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Topological phases and their topological features are enriched by the fundamental time-reversal, particle-
hole, and chiral as well as crystalline symmetries. While one-dimensional (1D) generalized Su-Schrieffer-
Heeger (SSH) systems show various topological phenomena such as topological solitons and topological charge
pumping, it remains unclear how such symmetry protects and relates such topological phenomena. Here we
show that the generalized time-reversal, particle-hole, and chiral symmetry operators consistently explain not
only the symmetry transformation properties between the ground states but also the topological features of the
topological solitons in prototypical quasi-1D systems such as the SSH, Rice-Mele, and double-chain models.
As a consequence, we classify generalized essential operators into three groups: Class I and class II opera-
tors connect ground states in between after spontaneous symmetry breaking while class III operators give the
generalized particle-hole and chiral symmetries to ground states. Furthermore, class I operators endow the
equivalence relation between topological solitons while class II and III operators do the particle-hole relations.
Finally, we demonstrate three distinct types of topological charge pumping and soliton chirality from the view-
point of class I, II, and III operators. We build a general framework to explore the topological features of the
generalized 1D electronic system, which can be easily applied in various condensed matter systems as well as

photonic crystal and cold atomic systems.

I. INTRODUCTION

CPT symmetries are fundamental symmetries in nature and
play important roles in the CPT theorem. In condensed matter
systems, time-reversal T, charge-conjugation C (or particle-
hole), and chiral ' = 7C symmetry operators are the funda-
mental symmetry operators for not only classifying the topo-
logical insulators and superconductors but also endowing var-
ious symmetries and dualities to the quasiparticles within con-
densed matter CPT theorem [1-3]. For example, quantum
spin Hall insulator [4—6] and Majorana fermion [7, 8] are pro-
tected by time-reversal and particle-hole symmetry, respec-
tively, and a skyrmion-antiskyrmion pair satisfies the particle-
hole relations via 7~ allowing pair creation and pair annihila-
tion [9-11].

As one of the most famous one-dimensional (1D) topo-
logical insulators, the Su-Schrieffer-Heeger [12, 13] model
exhibits fascinating topological phenomena such as topo-
logically nontrivial ground states, topological Jackiw-Rebbi
solitons, fractional fermion number, and spin-charge separa-
tion [14—16]. Such topological features are protected by time-
reversal, particle-hole, and chiral symmetries leading to the
BDI class [1]. Beyond the Su-Schrieffer-Heeger (SSH) sys-
tem, the Rice-Mele (RM) [17], the extended SSH [18, 19], and
double-chain (DC) [20] systems introduce more interesting
topological solitons and topological Thouless charge pumping
by manipulating symmetries [21-25]. In particular, chirality
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of topological solitons in the DC system emerges and such
solitons are named as chiral solitons [20].

However, such topological features of the extended quasi-
1D electronic systems have not been studied yet in terms of T,
C,and I'. In fact, only 7, C, and I cannot support topological
features of extended 1D electronic systems without consider-
ing the discreteness of lattice systems. For example, nonsym-
morphic symmetries may enforce the existence of topological
band crossings in the bulk of 1D system [26]. Therefore, addi-
tional proper operators reflecting the entire symmetry of dis-
crete lattice systems are required to understand various topo-
logical features. One of the purposes of this work is to give a
general framework that consistently explains the topological
features of extended 1D electronic systems by using 7’, ¢ s f,
nonsymmorphic, and their composite operators.

On the other hand, spontaneous symmetry breaking and
the Nambu-Goldstone theorem [27, 28] are fundamental prin-
ciples that stipulate the fundamental phenomena of diverse
symmetry-broken systems, from the ferromagnetism and su-
perconductivity in condensed matter physics to the Higgs
mechanism in particle physics. In a 1D electronic topological
system, after the spontaneous symmetry breaking of Peierls
dimerization [29] occurs, a remaining crystalline symmetry
(such as inversion) gives the topological classification of ener-
getically degenerate but distinct ground states [30, 31]. At the
same time, the broken symmetry operators relate the degen-
erate ground states, which is similar to the Nambu-Goldstone
theorem for the continuous system. Due to the lack of con-
tinuous symmetry in the lattice systems, instead of massless
Goldstone bosons, topological solitons with finite excitation
energy emerge and the broken symmetry operators may en-
dow unique relations to the ground states as well as topolog-
ical solitons. However, no systematic study reveals the inter-
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TABLE 1. Symmetry properties of the SSH, RM, and DC mod-
els under the class 1 (Oy), I (Cu, I'n), and T (Cu, Tm) operators
for both undimerized and dimerized phases. The presence and ab-
sence of symmetries is denoted by £1 and 0, respectively. +1 or —1
denotes the square of the corresponding operator. When the sym-
metry properties are distinct for undimerized and dimerized phases,
their properties are indicated without (with) parentheses for dimer-
ized (undimerized) phases.

Class I Class 11 Class III
Model T @1 éII fII éIII IAﬂnl
SSH 1 0(1) o) 0( 1 1
RM 1 0(1) 0(1) 0() 1 1
DC 1 0(1) o) 0 -1 -1

play between spontaneous symmetry breaking and topology.
Here we generalize the Goldstone theorem to explain not only
the symmetry transformation properties between the ground
states but also the various dualities between the topological
solitons in prototypical quasi-1D systems.

In this work, we show that the generalized time-reversal,
particle-hole, and chiral symmetry operators consistently ex-
plain not only the symmetry transformation properties be-
tween the ground states but also the topological features of the
topological solitons in prototypical quasi-1D systems such as
the SSH, RM, and DC models. Combining fundamental sym-
metry operators (T,C,and ) and nonsymmorphic crystalline
operators, we establish three classes of essential symmetry op-
erators according to their natures and roles (see Table I). The
class I and II operators connect distinct ground states after
spontaneous symmetry breaking while the class III operators
give particle-hole and chiral symmetries regardless of spon-
taneous symmetry breaking. The class I (II and III) oper-
ators endow the equivalence (particle-hole) relation between
ground states as well as topological solitons. Using class I, I,
and III operators, we derive the topological properties of topo-
logical solitons and their Zs or Z,4 group structures. Further-
more, we systematically demonstrate three distinct types of
topological charge pumping and soliton chirality in the SSH,
RM, and DC models. We build a general framework to ex-
plore the topological features of the generalized 1D electronic
system, which can be easily applied in various condensed mat-
ter systems as well as photonic crystal [32] and cold atomic
systems [33].

II. MODELS

In this work, we consider three concrete models: the
SSH [12], RM [17], and DC models [20]. For each model,
we construct a tight-binding Hamiltonian H, Bloch Hamilto-
nian H, and low-energy effective Hamiltonian H to investigate
the symmetry relations and topological features of the ground
states as well as topological solitons.
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FIG. 1. [(a) and (b)] SSH model. [(c) and (d)] RM model. Pan-

els (a) and (c) [panels (b) and (d)] represent undimerized (dimerized)
phases. A is the dimerization displacement and a and b label the sub-
lattice atoms in the unit cell. Each unit cell is indicated by gray solid
lines. In (b) [(d)], A (A™) and B (B™) are two degenerate dimerized
phases in the SSH (RM) model, respectively, and class I operator O
connects them. In (b), O1 = G = {E|%} is the half-translation op-
erator while, in (d), O; = G*T = GPT is the parity-time-symmetric
half-translation operator. Red circles indicate the inversion centers
for the inversion operator P. [(e)—(g)] DC model. Undimerized dou-
ble chains (e) without and (f) with interchain coupling which is in-
dicated by zigzag dashed lines. AU=12) indicates the dimerization
displacement of the ith chain and a, b, ¢, and d denote the sublattice
atoms. (g) Four dimerized phases, where the zigzag dashed lines are
omitted for simplicity. The class I operator (©r) cyclically connects
the four dimerized phases. In (g), Or = Gy = {M,| — 2} is the
glide reflection symmetry operator, where M, is a reflection operator
with respect to the zz plane (horizontal dashed lines).

A. Single-chain model

The SSH [Fig. 1(a)] and RM models [Fig. 1(c)] are ba-
sic building blocks in 1D electronic systems. The SSH
(RM) model has two identical (different) atoms without (with)
a staggered sublattice potential m, in the unit cell. For
both model, we construct a general single-chain tight-binding
Hamiltonian Hgjnge Which is composed of the electron hop-
ping Hamiltonian H, between two atoms, the onsite Hamilto-
nian H,, for the staggered sublattice potential, and the phonon



Hamiltonian Hy:

Hsingle = H,+ Hon + th; (1
H, = Z tn+1,ncjl+1,scn,s + H.c.,

n,s

N/2
Hoy, = Z my <C£n71’502n71,s - c;»ﬂ,sc2n,s) ,

n=1

N
1 . 1
H= 3 32 4 LR s

n=1

where tn+1 n 18 the nearest hopping integral from the nth site
to the (n + 1)th site, c o (Cp,s) 1s the creation (annihilation)
operator of an electron w1th spin s on the nth site. IV is the to-
tal number of atoms, K is the harmonic spring constant when
expanded to the second order about the undimerized phase,
and wu,, is the displacement of the nth atom. My, = M,
and Ms,, = M, and M, and M, are the masses of two atoms
in a unit cell. The electron-phonon interaction is embedded in
the distance-dependent hopping parameter t,,4 1 . In the first-
order approximation, ¢+, linearly depends on the relative
atomic displacement: ¢,, 41, = to — a(Up41 — uy,), where «
and ¢y are set to be positive for p-orbital systems.

Both models undergo a spontaneous Peierls dimeriza-
tion [29], which gives two (energetically degenerate) dimer-
ized ground states as shown in Figs. 1(b) and 1(d); A > 0
and A < 0 correspond to the A (A*) and B (B*) phases for
the SSH (RM) model, respectively. These two ground states
are distinguished by the dimerization displacement u,, =
(—=1)"*lu, where u > 0 and u < 0 correspond to A (A*)
and B (B*) phases. Here u (or, equivalently, A = 4qu) is the
dimerization displacement of the ground states.

From the tight-binding Hamiltonian, the Fourier trans-
formed Hamiltonian is given by

smgle Z Z ,Hmng:le kva mz) Ci ky,sCirka,s) ()

ky,si,j=1

where the single-chain Bloch Hamiltonian Hingie (kz, A, m)
is given by

Hiingle = 2t0 (:05(’“2‘10 Yo — Asin( k”;‘) Yoy +m.o.. (3)

Here o, is the Pauli matrix for the pseudospin space and the
spin index s is omitted for simplicity. The energy eigenvalues
E are analytically obtained as

B =+ [4f2 cos?(Re20) 4 AZsin?(Bemo) 4 ;2% (4

If one takes the continuum limit (ag — 0) and treats the
dimerization displacement as a classical field A(z), then the
low-energy effective continuum Hamiltonian near the Fermi
level can be obtained [17, 34-36]. Then the low-energy effec-
tive Hamiltonian Hgingie (2, A(x), m;) is given by

Hsingle - _i'UFamo'a: + A(.’E)O'y + m;o, (5)

where vr = tpag is the Fermi velocity.

B. Double-chain model

The DC model—which is a nontrivially extended model—
is composed of two identical SSH chains without (with) a
zigzag interchain coupling § as shown in Fig. 1(e) [Fig. 1(f)].
The DC model is described by the tight-binding Hamiltonian
Hpc which is given by

HDC = HS(éI)-I + HS(EI)—I + Hcouplinga (6)
where
H{y, = HO + HY,

H«gl) = Zt'ELiJ)rl,nc j'H»ls 7(1)5 +HC
N
7 1 . (7 1 [ i 2
Héh):ZiM(“%))”iK{uflll—Ufﬂ} ,
n=1

and

T
couplmg - 5t0 Z {Cnl,)s Can + cgzl,l ’EL2-’1)-1 s +H. C}

Here the superscript ¢ indicates the ith chain (: = 1, 2) and §
indicates the interchain coupling strength [zigzag dashed lines
in Fig. 1(f)] between the two chains. The interchain coupling
is assumed to be a constant regardless of the atomic distance
for simplicity.

Similarly to the single-chain models, the DC model under-
goes the spontaneous Peierls dimerization. Instead of the two
degenerate phases in the single-chain model, the DC model
has four energetically degenerate phases [AA, AB, BA, and
BB in Fig. 2(d)]. The four phases are distinguished by dimer-
ization displacements of each chain, ul) = (—1)"*+lu(®,
where u() > 0 and u(? < 0 correspond to A and B
phases for the ith chain, respectively. u(*) [or, equivalently,
AW = 40u™] is the dimerization displacement of the ith
chain.

Then the Fourier transformed Hamiltonian is given by

4
HDC = Z Z ch(kza A(l)a A(Q))Ci,kw,scj»kms’ (7)

ke,si,j=1

where the Bloch Hamiltonian is given by

Hpc (kz, AP, AP) = (7111 Zlf) ’ ®)

with
H; = (2tg cos(kgao/2), — AW sin(kya0/2),0) - o,
His = Hby = dto(e™He00/ 1,05 + ehe0/dg,),

Similarly to the single-chain model, the low-energy effec-
tive continuum Hamiltonian near the Fermi level is given by

Hpe(AM, A®) — (H1 H12> ’ ©)

H21 H2
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FIG. 2.  [(a)-(d)] Band structures of the (a) SSH, (b) RM, and
DC models (c) without and (d) with interchain coupling. The red
and black bands represent the bands of the dimerized and undimer-
ized phases in each model respectively. In (d), the left inset shows
the closeup from 7= to —0 The band structures for the SSH and
RM models in (a) and (b) have the spectral symmetry—particle-hole
symmetric spectra with respect to £ = 0. For the DC model with
an interchain coupling, the band structure near the Fermi level [left
inset of (d)] shows the spectral symmetry. The wave functions of the
dimerized phases at k, = m/ao are plotted in each inset. The am-
plitude and phase of the wave function are represented by the size of
circles and colors, respectively. Red and cyan colors indicate 0 and 7
phases, respectively. In each inset, the atoms in a unit cell are shown
while they are omitted for simplicity in the right inset of (d).

where
H; = —ivpd,o, + A9 (2)0,, (10)

tod
H12=H§1—\;§

All four ground states have the same energy eigenvalues,
which are given by

[(1+)1laxe + (1 —i)o,] . (11)

E,, =+VvA+B, (12)

where A = vEk2 + A% 4 2(t00)?, B = 2tg0+/2v%k2 + A2

C. Band structure and sublattice symmetry

Before going on, we briefly discuss the band structures
and the sublattice symmetries. For the SSH and RM models,
the calculated band structures [Figs. 2(a) and 2(b)] indicate
that both SSH and RM models have the spectral symmetry—
particle-hole symmetric spectra. This particle-hole symmetry
can be seen in the energy eigenvalues in Eq. (4), which will
be consistently explained by the symmetry analysis in Sec. II1.
The calculated wave functions [insets in Figs. 2(a) and 2(b)]
show sublattice symmetry in the SSH model while they do not
in the RM model.

For the DC model, in the absence of the interchain coupling
(6 = 0), the band structure is the duplication of the SSH bands

[Fig. 2(c)]. In the presence of the interchain coupling (§ # 0),
the band structure does not have a spectral symmetry in the
whole Brillouin zone due to dynamical sublattice symmetry
breaking [Fig. 2(d)]. Near the Fermi level, however, there
exists a spectral symmetry [see left inset of Fig. 2(d)]. This
spectral symmetry can be explained by the energy eigenvalues
in Eq. (12) in the low-energy effective theory, which will be
consistently explained by the symmetry analysis in Sec. III.

III. SYMMETRIES OF HAMILTONIANS

We briefly discuss the limitations of three fundamental non-
spatial symmetry operators (7’, C, and I). For instance, in the
general single-chain model, these operators are represented in
the Bloch basis as

T=K® (k; — —ky), (13)
C=0.K® (ke — —kz), (14)
=0, (15)

and they satisfy the prior relation [3] of I = 7C. Here K
is the complex conjugation operator. Under these operations,
the general single-chain Bloch Hamiltonian in Eq. (3) satisfies
the following equations:

%Hsingle(ka;a Aa mz)T71 = "’,Hsingle(km A, +mz)7
éHsingle(kxy A, mz)é_l _Hsingle(km A, _mz)7
sting]e(kxa A, mz)f‘71 = _Hsingle(k:ca A, _mz)-

Thus, the SSH model has time-reversal, particle-hole, and chi-
ral symmetries while the RM model has time-reversal symme-
try only.

For the DC model, the time-reversal 75, particle-hole (fD,
and chiral I'p symmetry operators are given by the direct
sum of the corresponding operators for each chain. The ex-
plicit form of each operators are shown in Table VI in Ap-
pendix A. Then the DC Bloch Hamiltonian in Eq. (8) has the
time-reversal symmetry while not having the particle-hole and
chiral symmetries in the presence of the interchain coupling:

ToHpc (ke AD, A<2 )75 = +Hpce (ke AW, A,
CoHpc (ke AD,A®) Cot £ —Hpe (ke, AW, AP,
pHpe(ke, AD, AP T51 £ —Hpe(ky, AV, AG),

Therefore, SSH model is in the BDI class while the RM
and DC ones are in the Al class (Altland-Zirnbauer classifi-
cation [1, 37]). As a result, 7,C, and I operators are not
sufficient to discuss the properties of the ground states and
topological solitons for all three systems in a single frame-
work.

To overcome this limitation, we construct class I, II, and
IIT operators using the three nonspatial symmetry operators
above and crystalline nonsymmorphic symmetry operators.
The class I operators (@1) are nonsymmorphic operators. For
class II operators (On), there are two types of operators: a



TABLEIIL Transformation properties of the Hamiltonians of the SSH, RM, and DC model under the class I, II, and IIl operators. A transformed
Hamiltonian under an operation O is given by the following transformation equation: either OH (k, A, m.)O~' = nH(k, A’, m.) for the

SSH and RM models or OH (k, A A

CHOY = nH (k, A’ A’®) for the DC model, where 7 = 1. For the SSH and RM models,

H can be the Bloch and low-energy effective Hamiltonians to all class I, II, and III operators. For the DC model, H can be the Bloch and
low-energy effective Hamiltonians to the class I operator while H is the low-energy effective Hamiltonian to the class II and III operators.
Here X, Y and Z can be either A or B phases for the SSH and DC models; either A* or B* phases for the RM model. X and Y cannot
be the same. “GS connecting” means that the corresponding operator connects different ground states and “Chiral symmetry” means that the
corresponding operator endows the chiral symmetry to a ground state itself. Under the column “Group”, Z,, indicates that the corresponding

operator connects n different ground-state phases cyclically.

Model Class Operator n A's & m/, GS relation Role Group
I O +1 —A 0 (f)IX =Y GS connecting Zo
SSH 1I 1"11, CH -1 —A 0 OnX =Y GS connecting Zo
11T FIII, CIII —1 +A 0 @IIIX =X Chiral symmetry YA
1 @1 +1 —-A +m, @IX =Y GS connecting Zio
RM II fn, C:n -1 —A +m. (f)nX =Y GS connecting Lo
11 ', Cn -1 +A +m, OmnX =X Chiral symmetry A
1 O +1 —A® +A® See below® GS connecting Za
I 1(1) C(l) -1 —A® +A® (’)I(l)XZ YZ GS connecting L3
DC I 1(12) CI&) -1 +AM -A® 62)ZX zY GS connecting Z3
I I(E , Ig&) -1 +A® +AW 81)X X=XX Chiral symmetry Zy
OI%:IUX Y=YX GS connecting Z3
i 2, ¢l -1 —A® —AM f?XY XY Chiral symmetry 7
OPXXx =vY GS connecting Zs

" AA=OAB = O?BB = O} BA = O AA

nonsymmorphic particle-hole operator (Cy) and a nonsym-
morphlc chiral operator (I‘u) These operators satisfy I'n =
T Cy, similarly to I' = 7C. By multiplying class I and II op-
erators, the two types of class III operators (Om) are naturally
defined: Cm and Fm Once the class [, II, and III operators are
defined, three models have similar symmetry properties in the
low-energy effective theory. For undimerized phases, class I,
II, and III operators are symmetry operators while class I and
II are not a symmetry operators for dimerized phases as shown
in Table I.

We find that class I, II, and III operators endow unique
properties among the ground states regardless of the model,
which are summarized in Table II. The class I and II op-
erators are symmetry operators before the Peierls dimeriza-
tion. After spontaneous dimerization, on the other hand, the
class I (I) operator connects distinct ground states with the
same (opposite) energy spectra. Thus, the class I (II) opera-
tor gives the equivalent relation (particle-hole duality) among
distinct ground states. By contrast, the class III operator acts
as the generalized particle-hole and chiral operator, endowing
particle-hole or chiral symmetries to the Hamiltonian. As a
consequence, T CHI, and I‘HI act as the generalized ’T C and
I symmetry operators for various quasi-1D systems as T.C,
and I do in the SSH model. Note that the explicit representa-
tions of the class I, II, and III operators for SSH, RM, and DC
models are shown in Appendix A (see Tables VII and VIII).

From now on, we will discuss the main results. (The results

are summarized in Table II and the corresponding schematic
diagrams are shown in Fig. 3.) In the SSH model, the non-

symmorphic half-translation operator, G = {E|%} is the
class I operator that connects two degenerate ground states
[Figs l(b) and 3(a)]: Mathematically, G’Hgngle(kz, Am, =

0)G™! = Hgingte(kz, —A,m, = 0). In the RM model, how-
ever, (¢ does not connect two degenerate ground states due

(a) A<—-B (b) A*<—>B*
O O
(© (’ TA<—B (d) At BF Y
oA ./ Nl A v/
A A A A A A A A
=TIy Cu > Ty, Cin =T Ci > Iy, Ci
©) BA AA BA AA ® T
- > '\ BA A@
1 Nem® K
BB—> AB BB <---> AB @B AB
A A A
O, "’lml) cy "> rull) Ciit
A(v) /\ A(z)
"Fu Cn = L/, Cin
FIG. 3. [(a)-(d)] Transformation properties between two degen-

erate ground states of the [(a) and (c)] SSH and [(b) and (d)] RM
under class I, II, and III operators. [(e)—(g)] Transformation prop-
erties among four degenerate ground states of the DC model under
class I, II, and III operators.



to the sublattice symmetry breaking [Fig. 1(d)] and hence it
is no longer a proper class I operator. We find that the com-
bined operator GPT = GPT [parity-time- (PT) symmetric
half-translation operator] is the class I operator regardless of
the sublattice symmetry breaking because GPT shifts a half
unit cell after switching a and b atoms [Figs. 1(d) and 3(b)].
Here P is an inversion operator with respect to the unit-cell
center. Mathematically, G*"Hingie(kz, A, m.)(GFT)~! =
Hsingle<kx> —A, mz)~

For the class II operator, a nonsymmorphic chiral op-
erator Iy = {El2} ® r consistently connects two
degenerate ground states in the SSH and RM models
[Figs. 3(c) and 3(d)] because I exchanges the sublattice
potential. Furthermore, there exists another class II oper-
ator, a nonsymmorphic charge- conjugatlon operator CH =
{E|%} ® C using the relation I' = 7C. Mathemati-
cAally, fIIHsingle(kxy Al mz)f‘ﬂl = _Hsingle(kwa —A, mz) and
CIIHsingle(kx7 A, mz)cﬂl = _Hsingle(kxa _A7 mz)- Thus,
class II operators connect distinct ground states having the op-
posite dimerization and energy spectra leading to the particle-
hole duality between ground states.

By combining the class I and II operators, we find that ¢
and ' (CPT and I'P") are the class III operators for the SSH
(RM) model [Figs. 3(c) and 3(d)]. Here C*T = CPT and
I'PT = I'PT are PT-symmetric particle-hole and chiral op-
erators, respectively. These class III operators (Owr) anticom-
mute with the Hamiltonian, {@m, ’Hsingle} = 0, explaining the
spectral symmetry of the band structures in Figs. 2(a) and 2(b)
regardless of the sublattice symmetry breaking.

In the DC model, as a class I operator, the glide reflec-
tion operator G, = {M,| — %0} connects the four degener-
ate ground states cyclically, where M, is a reflection operator
with respect to the zz plane [Figs. 1(g) and 3(e)]. Mathemat-
ically, under G’y, the Bloch Hamiltonian Hpc and the low-
energy effective Hamiltonian Hpc transform as

GyHDC(A(1)7 A(Q))G';l — HDC(_A(Z); A(l)),
C?ZJHDC(A(l)v A(z))égjl = HDC(_A(Q)’ A(l))’

which imply a ground state with (A, A(?)) transforms into
another ground state with (—A (), A1), Then a ground state
comes back to itself under G4 and hence G transforms a
ground state to another ground state cychcally

2 3 4
AA =G AB =G2BB = G3BA =Gl AA.

Thus, the four ground states correspond to the atomic repre-
sentation of a cychc Z4 group, of which the generator is G
In this sense, G is a Z4 operator while G in the single-chain
models is a Zy one. Hence, class I operators can endow dis-
tinct group structures for degenerate ground states of different
1D electronic systems.

The DC model has more abundant symmetry operators be-
cause it is intrinsically an extended system. As the class II
operators, there exist two nonsymmorph1c chiral operators:

FI(IZ G® ® I'p, where I'p = o, @ o, is an extended chi-
ral operator for the DC model and G = {E|(—1)"*+1 % }(%)

6
A S B S A
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FIG. 4. [(a)—(e)] Geometric configurations of solitons. For the SSH
(RM) model, the soliton S (S*) and the antisoliton S (S*) are shown
in (a) [(b)]. For the DC model, there are 12 chiral solitons grouped
into three types: (c) four right-chiral (RC), (d) four left-chiral (LC),
and (e) four achiral (AC) solitons are shown (SF; ¢ =1,2,3,4; k =
R, L, A). For simplicity, all solitons are drawn as short as possible.
[(f)-(@)] Solitons in the order parameter space. In (f), solitons of
the SSH and RM models are denoted as green and magenta arrows,
respectively, in the order parameter space (A, m.), where m. is a
staggered sublattice potential for the RM model. For (g) RC, (h)
LC, and (i) AC solitons, each soliton is denoted by a corresponding
colored arrow in the order parameter space (A(l), A(z)).

Thus,

f‘I(IZ ) properly connects two ground states having opposite en-
ergy spectra and dimerization pattern of the ith chain, leading
to the particle-hole duality between degenerate ground states
[Fig. 3(f)]. Similarly to the single-chain model, two class 11
nonsymmorph1c particle-hole operators Cu can be defined
using I' = 7C. The mathematical proof is as follows. Under

is a half-translation operator for the ith chain only.

Fg ) and CI(IL), the low-energy effective Hamiltonian satisfies
the following transformation equations:

B Hoc (A0, AP )™ = —Hpe(~AD, ),

2)H C(A(l) A(2)( )—1 —Hpe (AW, —A®)),
CI(II Hpc(AM A(2))(él(11))—1 = —Hpc(—AD, A@),
11 HDC(A(l A® )(0(2)) = —Hpc(AM, —A®)

which imply that the dimerization pattern of ith chain and en-
ergy eigenvalues are reversed. A ground state having energy
eigenvalues {£F;,+F>5,...} transforms to another ground
state having the same energy eigenvalues except for the en-
ergy band crossing. Thus, class II operators connect different
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FIG. 5. Numerically calculated soliton spectra for the (a) SSH, (b)
RM, (¢) RC, (d) LC, and (e) AC solitons. (a) In the SSH model, the
soliton (S) and antisoliton (S) states are degenerated at the midgap.
(b) In the RM model, the soliton (S*) and antisoliton (S*) states
are located above (' = +m) and below (£ = —m) the Fermi
level, respectively. [(c) and (d)] RC and LC soliton has two soliton
states: The orange and green arrows indicate the primary (P) and
induced (I) subsoliton states, respectively. () An AC soliton has two
subsoliton states which are symmetrically located with respect to the
zero energy in contrast to RC and LC solitons: the antibonding (AB)
and bonding (B) subsoliton states. In (a)—(e), all spectra are plotted
as a function of the eigenvalue index.

phases as summarized in Table II.

Finally, by combining the class I and II operators, we find

that the class III operators F§H) and C?I(I? give not only the

spectral symmetry but also particle-hole dualities among the
ground states [Fig. 3(2)]. Under I'l}) and ¢, the low-energy
effective Hamiltonian satisfies the following transformation
equations:

HDC<A D, AT = —Hoe(+A®, +AD),
III C(A(l) A(2))(FI(121)) ' = —Hpc(— A(2) A(l))7
2 Hoc (A, A@) (i)~ = Dc<+A @, +aM),
cI‘I?HDcm“ AP)(CP) ™! = —Hpe(-A®, —AW),

The first and third equations show the chiral symmetry for AA
and BB phases [A()) = A®)]. The second and fourth equa-
tions also indicate the chiral symmetry for AB and B A phases
[A(D) = —A®]. Therefore, I'}}) and € act as the general-
ized chiral symmetry and particle-hole operators, respectively.
Moreover, the class III operators in the DC model also act
as ground state-connecting operators; the first and third equa-
tions connect the AB and BA phases [A()) = —A®)] and the
second and fourth equations connect the AA and BB phases
[AD = A@),
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FIG. 6. [(a)-(c)] Transformations of SSH solitons under (a) class I,

(b) 11, and (c) III operators. [(d)—(f)] Transformations of RM solitons
under (d) class I, (e) II, and (f) III operators. [(g)—(i)] Transforma-
tions of RC, LC, and AC solitons under (g) class I, (h) I, and (i) III
operators in the DC model. See Table III for more information.

IV. DUALITIES BETWEEN TOPOLOGICAL SOLITONS

We briefly introduce the topological solitons before dis-
cussing the their topological features. All possible types of
solitons can be represented in the order parameter spaces
[Figs. 4(f)—4(1)]. Each soliton has a definite geometrical con-
figuration [Figs. 4(a)—4(e)] and the characteristic spectrum
[Figs. 5(a)-5(e)]. In the SSH (RM) model, there are two types
of solitons: a soliton S (S*) and an antisoliton S (S*). Both
soliton and antisoliton states in the SSH model are located at
zero energy [Fig. 5(a)] due to the chiral symmetry. For RM
solitons, the energy spectrum of a soliton (an antisoliton) is
above (below) I = 0 [Fig. 5(b)] due to the chiral (or sublat-
tice) symmetry breaking.

In the DC model, there are 12 chiral solitons, which are
classified into three classes [20]: right-chiral (RC), left-chiral
(LC), and achiral (AC) solitons [Figs. 4(c)—4(e)]. All chiral
solitons have two midgap states but the corresponding spec-
tra are distinguishable. For RC solitons (LC solitons), two
states are located below (above) E = 0 [Figs. 5(c) and 5(d)];
the soliton states near (far from) the Fermi level are denoted
as primary (induced) subsoliton states. A pair of an RC soli-
ton and an LC soliton forms a particle-hole symmetric spec-
tra. For AC solitons, a bonding (antibonding) state is located
above (below) FF = 0 [Fig. 5(e)]. All these particle-hole sym-
metric spectra are explained by the symmetry analysis below.

We now investigate the roles of the class I, II, and III opera-
tors among topological solitons using the low-energy effective
continuum theory [17, 34, 35]. The results are summarized in
Fig. 6 and Table III. See detail proofs in Appendix B.



TABLE III. Transformation properties of the solitons under the class I, II, and III operators.

Before a transformation, a soliton has an

energy eigenvalue F and dimerization profiles A(z) or (AW (z), A® (z)) while the transformed soliton has the energy eigenvalue E’ and
dimerization profiles A(z)’ or (A’™ (z), A’® (z)). For the RM model, we explicitly take the spatial inversion & — —z due to the inversion
operator P. Under the column “Soliton relation,” X and Y can represent S (S*) and S (S*) for the SSH (RM) model, but X and Y cannot
be the same. For the DC model, 50,1 = 547 5 forall K = R, L, A. The role of the operator is explicitly shown under the column “Role” and
is categorized under the column “Type” according to the similarity with the SSH and RM models, where “Both” represents the role of the
operator in the DC model is similar to both the SSH and RM models. Under the column “Group,” Z,, indicates that the corresponding operator

connects n different topological solitons cyclically.

Model Class Operator E’ A'(z)s Soliton relation Role Type Group
I O +E —A(x) (?IX =Y Equivalence Zs
SSH II Fn, Cn —-F —A(a:) (?I]X =Y Particle—hole ZQ
1T F]u, C]]I —-F —|—A(l’) OnX =X Self—duality 71
I . @IA +E —A(—z) (?IX =X Equivalence Za
RM 11 FH’ C}I —F —A(JZ) (?HX =Y Particle-hole Zio
I T, Cm —-F —I—A(—Z’) OnmX =Y Particle-hole Zio
I O +F A(2>(m) +AD (2 See below® Equivalence SSH Za
n e B —AW@)  +A®(2) O s = LD (;—1,234)  Particle-hole Both  Zs
O SA =S4, (i=1,3) Particle-hole  Both  Zs
DC 1 P B +AD@) —A® () Off)sR“) SZLHR)WH (i=1,2,3,4) Particle-hole Both  Z
@I(IQ)S A=82,(i=2,4) Particle-hole Both  Zs
m 3¢y —E +A® @) +AD(a) O{IJ”SA SH (i =1,3) Self-duality SSH 71
- o5 Sf“f) (i=1,2,3,4)  Particle-hole RM  Z,
m P,¢Y —-B -A® @) —AD(x) O{I;)s;“ SH (i =2,4) Self-duality SSH  Zi
O gHh) — Séﬁ’f) (i=1,2,3,4)  Particle-hole RM  Z,
a5k = B8k = O28k = O3PSk = OASE fork = R, L, A,

First, class I operators endow cyclic equivalent relations to
solitons leading to a cyclic group. For the SSH model, G shifts
a soliton by a half unit cell in real space, which transforms S
into S and vice versa [Fig. 6(a)]. As G does not change soli-
ton’s physical properties, it endows the equivalence relation
between S and S: Symbolically, S =GSand S = GS. As
S = G2Sand S = G2, SSH solitons not only respect the Z
transformation properties of the dimerized ground states un-
der G but also form a representation of a Z group, of which
the generator is G. For the RM model, GPT inverts a soliton
and translates the inverted soliton by a half unit cell, which
transforms a soliton into itself having the same energy eigen-
value: S = GPTS and S = GPTS [Fig. 6(d)]. Thus, GFT
endows equivalent relations to RM solitons, as well.

Similarly, for the DC model, the class I operator (é’y)
gives equivalence relations among solitons of the same chi-
rality. Under Gy, the four RC solitons are cyclically trans-
formed into other RC solitons having the same energy spec-
trum [Fig. 6(g)]. Similarly, the four LC solitons and four AC
solitons are cyclically transformed under G*y [Fig. 6(g)]. Like
the single-chain model, each set of chiral solitons of the same
chirality not only respects the Z, transformation properties of
the dimerized ground states but also forms the representation
of a Z4 group, which can be useful in the topological opera-
tion [38].

Next, class II operators endow the particle-hole dualities to
solitons. In the single-chain models, I'n effectively exchanges
the sublattice potentials in every unit cell and translates a soli-
ton by a half unit cell. The soliton then transforms into the
antisoliton with the opposite energy spectrum, and vice versa
[Figs. 6(b) and 6(e)]. Furthermore, the wave functions of
the soliton and antisoliton (Vg and ¥ g) are related by Cn as
s ox éII\IJS = 10, ¥, which endows the particle-hole dual-
ity in the quantum level.

Similarly, for the DC model, the class II operator (fg ),

C}ﬁ”) transforms an RC soliton into an LC soliton having the
opposite soliton energy states, and vice versa, endowing the
particle-hole duality between RC and LC solitons [Fig. 6(h)].
For example, Sf% fi12 )SQL [Fig. 6(h)], which explains the
opposite spectra of the RC and LC solitons [Figs. 5(c) and
5(d)]. The complete relations are shown in Fig. 6(h). It is
noteworthy that due to the particle-hole duality, solitons and
antisolitons can be created or annihilated pairwise like an or-
dinary particle-antiparticle pair.

Finally, the class III operator can endow either self- or
particle-hole dualities depending on the type of solitons. Un-
der the class III operator (FIH or CIH) an SSH soliton is trans-
formed into itself with the opposite energy level [Fig. 6(c)].
As a result, the SSH soliton should have a symmetric spec-
trum, which allows a zero energy state only [Fig. 5(a)]. How-



TABLE IV. Relations among topological charges. Qs and Q5 (Q s+
and g~ ) are the topological charges of the soliton and antisoliton
for the SSH (RM) model, respectively. For the DC model, Qg
(k = R, L, A) indicate the topological charges of RC, LC, and AC
solitons. Here 4, j = 1,2, 3,4 and Séil = Sf,5.

Model Class Charge relation Role
1 Qs =Q Equivalence
SSH 11 Qgs Particle-hole
I Qs = —QS, Qs =—-Qs Self-duality
1 Qs = Qs+, Qg+ = Qg+ Equivalence
RM 11 sx = —Q 5~ Particle-hole
I s+ = —Qg+« Particle-hole
I Qst = Q sk Equivalence
I Qgsr = —Qgqr » Particle-hole
DC I Q s = —-Q SA, Particle-hole
I Qsr = —Q sk Particle-hole
I QSA = —QSA Self-duality

ever, for the RM solitons, there is no allowed self-duality due
to the sublattice symmetry breaking. Rather, the class III op-
erator transforms S* to S* with the opposite energy level, and
vice versa, endowing the particle-hole duality to the RM soli-
tons [Figs. 5(b) and 6(f)].

For the DC model, the class III operator endows the self-
duality to AC solitons as it does in the SSH model and
particle-hole duality to a pair of RC and LC solitons as it does
in the RM model [Fig. 6(i)]. For example, fI(IZI) transforms an
AC soliton (RC soliton) into itself (LC soliton) with the op-
posite soliton energy states. For AC solitons, this self-duality
explains the symmetrically located midgap states [Fig. 5(e)].

V. TOPOLOGICAL PROPERTIES OF SOLITONS
A. Topological charges

We now investigate the roles of the class I, II, and III opera-
tors in the topological properties of topological solitons using
an adiabatic evolution and the corresponding effective two-
dimensional (2D) systems. An adiabatic evolution can be gen-
erated by transporting solitons very slowly along the adiabatic
path [Figs. 7(al)-7(el)] and the corresponding effective 2D
Hamiltonian is obtained by taking the second dimension in the
momentum space as the cyclic evolution [20, 39] [Figs. 7(a2)—
7(e2)]. The corresponding topological charges of solitons can
be calculated through the generalized Goldstone-Wilczek for-
mula or the partial phase-space Chern number [15, 39]. As a
result, the class I operators give the equivalent relations among
topological soliton charges while the class II operators do the
particle-hole relations. The class III operators can endow ei-
ther particle-hole or self-duality depending on the model sys-
tem. The results are summarized in Table I'V. See detail proofs
in Appendix C.

In the SSH model, the soliton charge Qg and the antisoliton

charge () g are obtained from the adiabatic processes A — B
and B — A, respectlvely [Flgs 7(al) and 7(a2)]. Then class I
(G) and II operators (FH, CH) endow the equivalence relation
(s = Qg) and the particle-hole relation (Qs = —Qs) re-
spectively. On the other hand, class III operator (FHI,CIU)
endows the self-duality (Qx = —Qx), where X = S, S.
Combining these, because the soliton charge is defined up to

+1 |e| per spin [13].

Similarly, in the RM model, the soliton charge (Jg~ and
the antisoliton charge (5. can be obtained from the adia-
batic processes A* — B* and B* — A*, respectively [see
Figs. 7(b1) and 7(b2)]. First, the class I operator (GFT) gives
the equivalence relation: Qs = Qs and ()5 = (5. Second,
like the SSH model, the class II operator (fII,éII) gives the

particle-hole relation of ()g~ = —@g., which is consistent
with the known topological charge of the solitons in the RM
model [ 17] Qs = (1-fand Qs. = Kl (1+f) = —Qs-

SSH soliton due to the sublattice symmetry breaking.

In the DC model, the class I operator (éy) imposes the
equivalent relations such that the topological charges of chiral
solitons of the same chirality are exactly the same. In con-
trast, the class II operator (fl(f ), C}@) gives the particle-hole
relation to the topological charges of the RC and LC solitons
such that Qgr = —Qgz, . The class II operator also en-
dows the particle-hole relation to the topological charges of
the AC solitons: Qga = —Q SA - The class III operator can
endow the self-duality to the topological charges among AC
solitons as it does in the SSH model (Qga = —Qga) and
give particle-hole relation to a pair of RC and LC solitons as it
does in the RM model (Q) sp = —Q S]L). Combining these
relations and the calculated Chern number [20] of 42, the
topological charges of the RC and LC solitons are obtained:
Qsr = —Qsr = —3 L |e| per spin. Similarly, for the AC soli-
ton, one can derive QSA = iQSA Here i,7 = 1,2,3,4 and

SO.,l = S4’5 As the soliton charge is defined up to modulo
|2¢| for the DC model, the possible AC soliton charges are
Q# = 0,4 |e| per spin.

B. Topological charge pumping

Using class I, 11, and IIT operators, we have found the equiv-
alent and particle-hole relations among topological solitons.
Based on this finding, we now systematically discuss topo-
logical properties of the SSH, RM, and DC models.

Due to the equivalence and particle-hole duality, there is
no topologically protected charge pumping in the SSH and
RM models. In the SSH model, along the adiabatic evolution
A — B — A, the Wannier charge centers [40] split into
two parts and then return to their original positions after one
adiabatic cycle [Fig. 7(al)]. Similarly, in the RM model, the
Wannier charge center moves to the right and finally returns to
its original position [Fig. 7(b1)] along the adiabatic evolution
A* — B* — A*.
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FIG. 7. Adiabatic evolutions, topological charge pumpings, and chiral edge states. [(al)—(e1)] Adiabatic evolutions (top panel) and topological
charge pumping (bottom panel) for the (al) SSH, (b1) RM, (c1) RC, (d1) LC, and (el) AC solitons. Each adiabatic evolution is generated by
transporting successive solitons along the adiabatic paths in the order parameter space [Figs. 4(f)—4(i)]. The movements of Wannier charge
centers (cyan circles) are represented by the cyan arrows. Each bottom graph shows the calculated Berry phase (left axis) and Wannier charge
center (right axis) under one cycle of the adiabatic evolution. In (al), (bl), and (el), there is no Thouless topological charge pumping. In (c1)
[(d1)], the quantized charges are pumped to the left (right). [(a2)—(e2)] Calculated 2D Berry curvature maps of the corresponding 2D effective
systems, where each adiabatic evolution is represented by k, momentum in the extra dimension. The color scale is normalized. In (a2) and
(e2), red and blue arrows indicate the singular points. [(a3)—(e3)] Calculated band spectra with open (closed) boundary condition along the
x direction (y direction) over the cylindrical geometries in (a4)—(e4). Dispersions of edge states are indicated by blue, red, and green colors.
[(a4)—(e4)] Schematics of cylindrical geometries and edge states in real space. On each cylinder, red and green arrows (blue lines and arrows)
indicate chiral (trivial) edge states. The chiral edge states for RC and LC solitons move oppositely in (c4) and (d4), leading to the particle-hole
duality between them. In (e3) and (e4), the AC solitons have both right- and left-moving edge states at each side, leading to the self-duality
like the SSH solitons in (a3) and (a4).



On the other hand, in the DC model, the topological charge
pumping is allowed during the adiabatic processes that cor-
respond to four successive RC and LC solitons. Along the
adiabatic evolution AA — BA — BB — AB — AA,
two electrons are pumped to the left [Fig. 7(c1)] while two
are pumped to the right along the opposite adiabatic evalua-
tion AA - AB — BB — BA — AA [Fig. 7(d1)]. For
the adiabatic process using AC solitons, however, there is no
topological charge pumping like the SSH model [Fig. 7(el)].

These features are clearly encoded in the phase-space Berry
curvatures. Due to the particle-hole duality, the signs of the
Berry curvature for two adiabatic processes (A — B and
B — A that correspond to soliton and antisoliton, respec-
tively) are opposite in the SSH model [Fig. 7(a2)], which leads
to a zero total Chern number. Similarly, the Berry curvatures
for two adiabatic processes (A* — B* and B* — A* that
correspond to soliton and antisoliton, respectively) show the
opposite signs in the RM model leading to a zero total Chern
number as well. Note that we take the limit of m_, — 0 in the
RM model to calculate Berry curvature in the gapless SSH
model. For the DC model, due to the particle-hole duality,
the Berry curvatures for the RC and LC solitons also lead to
opposite total Chern numbers [Figs. 7(c2) and 7(d2)]. For
the AC soliton, the signs of the Berry curvature for the adi-
abatic processes (AA — BB and BB — AA) are opposite
like the SSH model, which leads to a zero total Chern number
[Fig. 7(e2)].

C. Soliton chirality

Furthermore, the collaboration of the equivalence relation
and particle-hole duality determines the existence of soliton
chirality. As soliton chirality is inherited from the chiral
edge states of the quantum Hall insulator [20, 41], a sufficient
condition is either the time-reversal symmetry breaking or a
nonzero total Chern number.

However, for the SSH and RM models, adiabatic pro-
cesses, which are generated by the soliton and antisoliton pair
[Figs. 7(al) and 7(b1)], have a zero total Chern number due
to the particle-hole duality [Figs. 7(a2) and 7(b2)] permitting
no chirality to solitons. The corresponding adiabatic evolu-
tion and the effective 2D Hamiltonians (Appendix E) have the
time-reversal symmetry [Figs. 7(al) and 7(b1)], leading to no
chiral edge states in the 2D cylindrical geometry [Figs. 7(a3)
and 7(b3)].

By contrast, two possible adiabatic processes, which are
generated by either RC solitons or LC solitons via the equiv-
alent relations [Figs. 7(cl) and 7(d1)], have opposite total
Chern numbers [20] of +2 due to the particle-hole dual-
ity [Figs. 7(c2) and 7(d2)] permitting the opposite chirali-
ties to the solitons. The corresponding effective 2D Hamil-
tonians become Chern insulators with time-reversal symme-
try breaking (Appendix E), which leads to the opposite chi-
ral edge states in the 2D cylindrical geometry [Figs. 7(c3),
7(c4), 7(d3), and 7(d4)]. For AC solitons, the recovered
time-reversal symmetry makes the total Chern number zero
[Fig. 7(e2)] leading to no chirality [Figs. 7(e3) and 7(e4)] like
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SSH solitons [Figs. 7(a3) and 7(a4)].

D. Electrical charges of soliton and topological algebra

Finally, we recover the spin degree of freedom and discuss
the electric charges and possible topological algebra of chiral
solitons for potential topological information devices. First,
consider RC and LC solitons. Because RC and LC solitons
have a topological charge of QF = —QF = — |e| /2 per spin,
RC and LC solitons have electric charges in integer multiples
of |e| when considering the spin degree of freedom. When
the Fermi level lies at £ = 0, an RC soliton (LC soliton) is
negatively (positively) charged by |e| with no spin, acting like
a spinless electron (hole): ggr = — |e| and gz = + |e|. Here
qg+ denotes the electric charge of solitons (k = R, L, A).

Next consider the AC solitons. An AC soliton can have
three electrical charges gga = 0, 2 |e|, because an AC soli-
ton can have three topological charge values Q! = 0, + ||
per spin based on the symmetry analysis. In the absence of
interchain coupling, an AC soliton is composed of two SSH
solitons (one for each chain). When the charge-neutrality of
the system is maintained, an SSH soliton has only one electron
state, which leads a spinful charge-neutral soliton. However,
in the presence of the interchain coupling, two soliton states
are located above and below E = 0, respectively [Fig. 5(e)].
Then two electrons occupy the lower energy level and an AC
soliton becomes both chargeless and spinless. In this case,
in contrast to the SSH solitons, an AC soliton is a new ex-
tended state having no charge and no spin: gga = 0. Thus,
this neutral AC soliton can survive very long time even when
it interacts with other external defects having either charge or
spin. On the other hand, when FE¥ is located between the up-
per (lower) soliton states and valence (conduction) band, the
AC soliton has the electrical charge of gga = —2 |e| (4+2]e|)
with no spin.

Furthermore, in the sense of topological operations, the
topological electric charges of chiral solitons respect Z,4 topo-
logical algebra. That is, the topological solitons can be added
or subtracted in between and their topological charges satisfy
the Z, algebra during the corresponding addition or subtrac-
tion. For example, an AC soliton (Sf‘) is equivalent to the
addition of two successive RC solitons (Sf¥ and S£) or LC
solitons (S and SI) as shown in the order parameter space
[Figs. 4(g)-4(i)]. Then the electric charges automatically sat-
isfy the algebra of gga = 2qgr = 2¢gr (mod 4 |e]), because
gsa = £2|e|, ggr = — |e|, and ggr = + |e].

VI. CONCLUSION

We have demonstrated a general framework that explains
topological features of ground states as well as topological
solitons in prototypical quasi-1D systems such as the SSH,
RM, and DC models using the generalized time-reversal,
particle-hole and chiral symmetry operators. Combining time-
reversal, particle-hole, chiral, and nonsymmorphic symmetry
operators, we established three essential operators which are



TABLE V. Basic nonspatial and spatial operators for the SSH and
RM models in the Bloch basis and low-energy continuum theory.
G = {E|%} is the half-translation operator, P is the inversion
operator with respect to the bonding center (Fig. 1), and K is the
complex-conjugation operator.

Type Operator Bloch Continuum
T K @ (ko — —kz) oK
Nonspatial (:,' 0K ® (ks = —kz) K
r Oz [op*
. kgag -
Spatial e "7z o, e'2 0,

TABLE VI. Basic nonspatial and spatial operators for the DC model
in the Bloch basis and low-energy continuum theory. 7o, Cp, and T'p
are the extended time-reversal, particle-hole, and chiral operators,
respectively. G = {E|(—1)"+! %}(i) is the fractional translation
operator along the ith chain only. G, = {M,| — 1} is the glide
reflection operator, where M, is a mirror operator with respect to the
zz plane.
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symmetry operators before the spontaneous symmetry break-
ing. After spontaneous symmetry breaking, the class I and II
operators connect degenerate ground states while the class III
operators give particle-hole symmetry to each ground state,
which is an extended Goldstone theorem to the 1D lattice
systems. For topological solitons, the class I operators en-
dow equivalent relations and cyclic group structures while
the class II and III operators do particle-hole relations. Us-
ing these operators, we systematically described three distinct
types of topological charge pumping and soliton chirality in
the SSH, RM, and DC models. Our work can be easily ap-
plied in various condensed matter systems as well as photonic
crystal and cold atomic systems.
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Appendix A: Class I, I1, and III operators

In Appendix A, we explicitly present the class I, II, and III
operators. The class I, II, and III operators are constructed
using the nonspatial and spatial operators which are listed in
Table V and VI. The explicit representations of the class I,
II, and III operators are listed in Table VII and VIII. Using
these explicit forms, one can easily prove the symmetry trans-
formation properties of both Hamiltonians and their ground
states under the class I, II, and III operators shown in Table II.

TABLE VII. Class I, II, and III operators for the SSH and RM
models in the Bloch basis and low-energy continuum theory. G=
{E|%} is the half-translation operator, G*" = GPT is the
PT-symmetric half-translation operator, " = I'PT is the PT-
symmetric chiral operator, and C*T = CPT is the PT-symmetric
charge-conjugation operator. Zy, = (k, — —k,) and Z, = (z —
—x).
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Appendix B: Proofs of the transformation properties of
topological solitons under class I, I, and III operators

In Appendix B, we explicitly prove the transformation
properties among topological solitons under the class I, II, and
IIT operators using the low-energy effective Hamiltonians.

1. Single-chain model

Consider a soliton solution having a wave function ¥(z),

a dimerization profile A(z), and an energy eigenvalue F.

Because the soliton solution can be obtained using the low-

energy effective continuum Hamiltonian [17, 34-36], the so-

lution satisfies the following eigenvalue equation:

HSSH(—Z'aw,A(J]))\I/(iL‘) = E\I’(.’E) (B])

On the other hand, the low-energy effective Hamiltonian Hggy
transforms under an operator O as

OHSSH(—i817 A(m))é_l = UHSSH(—iax, A/(l‘» (B2)
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TABLE VIII. Class I, II, and III operators for the DC model in the Bloch basis and low-energy continuum theory.
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as shown in Talgle II. Therefore, the transformed wave func-
tion ¥/ (x) = OU(x) is also a solution that satisfies the fol-
lowing eigenvalue equation:

Hssu(—i0,, A’ (2))¥(z) = E'V'(x), (B3)

where A’(x) and E' = nE with n = £1 are the dimerization
profile and energy spectrum of the transformed soliton. De-
pending on the transformed dimerization profile and energy
spectrum, the transformed soliton can be determined either as
a soliton or an antisoliton.

Let us see the role of the class I, II, and III operators on the
topological solitons in the SSH model. First, under the class I
operator (7, the transformed soliton has A’(z) = —A(x) and
E’ = E. Since the sign of the dimerization displacement
profile A(z) is reversed, G transforms S into S with the same
energy eigenvalue, and vice versa; symbolically, GS = Sand
GS = S with Eg = FEg. Therefore, the class I operator
endows an equivalent relation between solitons in the SSH
model. Moreover, if we repeatedly apply G two times to a
soliton, it returns to itself: G2S = S and G2S = S. Thus, the
soliton and antisoliton form an irreducible representation for
the Zy group of which the generator is G.

Next, under the class II operator éll (or f‘n), the trans-
formed soliton has A’(z) = —A(z) and E/ = —E. Then
Cy transforms S into S with the reversed energy eigenvalue,
and vice versa: symbolically, (S = S and €S = S with
Eg = —FEj3. In particular, the wave functions of the soliton
and antisoliton form a particle-hole pair under Cui. Mathemat-
ically, W5 (x) o Cn¥s(x) = io, Ui(x).

Finally, under the class III operator ¢ (or, equivalently, f‘),
the transformed soliton has A’(z) = A(z) and £ = —F.
Thus, a soliton transforms into itself with the opposite en-
ergy eigenvalue, which allows the zero energy state: sym-
bolically, CS = S and CS = S with Eg = —Eg = 0 and
Es = —E5 = 0. In this sense, the class III operator C (or,
equivalently, I') endows the self-duality (or, equivalently, the
particle-hole symmetric spectra) to each soliton and antisoli-
ton.

Similar arguments can be applied to the transformation
properties of topological solitons for the RM model. Let a
wave function ¥(x) be a soliton solution that has a dimer-
ization profile A(x) and an energy eigenvalue E. As shown
in Table II, the low-energy effective Hamiltonian Hgy trans-
forms under an operator O as

OHrm(—i0y, A(z), m.)O0™ = nHrm(—idy, A’ (z), m.).

Thus, the transformed wave function ¥'(2) = O¥(z) is also
a solution that satisfies the following eigenvalue equation:

HRM(_iawvA/(x)vmz)‘lﬂ(x) :E/\I//(gj)7 (B4)

where A’(z) and E' = nFE are the dimerization profile and
energy spectrum of the transformed soliton. Depending on
the dimerization profile, the transformed soliton can be either
a soliton or an antisoliton.

First, under the class I operator GP T the transformed soli-
ton has A'(z) = —A(—z) = A(z) and E' = E, where
the dimerization profile is explicitly inverted in real space due



to the inversion operator P. Since the dimerization displace-
ment profile A(z) does not change, GPT transforms a soliton
into itself having the same energy eigenvalue: symbolically,
GPTS* = S* and GPTS* = S*. In this sense, the class I
operator endows equivalent relations to solitons for the RM
model. A .

Next, the class II operator Cy (or I'yy) acts in the same
way as it does for the SSH model, endowing the particle-
hole duality. Symbolically, C;;S* = 5* and CiS* = S* with
Eg- = —Es..

Finally, under the class III operator C*T (or, equivalently,
I'PT), the transformed soliton has A’(z) = —A(x) and B/ =
—FE. Thus, CPT transforms a soliton into an antisoliton with
the opposite energy eigenvalue, and vice versa: symbolically,
CPTS* = §* and C*'S* = S* with Eg. = —Eg.. Therefore,
the class III operator in the RM model gives the particle-hole
duality unlike the class III operator in the SSH model. Note
that the difference of the role of the class III operators in the
SSH and the RM model is attributed to the sublattice sym-
metry breaking; the sublattice symmetry breaking in the RM
model gives distinct energy spectra to the soliton and the anti-
soliton, which prohibits the self-duality.

2. Double-chain model

The solutions of the chiral solitons in the DC model can
be obtained using the low-energy effective Hamiltonian. Let
us consider the wave function of a chiral soliton ¥(x) that
satisfies the following eigenvalue equation:

HAM (@), A® @) T () = B¥(z),  (BS)

where A (z) and A®(z) are dimerization displacement
profiles and E is the energy eigenvalue for the chiral soliton.
As shown in Table II, the low-energy effective Hamiltonian
Hpc transforms under an operator O as

OHpc(AM (2), A® (£)0! = nHpc (AW (2), A’?)(z)).

Then the transformed wave function ¥’(z) = OW(x) is also
a soliton solution that satisfies the following eigenvalue equa-
tion:

Hpc (AW (2), A’ (2)) ¥/ (z) = E'V/(x), (B6)

where (A’ (z), A’ (z)) and E’ = nE are the dimeriza-
tion profiles and energy spectrum of the transformed soliton.
Here n = *1. Depending on the dimerization profile, the
transformed chiral soliton can be RC, LC, or AC solitons.

First, under the class I operator G, the transformed soliton
has A’ (z) = —A® (), A'®(2) = AW (), and E' = E.
Thus, Gy transforms a chiral soliton into another chiral soli-
ton of the same chirality having the same energy eigenvalue.
Symbolically, we find that

St=G,St=G2Sk =G3sk =Gist (B

fork = R, L, A. Thus, Cly endows the equivalence relation to
the chiral solitons of the same chirality and hence we denote
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the energy eigenvalues as ERC, EC, and EAC for RC, LC,
and AC solitons, respectively.

Next, under the class III operator CAI(I? (or, equivalently,

fgl)), the transformed chiral soliton has the following dimer-
ization profiles and energy eigenvalue:

NO(a) = (<) A® @),
NE(a) = (<) AD @),

and £’ = —FE. From this, one can find two types of transfor-
mations. First, an AC soliton can transform into itself under
CAI(I? [or, equivalently, fl(f )]. For example, consider the AC
soliton S{* having A®) = A(®) and energy eigenvalue EAC.

Under CAI(I}) , this AC soliton transforms into itself with the op-
posite eigenvalue —FEAC, which implies the AC soliton has
a particle-hole symmetric spectra +£EAC, leading to a self-
duality. In this sense, the class III operator CAI(I? endows the
self-duality to each AC soliton.

On the other hand, under the class III operator, an RC soli-
ton can transform to an LC soliton with the opposite energy
eigenvalues, and vice versa. For example, the RC soliton S ﬁ

transforms into the LC soliton SZ under CAI(I}): symbolically,
SL — (?I(&)Sf% with ERC = —FC, 1In this sense, the class III

operator CAI(IlI) endows the particle-hole duality. Therefore, the
class III operator endows the self-duality to AC solitons as it
does in the SSH model and the particle-hole duality to RC and
LC soliton pairs as it does in the RM model.

Finally, under the class II operator (?I(Iv') [or fg )], the
transformed chiral soliton has A’ (z) = (=1)'AM)(z),
AP (z) = (=1)"**AP) (z) and E' = —E. From this, one
can find two types of transformations: An RC soliton trans-
forms into an LC soliton with the opposite energy eigenval-
ues, and vice versa. On the other hand, an AC soliton trans-
forms into another AC soliton with the same energy spectra
because an AC soliton has the particle-hole symmetric en-
ergy spectra. For example, under él(ll), the RC soliton Sf
transforms to the LC soliton S and the AC soliton S4* trans-
forms to the AC soliton Si': symbolically, CAI(II)Sﬁ = SE with
ERC = _FC and ¢V 54 = S{\. For both cases, the original
and transformed wave functions [Vo(z) and Wr(x)] satisfy
the particle-hole relation under CAl(Il). Therefore, the class II

operator endows the particle-hole duality between chiral soli-
tons.

Appendix C: Topological charges of solitons

In this section, we explicitly prove the roles of the class I,
IL, and IIT operators in the soliton charges for the SSH, RM,
and DC models using the corresponding adiabatic evolution
and the corresponding partial Chern number [15, 20, 39].

The corresponding adiabatic evolution can be generated by
transporting solitons very slowly and is represented by the
time-dependent phase-space Hamiltonian. For the single- and
double-chain models, the phase-space Hamiltonians are given



Hsingle [kwa
Hpcl[kz,

t] = Hsingle[k:m A(t)» mz(t>]’ (Cl)
ﬁ] = Hpc [k:m A(l)(t)’ A(2)(t)]’ (C2)

where A(t)’s and m,(t) are time-dependent functions that
satisfy the periodic boundary condition H[k,,t + T] =
Hk,t] with a period T'.

Basically, the topological charge of a topological soliton
can be calculated through the generalized Goldstone-Wilczek
formula or the phase-space Chern number [15, 20, 39]. That
is, the partial phase-space Chern number Cgiia under an adi-
abatic process is equal to the topological charge () carried by
the corresponding topological soliton (or Q@ = — |e| Cparial)-
The partial phase-space Chern number from the initial time ¢;
to the final time ¢ is defined as

Cpuisi = 5= /B . /t dtQ,  (C3)

n=occ v

where the summation is done over the occupied bands and
Qp = (O, un | Owun) — (Opuy | Ok, un) is the phase-space
Berry curvature. From now on, we will omit dk, in the in-
tegral and use following notation for simplicity:

0.0, 1) E<a,€m Oup (ks 1) ‘ 8 Oun (ks t)> (C4)

~ (010un (s )| 01, Oun (ko 1))

where O is an operator. Note that the total Chern number Cly
is defined for one full cycle.

1. Single-chain model

Let us see consider the roles of the glide operator G (class T)
and the nonsymmorphic chiral operator ' (class II) on the
topological charges of solitons in the SSH model. Because
the topological number does not depend on the details of the
adiabatic process, without loss of generality, we choose the
adiabatic process along the straight lines in the order param-
eter space as shown in Figs. 4(f) and 7(al). This adiabatic
process respects the transformation properties which are im-
posed by G and I'yy. Therefore, the phase-space Hamiltonian
satisfies the following relations:

T . ~
Hssh |:k3:7 3 + t] = GHssulks, t]G" (&%)

and
T
R T -
= —TI'yHssu | ks, (2m — I)Z —t| (Tw)™,

where m € Z, t € [0, % Note that we choose such that
Hssulkz,t = 0] and Hssulk.,t = T'/2] correspond to the A
and B phases, respectively.
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If |uy(k;,t)) is an eigenstate with an energy eigenvalue
E,(kz,t), then the wave function G‘|un(kzw,t)> is also an
eigenstate of the Hamiltonian at time ¢ + % with the same
energy eigenvalue E,, (k,,t) due to Eq. (C5):

T A A
s | +1] Glun(ker ) = B0l (b0, €1

1me€+Q>K@w@mm- ()

Similarly, if |u,(ks, £ — t)) is an eigenstate with an
energy eigenvalue E,,(k,, % — t), then the wave function
Dut| i (ke L 1)) is also an eigenstate of the Hamiltonian at

time % -+t with the opposite energy eigenvalue — E,, (k, % —
t) due to Eq. (C6):
T . T
Hssu [k‘x, 7t t} n|up, (kx, T t>> (C9)

T A T
= _En Ty T, T r n Ty T, T .
(k‘ 4 t) m|uw (k 4 t>>
T . T
U3_p (km, 1 —|—t>> o 'y |uy, (kx, o t) > (C10)

Now, we prove the relation between soliton charges using
the class I operator G. Let us consider the partial adiabatic
process fromt = 0tot = % that corresponds to the soliton
S interpolating from A to B phases. Then the corresponding
partial Chern number C's is given by

Z/BZ/ dt Q. (1, 1),

Tn=0CC

(C11)

where I is an 1dent1ty operator. Similarly, the partial adiabatic
process from ¢ = to t = T corresponds to an antisoliton S
interpolating from B to A phases. Then one can show that the
corresponding partial Chern number C’g is equal to C's using
the glide operator G:

C’g:fZ/BZ/ dt Q,, (It+ >
:nZ/BZ/ dt Q0 (
:CS7

where Eq. (C8) is used from the first to the second lines and
GTG = 1 and (uy(ky,t) | tn (ke t)) = 1 are used from the
second to the last lines. Thus, Qs = Q3.

Next, we prove the relation between soliton charges using
the class II operator fH. In this case, let us consider the partial
adiabatic process from ¢t = % to t = 0 that corresponds to an
antisoliton S interpolating from B to A ground states. Then



the corresponding partial Chern number C'g is equal to —Clg:
T
1

i - LT
C5= - / / dtQ”<I,t+),
ez n;m Bz J+ % 4
. _% ) T
= / / dth(PIh—t+>7
27T n=unocc BZ +% 4
i i LT
_ L dth<I,t+>,
2m :Z /Bz/Z 4
= _CS7

where Eq. (C10) is used from the first to the second lines and
EOYTW = 1, (kg t) |t (ke t)) = 1, and t — —t are
used from the second to the third lines. From the third to the
last lines, we use the fact that the total sum over the occupied
and unoccupied states is zero. Thus, Qs = —Q 3. In a similar
way, one can prove Qs = —Qg, Q@5 = —Qg using class III
operator.

Similarly, for the RM model, the soliton charge () s~ and the
antisoliton charge (5. can be obtained from the adiabatic pro-
cesses A* — B* and B* — A*, respectively [see Figs. 4(f)
and 7(b1)]. The results are summarized in Table IV.

2. Double-chain model

Like the single-chain model, we show the role of the glide
reflection operator G, (class I) and the nonsymmorphic chi-

ral operator f‘I(IZ ) (class II) on the topological charges of chi-
ral solitons in the DC model. For the DC model, there are
three types of the cyclic adiabatic evolutions depending on the
type of chiral solitons as shown in Figs. 4(g)—4(i) and 7(c1)—
7(el). Without loss of generality, we choose the adiabatic pro-
cesses along the straight lines in the order parameter space.
These adiabatic processes respect the transformation proper-

ties which are imposed by G’y and f‘g ). For example, the
phase-space Hamiltonians for the successive four RC and LC
solitons satisfy the following relations:

Hpc [k % + t] = GyHpclks, 1G,Y (C12)

and

im — 3
8

Hpc [k‘z, T+ t] (C13)

4m — 3

= <o [ B~

4m —1 ] (C14)

Hpc [k‘m, TT +t

4m —1

= Hoc b T | (0P
wherem € Z, t € [0, 7).

If |u,(ks,t)) is an eigenstate with an energy eigenvalue
E, (kz,t), then the wave function G|u,(ks,t)) is also an
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eigenstate of the Hamiltonian at time ¢ + % with the same
energy eigenvalue F,, (k;, t) due to Eq. (C12):

T - T
Hpc [k:wt—l- 4} Gylun (kI,t+ 4>> (C15)

T
o (ke 7))

— t)) is an eigenstate with an en-

Similarly, if |uy, (kz, §
ergy eigenvalue En(ki,% — t), then the wave function

= Bk, )Gy

fl(ll) |un (kz, T —1)) is also an eigenstate of the Hamiltonian at
T

time % +t with the opposite energy eigenvalue —E, (kz, § —
t) due to Eq. (C13):
T . T
Hpc [km 2 +t] P |un, (kx 3 t>>

T . T
= *En <kac7 o t) F%Il) Un <k’£7 g - t)>

(C16)
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Now, we prove the relation among soliton charges using
the glide reflection operator Gy Let us consider the partial
adiabatic process from¢ = 0tot = % that corresponds to the
RC soliton S¥ interpolating from AA to BA phases. Then
the corresponding partial Chern number C' SR is defined as

j ;o
R 0, (1,1), 17
Cop=ge 3 [ [ aroudn. e

n=occ

where I is an identity operator.

Next let us consider the partial adiabatic process from ¢ =
L tot = Z that corresponds to the RC soliton SZ° interpolat-
ing from BA to BB phases. Then the corresponding partial
Chern number Cgr is equal to Cgr:

T
) T A T
Cgr = — dtQ, | I,t+— |,
S 27 Z /BZ/O ( +4>

n=occ

i '
o > /BZ/O dt Q,(G, 1),

n=occ

= CS’{%
where Eq. (C15) is used from the first to the second lines and
GGy = 1and (up(kg,t) | un(ke,t)) = 1 are used from the
second to the last lines. Thus, Qgr = Qgr. Similarly, one

can prove that topological charges for the chiral solitons of the
same chirality are the same:

Qs = Qspr = Qgr = Qg

where k = R, L, A.
Next, we prove the relation among soliton charges using the
nonsymmorphic chiral operator f’I(IZ ). Let us consider the par-
tial adiabatic process from¢ =0tot = % that corresponds to

the RC soliton S{¥ interpolating from A A to BA phases. Then
the corresponding partial Chern number Csfz can be written

as
. +Z
7 8 A T
Csﬁ—% E /132/273* dtQ71(Iat+8>

n=0cc

(C18)



Let us consider the partial adiabatic process from ¢t = % to
t = 0 that corresponds to the LC soliton SI interpolating
from B A to AA phases. Then the corresponding partial Chern
number Cgr is equal to —Cgr:

w2 L o (105)

n=o0cc

- Z // dt Qn (H),—t+T>
Bz J+Z 8

T =unocc

- T
5 2 // dth<I,t+),
BZJ-ZL 8

n=unocc

= —0557

Csf =

where Eq. (C16) is used from the first to the second lines and
EOYTWY = 1, (uy (kg t) [t (ke t)) = 1, and t — —t
are used from the second to the third lines. From the third
to the last lines, we use the fact that the total sum over the
occupied and unoccupied states is zero. Thus, @ sk = -Q SL-
Similarly, one can show that the other pairs of RC and LC
solitons have the opposite topological charges:

Qor = ~Qsz, (i=1,2,3,4) for Iy, (C19)
Qen = —Qgr  (i=1,2,3,4) for [P, (C20)
@ 73+(,1)7,+1

Also, one can show that the other pairs of two different AC
solitons have the opposite topological charges:

Qsp = —Qsp,

Qsp = —Qsp

In a similar way, one can prove the other relations using class
III operators.

(i=1,3) for I\, (C21)

(i=2,4) for 1P (C22)

Appendix D: Wannier charge center

In this appendix, we discuss the relations between the Wan-
nier charge centers [40] and the Berry phases in the quasi-1D
systems. Based on the relations, the Wannier charge centers
are numerically calculated for the SSH, RM and DC models
[see Figs. 7(al)-7(el)]. The Wannier state localized at the jth
unit cell is given by

W (5) f Ze*l’ww) )5 (D1)

where n is the band index, |¢,,(k;)) is a Bloch state, and the
summation is done over k, = m 1\2, withm =1,..., N. For
the single-chain model, the posmon operator Z is glven by

2

= Z

m=1n=1

(Im, an){m,anl), (D2)

where |m, a,,) is the state localized at atom a,, in the mth unit
cell. Here a,, = (a,b). Then the Wannier center of the jth
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cell is given by

(W) |21 WaD) = 5+ 5 | ™ b un(e) | Ok, un (k)
=i+t (D3)
27’

where 7 is the Berry phase.
However, for the DC model, the normalized position oper-
ator  is given by

1 L&
i=g )Y m(jm,an)(m,an]), ©H

3
I
.
S
I
_

where |m, a,,) is the state localized at atom a,, in the mth unit
cell. Here a,, = (a,b, c,d). In this case, the Wannier center
of the jth cell is given by

2m

(Wn(4) |2 Wa(h)) 7J+E v dky (un (kz) | Ok, un(kz))
_ ll
BRI (D5)

Appendix E: 2D Effective Hamiltonians
1. Tight-binding Hamiltonian

To understand the topological properties and chiral nature
of the chiral solitons, we take into account an cyclic adiabatic
evolution of a 1D Hamiltonian Hip(k,,t) and we extend the
1D system into a 2D system by substituting the time-evolution
as momentum k,, in an extra dimension. Then we construct
the 2D Hamiltonian Hop(ky, ky) such that Hop(kg, k, =

0) = Hip(kz,t = 0) and Hop(ks, ky = 27m) = Hip(ks,t =
7).
For the single-chain model, the 2D tight-binding Hamilto-
nian H3n" is given by
ingl
H;i;lge =t Z ch+17nycnw,ny + H.c.
NNy
+m, Z ( 1)nz+1 ;flwnycnm,ny + Hadiabatic
N, My
Ay
Hudiabaie = —~ > (=t (C;(Lz’nycanrl,ny«H
N, My

+
+Cnm7ny cnm—l,ny—l + H.C.’

where n, and n, indicate the lattice sites along the original
chain direction and the cyclic direction for the phase evolu-
tion, respectively. When m, = 0 (m, # 0), the tight-binding
Hamiltonian corresponds to the adiabatic evolution for the
SSH (RM) model.

For the double-chain model, the 2D tight-binding Hamilto-



nian H2¥ is given by

HDC = H(l) + H2(12)) + Hcouphny

(@) (@)
HZD Z |: n +1, nycgfz,ny + H'C} + Hdlabatlc’
(i) _ Ai ne+1 (2)
Hadlaballc - I Z (_1) et [ glzZJ,rnycnl-&-l ny+1

NNy

LWt (Z),l,nyfl] +He,

N, My na:

HCOUP““% = 5t0 Z |: SLII) rLyC’SLQm),ny + c’sLlj)j'ny izz)+1 n :| +H.c.

N, My

For the cyclic evolution of AA — BA — BB — AB —
AA, (Al, Ag) is set to be Ag(1 + 4,1 — ¢). For the reversed
path, (Al,AQ) Ag(1—1,1+1). For the evolution of AA —
BB — AA, (A1, Ay) = Ap(1,1).

2. Bloch Hamiltonian and time-reversal symmetry for the
single-chain model

From the tight- binding Hamiltonian, we construct the 2D
Bloch Hamiltonian H2D,,. (k. k) for the SSH and RM mod-
els, which is given by

single (

ks
Hsmgle(kwv ky) = 2ty cos ( 2a0> Oy
. kxao
—Ay cos(kyb) sin — )% +m,o,.

This Hamiltonian satisfies the time-reversal symmetry regard-
less of the sublattice symmetry breaking:

T/Hsmgle(kw’ ky)T_l = smgle(kﬂi’ k ) (El)
where T = K ® (k — —k) is the 2D time-reversal operator.

Therefore, the total Chern number is zero.

3. Bloch Hamiltonian and time-reversal symmetry for the
double-chain model

From the tight-binding Hamiltonian, we construct the 2D
Bloch Hamiltonian #22 (k. k,,) for the double-chain model,
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which is given by

HR (ks k) = (771211 7;[122) 7 E2)
with
H; = (2tg cos(kyao/2), —AW sin(kyao/2),0) - o
His = ’Hgl = 5t0(e_ikma°/412x2 + eik”a°/4az).
For the RC and LC solitons,
AW = Ag(cosk, —sink,), (E3)
A® = +Aq(cosk, +sink,), (E4)

where + and — correspond to the RC and LC solitons, respec-
tively. Therefore, the time-reversal symmetry is broken:

THE (ky, k)T £ HE

Therefore, the 2D effective Hamiltonians for the RC and LC
solitons have non-zero total Chern numbers.

On the other hand, the 2D Bloch Hamiltonians for the AC
solitons have the time-reversal symmetry. For example, for
the evolution of AA — BB — AA,

(A(l),A(2)) —

c(ka, ky). (E5)

Ag(cos ky, cosky). (E6)
Then the Hamiltonian has the time-reversal symmetry:

THR (ke k)T~ = HER Ky, Key). (E7)

Therefore, the 2D Bloch Hamiltonians for the AC solitons
have a zero total Chern number.
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