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Yoshihito Kuno®' and Yasuhiro Hatsugai

2

'Graduate School of Engineering Science, Akita University, Akita 010-8502, Japan
2Department of Physics, University of Tsukuba, Tsukuba, Ibaraki 305-8571, Japan

® (Received 21 April 2023; accepted 10 July 2023; published 27 July 2023)

Bose gas on a two-leg ladder exhibits an interesting topological phase. We show the presence of a bosonic
symmetry-protected-topological (SPT) phase protected by Z, x Z, symmetry. This symmetry leads to Z, frac-
tional quantization of the Z, Berry phase, which is a topological order parameter to identify the bulk. Using the
Z, Berry phase, we show that the interacting bosonic system possesses rich topological phases depending on the
particle density and strength of interaction. Based on the bulk-edge correspondence, each edge state of the SPT
phases is discussed in relation to the Z4 Berry phases. In particular, we have found an intermediate phase that
is not adiabatically connected to a simple adiabatic limit that possesses unconventional edge states, which we
numerically demonstrate by employing the density-matrix renormalization-group algorithm.
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I. INTRODUCTION

Synthetic dimension in a cold-atom system constituted by
internal states of the atom offers a promising platform on
which to simulate and investigate various states of matter [1].
An interesting lattice model has already been implemented,
that is, a two- or three-leg ladder system with an artifi-
cial gauge field [2-7]. In cold-atom experiments, interacting
systems can be implemented and their strength can be con-
trollable [8], e.g., Feshbach resonance and using dipole-dipole
interactions between dipolar atoms [9,10]. In particular, such
a system with a specific lattice geometry can be used as a
quantum simulator to realize rich topological states of matter.

In condensed-matter theory, the symmetry-protected-
topological (SPT) phase is now an attractive state as one
of topological states of matter [11]. So far, various types of
SPT phases have been discovered and also a classification
of the SPT phases has been proposed for some groups of
systems. The classification for free-fermion systems has been
explicitly given [12—14] (now called the tenfold way) and also
for interacting bosonic systems. This is listed as a catalog of
(bosonic) SPT phases by group cohomology [15,16]. These
classification schemes showed possible SPT phases, but a
demonstration of concrete examples in realistic systems is an
ongoing problem. In this work we propose a specific concrete
example of an interacting bosonic SPT phase of a two-leg
ladder system, which is feasible in real experiments.

We consider a Bose-Hubbard model with two internal
states of atoms, which can be regarded as a two-leg ladder
system. Its experimental realization may be easier than that of
a fermionic one since the temperature of the fermionic system
in an optical lattice is somewhat high and it is still a chal-
lenging problem to observe a complete quantum long-range
order, such as magnetization [17]. We assume that the bosonic
model on the two-leg ladder includes on-site and vertical
link interactions (interactions between two different internal
states) and also a hopping dimerization. Then a specific type
of bosonic interacting SPT phase appears, characterized by
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fractional quantization of the Z; Berry phase. Due to the
two-leg ladder geometry, the system has a key symmetry to
induce the SPT phase.

We find that the key symmetry is of the Z, x Z, type, which
consists of two types of reflection symmetry combined with
time reversal (complex conjugation). In this work we show
that the Zy Berry phase [18-32] can be used as a topological
order parameter to characterize the bosonic SPT phase. The
Zy Berry phase allows identifying rich topological phases and
is applicable to both noninteracting and interacting systems,
which is especially efficient for interacting bosonic systems.
We analytically show that the Z, Berry phase is fractionally
quantized by the presence of the Z7 x ZJ equivalence, as
y =2nn/4mod2r (n = 1,2, 3,4). The quantization is pro-
tected as long as the gap is open, even under a local twist
with the symmetry constraints. If the state is adiabatically
connected to a set of simple local clusters (a plaquette), we
may expect the ground state is short-range entangled and
topological properties are reduced to those of the simple one,
that is, we can determine the distinct value n of the Z, Berry
phase. In this work we numerically demonstrate the presence
of the interacting bosonic SPT phases characterized by the
fractional quantization of the Z, Berry phase coming from
the Z5 x Z7 equivalence. Due to the Bose-Hubbard nature,
we find rich SPT phases depending on the mean density and
strength of interaction. Furthermore, a reduction of the equiv-
alence Z; x Z; — Z3 is demonstrated by the quantized Berry
phases of Z4 — Z,. Also, an eccentric intermediate phase,
which is not adiabatically connected to the simple clusters,
is demonstrated.

In relation to the Berry phase of the bulk SPT phase, we
numerically discuss edge states based on the bulk-edge corre-
spondence by using the density-matrix renormalization-group
(DMRG) algorithm. We will show some case studies. Depend-
ing on the type of edges, mean density, and chemical potential,
the density profile around the edges significantly varies, which
indicates the appearance of unconventional edge states. In
particular, we numerically find the clear edge density profile,
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FIG. 1. Labeling of the sites and the lattice structure of the model
with periodic boundary condition. Symmetry axes associated with
the reflections U, and U, are also shown. Note that the open system
by cutting the link at the origin [J, = 0 at the (—1, :I:%)—(-f-%, ﬂ:%)
links] also respects these symmetries, which guarantees the bulk-
edge correspondence associated with the Z, Berry phase.

which can be easily identified by higher or lower density than
that of the bulk. The appearance of the edge density profile is
favorable for the experimental detection of the bosonic SPT

equivalence. In Sec. IV we numerically investigate the pres-
ence of the SPT phases in the model. In Sec. V we study the
system with an open boundary and numerically investigate the
presence of the edge state corresponding to the SPT phase in
the bulk. We observe the presence of the edge state where the
bulk of the system is in the Z, x Z, SPT phase. Section VI
provides a summary and a brief discussion of prospective
study.

II. MODEL

We consider a Bose-Hubbard model on two-leg ladder as
shown in Fig. 1. We start by considering the bosonic operator
b; . j, with periodic or open boundary condition with

jr=4.3...,L—1 modL (even),
Jy = —%, %, mod 2. (1)

The Hamiltonian with the periodic boundary condition is
given by (see Fig. 1)

L/2—1
phases. _ ‘ N
The rest of this paper is organized as follows. In Sec. 1I Hpuy = Z (Hj + Hjint ). )
we introduce the target model. In Sec. III we analytically =0
show the quantization of the Z; Berry phase by the ZJ x Z; where.
|
_ g site
Hj=H; + H;™, 3)
HY = —J'p] by; — J2b! bs; —Ji b} by; — Jb} by; +H
i = T %2j-172,-1292j-1/2,+1/2 vY2j4172,41202j+1/2,-1/279p Y2112, —12P2j—-1/2,-1/2 h92j—1/2,41/292j+1/2,+1/2 €.,
“)
e U Ui
He = Z [( Z Enjuj_‘,(njbjy — 1)—unjx,_,‘y> +§n]~x,+l/zn_/;,_1/z}, (5)
Je=2j%1/2 Jy=%1/2
Hjine = —Jint Z b;j_l/z,jybz(jﬂ)q/z,jy +H.c, (6)
Jy=%1/2

where n;, ; = b;ﬂ ibj.js L s the ladder length; H; is a
Hamiltonian at the jth plaquette and Ji,, connects them:;
J1,J2,J}, J? € R are hopping amplitudes as shown in Fig. 1;
wu is a chemical potential; U is the on-site interaction (be-
tween the same internal states); and Uj, represents interactions
between the upper and lower chains. If the upper and lower
chains are created by a different internal state, the atom is in a
realistic experimental situation such as a synthetic ladder opti-
cal lattice [2,3]. The Uj, term can be regarded as an interaction
between different internal states and the J!'> hopping is Rabi
coupling. Note that without the synthetic ladder the target
system is also feasible in a real experimental system; such
a bosonic plaquette optical lattice [33,34] and also a model
with synthetic gauge fields have been studied theoretically
[35,36]. In what follows, we set U = U;, and u = U/2 and a
mean density 7i = ﬁ > ... (nj. ;) is used to specify the filling
of the system. In most of our work, we focus on a strongly
correlated regime |[U| > |J,®|, |7]®), |/, practically U =
20, and consider soft-core bosons, where we expect that the
ground state is always unique-gapped and also no spontaneous
symmetry breaking occurs.

III. SYMMETRY PROTECTION AND FRACTIONAL
QUANTIZATION Z4 BERRY PHASE

We introduce a Z5 x Zj equivalence of the Berry phases
associated with Z, x Z, symmetry (two reflections) of the
ladder due to the hopping pattern and the form of the inter-
action. This Z, x Z, symmetry can be employed to define
a specific type of SPT phases. We then introduce a Berry
phase by setting local twists on links. This ZJ x Z} equiv-
alence leads to the Z, fractional quantization of the Berry
phase.

In what follows, we will explain the Z} x Z; equivalence
and introduce the Z; Berry phase. The physical origin of the
Z4 quantization is special for the ladder compared with the
previous studies [18-31].

A. Z, x Z, symmetry

The symmetry constraint to protect a SPT phase we discuss
is a combination of two reflections with time reversal. We
consider two unitary operators U, and U, for reflections shown
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in Fig. 1,
U.HgumU,| = UyHBHMUyT = Hguwm, @)

where two unitary operators U, and U, operate for the boson
operators as

Uxbl’“/‘UX‘ = b_j,\sjy’ U2 = 17
Upbj. U =bj.—,, Uf=1. ®)

Note that this symmetry protection is respected for the
periodic boundary condition and also the open boundary
condition by cutting the link at the origin [J, =0 at the
(—%, :I:%)-(+%, i%) link]. It can guarantee the bulk-edge cor-
respondence associated with Z, Berry phase as discussed later.

B. Quantized Berry phase as a topological
local order parameter

Let us introduce the quantized Berry phase for a generic
system by introducing a set of local twists as a parameter
set. This type of quantized Berry phase is a topolog-
ical order parameter of the short-range entangled state
[18,19,21,23,28,37]. The generic strategy is as follows. By
introduction of the local twists as a set of parameters for
the Hamiltonian, the Berry phase is defined for a many-body
ground state. Although the Berry phase may take any value
generically, one may impose symmetry constraints (with the
twists), which induces quantization of the Berry phase. Due
to the quantization, this quantized Berry phase cannot be
modified by a small but finite perturbation. This implies that
the quantized Berry phase is topologically stable and works
as a local topological order parameter of the bulk. Since we
need an energy gap between the ground state (or set of ground
states as a multiplet) and the other states, this topological order
parameter is only well defined for the gapped ground state. It
picks up responses of the many-body ground state to the local
twists as perturbation. If the system is adiabatically modified
(without gap closing) and decoupled into a set of local clus-
ters, the system is short-range entangled. Since introduction
of a local gauge transformation of the bosonic, fermionic, or
spin operators inside some specific cluster does not affect the
other clusters and induces twists only inside, it characterizes
the locality. Using the twists, a Berry phase of the cluster can
be defined assuming the ground state of the cluster is unique.
Apparently, it is also considered as a Berry phase of the total
system (although the cluster is decoupled). Also, its value is
easily evaluated since the twists are gauged out (an example
is given below). Using the same twists, even with finite in-
tercluster coupling, one may define a Berry phase associated
with the many-body ground state. Note that the twists with
finite intercluster coupling cannot be gauge out. In general,
this Berry phase may take any value in modulo 2. However,
due to symmetries the system possesses with the twists, the
Berry phase may need to satisfy several constraints, which
may result in the quantization. This is the quantized Berry
phase and then it works as a topological order parameter of
the system. Especially when the intercluster coupling is finite
but weak enough, this quantized Berry phase is a topological
order parameter of the short-range entangle state.

C. Z, fractionalization of the ladder

Following this strategy, let us define the Z, Berry phase for
the periodic boundary condition by introducing a set of four
twists ® = (61, 6, 03, 64) only in the plaquette at the origin
(j = 0) as shown in Figs. 1 and 2. The modified ®-dependent
Hamiltonian Hpgm(®) is given by replacing HOD — HOD(®),

Hy(©) = —Jle ™ biby — Jle bib,
— 2 hiby — JRe % biby + He.,  (9)

where by = b_1/5 4172, b = b_1/2,-1/2, b3 = b41/2, 12, and
by=by1p11p-

By imposing a constraint 6, + 6, + 63 + 64 = 0 (mod27),
this set of twists is specified by the point in the 3-torus, 73 =
{(61,0,,05,04) |01 + 60, +6034+04,=0, 6; € R, mod2r}, as
shown in Fig. 3. We use this extended notation using four
parameters to specify the 3-torus, which is useful to discuss
the Z, symmetry of the ladder (discussed below).

Identifying the equivalent points, any path connecting the
vertices P; (i =0, 1, 2, 3) defines loops £ as shown in Fig. 3.
Then assuming the ground state is unique (the gap remains
open) on the loop, the Berry phase is defined as

Sy d
iye = /(1//|d1//) E/ dS(lﬂ(S)Id—llﬂ(S)), (10)
¢ 5i s

where [Y¥(®)) is a ground state of Hppm(®)
[Heam(®) |V (®)) = [P (O))E(®)] and s is any parameter
that specifies the loop, £ = {®(s) | s € [s;, s¢]}. The Z,; Berry
phase £, is defined by four special paths as

Lot = I?G) + G_P>1,

ligy = ITG> + G_)Pz,

— =

12)

— =
lico = P3G + GPy, (11D
where
2
RG=10.0.0,-30)|0 ¢ (o, T”) ,
— 27
PG =14(-30,0,0,0)|0 € (O, T) ,
— 27
P,G=1{(0,-30,0,0)|0 ¢ (O, T) ,
27
4

—
PG =16,6,-30,0)|0 ¢ (o,

N———"

As for the twisted Hamiltonian, the reflections U, and U,,
which make the untwisted Hamiltonian invariant, operate as
(see Fig. 2)

UcHgpnm (61, 62, 605, 0430, J5, 0y, U

= Heum(—03, 6, =01, —04:J;. 0, J5 . ;).
UyHgim (01, 605, 63, 64303, 0y Ty I3 ) U,
= Hpum(—01, =04, —03, —023J), 7, J7 J4), (13)
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Hguam (=01, =04, =03, —0o; J ., J2, J7, Jp)

Hgum(01,02,05,04; 00, J2, T3, J7)

Hpan(—03, =02, —01, =045 2, I}, JL J7)

FIG. 2. Two reflections for the Hamiltonian Hgyy after introducing the twists in a single plaquette at j = 0.

where the relevant parameter dependence is explicitly shown.
If J! = J2, the twisted Hamiltonian on the loop is mapped as

1

[1]

xHBHM(@)|m B = HBHM|§(§(®)5

[1]

Heum(O)|57, g = Hyuml|5¢(0),

Heim (0|58 = Hpml54(0),

[1]

EHpnm (0|52 Ex ' = Hpnmil5(0), (14)
where
E=UK, E,=UK, (15)

lbocg1—>
€1G2 —
lrgs —>

l3go—>

FIG. 3. Three-dimensional space in  which
to define the Z; Berry phases. By using an extended
notation, the point in the space is specified by (6, 6,, 63, 64),
where 0y +6,+6;+6,=0 (mod2m), Py=1(0,0,0,0),
P =Q2nr,0,0,-2m), b, =(0,27,0, 27), = (0,0, 27, —2m),
and G = (2n/4,2n /4,2 /4,2 /4). ldentifying the equivalent
points Py, Py, P», and P, this is a 3-torus T3,

parameter

which implies

Heim () oo, B = Haim ey (©),

Heum (©)]0,6, Er' = Hpumlesi, (©),
E:Hpum(0) 6, ;' = Heim e, (©),
E:Hpum(©)]0,0 B ' = Hprmle160 (©). (16)

Note that, in general, as for the parameter-independent an-
tiunitary operator & = UK, where UU' = 1, the Berry con-
nection of the state |y &) = E|y) is (Y E|dYE) = —(¥|dy)
since (¥ |d) is pure imaginary. Then using the abbreviations

Y0 = Yeoorr VI = Yerges V2 = Vs> and y3 = Yy, we further
write

(]

[x]

Yo=Y+ v+,

—Y1 = —V2,
-2 = —VI,
—¥Y3 = —Yo. )

By using the apparent relation yy + y1 + 2 + y3 = O mod2x
due to the cancellation of the four paths, the relations above
are summarized as

Yo = V3, (18)
Y1 = V2 (19)

This naturally implies a partial quantization
vi+y; =07 (mod2m) (20)

for any i # j except (i, j) = (0, 3), (1, 2).
Similarly, if J| = J?, we have the relations
E\Hpim(0)l53 8, ' = Hpnml5(0),
E\Hpum(©)155.E; ' = Hpnwil 55,(©),
E\Hpim(0)l53.E, ' = Hpnmlz(0),

E\Hpm(©)|54.E, ' = Hpnuil4,(©). 1)
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This implies

EyHpum (O)ley, B, = Harm e, (©),
yHeim(©) 0,6, ;' = Hprmle,0(©),
yHpim (©)| 0,6, ;' = Hirinml o5 (©),

[1]

(1]

EyHpum(©)lry0 By = Hpimles, (©) (22)
and then
—Yo =~V
—Y1 = —Yo,
—V2=EVYot+tVi+y2=-—vs,
-3 =V, (23)
which are summarized as
Yo =71, 24
Y2 =73 (25)
This naturally implies a partial quantization
vi+y; =07 (mod2m) (26)

for any i # j except (i, j) = (0, 1), (2, 3).

If the ladder satisfies the full Z, x Z, symmetries, JU1 =
J? and J}} = J,%, supplemented with the constraint yy + y; +
+y:=0,

W=yi=y=y= 2:1%, neZ (mod2r). (27)

This is the Z4 quantization of the ladder. We call it the Z, Berry
phase [21,32].

D. Plaquette limit

The quantized values (20), (26), and (27) are fixed ex-
plicitly if the system is adiabatically connected to a set of
decoupled plaquettes (Ji, = 0). As for the Z; Berry phase,
it is enough to consider a single plaquette in this case. The
twists ® are gauged out (or they are induced) by the gauge
transformation [see Eq. (9)]

Hpum(©) = UoHpumUg ' if Jine = 0, (28)

Up = e~ ibim p=iomr ,—i3ny ,—igans (29)

where U@bjUg = e+i""fbj (G=12,3,4, ¢(©®) =0,
$2(0) =01, ¢3(O) =061 +06,, and ¢4(O) = 0; + 6, + 05,
which implies that [{(®)) = Ug|¥(0)). Noting that
[n;, Ug] = 0, the Berry connection and the Berry phase
are given as

(Wldy)

4
(W OUSdUo | (0)) = =i Y depi{nido.
i=1

Ye = —i/e(llfldllf) = Z(ni)oAfbi, (30)

L

where (n;)o = (¥ (0)|n;|¥(0)) and Ag; = ¢;(®(S))I§f. As for
the canonical loops, we have

vo = —2m ({n2)o + (n3)o + (na)o),

y1 = 2m{na)o,
y2 = 21 (n3)o,
y3 = 21 {ng)o. 31

We assume that the ground state of the total system (and thus
that of the plaquette as well) is unique. Then the total number
of bosons in the plaquette is a positive integer M = Z?:l (ni)o-

When J! = J2, due to the Z, invariance by Uy, (n1)o =
(na)o and (n)9 = (n3)o. This implies

Yo = —2n(M — (n1)o) = 27 (n1)o
=2n(n4)o = y3 (mod2rm),
Y1 = Y2 (32)
Also, due to this Z,, (n1)o + (n2)o = (n3)o + (n4)o = M/2,

which implies the partial quantization

M
nwtn=rty=- (modr) (33)

Similarly, when J! = J?, due to the Z, invariance by Uj,
(n1)o = (n2)o and (n3)g = {n4)o. This implies
Yo = —21(M — (n1)o) = 27 (n1)o
= 2w (na)o =y1 (mod2m),
Y2 = V3. (34)
Also (n1)o + (na)o = (n2)o + (n3)o = M/2, which implies

the partial quantization

M
vwt+tyvi=y+yr=- (modlr). (35)

2

Then when the system is Z, x Z, invariant, J| = J? and J| =
J,% and we have the Z, quantization

M
WEN=nr=y=-_, (mod2m). (36)

These quantized Berry phases are adiabatic invariants.

E. Another Z, Berry phase

We also consider a set of twists in Hy by assuming the Z,
symmetry due to U,, that is, J! = J? = J, as

HE6) = —J1,biby — Jle blb,
— Jubiby — J2e biby + Hec. (37)

We also consider a Berry phase % associated with this set of
twists. Due to the Z, symmetry, it is quantized into Z, as

y2=0,7 (mod2r). (38)
This is due to the symmetry constraint
yh=—y”. (39)

A dimer limit (J! = J? = 0, Jipy = 0) is the decoupled limit
for this case:

Heum(9) = UpHpumU, ' if J, = Jin = 0, (40)

Ug — e—ienle—igl’l}. (41)
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In this decoupled case,

(Yldy) = (¥ (0)|U]dUplyr(0)) = —id6({m)o + (n3)o),

% —i/ZWIdlﬂ) = 2m ({n1)o + (n3)o). (42)

v

Further, (n;)o = (n4)o and (ny)o = (n3)¢ due to the Z, in-
variance by U,. This implies (n;)o + (n3)0 = (n2)a + (n3)0 =
M /2. Then adiabatic continuation to this dimer limit guaran-
tees

% =2

S

y =M (mod2rm). 43)

IV. NUMERICAL EVALUATION OF THE Z, SPT PHASE

In the preceding section we showed the Z4 fractional quan-
tization of the Z; Berry phase by the Z, x Z, symmetry. We
now turn to the numerical demonstration of its fractional
quantization in the Hamiltonian Hpyy by using diagonaliza-
tion [38] for various parameter conditions. In the numerical
calculation of the Z; Berry phase, we employed a discrete
formula shown in Appendix A. The numerical procedure of
the Z4 Berry phase is efficient since it gives a quantized value
even if the discretization step is not so small. The characteriza-
tion of the topological phase by the quantized quantities works
well, as expected from previous works [18—32]. The fractional
quantization of the Z, Berry phase signals the presence of the
bulk SPT phase protected by the Z, x Z, symmetry.

In what follows, we set J! =J2 =J, and J! = J? = Jj.
We introduce a dimerization parameter 8J as Jiy = 1 — &J,
with J, = §J, and set J, = 1. This setting preserves the Z, x
Z, symmetry. We focus on U = 20 and consider soft-core
bosons.

Varying éJ for 1 = 0.25, 0.5, and 0.75, the Z, Berry phase
behaves as shown in Fig. 4(a). For §J > 0.5 and 77 = 0.25 and

0.75, we observe the fractional quantizations yp /2w = % and
3

7 and the Z, Berry phase captures clear topological phase
transitions at §J = 0.5. On the other hand, for 7 = 0.5, the
finite fractional quantization yy/27 = % appears even for a
finite 6J. The reason is that two dimer states residing on J,
links on a plaquette are adiabatically connected to a plaquette
cluster state. These results of the fractional quantization signal
the presence of the bulk SPT phases of the Z, x Z, symmetry.
Also note that the quantization value of the Z, Berry phase
is related to the mean density y, /27 = 71, which is expected
when considering a decoupled plaquette limit.

We then calculate the Z, Berry phase. Since the model of
Hppm has inversion symmetry, the Z, Berry phase can capture
a topological phase transition from y% = 0 to y% = [23].
Figure 4(b) shows the behavior of the Z, Berry phase. We ob-
serve that for the 7 = 0.25 and 0.75 cases, the Z, Berry phase
characterizes a topological phase transition and its topological
phase, but for 7 = 0.5 the Z, Berry phase does not capture the
presence of the bulk SPT phase.

We observe the effects of the interaction U. The Z, Berry
phase exhibits an interesting behavior for 7 = 0.75, as shown
in Fig. 4(c). While varying §J we observe an intermediate
plateau phase with yp/2m = % for a moderate U and 4J;
this behavior is specific to the bosonic system [39,40]. This
intermediate phase we find is interesting in that this state is

00 02 04 06 08
oJ

FIG. 4. (a) Behavior of the Z, Berry phase for various mean
densities with U = 20. (b) Behavior of the Z, Berry phase for various
mean densities with U = 20. (c) Behavior of the Z; Berry phase
for various U with 77 = 0.75. In the numerical diagonalization, the
maximum occupation number of the boson on a site is truncated up
to 4. For U « 1, a superfluid phase appears where the gap is very
small and the value of the Berry phase is unstable. For all data, we
set L = 8.

not adiabatically connected to the state of the plaquette limit,
which exhibits the yy /27w = % state.

Next, while introducing the notion of the SPT phase it is
important to focus on the symmetry of the system. In this
work the Z, x Z, symmetry is of our interest. If some system’s
parameter varies with the symmetry intact, we expect the SPT
phase is robust. This reflects the robustness of the quantization
of the Z, Berry phase. Inversely, without or breaking the
symmetry in the system by some perturbation, the SPT phase
protected by Z, x Z, symmetry no longer appears. We verify
it numerically. To observe the importance of the Z, x Z, sym-
metry for the presence of the SPT phase, we introduce here a
symmetry-breaking potential (a similar numerical observation
exists in [25]). As a perturbation, we add a potential

L/2-1

Vo =W Z (m2j—12,—172 + M2js1/2,41/2), (44)
=0

which breaks the Z, x Z, symmetry. We expect that as Vj
increases, the fractional quantization of the Z4 Berry phase
collapses. In fact, we verify this expectation as shown in
Fig. 5. For each density 71, the quantization continuously
breaks down with increasing V;. This result indicates that the
Z> x Z, symmetry is crucial for the existence of the SPT phase
in the bosonic system.

An interesting behavior of the Z; Berry phase in the system
with only U, symmetry is observed (U, is broken). From
Egs. (18) and (19), a certain relation of the Z; Berry phase
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1.0 —=— N=0.25
n=0.5
0'8'-"'0‘"*“#3%:&3:.:;_;:.';;' & n=075
~ 0.6
\ ————————————————————————————
2 0.4

00 01 02 03 04
Vo

FIG. 5. Effect of the perturbation breaking the Z, x Z, symme-
try. We set §J = 0.8 and U = 20. The red, blue, and green dashed

lines represent the ideal quantization values y, /27 = %, %, and %,
respectively. For all data, we set L = 8.
exists,

Yot+vi=r2+vs. (45)

Combined with the relation > y, = 0 (mod2s), we obtain

(mod2m),
(mod2). (46)

vw+n=0m
v+y=0rmx

The sum of the two Z; Berry phases is quantized. We verify
this unconventional quantization. To this end, we modify the
parameters Jiy; and J;, as

1-8J =72, (upper chain)
Jine = {1 —(8J —0.1)=J!  (lower chain), “n
JE=8J, J=8J-0.1. (48)

The Hamiltonian Hggy is no longer invariant for the Z,
symmetry U, and invariant only for the Z, symmetry U,. For
i1 = 0.25, we demonstrate the quantization of the sum of the
Z4 Berry phases. Figure 6 is the numerical result. Depending
on the value of §J, the sum 3 + y; takes a value of 0 or @
and we observe a clear phase transition, while both yy and y;
take some fractional values for any 8J or do not take the value
of 27 /4. Hence, we confirm the Z, quantization of the sum of
the Z, Berry phase as shown in Eq. (46).

In addition, we expect that the bulk SPT phases appear in
the spinless free-fermion system. In Appendix B we confirm

0.5

m(v +m)/27

"}/0/271'
o 71/2m

0.0 1

00 02 04 06 08
0J

FIG. 6. The 8J dependence of the Z, Berry phase in the system
with only U, symmetry. Even for 6J > 0.4, y, /27 and y, /2w # i.
For all data we set the interaction as U = 20 and L = 8.

(2) 0.75 1 (b) 0.50 1
0.70 0.45 1
8 3
= 0.65 - = 0.40 -
3 3
o o]
£0.60 - 20.35
= = 0.35
0.55 - 0.30 1
0501 ' 0.25 1
-1.00 -0.95 -0.500-0.475-0.450
M M

FIG. 7. The n dependence of the total density in the system with
the periodic boundary condition. The total number of the lattice site
is Loy = 2L = 64 (L = 32) and N,y is the total particle number. We
set Jie = 0.1, J, = 0.9, and U = 20.

the presence of the SPT phase, which is also characterized by
the fractional quantization of the Z, Berry phase.

Before going to the next section, we show the DMRG
calculation allowing the change of the particle number in the
system to consolidate the presence of the bulk SPT phases
as shown in Fig. 5(a). We employ the DMRG algorithm by
using the TeNPy library [41]. In the calculation, we vary the
chemical potential u in the system with the periodic boundary
condition. The total number of lattice sites is Ly = 2L and
the total particle number is denoted by N In the DMRG
calculation throughout this work, we take the bond dimension
to be 80-120, truncate the singular values less than 10~* in
the update of the matrix product state, and set the conver-
gence condition of the ground-state energy, AE < 1075J,.
The results are shown in Fig. 7, for the same parameters as
in Fig. 4(a). We find some plateaus with the total particle
number constant. The results indicate that the density on each
plateau corresponds to that of each bulk SPT phase as shown
in Figs. 7(a) and 7(b); each state on each plateau is gapped and
incompressible. This is reminiscent of the appearance of the
magnetization plateaus [23,42] and the density plateaus of the
Mott insulator in the conventional Bose-Hubbard model [43].

V. EDGE STATES IN BOSONIC SPT PHASES

In general, the bulk-edge correspondence is to read out the
information of the bulk from various edge states for various
forms of the edge. Conversely, if a nontrivial bulk state exists,
then one introduces an edge in the system and some edge state
appears. It is possible to predict the form of the edge state
from inferring what states appear by cutting the decoupled
plaquette in this system.

For the bosonic system in this work, if we believe the
presence of the bulk-edge correspondence, some bosonic edge
state can appear for some edge shape. However, it is difficult
to directly deduce the presence and detailed properties of
the edge state since the bosonic system we are considering
is complex due to the ladder geometry, the presence of the
interactions, the vertical hoppings, and the soft-core boson
nature. It is difficult to identify some symmetries that would
characterize the appearance of edge states as they appear in
free fermions (cf. chiral symmetry). Even in this situation,
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FIG. 8. Schematic image of the introduction of a vertical edge.
This open boundary system is invariant under both U, and U,

when we set an experimentally feasible edge shape of interest,
we can confirm at least numerically, on a case-by-case, what
edge states appear. Thus, we perform such a study in the
following.

To detect some edge state, we also employ the DMRG
algorithm [41]. We impose here an open boundary condition
and analyze two cases: a vertical edge case and a diagonal
edge case. For both cases, we employ the simulation allowing
the change of particle number in the system (grand-canonical
ensemble), that is, we vary the chemical potential x and ob-
serve density properties of both bulk and edges. We expect
that edge states (if they appear) are different from those of a
conventional free-fermion system with a certain topological
phase. In particular, we note that, in general, bosonic systems
with an open boundary do not necessarily have a zero-energy
edge state, e.g., due to the lack of chiral symmetry. This
has already been reported in interacting bosonic systems and
numerically verified in the context of the topological Mott
insulator [44] and Haldane insulator [45].

A. Vertical edge case

We first focus on the system with a vertical edge as shown
in Fig. 8. The edge is simply introduced by cutting a single
plaquette at j = O in the periodic system. The boundary pre-
serves both U, and U, symmetries.

We start by observing the behavior of the total density N
obtained by summing over the local density of all sites with
varying w. The total number of lattice sites is Ly = 2L. The
result is shown in Figs. 9(a) and 9(b). We observe how the
behavior of the total density of the periodic case as shown
in Fig. 7 changes by introducing edges. Like for the periodic
boundary calculations in Fig. 7, we find some plateaus with
the total density constant. For each plateau, the bulk states cor-
respond to the bulk SPT phases with a different Z4 Berry phase

1= -0.448
; bulk part ;
@ | 1.0
| -
‘@
(b) 1n=-0.4498 5 0.6
©
O
o
© 1=-0.452 02
(d) u=-0.95
() p=-l

FIG. 10. Density distribution under the diagonal edge for (a) © =
—0.448, (b) u = —0.44498, (¢) u = —0.452, (d) © = —0.95, and
(e) u = —1. In the data of (d), the edge state is created on the left
and right edge sites. The bulk part includes L, — 4 sites (here we set
L =32).

(the density distribution will be shown later). Interestingly,
we find two more small plateau regimes around pu = —0.45,
where the particle distribution on the edges is specific, as
shown later.

Now we study the local density distribution for specific
’s on each plateau and what type of edge state appears. The
distribution at . = —0.448 in the rightmost small plateau in
Fig. 9(b) is shown in Fig. 10(a). The bulk part has 7 = 0.25,
corresponding to the phase with y, /2m = }1, and the left and
right edge sites appear empty (localized holes). No bosonic
edge state appears. Next we focus on the u = —0.4498 case;
this point is in the second (very) small plateau from the right
in Fig. 9(b). As shown in Fig. 10(b), we find here that a
localized edge state at the right edge sites appears. This state
is close to a single bonding state forming on the rung of a
ladder,’ %[bﬁ + bl]. The bulk SPT phase with y,/27 = 1
remains. Specifically, the whole of the wave function can
be written as |YR(u = —0.4498)) ~ %[b}R + b} 1lbulk),
where |bulk) is the bulk SPT state. This edge state is expected
from the decoupled plaquette limit for 7 = 0.25. If we
cut the single plaquette into two halves, some bondinglike
states can appear. Also, we expect that at pu = —0.4498,
the ground state is twofold degenerate, that is, the state
|WL(u = —0.4498)) ~ %[b;L + b}, 1Ibulk) is also another
ground state. Here, in practice, our DMRG calculation
chooses just the right edge state |yR(u = —0.4498)). In
fact, note that, due to the presence of degenerate states, the
true observed local density is obtained as (n;) = Tr(pgn;),

Pes = 511U R (e = —0.4498)) (Y* (1 = —0.4498)| +

(a) (b)
yvvvvy. 0.50
0.701 0.451
$0.651 80.401
3 <
£ 0.60 - $0.351
=
0,554 0.30- where
0.50 1 ss\AMAAAAALL 0-251
-1.00 -0.95 ~0.500-0.475-0.450

M H

FIG. 9. The u dependence of the total density Ny /L. Here
Lo = 2L = 64 (L = 32). We set Ji,e = 0.1 and J, = 0.9.

!Strictly, the edge state is not a strict bonding state due to small J;,
% [6" + b']. However, our numerical result shows that the edge state
is much close to the bonding state. Thus, we call such a close state
an edge state in this section.

013319-8



Z, x Z SYMMETRY AND Z, BERRY ...

PHYSICAL REVIEW A 108, 013319 (2023)

O—@//

FIG. 11. Schematic image of a diagonal edge. We set |J,| >
[/inc|. This open boundary system is invariant under U,U, and not
invariant under the individual U, and Uj. The total number of lattice
sites of the system is Ly, = 2L + 2.

[l (u = —0.4498)) (YL (u = —0.4498)|]. Then the densities
of the left and right edge sites are all the same, i.e., 0.25.

We next show in Fig. 10(c) the distribution at u = —0.452
in the third plateau from the right in Fig. 9(b). There, at both
edges, the localized edge states appear. Varying u induces
the additional appearance of the edge state. The bulk SPT
phase remains. The state is [¢(u = —0.452)) ~ %[b;L +
bl 116} g + b} ¢1Ibulk).

We further show the smaller o case. The distribution at
u = —0.495 in the leftmost plateau in Fig. 9(b) is shown in
Fig. 10(d). The bulk state changes to 7 = 0.5, corresponding
to the SPT phase with y, /27 = %, and remains the edge
state at both edges. The state is | (u = —0.452)) ~ %[b;L +
b} 1[b} » + b} p1Ibulk), where |bulk) is the SPT phase with
7i = 0.5. This numerical result indicates that for the change
of p around the plateau jumps, u ~ —0.48, the bulk state
changes rather than the edge state. We expect that the reason is
a large density fluctuation due to the bosonic nature. It is diffi-
cult to find some types of edge states expected from the decou-
pled plaquette limit for # = 0.5, compared to the low-density
region.

Finally, we observe in Fig. 10(e) the distribution at p =
—1 in the left plateau in Fig. 9(a). The bulk part has 7 =
0.75, corresponding to the phase with y, /27 = %. As in the
previous case shown in Fig. 10(d), the single edge state re-
mains at both edges. The state is [{(n = —1)) ~ %[b;L +
bl 116} x + b} ;1Ibulk), where [bulk) is the SPT phase with
i1 =0.75. From this result, the bulk state tends to change
rather than the edge state around the plateau jumps (@ ~
—0.98).

Summarizing the results of the vertical edge case, we ob-
serve that the appearance of the edge state close to the bonding
state, identified by the difference in density from that of the
bulk (mean density 71), depends on the Z4 SPT phase in the
bulk with different mean density 7. In particular, for the bulk
SPT phase with y, /27 = %, some types of edge state appear
by fine-tuning w. These states are predicted from the state of
the decoupled plaquette limit.

B. Diagonal edge case

We now study the diagonal edge case. The shape of the
edges is shown in Fig. 11. Note that this edge geometry cannot
be obtained by a periodic ladder ring as in the vertical edge
shown in Fig. 8, but is obtained by cutting an infinite ladder.
Here the length of the bulk part is L and the total number
of lattice sites is Ly = 2L + 2. In contrast to the vertical
edge case, the boundary condition breaks individual U, and

(a) (b)
0.50 -
0.70 -
0.45 -
80.65 8
v = 0.40 A
= <
£ 0.60 1 20.351
=
0.55 - 0.30
0501 . . 0251
-1.025 —1.000 —0.975 _050 048
H M

FIG. 12. The p dependence of the total density N, /L. Here
L =2L 42 =62 (L =30). WesetJ,, =0.1and J, =0.9.

U, symmetries, but the U, x U, symmetry remains. We focus
on the density distribution for each single site for the case
[Ji| > |Jine] and numerically investigate whether some edge
states appear. For the diagonal edge, the sites on the edges
do not couple to another site in the vertical direction, that is,
there are no vertical hopping and interactions, implying that
a localized particle edge state or hole around the edges can
appear.

We start by observing the behavior of the total density Ny
obtained by summing over the local density of all sites with
varying w. The result is shown in Figs. 12(a) and 12(b). Like
the calculations of the periodic boundary condition in Fig. 7,
we find some plateaus with the total density constant. For each
plateau the bulk states correspond to the bulk SPT phases with
a different Z, Berry phase. Interestingly, we find one more
plateau around u = —0.49, where the particle distribution on
the edges is specific, as shown later.

We further show some local density distributions for spe-
cific u’s on each plateau. The distribution at u = —0.47 in
the rightmost plateau in Fig. 12(b) is shown in Fig. 13(a).
The bulk part has # = 0.25, corresponding to the phase with
Vo2 = i, and a single hole appears at the left and right
edge sites. A localized particle edge state does not appear.

=-0.47
1 bulk part " |
@ 1.0
A N/
X 4? 0.8
() 1=0495 € |14
X o
M ©|fros
............................. [&]
o
(© 1=-0.51 0.2
X
IIIIIIIIIIIIIIIIIIIIIIIIII K 0.0
(d) ©=-1.02

|

FIG. 13. Density distribution under the diagonal edge for (a)
n=-—047, (b) u = —0.495, (c) o = —0.51, and (d) u = —1.02.
The white cross represents a site where the particle occupation is not
prohibited due to the diagonal edges. The bulk part includes 2L sites
(here we set L = 30).
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The reason is that if such a particle exists for finite Jiy, the
particle tends to intrude on the bulk part due to the low density,
but once the particle enters the bulk (which is likely to occur
due to the low density of the bulk), the state is energetically
unstable due to the presence of interactions. Next we show
in Fig. 13(b) the distribution at u = —0.495 in the middle
plateau in Fig. 12(b). The bulk part has # = 0.5, correspond-
ing to the phase with y, /27w = %, and we observe a single hole
at the left and right edge sites. However, upon a little decrease
in p, this plateau is swept and another plateau appears. See
the distribution at 4 = —0.51 shown in Fig. 13(c). The bulk
SPT state remains the same as the case of Fig. 13(b). Inter-
estingly, a localized particle edge state appears at the left and
right edge sites, which are greatly localized at the edge sites.
Further, note that the localized particle edge state can be a
gapless localized particle since the gap between the leftmost
and middle plateaus in Fig. 13(b) is 1/L and for L — oo, the
gap is closed.

Finally, we observe in Fig. 13(d) the distribution at yu =
—1.02 in the left plateau in Fig. 12(a). The bulk part has
in = 0.75, corresponding to the phase with y,/2m = %, and
interestingly a localized particle edge state appears at the left
and right edge sites. No hole appears at the edges between the
rightmost and middle plateaus as shown in Fig. 13(b).

Summarizing the results of the diagonal edge case, some
particle edge state greatly localized on the single edge site
appears by fine-tuning w. In general, the presence of interac-
tions reveals unconventional behaviors of the particle density
around the edges. However, on some stable plateaus, we nu-
merically find the presence of clear localized particle edge
states, where the local density in the bulk takes a specific
constant related to the value of the Z, Berry phase.

The presence of the localized particle edge state can be
identified as a higher value of density than that of the bulk.
Finally, we comment that the local density distributions in-
cluding edge sites for both the vertical and diagonal edge
cases presented in this section are observable in real experi-
ments since a recent experimental technique using a quantum
gas microscope can take a snapshot of the local density in an
optical lattice and has already identified the presence of edge
states from the density profile [46].

VI. CONCLUSION

We have proposed a concrete example of interacting SPT
phases defined by Z, x Z, symmetry in a Bose-Hubbard
model on a two-leg ladder. The system considered in this
work is feasible for real experiments such as cold atoms in an
optical lattice. We showed that the Z, x Z, symmetry coming
from the lattice geometry leads to a fractional quantization
of the Z; Berry phase. The Z; Berry phase acts as an effi-
cient topological order parameter for the interacting bosonic
system. We numerically demonstrated the presence of the
bosonic bulk Z; SPT phases characterized by the fractional
quantization of the Z, Berry phase. The phase structure is rich
depending on the boson density and strength of interaction,
etc. Based on the expectation of the presence of the bulk-edge
correspondence, we investigated whether or not some edge
states appear for two cases by using the DMRG calculation

allowing the change of particle number (grand-canonical en-
semble): the vertical edge case and the diagonal edge case. In
the vertical edge case, we observed the appearance of the edge
state close to the bonding state by fine-tuning w. In particular,
for the bulk SPT phase with y, /27 = i, some types of edge
states appear by fine-tuning w. These states are predicted from
the state of the decoupled plaquette limit. In the diagonal edge
case, some particle edge states greatly localized on the single
edge site appear by fine-tuning u, where the bulk states is of
course the SPT phase.

As a future direction of study it would be interesting to
extend the ladder geometry to a two-dimensional lattice and
to investigate whether some higher-order topological phase
[28,47-49] exists based on this Z, x Z, type of symmetry.
Finally, even though we focused on the Z; Berry phase
throughout this work, it would be interesting to consider addi-
tional symmetry-breaking terms with time dependence. Then
Berry curvature based on this Z4 Berry phase can be intro-
duced and may lead to some source of topological pumping.
This issue would be important.
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APPENDIX A: DISCRETE VERSION OF Eq. (10)

To calculate Eq. (10) numerically, we employ a discrete
formulation, often used in the numerical calculation for the Z,
Berry phase and Chern number [50]. The discretized version
of Eq. (10) is given as

M

ye =TmIn [ (¥ Gsol¥ (se10),

k=1

(AL)

where the parameter s is discretized as s — sy = Ask + s;,
with As = (sy —s;)/M and k =1, ..., M. We take the num-
ber of discretization M = 24, which is sufficient to observe
the stable quantization behavior.

@ (®)

0.00 025 050 0.75

0J

FIG. 14. Single-particle spectrum for (a) J, = 8J and Ji,, = 1 —
6J and (b) J, =1—46J and J;,, = 1 4+ &J. For both cases, we set
J, =1
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APPENDIX B: FREE SPINLESS FERMION SYSTEM

The SPT phase protected by the Z, x Z, symmetry can be
defined in a free-spinless-fermion system. We calculate the
single-particle spectrum of the system for two different pa-
rameter sets of J; and J, with the periodic boundary condition.
The results are shown in Fig. 14. In Fig. 11(a) where we set
Jit = 1 —46J and J, = §J, at §J = 0.5 the first and second
gaps are closed and reopened for §J > 0.5. When the system’s

Fermi energy resides in the first gap, the filling is % and there
we observe the Z, Berry phase y/2n = i, while with the
Fermi energy in the second gap, the filling is % and there we
observe the Z, Berry phase y /2m = %.

We further show another different parameter set where
Jint =1 —48J and J, =1+ 6J. The spectrum is shown in
Fig. 11(b). We observe that the first and third gaps appear
for §J > 0, while the second gap opens at §J = 0.5. With the

Fermi energy in the first gap, the filling is i and there we

observe the Z, Berry phase y /2m = le; with the Fermi energy
in the second gap, the filling is % and there we observe the
Z4 Berry phase y /2 = %; and with the Fermi energy in the
second gap, the filling is ?T and there we observe the Z, Berry
phase y /2m = %. From these results, the free-fermion system
also exhibits the various SPT phases protected by the Z, x Z,
symmetry.
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