y as a function of V/y. When V/y >~ 2.1 (gray line), A/y =2
(dashed line) and the mean field model undergoes a phase transition
from a topological chiral hinge insulator to a weak HOTI. Bottom:
The mean-field phase diagram of Eq. (41).

expectation values of the form
rx(R) = )\'e[(pX(R)JFl.Ax‘\‘(R)’
Joe(R) = e,
ry(R) = Le't R)FidyR)
hay(R) = he 0, (44)
where the phase fields ¢, and ¢, satisfy the relationship
Ay¢x(R) = Ax(ﬁy(R) = Axy(R)- (45)

The self-consistent values of A depend on V/y, and are shown
in Fig. 12. As before, under a gauge transformation A, the
phase fields gauge transform as ¢; — ¢; + A;A.

For vanishing gauge fields (A9 = A; = A, = 0) the mean
field Hamiltonian can be written in Fourier space as

HyS = " [e tons (ke k)],
k
RS (k) = v sin(k)To + p[1 + cos(k)I(T + Ty)
+ Alcos(ky + ¢4 + sin(k, + ¢,)I'3
+ COS(ky + qﬁ_\,)Fz + sin(ky + ¢y)1"1], (46)

where k = (k, ky, k;) is the momentum of the 3D Ilattice
model. As a consistency check, we note that Eq. (46) is re-
lated to the 2D mean field model in Eq. (29) by dimensional
reduction. The single-particle energy spectrum of the mean
field Hamiltonian is given by

e(k) = % [Ty* + 4x% + 8y? cos(k,) + y? cos(2k;)
+ 4ry cos(k, + ¢y )(cos(k,) + 1)
+ 4ay cos(k, + ¢,)(cos(k,) + 1)]'/%. (47)

When A/y =2, the system is gapless at (ky, ky, k;) = (7 —
¢y, T — ¢y, 0), and when A = 0 the system is gapless at k, =
7 for all values of k, and k,. As noted in Sec. III B, integrating

over the dynamic phase fields ¢, and ¢, projects out any states
with nonvanishing dipole moment in the x and y directions.

In Sec. III B, we found that in the mean field limit the
2D dipole conserving model is equivalent to the noninteract-
ing quadrupole insulator. Here, we see that the mean field
Hamiltonian in Eq. (46) is equivalent to a noninteracting chiral
hinge insulator, which was also considered in Ref. [28], and is
related to the noninteracting quadrupole insulator by dimen-
sional reduction. Based on this, we shall quote several key
results concerning the mean field model. When 0 < A/y < 2
the mean field Hamiltonian describes a topological chiral
hinge insulator. In this phase, the model has modes that prop-
agate in the z direction on hinges between boundaries normal
to the x and y directions. In the corresponding noninteracting
HOTI, these chiral hinge modes correspond to the nontrivial
Wannier-band Chern number of the system. For 2 < A/y,
there are no chiral hinge modes. This phase is connected to
the V — oo limit of Eq. (40). In this limit, the ring exchange
term gaps out each xy layer of the model individually. This
suppresses all tunneling in the z direction and the 3D system
becomes a stack of 2D insulators. Based on our analysis in
Sec. IIT A, each of these layers will have quadrupole moment
1/2, and the system can be adiabatically connected to an
atomic insulator by breaking translational symmetry along the
z direction, so we might refer to it as a weak higher order topo-
logical insulator. At the phase transition connecting these two
phases (A/y = 2), there is a bulk band crossing and the system
is gapless. Using the numerical solutions to the self-consistent
mean field equations, we find that this phase transition occurs
atV =V, >~ 2.1y. The mean field phase diagram is shown in
Fig. 12.

Having determined the mean field structure of the lattice
model, we can now turn our attention to determining the
effective response action for this system. As noted in Sec. IV,
the dipolar Chern-Simons action can be written as a sum of
total derivatives, and the only nontrivial responses occur at the
boundaries. Because of this, we will need to define our model
on a lattice with boundary in order to show that it exhibits a
dipolar Chern-Simons response. As we will show, analyzing
the boundaries of our model is made tractable upon passing to
the continuum in the z and ¢ directions. This analysis will be
the main topic of the next subsection.

B. Continuum analysis

In this subsection, we will study the 3D model given in
Eq. (41) in the continuum, near V = 0. At V = 0, the system
is quasi-1D, i.e., a decoupled 3D array of 1D wires oriented
in the z direction. If we pass to the continuum along the
z direction, each of these wires consists of four massless
Dirac fermions (which correspond to the fluctuations of the
lattice fermions with momentum near k, = ), and four mas-
sive fermions (which correspond to the fluctuations of the
lattice fermions with momentum near k, = 0). We can split
lattice fermions into these two contributions using the identi-
fication

ci(R) — Wi(R) + (=1)*¥:(R), (48)

where W; are the heavy fermions and ; are the light
fermions. At V =0, the continuum Lagrangian for these
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fields is
£565 = 3" [$ (NG (@ + Ao(r), pe + ALPIW)

+ ¥ (1 G,, (@ + Ay(r), p. + A.(r)¥(r)],
Ggl(a), p.) =ol+ pZFO,

—1 0 M 2 4

Gy (@, p;) = ol = p. I — ﬁ(l“ +I), (49)
where [ is the 4 x 4 identity matrix, ¥ = (Y, ¥, ¥3, Ya),
and ¥ = (Y, ¥,, W3, Wy). Here, we have only passed to the
continuum in the z direction. The x and y coordinates are still
lattice coordinates. Based on Eq. (49), when V = 0, i, and
yr, are antichiral fermions and 3 and 4 are chiral fermions
(with respect to their propagation along the z direction). Addi-
tionally, the heavy fermions W are massive with mass M. We
will also take M to be the UV cutoff for this theory.

We can now consider the interactions in this theory. As
before, we will use the Hubbard-Stratonovich transformation
in Eq. (42) to decompose the lattice ring exchange interaction.
Using Eq. (48) we find that the Hubbard-Stratonovich fields
Al/2,x 12,y couple to both the light fermions ¥ and the heavy
fermions W. Since the heavy fermions W are gapped, they can
be integrated out, leaving a Lagrangian in terms of the light
fermions and the Hubbard-Stratonovich fields. After integrat-
ing out the heavy fermions, the Lagrangian can be written as

L9 =L, + L, (50)

where £, contains all terms involving the light fermions
Y, and L;; contains all couplings between the Hubbard-
Stratonovich fields. If we ignore any terms that osculate like
(—1), Ly is given by

Ly =) (# O)G; (@ + Aor). p. + A.(r)P(r)

— Do (Y] ()3 (r + £)

+ A3+ 2+ I + 9)

+ 2y (Y] (Y + 5)

+ A+ 2+ DY+ 1)+ Hel). (51

To determine L;; we must integrate out the heavy fermions
W. At one loop order, £, is given by

Ly =Y =M, (1) + Aac (A3, (r)

+ Ay (PAT,(F) + Aoy (M)A5, ()]

+ [uzku(r)kzx(r +9) + uz iy (N)Agy (r + %)

2 .
+ V?»u(r)xh(r)e—mx,(r)

2 —iAyy(r)
+ v)\-ly(r))‘Qy(r)e " 4+ H.c. |, (52)
where u; = 1ogl(27>r—1’ and uy = #

(@ ®) (00 (@ ®)
009, 1909 ¥,
(08 [©0 (00
_L® @J 2\® @J 4 \® @J
| _@ )\ f© ®\

I—)QQ)
|
L1
4\% ©

z

FIG. 13. The continuum model Eq. (49). In each unit cell there
are two chiral (e) and two antichiral (x) modes. The ring exchange
interaction (orange) gaps out these four modes (gray circles) at
each plaquette. The modes along the edges remain gapless (white
circles), but can be gapped when symmetry-preserving perturbations
are added. An odd number of chiral hinge modes is stabilized on each
corner of the xy plane.

As before, we shall employ the self-consistent mean field
theory approximation. We find the Hubbard-Stratonovich
fields acquire expectation values of the form

Ria(r) = A RO
hae(r) = he” 0,

)‘-ly(r) — )\.eiqby(r)JriAxy(r)

Aay(r) = he ), (53)
The value of A is determined by the effective potential
8 1 222
Hy =—3+ —>|log| = ) - 1]. 54
bk lm(Z) ) e

where V/ = (V! + @)’1. The effective potential is min-
imized by A = LZM e v.In agreement with the numerical
results, we find that A vanishes when V — 0, and it increases

monotonically with increasing V. Additionally, due to the u;
term in Eq. (52), at low energies the phase fields ¢; satisfy

Ay¢x(r) = Axd)y(r) = Axy(r)- (55)

These results agree with the lattice mean field results from
Sec. V A. Here, as before, under a gauge transformation A,
the phase fields ¢; transform as ¢;(r) — ¢;(r) + A;A@r).
Based on Eq. (51) we see that in the mean field limit the
quartet fermion cluster ¥, (r), ¥o(r + X 4+ 9), ¥3(r + X), and
Y4(r + ) couples to one another for each value of in plane
lattice coordinate r. Hence, the continuum Lagrangian decou-
ples into four-fermion clusters, which are defined on each
plaquette of the xy plane. This feature will make it possible
for us to analytically consider boundaries normal to the x and
y directions, which we do in the next section. For A # 0, these
fermions all become massive [see Eq. (51)]. From this, we
can explicitly confirm that this model has chiral hinge modes.
As we show in Fig. 13, at the top right hinge there is a net
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chiral mode. There are also similar hinge modes at the other
hinges of the system. In addition, there is both a chiral mode
and an antichiral mode located at each lattice site along the
boundaries normal to the x and y direction (see Fig. 13). Since
these modes all come in pairs they can be gapped out with
local symmetry-persevering perturbations. In addition to the
gapped charge modes, the bulk of this model also contains
charge neutral modes which are gapless. The gapless nature
of these modes is guaranteed by subsystem symmetry. Since
these modes are charge neutral, they do not change the re-
sponses of the model, which we shall discuss in the following
section.

C. Effective response theory

We will now turn our attention to finding the bulk and
boundary responses for the 3D C,7 symmetric chiral hinge
insulator. The response action for this system is composed
of terms that depend on the three background gauge fields,
Ao, A, and A,,, as well as the two phase fields ¢, and ¢,.
The phase fields must be included since they depend on the
background gauge field Ay, [see Eq. (55)]. The coefficients
for the various terms in the response action are determined
by the current-current correlation functions [66]. Here the
current-current correlation functions are determined using the
continuum mean field Lagrangian from Sec. V B.

First, we shall consider the effective response action for
the bulk of the system. In the limit of low frequency and
momentum, the effective Lagrangian for the bulk is

’Cgfcf,sl;aulk = (ZAX,V - 8}’¢x - 8x¢y)atAz

- (ZAxy - ay¢x - ax¢y)azAO
=0, (56)

where we have passed to the continuum in the x and y
directions, and used Eq. (55) in the last line. This result is con-
sistent with the dipolar Chern-Simons response action given in
Eq. (34), since that response action is a total derivative.

To probe the nonvanishing the boundary effects, we can
consider the mean field Lagrangian defined on a lattice with
boundary. As noted in Sec. V B, there are gapless fermions
at the boundaries, but they can be gapped out with symmetry
preserving perturbations. Upon doing so, we can find that the
effective response Lagrangian for the background gauge fields
and the phase fields at low frequency and momentum is given
by

1
Lgt(’tj',szty =+ E[AOaXAZ + ¢xazAO - ¢xazAz]v

1
L =+ —[AodA: + $,0:40 — 9,94 (5T)

The first term on the right hand sides of each line of Eq. (57)
is exactly the boundary term of the dipolar Chern-Simons
response action. The remaining two terms are the couplings
between the gauge fields Ap and A, and the phase fields ¢,
and ¢,. With the addition of the phase fields, the boundary
Lagrangian is gauge invariant up to hinge terms.

Finally, we can consider the action on the hinges. As noted
before, there is a gapless chiral mode at the +x, -y hinges and
a gapless antichiral mode at the £x, Fy hinges. If we ignore

these gapless fermions, the effective hinge Lagrangian is given
by

1
Lgf(fj,six,:ty = EAOAZ’
1
Lifiery =+ - AoAc. (58)

This is exactly the hinge term from the dipolar Chern-Simons
response. From Egs. (56)—(58) we can confirm that the ef-
fective action of Eq. (40) matches the dipolar Chern-Simons
action in the bulk as well as boundaries normal to the x and y
directions, and the hinges that separate them.

It will also be useful to consider how the effective La-
grangian transforms under a gauge transformation. Using
Egs. (57) and (58), we find that under a gauge transformation
A the effective Lagrangian is shifted by the hinge term

1
scgg,sm_‘, = —EA[B,AZ — 3.A0],

5£dCS

1
eff, +x,Fy — EA[atAz - 8ZA0]1 (59)

which is the same hinge term given in Eq. (37). Gauge invari-
ance is restored by the aforementioned chiral hinge modes
of the system (which were ignored in our derivation of the
effective Lagrangian). It is well known that a single chiral
fermion is not gauge invariant, and the gauge variation of a
single chiral fermion exactly cancels out the gauge variation
8Lefr,+x,+y [67,68]. Similarly, the gauge variation of a single
antichiral fermion exactly cancels out the gauge variation of
Lef, +x,y. From this, we can conclude that the lattice degrees
of freedom (the phase fields and the chiral hinge modes)
cancel out the gauge anomalies of the dipolar Chern-Simons
action [Eq. (37)] and make the full theory gauge invariant, as
desired.

As a final point, we note that in this analysis we have relied
on translational invariance in the ¢ and z directions. Because
of this we cannot make any statements about the boundaries
normal to the ¢ or z directions. Determining how to analyze
these boundaries is an interesting topic for further research. In
particular, due to the coupling to the rank-2 gauge field A,,,
boundaries normal to the z direction may host interesting and
exotic physics.

VI. MT SYMMETRIC LATTICE MODEL

In Sec. V we considered a dipole conserving C47 sym-
metric 3D model with chiral hinge modes. In this section, we
will consider a related dipole conserving 3D model, which
breaks C47 symmetry, but is instead invariant under M, 7T
and M, T. For simplicity we shall use the shorthand MT to
refer to both of the symmetries. As we shall show, the MT
model also displays chiral hinge modes, similar to those of
the C47 symmetric model, but has other interesting features
that distinguish it from the previous case.

Here, we shall consider the Hamiltonian

HYT = 1e" @M (k)e(r)
k.,r

— Vel + & + 9)esr + Rea(r + 9) + Hell,
T (k.) = y sin(k.)To + [1 + cos(k.)](¥'Ta + yT4). (60)
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FIG. 14. The self-consistent solutions of A,/y as a function of
V/y for y'/y = 1/2. At the mean field level, the bulk of the system
remains gapped for all values of A,.

As desired, this model is invariant under phase shifts
that depend linearly on the x and y coordinates, ¢(R) —
c(R)e"Px+PY) For y' =y, Eq. (62) has C4T and is the same
as Eq. (40). When y’ # y, the C,7 symmetry is explicitly
broken, and Eq. (60) only has M7 symmetry. The M, 7 and
M,T symmetries act on the fermionic degrees of freedom in
eachunitcellas¢ — Uy,candc — Uum,c, respectively, where
Uy, =11 ® 13, and Uy, = 71 @ 71. Here we are interested
in the case where C;7 symmetry is explicitly broken, and
without loss of generality we will take ' < y.

A. Mean field analysis

As before, we shall use self-consistent mean field theory
to analyze the interacting M7 symmetric lattice model. To
do this, we shall decompose the ring exchange interaction
using the decomposition from Eq. (42). In the self-consistent
mean field limit, the Hubbard-Stratonovich fields acquire the
expectation values of the form

AM(R) = )Lxei¢x(R)+iAXy(R)’
Aay(R) = Ao B
Ay(R) = Aoy(R) = 0,

Ayd(R) = Ay (R). 61

The self-consistent values of A, depend on both V/y and
y'/y, and can be found numerically. The self-consistent val-
ues of A,/y as a function of V/y for y’/y = 1/2 are shown in
Fig. 14 (details of this calculation are given in Appendix A).
Unlike the self-consistent solutions for the C;7 model in
Eq. (44), these solutions break C,7 symmetry, but remain
invariant under M7 symmetry. Since A;,(R) = A,(R) = 0in
the mean field limit, there are no terms that hop fermions
along the y direction, although there are terms that hop
fermions along the x direction. Because of this, in the mean
field limit, this model will be quasi-2D, i.e., a decoupled array
of 2D planes stacked along the y direction. Here, the planes are
stacked along the y direction because we chose to set y’ < y
in Eq. (60). If instead we had chosen to set ¥’ > y, the planes
would be stacked along the x direction.

For periodic geometries, the quasi-2D nature of the mean
field Hamiltonian can be made manifest by writing it in the

following form:

HyT ="' )il (k. y)e'. y).
K.y

AT, y) = y sin(k,)To + [1 + cos(k,)1(y'T2 4+ yT4)

+ )\x[cos(kx + ¢X)F4 + Sin(kx + ¢X)F3]7
(62)

where k' = (k., k;), and we have omitted the gauge fields
for simplicity. Here, we can directly see that the mean field
Hamiltonian describes a layered system where each layer is
an xz plane, and the y coordinate labels the different layers.
Because the different layers are fully decoupled, the mean
field Hamiltonian explicitly conserves the dipole in the y
direction. As before, the phase field ¢, projects out states with
nonvanishing polarization in the x direction.

When y’ = 0, each layer in Eq. (62) is composed of two
decoupled 2D insulators, one of which depends only on the ¢,
and c3 fermions, and one of which depends only on the ¢, and
c4 fermions. When 0 < A, /y < 2, the first of these insulators
has Chern number —1, and the second has Chern number +1.
Since the two insulators have opposite Chern number, there
are no net chiral modes associated with such a layer, and
any surface modes can be gapped out with symmetry preserv-
ing perturbations. The y’ term couples these two insulators
and turns them into a single insulator with vanishing Chern
number. When A,/y > 2 both the insulators have Chern
number 0.

The energy spectrum of the mean field Hamiltonian is
given by

e(k) =3y + 29> + 12 + 4[y”* + y*] cos(k,)

+ 2y 0[] + cos(k.)] cos(ky + ¢y) + ¥ cos(2k.))' %,
(63)

For y’ # 0, the spectrum is gapped for all values of 1, /y > 0.
When y’ = 0 and A,/y = 2 there is a gap closing at (k, k;) =
(r — ¢y, 0). As noted before, at this point the two decoupled
insulators in each layer transition from having Chern number
=+1 to having Chern number zero.

To determine the existence of any hinge modes in this
model, we will consider a lattice with open boundaries along
the y direction. Such a geometry is straightforward to analyze
given the quasi-2D nature of the mean field Hamiltonian.
Specifically, let us consider a lattice of length N, in the y direc-
tion. In the mean field limit, this corresponds to N, decoupled
2D systems, which are indexed by their y coordinate. For the
layers away from the boundaries (y # 1, N,), the mean field
Hamiltonian is the same as h(k’, y) given in Eq. (62). Based
on Eq. (61), in the y = 1 layer (i.e., the boundary normal to
the —y direction), there are no Hubbard-Stratonovich fields
coupling the ¢, and ¢4 lattice fermions, and the mean field
Hamiltonian is given by

T (k' 1) = y{sin(k,)To + [1 4+ cos(k)](y'T2 + yTy)}

+ Alcos(k, + (b)c)rir + sin(k, + ¢x)r3+]a
(64)

where Fl.i = ' £nlin)/2, and n = diag(—1, 1, 1, 1). For
Ax < AS=2(y +2y"/y), this layer has Chern number —1.
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FIG. 15. Schematic of the interacting M7 symmetric model in
Eq. (60) with open boundary conditions (top), and the corresponding
mean field Hamiltonian (bottom). The mean field Hamiltonian de-
scribes a system composed of 2D layers stacked along the y direction.
In the bulk, these layers have Chern number zero, while the layers at
the boundaries normal to the £y direction have Chern number £1.

At A, = A{ this boundary layer is gapless, and for A, > A the
boundary layer is an insulator with Chern number zero. At the
y = L, layer (i.e., the boundary normal to the 4 direction),
there are no Hubbard-Stratonovich fields coupling the ¢; and
c3 lattice fermions, and the mean field Hamiltonian is given
by

AT (K, Ny) = y{sin(k,)[o + [1 4 cos(k,)](y'T2 + yT4)}

+ )‘[Cos(kx + ¢x)F4_ + Sin(kx + ¢x)r’;_]
(65)

Similar to before, for 0 < A, < A, this layer has Chern num-
ber 1. At A, = A¢ this boundary layer is also gapless, and
for A, > A{ this boundary layer is an insulator with Chern
number zero. It is worth noting that the boundary Hamilto-
nians in Eqgs. (64) and (65) can be modified by the addition of
additional of symmetry preserving terms that are localized at
the boundaries of the system. Because of this, the value of A¢
is not uniquely determined by the bulk of the system.

As we have seen, the mean field model can be interpreted
as a layered system, where for 0 < A, < A¢ each layer in
the bulk consists of two 2D insulators with opposite Chern
numbers, which are coupled via y. The layers at boundaries
normal to the +9 direction have Chern number £1. This is
shown schematically in Fig. 15. Based on this, we can confirm
the existence of chiral hinge modes in the M7 symmetric
model for 0 < A, < A¢. In terms of the lattice parameters,
this means that the chiral hinge modes persist up to a critical
value of V that depends on the value of y'/y, as well as any

additional boundary terms. At A, = A{ the mean field model
transitions from a chiral hinge insulator to a weak HOTL
Provided that y’ # 0, the energy gap of the bulk of the system
remains open during this transition at the mean field level.
Only the single-particle energy gap of the boundary closes.
In contrast, we found that when the C47 model transitions
from being a chiral hinge insulator to a weak HOTI the bulk
energy gap closes. Phase transitions where only the boundary
energy gap closes have been previously studied in the context
of boundary obstructed topological phases [27,34]. For these
systems, it has been shown that while the bulk energy gap
does not close during such a phase transition the Wannier gap
in the bulk does close, and signals a transition between the
topologically distinct states.

While the mean field Hamiltonian we have derived is only
a boundary obstructed topological phase, let us comment on
the initial interacting model. It is worth remarking that in
nondipole conserving models, e.g., free-fermion band theo-
ries, chiral hinge modes cannot be protected by M7 symmetry
alone in three dimensions. This can be concluded from the
fact that if we consider a 3D model with chiral hinge modes
it is possible to add 2D insulators with Chern number +1 to
the boundaries normal to the ¥ direction without breaking
MT symmetry. This will cause there to be both a chiral and
antichiral fermion at each hinge, which can be gapped out
with symmetry preserving perturbations. However, adding a
2D insulator with Chern number %1 to the boundaries of a
system necessarily violates dipole conservation. This can be
concluded from the fact that adiabatically shifting the momen-
tum of an insulator with nonvanishing Chern number causes
the insulator to polarize, via the Laughlin pumping process.
This clearly violates dipole conservation (lattice models of
Chern insulators also have single-particle tunneling terms and
tunable orbital magnetization, both of which violate dipole
conservation). Because of this, the chiral hinge modes in the
M'T model we have considered here are protected, and cannot
be gapped out without breaking dipole conservation in either
the x or y direction.

Having established the existence of the chiral hinge modes,
we would now like to use the mean field Hamiltonian to find
the response action for the chiral hinge insulator phase of the
M'T model. This can be done efficiently due to the quasi-2D
nature of the mean field model. If we reintroduce the gauge
fields to the mean field Hamiltonian, we find that in the bulk
[Eq. (61)] the response action vanishes. At the boundaries
normal to the x and y directions, we find that in the topological
phase the boundary and hinge responses are given by

Leff,ix - 0,

1
Leff,:i:y = iE[AoaxAz + ¢xazA0 - ¢x8tAy]7

1
Letf, x4y = —EAoAp
1
Leff,:tx,Iy - +EAOAZ' (66)

In Appendix D, we show that this response can also be de-
rived from a continuum analysis, similar to what was done in
Sec. V B. Here, we can see that the effective response vanishes
for boundaries normal to the x direction, while for boundaries

085136-17



JULIAN MAY-MANN AND TAYLOR L. HUGHES

PHYSICAL REVIEW B 104, 085136 (2021)

normal to the y direction the response action is equivalent to a
2D Chern-Simons action, if we identify the phase field ¢, with
the x direction component of a rank-1 gauge field, A, (recall
that the phase field gauge transforms as ¢, — ¢ + 9 A). This
2D Chern-Simons term can be understood from the fact that in
the mean field limit the layers normal to the £§ direction have
Chern number £1. As expected, the anomalies at the hinges
are canceled by the inclusion of chiral fermionic modes.
Comparing the mean field analysis of the M7 model to
that of the C,7 model in Sec. V, we find that both of these
models have a topological phase with chiral hinge modes
that persists up to a finite value of ring exchange amplitude
V, after which they transition into a weak HOTI phase with
no chiral hinge modes (though it does have nonchiral hinge
modes if we preserve translation symmetry along the hinge).
Despite this, we find that the effective surface Lagrangian of
the M7 model [Eq. (66)] differs significantly from that of
the C47 model [Eq. (57)]. For the C47 model, the boundary
Lagrangian is nonvanishing for all four boundaries, and all
boundary terms have a prefactor of ﬁ. However, for the
M'T model, the boundary Lagrangian is nonvanishing for the
boundaries normal only to the £ directions, and these terms
have a prefactor of % In terms of the bulk response action,
this difference corresponds to the addition of a boundary term:

d*x
8Seft = E[ay(AoaxAz) — 0x(A00yA;)]. (67)

This term is invariant under M7, but not C,7, as expected.
Importantly, this term does not affect the hinge terms, which
are the same for the M7 model and the C;7 model. So, it
appears that the C47 and MT lattice models share the same
hinge physics, but have different boundary physics.

B. Dimensional reduction

We will now consider dimensionally reducing the MT
model in Eq. (60) from 3D to 2D. This should result in a
2D model parametrized for dipole pumping, analogous to the
model given in Sec. III. If we use the standard procedure of
identifying the z direction momentum k, with an adiabatic
parameter 6, the dimensionally reduced Hamiltonian is given
by

HO = "[c" (rh™e(r)

-
— Vel + 2+ Desr + B)ear +9) + Hel,
M =y sin(0)Tg + [1 + cos(0)1(y'T + yTy). (68)

For y’ = y, this is exactly the model from Eq. (15) with the
parametrization given in Eq. (22). For ¥’ # y the model has
M, and M, symmetry when 6 = 0, but still has C4 symmetry
when 6 = 7. As before we will take y' < y.

Following our analysis in Sec. III B, we will use mean field
theory to determine the behavior of Eq. (68) at various values
of 6. Using the same decomposition of the ring exchange term
given in Eq. (23), we find that in the mean field limit the
Hubbard-Stratonovich fields acquire expectation values of the

6] ——— | — VIy=40
Viy =3.6
59  —m™W/—1 — V/y=32
— V/y=238

4 —/\

A—; —/\ — VIly=24
31 — VIy=20
5 Viy=1.6

— Vly=12
1+ Viy=10.8

— V/y=04
0_

FIG. 16. The self-consistent values of A, /y as a function of 6 for
y'/y = 1/2 and values of V/y between 0.4 and 4.0.

form
A (r) = A P HiA®),
Ao (r) = Ipe )
)‘*ly(r) S A,zy(r) =0,
Ay (r) = Ay (r). (69)

Here, the self-consistent values of A, depend on 6, V/y, and
y’/y. The self-consistent values of 1, are shown in Fig. 16.

As can be seen from Eq. (69), in the mean field limit there
are no terms that hop a single fermion along the y direc-
tion. Because of this, the mean field fermionic Hamiltonian
is quasi-1D. Using the self-consistent values of A, the mean
field Hamiltonian on periodic geometries can be written in a
manifestly quasi-1D form as

HGY =" et ke, G (ke y)e ke, ),
ke,y

R (ky, y) = y{sin(0)T 4 [1 4 cos(8)](y'T2 4 yT4)}

+ )\,x[COS(kx + ¢x)r4 + Sin(kx + ¢x)r3]
(70)

The energy spectrum of the mean field Hamiltonian is the
same as in Eq. (63), upon identifying k, — 0 (and treating A,
a function of 6). From this, we see that for ' # 0 the mean
field Hamiltonian remains gapped for all values of A,/y.

To simplify the description, we note that the mean field
Hamiltonian in Eq. (70) can be treated as an array of wires
which are aligned along the x direction, and indexed by their
y coordinate. When y’ = 0, each wire in Eq. (70) is composed
of two decoupled 1D insulators, one which only depends on
the ¢; and c¢3 fermion operators, and one which only depends
on the ¢, and ¢4 fermion operators. The first of these insulators
is equivalent to the SSH Hamiltonian given in Eq. (6), with
parametrization

(u, v, w) = (y[1 +cos(9)], A, y sin(9)), (71)

while the second is equivalent to the SSH Hamiltonian with
parametrization

(u, v, u) = (y[1 4+ cos(9)], Ay, —y sin(0)). (72)

Using Eq. (5) we find that these two insulators have opposite
polarization responses. In particular, as 6 is varied, the two in-
sulators pump an opposite amount of charge, such that the net
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boundary charge remains unchanged. This is to be expected
from dimensional reduction since, in the mean field limit of
the 3D model [Eq. (62)], each layer consists of two decoupled
insulators with opposite Chern numbers when y’ = 0. The
y’ term in Eq. (70) couples the SSH models at each layer,
resulting in a single insulator with vanishing polarization for
all values of 6.

To determine the existence of any corner modes, we will
consider a system with open boundaries in the y direction
of length N,. For the layers away from the boundaries (y #
1, N,), the mean field Hamiltonian is the same as h(k,,y)
given in Eq. (70). Atthe y = 1 layer (i.e., the boundary normal
to the —J direction), there are no Hubbard-Stratonovich fields
coupling the ¢, and ¢4 lattice fermions, and the mean field
Hamiltonian is equivalent to the boundary Hamiltonian from
Eq. (64) upon identifying k, — 6. Similarly, the mean field
Hamiltonian at the y = N, layer (i.e., the boundary normal to
the 49 direction) is equivalent to the boundary Hamiltonian
from Eq. (65) upon identifying k, — 6.

In the quasi-1D limit this model takes, the corner charges
are contributed only by the polarization of the boundary lay-
ers. The boundary polarization can be calculated using Eq. (5).
We find that, as a function of 9, the change in polarization
of the y =1 layer is equal and opposite to the change in
polarization of the y = L, layer. Provided that V exceeds a
finite critical value that depends on y’/y, the polarization
of the y =L, (y = 1 layer) increases (decreases) as 0 is in-
creased. Over a full period, we find that the polarization of
the boundary normal to the +§ direction changes by =+1.
Additionally, when the mean field model has M, and M,
symmetry at & = m, the boundary polarization is £1/2. This
value of the boundary polarization indicates that there will be
half-integer charges localized at the corners of the system. As
discussed in Sec. III, for systems coupled to the rank-2 gauge
fields, half-integer corner charges correspond to a quadrupole
moment Q,, = 1/2 (relative to a trivial insulator). To confirm
that the quadrupole moment at & = 7 is in fact 1/2, we can
couple the mean field Hamiltonian to the rank-2 gauge field
and use linear response to determine the quadrupole moment
(see Appendix B for further details). Upon doing this, we
indeed find that Q,,(6 =) — Qy,(60 =0) =1/2 for V less
than the aforementioned critical value.

As a final point, we would like to compare the mean field
analysis of the two 2D dipole conserving Hamiltonians we
have considered so far. In Sec. III B we considered a mean
field decomposition of Eq. (15) that is manifestly invariant
under C4 symmetry, and showed that in the mean field limit
the model remains fully 2D [see Eq. (29)]. In this section,
we considered a mean field decomposition of Eq. (70) that
is invariant under only M, and M, symmetry, and showed that
in the mean field limit the model is quasi-1D (equivalent to
an array of decoupled 1D wires). However, if we compare
the two interacting models, we see that at & = & Egs. (15)
and (70) are the same, and both Hamiltonians consist only
of the ring exchange term V. Because of this, at § = & the
two mean field models should be equivalent. While this is not
immediately obvious, it is true that the two mean field models
are equivalent at 6 = m provided we integrate over the phase
fields ¢, and ¢,. As discussed in Sec. III B, when using the
C; symmetric mean field decomposition, the ground state of

the mean field Hamiltonian at 8 = & is given by Eq. (32),
and upon integrating over the phase fields it is equivalent
to the ground state of the full interacting model Eq. (33).
Similarly, when using the M, and M, symmetric mean field
decomposition, the ground state at & = 7 can be written in
real space as

belr+5+9) i+
|0)=l—[[e CZ(i/ix y)_c4(i/§y)]

X[emq@y_@a+@}m@
V2 V2 '

Upon integrating over the phase fields ¢, we see that this
ground state is also equal to the ground state of the full
interacting model in Eq. (33). We can therefore conclude that
although the mean field Hamiltonians appear very different at
6 = m they do in fact lead to the same physics, provided that
the dynamic phase fields are properly accounted for.

(73)

VII. CONCLUSION AND OUTLOOK

In this paper we considered how various topological mul-
tipolar theories can be realized in dipole conserving lattice
models. In two dimensions we considered the quadrupole
response and used a linear response formalism to determine
the quadrupole moment of a dipole conserving many-body
system. We showed that during a periodic adiabatic process
the quadrupole moment can change by an integer, and that
there is a C4 symmetric HOTI with quadrupole moment 1/2
relative to a trivial insulator. We verified these results by
considering an exactly solvable interacting lattice model. We
also showed that for a properly chosen parametrization this
2D model can be related to a 3D C47 symmetric model with
chiral hinge modes. The boundary responses of this 3D model
match those of the dipolar Chern-Simons action, which is
related to the rank-2 quadrupole response via dimensional
reduction. We also considered a variation of the 3D model,
that is instead invariant under M,7 and M, symmetries, and
showed that they had similar hinge modes and topological
responses. It is worth restating that some of the analyses of
these models have relied on self-consistent mean field theory
(which is equivalent to increasing the number of flavors of
fermions from 1 to N and taking the limit N — oo). While
we believe that the results of this approximation are valid, it
would be useful to find a way to verify these results that does
not rely on the mean field approximation.

An interesting facet of our analysis is that the interacting
models we considered here map exactly onto known non-
interacting HOTIs in the mean field limit. The 2D dipole
conserving C4 symmetric HOTI and the 3D dipoles conserv-
ing C,7 symmetric HOTI we presented here correspond to
the noninteracting 2D quadrupole insulator and 3D chiral
hinge insulator of Ref. [28], respectively. The dipole con-
serving models and noninteracting models also display the
same topological phenomena (quantized corner charges in two
dimensions and chiral hinge modes in three dimensions). This
connection is interesting, since in Ref. [28] the topological
nature of the noninteracting models is manifest in the nontriv-
ial topology of the Wannier bands. In the interacting models
presented here, there are no Wannier bands (outside the mean
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field limit) and the topological nature of the models is mani-
fest in nontrivial rank-2 topological responses. Based on this,
it appears that there may be deeper connections between rank-
2 gauge theories and HOTIs than initially expected.

It should be possible to simulate the models we have pre-
sented here in cold atom systems. Due to the exceptional
degree of control in cold atom systems, it is possible to
tune a system such that any single-particle hopping terms are
negligible, and the dominant terms are interactions, such as
the ring-exchange interaction we considered here [69]. This
should allow for an explicit construction of the 2D model
we have considered here, and a simulation of the pumping
process we discussed. In principle it should also be possible
to construct a cold atom analog C47 chiral hinge insulator
as well. Beyond cold atoms, other metamaterial systems ex-
hibiting tunable nonlinear couplings may be able to realize
the models we have considered here. In known solid state
materials there are no rank-2 gauge fields that couple to the
charge degrees of freedom. However, provided we are treating
the rank-2 gauge fields as background probes, it is possible
to identify the rank-2 gauge fields with the derivatives of
physical rank-1 gauge fields in certain situations [61]. It would
be an interesting question for further research to consider how
the rank-1 analogs of the phenomena we discussed here could
occur in physical materials, and how they could be measured
in experiments.
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APPENDIX A: DETAILS OF THE SELF-CONSISTENT
MEAN FIELD THEORY CALCULATIONS

In this Appendix we shall go over the details of the self-
consistent mean field theory approximations we used in the
main body of the text. The method we shall discuss is general,
although the details of the calculation will depend on the
details of the models we have considered. In order to preserve
generality, we shall present this calculation in d spatial di-
mensions. When d = 2, this is the approximation that is used
to analyze the interacting Hamiltonians in Eqgs. (15) and (68)
in the main body of the text. When d = 3, this is the approxi-
mation that is used to analyze the interacting Hamiltonians in
Egs. (40) and (60) in the main body of the text.

To start, we will rewrite the Hubbard-Stratonovich fields as

My = Ao cos(v) cos(By )e ™,
Aoy = Ao cos(v) sin(6y)e'?>,
A1y = Ao sin(v) cos(e)_,,)ei%,
A2y = Ao sin(v) sin(6)) it

(A)

where Ag is real and positive, and we have suppressed the
dependence on the lattice coordinates for simplicity. In terms
of these fields, the Lagrangian can be written as

. 2
L=c'G/le+ v,\g coS(P1x + Par — Ayy) cos?(v) sin(26,)

+ éxg cos(piy + ¢ay — Ayy)sin®(v)sin(26,),  (A2)
where G7! is the matrix which contains all terms that are
quadratic in the fermion operators. Due to the Hubbard-
Stratonovich decomposition of the ring exchange interaction,
GJ?I depends on the Hubbard-Stratonovich fields in Eq. (A1).

To proceed, we will make use of the fact that the self-
consistent values of the Hubbard-Stratonovich fields are also
those that minimize the effective potential for the Hubbard-
Stratonovich fields, once the fermions are integrated out.
To find the effective potential for the Hubbard-Stratonovich
fields, we will assume that they acquire a uniform expecta-
tion value. In this approximation, the Lagrangian is quadratic
in the fermion operators, and G;l can be written diago-
nally in momentum and frequency space, GJII — GJII (w, k).
Using this, the resulting effective potential for the Hubbard-
Stratonovich fields can be written as

2
Heff = — IOg [Det(G;l)] — ‘7)\(2) COS(¢1x + ¢2x — Axy)

2
x cos?(v) sin(26,) — V’\ cos(P1y + day — Ayy)

x sin’(v)sin(26,), (A3)
where
dwd®k
Det(G;') = (;:TDet[GEI(w, D] (A4

In terms of H.g, the self-consistent values of the Hubbard-
Stratonovich fields satisfy

gy, Hett = 0,
8¢2(,Heff = Os
0y, Hett = 0,
gy, Hetr = 0, (A5)
09, Her = 0, (A6)
99, Herr = 0, (A7)
0y Herr = 0, (AB)
O Hetr = 0. (A9)

For all the models we consider in this paper, the constraints in
Eq. (AS) are solved by setting

d1x = dx + Ay,

o = — ¢,

b1y = ¢y + Ayxy,

boy = =y, (A10)
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where ¢, and ¢, are two new phase fields we have introduced
here. Similarly, for all the models we consider in this paper,
the constraints in Eqs. (A6) and (A7) are solved by setting

0, =6, =7 /4. (Al1)

The solution to Eq. (A8) depends on the details of the model
we are considering. For the Hamiltonians in Egs. (15) and
(40), Eq. (A8) is solved by

v =7/4. (A12)

For the Hamiltonians in Egs. (60) and (68), Eq. (A8) is solved
by

V=0, (A13)

provided that y > y'. For all the lattice models, Eq. (A9) must
be solved numerically as a function of the lattice parameters.
In order to avoid any unnecessary numeric constants in our
definitions, it will also be useful to define the new variables

A=ho/2, A= Ao/V2. (Al14)

In addition to the effective potential, we can also consider
the effective kinetic term for the Hubbard-Stratonovich fields.
These terms can be found by evaluating the polarization dia-
gram of the fermions. At one loop order, we find that when
d = 2 the fermions generate a kinetic term of the form

Hiin-eft = —&xrox(r + A1 (1)

— gyAay(r + X)A1,(r) + Hec,, (A15)

where we have used the original definitions of the Hubbard-
Stratonovich fields, and added back in the dependence on the
lattice coordinates. When d = 3, we also find a similar term,
which is equivalent to Eq. (A15) upon exchanging the 2D lat-
tice coordinate r with the 3D lattice coordinate R. Combining
Eq. (A15), with our results from analyzing Eqs. (A5)—(A9),
we find the the kinetic energy is minimized when

Ay¢x = AX)'v

Ax¢y = Axyv
where A, and A, are the lattice derivatives.
Using Egs. (A10)-(A14) and (A16), along with the nu-
meric solutions for the self-consistent values of Ay, we are

able to determine the self-consistent values of the Hubbard-
Stratonovich fields A,;.

(A16)

APPENDIX B: QUADRUPOLE MOMENT OF THE MEAN
FIELD HAMILTONIAN

In this Appendix we will discuss how to determine the
quadrupole moment for the 2D mean field models we dis-
cussed in the main text. For a Hamiltonian coupled to
a spatially varying gauge field A,,(r), the change in the
quadrupole moment during an adiabatic process is given by

nl X, e A, (r)
e+ FEy—E,

1
=0, =1l
56 2 0 eL L, 4 [

(O 5, 5285 |n) () 22 |0>]

Bl
€+E _EO ( )

In the limit that the gauge field is flat [A,,(r) = const],
Eq. (B1) reduces to Eq. (11). The expectation values in
Eq. (B1) are calculated with vanishing gauge field Ay(r) =
Ay(r)=0

Here, we shall consider the mean field limit of the 2D
interacting model

HC =) "{c" (Mhe(r) — Ao(r)c’ (rer)

— Vi) + &+ D)esr + Dear+9)e™ ™ + Heel),

h® = ulo+ (T + Ty). B2)
For this Hamiltonian
dHC P ¥ PN N N
DAy ) = —iVe (e, (r + %+ P)c3(r + X)ea(r +9)

+H.ec., (B3)

where we have evaluated the derivative at A, (r) = 0. To use
mean field theory, we shall decompose the ring exchange term
using the following Hubbard-Stratonovich transformation:

— Vel 4 1+ Des(r + R)ea(r + §etn®
= d () + £ + Pear + P

+ ha(r)e] (Des(r + £)

+ Ay (P + % + ez (r + £)e o

— Aoy (r)e] (rea(r + §)

2 2
=y hAa(r) = Ay (A (). (B4)

This is equivalent to the Hubbard-Stratonovich transformation
used in the main text upon shifting A;, — X e and A, y =
M ye’A*J'. After this transformation,
dHC
0A,(r)

= [ir () (r + 2 + P)ealr + 9)

+ihy () + 2+ Pesr+ HHel.  (BS)

In the mean field limit, the Hubbard-Stratonovich fields ac-
quire expectation values of the form

Aa(r) = 2e 0,

Aox(r) = de ™),

Ay(r) = A ™,

Aay(r) = Ae ) (B6)

where A is a constant. Using this, the mean field Hamiltonian
is

HS: = Y (F @h°er) — A (re(r)

r
+ [P OO (k4§ 4 $Yey(r + §)

+ e POl ()esr + £)

4 Aei O HA®P) C; r+x+PaE+3r)

— 2e POl (P)ey(r+ 9) + Hel), (BT)
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and
dHS,

= [ire*Oci(r + & + Pes(r + 9)
A (r)

+ idiye®Ocl(r + % + 9)es(r + HHcl.  (BY)

As a consistency check, we note that combining Egs. (B5) and
(B6) also leads to Eq. (BS).

To proceed, we will introduce a new noninteracting Hamil-
tonian:

HZ = (e (h°c(r) + A" (r + & + $lea(r + 9)

+ re O] ()es(r + ) + hePOTC (r + 2+ 9)
_ Ae*i¢x'(’)c7(r)C4(r +39)+Hcll, BY)

which is equivalent to Eq. (B7) at Ao(r) =0 and A,,(r) =g
(const). In particular, at A,,(r) = ¢ = 0, Egs. (B7) and (B9)
are equal to each other, and by extension have the same ground
states and excited states. Additionally, we also have that

5 OHG,  OHY
— 0A,(r) g
where the derivatives are evaluated at A,,(r) = g = 0. Com-

bining this with Eq. (B1) we find that the change in the
quadrupole moment in the mean field limit is

X c3(r + x)

, (B10)

oHQ

dH? OH,

9 . i (01 =5~ |n) (| =5,-10)
— 0y = lim Z
200 e—~0 el L, o € +Ey—E

0H, aH2

(0l ) (n]—5-10)
B 3q 30 ’ (B11)
e+ E,—E

where |n) are the energy eigenstates of H qQ at g = 0 [which are

equal to energy eigenstates of H 18 r at Ay, (r) = 0]. After some
algebra, we can express the total change in the quadrupole
moment in terms of the eigenfunctions of H qQ as

AQXV—A[—to

a€ocec

(K, o3, |k, a>] (B12)

where |7€ «) is a single-particle eigenfunction of HqQ with

momentum k and band index o, and the sum is over the
occupied bands. We have also integrated over 6 to derive
Eq. (B12). This formula can be used to calculate the change
in the quadrupole moment during a given adiabatic process,
such as the one in Sec. III B.

We can also use this procedure to find the change in the
quadrupole moment for the mean field limit of Eq. (68). To do
this, we will introduce the Hamiltonian

H)' =3 (e'(r)h™e(r) — Ar)e’ (re(r)

+ [+ 2+ Phealr +9)
+ Aee 5l (P)es (r + 2)Hoc ), (B13)

where h°M is defined as in Eq. (68). Here, we have included
a parameter ¢’, which we will use to find the quadrupole

moment. Following the same steps as before, we find that the
change in the quadrupole moment is given by

AQy, = A|: = / (k ooy |k, oz):| (B14)

oeocc

where |l?, «) are the energy eigenstates of the Hamiltonian in
Eq. (B13).

APPENDIX C: ROLE OF THE PHASE FIELDS
IN THE MEAN FIELD LIMIT

In decomposing the ring exchange interaction into
the sum of terms that are quadratic in the fermion
creation/annihilation operators, we found it was necessary
to introduce phase fields ¢, and ¢,. Under phase shifts that
depend linearly on position, c¢(r) — c(r)e’*+2¥ the phase
fields transform as ¢, — ¢ + B1 and ¢, — ¢, + B>. Simi-
larly, under a gauge transform A, the phase fields transform
as ¢; — ¢; + A;A for i = x,y. These fields enter the mean
field Hamiltonians hyp, by shifting the lattice momentum
ki — k; + ¢;. In this Appendix, we shall show that integrating
over the phase fields projects out states with nonvanishing
many-body electric polarization. Here, we shall only consider
the ¢, field. The analysis for the ¢, field can be done analo-
gously.

To show that the integration projects out states with non-
vanishing many-body polarization, let us consider the hyp. If
we set ¢, = 0, then the Hamiltonian hyr(k,) is diagonalized
by the single-particle states

vl (k) = u (ko )el (o), (C1)

where n is the band index. Here we are suppressing all the
dependence on all momenta except k, for simplicity. In terms
of these single-particle eigenstates, the ground state of the
Hamiltonian with ¢, = 0 is given by

0.0)= T[]

{n,k,}eocc

- 1

{n,k,}eocc

u®" (ky )el (k)| vac)

th

iy )Z JEC@lvae). (€D

For ¢, # 0, the mean field Hamiltonian is given by hyg(k, +
¢ ). Hence, for ¢, # 0, the state in Eq. (C2) becomes

0,¢0=]]

{n,k,}eocc

= 11

{n,k,}€occ

U (ky + do)ct (k) |vac)

1yt ey +¢X>Z J_c F(n)lvac),  (C3)

where N, is the length of the lattice system in the x direction.

To proceed we will make two assumptions. First, we will
assume that the single-particle bands defined via Eq. (C1) are
completely filled in the ground state (as they are in noninter-
acting band insulators). Second, we will assume that either
¢, can be written in the form 2mn/N, for n € Z (which
means that the dipole gauge transformations must obey pe-
riodic boundary conditions), or we are in the thermodynamic
limit (N, — 00). When these conditions are true, we can shift
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k. — k. — ¢,, and rewrite the state |0, ¢,) as

0,¢0 =[]

{n,k;}€occ

MZT (kx )CZ (ky — ¢)|vac)

lkxx ipyx

= 1_[ “T(k)z «/_ ¢l (x)|vac)

{n,k;}€occ

— e*i@xn(x) 1_[

{n,k.}eocc

— e—i@-xn(x) 0, 0)

ikox
at €
s (kx); Cu@lvac)
(C4)
where n(x) =Y, ci(x)c,(x). The operator e~*"™) from

Eq. (C4) is related to the expectation value of the polarization
operator for periodic systems via

P, =— Im log (e~ =), (Cs)

1
¢XNX
where P, is the electronic contribution to the polarization of
the system.

We will now rewrite the ¢, = 0 ground state from Eq. (C2)
as a sum of eigenstates of the operator e~ @~

0.0) = Y ax.alX. n) C6)
n,X

where |X,n) satisfies e "0 |X n) = ¢~ X |X n). From
this we can conclude that the state |X, n) has fotal polarization
X /Ny + Pon, where Py, is the contribution to the polarization
from the ions. The ionic contribution must be included in or-
der for the system to be charge neutral, and for the polarization
to be invariant with respect to a change of coordinates. For the
models we are considering, a simple calculation shows that
Pon = 0 mod(1).

Combining Egs. (C4) and (C6), the ¢, # O state is given
by

10, ¢) = e DN "ay ,|X, n)

n,X

= ax.e?¥ X, n).

n,X

€N

From this we can see that integrating over ¢, will project
out any states with X/N, # 0 mod(1). These are exactly the
unpolarized many-body states.

APPENDIX D: CONTINUUM ANALYSIS
OF THE M7 MODEL

In this Appendix, we will analyze the 3D M7 symmetric
model given in Eq. (60) in the continuum, near V = 0. At
V =0, the system is quasi-1D, i.e., a decoupled 3D array of
1D wires oriented in the z direction. If we pass to the con-
tinuum along the z direction, each of these wires consists of
four massless fermions (which correspond to the fluctuations
of the lattice fermions with momentum near k, = ), and four
massive fermions (which correspond to the fluctuations of the
lattice fermions with momentum near k, = 0). AtV = 0, the

continuum Lagrangian for these fields is
L= "¥'")G; @+ Ar), p: +Ar)Y()
.

+¥'(r)G, (@ + Ao(r), p, + A (r)¥(r),
Gy (@, k) = ol + p.T°,

G, (0, k) = ol — p,I'" — M[cos(x)['* + sin(x)["*], (D1)
where ¥ = (Y1, Y2, ¥3, ¥4) are the light fermion operators,
U = (U, U,, W3, Wy) are the heavy fermion operators, and «
is defined such that tan(x) = y’/y. We will take M to be the
UV cutoff for this theory.

We can now consider the interactions in the continuum.
As before, we will use a Hubbard-Stratonovich transfor-
mation to decompose the lattice ring exchange interaction.
Using Eq. (42) we see that in the continuum the Hubbard-
Stratonovich fields A/, and A5, couple to both the light
fermions i and the heavy fermions W. Since they are
gapped, the heavy fermions can be integrated out, leaving a
Lagrangian in terms of the light fermions and the Hubbard-
Stratonovich fields. After integrating out the heavy fermions,
the Lagrangian can be written as

EdCS

=Ly + L, (D2)

where £, contains all terms involving the light fermions
Y and L£;, contains all couplings between the Hubbard-
Stratonovich fields. If we ignore any terms that osculate like
(=1)%, Ly is given by

Ly =Y W (G, @+ Ag(r). p: + AW ()

— [ ()Y] (PP (r + %)
+ A OV (r + %+ D)W +9)
+ Aoy (P (P (r + 9)

+ ALY r+ 32+ 9Ys(r +£) +Hel.  (D3)

To determine £;, we must integrate out the heavy fermions
W. At one loop order, £, is given by

Lin =Y =[x (PA](F) 4 Aae (A3, ()

+ Ay (A, (1) + Aoy (1A, ()]
+ [ug)\lx(r))\h(r + )A)) + Mﬁ)‘fly(r))\Zy(r + )AC)

2 ,
+ S Anhare

2 —iAy ()
+ V)‘ly(r))ﬂy(r)e @) 4 Hel, (D4)
where u = loé’l(gj)r 1, I,tg = %J(IK)’ and MZ _ sin’(k)

As discussed in the main text, we shall errirploy the self-
consistent mean field theory approximation. Similar to before,
the Hubbard-Stratonovich fields acquire expectation values of
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the form
Aip(r) = A @t OHA®),
Aox(r) = )»xe_"@(’)’
)»1y(r) = O
)\’2}' (r) =

Here, A, and A, have vanishing expectation values, while A1,
and A,y do not, since uy > u) in Eq. (D4). The value of A, is
determined by the effective potential

H; 4A2+1A21 ’\2 1
JE— 0 J—
w= et o g

where V| = (V-1 + @)’1. The effective potential is mini-

(D5)

(D6)

mized by A, = M e_%. In agreement with the numeric results,
we find that A, vanishes when V — 0, and increases mono-
tonically with increasing V. Additionally, due to the u; term
in Eq. (D4), at low energies

Ou(r + }A]) — ¢u(r) = Ay¢x(r) = Axy(r)-

As noted before, under a gauge transformation A, the phase
fields ¢, transform as ¢,(r) — ¢.(r) + A, A(r). Because of
this, all terms in Eq. (D7) have the same gauge transformation,
as desired.

To find the effective response theory for the continuum
model in the mean field limit, the effective response action

D7)

can be found by evaluating the current-current correlation
functions. Here we are interested in the correlation functions
between the currents associated with Ag(r), A (r), Ay (r),
and ¢, (r). These currents are found by taking the functional
derivative of the mean field fermionic action with respect to
one of the aforementioned fields. In the bulk, we find that in
the low frequency and momentum limit the effective response
theory response is

Aceff,bulk = _(Axy - ay¢x)8tAz - (Axy - a\'(px)azAOs (D8)

4r
where we have passed to the continuum in the x and y di-
rections as well. Using Eq. (D7), we find that the bulk action
vanishes. However, at the boundaries normal to the x and y
directions, as well as the hinges separating these surfaces, we
find that the response Lagrangians are

Legr,+x = 0,
Legr 1y = :|: [A03 A + $:0A0 — d:0Ay],
1
Leff,ix,iy = _EAOAz-
1
Leff,:i:x,q:y = +4_7'[A0AZ. (D9)

This is consistent with what we found using the mean field
analysis in Sec. VI A.

[1] M. Z. Hasan and C. L. Kane, Rev. Mod. Phys. 82, 3045
(2010).
[2] T. Senthil, Annu. Rev. Condens. Matter Phys. 6, 299 (2015).
[3] C. L. Kane and E. J. Mele, Phys. Rev. Lett. 95, 226801
(2005).
[4] B. A. Bernevig, T. L. Hughes, and S.-C. Zhang, Science 314,
1757 (2006).
[5] A. Kitaev, AIP Conf. Proc. 1134, 22 (2009).
[6] S. Ryu, A. P. Schnyder, A. Furusaki, and A. W. Ludwig, New J.
Phys. 12, 065010 (2010).
[7] M. Z. Hasan and J. E. Moore, Annu. Rev. Condens. Matter
Phys. 2, 55 (2011).
[8] X. Chen, Z.-C. Gu, Z.-X. Liu, and X.-G. Wen, Phys. Rev. B 87,
155114 (2013).
[9] A. Kapustin, R. Thorngren, A. Turzillo, and Z. Wang, J. High
Energy Phys. 12 (2015) 1.
[10] W. Su, J. Schrieffer, and A. J. Heeger, Phys. Rev. Lett. 42, 1698
(1979).
[11] R. Jackiw and J. R. Schrieffer, Nucl. Phys. B 190, 253 (1981).
[12] L. Fu, C. L. Kane, and E. J. Mele, Phys. Rev. Lett. 98, 106803
(2007).
[13] J. E. Moore and L. Balents, Phys. Rev. B 75, 121306 (2007).
[14] K. v. Klitzing, G. Dorda, and M. Pepper, Phys. Rev. Lett. 45,
494 (1980).
[15] R. King-Smith and D. Vanderbilt, Phys. Rev. B 47, 1651
(1993).
[16] X.-L. Qi, T. L. Hughes, and S.-C. Zhang, Phys. Rev. B 78,
195424 (2008).

[17] X.-L. Qi, E. Witten, and S.-C. Zhang, Phys. Rev. B 87, 134519
(2013).

[18] S. C. Zhang, T. H. Hansson, and S. Kivelson, Phys. Rev. Lett.
62, 82 (1989).

[19] R. B. Laughlin, Phys. Rev. B 23, 5632 (1981).

[20] D. Thouless, Phys. Rev. B 27, 6083 (1983).

[21] L. Fu, Phys. Rev. Lett. 106, 106802 (2011).

[22] T. L. Hughes, E. Prodan, and B. A. Bernevig, Phys. Rev. B 83,
245132 (2011).

[23] T. H. Hsieh, H. Lin, J. Liu, W. Duan, A. Bansil, and L. Fu,
Nat. Commun. 3, 1 (2012).

[24] H. Isobe and L. Fu, Phys. Rev. B 92, 081304 (2015).

[25] M. Cheng, M. Zaletel, M. Barkeshli, A. Vishwanath, and
P. Bonderson, Phys. Rev. X 6, 041068 (2016).

[26] B. Bradlyn, L. Elcoro, J. Cano, M. Vergniory, Z. Wang, C.
Felser, M. Aroyo, and B. A. Bernevig, Nature (London) 547,
298 (2017).

[27] W. A. Benalcazar, B. A. Bernevig, and T. L. Hughes, Science
357, 61 (2017).

[28] W. A. Benalcazar, B. A. Bernevig, and T. L. Hughes, Phys. Rev.
B 96, 245115 (2017).

[29] J. Langbehn, Y. Peng, L. Trifunovic, F. von Oppen, and P. W.
Brouwer, Phys. Rev. Lett. 119, 246401 (2017).

[30] Z. Song, Z. Fang, and C. Fang, Phys. Rev. Lett. 119, 246402
2017).

[31] M. Serra-Garcia, V. Peri, R. Siisstrunk, O. R. Bilal, T. Larsen,
L. G. Villanueva, and S. D. Huber, Nature (London) 555, 342
(2018).

085136-24


https://doi.org/10.1103/RevModPhys.82.3045
https://doi.org/10.1146/annurev-conmatphys-031214-014740
https://doi.org/10.1103/PhysRevLett.95.226801
https://doi.org/10.1126/science.1133734
https://doi.org/10.1063/1.3149495
https://doi.org/10.1088/1367-2630/12/6/065010
https://doi.org/10.1146/annurev-conmatphys-062910-140432
https://doi.org/10.1103/PhysRevB.87.155114
https://doi.org/10.1007/JHEP12(2015)052
https://doi.org/10.1103/PhysRevLett.42.1698
https://doi.org/10.1016/0550-3213(81)90557-5
https://doi.org/10.1103/PhysRevLett.98.106803
https://doi.org/10.1103/PhysRevB.75.121306
https://doi.org/10.1103/PhysRevLett.45.494
https://doi.org/10.1103/PhysRevB.47.1651
https://doi.org/10.1103/PhysRevB.78.195424
https://doi.org/10.1103/PhysRevB.87.134519
https://doi.org/10.1103/PhysRevLett.62.82
https://doi.org/10.1103/PhysRevB.23.5632
https://doi.org/10.1103/PhysRevB.27.6083
https://doi.org/10.1103/PhysRevLett.106.106802
https://doi.org/10.1103/PhysRevB.83.245132
https://doi.org/10.1038/ncomms1969
https://doi.org/10.1103/PhysRevB.92.081304
https://doi.org/10.1103/PhysRevX.6.041068
https://doi.org/10.1038/nature23268
https://doi.org/10.1126/science.aah6442
https://doi.org/10.1103/PhysRevB.96.245115
https://doi.org/10.1103/PhysRevLett.119.246401
https://doi.org/10.1103/PhysRevLett.119.246402
https://doi.org/10.1038/nature25156

TOPOLOGICAL DIPOLE CONSERVING INSULATORS ...

PHYSICAL REVIEW B 104, 085136 (2021)

[32] C. W. Peterson, W. A. Benalcazar, T. L. Hughes, and G. Bahl,
Nature (London) 555, 346 (2018).

[33] S. Imhof, C. Berger, F. Bayer, J. Brehm, L. W. Molenkamp, T.
Kiessling, F. Schindler, C. H. Lee, M. Greiter, T. Neupert et al.,
Nat. Phys. 14, 925 (2018).

[34] E. Khalaf, W. A. Benalcazar, T. L. Hughes, and R. Queiroz,
Phys. Rev. Research 3, 013239 (2021).

[35] H. Song, S.-J. Huang, L. Fu, and M. Hermele, Phys. Rev. X 7,
011020 (2017).

[36] X.-Y. Song and A. P. Schnyder, Phys. Rev. B 95, 195108 (2017).

[37] A. Rasmussen and Y.-M. Lu, arXiv:1810.12317.

[38] R. Thorngren and D. V. Else, Phys. Rev. X 8, 011040 (2018).

[39] Y. You, E. Burnell, and T. L. Hughes, Phys. Rev. B 103, 245128
(2021).

[40] R. M. Nandkishore and M. Hermele, Annu. Rev. Cond. Matt.
Phys. 10, 295 (2019).

[41] M. Pretko, X. Chen, and Y. You, Int. J. Mod. Phys. A 35,
2030003 (2020).

[42] M. Pretko, Phys. Rev. B 95, 115139 (2017).

[43] M. Pretko, Phys. Rev. B 96, 035119 (2017).

[44] M. Pretko, Phys. Rev. B 98, 115134 (2018).

[45] J. Haah, Phys. Rev. A 83, 042330 (2011).

[46] S. Vijay, J. Haah, and L. Fu, Phys. Rev. B 94, 235157 (2016).

[47] T. H. Hsieh and G. B. Haldsz, Phys. Rev. B 96, 165105 (2017).

[48] M. Pretko, Phys. Rev. D 96, 024051 (2017).

[49] H. Ma, M. Hermele, and X. Chen, Phys. Rev. B 98, 035111
(2018).

[50] A. Gromov, Phys. Rev. Lett. 122, 076403 (2019).

[51] C. Xu, arXiv:cond-mat/0602443.

[52] C. Xu and P. Horava, Phys. Rev. D 81, 104033 (2010).

[53] M. Pretko and L. Radzihovsky, Phys. Rev. Lett. 120, 195301
(2018).

[54] N. Seiberg, SciPost Phys. 8, 050 (2020).

[55] N. Seiberg and S.-H. Shao, SciPost Phys. 9, 046 (2020).

[56] O. Dubinkin, A. Rasmussen, and T. L. Hughes, Ann. Phys. 422,
168297 (2020).

[57] X.-L. Qi and S.-C. Zhang, Rev. Mod. Phys. 83, 1057 (2011).

[58] R. Resta and D. Vanderbilt, in Physics of Ferroelectrics
(Springer, New York, 2007), pp. 31-68.

[59] R. Resta, Ferroelectrics 136, 51 (1992).

[60] R. Resta, Rev. Mod. Phys. 66, 899 (1994).

[61] O. Dubinkin, J. May-Mann, and T. L. Hughes, Phys. Rev. B
103, 125129 (2021).

[62] Y. You, J. Bibo, F. Pollmann, and T. L. Hughes,
arXiv:2008.01746.

[63] Y. You, J. Bibo, T. L. Hughes, and F. Pollmann,
arXiv:2101.01724.

[64] J. Zinn-Justin, Quantum Field Theory and Critical Phenomena
(Clarendon, Oxford, 2002), Vol. 113.

[65] O. Dubinkin and T. L. Hughes, arXiv:2002.08385.

[66] E. Fradkin, Field Theories of Condensed Matter Physics (Cam-
bridge University, Cambridge, England, 2013).

[67] S. G. Naculich, Nucl. Phys. B 296, 837 (1988).

[68] S. Chandrasekharan, Phys. Rev. D 49, 1980 (1994).

[69] H.-N. Dai, B. Yang, A. Reingruber, H. Sun, X.-F. Xu, Y.-A.
Chen, Z.-S. Yuan, and J.-W. Pan, arXiv:1602.05709.

085136-25


https://doi.org/10.1038/nature25777
https://doi.org/10.1038/s41567-018-0246-1
https://doi.org/10.1103/PhysRevResearch.3.013239
https://doi.org/10.1103/PhysRevX.7.011020
https://doi.org/10.1103/PhysRevB.95.195108
http://arxiv.org/abs/arXiv:1810.12317
https://doi.org/10.1103/PhysRevX.8.011040
https://doi.org/10.1103/PhysRevB.103.245128
https://doi.org/10.1146/annurev-conmatphys-031218-013604
https://doi.org/10.1142/S0217751X20300033
https://doi.org/10.1103/PhysRevB.95.115139
https://doi.org/10.1103/PhysRevB.96.035119
https://doi.org/10.1103/PhysRevB.98.115134
https://doi.org/10.1103/PhysRevA.83.042330
https://doi.org/10.1103/PhysRevB.94.235157
https://doi.org/10.1103/PhysRevB.96.165105
https://doi.org/10.1103/PhysRevD.96.024051
https://doi.org/10.1103/PhysRevB.98.035111
https://doi.org/10.1103/PhysRevLett.122.076403
http://arxiv.org/abs/arXiv:cond-mat/0602443
https://doi.org/10.1103/PhysRevD.81.104033
https://doi.org/10.1103/PhysRevLett.120.195301
https://doi.org/10.21468/SciPostPhys.8.4.050
https://doi.org/10.21468/SciPostPhys.9.4.046
https://doi.org/10.1016/j.aop.2020.168297
https://doi.org/10.1103/RevModPhys.83.1057
https://doi.org/10.1080/00150199208016065
https://doi.org/10.1103/RevModPhys.66.899
https://doi.org/10.1103/PhysRevB.103.125129
http://arxiv.org/abs/arXiv:2008.01746
http://arxiv.org/abs/arXiv:2101.01724
http://arxiv.org/abs/arXiv:2002.08385
https://doi.org/10.1016/0550-3213(88)90400-2
https://doi.org/10.1103/PhysRevD.49.1980
http://arxiv.org/abs/arXiv:1602.05709

