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Abstract

The Kennedy-Tasaki (KT) transformation was used to construct the gapped symmetry
protected topological (SPT) phase from the symmetry breaking phase with open bound-
ary condition, and was generalized in our proceeding work [1] on a ring by sacrificing
the unitarity, and should be understood as a non-invertible duality transformation. In
this work, we further apply the KT transformation to systematically construct gapless
symmetry protected topological phases. This construction reproduces the known exam-
ples of (intrinsically) gapless SPT where the non-trivial topological features come from
the gapped sectors by means of decorated defect constructions. We also construct new
(intrinsically) purely gapless SPTs where there are no gapped sectors, hence are beyond
the decorated defect construction. This construction elucidates the field theory descrip-
tion of the various gapless SPTs, and can also be applied to analytically study the stability
of various gapless SPT models on the lattice under certain symmetric perturbations.
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1 Introduction and summary

Overview of gapless SPT: Gapless symmetry protected topological (SPT) systems have re-
ceived intensive attention recently [2-11], which are a family of gapless systems exhibiting
topological features analogous to the gapped SPT phases.

So far, there are a number of constructions of gapless SPT systems, which we briefly review
here. The authors of [2], for the first time, constructed the gapless SPT (gSPT) using the deco-
rated defect construction [12,13], for example, with G x H global symmetry. The construction
applies to any dimensions. The idea is to decorate the G defect of the G symmetric gapless
system/CFT (with one vacuum) with a H gapped SPT. The decorated defect construction in-
troduces a gapped sector, under which both H and G act. However, H does not act on the
low energy gapless sector. A common feature of the gapless SPT of this kind is that the same
topological features (including non-trivial ground state charge under twisted boundary condi-
tions) can also be realized in a gapped G x H SPT, hence is not “intrinsic” to gapless SPT [14].
It has been shown that this type of gSPT states can exist at the critical points/regime between
spontaneously symmetry breaking (SSB) phases and gapped SPT phases. Recent research
proposed that gSPT states at criticality between the Haldane phase and various SSB phases
can have a possible experimental realization in the lattice systems with bosons [15-20] and
fermions [21-24].
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In [3], the authors proposed a systematic construction beyond the previous one, where the
non-trivial topological features do not have a counter part in the gapped SPT, hence is termed
the intrinsically gapless SPT (igSPT). The schematic idea is as follows. The total symmetry is
T, fitting into the extension 1 - H - T — G — 1. One starts with a G symmetric gapless sys-
tem/CFT (with a unique vacuum) with a G self anomaly w;. One further stacks an H SPT on
top of G defects. However, due to the non-trivial group extension, the induced gapped sector
has an opposite G anomaly —cw;. This cancels the anomaly in the gapless sector, and the com-
bined system is I' anomaly free. The combined system is termed igSPT. By construction, the
igSPT also contains a gapped sector coming from the decorated defect construction. Moreover,
the topological features can not be realized in a I' gapped SPT, which justifies the name “intrin-
sic”. In [4], we also analyzed concrete analytically tractable spin models of the gSPT and the
igSPT in detail, with Z, x Z, symmetry and Z, symmetry respectively in (1 4+ 1)d. These two
models will be crucial for the discussions in the main text below. Recently, the authors of [5]
discussed a more systematic construction. Besides, the authors of [25] constructed a spin-1
model which hosts both gSPT and igSPT simultaneously. A 2+1 dimensional igSPT example
at the deconfined transition between a quantum spin Hall insulator and a superconductor is
discussed in more detail in [8].

Both the gSPT and the igSPT contain a gapped sector by construction, which results in
the exponential decaying energy splitting of edge modes. A natural question is whether there
are gapless SPTs without gapped sectors, hence is purely gapless SPT? In [6], the authors
studied one interesting model with time reversal symmetry, and demonstrated that this model
does not have a gapped sector by noting that the energy splitting under OBC is polynomial.
Moreover, the ground state also exhibits non-trivial topological features that admit a gapped
counterpart. Following [5] we name it as purely gapless SPT (pgSPT). Moreover, in [5], the
authors also put forward an open question about the existence of an intrinsic gapless SPT
without gapped sector, i.e. intrinsically purely gapless SPT. In the present work, we answer
this question in the affirmative. Finally, one may naturally wonder if there is a more systematic
construction of a family of pgSPT and ipgSPT analogue to the decorated defect construction of
the gSPT and the igSPT. We confirm this by constructing all the above gapless SPTs using the
Kennedy-Tasaki transformation, for simple symmetries. A more systematic exploration with
general symmetries will be left to the future.

In summary,

* Gapless SPT (gSPT): Gapless system exhibits the same topological features as that of a
gapped SPT phase, with a part of symmetries only acting on gapped sector. See Eq. (7)
in Ref. [2].

* Intrinsically gapless SPT (igSPT): Gapless system exhibits the topological features that
can not be realized by a gapped-SPT, with a part of symmetries only acting on gapped
degrees of freedom. See Eq. (3.11) in Ref. [4].

* Purely gapless SPT (pgSPT): Gapless system has the same topological features as that
of a gapped SPT phase, with the entire symmetries acting on the gapless sector, as Eq.
(5) in Ref. [6].

* Intrinsically purely gapless SPT (ipgSPT): Gapless system has the topological features
that can not be realized by a gapped-SPT, with the entire symmetries acting on the gap-
less sector. We will give an explicit construction of such a state based on the Kennedy-
Tasaki duality transformation in Sec. 6 of the present paper.

We summarize the current understanding of gapless-SPT in Table 1.
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Table 1: Classification of gapless SPTs by whether they are purely gapless (horizontal
direction) and intrinsically gapless (vertical direction).

Contains gapped sector No gapped sector

Non-intrinsic gapless SPT [2,4,6,25] purely gapless SPT [6]

intrinsically purely gapless SPT

Intrinsic intrinsically gapless SPT [3-5,8,25] [Sec. 6 of this paper]

Kennedy Tasaki transformation: The Kennedy-Tasaki (KT) transformation was originally
found to map the Haldane’s spin-1 chain in the Z, x Z, symmetry spontaneously broken (SSB)
phase to a “hidden Z, x Z, symmetry breaking phase” [26,27]. Such a transformation was
first found to have a simple compact form

Ukr = [ [exp(inszsy), ¢h)

i>j

by one of the authors of the present work [28]. It is a unitary and highly non-local operator.
The “hidden Z, x Z, symmetry breaking phase” is now well-known as the Haldane phase or
Z *x 7 gapped SPT phase [29-31]. It is one of the earliest realizations of symmetry protected
topological phenomena in condensed matter physics.

The KT transformation (1) discussed in [26,27] was for spin-1 systems with open boundary
condition, and how to define it on a ring remains open until recently. In our recent work [1], we
proposed a way to realize the KT transformation on a ring, and discussed both spin-1 and spin-
% chains, which were proven equivalent. We note that, the KT transformation generalized to a
spin-% in two dimensions with a subsystem symmetry was discussed in [32, App. B], apparently
while being unaware of the original KT transformation found in 1990s. Interestingly, the KT
transformation on a ring is implemented by the non-unitary operators Ny and obeys the non-
invertible fusion rule, while it becomes a unitary transformation under a suitable boundary
condition on an interval. We thus name the KT transformation as a non-invertible duality
transformation. The effect of KT transformation is to gauge the Z, x Z, with certain topological
twists which we specify in the main text.

For convenience, we will focus on spin-% systems throughout.

Constructing (gapped and gapless) SPTs from Kennedy Tasaki transformation: In this
work, we propose to use the KT transformation to construct known examples of gSPT with
global symmetry Z, x Z, and igSPT with global symmetry Z,, and show that our construction
automatically gives rise to decorated defect construction in [4] when gapped sectors exist. We
also apply the KT transformation to construct possibly the first examples of pgSPT and ipgSPT
with only the on-site global symmetries (and not time reversal symmetry). The similar role
of the original KT transformation in the gSPT of the spin-1 system is also discussed in the
work [25].

IThe topological operator implementing the twisted gauging has been discussed extensively in terms of duality
defects. See the recent reviews, e.g. [33,34], and references therein for more details. We emphasize that the KT
transform in the present work maps one theory to another, and is not a symmetry of a single theory. Relatedly,
the Kramers-Wannier (KW) duality transformation between two theories and the KW duality operator within one
theory have been discussed in [1,35-39] and [40] respectively.
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We summarize the main results as follows.

Z3 SSB+Z3 SSB g} Z3 x Z, gapped SPT, 2

Zg SSB + Zg trivial g} Zg SSB + Zg trivial, 3)

Zg trivial + Z; trivial g Zg trivial + Zj trivial, 4

Zg lIsing CFT + Z; SSB g} Zg x Z, gapless SPT, (5)

Zgy lIsing CFT + Zj Ising CFT g SPT-trivial critical point, (6)

Z3 SSB+ Z, free boson CFT g Z£ intrinsically gapless SPT, (7)

Zg free boson CFT + Zj free boson CFT g Z3 x Z; purely gapless SPT, (8)

M
Zj free boson CFT + Z, free boson CFT = Zg intrinsically purely gapless SPT.  (9)

Egs. (2), (3), and (4) covering gapped phases of Z, x Z, symmetric systems are already
discussed in Ref. [1], but included here for the sake of completeness and illustration. In par-
ticular, the Z3 x Z3 gapped SPT can be obtained by starting with decoupled Z3 SSB phase and
Zj SSB phase and perform the KT transformation. These mappings between gapped phases
were essentially identical to those in the earlier works [27,41,42] on the KT transformation,
although the present formulation [1] on S = 1/2 chain is more convenient for construction of
gapless phases.

First, replacing the ZJ SSB phase in the left-hand side of (2) with the ZJ Ising CFT, we
obtain the ZJ x Z3 gSPT after the mapping (6). If we further replace the other Z; SSB phase
with the ZJ Ising CFT (5), by the KT transformation we obtain the gapless theory correspond-
ing to the critical point between the ZJ x Z7 gapped SPT and trivial phases, as can be seen
from (2) and (4). While this is also gapless, it has an emergent symmetry which has a mixed
anomaly with the original symmetry protecting the gapped SPT [43-45] and does not belong
to gapless SPT phases we focus on in this paper.

Furthermore, replacing the Zg SSBin (2) by ZZ symmetric free boson CFT (realized by XX
chain on the lattice), we obtain the Z£ intrinsically gapless SPT where ZZ is generated by the
product of generators of Z7 and Zj. Replacing both Z7 and Z; SSB by Z7 and Z; free boson
CFTs respectively, we obtain the Z3 x Z; pgSPT. Finally replacing Z7 SSB in (2) by Zj free
boson CFT, and Z; SSB in (2) by Z; free boson CFT, we obtain Z£ ipgSPT.

Advantages of the present construction of gapless SPT phases using the KT transfor-
mation: The common feature of the above constructions is that we start with a decoupled
system, which can be either gapped or gapless, and KT transformation will map it to a coupled
system with interesting topological features. This construction enables us to construct not only
the known models of gSPT and igSPT, but also the new models of pgSPT and ipgSPT. Further-
more, it allows us to study the stability of various gapless SPTs from (5) to (9) under certain
symmetric perturbations. In particular, if the perturbation of the gapless SPT is such that by
undoing KT transformation the theory is still decoupled, we can analytically investigate the
topological features of the decoupled theory on both a ring and an interval, and then use the
KT transformation to trace these topological features back to gapless SPTs of interest. Indeed,
this leads to an analytical understanding of the phase diagram of a nontrivial model, which
we were only able to investigate numerically in [4].

Gapless SPT phases are often characterized by edge states, which appear as low-energy
states in the energy spectrum of an open chain and can be distinguished from low-energy
gapless excitations in the bulk. Although such distinction between the gapless excitations
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and the edge states are possible, it is more subtle compared to identification of edge states
in gapped SPT phases. By the KT transformation, we can often relate the low-energy states
due to the edge states to the quasi-degeneracy of finite-size ground states due to spontaneous
symmetry breaking. This clarifies the identification of the edge states in gapless SPTs and their
stability, which also underscores the analysis of the phase diagram as discussed above.

Finally, we also remark that, as the theories on the left hand side of (5) to (9) admit field
theory descriptions, we are able to derive the field theory description of the gapless SPTs of
interest, using the KT transformation.

Outlook and the structure of the present paper: Although we will only study the gapless
SPTs with simple global symmetries like Z, x Z, or Z,, the KT transformation and the con-
struction of these interesting gapless topological systems can be straightforwardly generalized
to more general symmetry groups, as well as to higher dimensions [38]. It is also interest-
ing to explore what condition we should impose on the two decoupled theories so that under
(suitably generalized) KT transformation they give rise to gapless SPTs. We will leave these
questions to future studies.

The plan of this paper is as follows. In Section 2, we review the basic properties of KT
transformation from [1]. In Section 3, we revisit how to use the KT transformation to construct
Z3 x Z3 gapped SPT starting from two decoupled Z, SSB systems. In Section 4, Section 5 and
Section 6, we construct the gapless SPT, intrinsically gapless SPT and purely gapless SPT as
well as intrinsically purely gapless SPT respectively. We discuss how to use KT transformation
to construct these models, how to probe the topological features, and how to analytically study
the phase diagrams under certain symmetric perturbations.

2 Review of Kennedy-Tasaki transformation

In this section, we review the Kennedy-Tasaki (KT) transformation defined in [1], which is
well-defined under both closed and open boundary conditions. By definition, this new KT
transformation is defined by implementing STS on a Z, X Z, symmetric system, where both
Z’s are anomaly free. Here S is gauging of both Z,’s, and T is stacking the system with a
Zs x Z-, bosonic gapped SPT phase.

2.1 Definition of the KT transformation for spin-% chains

Let us consider a spin chain with L sites and L links. Each site supports one spin-+, spanning
a two dimensional local Hilbert space |sf’), where s7 = 0,1 and i = 1,..., L. Moreover, each
link also supports one spin-% spanning a two dimensional local Hilbert space |siT_ 1 ), where

s_T_ 1=0,1 fori=1,...,L. Hence each unit cell contains two spin-%’s. The local states can be

2
acted upon by Pauli operators,

of |s7) = (1) |s7) , oflsf)=11—s7),
sfr 1 (10)
Tz.: 1|s71>:(_1)lij|5?1>; T)»C1|STE 1>:|1_Sﬁr 1)'
1—3 =3 1—3 -3 1—3 =3

The Z, x Z, symmetry is generated by U, and U, respectively, where

Uy =] [o7. Ule_['r;‘_l. 11

i=1 i=1 2


https://scipost.org
https://scipost.org/SciPostPhys.18.5.153

e SciPost Phys. 18, 153 (2025)

The symmetry and twist sectors are labeled by (u,,u.,ts,t;). Here (—1)Yo,(—1)4
are the eigenvalues of U,,U, respectively, and t,,t, label the boundary conditions
sty =87+ ta,sl_f_ 1y = siT_ ! + t,. The KT transformation is then defined by the following
action on the Hilbert space basis state [1]

1 LT+ ST AT T (T T (gt t])
Nirl{s?,s7 1 1) = oL-1 E: (—1)21l e A A A R A |{Sl{a,5£;}>
2 10 JT 2
{s! ’Si—%}
(12)

L T 3 o oo 10 o SO /
_ 1 Z (_1)21.:1(51,7%+sj7%)(sj71+sj +17 87+ (s +s7 )t +t7) |{5’G g })
2L-1 i i—% >

{57571}
2
where we have presented two equivalent expressions, which will be convenient for the appli-
cations later.

It is useful to emphasize that the original KT transformation is defined for spin-1 systems,
while this KT transformation is defined for a spin chain with two spin-% per unit cell. Although
in [1] we have shown that they are equivalent, it turns out to be more convenient to use the
latter set up for the entire discussions, which we will assume throughout this work.

2.2 Properties of KT transformation

In [1], various properties of (12) are examined, including the mapping between symmetry and
twist sectors, the fusion rule of the non-invertible defects, the definition on open boundary
conditions and the relation to the original KT transformations in the spin-1 models [26-28].
We briefly review the results and refer interested readers to [1] for details.

Mapping between symmetry-twist sectors: Suppose a state is within the symmetry-twist
sector labeled by [(uy, t,), (u;, t;)], then under the KT transformation, the resulting state is
within the symmetry-twist sector labeled by

[, t)), (W, t )] =[(up, to +ur), (e, t; +uy)]. (13)

In the sections below, we will frequently use the following result. Suppose the Hamiltonian
H' is obtained from H by a KT transformation, i.e. H' Ny = NirH. If [ ¢, u.c.)]) 1S a0
eigenstate of H in the symmetry-twist sector [(ug, ty), (u,, t;)] with energy Eﬁum Mt )]
then Nt [V¥1(u,,¢,),(u.,c.)]) 1S an eigenstate of H' in the symmetry-twist sector [\, ¢, (u.,c.)])

: H .
with the same energy E[(um £t )]’

H Nt W1y et = NerH W1y 00000601 = Bl e, VKT Wt 1) - (14)

Note that Nt 1¥[(u, ¢,),(u..c.)]) Sits in the symmetry-twist sector [(uy,, t7 ), (u’, t.)], hence
H' _ pH _ pH
Bty e 00000 = Eltugtod e ) = Eltu 1), 431 (15)

We will use (15) repeatedly in the subsequent sections.

Fusion rules: The fusion rules involving the operator implementing the KT transformation,
Nk, and the Z, X Z, symmetry operators U, U, are

Nir X Uy = (‘Utfﬂ;NKT,
Nir ¥ Uy = (1) 4o Ny, (16)
Nir x N = 41 + (1) U ) (1 + (1)1 U,).
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In particular, the last fusion rule shows that Ny is non-invertible, and the transformation is
non-unitary.

All the above discussions are on a ring. We finally note that on an open interval, the
KT transformation is a unitary transformation, hence preserves the energy eigenvalues of the
Hamiltonian [1].

3 Gapped SPT from KT transformation

The KT transformation was designed to map a Z, x Z, symmetry spontaneously broken (SSB)
phase to a Z, x Z, symmetry protected topological (SPT) phase. It is straightforward to check
at the level of partition function that STS transformation relates the two. We will review how
the SPT phase can be generated from the KT transformation, and this will be the first example
of using the KT transformation to generate exotic models with interesting topological features.

Gapped SPT from KT transformation: The Hamiltonian for the Z, x Z, SSB phase is

HSSB:_Z( : 07 +’L’f %Tf+%), (17)

where the degrees of freedom charged under two Z,’s are decoupled. Under the KT transfor-
mation, the operators are mapped as follows

Z Z
NKTO-j—lo-'

j :O-j_lf;c_lo?NKT: NKTT?_lT% 1 =T, 10 NKTa (18)
p 2

Z
i+3 J=3
for j =1,...,L. Note that the boundary condition is encoded in the states/operators already.
For instance, the boundary condition s = sJ + t, induces of = (—1)t00§. The resulting
Hamiltonian is precisely the cluster model describing the Z, x Z, gapped SPT [46]

L
— z X z z
Hopr =— E (oj_lfr__lajﬁtri_
3 J—3 J

Let’s also comment on the field theory of the gapped SPT. We start with the ZJ x Z; SSB
phase, and denote their background gauge field to be A, and A,.?> The partition function is
ZssplAg, ALl :=46(A,)6(A,), where the delta function imposes the gauge field to have trivial
holonomy. We define the topological manipulations S and T on a generic quantum field theory
X with Z7 x Z; symmetry as

Jt3

a}“rzf 1) . (19)

1
2

S Zen[Ag,A]l=> Z Zylay, a, e fr trhthe
4 i (20)
T: Zyu[Ay, ALl = Zy[Ag,A e " Jrafote

where X, is the two dimensional spacetime manifold. In [1], it was found that the KT trans-
formation is STS, under which the SSB partition function Zggg[A,,A, ] is mapped to

1 . - e s s . .
ZSPT[AO'7AT] — E Z 45(a0)5(a7)eme2 Ayl +a,;d5+0,0, +0 A +0 Ay — emezA"AT ' (21)
aG"aTI&T!dG'

Here a,,a, and d,, d, are the dynamical Z, gauge fields resulting from the first and second S
transformations respectively. After integrating out the dynamical Z, gauge fields, the partition

2See [47,48] for a review of discrete gauge fields.
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function is merely an invertible phase in terms of the background fields. This is commonly
known as the field theory description of the gapped SPT [49].2

Ground state charge under TBC: A key feature of the SPT is that the ground state carries
a non-trivial charge under twisted boundary conditions. To see this, we note that every two
terms in (19) commute, hence the ground state should be a common eigenstate of each local
operator in (19). Under PBC for both Z,’s, the ground state satisfies

Cff 1T 1‘7 |1/’>PBC = W’)pBC, T 1‘7 T 1 W)pBC = W’)PBC > (22)

=3

fori=1,..., L, where Ti , =77, and og = o7]. Hence
2

i=1

L
Zl_[ i [¥)es Zl_[’f‘ %T 1 1¥)esc = [¥)pac >
lfl (23)
Uz [¥)ppc = l_[T- 1 [¥)ppc = l_[Uf_lﬁf [Y¥)pec = 1Y) ppc >
i=1 i=1

where we have used 0% = o% and 1% = 1°
0 L l L+%

2

for PBC. Hence the ground state under PBC is

neutral under Z3 x Z3.
Under TBC of Z", if writing the Hamiltonian in terms of the Pauli operators supported
within i = 1,..., L, the sign of the term ojt) o] = —07 T’%‘a’i changes sign, and the ground

L
2
state in the TBC of ZJ satisfies

Uf 1T 1‘7 W’)TBC W’)TBCG , 1=2,..,L, o TEU |¢)TBC |¢)TBCU 5
2
. (24)
Tf_lai 7i+1 WJ)TBCU = hrb)TBCa , 1=1,..,L—1, Ti 10T W’)TBCU = |¢)TBCU
2 2 2 2
Hence
L
o [W)Be, = l_[ffﬂ l_[T'lZ 17541 [¥)tee, = 1) 8, >
i=1 i=1
; (25)
U [Y)1pc, = l_[TJ.(_; V)8, = l_[af_laf 1Y) 1ec, =—¥)18C, >
i=1 i=1
where we have used oy = —07, and 77 = T'z 1 for TBC of Z3 . Hence the ground state under
2 2

TBC of Z3 is Z3 even and Z; odd.

This is a key feature of the gapped SPT. Similarly, one can also show that the ground state
under the TBC of Z; is Z3 odd and Z; even.

It is useful to see how the topological features of (19) discussed above can be uncovered
from the KT transformation without solving (19). We begin by analyzing the ground states of
the SSB phase (17) under various boundary conditions. Because (17) is a classical model, its
energy spectrum is straightforward to find. Concretely, we have

— ET _L > (uJ t) = (0’ O)) (17 O) s

EGo = Eqo=—L+2th= {—L+2, (u,t)=1(0,1),(1,1), 20

3The construction of gapped SPT from ST'S is somewhat round about, since T itself is stacking a gapped SPT (or
equivalently domain wall decoration). However, this construction will be more useful when constructing gapless
SPT in later sections.
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where EE’ 0 is the ground state energy of the sigma spin in the symmetry-twist sector (u, t),
T

and [t], is the mod 2 value of t. Similar for Ei.o . Then the ground state energy of the SPT
Hamiltonian (19) in the symmetry-twist sector [(ug, ty), (U ,t)]is

SPT
El gt (teste)] = Etiguty ) T Euntotuy)

=—2L+2[t, +u.ly +2[t, +ugsls, (27)

where we have used (15) in the first equality, and (26) in the second equality. The energy (27)
is minimized if

ty =U,, t; =U,. (28)
This means that the ground state in the ZJ twisted sector carries non-trivial Z7 charge, and
the ground state in the Z3 twisted sector carries non-trivial Z3 charge. This reproduces the
key topological features of the gapped SPT phase reviewed above.

We would like to emphasize the power of the latter method. Typically, the symmetry prop-
erties of the system before KT transformation are much easier to analyze, and by (15) we
automatically know the symmetry properties of the system after KT transformation. Below,
we will encounter systems which are difficult to analyze after KT transformation, hence the
latter method becomes much more powerful.

String order parameter: The string order parameters follow from the local order parameters
under KT transformation. In the SSB phase, the long range order is given by the conventional
correlation functions

(o70%), (2,7 1), i<j, (29)

Z
1 -1
=3 Jj—3

both of which are of order 1 in the vacuum. Under KT transformation, o;o?7 ; is mapped

to a?f la , and 7% ;7% | is mapped to T o;7? ,, thus the above two conventional
i i+1 i—1 ]_% 1 +1
2 2

correlatlon functions become string order parameters

J
CHUN EriS L I Gl 1(]_[ o)7L (30)

Both the string order parameters develop a non-trivial order 1 vacuum expectation value (VEV)
in the ground state of SPT.

4 Gapless SPT from KT transformation

In Section 3, we constructed the gapped SPT phase from two decoupled copies of Z, symmetry
breaking phases. Recent years have witnessed extensive studies of gapless SPT states [2-4,6].
It is then natural to consider whether such states admit constructions from the KT transforma-
tion. In this section, we will confirm this possibility and show that the gapless SPT state first
found in [2] (see also [4]) can be constructed in this way.

4.1 Constructing the gapless SPT

Instead of starting with two decoupled Z, SSB models, we start with a Z, gapless model (i.e.
the transverse field Ising model) and a decoupled Z, SSB model. The Hamiltonian is

L
Higing+ssB = —Z (Tf_% i +ol 07+ O';() . (31
i=1
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The Z; is SSB, and the degrees of freedom charged under Z3 are gapless. As usual, we encode
the boundary condition in the Hilbert space, and the Hamiltonian applies to arbitrary boundary
conditions. To apply the KT transformation, we still use the operator maps (18) and also the
map

Nigrof = o Ngrs (32)
fori =1,...,L. The resulting Hamiltonian is
L
HgSpTz—Z(Tf_%a T* +ol 17 10 + 07 ) (33)
j=1

Note that the first term commutes with the last two terms, hence the ground state |v) should
satisfy T 1 o} "L' 4l |y) = |[¢). This condition is actually also satisfied by the low excited states

as well, because v1olat1ng it would cost energy of order 1, while the excitation gap is only of
order 1/L. See [4] for more detailed discussions on this point. Hence within the low energy
sector, o} can be safely replaced by T 1 T 1 and the Hamiltonian (33) is equivalent to

+3
L

Hggpr >~ — Z(f%UfT 1ol 107 THT T ) (34)

1.1
= i+
]:1 2 2

This is exactly the Hamiltonian for the gapless SPT originally constructed in [2] and later
revisited in [4].4 (33) and (34) are also related by Kramers-Wannier (KW) transformation for
both Z3J x Z.

4.2 Field theory of gapless SPT

The KT transformation also allows us to write down the field theory for the gapless SPT. We
start with the partition function for the Ising CFT + SSB phase,

ZIsing[AO']ZSSB[AT] > (35)

where the partition function of the Ising CFT can be conveniently written as a Wilson-Fisher
fixed point,

ZIsmg[ ] fD¢ exp( J (DA ¢)2+¢ ) DAad) :d¢_iNAa¢a (36)

and the partition function of the Z; SSB phase is simply a delta function restricting its back-
ground field to zero,

ZssplA:]1=26(A;). (37)
We then perform KT transformation, i.e. a STS transformation, changing the partition function
to

in fxz Al 4+, dy+ayd; +agA Ay

gSPT [AO'JA Z ZIsmg ZSSB[ a; ]e

(a5 +4,)(ar ;) _ 1 in [y, QoA +AA:
- 5 Z ZISing[aa]é(ar)elnfxz ¢ ¢ = 5 aZZIsing[ao]emeZa

aﬂ'ia’f
— ZIsingl:Afr]eme2 Aofts . (38)

In the last line, we used the Kramers-Wannier duality which identifies the gauged Ising CFT
with the Ising CFT itself. Comparing the head and tail of (38) shows that the ZJ x Z; gapless
SPT is simply an Ising CFT stacked with a ZJ x Z7 gapped SPT, which matches the construction
in [2,4]. Moreover, it is clear that the gapless degrees of freedom carry nontrivial Z; charge.

“In [2] and [4], the role of o and 7 are exchanged.

11
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4.3 Topological features of gapless SPT

We proceed to study the topological features of the gapless SPT directly from the Hamiltonian
(33). We will focus on the symmetry charges of the ground state under the TBCs, as well as
the degeneracy under the open boundary condition. The discussion here follows [4].

4.3.1 Symmetry charge of ground state under TBC

For definiteness, we will consider the Hamiltonian (33), although (34) is equivalent. The dis-
cussion is similar to that for the gapped SPT in Section 3. Under PBC, since T‘l? L Ufrirl com-
-2 2

mutes with the remaining terms, the ground state |v) pg must be an eigenstate of ’L";_Z_ e Tf+ 1
2 2

for all i,

T?—%Offié [¥)ppc = [¥)ppc,i=1,..,L — 1, Ti_%O'JLCTZ% 1Y) ppc = 1Y) ppc - (39)

In particular, this means that [1)pp. is neutral under Z¢,

L L—1
Us [Y)pec = l_lo'f 1Y) pac = (l_[ T?—%Ti%) Ti_%'fz% [YYeec = [¥)prc - (40)
i=1 i=1

However, the above method does not fix the ZJ charge of the ground state. By exact diago-
nalization, we confirmed that the ground state is Z; even. Furthermore, exact diagonalization
also shows that there is only one ground state under PBC, which is the desired property of
gapless SPT [4].

We proceed to the TBC of Z3. The ground state |v)pc_ satisfies

T?_%Uffﬁé W)TBCT = W)TBCT ,i=1,..,L -1, Ti_%UfTZ% W))TBCT = —W))TBCT . (4D

This means that [)gpc_is Z7 odd,

L -1
Us Wp)ruc, = [oF W)mnc, =~ (ﬂ ) Ty Wime. =~ Wime. . (42)
i=1 i=1
One can again numerically check that |?.l)>TBCT is even under Z3.
We finally consider the TBC of Z7. The two Hamiltonians under PBC and TBC of ZJ are
related by conjugating by 7%,
2

TBC,

HgSPT

_ PBC
= TZngSPTTZl . (43)
2 2

Hence their ground states are also related,
|Y¥)tpc, = TE 1Y) ppc - (44)

As a consequence, the ZJ charge of |¢)TBCU and [1))ppc are the same, while their Z] charge
are the opposite.

As we see from the above, the discussion depends heavily on the form of the Hamiltonian.
In particular, we repeatedly used the fact that the first term in the Hamiltonian (33) com-
mutes with the rest of the terms. This will be no longer true if one adds a generic symmetric

perturbation, for example
L
_ X
h le ™. 45)
=

1
2

In this situation, the analysis in the current subsection does not work, and one has to apply
numerical computation to find the ground state charge. However, in Section 4.4, we will re-
derive the above results using the KT transformation, and the result holds under perturbation
as well hence is more powerful.

12
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4.3.2 Degeneracy under open boundary condition

We proceed to discuss the topological features under OBC. There are many different open
boundary conditions, depending on how one truncates the lattice, and what types of local
interactions are added to the boundary. For simplicity, we focus on one particular boundary
condition, where only the sites i and i—% fori =1,..., L belong to the lattice. The Hamiltonian
is chosen such that only the terms fully supported on the lattice are preserved. The Hamiltonian
is

-1 L L

Hgosli,% Z Tf_%af T?J’_% — Z O"?_IT;(_%O'? — Z o} . (46)

i=1 i=2 i=1

Then it is easy to check that the following terms commute with the Hamiltonian

T, ¢ oY U,, U,. (47)
2

The first two terms are localized on the boundaries, and the last two terms are symmetry
operators. Because {77 b U.}= {T -1 o7,U.} =0, the irreducible representation of the algebra

is two dimensional. Hence there are two degenerate ground states.
Under the bulk perturbation (45), the boundary terms 77, TL_ , 07 no longer commute

with the Hamiltonian, and the degeneracy from the above are lizfted. However, by perturbation
theory analysis, the gap between the two lowest states decays exponentially with respect to
the system size (See Section 2.4.1 in [4] for further details). This exponential edge degeneracy
of gSPTs is also discussed by the decorated domain wall argument in references [2, 6].

4.4 Topological features from KT transformation

In this subsection, we reproduce the results in Section 4.3 using the KT transformation. We
first analyze the topological features of the decoupled system (31) as well as its perturbations.
Since the decoupled system is relatively simple, we know the symmetry properties even under
perturbation. We then use the KT transformation to relate the symmetry properties of the
decoupled system (31) to the gapless SPT (33). This will enable us to determine the symmetry
properties of the ground states even after perturbation.

We first study the symmetry properties of the ground states before the KT transformation,
i.e. (31), with a symmetric perturbation —h 25:1 'z,'z‘_ ;- We will assume h <1 in this subsec-

2

tion. Hence the Hamiltonian is simply a decoupled critical Ising Hamiltonian plus a transverse
field Ising model with a small transverse field (hence in deep SSB phase),

HIsing+SSB+pert = HIsing + HSSB+pert > (48)
where
L L
_ z z x _ z z x
Higing = — E (Gi_lai + 07 ), Hggppert = — E (Ti_l T +th~_1) . (49)
4 < 2 2 2
i=1 i=1

The symmetry properties of the ground states of the above two models are well-known. Let

us denote the ground state energy of the critical Ising model Hyg,, as E( () It is well-known

that they satisfy the following relations

1 1
I I
Eg) 0) < E(1 0= Eg) 1 < E(1 - (50)
1
The symbol E; < E, means that the difference between the energies on its two sides E; — E;
is of order 3 1. The equality E(1 0) E(o H is ensured by the Kramer-Wannier self-duality of the
Ising model where the KW exchanges (ug, t,) <= (tg,Us)-
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The low energy spectrum of the SSB phase is also well-known. When h = 0, there are
two exactly degenerate ground states under PBC, |u, = 0,1). When h > 0, the degeneracy is
lifted, and where the gap between %qu =0)+|u, = 1)) and %(lur =0)—|u, = 1)) decays
exponentially with respect to the system size. Moreover, the ground state energy in the twisted
sector is roughly the energy of the domain wall excitation, which is of order 1. Denote the
ground state energy of the model Hggppere S E( Ly then they satisfy the relation

1

<ET

< ET 1

< ET ©.1)

(1.0) (51)

(0 0)

See Appendix A for a concrete derivation using Jordan Wigner transformation.
We proceed to perform the KT transformation on (48). Since T 1 is mapped to itself, i.e.

NKTT = T NKT, the perturbation in —h Zl 1 T RS preserved under KT transformation.
2

Hence we get the gapless SPT with perturbation (45)

L
HgspT+pert=—Z(7f_%al’.‘r +2+‘71 17 10 +o7f +hT 5)' (52)
j=1

Denote the ground state energy of the Hamiltonian (52) in the symmetry-twist sector as

SPT ; .
Eﬁuwtg),(um%)]. By (15) and using E& ‘, and E(um () We obtain
gSPT o .
Bttt wetn) = Bt T Bt ug) (53)

from which we are able to determine the charge of the ground state in each twist sector. Let
us discuss them case by case.

1. t, =0,t, =0: Both sigma and tau spins obey PBC. The energy (53) reduces to

B 00000 = Etoie) * Bl
0, (ug,ur)=(0,0),
_po g L l1tD (o) =(1,0), G
00 " Foo * f+eL, (uy,u.)=(0,1),
THTH1+E, (Weu)=(1,1).

The minimal energy is achieved in the symmetry sector (u,,u,) = (0,0).

2. ty = 1,t, = 0: The sigma spins obey TBC, and tau spins obey PBC. The energy (53)

reduces to
gSPT o T
By 10,0007 = Bl 1u0) T B o)
i, (ug,u,) =(0,0),
_EU +ET %+%+1’ (uo'ﬁu’t):(]'ao)) (55)
CORCCAA TS (Ug,u;) =(0,1),

—+1+L2, (ug,ur)=(1,1).

The minimal energy is achieved in the symmetry sector (u,,u,) = (0, 1).
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3. t, = 0,t, = 1: The sigma spins obey PBC, and tau spins obey TBC. The energy (53)

reduces to
oy 005,10 = By * B 10,
11, (ug,u.)=1(0,0),
=Eqgo tEoet E ,+ 1+ L EZU’ ZT; : E(l), (1);’ )
L 12> ortr) =\ 4,
%+%+€_L, (ug,u.)=1(1,1).

The minimal energy is achieved in the symmetry sector (u,,u,) = (1,0).

4. t, = 1,t. = 1: The sigma spins obey TBC, and tau spins obey TBC. The energy (53)
reduces to

gSPT o T
1,011 = Bty 140 T B 14u,)

i+1,  (uyu)=(0,0),

+E€-00)+ 1%+%1, (uU’UT)i(LO), (57)
: +1z, (Ug,u)=(0,1),
T+et, (ugu)=(1,1).

= E@,0)

The minimal energy is achieved in the symmetry sector (u,,u,) = (1,1).

In the above, we only write down the schematic scaling behavior of energy with respect to the
system size L. In summary, under the ZJ or Z3 twisted boundary condition, the ground state
carries nontrivial Z; or ZJ charge respectively. These results are not only consistent with, but
also significantly generalize the discussions in Section 4.3 since we also allow a perturbation
—hY T;C_ ! here and the method in Section 4.3 no longer applies.

Furthermore, let us focus on the OBC where the KT transformation is unitary. When h < 1,
the 7 spins that remain in the Z, SSB phase exhibit a two-fold (exponential) degeneracy of the
ground states. After the KT transformation, this implies that the gSPT has two-fold exponential
“edge” degeneracy, which still survives under the perturbation.

Let us make some comments.

1. The key property that we are able to determine the symmetry properties after the pertur-
bation is that before the KT transformation the system (after perturbations) is decoupled
and we know its structure well. A generic perturbation typically mixes the o and 7 de-
grees of freedom after undoing KT transformation, and we will need numerics.

2. Since the KT transformation implements a twisted gauging, i.e. STS, the qualitative
feature such as the location of the phase transition in terms of the perturbation h can
not change. Before the KT transformation, turning on a small perturbation h does not
trigger a phase transition, hence the system after KT transformation is also stable under
turning on a small h. This means that the gapless SPT (33) is stable under the small
perturbation (45).> We will study the phase diagram in the following subsection.

>We would like to emphasize that in [4], we used the Hamiltonian (34) as the gapless SPT. Although (33) and
(34) share the same low energy spectrum before turning on (45), adding such a perturbation would make the
low energy spectrum different since the first term in (33) does not commute with the perturbation. Hence the
discussion for the stability of gapless SPT under a small perturbation no longer applies to the discussion in Section
2.4 in [4]. Indeed, as one of the referees of [4] pointed out, the perturbation there would gap out the gapless SPT.
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3. Discrete gauging also does not change the existence of gapped sectors. Since the system
before the KT transformation contains a gapped sector, i.e. the SSB associated with the
T spins, after the KT transformation, there is still a gapped sector, even after a small per-
turbation. The existence of the gapped sector in the gapless SPT has been emphasized
in [2-4, 6], which comes from the gapped degrees of freedom decorating the domain
wall, and they are crucial in protecting the non-trivial topological properties of the gap-
less SPT.

4. In general, the gapped sector can be seen from the exponential decaying energy splitting
of edge modes under OBC. However, it is very difficult to prove the stability of such
exponential decaying behavior under symmetric perturbations. With the help of KT
transformation, we provide an analytical proof of this stability for gSPTs (5) and igSPTs
(7) in appendix B.C

4.5 Phase diagram

In Section 4.4, we discussed the topological features of the gapless SPT using the KT transfor-
mation, and also showed that the gapless SPT is stable under a small perturbation h. In this
subsection, we would like to understand the structure of the phases when one increases h, and
determine the phase diagram. We will end up commenting on the string order parameter.

Phase diagram: Since the qualitative structure of the phase diagram is not affected by
(twisted) gauging of finite groups, the phase diagram and the location of phase transitions
can be inferred from the system before the KT transformation. Before the KT transformation,
the system is simply a critical Ising model for o spin and a transverse field Ising model for
T spin, it is clear that there is only one phase transition at h = 1 and the total system is in
the Ashkin-Teller (AT) university class [50,51]. Hence the gapless SPT is stable as long as the
perturbation h is smaller than 1.

Let us determine the symmetry properties of the ground state within each phase and at the
phase transition. When h < 1, the symmetry properties of the ground state in different sectors
have been discussed in Section 4.4. When h > 1, by using the same method as in Section 4.4,
we find that after the KT transformation, the ground states under four boundary conditions
are all Z5 even and Z; even. Indeed, in the Hamiltonian (52) in the large h limit, the last
term dominates, and the ground state satisfies T:C_ ; = 1. Then the Hamiltonian simplifies to
an Ising paramagnetic (trivially gapped phase) for the 7 spin and a critical Ising model for the
o spin. Indeed, in such a model, the ground state under any boundary condition is even for
both Z3 and Z;. We plot the phase diagram as in Figure 1. The system in the entire phase
diagram is gapless. The transition is when the gapped sector becomes gapless in the gapless
system.

The transition h = 1 is described by free boson CFT in low energy with central charge
¢ =1, while the central charge away from h=1isc = % This phase transition is the KT dual
theory of two decoupled Ising criticality. However, it is also a phase transition between the
SPT and trivial phases, which is an anomalous theory [44] and is distinct from gSPT models
constructed using decoupled free boson CFTs in Eq.(8) and Eq.(9).7

®Although such degeneracy under OBC is stable under symmetric perturbation, the system can be driven to the
SSB phase or gapped SPT phase when the bulk perturbation can open a gap for the gapless systems before KT
transformation.

7Since the gapless SPT for h < 1 can be understood as stacking an Ising criticality with a gapped SPT phase, the
transition at h = 1 can also be intuitively understood as an Ising criticality stacked with phase transition between
the SPT and trivial phases. As Ising criticality is anomaly-free, the anomaly of the transition at h = 1 only comes
from phase transition between the SPT and trivial phases.
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Figure 1: Phase diagram of the gapless SPT under perturbation.

String order parameter: We finally comment on the string order parameter in the gapless
SPT. We start with the local order parameter for the decoupled Hamiltonian (31) before the
KT transformation,

1 ;2 O(1), h<1,

where A is the scaling dimension of o*.
After the KT transformation, the local order parameters become string order parameters
and obey the same scaling behavior,

01), h<1,
Z(l_[ k+1)0 J|2A’ {z7_ ﬁ(l_lax) z‘—% N{e_a. h>1. 9

5 Intrinsically gapless SPT from KT transformation

In Section 4, we constructed the gapless SPT by applying KT transformation on a decoupled
critical Ising model stacked with a Z, SSB phase. In this section, we will apply the KT trans-
formation to construct the intrinsically gapless SPT (igSPT) which was first found in [3], and
later revisited in [4,5].

The intrinsically gapless SPT states is a class of gapless systems which exhibit an emergent
anomaly of the low energy symmetries. Although the entire global symmetry G is anomaly
free, G does not act faithfully on the low energy gapless degrees of freedom. There is a normal
subgroup H of G which only acts on the gapped sector, hence the quotient G/H acts faithfully
on the low energy sector. Because G is a nontrivial extension of G/H by H, G/H then has a
nontrivial ’t Hooft anomaly [12,52,53], named the emergent anomaly in [3]. In [4], building
upon [3,12], the gapped sector was rephrased in terms of the anomalous SPT in the modi-
fied decorated domain wall construction. The emergent anomaly of G/H is canceled by the
anomalous SPT with H symmetry, hence the total symmetry G is anomaly free. The gapped
sector turns out to be crucial to protect the nontrivial topological properties of the intrinsically
gapless SPT.

In this section, we will construct an example of intrinsically gapless SPT with G = Z, and
H = Z,, which was originally discussed in [4]. We will find that this can be achieved by
starting with a decoupled stacking of XX chain with a Z, SSB phase, and then performing the
KT transformation. The KT transformation also allows us to analytically determine the phase
transition under the perturbation of igSPT, which we were unable to determine by small-scale
numerical calculation in [4].
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5.1 Constructing the intrinsically gapless SPT

Let us start with an Ising SSB Hamiltonian stacked with an XX chain. The Hamiltonian is
L

HSSB+XX:_Z(T% T+t Y +0f_10?). (60)

. .1
4 1—5 l1l+3 1—5 itz
i=1

This Hamiltonian actually has a larger U(1)" x ZJ global symmetry, where ZJ is generated by
U, defined in (11), and U(1)" is generated by

L lg—rr )
l_[e T2, a~a+2m. (61)

The Z; normal subgroup of U(1)" is generated by U, in (11). We will instead consider the Z;
subgroup of U(1)", where the generator of Zj is

FO-t*
—_— 1—
V.= | |e

i=1

)

[

(62)

satisfying VT2 = U,. We will be interested in the Z; x Z7 symmetry, generated by V. and U,.
Let us apply the KT transformation, by using the Z; x Z7 symmetry generated by U, and
U,. Under KT transformation, we have

V4 b4 — 2 X -2
Ngrt? 77 1 =T 40, Ti+lNer,
2 2

i_i l+2
Y oY .Y x.Y
NKTTi_lTi+1 =T_10; Ti+1NKT’ (63)
2 2 2 2

Nygro?_0% = O'?_le_%O'?NKT .
Hence the Hamiltonian after KT transformation is precisely the intrinsically gapless SPT (or
strong SPTC) found in [4]

L

— z X 2 y XY 2z X 2z
Higgpr = — E (T, 10; 7T, 1+ T 0 Ti+l+cri_1’ri_lcri). (64)
N 2 2 2 2
i=1

Since the KT transformation commutes with both Gl?‘ and T;C |, the resulting Hamiltonian (64)
-3
also has Z; x Z7 symmetry, generated by V. and U, respectively.

In [4], the Hamiltonian (64) was claimed to be the intrinsically gapless SPT protected by
ZZ. This Z£ is generated by the product U,V,. Here, we would like to emphasize that not
only the combination U,V, commutes with the Hamiltonian, but both U, and V_ separately
commutes with (64) as well. This accidental symmetry allows us to construct it using the KT
transformation.

5.2 Mapping between symmetry-twist sectors

Since the intrinsic gapless SPT has an accidental anomaly-free symmetry Z; x Z3 , we first con-
sider the symmetry and twist sectors. The symmetry sectors are labeled by the eigenvalues of
the operator V; and U, which are e for v, =0,1,2,3 and (—1)" foru, =0, 1 respectively.
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The twist sector (i.e. the boundary condition) is defined by

st) = 2 [0 ]y o Is7) =157 +t0)

s7=0,1
inry (1—TX )
T _ 4 i1 T
|si—l+L> o Z [e i |si—l>
’ sT =01 Sy sty (65)
i-3 i-3 i-5
1 %[rfﬂ'n(s.T 1)
=35 E 1+e A AL N T I
i1
5T, =0,1 2

=3

where t, ~ t, +2, and r; ~ r; +4. In particular, when r, = 2t_, the second equality in the
above simplifies to |s” 1+L) =|s¥ | +t;). Hence the symmetry and twist sectors are labeled
=3 =3
by
[(ug,ts), Ve, r)], Uy, ty € Loy, VieyTr € Zy. (66)
To show how the Z; x Z7 symmetry and twist sectors are mapped under the KT transfor-
mation, we need to duplicate the same discussion as in Section 6.2 of [1]. However, as we
know that the KT transformation implements the twisted gauging STS, it turns out that it is
much easier to obtain the map from the partition function directly. Relegating the derivation
to the Appendix C, we find the mapping between symmetry and twist sectors as

[, t'6), (Ve 7' )] = [(Wo, ty + Vo), (Ve T + 2] (67)

Indeed, the symmetry sectors u, and v, are unchanged under the KT transformation, which
directly follows from the observation below (64) that the symmetry operators U, and V, are
unchanged under the KT transformation.

Note that the intrinsic gapless SPT is protected by Z!, rather than Z3 x Zy,. Since the
gapless SPTs appear after the KT transformation, we denote the symmetry-twist sectors of ZZ
by (up, t) where the prime stands for the sectors after the KT transformation according to

(67). Note that Ur = U, V., their eigenvalues are thus related by e = (_1)%6%%. Hence
up =2u_ +v. mod 4. (68)

To see how the twist sectors are related, we see that Zg twisted boundary condition is deter-
mined by

o T X\t m%(l_ﬂ 1) o T
; = )T =2 ; .
|O-H'L’si—%+L> Z I:(O-l ) :Isf7 I € i ’si—%> (69)
‘slq.’sTr 1 =0,1 e T T
2 si—%+L,si—%
Comparing with (65), we find
o /o
t, =t mod2, r. =t mod4. (70)

Indeed, the Z x Z; charge completely determines the ZZ charge. However, not every Z3 X Z;
twist sector gives rise to a consistent Z£ twist sector. (70) implies that a consistent ZZ twist
sector exists only when t/ = r, mod 2.

How are the ZZ symmetry-twist sectors determined in terms of the sectors before the KT
transformation? From (68) and (70), we find that the Z7 x Z; symmetry and twist sectors
before KT the transformation are related to the Z£ symmetry and twist sectors after the KT
transformation as

(u}, t{q) = (2ui7 +v.,r)=Quy, +v,, 1 +2u,). (71D

T’r’L'
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From the previous paragraph, the first equality in (71) holds only when t/ = r. mod 2, or
equivalently t, = v, +r. mod 2. Note that the twist parameter r, + 2u, on the right hand
side of (71) can not be consistently written in terms of a Zg twist. This means that in order
to obtain consistent ZZ untwisted and twisted sectors after KT transformation, we should con-
sider the entire Zg x ZZ untwisted and twisted sectors with the Zg twist parameter fixed by
ty = v, +r; mod 2 before the KT transformation, rather than the Z}; untwisted and twisted
sectors before the KT transformation. In short, the ZZ (un)twisted sectors are not invariant
under KT transformation.

5.3 Field theory of the intrinsically gapless SPT

The KT transformation also allows us to write down the field theory for the intrinsically gapless
SPT. We start with the partition function for the free boson CFT + SSB phase as the low energy
theory of Eq. (60) [54]

Zfree boson [AT ]ZSSB [Aa ] > (72)

where the partition function of the free boson CFT is given by

. 1 T
Zfree boson[Ar] = f Do exp (lf _(DATQ)Z) > DATQ =d6 — l_ATG . (73)
X, 2n 2

Here A; is a Z4 1-cocycle representing background gauge field of Z; symmetry. And the par-
tition function of the Z5 SSB phase is also simply a delta function,

ZSSB[AO'] - 25(AO')‘ (74)

We then perform a STS transformation, changing the partition function to

L E 2 [, (Ac—a)(As+a,)
ZigSPT[AU’AT] = Z ZSSB[aa]Zfree boson[ar]e 2 fxz ¢ ¢
a,=0,1,
a;=A.; mod 2 (75)

1 Z [ (AAr—a.A,)
- 5 Z Zﬁ‘eeboson[af]e 2 IXZ Ao~a:he)
a,=A; mod 2

where the detail of derivation is shown in appendix C. Finally, the igSPT in [4] was defined
with respect to the symmetry Zg. Denoting the Zg background field as Ar, from (70), we
identify A, =Ar mod 4,A, =Ar mod 2. The partition function is then

1 [ A
ZigSPT[AF:| = E Z Ziree boson[a]e 2 IXZ( T . (76)

a=Ar mod 2

We proceed to see the relation between (76) and the decorated domain wall construction
in [3,4]. To see this, we decompose the Zg background field Ap and a into Ar = 2B + A and
a = 2b + A with the constraint 6B = §b = A> mod 2, and the right hand side of (76) can be
precisely factorized into the form of Eq.(6) in [3],

ZigSPT[AF] = Zlow[A]Zgapped [A,B], (77)
where
1 i [, bA i [ AB
Zlowl:A:| - 5 Z Zfree boson[Zb +A]e’”fx2 ’ ZgaPPedl:A’B:| = e”tfxz : (78)
b=0,1,5b=A2
Note that the low energy partition function Z,,[A] depends only on the quotient Z, back-

ground field, and the term emfxz Ba plays the role of anomalous domain wall decoration. Note
that both Z,,,[A] and Zg,,peq[A, B] are anomalous. The former is anomalous due to the fact
that this Z, is extended by another Z,, i.e. the constraint 5b = A2, and the latter is due to the
constraint 6B = A2
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5.4 Topological features of intrinsically gapless SPT

We proceed to study the topological features of the intrinsically gapless SPT directly from the
Hamiltonian (64). The content of this subsection already appeared in Section 3 of [4], which
we briefly review here. We will focus on ZE symmetry charge of the ground state under TBC
of Z; and Zg. Note that the Zg symmetry charge operator is given by the product U, V.

As we found in [4], under PBC, the number of ground states depends on the number of
sites. This is potentially due to the effective twisted boundary condition when the system size
is of a certain type. We will focus on the sequence of system size where the ground state is
unique under PBC. We also found that the ZZ charge of the ground state depends on the system
size as well, even when the ground state is unique. However, the Z; normal subgroup of 7,
generated by U, is always trivial. This can be seen as follows. Note that the last term in (64)
commutes with the first two terms, the ground state |v)ppc must be an eigenstate of each of
them,

Uf_lff_%o'? WJ)PBC = W’)PBC > i=2,..,L, UiTzoi WJ)PBC = W))PBC . (79)

In particular, this means that [1))pp is neutral under Z3 normal subgroup of Zj,

L L

Uz lY)ppc = l_[Tf_l 1Y) ppc = (l_[ 0?_10'?) 0707 [¥)psc - (80)

i=1 i=2

We proceed to the TBC of Zj. We first consider twisting by Z; normal subgroup. By

restricting all the Pauli operators within the physical lattice, i.e. i =1, ..., L, we find
- -1
2 — b4 X -2 y XY Z X Z
HigSPT = Z (Ti_%O'i TH_% + Ti_%O'i Ti+% +0; TH_%O'H_I)
i=1
+ Ti_%af’rz% + TL_%O'le —Uif’;ci

— 3 z
- O-LI_IigSPTO-L .

The above relation immediately implies that the relative Zgr charge between the ground state
under the Z; TBC W’)ZgTBc and the ground state under PBC [))ppc is 2 mod 4. Namely, we
have

25 {1 Ur [¥) 2218 = —PBC (Y| Ur [¥)pBC - (82)
We finally consider the TBC of Z%, under which the Hamiltonian becomes
o7 -1
Hig‘;PT =— ; (Tf_%af T’L% + Ti/_%O'l)-CT?;% + G?T:{%O?H) ©3)
— Ti_lO')L(TJll +17 077 +oitiol.
2 2 -2 2 2

There are actually more than one ground state, but it is then straightforward to show that all
the ground states |v)) ziTBC CAITY Z; charge 1 mod 2. By comparing the Z; charge of the PBC

ground state in (80), we again find that the relative charge between the Z£ TBC ground state
and the PBC ground state is 1 mod 2, namely we have

zitec (Y1 Uz [¥)zrmae = —pec (Y| Uz [¥)pac - (84)

Similar to the discussion in Section 4.3, the above discussion heavily depends on the form
of the Hamiltonian. In particular, we repeatedly used the fact that the last term in the Hamil-
tonian (64) commutes with the remaining terms. Under a generic perturbation, for instance,

_hiZLl: (al’.‘ + T;‘_%) (85)
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would destroy this feature. In this situation, the analysis in the current subsection does not
work. In Section 3.4 of [4], we used small scale exact diagonalization to study the ground
state charge under various boundary conditions as well as the energy gap as a function of
perturbation (85). We found that when the perturbation h is small, the relative symmetry
charge discussed in the previous paragraphs are unchanged until h increases to some critical
value h.. As h further increases, the charges are then subjected to oscillations until around
h ~ 2, after which the relative charge becomes trivial. The value of h, changes with respect to
the system size, and it was not clear the behavior of h, in the thermodynamics limit L — oo.
Below, we will use the KT transformation to analytically study the phase diagram under the
perturbation (85).

5.5 Topological features from the KT transformation
5.5.1 Symmetry properties before the KT transformation

In this subsection, we reproduce the results in Section 5.4 using the KT transformation. We
first analyze the topological features of the decoupled system (60) as well as its perturbation
(85). In this subsection, we will assume h < 1, and will discuss the phase diagram for finite h
in the next subsection. The Hamiltonian is

Hyx ssBapert = Hxxipert T Hssppert s (86)

where

L
HXX+pert=_Z(T% 1T +T%/ 1TJ./ 1 +ht* 1) 5
(87)

L
H =— (az o? +ho?¥ )
SSB+pert i—1Y1i il

The symmetry properties of the ground states of the above two models are well-known. In
Appendix D, we discuss the ground state properties of Hxx pert, and find that the ground state
energy in each symmetry-twist sector is

v _znm[

Z(min((v. 1y, 4= [v. 1)) + = (min([r. 1y, 4~ [mh))z] . (88)

(v‘z::rr)_ L 4
Hence
1 T 1 ETl 1 EETCL]-) 1 T 1 1 T 1
r L E(01) L E(T,o) L E(31) I 22 Lot L @21 L g1
00 Eyy ) S By T By @07 By SlGa ©
’ 0.2) 2 ’ ’
(3,3)

where the energies on each column are equal. The symmetry properties of Hggp pere has been
already considered in (51), which we reproduce here

1

=z
< E?

oL
o
< E 1.1)"

1 (o}
Loy < E(o,1) (90)

E0)

The ground state energy of the Hamiltonian Hyx gsspiperr in the symmetry-twist sector
[(uy, ty), (ve,77)] is given by

E[(ua’to)a(v’r}r‘r)] = E(TVT,FT) + E(OL-LG-,[G) : (91)
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5.5.2 Symmetry properties after the KT transformation

Under the KT transformation, the decoupled Hamiltonian (86) becomes the perturbation of
igSPT,

L
— z X 2 Y x Y z X z X X
HigspTpert = —Z (T,_lO'i ToatT %ai ’L'H_% + O'i_lTi_%O'i + ho; +th,_1) . (92)

1 .
i 5 i—

n 2 2

i=1

2

Note that the perturbation is the same as in the decoupled system (86) because o* and ©*
commute with KT transformation. By combining the ground state symmetry properties of the
decoupled system before gauging in Section 5.5.1 and how the symmetry-twist sectors are
mapped under KT transformation in Section 5.2, we are able to determine the ground state
properties of the perturbed igSPT Hamiltonian (92) after the KT transformation. In particular,
we would like to determine the Z£ symmetry charge of the ground state under each Zg twisted

boundary condition.
Concretely, by (71), the energy in the symmetry-twist sector after the KT transformation
E(Fur’ ) is equal to the energy before the KT transformation Ep(, . y (. .y} Which is further
by (91). Here, (ur, tr) is determined by [(u,, t,), (v;,r.)] via the

equal to E(TV . )+E(‘L )
relation (ur, tr) = [(ug, ts), (Ve, r)]. In summary, we have

R CaY O o : @, v
(ur,tr) - E[(uo"to');(v‘r’r’r)] - E(uo,t0)+E(vT,rT) - E(ug,ur""tr)+E(UI‘+2ua"tF+2u0'). (93)

In the last equality, we used (71) to solve v, = ur + 2u, mod 4 and r, = tp + 2u, mod 4,

and also used the condition t, mod 2 V. +r; =ur+ tr mod 2 which is imposed by (71). For

a fixed twisted boundary condition t, we search for the minimal energy over all possible u,,
and ur by comparing the energy hierarchy (89) and (90). The selected ur is the Z£ charge of
the ground state in the Z}; twisted boundary condition specified by tr. We will discuss the four
twisted boundary conditions separately.

1. tr =0 mod 4: By (93), the energy of the ground state in the symmetry-twist sector is

=E°

T
o) T Eurt2uy,2u,)

EF

(ur.0) (94

We would like to minimize the right hand side over all possible u, and uy. It is obvious
that u, = 0 and ur = 0 yield the lowest energy. We will only be interested in the relative
symmetry charge between under TBC (t; = 1,2,3) and PBC (t = 0).8

2. tr =1 mod 4: By (93), the energy of the ground state in the symmetry-twist sector is

T __ o
Ewr) = Bty T E

(95)

T
(ur+2ug,142u,)

To minimize the energy, we need ur = 1 mod 2, because otherwise there is an energy
cost of order 1 from the sigma spins. This implies that both the symmetry and twist
parameters of the tau spin are odd. From (90), all the energies of this kind degenerate.
The minimal energy is thus achieved by choosing u, =0 mod 2 and ur = 1,3 mod 4.
In summary, the ZE charge under t =1 TBCis ur = 1,3 mod 4. This is consistent with
the discussion in the unperturbed case h = 0 in Section 5.4, where it has been shown
that the ground state energy under ZZ twist has a non-trivial relative Z3 C Zg charge.

8The energy (88) is obtained in the continuum, and does not capture everything on the lattice. In particular,
the absolute charge of the ground state under PBC from the continuum is always trivial, while on the lattice the
ground state charge depends on L mod 8. But we anticipate that the relative charge on the lattice and in the
continuum match if we focus on L =0 mod 8.
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3. tr =2 mod 4: By (93), the energy of the ground state in the symmetry-twist sector is

— g T
o E(uazul") + E(ur+zug,2+2uo) °

E(Fur’z) (96)

By similar analysis, the minimal energy is achieved by choosing ur = 2 mod 4 and
u, =1 mod 2. Hence the Z£ charge under tr = 2 TBC is ur = 2 mod 4. This is again
consistent with the discussion in the unperturbed case h = 0 in Section 5.4, where it
has been shown that the ground state energy under Z; twist has a relative Z£ charge 2
mod 4.

4. tr =3 mod 4: By (93), the energy of the ground state in the symmetry-twist sector is

+E}

_ o
=E (ur+2u,,3+2u,) *

T
E (g t1r+3)

(ur.3) 97)

By similar analysis, the minimal energy is achieved by choosing ur = 1,3 mod 4 and
u, =0 mod 2. Hence the Zg charge under t; =3 TBCis ur = 1,3 mod 4. This is again
consistent with the discussion in the unperturbed case h = 0 in Section 5.4, where it has
been shown that the ground state energy under odd Zg twist has a relative Z; charge 1
mod 2.

In summary, we have reproduced the Z£ ground state charge under various Zz twisted
boundary conditions as in Section 5.4 which was also discussed in [4]. The novel feature here
is that the method used here also works after turning on perturbation h, while the method in
Section 5.4 does not apply for non-trivial perturbation even when h is infinitesimally small.
Since the non-trivial relative Zg charge of the ground state under Zﬁ twisted boundary con-
ditions is a key feature of the intrinsically gapless SPT, we take it as a strong support that the
igSPT is robust under small perturbation of the kind (85).

5.6 Phase diagram

In the previous subsection, we only studied a small perturbation and determined the ground
state symmetry properties under various twisted boundary conditions. The results suggested
that the igSPT at h = 0 is robust for small h. In this subsection, we proceed to increase h and
study the phase diagram. We finally comment on the string order parameter.

Phase diagram: We first determine the critical h where the phase transitions of (92) take
place. Because the location of the phase transition is not changed under discrete gauging, the
value of h, can be inferred from the model (86) before the KT transformation. Since before
the KT transformation the system is decoupled, i.e. Hxxisspt+pert = Hxx+pert T Hssprpert> the
phase transition can be determined separately for each part. We summarize the structure of
two parts below.

1. For the XX model with a transverse field, as discussed in Appendix D, when 0 < h < 2,
the model is a free massless boson (or equivalently a free massless Dirac fermion). The
Fermi velocity decreases as h increases, and eventually goes to zero at h = 2. When
h > 2, the transverse field takes place and the model is trivially gapped. The phase
transition between a gapless free boson and a trivially gapped phase occurs at h = 2.
This is the Lifshitz transition [55,56].

2. For the Z7 Ising model with a transverse field, when 0 < h < 1, the model is in a gapped
Z3 SSB phase. When h > 1, the model is in a trivially gapped phase. The transition
occurs at h =1, i.e. the Ising phase transition.
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Figure 2: The phase diagram of (92).

Combining the above, we identified two phase transitions of the igSPT with perturbation (92)
at h =1 and h = 2 respectively. The schematic phase diagram is shown in Figure 2.

To see the phases in each regime, we discuss the topological features in 0 < h < 1,
1 <h <2 and h > 2 respectively.

1. 0 < h < 1: The topological features have been determined in Section 5.5, which repre-
sents the intrinsically gapped SPT phase.

2. 1 < h < 2: We proceed to discuss the topological features in the regime 1 < h < 2, by
repeating the same analysis in Section 5.5. Before the KT transformation, the energy
hierarchy of the XX model with a transverse field is the same as (89), while that of the
transverse field Ising model is modified to

Nl’—‘

e L 1 L
E(%,o) < E&,}U < E(@‘LO) < E(@‘LD. (98)

This follows from the fact that the energy in 1 < h < 2 is related to % <h<l1
via a Kramers-Wannier transformation, which exchanges the symmetry-twist sectors by
(u, t) < (t,u). Then we combine (98), (89) and (93) to find the ZZ charge of the ground
state for various Z}, twisted boundary conditions. From (93), we find that u, = 0 in or-
der to avoid the order one energy cost (according to (98)),

E(Fur’fr) = E(%,fr*'ur) + E(Tur,fr) ' (99)
The energy is then dominated by the 7 spin. From (89), we further observe that for any
tr, the energy E(Tu ) is minimized by ur = 0 mod 4. This concludes that the relative
Zi charge is always trivial. This implies that the Hamiltonian (92) with 1 <h <2 is a
trivial gapless SPT!

3. h > 2: Only the transverse field term —h ZiLzl (o + T:( , ) dominates in this regime, and
3

hence the theory is in the trivially gapped phase.

We summarize the above discussion in the phase diagram in Figure 2. We note that the above
phase diagram is also supported by exact numerical diagonalization studied in [4], for exam-
ple, the transition at h = 2 is clearly indicated in Figure 5 of [4]. The jumps of the charges for
h < 2 in the numerical results in [4] are essentially due to the subtleties of L # 0 mod 8 and
various finite size effects. The new KT transformation thus provides an analytic understanding
of the stability of intrinsically gapless SPT under perturbation.

String order parameter: We finally comment on the string order parameter in the igSPT.
Before the KT transformation, the decoupled Hamiltonian has the conventional correlation
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function:

0@1), h<1 ——, h<2
".Z Z ~ 5 > z 2z ~ |l—]|2A’ ) 100
(o705) {e‘goL, h>1, 7 TJ'—%) {e—ETL’ h>2, (100)

[

where A and & are the scaling dimension and the correlation length of 7 respectively. Similar
for &,.

After the KT transformation, the conventional correlation function becomes string order
parameters:

j—1
0(1) h<1 2A > h<2’
b4 X Z\ 4 ’ z X ~ li—jl
(o (D Tk+%)ai) {e—iaL , h>1, Ti é(l_[ 77 —% { < h>2. (10D

6 Purely gapless SPT and intrinsically purely gapless SPT from KT
transformation

In Section 4 and Section 5, we discussed the construction of gapless SPT and intrinsically
gapless SPT from the KT transformation, starting from the decoupled ZJ SSB phase and a
gapless theory (Ising CFT and XX model for gSPT and igSPT respectively). Since both cases
contain a gapped sector (Z5 SSB phase) before the KT transformation, the resulting gSPT and
igSPT always contain a gapped sector. This is confirmed, for example by computing the energy
splitting of the edge modes on an open chain [3,6]. The gapped sectors can also be seen by the
decorated domain wall construction explored in [2-4]. A natural question is can we construct
a gapless SPT with no gapped sector?

In this section, we will construct both gapless SPT and intrinsically gapless SPT that do
not contain gapped sectors, and follow [5] to denote them as purely gapless SPT (pgSPT)
and intrinsically purely gapless SPT (ipgSPT) respectively. In particular, we begin with two
decoupled gapless XXZ chains, and perform a KT transformation.

6.1 Constructing pgSPT and ipgSPT
Let us start with two decoupled XXZ chains, The Hamiltonian is

L

h _ X X
Hyyy sz = —Z(o al+1+oiol+1+h0 O'l+1+’L' 1T+1+Tl% +%+hr 1T+;). (102)
i=1

For pgSPT, we will focus on Z3 x Z3, and for ipgSPT we will focus on the ZJ x Z; symmetry.
Here ZJ and Z; are defined in (11) and ZZ is defined in (62). Below, we will mainly focus on
the ipgSPT and the symmetry Z7 x Z,. The pgSPT is obtained by the same theory and only
changes the symmetry to be the normal subgroup Z3 x Z;.

Constructing ipgSPT with Z£ symmetry: Applying the KT transformation (associated with
Z3 x Z3 where the latter is the normal subgroup of Zj), the decoupled Hamiltonian becomes

L

h - — 2 Y -x Yy
HipgSPTpert - E :(Ui T +1 Ul+1 +0; TH_%O'H_l + hO' 1+1
= (103)
+77 yof Tl T of) R T
T2 3 i3 i+3 i3 it3
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Since the KT transformation commutes with both o7 and T e the resulting Hamiltonian

(103) also has Z7 x Z; symmetry, generated by U, and V.. We will again focus on the ZF
subgroup, generated by U, V..

The Hamiltonian (103) depends on a parameter h, which can be taken to be either pos-
itive or negative. Below, we will study the Zg symmetry properties of the ground state of
(103) under various Z£ twisted boundary conditions to determine the regime of h where the
Hamiltonian is topologically non-trivial, hence is ipgSPT. It will become clear in the following
subsections that the ipgSPT corresponds to 0 < h < 1.

Before determining the topological properties of the phases, it is useful to see where the
phase transitions can take place, which can be inferred from the decoupled theory (102) before
the KT transformation.

From Appendix D, we know that the phase transition occurs at h = —1 and h = 1. Later
we will also see that there is a more subtle phase transition at h = 0.

pgSPT with symmetry Z‘z’ X Z;: The Hamiltonian of pgSPT is given by the same Hamiltonian
(103). The only difference is the choice of symmetry, which is taken to be ZJ x ZJ. Here Z;
is the normal subgroup of Z;. It turns out that the non-trivial pgSPT also corresponds to the
parameter regime 0 < h < 1.

6.2 Field theory description

Field theory of ipgSPT: Before studying the ground state property, we first comment on the
field theory description of the lattice ipgSPT Hamiltonian (103). As reviewed in Appendix D,
the field theory of the XXZ model is a free boson [54]. Hence we begin with the partition
function

boson[A :| boson[A ] (104)

where A, is a Z, cocycle, and A, is a Z, cocycle. More explicitly the two decoupled partition
functions are

1 m
h o . _ _
ZhosonlAr] = f DO exp (lf ﬁ( A 7)2) ) Dy 6. =d6.— lEATGT ,
X (105)
. 1 _
Zl})loson[AU:| = JDQU €xp (lf ﬁ( Ay )2) 5 DAUQO' = d@U—lTEAUQU.
X,
We then perform a STS transformation, changing the partition function to
h h (A’l'_ T)(AO'+ o)
legsprert[Aa’AT] - Z Z Zboson[ ] boson[aT]e % fxz ‘ ¢ 5 (106)
+=0,1
afzil’%r mod 2

which is a gauged version of two decoupled free bosons. By further restricting the Z3 x Z;
symmetry to Z., whose background fields are identified as A, = Ay mod 4, and A, = A
mod 2, we have

1 in _
h = (Ar—a;)(Ar+a,)
legSPTpertl:AF:| - Z Z bosonl:aCT:| boson[aT]e ’ IXZ ' ' : (107)

a,=0,1
a,=Ar mod 2

It is also useful to see why the construction in [3,4] does not apply here. Let us decompose
Ar as Ar = 2B +A, with 6B = A2 mod 2, then the partition function simplifies to

1 b+ B+bA+AB
h . in |, ab+a
legSPTpert [AF ] - Z Z boson[a:| boson [ 2b+ A IX (108)
a,b=0,1
5b=A% mod 2

27


https://scipost.org
https://scipost.org/SciPostPhys.18.5.153

e SciPost Phys. 18, 153 (2025)

Note that the partition function can not be factorized into Zj,[A]Zgappea[A, B] where the low
energy sector only depends on the quotient Z,. Hence the entire Z, symmetry couples to the
low energy degrees of freedom and there is no obvious gapped sector.

Field theory of pgSPT: The field theory of pgSPT can be obtained by starting from
ZQOSOH[A ] boson[AO'] where both A, and A, are Z, valued background fields, and perform
a KT transformation. The resulting partition function is

h in |, (Actar)(As+a,)
ZpgSPTpert[AU’A Z bosonl:aCT:| boson[aT]e fXZ :

au’ ar=

(109)

Again there is also no decoupled gapped sector because both A, and A, couple to the gapless
sectors via magnetic coupling.

6.3 Topological features of pgSPT and ipgSPT from KT transformation and
phase diagram

In this subsection, we proceed to study the topological features of (103). Since there is no
term in (103) which commutes with the rest of the terms, the method from [4] (which were
also reviewed in Section 4.3 and Section 5.4) does not work. Hence we directly apply the KT
transformation to study the topological features. We will be mainly discussing the topological
features and the phase diagram of ipgSPT as a function of h. We will also briefly comment on
the phase diagram of pgSPT.

We begin by studying the topological features of two copies of XXZ chain with anisotropy
parameter h. Note that the global symmetry of the sigma spin is Z , by repeating the discussion

in Appendix D, we find the ground state energy in the Z7 symmetry-twist sector E‘LU, 0) is

_ 2| 1 5 Ky 5
i)W = [4_Kh[u"]2 + ?[t(,]z] : (110)

Note that [u, ], is u, modulo 2, and similar for [t ],. For the 7 spin, the global symmetry is
Zj, and the ground state energy in the Z; symmetry-twist sector is given by (D.22),

B o) = 2| g (minly. L 4= [v, 10 + Jhmin(r 4= 10 ). a1y

Here K}, is related to h as follows,
1
—1<h<0<:>§<Kh<1, O0<h<lSK,>1. (112)

Note that in the regime h < —1 and h > 1, the XXZ model is gapped and spontaneously breaks
the Zy symmetry which is generated by the [ [, 0 [57,58]. Hence the cosine terms in the
Sine- Gordon model can not be ignored as they are relevant operators.

We proceed to the system (103) after the KT transformation, and consider the ground state
in each ZF symmetry-twist sector Er )(h). The energy is the same as (93). Substituting (110)
and (111) into (93), we obtain

(up,tr

>t )(h) = (u Jup+tr )(h) +E(u1~+2u tF+2uU)(h)
LT 1. K , 1 )
= % 4—I<h[uo.]2 + Z[ulﬂ + tl—']z + 4—Kh(m1n([u1~ + 2u0-]4, 4 — [UF + 2u0]4))
K
+ 1—g(min([t1~ +2uy 4,4 —[tr +2ua]4))2:|. (113)

The structure of the minimal energy spectrum is as follows.
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- Trivial . Intrinsically
7 SSB . i purely gapless , 7 SSB
2 1 1 1 2
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Figure 3: The phase diagram of ipgSPT.
! Trivial ; Purely gapless ;
Y 1 1 1 o/
Z; 55B . gapless phase ,  SPT phase Z, 55B
¢ o o o >
h=—o0 h=-1 h=0 h=1 h= o0

Figure 4: The phase diagram of pgSPT.

1. When t = 0, the lowest energy is achieved by ur =0 and u, = 0.

2. When tp = 1, the lowest energy is achieved by (u,,ur) = (0,0) if K, < 1, and
(uy,up)=1(0,1) or (0,3) if K, > 1.

3. When tp = 2, the lowest energy is (ug,ur) = (0,0) if K, < 1, and (ug,urp) = (1,2) if
Kh > 1.

4. When t; = 3, the lowest energy is achieved by (u,,ur) = (0,0) if K, < 1, and
(uy,ur)=1(0,1) or (0,3) if K, > 1.

Combining the correspondence between h and K}, we find that when —1 < h < 0, the ground
state of the Hamiltonian (103) always has trivial Zg charge ur = 0 under any twisted boundary
condition, hence it is in the trivial gapless phase. When 0 < h < 1, the ground state of the
Hamiltonian (103) has non-trivial relative Z}; charge under Zg twisted boundary conditions,
hence it is in the topologically non-trivial ipgSPT phase. We summarize the phase diagram in
Figure 3.

We summarize the properties of the various phase transitions.

1. h = —1: The phase transition at h = —1 can be described by the Sine-Gordon model at
Ky, = % This phase transition is described by the SU(2); WZW CFT, where the cosine
term cos(2¢p) becomes marginal, between the irrelevant h > —1 (K, > %) to relevant
h<—1 (K, <3)

2. h =1: The phase transition at h = 1 corresponds to K;, = 00, and is not described within
the free boson description. But from the lattice model, the transition can be understood
intuitively as the XX term dominates over the other terms and triggers the system to a
gapped phase where Z%' is SSB.

3. h = 0: Unlike the transitions at h = %1, this transition is not directly implied from
the two decoupled XXZ chains before the KT transformation because both K;, > 1 and
K; < 1 are described by the free bosons with trivial topological features. However, after
the KT transformation, the topological feature becomes non-trivial for K > 1 while still
remains trivial for K; < 1. This implies that there is a topological phase transition at
K,=1,ie. h=0.
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String order parameter: We comment on the string order parameter in the gapless region.
Before the KT transformation, each decoupled Hamiltonian has two quasi long-range orders
when —1 < h < 1. One is the correlation function of Pauli Z operators and the other is the
disorder order parameter of Pauli X operators:

j j
1
Z Z _ Z Z ~ X — X ~
<Ti—%Tj—%> = <0iaj> 1 <| |Tk—%> (l |0k> )

li — j| % k=i k=i li—jl=z

(114)

Thus, after the KT transformation, the first two quasi long-range orders become string order
parameters

j—1
(o[ o) =« Z(ﬂ T )05~ —
? ki i— 1% (115)
l_[Tx—l l_[ok .Kh'
k=i 2 li—j|=2

Note that string order parameters carry a nontr1v1a1 symmetry charge on the end while the dis-
order charge does not. When 1 < Kj, (0 < h < 1), the string order parameters decay lower than
disorder parameters, while when % <K, <1 (—1<h<0), the string order parameters decay
faster than disorder parameters. Here we remark that this result is consistent with ground
state charge under twisted boundary conditions due to the state operator correspondence [3].

We also comment on the boundary degeneracy under OBC. Since the pgSPT is obtained
from two decoupled XXZ chains, the low-energy spectrum of an XXZ chain under OBC in the
gapless region, similar to that under PBC, scales as O(1/L). Based on the mapping by the KT
transformation, we expect that the spectrum of pgSPT constructed in this Section also scales
as O(1/L), under either PBC or OBC. This curious observation should be contrasted from the
O(1/L'%) finite size gap decaying behavior under OBC of the pgSPT with a different anti-
unitary symmetry—Z=Z, X Zg [6], which clearly differs from O(1/L) under PBC. Nevertheless,
various other signatures including non-trivial symmetry charge under TBC as well as the sym-
metry charge of the string order parameter suggest non-trivial SPT features, hence we still
consider our model as a different type of pgSPT. We will leave a more elaborated discussion
on pgSPT to the future.

Phase diagram of pgSPT: We finally comment on the pgSPT. The discussions are mostly
in parallel to the ipgSPT, and we will not give the details here. The topological features of
the purely gapless SPTs are such that the ZJ (Z3) symmetry charge of ground state under Z;
(Z3) twisted boundary condition is non-trivial. It is also interesting to note that the decaying
behavior of the string order parameter does not change qualitatively for the trivial gapless
phase and the pgSPT since they both decay polynomially, hence the phase transition is subtle
as we have seen above from a separate perspective. The final phase diagram is shown in
Figure 4.
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A Energy spectrum of transverse field Ising model under Z, TBC

The Hamiltonian of transverse field lsing model is

L
Hlsing = _Z(G?G?+1 + ho-f'c); (A.1)
i=1

: : e 2 % X __ X
with Z, twisted boundary condition: o7, =—07,07,, =07.

We apply the Jordan-Wigner (JW) transformation which maps the spin operator to the
fermion operator

i—1
of =D =1-2f"f;, of=] [0V +1), (A.2)
j=1
where n; := f:r f; is the fermion density operator. Note that when i = 1, we simply have

0% = f + fi.
1= )1
Applying the JW transformation to the Ising model, we can rewrite (A.1) in terms of the
fermions,

L
Higng =—hL— > (=2hf] fi+ (FT = f)(F, + fir)) (A3)
i=1
with boundary condition
L
firr =D S, F:an~ (A.4)
=1

After Fourier transformation and Bogoliubov transformation, this Hamiltonian is diagonal

1
Hlsing = Z Wi (C]'(Ck - E) P (A.5)

k

where w; = 2¥/1—2hcosk + h2. Moreover, the fermion parity after transformation is given
by

(_1)20<k<n clextel e — (_1)Zo<k<nfijfk+fjkf—k ,
(—1)%% = (—1)ihosign(h—1), (=1)% = (~1)+". (A.6)

When h = 1, there is a zero mode with k = 0 and whether it is realizable depends on the
boundary condition. Moreover, the fermion parity of the k = 0 modes after Bogoliubov trans-
formation changes depends on h. We discuss them separately.

Energy spectrum of SSB phase (0 < h < 1)

If (—1)F = 1, the fermion chain has PBC. This means k = ZLﬂ where j =0,---,L—1. Therefore,
we have k = 0 mode when j = 0. As the total fermion parity after Bogoliubov transformation
changes, the ground states are: c}'} |[VAC)ppc. The ground state energy is

1
EgC=—3 > w+201-h]. (A7)

_2nj
k==
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If (—1_)F = —1, the fermion chain has anti-periodic boundary condition (ABC) where
k= w and there is no k = 0 mode. The ground states are ¢' , [VAC)apc and c [VAC) zpc
L L

with ground state energy:

1 T
EQEC:—E Z wk+2\/1+h2—2hcosz. (A.8)

_(2j+D)n
k=7

EABC and EPBC has a gap of order e~ and the second term

When L is large, the first term of
has a gap of order . Thus we have ]’EABC > EPBC and the gap is of order le
In summary, the ground state of the transverse field Ising model when h < 1 is unique.

Since ]_[]L.Zl 0';.“ = (—1)F, the ground state is always in the even sector while the first excited

states are in the odd sector and the finite size gap is le

Energy spectrum of trivial phase (h > 1)

If (—1)F = 1, the fermion chain has PBC, then k = % where j =0,---,L—1. When j =0, we
have k = 0 mode. Since the total fermion parity after Bogoliubov transformation is invariant,
the ground state is [VAC)ppc with ground state energy:

EPBC == Z g (A.9)

27[]

If (—1)F = —1, the fermion chain has ABC where k = @ And the total fermion parity

after the Bogoliubov transformation is also invariant. Since (—1)f = —1, the ground states are
c_z [VAC)zpc and cz [VAC)zpc with ground state energy:

1 i3
ESSCZ_E Z o)k+2\/1+h2—2hcosz. (A.10)

_ (2j+1)
k==

Therefore, we obtain that EF2¢ < EABC and the gap is finite in thermodynamic limit. Then the

ground state of the transverse field Ising model when h > 1 is unique and gapped. Moreover,
the ground state is always in the even sector while the first excited states are in the odd sector.

Energy spectrum of critical point (h = 1)

If (—1)F = 1, the fermion chain has PBC, then k = ZLﬂ where j =0,---,L — 1. We also have
k = 0 mode when j = 0. Since the total fermion parity after Bogoliubov transformation is
invariant, the ground state is [VAC)ppc with ground state energy:

EgléC Z W =—2 Z |cos( ) =—2cot(%). (A.11)

271] ZTE]

If (—1)F = —1, the fermion chain has ABC where k = w And the total fermion parity

after the Bogoliubov transformation is also invariant. Since (—1)f = —1, the ground states are
cer-nr [VAC) apc and c iz [VAC) e With ground state energy:
2L 2L

2
EABC — w +4sm +4s1n— A.12
GS Z k sm( 1) 2L ( )

k (2]+1)1’[

Therefore, we obtain that ELoC < EAEC and the finite size gap is of order 7. Then the ground
state of the Ising model at the critical point under TBC is always in the Z, even sector while
the first excited states are in the Z, odd sector and the finite size gap is of order %
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B Stability of edge mode of gSPT and igSPT phase on the OBC

In this appendix, we will discuss the stability of the finite size gap of gapless SPT and intrinsi-
cally gapless SPT on the OBC under the symmetric boundary perturbation. We aim to prove
that there are at least two nearly degenerate ground states with finite size gap of order e~
and this (exponential) degeneracy is stable under any symmetric boundary perturbation.
Let’s first consider the gapless SPT phase in section 4, and focus on the two decoupled
systems before KT transformation. One is a Z, SSB model with T spin and the other is the
critical transverse field Ising model Ising model with o spin. Thus the low energy states are:

leven,) ® [47), lodd.) ® [47) , 3.1

where |even,) and |odd,) are nearly degenerate ground states of T spins with even and odd
Z; charge and the finite size gap E_,;, —E_.,is of order ek, w;.j is the energy eigenstate of the
gapless o spin model which is labeled by the positive integer j. In this basis, the low energy

effective Hamiltonian is blocked diagonal:

Hlow _ Egven +H gapless 0 (B.2)
SSB+gapless 0 E* id + HC : '
o]

gapless

Moreover, any other excited state of T spin has a finite gap Aggp in the thermodynamic limit.
It is obvious that this system has at least two ground states with exponential energy splitting.
Due to the unitarity of KT transformation on an open chain, this implies the exponential finite
size gap between edge modes.

Now let us add a Z3 x Z; symmetric perturbation hV in the gapless SPT Hamiltonian.
Since symmetry operators are both invariant under KT transformation, the perturbation in the
decoupled system before KT transformation is also Z5 x Z; symmetric. As the KT transforma-
tion is unitary on the open chain, the energy spectrum before and after the KT transformation
are the same and we will focus on the energy spectrum of the decoupled system with the
perturbation above.

At first, we can decompose hV as follows:

h =h» ViVi, (B.3)

where N can be polynomial in L. V; and VTi only act on finite range of the o and 7 spin
respectively. When h < Aggp, we consider the first perturbation theory, namely we only need
to consider how this perturbation acts on the low energy states. Since hVTi is symmetric, it is
diagonal for |even.) and |odd,):

i ha! 0
hv! = ( Bven h ) , (B.4)
Qo4
where aeven = (even,| VTi leven,) and a! tqq = {odd; IV’ lodd.) is finite independent of system
size. Thus the low energy effective Hamiltonian with this perturbation is
E' +HS _+h 0
HSSB+gapless+hV :( even gapless Zl 1 Teven a . . " N i i ) (B.5)
0 Eodd + Hgapless + Zi:l aoddVU

Moreover, as h < Aggp, the 7 spin chain after adding hVTi is still in the SSB phase and the

—L
finite size gap haeven - ha 4q 18 of order e™".
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In the next step, we denote the ground states of Hgapless + hzl 1 05ven Vs and

HY s T hZi:l aoddVé as |GS,;) and |GS! ) with energy E; and E; respectively. Without loss

of generality, we can assume E; < E;. Then we notice that

N
—L i —L
<GS |Hgapless +h : : oddvl gapless —h : : evenVc; |GS <GS<T| ¢ : :Vc; |GSU> e .

i=1
(B.6)
Note that the sum over i does not change exponential decaying behaviour of finite size gap.
On the other hand, we also have

(GS |Hgapless + hz oddvl gapless hZ evenVc:' |GS

= (GSo | HE jess + hZ al ViIGSy) —Ey = (B, —E;) =0, (B.7)
i=1

Thus, we can obtain that E{ — E; is of order e~ L. Since Ej 44 — Eeven is also of order e L the
total finite size gap between |even,) ® |GS,,) and |odd,) ® |GS! ) is of order e~*, which finishes

our proof.
For the intrinsically gapless SPT phase in section 5, if we add a ZE, symmetric perturbation,
this perturbation may be mapped to a nonlocal perturbation under KT transformation. For

2 (2 Z _ ox _ Y Yy

example, O'L(TL_%’L'L ) TL 17 1) (]_[]<L T 1)GL (T iTHz TL_%TL+%). Thus, we
will consider Z3 x Z; symmemc perturbat1ons wh1ch is st111 local and Z3 x Zj; symmetric
under the KT transformation. Then the proof of the stability of edge modes is similar to that

of the gapless SPT phase above and we don’t repeat it here.

C Mapping Z; x Z; symmetry-twist sectors under the KT transfor-
mation

In this appendix, we derive the mapping between Z; x Z7 symmetry-twist sectors under KT
transformation directly from the partition function. We start with a theory X with an anomaly-
free Z; x Z3 symmetry, and denote their background fields asA; and A,. The partition function
is Zy[As,A:]. The KT transformation is the twisted gauging of the ZJ and Z; normal sub-
group of Z;. Since only the normal subgroup of Z; participates in gauging, it is useful to first
decompose the background field into A, = 2B, + C,, where both B, and C, are Z, valued
1-cochains, satisfying the condition

5A, =0 mod 2, 5C.,=0 mod?2, 5B, =C? mod 2. (C.1)
Under KT transformation, the partition function of the resulting theory is

Z Zvla,, 2b +C]einfxza051+bTEU+ETEG+EJBT+T)TAG
(O] T T

@y.br,ay,be

=—ZZXG 2. +C]mfx(b+B)(a+A)
(o)
ab

16
(C.2)

In the second line, we summed over a, and E. What symmetry does the resulting theory
have? To see this, we check whether the resulting partition function (C.2) depends on the
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3d bulk. The dynamical part Z, is clearly independent of the 3d bulk since X is anomaly
free. By promoting the remaining part to the 3d integral using using derivative, and applying
the bundle constraints 6a; =0 mod 2,6C, =0 mod 2,6b, = CT2 mod 2 which follow from
(C.1), the 3d dependence is

; 2
emfX3(CT+5BT)(aU+AU)+(bT+BT)5AU . (C.3)

For the resulting theory to be an absolute theory, we need to demand that all terms involving
dynamical fields to vanish. This in particular requires

5B, =C? mod2, S5A, =0 mod 2. (C.4)

Once these conditions are imposed, all the 3d dependence is trivialized. One can then intro-
duce again a Z; connection, such that This shows that after KT transformation, the theory still
has a Z7 x Z; symmetry, and they are also anomaly free.

Denoting the partition function after the KT transformation as Z$[A,A. ], it is related to
the partition function of X via

F [y, Ac—a:)A+a,)
Zf[AO')AT] = Z ZX[aO'2aT]e 2 fxz 7, (C.5)
a,=0,1,
a,=A; mod 2
where a. = 2b, + C,. In terms of holonomies around the time and space directions, the
partition function can be rewritten as

Z5[(W?,W2),(W, W] = Z5lAg,A L 6
ZX[(WtO-J W;), (WtT: W;)] = ZX[ao'J a‘r] s
where W7, W7 € Z, and W, W € Zy.
As discussed in Section 5.2, the partition function can also be labeled by [(uy, ty), (V;,7¢)]-

t)Vers)) fs relation with

Hence we denote the partition function as Z/(Y(u"’
Zx[(We, W), (W7, W]

is
1

O'!tﬂ' > T T i o ﬂ i
Zggu Wverz)) _ § Z ZX[(W?’ ty), (W'tc, T‘T)]emwf Ug+Fwive ; (C.7)
wy=0,1
wi=0,1,2,3
and the converse relation is
ZX[(WL-G: Wf), (WtT’ W;)] — Z Zgua,wx ):(VT,WX))eiﬁw‘[’ug—%wfvT ) (C.8)
u,=0,1
v,=0,1,2,3

By combining (C.5), (C.6), (C.7) and (C.8), we find the relation between Z%a"’?")’(ﬁf’m) and
Z((umtg),(vf,rf))
X 5

((aa’/t\a)’(vf ’/r\T)) J— ((ao"?o' +VT )!(i}\T 7?T+2a0')) —_— ((uo"to' ))(vT’rT ))
z3 =7y =7y : (C.9)

Hence the symmetry and twist sectors are related as

[y, t6), Ve, 7)1 = [(Uos ty — Vi), (e, 7o +2u)]. (C.10)
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D XX model with a transverse field, XXZ model, and free boson

In this appendix, we discuss the XX model with two types of perturbations, and discuss the
symmetry properties of their ground states under various twisted boundary conditions. These
results will be useful in Section 5 and 6.

D.1 XX model and free boson

We begin with the XX model, whose Hamiltonian is

L

_ z 2 y Yy

Hyx =— E 0;0,,+0,0:,. (D.1)
i=1

We introduce the ladder operators as af =(of+ ial?' )/2, the Hamiltonian can be rewritten as

L
Hy=—Y .20t 07, +2070%,,. (D.2)
i=1
It has a U(1) global symmetry, but we will only focus on its Z, subgroup. The symmetry
operator is

L .
U= ]_[ ed(1=07) (D.3)
i=1

whose eigenvalue is e%”, ‘where u = 0,1,2,3. The symmetry operator U acts on the ladder
operators as U"rach =et7 crl.i. Thus the twisted boundary condition is specified by

+ _ +i¢

of, =etTiok, t=0,1,2,3. (D.4)

We would like to consider the continuous limit of this theory. It is well-known that via
Jordan-Wigner (JW) transformation, the XX model is equivalent to a free fermion model. To
see this, we consider the JW transformation’

i—1 . i—1 .
or=1-2f'f,  oi=[|=0"s, er=]]g @5
j=1 j=1
The Hamiltonian then becomes a free fermion
L
err:_zzfi'fﬁl +2fi1,.1fi' (D.6)
i=1

After taking the Fourier transformation, the fermion Hamiltonian is diagonalized, which takes
the form

Hio == > cos( 27k i ®.7)
k

where k ~ k + L, and the fractional value of k depends on the boundary conditions of the
fermion, which will not be important for our purpose.

The energy spectrum is E; = —4cos (ZT”k), which intersects the Fermi surface at two Fermi
points k ~ :I:%. The ground state is given by filling all electrons in the band within k € [—%, %],
and the low energy excitations are all localized around the two Fermi points. After linearizing

°Note that for convenience we changed the sign in the first relation compared to (A.2).
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the energy spectrum around the Fermi points, we find a right moving Weyl fermion at k = %
and a left moving Weyl fermion at k = —%. The two Weyl fermions compose into a Dirac
fermion. At the field theory level, the bosonization of a free Dirac fermion gives risetoac =1
free boson. The Lagrangian of the free boson is

1 1
L=-—(3,00?=—[(3,6)2-(8,0)]. D.8
5-(6,0) = S [(8,6)* — (8.6Y’] (.8)
Upon canonical quantization, we have Py = %, and [0, Py] =i. It is customary to introduce
the dual variable ¢ such that Py = aﬁ;f , in terms of which the Hamiltonian becomes
Hyoson = dX(PQG —L)= % dx Z(axap) + (BXQ) . (D.9)

In terms of the lattice variables, we have aii ~ ¢*1% and the Z, symmetry operator is
U=ei/dxae, (D.10)

Indeed, using the BCH formula, U'e!® U = ¢®+7 | which is consistent with the commutation
relation on the lattice U'o U =e> o7 .

The fields p(x, t) and 6(x, t) are subjected to the twisted boundary condition,
plx+L,t)=p(x,t)+2mm, O(x+L,t)=0(x,t)+2nn. (D.11)

After mode expansion, the fields are decomposed into zero modes and oscillator modes. Hence
we have x x
Lp(x,t)227rmz+~-, G(X,t)227mz+--- , (D.12)

where m, n are constrained by the twisted boundary conditions for ¢ and 6 respectively, which
will consequently be determined by the charge and symmetry twists on the lattice. The ground
state energy only receives a contribution from the zero modes, which gives ZL—n[%m2 +n?].

- To see how m, n are constrained, we first notice that the eigenvalue of U = e~ [ dx0cv g
ezl Substituting (D.12) into U, we find

m=—u+4m’, (D.13)

where m’ is an integer. On the other hand, the twisted boundary condition o,

on the lattice implies the twisted boundary boundary condition of 8(x, t) in the continuum,
hence

mi
= e2t0'i+

1
n==t+n’, (D.14)
4
where n’ is an integer. This implies that the zero mode energy is
roo2m[1 t\2
m',n" __ = Y rt
By == [4(4m w)? + (n + 4) ] . (D.15)

Let us denote the ground state in the symmetry-twist sector as E(, ;), obtained by minimiz-
ing (D.15) overall m’,n’, we have

21

Bun = o | Gnin(ule, 4= [ + Sc(minely 4 [P . ©36)

where [u], stands for the u mod 4, and similar for [t],. In particular, for any ¢, the minimal
ground state always carries trivial Z, charge, i.e. u=0.
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D.2 Adding a transverse field

We further perturb the XX model (D.1) by a transverse field —h ZiL:1 al?( , such that the total
Hamiltonian is'°

Hyxpert = —Z oiol  +0; alyﬂ +ho (D.17)
To see the property of the energy spectrum, it is again useful to perform a JW transformation,
which shows that the energy is E, = —4 cos(ZL—"k) + 2h. The transverse field plays a role of
shifting energy of the entire band by 2h. As long as h < 2, the band still intersects E = 0 with
two Fermi points, hence the system is still gapless. The effective degrees of freedom are still
two Weyl fermions at the two Fermi points, but the only difference is that they are at closer
momenta, and the Fermi velocities are reduced (determined by Tr Pty We then re-bosonize at
the field theory level, and obtain a free boson, whose Lagrangian is

E—i(a 9)2—i[l(ae)2—v (2 9)2] v —\l—h—z (D.18)
Y Y Vh ‘ i x ’ h— 4" '

Indeed, when h = 0, vy = 1, which is consistent with (D.8). When h — 2, the Fermi velocity
reduces to zero, corresponding to the point where the band of the fermion is tangential to
the E; = 0 axis, i.e. the two Fermi-points merge. When h > 2, the Fermi velocity is imagi-
nary showing that the description (D.18) breaks down. Indeed, whe h > 2, the term —hof
dominates, driving the system to a trivially gapped phase. Because the transition at h = 2 is
associated with a quadratic band, the transition has dynamical exponent z = 2.

We proceed to discuss the ground state properties. In the free boson representation, the
Hamiltonian is

Hboson = ;}_:E f dx I:i(axﬂoy + (8x9)2] . (D-19)

The energy is exactly the same as (D.15) except for an overall normalization by the Fermi veloc-
ity. Thus the symmetry charges of the ground state under various twisted boundary conditions
are the same as the unperturbed case h = 0, as long as h < 2.

D.3 XXZ model and free boson

We can alternatively perturb the XX model (D.1) by hzl ,0707% . The total Hamiltonian

is

1

Hyxy = —Z o;0i, + afv ;VH +hoioy,, . (D.20)
i=1
When h = 1 or —1, the Hamiltonian is the ferromagnetic/anti-ferromagnetic Heisenberg chain.
When h = 0, the Hamiltonian reduces to the XX model. For other values of h, the Hamiltonian
is the XXZ model.
The continuum field theory for the XXZ model is well known. When —1 < h < 1, it is the

gapless Luttinger liquid whose Hamiltonian is'!

1

_ b 2 2
Hy = ZNJ |:4Kh(3x(P) +K,(3,0) } (D.21)

ONaively, one may attempt to simply add hd, ¢ to the Lagrangian (D.8), but this does not work. The reason is
that turmng on h changes the location of the Fermi point, while ho ~ %6,(4,0 holds only near the original Fermi
point h ~ 7, hence is expanding around the wrong vacuum.

"More prec1sely, the low energy effective theory also contains a cos(2¢) term. Such a term is irrelevant for
K, > % hence we ignore it in the low energy. However this term is relevant for K, < %, which gaps out the
Hamiltonian to obtain a SSB phase.
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Here the Luttinger parameter is K = 5= [59]. Therefore when h < 0, the system is
described by K;, < 1 free boson, while when h > 0 the system is described by K;, > 1 free
boson.

When h > 1 or h < —1, the 0*¢”* term in (D.20) dominates [57, 58], and there are
two nearly degenerate ground states with an exponentially decaying gap. Note that the two
degenerate ground states spontaneously break the Z, generated by [ [, o’ or IL 0;" .

The energy coming from the zero mode is almost the same as (D.16), but with the Luttinger
parameter adjusted,

2 1 K
Fuo = o | g (min(Cula—[ul)P + Thmin((el 4= [D)F | 022

In particular, for any t, the minimal ground state always carries trivial Z, charge, i.e. u =0.
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