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Model of chiral spin liquids with Abelian and non-Abelian topological phases
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We present a two-dimensional lattice model for quantum spin-1/2 for which the low-energy limit is governed
by four flavors of strongly interacting Majorana fermions. We study this low-energy effective theory using two

alternative approaches. The first consists of a mean-field approximation. The second consists of a random phase
approximation (RPA) for the single-particle Green’s functions of the Majorana fermions built from their exact
forms in a certain one-dimensional limit. The resulting phase diagram consists of two competing chiral phases,
one with Abelian and the other with non-Abelian topological order, separated by a continuous phase transition.
Remarkably, the Majorana fermions propagate in the two-dimensional bulk, as in the Kitaev model for a spin
liquid on the honeycomb lattice. We identify the vison fields, which are mobile (they are static in the Kitaev
model) domain walls propagating along only one of the two space directions.
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I. INTRODUCTION AND RESULTS
A. Motivation

Most of the observed low-temperature phases in condensed
matter physics are characterized by spontaneous symmetry
breaking (SSB) through the onset of a local order parameter
acquiring a nonvanishing expectation value. Antiferromag-
netism is the paradigmatic example of SSB with the staggered
magnetization as the local order parameter. On the other hand,
it has been found that such states as exist in the fractional
quantum Hall effect (FQHE) possess a hidden (topological)
order not associated with any local order parameter. This
type of order may exist only if the bulk is incompressible,
in which case it reveals itself in several ways. In particular, a
sufficient condition for the topological order is the existence
of robust gapless boundary excitations. If the system is
situated on a manifold without boundaries, the ground state
is degenerate and the degeneracy depends on the genus of
the manifold. These characteristics of topological order were
formulated by Wen in Ref. [1], but the notion has been later
refined by relating it to the presence of long-range quantum
entanglement in Refs. [2-4]. The other feature in (2 4 1)-
dimensional space-time is the presence of gapped pointlike
excitations obeying braiding statistics that is neither fermionic
nor bosonic. This sharpening of what constitutes the essence
of topological order in (2 + 1)-dimensional space-time has
opened the possibility of its classification [5,6]. However, these
discussions of topological order have been conducted with
little reference to microscopic models. There are very few of
them, which can be treated by controlled approximations; most
notably the quantum dimer model on the triangular lattice [7]
and the Kitaev model on the honeycomb lattice [8]. The latter
is a model of interacting quantum spins, whose excitations
are Majorana fermions. Their propagation is facilitated by
the presence of the so-called visons, which in this model are
immobile Z, gauge field fluxes.

One way to construct microscopic models with topological
order is to use the so-called wire construction. The idea, follow-
ing Kane and his collaborators [9—-12], is to couple elementary
building blocks that realize a conformal-field theory (CFT) in
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(1 4 1)-dimensional space-time [by construction this building
block cannot be gapped into a phase supporting topological
order in (1 + 1)-dimensional space-time] so as to realize an
incompressible phase of matter in (d 4+ 1)-dimensional space-
time that supports topological order. Although, the diagnostic
for topological order is a degeneracy of the ground-state
manifold that depends on the genus of compactified space,
it is more convenient to use a stronger (a sufficient but not nec-
essary) condition for topological order, namely, the existence
of protected gapless boundary states that are localized on the
(d — 1)-dimensional boundaries of d > 1-dimensional space.
It is then suggested to weakly couple these building blocks
so as to gap the bulk while leaving the boundaries gapless.
A generic coupling between these building blocks will not do
that, for such a coupling can yield three possible outcomes.
First, the resulting phase of matter in (d + 1)-dimensional
space-time may be gapless and ordered. This is what happens
when antiferromagnetic spin-1/2 chains are coupled so as to
realize an antiferromagnetic square lattice [13—15]. Second,
the resulting phase of matter in (d + 1)-dimensional space-
time may be gapful, but without topological order. This is
what happens when antiferromagnetic spin-1/2 chains are
weakly coupled pairwise so as to realize a stacking of two-
leg ladders which, in turn, are even more weakly coupled
pairwise [16]. We are interested in the third outcome, namely,
when the resulting phase of matter in (d + 1)-dimensional
space-time is incompressible and supports topological order.
Which outcome is realized is determined by the choice of
the couplings between the building blocks, that is by the
energetics.

In this paper we will be dealing with a model in two-
dimensional space. In this case, a sufficient but not necessary
condition for topological order is that in the infrared limit
(i) the first and last building blocks acquire a nonvanishing
yet reduced central charge when their direct coupling is
forbidden by locality (open boundary conditions along the
stacking direction), whereas (ii) the ground state is fully
gapped when their direct coupling is compatible with locality
(closed boundary conditions along the stacking direction). This
situation is pictured in Fig. 1. Each block represents some
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FIG. 1. (a) Alignment of blocks along an open line. Each block
represents a nonchiral conformal field theory in (1 + 1)-dimensional
space-time. One half of the gapless modes are left movers, the
other half are right movers. This partition into movers with opposite

chirality is represented by the coloring blue and red, respectively.
(b) Alignment of blocks along a circle.

(a)
— -

given nonchiral CFT in (1 4 1)-dimensional space-time. The
stacking direction of the blocks is oriented by the arrow. The
coloring red and blue represents the left and right movers
from the CFT, respectively. It is possible to gap out a pair
of movers of opposite chirality belonging to two consecutive
blocks by coupling in a local way the right movers from a
block to the left movers of the nearest-neighbor block along
the stacking direction. This leaves the left movers from the
first block and the right movers from the last block gapless in
panel (a) from Fig. 1, whereas all states are gapped when
periodic boundary conditions are imposed as in panel (b)
from Fig. 1. The challenge is to realize Fig. 1 by appealing
only to local couplings between the microscopic degrees of
freedom such as lattice electrons or magnetic moments. This
challenge was met for all symmetry classes from the tenfold
way in Ref. [17], where it was shown that five of them can
support Abelian topological order (ATO) upon choosing local
(electronic) interactions between consecutive blocks.

A proposal to realize a spin liquid supporting chiral edge
states with noninteger valued central charges was given in
Refs. [18,19]. Itis the fractional part to the chiral central charge
of the edge states that signals the non-Abelian topological
order (NATO). This proposal relies on local interactions
within and between consecutive blocks from Fig. 1 that
are both marginally relevant and compete with each other.
Consequently, it could not be proven that all states are gapped
when periodic boundary conditions are imposed as in panel
(b) from Fig. 1. The purpose of this paper is to modify the
field theory studied in Ref. [19] to rule out the possibility
that the flow to strong coupling in Ref. [19], when periodic
boundary conditions are imposed as in panel (b) from Fig. 1,
delivers a gapless phase of matter. This modification makes the
theory amenable to a mean-field approximation that predicts
two gapped phases separated by a gap-closing transition when
the couplings between consecutive blocks are chosen to be
marginally relevant. One gapped phase supports ATO. The
other gapped phase supports NATO. We also find a third
gapless phase, a two-dimensional sliding Luttinger phase when
the couplings between consecutive blocks are chosen to be
marginally irrelevant.

B. Results and outline

As was the case with Ref. [19], we shall take the blocks
from Fig. 1 to realize an Ising CFT on the boundary, i.e., a
CFT with central charge ¢ = 1/2. However, unlike in Ref. [19]
where this Ising CFT was driven by marginal perturbations to
a CFT with central charge ¢ = 2, in this paper, the Ising CFT
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is driven by a strongly relevant perturbation. This distinction
gives a much better control on the strong coupling fixed point
that realizes the Ising NATO when two consecutive blocks are
coupled through interactions.

Throughout this paper, we are mostly preoccupied with
the analysis of the field theory corresponding to Fig. 1. The
choice of a microscopic theory delivering the Ising criticality
is dictated by simplicity at the level of CFT rather than by
simplicity on the microscopic level. This microscopic theory
is a quantum spin-1/2 ladder, whose low-energy effective
field theory is depicted by any one of the single square box
colored in red and blue in Fig. 1. This was also the case in
Ref. [19]. However, instead of relying on two-body spin-1,/2
interactions which are reduced to marginal current-current
interactions at low energies, as was the case in Ref. [19],
we shall rely in this paper on four-body spin-1/2 interactions
which are reduced to a mass term for three out of the four
gapless Majorana fields that encode the critical theory of two
decoupled antiferromagnetic quantum spin-1/2 chains. Once
a single spin-1/2 ladder is tuned to the Ising critical point,
we couple the ladders as was done in Ref. [19]. The resulting
lattice model is depicted in Fig. 2. Each ladder viewed from
the side in Fig. 2. is represented by a square box colored in red
and blue in Fig. 1 at low energies.

The lattice model for a single spin-1/2 ladder is defined
in Sec. VI. The lattice model for a one-dimensional array of
coupled spin-1/2 ladders is defined in Sec. VII. Its continuum
limit is derived and shown to agree with the Majorana
Hamiltonian (2.1).

The continuum limit is derived under the assumption that
one can eliminate couplings between the most relevant fields
on consecutive ladders and neglect those between more distant
ladders. Then, at low energies, the coupled quantum spin-1/2
ladders in Fig. 2 admit an effective description in terms of
an interacting quantum field-theory with four Majorana fields
per ladder. Dealing with the fermionic field theory, one has
to remember that its Hilbert space is greater than the one
of the original spin model. In particular, it allows states
created by odd numbers of Majorana fermions per ladder.
There are no such states in the spin model. This fermionic
field theory is the starting point captured by Eq. (2.1) from
Sec. II. In this mapping the Majorana fields carry a flavor
index m = 1, ...,n that labels the quantum spin-1/2 ladders.
The kinetic energy of the Majorana fields is encoded by a
Wess-Zumino-Novikov-Witten (WZNW) action Hy, - This
kinetic energy ignores all interladder interactions and treats
any one of the ladders as two decoupled antiferromagnetic
quantum spin-1/2 chains, each of which is at an SU(2),
quantum critical point. The intraladder interactions between
the quantum spin-1/2 turn at low energies into bare masses
m, € R (u=0, 1, 2, 3) for each Majorana field. The
interladder interactions between the quantum spin-1/2 turn at
low energies into an O(4)-symmetric interaction that couples
Majorana fields belonging to two consecutive ladders. This
interaction resembles the Gross-Neveu interaction, and we
shall call it a Gross-Neveu-like interaction.

We treat the O(4)-symmetric Gross-Neveu-like interaction
by two alternative methods. In Sec. III A, we use the mean-field
procedure based on decoupling of the four-fermion interaction
by means of the Hubbard-Stratonovich transformation. In
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FIG. 2. Coupled quantum spin-1/2 two-leg ladders that realize the Ising topological order in two-dimensional space. The intraladder

couplings J;, J,, J, =

—J, /2, and J;, (represented by the blue curly bracket) are defined in Eq. (6.1). The interladder couplings J,,

(represented by the green bond), J, /2 (represented by the magenta bond), and J, (represented by the blue arrows) are defined in Eq. (7.1). The
lattice geometry can also be thought of as that of a bilayer of two square lattices.

Secs. IV and V, we use the approach, which is based on
combination of nonperturbative results extracted from the
exact solution of the O(4)-symmetric Gross-Neveu model
and random phase approximation. The phase diagram from
Fig. 3 is conjectured from a mean-field approximation that we
derive in the reminder of Sec. III. In Fig. 3, A denotes the
coupling of the non-Abelian current-current interactions be-
tween consecutive blocks. This interaction is either marginally
irrelevant for negative A or marginally relevant for positive
XA. The mean-field phase diagram in Fig. 5 is parametrized
by m, and the mean-field value of the spectral gap |¢ (1)|/2
under the assumption that the so-called singlet Majorana is
gapless, m, = m =0, while a triplet of Majoranas have
the isotropic mass m, = m, for a =1, 2, 3. There exist
mean-field critical lines that correspond to the condition
|¢ (M)|/2 = |m,| along which the mean-field Majorana gap
vanishes. The regions |¢ (1)|/2 > |m,| and |¢p (X)]|/2 < |m]
correspond to phases of matter supporting NATO and ATO,
respectively.

From the mean-field phase diagram in Fig. 5, we conjecture
the phase diagram in Fig. 3 that is parametrized by the
interladder interaction with the uniform coupling A and by
the triplet mass m,. The bare value of the triplet mass is a
function of the microscopic magnetic couplings of any one of
the ladders. For A > 0, the O(4)-symmetric Gross-Neveu-like
interaction guarantees a nonvanishing value for the mean-field
@(A). On the other hand, for A < 0, the O(4) Gross-Neveu-like
interaction also guarantees that the mean-field ¢()) vanishes.
The line m, = 0 is exactly solvable and we use this solution
in Sec. IV. The dashed green line in Fig. 3 corresponds to the
mean-field transition line. The phases NATO and ATO in Fig. 3
correspond to the mean-field regions |¢(A)|/2 > |m,| and
|[¢p(M)|/2 < |m,|, respectively. The nonvanishing mean-field
values for ¢(A) follow from integrating over the Majorana
fields in Sec. III C and deriving a mean field equation obeyed
by ¢(A) in Sec. III D.

In Secs. IV and V, we establish the form of the bulk
excitation spectrum. It consists of Majorana fermions prop-
agating in two spatial dimensions and visons excitations,
which can propagate only along chains. As far as we
are aware, this is the only microscopic model (besides

the Kitaev one) where such particles have been rigorously
obtained.

As we have mentioned above, the lattice model for a single
spin-1/2 ladder is defined in Sec. VI, where we also derive
its continuum limit. The lattice model for a one-dimensional
array of coupled spin-1/2 ladders is defined in Sec. VIIL.
We then discuss its continuum limit, which is the Majorana
Hamiltonian (2.1). We conclude with a summary in Sec. VIII.

II. MAJORANA FIELD THEORY
A. Definition

We begin with
H :="Hy + Hintrataader T Hinterladder» (2.1a)
n 3 i
Hy =3 > 50 (Kad K — Kb Kia)-
m=1 pu=0
(2.1b)
n 3
Himraladder = Z Z i my, X\Iljmj(\ll{mv (ZlC)
m=1 pu=0
2
. n—1 2 3
Himerladder = Z Z Z Xﬁm Xlléer] , (Zld)
m=1 n=0

where the velocities Vs the masses m w and the coupling A
are all real valued. The quantum fields obey the Majorana
equal-time anticommutators

[ 20, T (D) = Syag Sy 8,0 8 — x), (2.10)

where u = 0,1, 2, 3 labels a quartet of Majorana fields, M =
L,R denotes the left and right movers, and mm' =1, ... ,n
is the ladder index. Hamiltonian (2.1) has the following
symmetries.

First, the p-resolved fermion parity is conserved owing
to the symmetry of Hamiltonian (2.1) under the Ising-like
transformation

Xata®) > 0" X a(x), ot = £l 2.2)
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FIG. 3. Conjectured phase diagram of the theory (2.1) withm, =
Oandm, =m fora=1,2,3.

forany u=0,...,3,M=LR,m=1,...,n,and 0<x<L,.
Second, Hamiltonian (2.1) is invariant under the m-resolved
Z, transformation by which

T a(0) 1> 0 Tl (), 0 = 1, 23)

forany u=0,...,3, M=L,R,m=1,...,n,and 0<x < L,.

We observe that ‘H,, defined by Eq. (2.1b) is O(4) sym-
metric if v, = v is independent of j, H, 144, defined by
Eq. (2. 1C) is O(4) symmetric if m L =m is independent of
W, and Hmter]adder defined by Eq. (2.1d) is O(4) symmetric.
This global O(4) = Z, x SO(4) symmetry encodes the global
Z, x SU(2) x SU(2) symmetry of the microscopic interladder
interactions depicted in Fig. 2, as will be explained in more
details in Secs. VI and VII.

B. Limiting cases
In this section, we consider the following limiting cases for
the theory defined by Eq. (2.1) under the assumptions that

vy = Vg,

o Mmy=m, =0,

v,=v, my,=m, a=1,2,3. (24)

A cartoon picture of the theory (2.1) with these assumptions
is depicted in Fig. 4(a).

Case A =0 and m # 0. There are n gapless helical
Majorana fields )’(\ﬁm and flg o form =1, ... n that propagate
in opposite directions in each bundle m. The two-dimensional
system is critical in the singlet Majorana sector where it
realizes a sliding Luttinger phase. This case corresponds to
the vertical axis of the conjectured phase diagram in Fig. 3.

Case A#0 and m,=0. The Hamiltonian (2.1)
simplifies to

H = Hedge—slales,m=1 + Hedge—states,m:n

n—1
+ E Honm:
m=1

(2.5a)

3

i =
= Z 2 M( XRm— axxll{,mzl)’

n=0

o~

H (2.5b)

edge-states,m=1 *
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FIG. 4. (a) A pictorial representation of the theory (2.1) with
my = 0andm, = m fora = 1, 2, 3 when open boundary conditions
(OBC) are imposed along the y direction. (b) A pictorial represen-
tation of the theory (2.1) with my, =0and m, =m, fora=1, 2, 3
when periodic boundary conditions (PBC) are imposed along the y
direction.

3 .
—~ 1 ~ ~
Hedgefstates,mzn . Z E U;L +Xlﬁf,m:n ax Xﬁm:n) ’ (25C)

u=0

HGNm = Z

i N i
XLm 0 Xim — XR,m-HaxXR,m-H)

l\) |

ZXLm Xk, 1

(2.5d)

Here, the four-Majorana interaction in Eq. (2.5d) is an O(4)-
symmetric interaction of the Gross-Neveu type.

The m-resolved symmetry (2.3) of Hamiltonian (2.5) is
enhanced to the invariance under the M- and m-resolved Z,
transformation

5'(\l\lj[,m(x) = UM,m 5'(\l\lj[,m(x)’ OM,m = :l:l’ (26)
forany u=0,....3, M=LR m=1,...,n,and 0 < x <

L. Indeed, whereas any transformation (2.6) changes

mm+] =2 ZIXLMYRM+1 2.1
according to the rule
Pmmt1 7 OLn ORmt1 Pmmt1o (2.8)

it leaves fﬁhm 41 unchanged. Any one of these M- and m-
resolved symmetries obeying the conditions oy o .y = —1
and either o] | = —op , or oy .| = —0p ,, for some m is
broken if any one of the masses m, is nonvanishing. This
enhanced symmetry relative to the symmetry (2.3) reflects the
fact that the limit with all masses m,, vanishing is nothing
but n decoupled Hamiltonians, each of which represents
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FIG. 5. The mean-field phase diagram presented in terms of m,
and the mean-field value ¢ under the condition of m, = 0 and m, =
m fora =1, 2, 3.

a pair of interacting nonchiral Majorana fields evolving in
(1 4 1)-dimensional space-time.

In this limit, Hamiltonian (2.5) is known [20] to be
integrable and gapped (gapless) when v, =v with u =
0,1,2,3and A > 0 (A < 0). Thus we should further distinguish
between the following two cases.

Case ) > 0. The bulk is gapped with the four gapless chiral
Majorana edge modes ., and X{ ._,. Since the chiral
central charge of each edge is two, the corresponding bulk
hosts an ATO. This case corresponds to the positive horizontal
axis (represented by the solid green line) of the conjectured
phase diagram in Fig. 3.

Case A < 0. The four pairs of gapless helical Majorana
fields x{', and xg , with o = 0,1, 2, 3 are freely propagating in
each ladderm = i, ...,n. The two-dimensional bulk is critical
and shares the same universality class as a sliding Luttinger
phase. This case corresponds to the negative horizontal axis
(represented by the solid red line) of the conjectured phase
diagram in Fig. 3.

Case A <0 and m # 0. We conjecture that, since the
Gross-Neveu interaction with A < 0 is marginally irrelevant,
the resulting theory is the same as the case of A =0 and
m, # 0. This case corresponds to the blue colored region of
the conjectured phase diagram in Fig. 3.

Case A > 0 and m, # 0. We conjecture the competition
between two phases, an ATO phase and a NATO phase
separated by a bulk gap closing transition (represented by the
dashed green lines in Fig. 3). This conjecture will be verified
within a mean-field approximation.

III. MEAN-FIELD APPROXIMATION

We are going to carry out a mean-field calculation from
which we deduce the mean-field phase diagram in Fig. 5.
Afterwards, we establish the conjectured phase diagram in
Fig. 3.

PHYSICAL REVIEW B 96, 224420 (2017)

Our strategy does not rely on the O(4) symmetry of the
Gross-Neveu-like interaction, it can generically be broken by
anisotropic singlet (v,) and triplet (v,) velocities, i.e.,

Vg F V.

If we decouple the Gross-Neveu-like interaction in an O(4)-
symmetric way through a scalar field ¢, then a uniform and
nonvanishing expectation value for ¢ provides the singlet and
triplet Majoranas with an O(4)-symmetric mean-field mass.

In the process of solving the mean-field gap equation
(3.32a), we shall be primarily interested with the case m, = 0
for which the decoupled ladders are fine-tuned to an Ising
critical point. In Fig. 3, we identify the regions from the A-m,
plane for which the mean-field single-particle singlet gap is
nonvanishing when periodic boundary conditions (PBC) are
imposed.

3.1

A. Hubbard-Stratonovich transformation

We proceed with some manipulations on the partition

function
LX o~
Z :=Tr exp (—ﬂ / dx H),
0

where £ is the inverse temperature, the trace Ais over the Fock
space spanned by the Majorana fields, and H was defined in
Eq. (2.1). We can manipulate the interladder current-current
interaction (2.1d) by introducing an auxiliary scalar field. This
we do using the path-integral representation of the partition
function.

We work in two-dimensional Euclidean space-time and
use the path-integral representation of our model. Periodic
boundary conditions are imposed in space across the rectangle
ofarea L, x L. Weshalldenote by a, = 1/A, the separation
between two consecutive ladders. We shall denote by a, =
1/A, the ultraviolet cutoff along the ladders. The boundary
conditions along the imaginary-time segment [0, §[ are peri-
odic for bosonic fields and antiperiodic for Grassmann-valued
fields. The model is defined by

(3.2)

Z = fD[tb]/D[Xo,xl,xz,f]e*S, (3.3a)
PRI LY
S = f dt f dx Z (E)(,m + £¢,m + 'Cx,qu)’
0 0 n=1
(3.3b)
1 3
Lomi=5 D[, +iv,00x(",
n=0
+ XD = 10,0 Xk n )5 (3.3¢)
1
Lyni= ﬂ(%,mﬂ)z, (3.3d)

3 3
1
— . T TR
Ex,qb,m = Z 1M, X1 n XRm + Z E(_IXL,m XR,m+1)¢m,m+1'
n=0 n=0

(3.3¢)
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Here, the engineering dimensions of the Majoranas are
length~!/2, the engineering dimensions of the auxiliary
bosonic fields are length™!, and the engineering dimensions of
the couplings A are length®. The action (3.3b) has the following
symmetries.

First, the u-resolved Majorana parity is conserved owing
to the symmetry of S defined in Eq. (3.3b) under the Ising-like
transformation

Xl\ljl,m(r"x) — ot xl\’f[’m(r,x), ot = 41, (3.4)
foranyu =0,....3, M=LRmn=1,...,n,0< 7 <g,and
0<x<L,.

Second, action (3.3b) is invariant under the m-resolved
Ising-like transformation

H Iz
X m(Ts-x) = o, X m(T,x), Oy = :l:l’

" " (3.5)
¢m,m+l(f’x) = Gm 6m+1 ¢m,m+l(r7x)v

foranyu =0,....3M=LRm=1,...,n,0< t<f,and
0<x<L,.

The m-resolved symmetry (3.5) of the action (3.3b) is
enhanced in the massless limit m, = 0 for u =0,1, 2, 3to
the M- and m-resolved symmetry under the transformation

Xarn(T-X) = Oy Xipn(T-X)s Oy = E1,

¢m,m+1(r"x) = aL,m aR,m+1 ¢m,m+1(r’x)’ (36)
foranyu =0,...3, M=LRmn=1,...,n,0< 7 < B,and
0 < x < L,. Any nonvanishing mass m u reduces the M- and
m-resolved symmetry of the action (3.3b) to the m-resolved

symmetry (3.5).

Ly/a,

/8 L/\'
SX~|—SX.¢,E/O dr/o dx Z (LontLysn)

m=1

=S bt 1y T ) ()
Y 7 AR 0,k XL —0,— l(mu — et 1g) iw+v,k,

The mean-field Majorana single-particle Hamiltonian is de-
fined by

=" 1, (3.11b)
n=0
where
1 ik\' \'Q
EMF . l _vuklx _l(mu —ethe 2) .
vk = 2 \im,, — e g) vk,
(3.11c)
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B. Mean-field Majorana single-particle Hamiltonian

To proceed, we assume that the scalar fields are independent
of space-time and of the index m, i.e.,

Ly 1 2
¢m,m+l(T’x) = ¢v S¢ = /3 Lx Cl__¢ . (37)

y 4

This assumption implies translation symmetry in space-time.
Hence we introduce the Fourier transformations

a .
" _ Y —i(k, x+k, ma,—wt). N
T,X) = E e T
XM,m( ) ﬂ Lx L . XM,a),k
(3.8a)
with the reality condition
Xl\lfljkw,k = Xl\ljl,—u),—k (38b)

foru =0,1,2,3, M=L,R,andm =11, ... ,Ly/ay. ‘We shall
make use of the identity

B L. L,/ay
/ df/ dx Z Xllf,m X}lzﬁm+1
0 0 -

— § —ik,a, 1 1z
- e v XL,—w,—k XR,u),k
w,k

(3.9)

for any u = 0,1, 2, 3. We should emphasize that we have
imposed periodic boundary condition along the y direction,

XMoani1 = X1» M =LR, (3.10)

when we perform the Fourier transformation. This amounts to
extending the upper limit for the summation from n — 1 to n
in the original interladder Hamiltonian (2.1d). This choice of
boundary conditions is depicted in Fig. 4(b). If so,

(3.11a)
Xllj,w,k

Thus there are eight branches of mean-field excitations with
the dispersions (under the assumption that ¢ is real valued)

L ¢
sﬂi(kx,ky) = i§ vﬂkx +my, + il mﬂqb cos(kyay),
(3.12)
for u =0, ...,3. The mean-field gaps are nonvanishing if and
only if
+ik, a, ¢
m, —e- »‘5;&0. (3.13)

More specifically, the mean-field Majorana gap around (k, =
O,ky =0)and (k, = O,ky =m)are, foru =0,...,3,

_¢

€,+0,0)—¢, (0,0)= ‘mu (3.14a)
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and

8M3+(0,71’) — SM’_(O,TL’) = ‘mu + %
respectively. The mean-field gap (3.14a) and (3.14b) is
the smallest gap when sgn(m ,¢) = + and sgn(m,¢) = —,
respectively.

For any nonvanishing mean-field Majorana gap A,

191
=l

, (3.14b)

A, = ‘|mﬂ| — (3.15)
the flavor p realizes an insulating phase. Whether this
insulating phase is trivial (no protected edge state when OBC
are imposed along the y direction) or nontrivial (existence
of protected edge states when OBC are imposed along the
y direction) depends on the relative magnitude of |m | with
respect to the mean-field value |¢|/2. The flavor p realizes a
topologically trivial insulating phase if

[

lm, | > - (3.16a)

while it realizes a topologically nontrivial insulating phase if
[l

Im,| < ER (3.16b)

The criteria (3.16) for the topological nontrivial and trivial
phases can be understood as follows. In the limit |m ,|/|¢| =
oo, the single-particle mean-field Hamiltonian is gapped by
pairing left- and right-moving Majorana modes in one ladder
at a time. By construction there is no edge state. This is
the topologically trivial insulator. In the opposite limit of
Im,[/I¢] =0, not all Majorana modes are paired. A pair
of Majorana modes with opposite chiralities remains free to
propagate in the first and last ladder. A phase transition should
occur when |m,|/|$] is of order 1/2. Figure 6 captures the
essence of this criterion.

Once it is established that ¢ is nonvanishing, the resulting
central charge of the edge states depends on how many m,,
for u = 0,1, 2, 3 satisfy the topologically nontrivial condition
(3.16b). For instance, if one (three) out of the four m , satisfies
Eq. (3.16b), then the central charge of the edge state is
1/2(3/2). We conclude that the gapped bulk hosts NATO.
Similarly, if two (four) out of the four m u satisfy Eq. (3.16b),
then the central charge of the edge states is 2 (4). We conclude
that the gapped bulk hosts ATO.

We close this discussion by observing that the mean-field
single-particle Hamiltonian (3.11c) was studied recently by
Kane et al. in Ref. [12] [see their Eq. (58)] from a different
perspective, namely that of a wire construction for paired states
in the FQHE at an even-denominator filling fraction v, say
v=1/2.

C. Integrating out the Majorana fields

In what follows, we only consider the case v, = v, m; =
mg, v, = v, and m, = m for any a = 1, 2, 3. The extension
to the case of arbitrary values for v, and m, does not present
major difficulties.

Integration over the Majorana fields delivers the product of
two Pfaffians. There is a Pfaffian that arises from integrating

PHYSICAL REVIEW B 96, 224420 (2017)

edge state trivial insulator imp,|
’ ¢ > gl
0 1
(a) 2
A 3 N,
m, m, m,
VA 718 VA V48 VA 743
(b ) . S . S S J
VAX S P V< S nwr oy

© N

FIG. 6. (a) Flavor(u)-resolved phase diagram for the single-
particle mean-field Hamiltonian as a function of |m,|/|¢|. The
topologically trivial insulating phase in the limit |m ,|/|¢| = oo is
depicted in (b). The topologically nontrivial insulating phase in the
limit |m,|/|¢| = O is depicted in (c). A phase transition should occur
when |m,|/|¢] is of order 1/2. (b) When ¢ = 0 and m, # 0, the
single-particle mean-field Hamiltonian is gapped by pairing left- and
right-moving Majorana modes in one ladder at a time. By construction
there is no edge state. This is the topologically trivial insulator. (c)
Whenm, = 0and ¢ # 0, notall Majorana modes are paired. A pair of
Majorana modes with opposite chiralities remains free to propagate in
the first and last ladders. This is the topologically nontrivial insulator.

over the singlet x’s, and another Pfaffian that arises from
integrating over the triplet x“’s. It follows that

7 x f Dlgple ™, (3.17a)
S =S, + Sg, (3.17b)
BL,L,¢
= — 17
S a, 4rx° (3.17¢)

v

1 2 k,
Sg 1= —3 Xk: |:ln (—aﬂ_vfk%—mf -7 + my¢ cos A_}>

y

2 k
+31n (—a)z—vfkf,—mlz—I + m,¢ cos A—‘>:|

y

(3.17d)

Here, we have introduced the momentum cutoff

(3.17¢)

The action S’ controls the global symmetries of the theory.
It is invariant under the global Ising-like (Z,) transformation
defined by

¢ —¢ (3.18a)
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if we compensate this change of sign with the change of D. Mean-field gap equations
variable The saddle-point equation
a, a8
ky >k, + A, (3.18b) 0= S, (3.19)
’ BL,L, 9¢
in the summation over k.. is then explicitly given by
|
1 k)_ 1 k),
1 a, 1 3¢ —mg cos 3~ 3 ¢ —m, cos 3~
. - Z 1 ’ —+ ] : T (3.20)
a0 BL Ly R 202 4 02k 4 mE+ 92 —m ¢ cos - 2 w? +v2kE+ m? + 162 — m ¢ cos T
We observe that Eq. (3.20) is invariant under
¢ = _d)v
mg > —mg, (3.21)
m, > —m,.
It is also invariant under
mgr> —mg, mg > —m, (3.22a)
if we compensate this change of sign with the change of variable
ky >k, + A, (3.22b)

in the summation over k. The same is true of the partition function defined in Eq. (3.17).

In the limit § — oo, L, — 00, and L, — 00 (zero temperature and thermodynamic limit), the sums become integrals
in three-dimensional space-time. Power counting predicts that those momentum integrals are logarithmically divergent in the
ultraviolet. A momentum cutoff is thus needed to evaluate those integrals. It is chosen to be [k, | < 7w A, and |k,| < wA,. All
integrals over the Matsubara frequencies are performed before the momentum integrals by application of the Residue theorem.
To this end, the identity

/+ood“’ a L@ beR (3.23)
= =z , 4, , .
oo 2 @2 4+DbE 2. /p2
is used. The remaining integral over k, is of the form
/ ' d ! i h<b> 0 b (3.24)
X ———— = arcsinh| — |, < a,b. .
0 Vx?+a? a
Finally, the remaining integral over k, can be simplified by changing variable
5 3.25
9= (3.25)

In summary, the saddle-point equation has become the single integral

® M| 1 [tTdqg( ¢ 2m, , 21 A v 3
0= _ 2= g = _ S cosq ) arcsinh ‘ - —[s—>t. (3.26)
2N, 4m|vg ), 2n\27A, 27A, V4m2 + 2 —4m ¢ cosq 4r

Equation (3.26) is a nonlinear equation for one unknown 2:;1& It can only be solved numerically for arbitrary value of A, 2:_/‘\/

and zﬂm—A (set v, = v, = 1) if no further approximation is imposed. Nevertheless, it is still useful to look at two limiting cases of
the saddle-point equation (3.26).
Case A = 0. The solution for ¢ is simply

¢ =0. (3.27)

Case my = m; = 0. Assuming ¢ # 0, Eq. (3.26) simplifies to (set v, = v, = 1)

A 2w A
1=— arcsinh( i ) (3.28)
b4 @]
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2w A,

Since arcsinh( 9]

Pl =27 A,

sinh(Z

PHYSICAL REVIEW B 96, 224420 (2017)

) is positive, we must require A > 0 to find the solution of ¢ from (3.28). Nonvanishing solutions for ¢ are

3 A > 0. (3.29)

E. Approximate mean-field gap equations

Insertion of the asymptotic expansion

arcsinh(x) & In (2x) + O(x ) (3.30)
into the saddle-point equation (3.26) gives
0= 2n¢Ax - %[vl /:” Z_Z(zjz\x _ 23:;\ cosq) x In (\/4’"g +:;fo:;15¢ Cosqﬂ _ :—7);[5 1 (33la
with the conditions
0< \J4m2 +¢2 —4m § cosq < 2mA v, (3.31b)
and
0< \/4ml2 +¢? —4m ¢ cosq K 2w A v, (3.31¢)
The integrals in Eq. (3.31a) can be carried out. There follows
_ o oafe o avman
2nrA, 4w | 2nA, \/4m§ + 92 + [4m2 — ¢?|
-1 2 2 2 2
i) |GG R -G - e
with the conditions
0 < 2lmy| + 16| < 27 A, v, (3.32b)
and
0 < 2|m| + ¢ K27 A, v, (3.32c¢)

From now on, we treat the case m, = 0 for which

¢ Al ¢

4V2m A, )

_ » n<4rrAxvs) 3x 1 ¢ « In
2w A, 4w 2mA, || dm v | 2 A, \/4mt2 + 2 + [4m? — 2|

1/ ¢ 'Y o\ [ 2m \? o \° ([ 2m \
_4_1(271AX) (27TAX> +<27rAx) - (27TAX) _<271Ax)

with the conditions
0< (9] K2 A v (3.33b)
and
0<2|m] + ¢l K2 A v,. (3.33¢c)

Equation (3.33) is solved for the following four cases.
Case m, = 0. Assuming ¢ # 0, Eq. (3.33) simplifies to (set

v, =v,=1)
A 4w A,
I=—1In
T |91

(3.34a)

i| } (3.33a)

[
with

0 < |p| <« 27A,. (3.34b)

Since In (x) is positive for x > 1, we must require A > 0 to
find the solution of ¢ from (3.34a). Hence a solution with a
nonvanishing |¢|/(2w A, ) is

A
=2xe 7,

]
2w A,

A > 0.

(3.35)

This is the usual weak-coupling BCS gap.
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Case |¢| < 2|m,]|. It follows that 4m% — ¢? > 0. Assuming
¢ # 0, Eq. (3.33) simplifies to (set v, = v, = 1)

| = % In <4’|T¢‘|\X> n j—i In <2|’:n‘3> - ;’—i (3.36a)
with
0< |¢] < 27A, (3.36b)
and
0 < 2m| + 1| < 27A,. (3.36¢)

Hence a solution with a nonvanishing |¢|/(2m A ) is

-3
[ — 0% 32y M % e—4T/x (3.37)
2w A, 2w A,

Increasing |m,| decreases |¢|. Increasing A > O decreases |¢|.
There is a competition between A > 0 and [m,].

Case |¢| > 2|m,|. It follows that 4m? — ¢ < 0. Assuming
¢ # 0, Eq. (3.33) simplifies to (set vy, = v, = 1)

2
=2 <4’”\x> _ 3 (ﬂ) (3.38a)
T || 2n\ ¢
with
0< |9l € 2mA, (3.38b)
|
PV 111 4rA
- — — m _
d¢? 2% 8w, ||
1 -2 2
+ - ¢ ¢ +
4\2 A, 2w A,
with
0< ¢l K2 A v, (3.43b)
and
0<2Im|+ o] K2 A, v,. (3.43¢)

There are four cases to consider.
Case m, = 0. Insertion of Eq. (3.35) into Eq. (3.43) gives
(setvy=v,=1)
82 Veff
02
Solution (3.35) is a local minima of the effective potential.

Case |¢| < 2|m,]|. Insertion of Eq. (3.37) into Eq. (3.43)
gives (setv, =v, = 1)

1
=— >0.

saddle 2m

(3.44)

82 Veff

a2

1
=— >0.

(3.45)
saddle 87

31, 427 A v,

2m N ¢\ [ 2m
. 2w A, 2w A,

PHYSICAL REVIEW B 96, 224420 (2017)

and
0<2|m]|+ ¢l K2mA,. (3.38¢c)
Hence a solution with a nonvanishing |¢|/(2m A ) is
|¢| e+%(%)2
2w A,

Case ¢ = +2m .. Assuming ¢ # 0, Eq. (3.33) simplifies to
(setv,=v, =1)

=2e T/,

(3.39)

A A7 A 3
1=t (28 22 (3.40a)

T |p] 8

with
0 <2lp| K 2mA,. (3.40b)
Hence a solution with a nonvanishing |¢|/(2mw A ) is
2 big
PV _ 2lmd o as ok (3.41)
2 A, 2w A,

F. Hessian at the saddle points

We are going to compute the Hessian of the effective
potential defined by S’ in Eq. (3.17). To this end, define

Cly ,

Ve =
eff ,3 Lx Ly

(3.42)

We begin with the saddle points of Vg, for my =0 within
logarithmic accuracy. They are simply given by the right-hand
side of Eq. (3.33a). Next, we turn our attention to the second-
order derivative of Vg,

—1

n
\/4mt2 + @2 + [4m} — ¢?|

:| ] (3.43a)

minima of the effective

Solution (3.37) is a local

potential.
Case |¢| > 2|m,]|. Insertion of Eq. (3.39) into Eq. (3.43)
gives (setv, = v, = 1)

13 :
=— - — <ﬂ> > 0.
saddle 27 27 d)

Solution (3.39) is a local minima of the effective potential.
Case ¢ = £2m,. Insertion of Eq. (3.41) into Eq. (3.43)
gives (setv, = v, = 1)

82 Veff
02

(3.46)

32 Veff
¢

=—>0.

(3.47)
saddle 87

Solution (3.41) with A > 0 is a local minima of the effective
potential.
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G. Interpretation

To proceed, we recall the definition of the mean-field
Majorana gap (3.15)

2

Ay = A = %' (3.482)
for the singlet Majorana field with m = 0, and
A [l
A=A =|m|——|, a=1,23 (3.48b)

for the triplet of Majorana fields, and the corresponding
topological criteria (3.16). One observes that the singlet
Majorana gap A (3.48a) is nonvanishing as long as ¢ # 0.

The approximate mean-field solution given by Egs. (3.35),
(3.37), (3.39), and (3.41) when |m,| =0, |¢p| < 2|m,|, |p| >
2|m|, and |¢| = 2|m,|, respectively, imply the mean-field
phase diagram shown in Fig. 5. More specifically, we first
look at the line m, = 0, along which we have a nonvanishing
value of ¢. This corresponds to a phase with (mean-field)
ATO, for which the boundary realizes a CFT with central
charge 2 as both the singlet and triplet of chiral Majorana edge
states are gapless. We also find that |¢| reaches its maximum
value when m =0 for a given A > 0. The generic trend is
that |¢| decreases as |m,| increases. If we increase |m,| a
little away from 0, |¢| decreases a little. However, the ATO
phase is robust, for the mean-field bulk gap A  and A, (3.48)
remain nonvanishing. We have to increase |m,| until it satisfies
2im,| = |¢| for the mean-field triplet bulk gap A, (3.48b) to
close. Only then can the (mean-field) ATO phase be destroyed.
The triplet bulk gap A, reopens when 2|m,| > |¢|, however the
triplet of chiral Majorana edge states are now gapped, leaving
only a singlet of massless chiral Majorana edge states. This
mean-field phase supports (mean-field) NATO, for which the
boundary realizes a CFT with central charge 1/2. In the large
|m | limit, the value of |¢| is further suppressed [see Eq. (3.37)].
However, the mean-field bulk gap A  and A, remain gapped,
whatever the small but nonvanishing value of |¢]| is.

The assumption that the singlet mass m vanishes in order
to derive the nonvanishing solutions (3.35), (3.37), (3.39), and
(3.41) to the gap equation (3.33) is not essential as long as
a nonvanishing m, is smaller in magnitude than the saddle-
point |¢/2|. This is to say that the ATO and NATO phases for
A > 0 and m, = 0 extend to nonvanishing yet not too strong
|¢/2| > |mg| > 0. The ATO and NATO phases do not require
a precise tuning of the two-leg ladders to their Ising critical
point provided the detuning is smaller in magnitude than |¢ /2|.

IV. BEYOND MEAN-FIELD THEORY: DIMENSIONAL
CROSSOVER FROM A RANDOM PHASE
APPROXIMATION

The mean-field approximation of Sec. III is done in two-
dimensional space. It posits that all excitations belong to a
quartet of pointlike particles obeying the Majorana equal-time
algebra. However, the line m =m =0 when v, = v for
w=0,1, 2, 3in Fig. 3 corresponds to an integrable model for
which this is not the case. As was alluded to below Eq. (2.5),
Hamiltonian (2.5) with A > 0 is a massive theory in which
the quartet of Majoranas do not exist as sharp (coherent)
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excitations, i.e., none of the components

Gld

w,M,m; /' M’ m
1= = (0 Xn.n(@:k) K (—0, — k) [0)

(the ket |0) denotes the ground state) support poles. Here, @
is a fermionic Matsubara frequency, k, is a one-dimensional
momentum, wu,u’ = 0,1, 2, 3 refer to the index for the
quartet of Majorana fields, M,M’ = L,R refer to the left-
and right-moving components of the Majorana fields, and
m,m’ = 1, ...,n refer to the index of the ladders.

The line m, = my = 0 when v, =V for u =0,1, 2, 3 in
Fig. 3 consists of decoupled one-dimensional Gross-Neveu
Hamiltonians with O(4) symmetry, recall Eq. (2.5d), each one
of which has the Lagrangian density

(w,k,)

“.1)

~ o~ o~

Loy = Lo+ Higs (4.2a)

Y

3
~ 1 ~ . o~ . ~
0 = Z [Xﬁ‘(E)T +iv Bx)xf + x}’{(ar —iv BX)X]’{],
(4.2b)

3
~ A it~
H = 7| 2% % | - 4.2¢)

where the velocity v and the coupling A are all real valued.

We are going to extract the single-particle Green function
for the Majorana fermions with the Hamiltonian (4.2) using
nonperturbative results valid for integrable systems. We will
then treat a nonvanishing mass m, 7 0 nonperturbatively
within the random phase approximation (RPA).

Itis known [20] that the O(4) GN defined by the Lagrangian
density (4.2) is equivalent to two independent copies of the
sine-Gordon model. We identify the first copy as the spin-
sector and the second copy as the charge sector for interacting
spin-1/2 electrons. In turn, the creation 1}\;,[0 and annihilation
{ﬁ\M’U operators for the electrons are related to the Majorana
fermions by

—~ 1, -~ |

Vg = E(X& —iXm)s Ywmp = E(Xﬂa +1iXy)s (4.32)
—~ | P -~ 15 .

‘phl/u = _(X;/[ - 121(\)/1)’ Uny = _(Xﬁq + IY&), (4.3b)

V2

where M=L,R and o =1,|. By relying on Abelian
bosonization rules, the O(4) GN Lagrangian density (4.2)
becomes

S

Lon = Lons + Lones (4.42)
~ 1 - I A —~
Lons = 5[5 @:8)" +v,0,8)°] = 7 cos(B@,), (4.4b)
~ 1 A A A —~
Lone = 5[0 080 +0.0,87°] = 7 cos(BR), (440)
with

(4.4d)

<
I
<
1]
<
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and

8

. 4.4e
I+ Z (4.4¢)

ﬁ:

Equation (4.4) is also derived in Sec. VII starting from the
spin-1/2 lattice model depicted in Fig. 2.

The quantum critical point A = 0 (8 = 87) supports an
§u(2), ® su(2), current algebra. When A > 0 (82 < 87), each
cosine interaction becomes marginally relevant, a spectral gap
opens up, and solitonlike excitations (kinks) by which the
asymptotic expectation values of @,(x,7) with a =s,c at x =
—o00 and x = 400 changes by £27/8 over a region of size
1/M can be thought of as massive particles with the mass M
a function of the deviation 87 — g% > 0. At g =4, Lgy,
is a noninteracting massive Dirac theory for both a = s and
a = c. When % < 4, breather modes supplement the kinks
as massive point-like excitations.

If the real-valued scalar field @(t,x) is decomposed into
left- and right-moving parts according to the rule

Pu(T.X) = Gy r(T +ix) + @, 1 (T — i), (4.52)

it is then possible to use the Mandelstam representation

> N iy iRy
WM,O' = —0 M g/ s,

Var

with M=L,R, 0 =1,], fT = —f¢ =1, and 5, the Klein
factors fulfilling

(4.5b)

Ngomot =28, - (4.5¢)

The chiral vertex operator exp(Ziv/2m @, ;) carries the
Lorentz spin

s = +1/4, (4.6)

i.e., under the rotation

T +ix > €% +ix) 4.7)

of two-dimensional Euclidean space, it is multiplied by the
phase exp(£ia/4). The chiral electron annihilation operator,
which must carry the Lorentz spin s = 1/2, is glued by taking
the product of two chiral vertex operators, each of which carries
the Lorentz spin s = 1/4, according to Eq. (4.5).

To calculate the two-point correlation functions for the
chiral Majorana fields, they are first expressed in terms of two-
point functions for the chiral electron fields using Eq. (4.3).
The Mandelstam representation (4.5) is then used to represent
the two-point Green’s functions for the Majorana fields in
terms of two-point functions for the chiral vertex operators.
Finally, the two-point functions for the chiral vertex operators
are calculated using the form factors of the massive integrable
theory defined by the Lagrangian density (4.4).

R R T+ ix
Gii(r.x) := —(0IX{' (2.0) X (0,0)10) = —Z; <r —ix
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In a relativistically invariant massive integrable theory
in two-dimensional Euclidean space, all multiparticle states
are the kets

16500 e, (4.8a)

with the many-body energy

> E (). E.(6;):=M cosht;,  (4.8b)

o J J
the many-body momentum

n M '
Z P_(9,). P.(0;):=— sinho,, (4.8¢)
i J v
j=1

where 0, denotes the rapidity of a single-particle state with
the quantum number ¢;. They are pairwise orthogonal and
orthogonal to the ground state |0) with the resolution of the
identity

= 0 g0 ... deo
= il S/}
1 =10)(0] + Z}Z/_w Gyt

...6,) oG(f, .. 0,]. (4.8d)

The two-point functions for the chiral vertex operators are
calculated using an integral representation for the form factor

P e N 4.9)

due to Ref. [21]. Following Refs. [22,23] we will truncate
the resolution of the identity (4.8d) to the order n = 1 when
evaluating the form factors for the electron operators.

The one-particle form factors for the pair of chiral vertex
operators exp(i«/E?p\a’M) between the vacuum and a state
supporting a single soliton are

01V Pur|0) ~ \/Z, (2 My~ /4 e/, (4.10a)
01V Pur)0) &~ \/Zy Qe Mv )4 e 4 (4.10b)

The dependence on the rapidity 6 is fixed by Lorentz
invariance, whereas the positive constant Z, is not fixed by
symmetry, but was calculated in Ref. [21] to be

Z, ~ 0.92. (4.10c)

In the same work, it was demonstrated that most of the
spectral weight is contained in the emission of a single
kink. For example, about 80% of the spectral weight in the
spectral functions entering the Majorana two-point functions
(4.12) originate from the emission of a single kink. After
substituting these matrix elements into the Lehmann expansion
for the Majorana two-point functions in (1 + 1)-dimensional
Euclidean space, we obtain, for any u = 0,1, 2, 3 and after
setting v = 1,

2 —2Mp
Zye

T 4.11a)

1/2 2
(/+oo ﬁe,g/z e Mp cosh@) —
oo 2T
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Grr(t,x) := — (0| Xk (,x) X% (0,0)]0) = —Z; (

Gix(T.x) = Gyl (7,x) 1= —(0]%(1,x) X4 (0,0)|0) = —Z5 M ( f

where

1o
Ko(z):=5/ dte 20 oo J72 4 12

o0

T —ix

T+ ix

PHYSICAL REVIEW B 96, 224420 (2017)

12 2 B
/ /+OO ﬁe+9/2 e~ Mpcosho ) _ _M (4.11b)
% (T +ix)
2
too d_@ e Mp cosh@ _ _M 4.11c)
oo 27 B w2 -
@.11d)

Fourier transformation to imaginary frequency (@) and momentum (g) space followed by the analytic continuation & —
—iw + 0% delivers the retarded two-point Green functions for the chiral Majorana fields given by

Gld (w _— . iot—igx ~1d ~ Z(% _ 1
L(w,g) ;= lim dtdxe GiL(t,x) ~ | — ——, (4.12a)
®—> —iw+07T w—q /1 — S2/(2M)2
Gld ( ) 1 d d i T—ig x Gld ( ) Z(% 1 1 (4 12b)
w,q) = im tdx e T,X) ~ e .
RR{®-4 D> —iw+0+ RR o+q V1 —152/2M)?
L z2 2 i 2M
Gir(@.q) = Gl (@,q) :=  lim /dfdx VT GlR(T) N = aresints/2M) ., (4120)
O—> —iw+0* 2M 7 [S/(ZM)] 1-— [S/(Z]M)]2
where
52 = w? — g% (4.12d)

Observe that the Green functions (4.12a) and (4.12b) are
even functions of M, while the Green function (4.12¢) is an
odd function of M. This latter fact follows from the bond
operator (2.7) being odd under any transformation (2.6) with
OLu ORat1 = ~ L.

Once we turn on a nonvanishing m,, we restore true
two-dimensionality of space. In the spirit of the RPA for
dimensional crossovers from lower to higher dimensions, we
make the RPA ansatz for the retarded Green’s function in
momentum space:

GURPA () | k) = — . (4.13a
(@,k, k) G = T (4.13a)
where
N Gii(w.k)  Gijlw.k,)
G'Yw,k,) = (4.13b)
Gri(wk,)  Giglw,k,)

and the Fourier transform of the perturbation M (k,) is given
by

mu eiik,v 0 (413C)

+ik,
M(ky)::( 0 m, e )

If the operator-valued denominator on the right-hand side
of Eq. (4.13a) acquires first-order zeros as eigenvalues, then
this RPA predicts that a nonvanishing m, turns the Majorana
fields into well-defined quasiparticles. The condition for this
to happen is that the determinant of the denominator on the
right-hand side of Eq. (4.13a) vanishes, namely,

0=1-2m, Gl%(w.k,) cosk, —m? detG'"(o.k,).
(4.14)

(

Substituting the retarded Green’s functions from Eq. (4.12),
we obtain the dispersion for the triplet of Majoranas (the
singlet ones at m, = 0 do not propagate, at least in this RPA
formalism) from solving

- (57182 G) — £ Gin)]

cos ky ~ - : , (4.15a)
=2(557*) / (3)
where we have introduced the auxiliary functions
) 1 (1 1 ) £ 2 arcsin (x)
x)i=—|1—- —), X) = ———,
8 X V1 —x2 T xA/1—x?
(4.15b)
with the limiting values
liI‘I(l) gx) =0, lir% fx)=2/m, (4.15¢)
and the asymptotic expansion for |x| < 1
1 35 2 2,
= ——x — Zx3... =Z(1+Z ).
g(x) Xy S n( t3+ )
(4.154d)

We note that the RPA spectrum (4.15a) is invariant under

the simultaneous transformation
ky — ky + 7, (4.16)

For small |m,/M| <« 1, we deduce from Eq. (4.15) the
relation

(s/2MP ~ 1 — (Z2m /M)’ cos’k,, |k,| <7/2. (4.17)

m, = —m,.

As it should be, no RPA excitations can be found below
the threshold 2M for the two-soliton continuum when m, =
0. However, for any infinitesimal m, 7 0, one finds RPA
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FIG. 7. The solid lines are the dispersions s/(2M) for the
triplet of Majorana modes as a function of k, that follows from
solving Eq. (4.15a) for different values of A = —Z(ZJ m,/(2M). The
dashed lines are the corresponding dispersions obtained from the
approximate dispersion relation (4.24a).

excitations that are dispersing along the m direction with the
momentum k, below the threshold 2M.

For arbitrary |m,/M|, one can solve Eq. (4.15) numeri-
cally, thereby confirming the analytical results obtained for
|m./M| < 1. Figure 7 displays the values of the pair

(ky8) = (kyoy/0? = K2) (4.18)
that solve Eq. (4.15a) holding
PR LI (4.19)
= - > .
2M

fixed. By inspection of the dispersions (s,k,) for different
values of A, we deduce the existence of a spectral gap except
for the special case when
b4
A— —,

2

which is nothing but the solution to Eq. (4.15a) in the limit
ky — 0 and s — 0, namely the solution to

(4.20)

B 2
0= (1 - — A) . 4.21)
T
The condition
Zim, 7w
— = — 4.22)
2M 2

is nothing but the RPA counterpart to the mean-field transition
from the ATO to the NATO phases by which the number of
Majorana edge states changes. The numerical value of the
condition (4.22) with Z§ ~ 0.85 is
ml 57
— ~3.7. (4.23)

When |A — (7/2)| < 1, we can expand the right-hand side
of Eq. (4.15a) in powers of s/(2M) with the help of the
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asymptotic expansion (4.15d). One finds the dispersion
64 \ 17" /4M\?
3x2 A
L, 2A :
X |sin"k, + | — —cosk, .
bid

The squared mass [take A ~ /2 in the first square bracket
and k, = k, = 0 on the right-hand side of Eq. (4.24a)]

2 8M Z(A ”>2<<M2
Mapy ~ | — -=
RPA TA B
for the triplet of Majorana fields follows.

At values of A > /2, the gap increases fast. It should
also be noted that the dispersion does not include the entire
Brillouin zone; there is a critical value of ky beyond which
it crosses into the two-soliton continuum above the energy
threshold 2M.

32
wz %kf—f— [ﬂCOSk + (1 —
(4.242)

(4.24b)

V. TWO-DIMENSIONAL MAJORANA FERMIONS,
ONE-DIMENSIONAL SOLITONS

Both the mean-field approach and the one based on
combining the exact solution for the Majorana two-point
correlation functions of the one-dimensional Gross-Neveu
Hamiltonian (2.5) with the RPA tell us that the excitations
of the model of coupled wires obeying periodic boundary
conditions in all space directions can include Majorana modes.

In the limit m = my =0, the low-lying excitations of
the Gross-Neveu Hamiltonian (2.5) are exclusively made of
solitons. These solitons propagate along the x direction only
(i.e., in one dimension only) above the energy threshold M
introduced in Sec. IV. Remarkably, these solitons are also
present in the spectrum when a small in magnitude m, # 0 is
added to the Gross-Neveu Hamiltonian (2.5), i.e., they are not
confined by the crossover to two-dimensional space induced by
the coupling m, # 0. To arrive at this conclusion, we proceed
as follows.

We are going to show that the symmetry (3.5), which
implies the conservation of the m-resolved Majorana parity,
(i) cannot be spontaneously broken at any nonvanishing
temperature 7 > 0 and (ii) is spontaneously broken at zero
temperature 7 = 0. The free-energy argument underlying
claim (i) is that there are gapped one-dimensional excitations
of solitonic character in the many-body excitation spectrum
of Hamiltonian (2.1) above the energy threshold M. Their
Boltzmann weight at the temperature T is of order e=™/T so
that their average separation is of order

E(T) ~ eM/T, (5.1)

This length scale thus diverges exponentially fast upon
approaching the zero-temperature limit at which long-range
order associated to the spontaneous symmetry breaking of the
symmetry (3.5) occurs.

Absence of spontaneous symmetry breaking of the symme-
try (3.5) at any nonvanishing temperature 7 is a consequence
of the local character of the symmetry (3.5) with respect to
the label m. Spontaneous symmetry breaking of the symmetry
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(3.5) at T = 0 results from the global nature of the symmetry
(3.5) with respect to imaginary time t and the coordinate x.

The proof of claim (i) goes as follows. Integrating the
Majorana fermions in the partition function (3.3) endows
the dynamical field ¢, .. ,(7,x) (that carries the engineering
dimension of length™!) with an effective action that must obey
the symmetry (3.5).

The effective action for the dynamical field ¢, (7,x) with
a local Lagrangian density cannot contain a term such as

£K =K [¢m,m+1(‘[’x) - ¢m+1,m+2(‘c’x)]2’ (52)
whereas a term like
¢
L= M2 [Qﬁmﬂ(r,x) - ¢x§+l.m+2(f’x)]2 (.3)

is allowed by the symmetry (3.5). Here, the couplings x and ¢
are dimensionless. If we define the length scale

b= —
M

has the two-soliton profile

) ()]

(5.5)

(5.4)

and assume that ¢ .,

¢m,m+l(rvx) X ¢ |:arCtan(x +

along the x direction (¢ > 0 is arbitrary), we find that, if
R > £, the action penalties are given by

K ¢?
S ~——R 5.6
7 (5.6)
and
¢ 02 ¢t
S, ~ £, 5.7
™ (5.7)

respectively. At any nonvanishing temperature 7 > 0, the
action penalty (5.6) causes the linear confinement of the
pair of solitons, centered at R and —R, respectively. At any
nonvanishing temperature 7 > 0, the action penalty (5.7)
is independent of the separation R between the pair of
solitons centered at R and —R, respectively, i.e., solitons are
deconfined. Thus, at any nonvanishing temperature 7 > 0,
the thermal fluctuations that are encoded by the proliferation
of solitons that interpolate between all the symmetry sectors
of the symmetry (3.5) about any mean-field that breaks the
symmetry (3.5) restore this symmetry.

The proof of claim (ii) goes as follows. At zero temperature,
there is no contribution from the solitons owing to the finite
energy of order of M needed to create them. The fact that the
symmetry (3.5) is m-resolved is inoperative when 7" = 0. On
the other hand, the symmetry (3.5) is global with respect to
T and x. Because it is Ising like, the effective quantum action
at zero temperature can be thought of as a set of coupled
Landau-Ginzburg actions, each one of which describes the
classical Ising model in two-dimensional space and is labeled
by the directed bond (m,m 4 1). Their coupling is controlled
by the Majorana mass m, for the triplet of Majorana fields
(we are setting m, = 0). Upon decoupling these classical
Ising models in two-dimensional space by setting m, = 0, we
know from Sec. IV that the Ising symmetry is spontaneously
broken. Switching on m, # 0 only reinforces this spontaneous
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breaking of the Ising symmetry as the coupling induced by
m, # 0 is not frustrating.

It is instructive to establish the degeneracy of the ground
state manifold that is spontaneously broken. In the limit

(5.8)

m,=mg =0,

the Majorana modes decouple into the nonchiral pairs Xllj, n
and Xll{,erl with © = 0,1, 2, 3, i.e., four flavors of Majorana
fields of opposite chiralities for each directed bond (m,m + 1).
For each directed bond (m,m + 1), the corresponding Majorana
fields are strongly interacting through a O(4)-symmetric
Gross-Neveu interaction. However, the Majorana fields be-
longing to distinct directed bonds, say (m,m+ 1) and (m +
1,m + 2), are decoupled. We may thus identify these pairs
of interacting nonchiral Majorana modes as one-dimensional
bundles labeled by the directed bond variable (m,m + 1). Each
bundle (m,m 4 1) can be bosonized. The interacting theory for
the bundle (m,m + 1) is characterized by the gap

(V2T OLatBean)y = 4 M |12, (5.9

The sign ambiguity on the right-hand-side signals the breaking
of a global Z, symmetry for each bundle (m,m 4 1). Corre-
spondingly, the solitonlike excitations are nothing but sine-
Gordon solitons, i.e., domain walls separating regions along
the x coordinate with different signs of the order parameter.
From the point of view of the Majorana fermions Xﬁ o and
Xll{,m 41 with u = 0,1, 2, 3, different vacua are connected by
the gauge transformation that changes a sign of either the
left- or the right-moving Majorana fermion. As follows from
Egs. (4.10) and (4.11c), the Green’s function G]{‘li{(r,x) for
a given bundle (m,m+ 1) is proportional to ¢, ., on this
bundle. At the mean-field level, ¢, ., is nothing but an order

m,m+
parameter that breaks the symmetry of the Hamiltonian under

noo noo K _
XLm XRmt1 ™ OLn ORmt1 XL.m XRomt 1> OLm:ORmp1 = £1-
(5.10)

In other words, the sign of the Green’s function (4.12c¢) is
arbitrary. Choosing one sign breaks spontaneously a twofold
degeneracy for the bundle (m,m 4 1). Given that there are n
decoupled bundles of the form (m,m + 1), given the periodic
boundary conditions identifying m with m + n, one deduces
the degeneracy 2" among all the possible symmetry breaking
ground states that can be spontaneously selected.

However, the true degeneracy to be broken spontaneously
in a system with periodic boundary conditions is 2"~! once we
switch on

m, # 0 (5.11)

while retaining m, = 0. The symmetry (3.5) allows us to freely
change the sign of the mean-field order parameter

Pym1(TX) =0y 010, w=1,....n, ¢>0, (512)

for each bundle (m,m + 1), as long as the global condition

[ bwwii(zx)==¢" (5.13)
m'=1

is satisfied. The sign on the right-hand side of Eq. (5.13)

is a gauge invariant quantity. The global condition reduces
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the number of choices by half, hence the 2"~! ground-state
degeneracy when m, # 0. [Notice that, when m, = m, =0,
symmetry (3.6) can be used instead of symmetry (3.5), in
which case condition (5.13) does not apply anymore.]

The symmetry (3.5) thus implies that the sign of the
Green’s function (4.12c) remains arbitrary even if the bundles
(m,m + 1) and (m + 1,m 4 2) are coupled by having m, # 0. As
we have explained above, it follows that the solitons, whose
existence is guaranteed from bosonization when m = 0, are
not confined by the interactions induced by a m, # 0. On the
other hand, the amplitude of the order parameter undergoes
a change in magnitude in a region of size (5.4) around the
soliton core. The soliton energy is sensitive to any change of
amplitude in the order parameter. This is to say that solitons
from different bundles (m,m + 1) and (m 4+ 1,m + 2) interact
when m, # 0. Because solitons cost energy, which magnitude
is bounded from below by the energy scale of the order of
M, their average separation £(7') is given by Eq. (5.1) at any
nonvanishing temperature 7 > 0. The divergence of £(T) in
Eq. (5.1) is a signature of the onset of long-range order at
T = 0 that breaks spontaneously the symmetry (3.5). Kitaev’s
honeycomb model also has an exponentially large correlation
length at T > O related to the thermal creation of local defects,
“visons” that are localized on the plaquette of the honeycomb
lattice. In that model the defects are not mobile. In our case
they are, although their mobility is one dimensional.

This proof can be generalized to any perturbation local in
the spin operators, as those described in Secs. VI and VIIL
The proof holds since such perturbations are invariant with
respect to a simultaneous change of sign of the left- and right-
moving Majoranas on a given two-leg ladder m. Our model
has two sectors: the spin sector and the fermionic one. In the
latter sector, one is allowed to have operators which include
odd numbers of Majorana fermions on a given two-leg ladder
m. In the spin sector this is not allowed. In the microscopic
derivation which starts with the lattice Hamiltonian of spins as
in Secs. VI and VII, we arrive to the spin sector only. Hence the
2"~ !_degeneracy described above is not directly observable in
the spin sector of our model, that is, in the subspace of the
Hilbert space generated by the local spin operators.

VI. A SINGLE TWO-LEG LADDER

A. Microscopic lattice model and its continuum limit

Consider the following quantum spin-1/2 Hamiltonian on
a (two-leg) ladder:

~

Hladder = Hleg + H, leg + Hrung + Hcross + Hfour—spin' (61&)

The first leg of the ladder hosts the quantum spin-1/2 operators
S, oneverysitei =1, ...,N, where any two consecutive sites
is displaced by the lattlce spacing a. Similarly, the second
leg of the ladder hosts the quantum spin-1/2 operators S on
every site i’ = 1, ...,N. Hamiltonians H , and H . are a pair
of decoupled quantum spin-1/2 antiferromagnetic Heisenberg
model at criticality given by

N
Hey =Y 1,58, (6.1b)
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and

(6.1c)

N
~ o~
Hy, i= Z J, S,
i=1
with J, > 0, respectively. The quantum spin-1/2 operators

on the two legs also interact through a SU(2)-symmetric
Heisenberg exchange interaction for each rung,

N

~ ~ o~

rung "= § :JLSi'Si’
i=1

with sgn(J,) arbitrary, a cross-type interaction for each
plaquette

(6.1d)

N
Hcross = Z(‘I\ S St+1 + J/ S)

i=1

(6.1e)

with sgn(J, J,) arbitrary, and a four-spin interaction for each
plaquette

N
Hfourfspin = Z ‘]U (Sl ' Si+1)(S; : S;+1) (61f)
with sgn(Jy,) arbitrary. Hamiltonian (6.1) has the following
symmetries.

There is the global unitary SU(2) symmetry generated by

the spin operator

)
)
2

|7}

(6.2a)

[0[

where

N N
$:=>5. §:=)5. (6.2b)
i=1 i=1

We also note that the sum of Hamiltonians (6.1b) and
(6.1c) has a global SU(2) x SU(2) symmetry generated in-
dependently by Sand §, respectively. This global symmetry
is broken down to the diagonal subgroup with the generator
(6.2) by the interactions (6.1d), (6.1e), and (6.1f).

There is the global anti-unitary symmetry under time
reversal under which

S~ -8, S -5, (6.3)
foralli =1,...,N.
When the condition
N=J,=J, (6.4)

holds, there are two additional involutive (Z,) symmetries.
Under condition (6.4), Hamiltonian (6.1) is invariant under
the transformation

538, 853,
foralli=1,... N

Finally, if PBC are imposed together with the condition
(6.4), Hamiltonian H, 4., is invariant under all lattice transla-
tions generated by

(6.5)

S Sl+1’
foralli =1,...,N.

S>3, (6.6)
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FIG. 8. (a) Two quantum spin-1/2 chains can be arranged into a two-leg ladder. The intrachain couplings J; are defined in Egs. (6.1b) and
(6.1c¢). The interchain couplings J, (represented by the vertical black bond), J, (represented by the dashed orange bond), and J, (represented
by the dashed green bond) are defined in Egs. (6.1d) and (6.1e). The interchain four-spin coupling J,, (represented by the blue open-bracket)
is defined in Eq. (6.1f). (b) The special case of Fig. 8(a) under the condition (6.9). Here, J, = —J /2.

Figure 8 depicts 1":1\1,‘1(1(1(,/r (6.1). This Hamiltonian was studied
in Refs. [24,25]. We also refer the reader to Chap. 21 of
Ref. [26] and the Chap. 36 of Ref. [27] for some aspects
of H ladder* e A

The naive continuum limit H, 4., of H 4. defined by
Eq. (6.1) is a su(2), ® su(2), Wess-Zumino-Novikov-Witten
(WZNW) model perturbed by local interactions. For the upper
leg, it is obtained by making the replacements
Na— L, (6.7a)

ia— Xx,

where the sites of the upper leg of the ladderarei =1, ... ,N
with N even and

S, — alJ () + Te@) + @)1, (6.7b)
:§2i+1 —a [7L(x) + 7R(x) —7n(x)], (6.7¢)
(=1)'S; - 8,1, — a?(x), (6.7d)

forallsitesi =1, ...,N/2 of the upper leg, assuming that N is
even. The left- and right-moving currents J and Jy generate
the su(2), affine Lie algebra of the ¢ = 1 quantum critical point
of the nearest-neighbor antiferromagnetic quantum spin-1/2
chain. The fields 77 and & have anomalous scaling exponents
1/2 at this quantum critical point. The same replacements
are done after adding a prime to the sites and the quantum
spin-1/2 hosted by the lower leg of the ladder. Hereto, the
left- and right-moving currents jfL and ’J\;{ generate another
su(2), affine Lie algebra, while the fields 7’ and €’ have the
anomalous scaling dimensions 1/2 at this quantum critical
point. The perturbation to the su(2), @ su(2); WZNW model

with the conserved currents 7L, 7R, TU and 7;2 is
V(x) =g, Ax) - 7(x) + g,, 8(x) T (x)
+8,;(TL00) - T @) + Tp(0) - Tp(@))
+8,(TL00) - To() + Tp(®) - T ()
+ 8tw.n ﬁ(x) . axh\/(x) + gtW,sg(x)ax?(x) (6.8&)

up to irrelevant local perturbations. Here the bare values of the
couplings are

(6.8b)
(6.8¢)

8un = (8 + &l + &nn)
=2><a(JL—J/—J\)

for the interchain staggered magnetization coupling,

g =0aJy (6.8d)
for the interchain dimerization coupling,
g =(8h+g+g)=2xa0, +J,+J) (68¢)
for the interchain conformal current coupling,
Zuwn = Bl — &) =021, = 1) (6.80)
for the interchain twisted magnetization coupling, and
8we=0 (6.8g)

for the interchain twisted dimerization coupling.
The bare value of the interchain conformal current coupling
vanishes if [24]

Iy =~ + ). (6.92)

The bare value of the interchain twist magnetization coupling

vanishes if [28]
J/ = ]\ =J,. (6.9b)

If we impose conditions (6.9), then the effective local
interaction (6.8) simplifies to

i/\mned(x) = g™ a(x) -7 (x) + g,, 20 F (x), (6.10a)
where
wned . — 4 xaJ,, g,.:=aly,. (6.10b)

We depict the model ﬁladder (6.1) under the condition (6.9)
in Fig. 8(b). Its symmetry under transformations (6.5) or
(6.6) carries over in the continuum limit to the symmetry by
which unprimed and primed fields are exchanged or under sign
reversal of the staggered fields, respectively.

B. Abelian bosonization

To proceed, we follow Ref. [24] and apply the Abelian
bosonization rules on the tuned interaction density (6.10). To
this end, we consider the upper leg (lower leg) of the ladder
and introduce the pair of bosonic quantum fields ¢(z,x) and
0(t,x) (¢'(t,x) and 6'(¢,x)) by demanding that they obey the
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equal-time algebra

[p(t,%),0(t,x)] = —%sgn(x —x, [dt.x).0¢x)] = —%sgn(x —x), (6.11a)

forany r € R, and 0 < x,x” < L,. The equal-time commutators between unprimed and primed fields are all vanishing. The two
pairs of bosonic fields are related to the staggered magnetization and staggered dimerization by

1 ~ 1 —~ 1 ~ 1 —~
' =+—cos(V2mr 0), n’ =+—sin(v21 ), n°=-——-sin(vV2rP), & =-+— cos(~2mw @), (6.11b)
Ta Ta Ta Ta
for the upper leg of the ladder and by
1 1 1 ~ 1 —~
nt = —{——a cos(vV2r 0), nY = +—a sin(v27 9), 7= - sin(v/2m ¢), & = +_a cos(v/2m ¢'), (6.11¢)
T T T T

for the lower leg of the ladder. After some algebra, we arrive at the Abelian bosonized representation of the su(2), ® su(2),

WZNW model with the conserved currents 7L, jR, 7L, and 7% perturbed by the intraladder tuned interaction density (6.10) that
is given by the Hamiltonian density

H:= Afe%per + ﬁié’g” "+ Hipiratadder (6.12a)
e = g[ﬁ2 + 0,971, Hoe = g[ﬁ’2 + (3,92, (6.12b)
= B’ = 8ee S 8 8 PSR v ~
Hinraladder *= ST cos[v27 (¢ + @)l + BT T cos[v/27 (¢ — ¢ + ra) cos[v2m (B — 6)]. (6.12¢)
Here, we must supplement the equal-time algebra (6.11a) by the canonical bosonic equal-time commutators
[b(t,x),T1(t,x)] = i8(x — x'),  [¢'(t,x),TT'(t,x)] = i8(x — x"), (6.12d)
with
O@.x') = ' 8,¢)t.x), H(t.x;) =" 08,¢)1t.x). (6.12¢)

The symmetry under the transformation (6.5) follows from the invariance of the bosonic theory defined by Eq. (6.12) under
the transformation

00, ¢>¢, 00, ¢ o (6.13)

The symmetry under the transformation (6.6) follows from the invariance of the bosonic theory defined by Eq. (6.12) under the

transformation
R e N e e N S RN S (6.14)

C. Majorana representation

Left- and right-moving Majorana fields are defined by

_ 1 . 1 SO 1 SO

X = WiT cos(Var ¢, 1) = — cos[/m (¢, +6,)] = WiT cos |: %(qﬁ +¢ +0 —H?)], (6.15a)
~ -1 ~ -1 ~ o~ -1 . ~

Xt = = sin(v4mr ¢, ;)= — sin[v/7 (¢, +6,)] = = sin [ %(d) +¢ +0 +@)}, (6.15b)
- 1 ~ 1 —_ _ 1 —~ ~

X = 7= cos(Wam ¢_,) = . cos[v/m(¢p_ +6_)] = — cos [ %(d) — ¢ +6— @7)], (6.15¢)
~0._ -1 o~ _ ~ . -~ &= -1 . T~ N~

XL = Wt sin(Var ¢_1) = — sin[y/7(¢p_ +6_)] = — s1n[ > p—9 +0—0 ):|, (6.15d)

and

Tn = N cos(Vam ¢ p) = N cos[v/m(p, —6,)] = NeT cos |: %(q& +¢ —0— 97)], (6.15¢)
R 1 ~ 1 PO 1 - N~

X1% = it sin(v4r ¢, p) = iz sm[ﬁ(¢+ —-0)] = Nz sin |: %((ﬁ +¢ —0— @\')i| (6.15¢%)
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X = J_ cos(vam p_p) = \/_ cos[v/7(¢_
=0 .__ 1 : - — L : -
TR= sin(Var ¢_p) = N sin[/7($_

respectively.

After some algebra, we arrive at the Majorana representa-
tion of the su(2)l ® su(2)1 WZNW model with the conserved
currents J L» J R T L, and T r perturbed by the intraladder
interaction density (6.10) that is given by

Higse = Y Hiee, (6.162)
n=0,1, 2, 3
with
i % 7 n = - tuned U 2
Hisned, = SO = TROTR) + i} T 7K.
(6.16b)
where
v Jpa (6.16¢)
and
mtuned’ w= O,
et = { taned (6.16d)
mM"e, uw=1,2,3.

The singlet mass m'"™ and the triplet mass m™“" are here
given by

-1
)
= E(lz JL + JU), (6.17a)
1
m:uned . 2 (g::lned _ ggg)
=§(4 J = Jy), (6.17b)

respectively. Upon tuning the ratio of J;/J, such that the
singlet (triplet) mass mi““ed (m{“md) vanish, we achieve the
critical point with central charge 1/2 (3/2) in a single ladder
(6.1).

The symmetry under the transformation (6.5) is represented
by the invariance of the Majorana theory defined by Eq. (6.16)
under the transformation

X = (6.182)
X = X (6.18b)
R (6.18¢)
X > — X (6.18d)

forany M = L,R.
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> 1 T~ N s
9)]——m008[,/2(¢ ) 9+0)], (6.15g)
)= ——sin| [E@-F—6+0) (6.15h)
-0 )] = nasm|: 2¢—¢— + :|, .

The symmetry under the transformation (6.6) is represented
in a trivial way for the Majorana theory defined by Eq. (6.16),
for the transformation (6.6) is represented by the identity

T > X (6.19)

for any u = 0,1, 2, 3 and M = L,R according to Eq. (6.15).

We follow Ref. [25] to discuss the nature of the phase
transition. According to the sign of the singlet mass and the
triplet mass at the fine-tuned point (6.17), we sketch the phase
diagram in Fig. 9(a). There are nine pairs of the signature of m
and m,. These nine pairs label four phases, four critical lines,
and one trivial point at the origin. In Fig. 9(b), a refined version
of the phase diagram in Fig. 9(a) is obtained by considering the
difference of the magnitude of the singlet mass and the triplet
mass. As long as |mg| > |m,|, namely, the triplet branch of the
spectrum remain the lowest, the phase is related to the phase
of the bilinear and biquadratic spin-1 chain. We note that the
dashed green line is the mirror image of the blue line around
the J, axis. We also remark that the dashed green line is not
present in Fig. 9(a).

VII. COUPLED TWO-LEG LADDERS
A. Microscopic lattice model and its continuum limit

We consider the following interladder interaction:

o~

Hinterladder = ﬁ + HA + HEI + H[|, (713)
where
J N n—1
7)( Z [ im+1 " (Si+1,m A Si,m)
i=1 m=1
+§i+1,m : (Si,m+1 A §i+1,m+1)] (7.1b)
and
N n—1
Hp = J, Z Z(Si,m “Sint1
i=1 m=1
+ T§i,m+l '§i+1,m +x, §i,m ‘§i+|,m+|), (7.1¢)

with H , and ﬁ/D deduced from H » and ﬁD by the substitution

fS\i,m — §:m The couplings «, and «, are dimensionless. (The
choice k, = k, = 1/2 is shown in Fig. 2.)

The interladder Hamiltonian (7.1) has a global SU(2) x
SU(2) symmetry that reflects the fact that there is no coupling
between the quantum spin ’S\i’m and the quantum spin §:m 41
for all i,i’ =1,...,N. For the same reason, the interladder
Hamiltonian (7.1) has a global Z, symmetry under the

224420-19



CHEN, MUDRY, CHAMON, AND TSVELIK

J,=-12J, iu Jy=44,
m,<0,
m,=0, m,<0.
m.<0.

m.>0
I s a >0 >/,
m.<0 m.>0.
m,>0,
m.=0. —
t ms>0, ms_or
m,> 0. m.>0

(@
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0=[m| <|m,

[mg | >|m,|=0,
critical Ising Jy

[mg|=|m,]| critical S=1 chain

~

o Imd<ImINm] < Im,

N gapped, \dimerized _|m5_| > |md,
\non -Haldané\non s=1 | dimerized phase
of S=1 chain

[Img| > |my|, [mg| > |my|,
—— Haldane phase Haldane phase >/,
of S=1 chain of S=1 chain

[mgl > ml,
dimerized phase
of S=1 chain

Img| =|m,]|

(b)

FIG. 9. (a) Phase diagram of the fine-tuned quantum spin-1/2 ladder (6.9) based on the sign of the singlet mass and the triplet mass (6.17).
(b) A refined version of the phase diagram in Fig. 9(a) is obtained by considering the difference of the magnitude of the singlet mass and the
triplet mass. As long as |m | > |m,|, namely, the triplet branch of the spectrum remains the lowest, the phase is related to the phase of the

bilinear and biquadratic spin-1 chain.

transformation [recall Eq. (6.5)]

(7.2)

fori=1,...,Nandm=1,...,n

If PBC are imposed on the indices i, the interladder
Hamiltonian (7.1) is then invariant under all lattice translations
generated by the transformation [recall Eq. (6.6)]

—~ —~ — —
S mn Sl+1 m’ Si,m = Si+1,m’ (73)
i=1,...,.Nandm=1,...,n

Finally, the interladder Hamiltonian (7.1) is invariant under
reversal of time, a global antiunitary transformation under

which

Sin = —Sim Siw = —Siu, (7.4a)
foralli,i’=1,...,Nandmm = 1, ...,n, combined with the
transformation

J, > —=J,. (7.4b)

Any fixed nonvanishing J, breaks time-reversal symmetry.
The naive continuum 11m1t of Hlnlerlaclder defined by Eq. (7.1)
was derived in Ref. [19] (see also Ref. [29]). All the bare values
of the coupling constants entering Eq. (7.1) that are relevant
from the point of view of a one-loop renormalization group
analysis at the WZNW critical point vanish at the fined-tuned
point

K, =k, =1/2, (7.5)

and the leading-order contribution is simply the current-current
interaction

Hy o)

n—1 3
ZZZ [T 000 T g1 () + T 00) Ty ()]

m=1 a=1

+5\ [,]\g,m(x) JL m+](x) + (.X) Lm+l(x)]} (763)

with

A =2a[(J, /7)) +2J,], A= 2a[=(J, /7)) +2J,]. (7.6b)
Here, J{ . (x) € §u(2),_, and 1% (x) € 5u(2),_, with

M =L,R, i.é., their equal-time commutators are those of the

affine Lie algebras su(2),_, and su(2),,_,, respectively.

The global SU(2) x SU(2) symmetry of the interladder
Hamiltonian (7.1) is manifest in that there is no coupling
between the currents J]fjI (x) and Jl(,‘[’ nt1(X)- They are related
to the original quantum spin 1/2 by addlng the label m on both
sides of Eqs. (6.7b)—(6.7d) for the unprimed fields, say.

The global Z, symmetry under

Fia(®) = T4,

R @) > T (1)

is also manifest.

If PBC are imposed with respect to x, the symmetry of
the interladder Hamiltonian (7.1) under all lattice translations
generated by the transformation (7.3) is then also manifest in
the continuum Hamiltonian density (7.6), since the currents
Jl(‘,[ a(x) and Jl(jf (x) are unchanged by the transformation
(7.3), unlike the staggered fields on the right-hand sides of
Eqgs. (6.7b)—(6.7d) for the unprimed fields, say.

Remarkably, the continuum Hamiltonian density (7.6) has
acquired an emergent symmetry, namely it is invariant under
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the m-resolved transformations

- ~ ~
n,+— o,n,, N, 3+ o, N, (7.8a)
-~ o~ e~ -~

&y F> OpEn, € > O ELL (7.8b)

where o, = +£1 for m=1,...,n, unlike the microscopic
interladder Hamiltonian (7.1) for which the lattice translation
(7.3) must act simultaneously on all ladder for it to leave the
microscopic interladder Hamiltonian (7.1) invariant.

Reversal of time is explicitly broken by any nonvanishing
A # . Observe that the bare value of A vanishes if

X =2y, (7.9)

Upon the fine tuning (7.9), the current-current interaction
(7.6a) simplifies to

n—1 3

ﬁinlerladder(x) = Z Z A [‘/]E,m(x)j\lg,m-kl (x)

m=1 a=1

+ T )T (0] (7.10)

The interaction ’Hmterl adder(X) 1s TEpresented by the directed arcs
in Fig. 4(a). The arrow on the arcs indicates that this choice
of current-current interaction completely breaks time-reversal
symmetry.

To summarize, we are considering a set of n ladders labeled
by the index m =1, ...,n. We are assigning the coordinate
x € R along the direction of the leg to each ladder. The
ladders are all parallel and equally spaced along a direction
y perpendicular to the x axis. The Hamiltonian for this set of
ladders is approximated by

L, LI "~
H = /O dx |:Z HWZNW,m(x) + Z Hintra]adder,m(x)

m=1 m=1

n—1
+ z :Hinterladder,m(x) .

m=1

(7.11a)

The Hamiltonian density ﬁWZNW.m(x) encodes the conformal-
field theory in two-dimensional space time with the affine Lie
algebra su(2), & su(2),. It describes a ladder at a quantum
critical point with central charge ¢, =2 wherem =1, ... ,n.
The intraladder interaction is [cf. Eq. (6.10)]

tunedA (x) m(x) + gssgm(x)gnll(x)'
(7.11b)

Hmtraladder m(x ) = &mn

The couplings g™ and g,, are dimensionless. They are
related to the microscopic data of the spin-1/2 ladder depicted
in Fig. 2 by Eq. (6.10b). The interladder interaction is [c.f.

Egq. (7.10)]
3
Hinterladder,m(x) = Z A [Jf,m(x)]lg,erl ()C)

a=1
+ T )T (0],

where J{ . (x) € 5u(2),_, and J¢ .(x) € §u(2),_, with M =
L,R, i.e., their equal-time commutators are those of the affine
Lie algebras su(2),_, and su(2),,_,, respectively. The coupling

(7.11¢c)
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A is dimensionless. It is related to the microscopic data of
the spin-1/2 ladder depicted in Fig. 2 by Eq. (7.6b). The
symmetries of Hamiltonian (7.11) are the following. The
local symmetry with the affine Lie algebra su(2), @ su(2),
associated to ﬁWZNW(x) is reduced to the global SU(2) x
SU(2) symmetry by the interladder interaction densities, owing
to its invariance under the interchange of unprimed and primed
fields.

There is a global Z, symmetry under the interchange of
unprimed and primed fields. If PBC are imposed, there is an
emergent m-resolved Z, symmetry under the transformation

n, > o n,, 7, o,n, (7.12a)
Ty > Oy €y > Oy, (7.12b)
/J\Mm}_)ijv JMm'_)JMm’ (712C)

B. Majorana representation

Since s0(4), = su(2), ® su(2),, we can employ four Ma-
jorana fields Yﬁ’m(x) (u=0,1, 2, 3) with M = L,R obeying
the equal-time anticommutators

(R 20 T ()} = Spiag B 8,00 8 — 1) (7.13)

to describe the su(2), @ su(2), WZNW model for two decou-
pled chains making up a single ladder through the Hamiltonian
density

>
Hywznwn = Z EU

n=0

(j(\l_limaxyﬁm - yg,maxj(\]g,m)‘ (7]4)
Here, v is the Fermi velocity. Furthermore, the Su(2),_,
currents JM .(x) and the su(2),,_, currents JI(Z (x) with
M=LR,a=1,2,3,andm=1,...,n can be represented
by the bonding linear combination

“’“xA”Mm(xm,m(x),

(7.152)

Kia() = a0 + R u(x) =

and the antibonding linear combination

Tia() = T n(0) — T (0) = — Xy n ()X (),

(7.15b)
respectively. One verifies that ICI“\/I (x) and Iﬁ’d (x) generate

a closed su(2), @ su(2), algebra. For later use, we invert
Eq. (7.15) to obtain

-~ 1 ~ .
T = 5 (Ka(0) + Ly ()
-1 - .
=~ (; abe 5(‘1{74 2 () Xy (X) + 15(‘1?,[’m(x) Tl\l/l,m(x))v
(7.16a)
T o) = (ng a(0) = Z ()

_1 R - .
= 7(2 € Xotn () Xap.a(X) — 15(‘&,m(x)m’m(x)>_
(7.16b)
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There follows several important consequences from Eq. (7.16).

First, if,[’m(x) transforms under the global diagonal SU(2)
symmetry of the WZNW Hamiltonian ﬁWZNW(x) as the
singlet (trivial) representation, while the triplet xy; ,(x) with
a =1, 2, 3 transforms under the same SU(2) as the adjoint
representation.

Second, reversal of time that is defined by exchanging
left- and right-moving labels together with sign reversal of
Jyia(%) is represented by complex conjugation in the Fock
space spanned by the Majorana fields together with exchanging
left- and right-moving labels.

Third, the symmetry under

T = R0 T = T () (7.17)

of the WZNW Hamiltonian ﬁWZNW(x) is represented by

a®) P —Xma®) X)) P X L) (7.18)
in the Majorana representation.
Fourth, the relation between the currents and the Majorana

fields is one to many since the local gauge transformation

Antn(X) = Op o (6) Xy () (7.19)

where oy ,(x) = =£1 leaves the right-hand side of Eq. (7.16)
unchanged.

Given the Majorana representation of the su(2), ® su(2),
currents entering the interladder interaction (7.15), we can
rewrite the interladder current-current interactions (7.11c¢) in
terms of 4n Majorana fields. More specifically, we calculate the
interladder interactions (7.11c) by making use of Eq. (7.16).
Foranym=1,...,n — 1 and for any @ = 1, 2, 3, we start
from the interladder interaction (7.11c¢),

TJa Ta Tla Ja _ I(a 1a TFa “Ta
(Ja Rt + I 1) = 3 (KL KRt + I Rot1)-

(7.20)

This bilinear form in the currents can be rewritten as a quartic
form in terms of the Majorana fields. Thus the interladder
interactions (7.11¢) can be written as

3 2
A
Pleaaons = = | (370 7
interladder,m — 4 Lm ARm+1

3
+ 2(5(\](“),111 y}g,m-ﬁ—l) (Z i]il,m 5'(\I({,m-H) + Const:|

(7.21a)

+ const’. (7.21b)

INPS

3
§ : XL,m XR,m+1
n=0

We make three observations.
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First, Eq. (7.21a) does not follow if we assume that the
coupling A breaks the SU(2) symmetry through a dependence
onthe indexa =1, 2, 3.

Second, Eq. (7.21b) displays an explicit global

O4) =Z, x SO(4) = Z, x SO(3) x SO(3) (7.22)
symmetry. This symmetry is broken down to the diagonal
subgroup

SO(3) C SO4) = SO(3) x SO3) (7.23)

if Heisenberg interactions between the quantum spin :S’\i,m
and the quantum spin ’S:;m 41 are added to the interaction
(7.11). Indeed, one verifies that such microscopic perturbations

generate SO(3, 1)-symmetric perturbations of the form

3 2
(Z X n Xiemi1 = X xﬁ,w) (7.24)

a=1

and SO(3)-symmetric perturbations of the form

be b 0 0
Z € X R st (Xm KRt + X XRar1)  (7:25)

a,b,c=1

to the Gross-Neveu-like interaction (7.21b).

Third, the interladder interactions (7.21a) resembles the
interactions considered in the paper of Fidkowski and Kitaev
[30] (see also Ref. [31]) in the context of the stability of the
topological classification of free fermions when perturbed by
interactions.

On the other hand, the intraladder interaction (7.11b) is a
mere quadratic form when expressed in terms of the Majoranas
[cf. Eq. (6.16)],

3
5 . ~0 =~0 . ~q =a
Himraladder,m - lms XL,m XR,m + z :lmt XL,m XR,m' (726)
a=1

Here, m ,m, € R are the bare masses of the Majorana fields.

In short, the lattice model presented in Fig. 2 provides
a microscopic realization of the Majorana field theory (2.1)
with v, =v foru =0,1,2,3,m, =mgandm, = m fora =
1, 2, 3. Upon the fine tuning (6.9), (7.5), (7.9), and m{ = 0 from
Eq. (6.17a), there only remains three independent couplings
out of the seven couplings from the microscopic lattice model.
We choose these three independent microscopic couplings to
be J;, J,, and J, . They condition the values of the velocity
v, triplet mass m,, and the coupling constant A for the current-
current interaction through

vxalJ, mxJ, Axal,. (7.27)

To realize a topologically ordered phase, we need to choose
J,, > 0, while the signature of J| is arbitrary (see Fig. 3).

To summarize, the Majorana representation of Hamiltonian
(7.11) obeying periodic boundary conditions with respect to
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the coordinates x € [0,L,]andm =1, ...,n is given by
n
H= Z (HWZNW,m + Hinlraladder,m + Hinlerladder,m)’ (7283)
m=1
S
Hwzawa = Z 7Y (X a0 X m — Xm0y Kiem) (7.28b)
n=0
3
7 . ~0 =0 .
Hinataddern = 1M X Xim + D 1M X Kbt (7.28¢)
a=1
2
. S
7—(interladder,m = Z Z XIl,L,m Xl?,lﬂ+1 + const’. (728d)
n=0

C. Abelian bosonization

It is instructive to use Abelian bosonization to trade the Majorana representation in Eq. (7.28) for a bosonic one. With the help
of the conventions from Secs. VIB and VI C together with some trigonometric identities, one finds

~

n
7 E 7 7upper lower 77 77
H - (Hleg,m + Hleg,m + Hintraladder,m + Hinterladder,m)’
m=1

A~

H]ower

v
leg,m Py

ﬁuPpEr _ %[ﬁi 4 (8x$m)2]7

o~

H m ot

2ra

intraladder,m

= D cos[V2r (@, + )] —
ma

7_linterladder,m = _Z <7T_Cl ) (Z cos {ﬂ E[(pm + em + ¢m+l - 6m+1 + (unprimed - pnmed)] }) ’
+

where it is understood that the trigonometric functions of the
bosonic fields must be normal ordered.

The symmetry under the transformation (7.2) becomes the
invariance of the bosonic theory defined by Eq. (7.29) under
the global transformation

O b B> Gy B By G by (730)
form=1,--- ,n.

The symmetry under the transformation (7.3) becomes the
invariance of the bosonic theory defined by Eq. (7.29) under
the emergent m-resolved transformation

- - stag n s stag
Q> @, +0, , 6,—~0,+o0,

NERSE)
NERSE)

(7.31)
Got> B+ on e [T, G B o [T
where o,,sltag =0,1 form =1, ...,n, for the arguments of the

two cosines on the right-hand side of Eq. (7.29d) change at
most by 27 under any one of these transformations.

Evigently, 7_{intraladder,m and Hinlraladder.m+l do not commute
with H; adder - Moreover, it is far from obvious that the
limit A = Ois nbthing but a noninteracting theory of Majorana
fields.

However, the bosonic representation (7.29) becomes ad-
vantageous in the limit m; = m_ = 0 for which the intraladder

leg,m = Z[ﬁf + (axar/n)z]’

(7.292)

(7.29b)

T cos[V 2 (@, — )] + m‘z;'l" cos[v2r @, — D)1, (7.29¢)
2

(7.29d)

(

interaction vanish, as we now explain. In this limit, we are
left with the interladder interaction only. The interladder
interaction density consists of squaring the sum over two
cosines that are given by

cos[v2m (/E‘:Im+1 + /E:;l,m+l )] (7.32a)
and
cos[vV27 (B uypt — Epyurn)]s (7.32b)
respectively, where
~ 1 ~ ~ ~ -~
Bnntl = ﬁ(d”“ + 0y + Gy — Opit)s (7.32¢)
and
= I~ -
Em,m—&-l = ﬁ(‘ﬁm + ’9:; + ¢m+1 - éZl+l)' (732d)
Now, the linear combination [recall Eq. (6.15)]
Po =t GLa=+6) (133

defines a left-moving bosonic field on the upper (lower) leg of
ladder m, while the linear combination [recall Eq. (6.15)]

@ nr =B —Opa) (1.34)

defines a right-moving bosonic field on the upper (lower) leg of
ladderm + 1. It follows that, at equal times, ¢L’m must commute

Prnt1 = Pnr1 — Onp
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PN ~, PN =

with ¢g 1.1 ¢/L\,m must E:i)mmute with ¢g vy Ep m+1 must
ith 3 =/

commgte with Ept1ni2> S gy MuUstcommute with E uerl 2

the cosine (7.32a) must commute with the cosine (7.32b), and

~ A1) — ~
7_{interladder,m = _Z (%) {COS[ zn(c‘m,nﬁrl + L\:“x/n,m+1)]

+ cos[v2m (Em,m+1 &, m+1)]}2 (7.35)
must commute with Hm[eﬂadder w forallmm’ =1, ... ,n.Hence,
the set of operators {Hmwﬂadder o) labeledbym =1, ... 7 can

be simultaneously diagonalized by choosing the eigenfields

Bt 1 () £ Ep py 1 () (7.36a)

of

/E\m.m+1 ()C) + /E‘:;n,m+l ()C) (736b)

to be either

- - + +
Bpmp1(X) £ D;,m+1(x) =0+ V2mng 1 Nyny €72,

(7.36¢)
or
T
Epnp1(X) £ E:n,erl(x) = \/;+ v2r nim+1’ ”:nc,m+1 €Z.
(7.36d)

Any eigenvalue from the family (7.36¢) is to be interpreted
as the positive expectation value

+C >0

(GS; +| Zlyﬁ‘m X w1 |GS:+) = (7.37a)

in the ground state |GS; +). Any eigenvalue from the family
(7.36d) is to be interpreted as the negative expectation value

GS; —| Z%mx{;’mﬂms; —y=-C<0 (7.37b)

in the ground state |GS; —). Any nonvanishing value of
C > 0 breaks spontaneously the M- and m-resolved symmetry
under the transformation (2.6) of Hamiltonian (7.28) in the
limit m; = m = 0 [any nonvanishing value of C > 0 also
breaks spontaneously the m-resolved symmetry under the
transformation (2.3) of Hamiltonian (7.28) for any one of m
or m nonvanishing].

Classical static m-resolved solitons are time-independent
eigenfields (7.36a) that (i) interpolate between any pair from
the classical minima enumerated in Eqgs. (7.36¢) and (7.36d)
as x interpolates from x = —oo to x = 400 (ii) and whose
energy density is of compact support with respect to x € R.

Following Refs. [20,32], we identify among all such
solitons four types of m-resolved elementary solitons. A type-I
m-resolved soliton corresponds to both E ., + E; . and

J

b > Pn + 20 % O, 0, QL Bl OG>0,
Gt Gp 0> O Gp> b O 6, S, < S,

Majorana redundancy
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—

Epmil — Enny increasing monotonically in their values by
the amount /7 /2 between x = —o0 to x = +00. A type-II
m-resolved soliton corresponds to both E ., + & ., and
Epmil — Enny decreasing monotonically in their values by
the amount /7 /2 between x = —oo to x = +00. A type-II m-
resolved soliton can be thought of as an m-resolved anti-soliton
of typeI A type- IIIm resolved soliton correspondsto E | +

Enmtt (Bppyr — Eppyq) increasing (decreasing) monoton-

ically in value by the amount /7/2 between x = —o0 to
x = +o0. A type -1V soliton corresponds to &, .| + & 1
(um,m = m’m +1) decreasing (increasing) monotonlcally in
values by the amount /77 /2 between x = —ocotox = +00. A
type-1V m-resolved soliton can be thought of as and m-resolved
antisoliton of type III. Upon quantization, Witten has shown in
Ref. [20] that we may associate these four types of elementary
solitons to pointlike many-body excitations that form a four-
dimensional irreducible representation of a Clifford algebra
with four generators.

Solitons of type I-IV interpolate between any pair with
one classical minima from the family (7.36c) and the other
classical minima from the family (7.36d) as x interpolates from
x = —o00 to x = 4-00. Such solitons should be distinguished
from those solitons that interpolate between any pair with
both classical minima from either one of the two families
(7.36¢) and (7.36d) as x interpolates from x = —oco to x =
+o00. The former solitons are associated with the spontaneous
breaking of the chiral symmetry. The solitons associated with
two classical minima of either one of the families (7.36¢)
or (7.36d) differing by én; ., = 1 while én_, , =0 are
associated with the spontaneous breaking of the symmetry
(7.31).

We close this discussion by deriving the sine-Gordon
representation (4.4) of Hamiltonian (7.29) in the limit of
vanishing intraladder interaction. The sine-Gordon Hamilto-
nian (4.4) follows from expanding the squared bracket on
the right-hand side of Eq. (7.35). There are four products
of normal-ordered cosine interactions in this expansion. Two
of them involve squaring the same normal-ordered cosine
operator. This exercise requires combining point splitting with
the operator product expansion and results in a renormalization
of the kinetic contributions (7.29b). The remaining two
products of normal-ordered cosine interactions involve distinct
commuting operators for which we can use the decomposition
rule for the multiplication of two cosines into the addition of
two cosines. The sine-Gordon Hamiltonian (4.4) follows with
the identifications

~ V8 =Y

,3 m,m+1° (pc = ﬂ E‘m,m-&-l .

(7.38a)

D. Spontaneous symmetry breaking

‘We have shown that Hamiltonian (7.29) commutes with any
one of the 2n 4+ 1 transformations

(7.39a)

(7.39b)
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with o, =0,1 for m=1,...,n. All these transformations
commute pairwise and their action on the trigonometric func-
tions entering Hamiltonian (7.29) is involutive. Consequently,
all many-body energy eigenstates of Hamiltonian (7.29) are
22"_fold degenerate with the decomposition

22— n=l 0 % 2, (7.40)

whereby the factor 2"~! arises from the Majorana redundancy
as was deduced after Eq. (5.13), the factor 2 arises from the
global symmetry under the exchange of unprimed and primed
fields in all ladders, and the factor 2" arises from the reversal in
sign of all the staggered fields in an arbitrarily chosen ladder.
The degeneracy 2"~! was shown to be broken spontaneously
at and only at zero temperature through the breaking of the
chiral symmetry encoded by the order parameter (2.7) in the
Majorana representation. The remaining degeneracy 2 x 2"
remains unbroken all the way to and at zero temperature, as
is evident from the fact that the chiral order parameter for
the Majorana fermions is invariant under the transformations
(7.39b) and (7.39c¢). In particular, the degeneracy 2" is invisible
to the Majorana fields. Hence the topological degeneracy
in the phase diagram from Fig. 3 coexists with the 2%
degeneracy associated with the symmetries (7.39a), (7.39b),
and (7.39c). Whereas the degeneracy 2"~! associated to the
symmetry (7.39a) originates from the redundancy of the
m-resolved Majorana representation of the conserved chiral
currents (7.15) and, as such, is intrinsic to the Majorana
representation and invisible to any probe from the Fock space
generated by the spin-1/2, the degeneracy 2 x 2" associated
with the symmetries (7.39b) and (7.39c¢) is specific to any
microscopic Hamiltonian with the global symmetry (7.2) and
a ladder-resolved extension of the global symmetry (7.3). In
other words, the degeneracy 2" resulting from the m-resolved
symmetry under the transformation (7.39¢) is not intrinsic to
the microscopic interladder interaction (7.1), but emerges from
neglecting perturbations to the interladder Hamiltonian (7.11c)
[see also Egs. (7.28d) or (7.29d)] that we now discuss.

E. Competing instabilities

The ATO and NATO phases of the effective low-energy
theory encoded by Hamiltonian (2.1) compete with the ordered
phases that are stabilized by the longer-range interaction
densities of the forms

[7,(x) + 0 ()] - [y, (X) + 0/ 7, (0],  (T41a)

[€.(x) + 0 ()6, (x) + 0" Ep (0], (7.41b)
[7,(x) + 0 ()] - 0, [Ty, (¥) + 0" 7L, (0], (T41c)
[E.(x) + 0 €, ()] - 0, [6,, . (x) +0'E ()], (7.41d)

where 0,06’ = +1 and |r| > 1. (Here we recall that, by design,
all the bare couplings vanish for r = 1.)

One consequence of these interaction densities is that
they can remove the emergent m-resolved symmetry under
the transformation (7.12) [(7.39¢)]. The fate (confinement
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(7.39¢)

versus deconfinement) of the solitons associated with the
spontaneous breaking of the symmetry (7.12) [(7.39¢)] in the
presence of such symmetry-breaking interactions is left for
future work. The perturbative renormalization group allows to
assess the potency of the competing interaction densities (7.41)
relative to the interladder interaction density (7.11c) [see also
Eqgs. (7.28d) or (7.29d)].

On the one hand, the interactions densities (7.41c) and
(7.41d) are marginal perturbations of the critical theory
(7.28b). As such, they can be safely ignored provided their
coupling constants are smaller than the couplings of the leading
current-current interactions.

On the other hand, the interaction densities (7.41a) and
(7.41Db) are relevant perturbations of the critical theory (7.28b).
As such, they present certain difficulties. For the spin-1/2 lat-
tice Hamiltonian that we have chosen, their coupling constants
are of the order of ~Jv2 /J, but cannot be reliably determined
otherwise. The problem is that at small microscopic bare
couplings x <« J, and J,, < J|, the spectral gap M of the
effectively one-dimensional Hamiltonian (2.5) that originates
from the marginal current-current interaction is exponentially
small in the effective coupling A of Hamiltonian (2.5). Hence,
to make M larger than ~J2/J 1> we have to go in the region of
intermediate to strong bare couplings A/J,, with A defined in
Eq. (7.6b). Our methods do not allow to establish whether the
required parameter regime exists or whether it can be reached
for some modification of the lattice Hamiltonian. We take
heart from the fact that the required regime of large energy gap
M ~ J, exists in the frustrated quantum spin 1/2 zigzag ladder
with a three-spin interaction that was studied by Frahm and
Rodenbeck in Ref. [33]. They demonstrated that, under certain
conditions corresponding to our A = 0 in Eq. (7.11c¢), their
ladder is integrable with a spectrum that is partially gapped
with a gap of order of the leading exchange interaction, J; in
our setting. In this case, the mass M exceeds the energy scale
for the characteristic energy scales associated to the relevant
interactions from Eq. (7.41), in which case their neglect in the
effective Hamiltonian (2.1) would be a posteriori consistent.
Ultimately, however, only numerical calculations can establish
that the Majorana field theory (2.1) captures the low-energy
physics of the microscopic spin 1/2 lattice model.

VIII. SUMMARY

In this paper, we put an emphasis on finding a field theory,
which would lead to non-Abelian topological order. We used
the methods of quantum-field theory to solve a fermionic
model with a topologically nontrivial ground state. We also
presented a candidate lattice spin model whose low-energy
sector is described by this fermionic theory, namely, a model
of quantum spin S = 1/2 ladders coupled by a three-spin
interaction. We found that the bulk spectrum of the fermionic
model is gapped and that there are robust chiral gapless modes
on the boundaries. There are two topologically nontrivial
phases. In one of them the boundary modes are described
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by a single species of gapless Majorana fermions. This phase
realizes a non-Abelian topological order (NATO). In the other
phase, the boundary modes are four gapless modes. This
phase realizes an Abelian topological order (ATO). In both
cases, the bulk excitations are gapped. We found that their
spectrum consists of two types of particles. Particles of one
type are Majoranas. They propagate in two-dimensional space.
Particles of the other type are fractionalized solitons, which
remain confined to individual ladders. Since the Majoranas
are bound states of these particles, their spectrum is situated
below the soliton-antisoliton continuum.

Since spin operators are bosonic, single Majoranas cannot
be observed by measuring spin-spin correlation functions.
However, their presence can be ascertained by measurements
of thermal transport, which are sensitive to their statistics.

The presence of the solitons is a sign of the extensive
ground-state degeneracy in the fermionic sector of the theory.
This degeneracy is associated with the existence of an order

PHYSICAL REVIEW B 96, 224420 (2017)

parameter that is not local in the original spin variables. Hence
any operator that is local in the spins has no access to this
degeneracy.
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