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We consider a system of two coupled Tomonaga-Luttinger liquids (TLL) on parallel chains and
study the Rényi entanglement entropy S, between the two chains. The limit n — 1 corresponds
to the von Neumann entanglement entropy. The system is effectively described by two-component
bosonic field theory with different TLL parameters in the symmetric/antisymmetric channels. We
argue that in this system, S,, is a linear function of the length of the chains followed by a universal
subleading constant -, determined by the ratio of the two TLL parameters. We derive the formulae
of v, for integer n > 2 using (a) ground-state wave functionals of TLLs and (b) conformal boundary
states, which lead to the same result. These predictions are checked in a numerical diagonalization
analysis of a hard-core bosonic model on a ladder. Although our formulae of ~, are not analytic in
the limit n — 1, our numerical result suggests that the subleading constant in the von Neumann

entropy is also universal.

PACS numbers: 03.67.Mn, 11.25.Hf, 75.10.Pm

I. INTRODUCTION

The concept of Tomonaga-Luttinger liquid (TLL) pro-
vides a universal framework for stuﬂying various one-
dimensional (1D) interacting systems. Th@low—lying exE
citations of such a system, either fermionicH or bosonic,
are essentially collective, and can be recast into a bosonic
field theory describing the density and phase fluctua-
tions. A spinless TLL is characterized by a continuously
varying parameter K (so-called TLL parameter), which
appears in the exponents of correlation functions in the
ground state and experimentally in the power-law tem-
perature dependence of response functions. When two
spinless TLLs are coupled (or when an interaction is in-
troduced in a 1D gas of spin—% particles), the bosonic
fields are reorganized into symmetric and antisymmet-
ric channels, which can independently form TLLs. This
is the mechanism underlying the spin-charge separation
in a 1D electron gas. Interestingly, this idea has been
generalized to a two-dimensional (2D) array of coupled
TLLs, predicting a novel non-Fermi liquid phase, called
sliding Luttin) er liquid, which shows highly anisotropic
correlations. ' A fundamental question related to these
studies is in what way the system of coupled TLLs are
distinguished from the conventional phases such as Fermi
liquids or from the uncoupled TLLs. Stimulated by the
recent advances in applying quantum information tools
to many-body systems, we here address this question in
terms of the entanglement entropy in the ground-state
wave function.

By partitioning the system into a subregion A and its
complement A, the entanglement entropy is defined as
the von Neumann entropy Sa = —Trpalnpa of the re-
duced density matrix pa = Tr;|U)(¥|, where |¥) is the
ground state of the system. When the system contains
only short-range correlations, A and A correlate only
in the vicinity of the boundary, and the entanglement
entropy scales with the size of the boundary (bound-

ary law).ﬂﬂ Deviation from the boundary law signals the
presence of certain non-trivial correlations, and further-
more can contain universal numbers characterizing the
system. In one-dimensional critical systems, for exam-
ple, the entanglement entropy S4 for an interval embed-
ded in the system shows a logarithmic scaling, whose
coefficient reveals the central ge ¢ of the underlying
conformal field theory (CFT).H Possible further infor-
mation of CFT such as the TLL paramete is encoded
in a multi-interval entanﬁ nt entropy. In topo-
1ogicallyﬁféered systems and in some 2D critical
systems, the entanglement entropy obeys a bound-
ary law, but there appears a subleading universal con-
stant which is determined from the basic properties of
the ground state.

In this paper, we aim to characterize the quantum en-
tanglement arising from the coupling of TLLs. We con-
sider, as the simplest situation, a system of two coupled
spinless TLLs defined on parallel periodic chains (rings),
and study the entanglement entropy between the two
chains. The system is effectively described by a two-
component bosonic field theory with different TLL pa-
rameters K4 in the symmetric and antisymmetric chan-
nels. If we identify the two chains with the spin—% degrees
of freedom, these channels correspond to the charge and
spin modes, respectively. For 1D systems, the entangle-
ment entropy has so far been studied mostly for an inter-
val embedded in the chain, which can count the central
charge in critical systems. We here instead partition the
system into two rings. We expect that this partitioning
is more useful to observe the effects of the coupling of
the two TLLs. Furthermore, we expect that this setting
provides a good starting point for understanding possi-
bly highly anisotropic characters of entanglement in a 2D
sliding Luttinger liquid.

Specifically, we construct the reduced density matrix
pa for one of the chains by tracing out the other, and
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compute the Rényi entanglement entropy:

1
Sn = —— log(Tr p}). (1)

The limit n — 1 corresponds to the von Neumann entan-
glement entropy:

S1=1lim S, = —Tr palogpa. (2)
n—1

The limit n — oo corresponds to the so-called single-copy
entanglement:

Soo = — log Amax; (3)

where Apax is the largest eigenvalue of p4. When there
is no coupling between the chains, S,, is simply equal to
zero. The entropy 5, increases as the coupling increases.

We will see that S, (with n = 1,2,...,00) obeys a
linear function of the chain length L:

Sn=apL+v,+..., (4)

where the ellipsis represents terms which are negligible
in the limit L — oo. The first term «,, L can be viewed
as a boundary contribution, and the coefficient «,, de-
pends on microscopic details. Our main interest lies in
the subleading constant ~,,. We argue that this constant
is universal and is determined by the ratio of two TLL
parameters, K /K_.

Recently, Poilblanc@ studied the entanglement en-
tropy for a similar partitioning in gapped phases of a spin
ladder model. In his results, the entanglement entropy
shows a similar linear scaling, but a subleading constant
was not identified. We expect that the linear scaling is a
generic feature of this type of partitioning, and that the
appearance of the subleading constant is characteristic of
critical systems.

The paper is organized as follows. In Sec. H, we set up
the problem which we consider in this paper, and present
path integral representations of the reduced density ma-
trix moments Tr p; (with integer n > 2). Based on these
representations, in Secs. and m, we calculate the mo-
ments using two different approaches. In Sec. , we use
the field theoretical representations of the TLL ground-
state wave functions. In Sec. m, we use a modern tech-
nique in boundary CFT based on boundary states and
compactification lattices. The two approaches are com-
plementary: while the derivation is simpler in the former,
the latter provides a more systematic treatment which
does not require any regularization procedure. Both the
approaches lead to the linear scaling of S, and the same
formulae for the subleading constant ~,. The expres-
sions of 7, (as a function of K /K_) are summarized
in Sec. @, together with a discussion on their analytic
properties. In particular, it is found that the formulae
of 7y, (obtained for integer n > 2) are not analytic in
the limit n — 1. In Sec. [}, we check our predictions
on S, (n > 2) in a numerical diagonalization analysis
of a hard-core bosonic model on a ladder. While we do

not have any analytic prediction on the von Neumann
entropy S1, the numerical result suggests that S; obeys
a linear scaling similarly to Rényi entropies and that the
subleading constant ~; is universal. We conclude with a
summary in Sec. @ Implications of our results on a 2D
sliding Luttinger liquid are also presented.

II. SETUP OF THE PROBLEM

In this section, we set up the system and the problem
which we consider in this paper. In particular, we present
the path integral representations of the reduced density
matrix moments Tr p4 (with integer n > 2), which will
be used in the following sections.

A. Coupled Tomonaga-Luttinger liquids

We consider a system of two TLLs H, (v = 1,2) on
parallel periodic chains of length L coupled via interac-
tions His. We assume that the two TLLs are equivalent
and are described by the Gaussian Hamiltonian:

Loy do,\> 1 [do,\?

H,,—/O dwle(dI) +K(da:> ], v=1,2,

()
where z is the coordinate along the chains, and v and
K are the velocity and the TLL parameter, respectively,
in each chain. In the case of fermions, K < 1 (K > 1)
corresponds to a repulsive (attractive) intra-chain inter-
action. The dual pair of bosonic fields, ¢, and 6, sat-
isty [¢pu(2),0,(2")] = (i/2)[1 + sgn(z — 2')]0,r. The
field ¢, (z) is related to the particle density p,(z) via

do, (x
Pv(x)zpo—ﬁ ¢dm()

ground state while the field 0, (z) represents the Joseph-
son phase. We assume that there is no particle tunneling
between the chains, and therefore the particle number is
separately conserved in each chain (U(1) x U(1) symme-
try).

Now let us consider, for instance, the interaction of the

form
L
H12 = / dx
0

which corresponds to the leading part in the density-
density interaction. To treat this, we introduce the sym-
metric/antisymmetric combinations of the bosonic fields:

with pg being the density in the

U doyr depa
m dr dx’ (6)

by = i2<¢>1 L ha), Be= (B k0. (T)

V2 V2

Then the total Hamiltonian H = Hy + Hs + Hi5 can be
formally decoupled into two free bosons defined for these
symmetric/antisymmetric channels:

H=H, +H._ 8)
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FIG. 1: The path integral representation for the reduced
density matrix pa in Eq. (E) In each of the two sheets,
a periodic boundary condition is imposed in the x direction.
Therefore the left and right sheets form a cylinder and a torus,
respectively.

with

L 2 2
vy b+ 1 [dos
H. = dr — | Ky | — — == . (9
* /0 $2[i<da:)+Ki<d:c ©)
Here the renormalised velocities v and TLL parameters
K are given by

} -}
vi=v<1j:@) : Ki:K(li@> . (10)
v

Uy

Note that, although the two channels are formally de-
coupled in Eq. (H), zero modes of the two channels are
intertwined, which will be seriously discussed in Sec. m
On the other hand, the oscillator modes of these channels
are completely decoupled. In general, if H15 consists only
of forward scattering processes, the total Hamiltonian H
can be similarly recast into the form in Eqs. (§) and ({).
Even when His contains other terms, this form is still
applicable as long as those terms are irrelevant and di-
minish to zero in the renormalization group (RG) flow.
In this case, K1 can change slightly from the perturba-
tive result [like Eq. ([L0)] along the RG flow, and their
precise values in the infra-red limit can be determined
by examining correlation functions numerically, for ex-
ample. In the following, we consider the situation where
the Hamiltonian in Eqgs. (§) and () presents the exact
long-distance physics, and treat K, as free parameters.
Since we are interested in the entanglement between the
two chains, we keep in mind that the bosonic fields ¢
and 04 diagonalizing H are related to the original fields
on the chains via Eq. ([f). Note that Eq. (f]) is protected
by the permutation symmetry of the two chains and is
applicable beyond the perturbative regime.

B. Path integral representations of reduced density
matrix moments

For the ground state |¥) of H, we consider the Rényi
entanglement entropy S, [Eq. ([])] with integer n > 2

between the two chains. Here we represent the moments
of the reduced density matrix, Tr p’, in the language of
the path integral. We start from the finite-temperature
density matrix of the total system:

(11)

The inverse temperature 3 is eventually taken to infinity
so that p — |¥)(¥|. We move on to the path integral
formalism in the Euclidean space time (tg,x). The Eu-
clidean action is

1
p= EefﬁH with Z = Tr e PH.

8 L
SEZ/O th‘/O dx (£E++»CE—) (12)
with
Los =32 [@e02) + 02 @021 (13)

Although Sg is diagonalized in ¢4 basis, in the follow-
ing, we rather regard this as a functional of ¢ 2 using
the relation (ﬁ) since we are interested in the entangle-
ment between the two chains. On this ground, the matrix
element of the density matrix p is expressed as

(01, palpler, w2)
1
N Z /V(Oﬂﬁ) = o (x) Dp1Doo efsE[¢1-,¢2],
dv(B,7) = ()

where ¢, = {p,(2)}o<s<r and those with a prime are
field configurations defined along the chains 1 and 2 re-
spectively. The path integral is done under the condition
that ¢, (tg,z) (v = 1,2) is equal to ¢, (x) and ¢, (x) at
the imaginary time tg = 0 and 3, respectively.

The reduced density matrix p4 for the chain 1 is ob-
tained by identifying ¢, and ¢} in Eq. (14) and integrat-
ing over sa:

(14)

(pilpaler) = /Dwz (0, va2lpler, p2)

1

=7 / 61(0,0) = 1 (a) DO1Dg e~ Selredl, (1)

$1(8,z) = ¢ (z)

#2(0,z) = ¢2(B, @)
with Dy, = [[,, dyp,(x). We introduce a graphical repre-
sentation in Fig. , where two sheets express the space-
time on which the fields ¢, 2 are defined. The partial
trace in Eq. (E) corresponds to gluing the two edges of
the sheet for ¢s.

Now we consider the n-th moment of the reduced den-
sity matrix, Trp’y, with integer n > 2. To construct this,
we consider n copies of the diagram in Fig. [l and glue
them cyclically, as illustrated in Fig E for the case of
n = 3. This leads to an expression

Tr PEZ/HD‘P%*I H<<P2j+1|pA|‘P2jfl>

J=1 J=1

Z/HDSDJ' H<902j+17902j|P|<P2j—1,902j>
Jj=1 Jj=1
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FIG. 2: The path integral representation of Trp’; in Egs. @)
and ), for the case of n = 3.

where ¢;’s with odd (even) subscripts are defined for the
chain 1 (2) and @a2,41 = ¢1. This can be expressed in a
compact way:

Zn

Trp = 22
pA Zna

(17)
where Z,, is the partition function defined for 2n sheets
which are interconnected as shown in Fig. E The dia-
gram consists of a large torus for ¢;’s, and n small tori
for ¢o’s. Because of the interactions between ¢; and ¢,
the calculation of such a partition function is not trivial.
In Secs. and [[V], we present different ways to compute
Eq. (IE) or Eq. ([L7), which eventually lead to the same
results. Here we mention the case of no inter-chain inter-
action Hyjs = 0, where the tori in Fig. E are decoupled.
Using the ground-state energy Ey of H; and Hs, we have
Z,, ~ e~ nBEo (e_'@EO)n and Z" =~ (e‘gﬂEO)n in the limit
8 — 00, which lead to S,, = 0.

III. WAVE FUNCTIONAL APPROACH

In this section we compute Eq. ([l§) using a field the-
oretical representation of the TLL wave function, and
derive the expressions of the Rényi entropies S,, for inte-
ger n > 2. Similar approaches were also used to calcul
the entanglement entropy in 2D critical e functions
and the ground-state fidelity in TLLs. In this sec-
tion, we do not include the zero modes of the bosonic
fields and regard Hy as completely independent. This is
justified because we are interested in the entanglement
properties of the ground state, where zero modes do not
appear.

(@, +9,)/2

¢(3) ¢(3)
(@5 +05) /N2

(05 +0,)/N2
¢(2)

(9, +9,) /2 (@, —9,) /N2
(0, +9,) /2 (@, —9,) /N2
¢(1) ¢_(1)

(9, +¢,)/2 (0, —9,)/N2

FIG. 3: Rewriting of Zs in Fig. E using ¢+ basis. The par-
tition function Z3 is obtained after integrating over the field
configurations ¢1, ..., ps.

A. Reduced density matrix moments and wave
functionals

The difficulty in computing Z,, comes from the inter-
actions between different sheets in Fig. E To treat these
interactions, we work the symmetric/antisymmetric basis
of bosonic fields, in which the action is diagonal, leading
to a diagram as in Fig. E As a tradeoff, the boundaries
of the sheets are now interconnected in a non-trivial way.
The strategy of this section is to first treat each sheet of
Fig. E separately by fixing the boundary field configura-
tions, ¢;’s, and to then integrate over ¢;’s to calculate
the partition function Z,.

As mentioned in Sec. , the winding numbers (zero
modes) of the symmetric/antisymmetric channels are in-
tertwined, and therefore the two channels are not com-
pletely decoupled. However, since we are interested in the
entanglement properties of the ground state in the limit
[ — oo, we can work in the sector of the Hilbert space
where the winding numbers are set to zero. Namely,
we focus on the oscillator modes in the Hamiltonian.
In this sector, Hy commute with each other. Using
e PH — ¢=BH1o=PH- e rewrite the matrix element of

p appearing in Eq. (]E) as

(2541, P25lplw2j—1,025)
1 <902j+1 + 25

_ e PH+
AN

p25—1 + <P2j>
V2
X<902j+1 — P25 o—BH- ‘ P25j—-1 — P25 >

V2 V2

An expression of the form (¢’|e#H%|p) in this equation

(18)




corresponds to each sheet in Fig. E Since Hy are the
Hamiltonians of massless free bosons, (¢'|e”#H%|p) can
be viewed as the propagator of a closed bosonic string in
the imaginary time. Such a “closed string propagator”
has been computed in, e.g., Refs. [in particular
a compact expression is shown in Eq. (24) of Ref. @]
Rather than using the expression obtained in these works,
we here take a simpler route as follows.

We take the limit 5 — oo, and then only the ground
states |W1) of Hy (with eigenenergies E ) contribute to
the propagators and the partition function:

(e PP ) = (@' | Wi)e PP (W p),
Z = Tre PH n ¢ AE++E-),

Using these, we can rewrite Eq. ([[§) as
(P2j+1, p25lplp2i-1, P25)
%<QP2j+1 + 24 o ><\I/ P21 + P25 >
AN (21)

V2
o)

% < P2i+1 — P25
V2
Here, an expression of the form (¢|¥y) is the represen-
tation of a ground state wave function in terms of the
field configuration {¢(x)}o<s<r along the chain, which
we call a “wave functional” following Ref. @

B. Calculation of reduced density matrix moments

The ground statega@tj@ctional of a TLL has been
derived in literature. In Appendix @, we present
its simple derivation in the operator formalism. From
Eq. (), the wave functional is expressed as

L
Kiﬂs@]j

(p|Ws) = (22)

VT

where €[] is a quadratic function of ¢ [see Eq. ([A14)) for
the explicit form]. From Eq. (ALI), the normalization
factors N1 are given by

Ne=1]] Wkﬁ (23)
m=1 m

UsinitEqs. (B1) and (P2) and E[¢] = E[—¢], Eq. ([[§) is

Teglh = (N2NC)™ / HD%

2n
1 eﬂj+<ﬂj+1} 1 [%—%‘HD
X exp | — —5{7 b |P %
;(K'F V2 K_ V2
(24)

Here each term in the argument of the exponential func-
tion corresponds to an edge of a sheet in Fig. E, and

represents the probability distribution of field configura-
tions in a way analogous to the Boltzmann weight. As
shown in Eq. (AY), the functional £[¢] has a very simple
form when written in terms of the Fourier components

{Pm} of ¢:
E{em}] = Z K |@ml?.

Therefore, we expand ; into the Fourier components
{@j.m} as in Eq. (Ad), and rewrite Eq. (4) as

TrpA (N+N /H H d%, dspjm

— 2k,
XeXp(-ZWq) M(I) )

m=1

(25)

(26)

where @, = (P1.m, P2y - - - » Panm )’ and M, is a 2nx2n

matrix defined as

A iB iB
iB A iB
M, = iB A , (27)
. 1lp
2
B A

(E8) »-1(EE)

Performing the Gaussian integration and using Eq. (@),
Eq. (BG) is calculated as

1/2 1/2 1
1_:[ ( ) det M, |’

Tr plh = (NEN2)™

oo

(det M,,)

m=1

(29)

Since M,, has the same form as the Hamiltonian of a 1D
tight-binding model, it can be easily diagonalized and its
determinant is calculated as
2n—1 97l
det M,, = A, N=A+B — .
e H) 1 1 + b cos ( o >

(30)

In Eq. @), we have obtained an infinite product of
the form [[°_, C~! (with C' > 1), which needs to be
regularized. We introduce a short-distance cutoff ag of

‘the order of the lattice spacing. We rewrite the prod-

uct as Hm;éO C~'2. 1In this expression, m runs over
L/ap — 1 modes by considering the exclusion of the zero
mode. Therefore the product scale as C'/2e~*F (with
a = (logC)/(2ag) > 0). The prefactor C'/? gives a



cutoff-independent (and thus universal) constant. [A
similar technique has also been used for evaluating the
fidelity in a TLL in Ref. P§] We note that the same uni-
versal constant can also be obtained by the (-function
regularization. Applying this argument to Eq. (), we
arrive at

Tr p% = e~ (det M,,)'/2, (31)
where « is a cutoff-dependent constant. Note that, al-
though we initially assumed integer n > 2, the final
expression (@) also contains the case of n = 1, where
Tr pa = 1. This can be seen by setting o = 0 and

M, = (g i) . (32)

Compared to Eq. (E), we have B instead of %B in the
elements because the elements on the subdiagonal parts
and at the upper-right /lower-left corners in Eq. (@) are
combined. The determinant and the eigenvalues of My
are written in the same ways as Eq. (B0).

C. Expressions of Rényi entropies

Equation (BI)) leads to a linear scaling of S,, as a func-
tion of the chain length L as in Eq. ([l). The coefficient o,
of the linear term depends on the short-distance cutoff aq
and therefore is not universal. The subleading constant
term 7, for integer n > 2 is obtained as

2n—1

Z log \;. (33)

We see that 7, is determined by the underlying field the-
ory and is a function of the ratio of the two TLL param-
eters, K /K_. As an example, for n = 2, one obtains

SEE]

In the limit of n — oo, the summation over [ is replaced
by an integral, leading to

K [k, K,—K+
o (iR R
35)
with
27 /1 _ <2
I(s):/ d—elog(l—i—scosﬁ):log <u
(36)

Here the integral was calculated as follows. We differen-
tiate I(s) with respect to s and integrate over 6:

dI()_/%d_H cosf 1 1 (37)
ds  Jy 2rl+scosf s sy/1— s2

Using 1(0) = 0 and integrating this over the interval [0, s]
gives the final expression in Eq. (B{).

In the replica procedure for calculating the von Neu-
mann entropy, we compute the Rényi entropies for in-
teger n > 2, take the analytic continuation to real
n € [1,00], and then take the limit n — 1. In Eq. (3),
we cannot find any obvious way to extend the formula
of v, to the case of real n. Let us focus on the expres-
sion 4, := log(det M,,) appearing in Eq. (@) To gain
insights on the analyticity of 7,, as a function of n, we
expand it around K, /K_ = 1, which corresponds to the
limit of no inter-chain coupling. To this end, it is useful
to introduce a parameter

K_-K,

=SB 38
K_+K, (38)

Using this, 7,, is written as

+2§:1 log [1 + K cos (22—7:)] - (39)

=0

Fn = —nlog(1l—K?)

Expanding around x = 0 gives

o —Apm 9
5, = Y L Cnm am 10
7 mzzjl e (40)
with
2n—1
27l
Anm - m

> co (2n)

1 2m wn 2n—1 (41)
_ 2nl(k—m)/n
g () X e

k=0 =0

In the summation over k, only the terms where k£ —m is
an integer multiple of n contribute. For m < n, it occurs
only for k = m, and A,, ,,, is given by a simple expression

2n (2m

For m > n, A, ,, can contain other terms and show non-
trivial dependences on n and m. For example, for m = 1,

one obtains
2
An,l = {
n

This leads to the lowest-order expansion of 7,, for n > 2

(n=1)

(n>2). (43)

An = gliz + O(k"Y), (44)
which is not smoothly connected to 43 = 0 as n — 17,
Multiplying —1/[2(n — 1)] to Eq. ({4) to obtain ~,, we
find that the coefficient of the leading (order-x?) term
in v, is divergent as n — 17. This indicates that in
this problem, it is difficult to study the von Neumann



entropy S7 from the knowledge of the Rényi entropies
S, with integer n > 2. At present, we do not have any
analytic prediction on S7. However, our numerical result
in Sec. ﬁindicates that S; also obeys a linear function
of L and that the subleading constant 7; is determined
by K+/K7.

In passing, we comment that the non-analyticity of
the subleading constant in the limit n — 1 has also be
seen in @e Rényi entropy of a line embedded in 2D Ising
models.

IV. BOUNDARY STATE APPROACH

In this section we express the partition functions, Z,
and Z", in Eq. ([[7) as the transition amplitudes between
conformal boundary states. In the limit § > L > 1,
these partition functions contain universal multiplicative
constant contrlbumo@ known as the boundary “ground-
state degeneracies.”Bd This approach does not require
any regularization procedure and determines the univer-
sal contributions in the partition functions in a way con-
sistent with a certain condition under theamodular trans-
formation (Cardy’s consistency condition@q). Similar ap-
proaches were also used quite recently to calculatgl@
entanglement entropy in 2D critical wave function
and the ground-state fidelity in TLLs.

A. Compactification conditions of bosonic fields

To apply boundary CFT to the system introduced in
Sec. , one needs to precisely discuss the compactifica-
tion conditions imposed on the bosonic fields. We will see
that zero modes of the symmetric/antisymmetric chan-
nels are intertwined and require a careful treatment.

The original bosonic fields, ¢, and 6, (v = 1,2), de-
fined along the chains are compactified on circles with dif-
ferent radii. When periodic boundary conditions (PBC)
are imposed, the fields can acquire @ndmg numbers
when going around the chains, namely,

¢ (L) = ¢,(0) + 27rn,,
0,(L) = 0,(0) + 2wrm,,, (45)

Ny, My € 2.

Here the compactification radii are given by

L1
r—m, T—ﬁ. (46)

Before discussing the compactification in the symmet-
ric/antisymmetric channels, let us mention that H in
Eq. (§) is not a Hamiltonian of a conformally invariant
system because the two velocities vy in Eq. () are differ-
ent in general. To apply boundary CFT later, we restore
the conformal invariance by simply replacing vy — 1.

Although this replacement changes the spectrum of the

Hamiltonian, it does not change the eigenstates. The
ground state and therefore its entanglement properties
should remain unchanged. To further simplify the Hamil-
tonian, we rescale the bosonic fields as &1 = ¢+ // K+

and ©4 = /K10,. The new Hamiltonian is
1 [ AN AN
H=-|[ d — — 47
2 /0 * ( dz ) * ( dz ) (47)
with

& — @j), 6— (8f>. (48)

From Eq. ([), the new bosonic fields are subject to
the conditions

B(L) = B(0) + 2,
O(L) = 6(0) + 277,

ni, N2, mi,ma € Z?

U = nidy + nods, (49)

U= mlgl + ngQ, (50)

where

oo () 5o () o

Note that @; - gj = 5-4;;. Let A be the lattice of @ defined
by Eq. ({9), and let A* be its reciprocal lattice. Then o
defined by Eq. (BQ) lives on 5=A*. The lattices of @ and
¥ introduced in this way are called the compactification
lattices of ® and ©.

B. Reduced density matrix moments and
boundary states

We consider the partition functions, Z,, and Z", ap-
pearing in Eq. (E) In the following discussions, we
mainly focus on the case n = 2; the generalization to
arbitrary integer n > 1 is straightforward and will be
done in Sec. . From the argument in Sec. , Zs
is expressed by four sheets interconnected as shown in
Fig. [|(a). Invoking the folding technique of Refs. P4BY,
we fold each sheet at tg = (/2 and superpose all the
8 pieces of sheets. As a result, we have a 8-component
bosonic field @ living on a cylinder of lengths L and /2
in the spatial and temporal directions respectively; see
Fig. fj(b). The Hamiltonian H for this “system” is writ-
ten in the same form as in Eq. ([f), but now & and ©
consist of 8 components each:

3 — (@(1) q)(l) q)(2) q)(2) q)(3) q)(3) q) ) (52)

= 4)

6 =000 6?6 o o® 9( oWyt (53)
Here the components of & are related to o g in

Fig. E

. 1 . .
of) = (07" £ 0y, (54)

2K+
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FIG. 4: Two representations of Z>. Four sheets are interconnected in (a). We fold each sheet at tg = 5/2 and superpose all

the 8 pieces of sheets, leading to a 8-component field d ona single sheet in (b).

and @g) are defined as their dual counterparts. The 8-
component fields are subject to the conditions

(L) = B(0) + 27, U €

(L)

(1]

=A4 (55)
_ (%A*f. (56)

The primitive vectors of the lattice = are @ (v =

1,2; j = 1,2,3,4), each of which is defined by insert-
ing @, into (25 — 1)- and (27)-th elements and zeros into
the others. Similarly, the primitive vectors of the lattice
= are 5 (v=1,2; 5 =1,2,3,4), defined likewise from
b, .

At the two boundaries at tp = /2 and 0, the following
boundary conditions are imposed respectively:

[1]:

@1

0(0) 4+ 277, Te

Lo ™Y =i, oY =i (j=1,2), (57)
I ¢§2‘7) _ ¢§2]+1)7 Q/)g?]—l) _ ngzj)

(=12 ¢ =¢}"). (58)

We will express these conditions using boundary states,

IT'1) and |T'3). The partition functions we wish to calcu-

late are expressed as the transition amplitudes between
these states:

_B8h

Zy = Zr,r, = (T1]e 2|y, (59)
_Bh

Z% = Zp,r, = (D1]e 2 |Ty). (60)

C. Boundary state formalism

Before considering the two boundary states |T'j2)
in more detail, we discuss the construction of bound-
ary states in a more general setting. The bound-
ary CFT for multico ent bosons has been devel-
oped in string tmﬁ'@ and applied to condensed
matter problems. In particular, a “mixed” Dirich-
let/Neumann boundary condition, which we focus on
here, has been discussed in Refs. @,@ Such “mixed”
conditions have recently been applied to the calcula-
tion of the entanglement entropy in 2D critical wave
functionsEd Here we review basic knowledge on the
boundary CFT for multicomponent bosons, and dis-
cuss how to construct the boundary state for a “mixed”
Dirichlet/Neumann condition. For further details, we re-
fer the reader to, e.g., Refs @,@,@ (especially Ref. @
for the present application@), which contain useful sum-
maries of boundary CFT for multicomponent bosons.
The main result of this subsection is the formula of the
boundary “ground-state degeneracy” in Eq. @, which
is used later to calculate universal (non-extensive) con-
stant contributions in partition functions.

We consider a c-component free boson defined by the
Hamiltonian A in Eq. (7). The system is placed on a
cylinder like Fig. [](b) and we impose certain conformally
invariant boundary conditions at both ends. Since the
PBC is imposed in the x direction, the bosonic fields



have the following mode expansions:

B(t,z) = By = (i + vt) (61a)
n Z 1 (d»L e*’Lk (z+t) + aRelk (z—t) +h. C)
= Vamm "
- = 2
O(t,z) = Oy + f(vx + ut) (61b)
n Z 1 (6L6 ik (z4+t) d‘Reikm(acft) + hC) ,
o Vdmm "
with k,, = 2mm/L. The spectra of @ and ¥ form the

lattices = and = = %E*, respectively. We have included

the dependence on the real time ¢, which help to see
that a@Z (@f) represents a left (right) moving mode. The
elements of vectors, which we label by 7 = 1,2,...,¢,
obey the commutation relations

[(I)O,j, f)j/] = [(’“)OJ,ﬁj/] = i5jj'/(2ﬂ'), (62)
[a:'rl)f/],,jv al,,lr/;)j/] = [aﬁi’j, af:t)j,] = 5mm'6JJ/ (63)

Using the expansions (@), the Hamiltonian H is diago-
nalized as

~ 2T s C
- (@ + ALT aL 4 Ght .
o [ +mz::1m Lo+ alt.gh) - o
(64)
where the last term comes from the zero-point motions
of oscillators (Casimir effect). The ground state |¥) of
H is given by the condition @/ ™ |W) = 4| ¥) = ]¥) = 0.
We can decompose Eq. (pl]) into the chiral components

as
(i;(tv'r) - (f)L('rJr) +(I_)’R(I*)7
é(t,fb) = (f)L('rJr) - (I_)’R(I*)v (65)
ry=t+tx
with
. 1 - =
Brn(es) = 5(B0 + 60) + T (i +7)
o0 66)
1 ~L/R,_—ik (
+ a, et mTE L he. ).
mZ:1 47Tm( )

We now introduce a conformally invariant boundary
condition I' at the time ¢ = 0. Boundary conformal in-
variance implies that the momentum density operator
Tt — Tr vanishes at the boundary. Here, Ty g(t,x) =
Tr/r(rs) = (0+9)? (with d1 := 0, ) are the chiral com-
ponents of the energy-momentum tensor. The conformal
boundary state |I') therefore satisfies

[To(z) — Tr(x)] L) =0 (67)

(Here, T, /r(x) is defined by 17 gr(t = 0
convention applies to ®y,/z(x) and Jr,/p(x

,x). The same
) below). In a

multicomponent boson, one can also introduce additional
symmetry requirement of the form

() = RJn(x)| IT) =0, (68)

which represents the conservation of currents in a general
form (associated with a Heisenberg algebra). Here R is
an orthogonal matrix, and
+0+0(t, ) = 0+ P p(z4)
(69)

are the chiral components of the current operator. Since
Trr(r+) = (Jrr(e<))?, Eq. ([BY) implies Eq. (7).
Therefore, Eq. @) defines a subclass of conformal
boundary states for multicomponent bosg@ @nch have
many interesting physical applications. On the
other hand, conformal boundary states which satisfy only
Eq. (b7) and not Eq. (BJ) are also known.

We now focus on the subclass defined by Eq. (B). The
condition can be rewritten as

jL/R(taI) = jL/R(ﬂfi) =

By [éL(x) + RcﬁR(I)} D) = 0. (70)

This means that ® L+ R r 1s fixed at a constant vector
along the boundary. In particular, setting R to the iden-
tity matrix I, we have the Dirichlet boundary condition
(“D”), where $ is fixed at a constant vector along the
boundary. Setting R = —1I leads to fixing é, which then
means the Neumann boundary condition (“N”) 8, = 0
(since ;% = 9,.0).

To obtain the explicit form of |T'), we decompose
Eq. (fd) into Fourier components using Eq. (6d), lead-
ing to

[@ + ) + R(iT — {7)] ) =0, (71a)
(@t +RalhH|T) = (@l + Rak)r) =o. (71b)

The solution of Eq. ) is given by the Ishibashi state@

|(d@,v))) := exp ( Z aLT RﬁRT) |(a@,v)), (72)

where |(@,7)) is an oscillator vacuum characterized by
the zero mode quantum numbers (or “winding numbers”)
4 € = and v € E. If (d, V) satisfies

(@+ %)+ R(@ —7) =0 (73)

required from Eq. (1), the Ishibashi state |(i, 7)) satis-
fies the conformal invariance. It is known, however, that
in order to obtain a stable boundary state for a given
R, one must take a linear combination of the Ishibashi
states over all possible (i, ¥) satisfying Eq. ([3).

We proceed our discussion focusing on the case of a
“mixed” Dirichlet/Neumann boundary condition, which
is defined as a special case of Eq. ([fd) as follows. In
the c-dimensional space of the vectorial bosonic fields, we



impose “D” for the dp-dimensional subspace Vp and “N”
for the remaining dy (= ¢—dp)-dimensional subspace Viy
perpendicular to it. Namely,

-8, ®(z)[T) =0 for §€ Vp, (74)
. 8,0(2)[T) =0 for §€ Vy. (75)

W]

w]

Let Py and P; be the projection operators onto Vp and
Vi, respectively. Then R in Eq. (@) is expressed as

R:IP”-F(—I)PL:PH—PL, (76)

which is the reflection operator about the “surface” Vp.
As explained above, the corresponding boundary state
IT') is constructed as a linear combination of Ishibashi

states ([79):
L) =gr Y (@9), (77)

(@,9)

where gr is a prefactor to be determined later and
the summation runs over all possible (u,7) satisfying
Eq. ([J). Usually, instead of the condition ([7J), it is
sufficient to require separate conditions for # and -

Ril = —,

R = 7. (78)

Since @ and 7 live on different lattices = and Z, a solution
(u, V) satisfying only Eq. (@) and not Eq. (@) appears
only when the primitive vectors of the lattices are fine-
tuned, and is not considered in the present discussion.
Because of the definition () of R in the present case,
the conditions (fg) imply

TS VN, v € Vp. (79)
Let Zn be the set of @ € Z satisfying @ € Viy and =p
be the set of ¥ € = satisfying v € Vp. Then, Eq. (@) is
rewritten as

D) =g Y > l@o)). (80)

UEEN ﬁGéD

The prefactorgr is fixed by requiring Cardy’s consis-
tency conditiontd stated as follows. We impose bound-
ary conditions I and T at the imaginary time tp = (/2
and 0 respectively, and consider the transition amplitude
(partition function):

Zpp = (Tle 2 A|T). (81)
This can be expressed as a function of
q= 6271-1'7- _ 6727r6/L7 (82)

where 7 = i3/ L is the modular parameter@ (this picture
is referred to as the “closed string channel”). By modular
transformation, we exchange the roles of space and time
and express Zrp as a function of § = e~ 2™/7 = ¢~27L/8
(“closed string channel”). In this picture, we may define

10

the Hamiltonian I:IFF/ for a 1D system with two bound-
ary conditions I" and I' at the ends, and write the parti-
tion function as Zrr/(§) = Tr e~ LHrr’ . This means that
Zrr(q) is determined by the spectrum of Hrrs. There-
fore it should have the form

Zrr(q) = Z Nt (@), (83)
h

where x)/*(g) is a character of the Virasoro algebra. The
coefficient Nji, can be interpreted as the number of pri-
mary fields with conformal weight A, and has to be a
non-negative integer (Cardy’s conditionﬁ). Usually it is
also required that N2 = 1, where h = 0 corresponds to
the identity operator. This is related to the uniqueness
of the ground state of Hpr/,. This requirement can be
used to fix gr.

Now we calculate the amplitude between two |I')’s de-
fined by Eq. (B():

Zrr(q) = gt <%q)) SoO3 T gy

UEEN §e=p

where
n(g)=¢"* [[(1—q¢™ (85)

is the Dedekind 7 function. By modular transformation,
we can rewrite Zrr using ¢:

c/2

Zrr(q) = gim ™ ?vo(En)”

% (%)C Z 3 (P4, (86)

TERY gemx
€EN Fegy,

where vy (...) represents the unit cell volume of the lattice.
Here we have used the following identities:

w0 =(2)" ")

dn /2
o 1 »
3T = (ﬁ) G, (88)

@€Sn vo(En) AL Fesy,
dp/2
2 1 15} 1=
Sato o (f) 0 T e
S UO(':‘D) L I
vEED seEp

The second and third equations come from the multi-
dimensional generalization of the Poisson summation for-
mula. To satisfy Cardy’s consistency condition above, we
require the coefficient of the term with (7,5) = (0,0) to
be unity, obtaining

gr = 7Tc/41)0(EN)1/2’Uo(ED)1/2. (90)

The constant gr appears in the overlap between the
ground state |¥) of H and the boundary state (8():



gr = (¥|T'). This means that the partition function Zpr
has a multiplicative constant contribution grgrs com-
ing from the boundaries in the limit /2 > L > 1.
This result can be interpreted as follows. In the open
string channel picture, the 1D system described by Hrpr-
has the “spacial length” /2 and the “inverse tempera-
ture” L. The ground state of Hrpp is unique, and there-
fore the thermal entropy goes to zero in the “zero tem-
perature” limit 1/L — 0. On the other hand, when
B/2 > L > 1, the “temperature” 1/L is high enough
and the spectrum of ﬁpp/ looks effectively continuous. In
this case, the thermal entropy acquires a constant contri-
bution log(grgr-), in addition to the standard extensive
contribution linear in temperature. Because of this, gr is
referred to as the boundaryéground—state degeneracy,”
and is generally non-integer.

D. Boundary conditions I'y and I's

The two boundary conditions T'; 5 in Egs. (57) and
(@) can be expressed as special cases of “mixed” Dirich-
let/Neumann conditions discussed in the previous subsec-
tion. The condition I'; in Eq. @) leads to the following
“D” conditions:

. , 1 o~ o -
0= 0,08 — o) = < (B —5HY) - 0,8,

- NPT
0= 8, éQJ 1 _ ¢é2a)) _ ;(b;% 1 _ 2J)) 0,® (91)

(G =12 8" =5).
Therefore, the subspace Vps where “D” is imposed is
spanned by the following (non-orthogonal) basis vectors:

I R RO

)

’ (92)
SO )

5y =05 — b5,

In the perpendicular space Vis, the field d is free at the
boundary, and therefore we impose “N”, where the dual
field © is locked. This space is spanned by

f=aV+a?, f=a?+a?, )
%=@+#%ﬂ=#uﬁ*

Now we consider the lattices Zno and = p2 used to con-
struct the boundary state |T's) as in Eq. (B(). Since any
linear combination of {§;} with integer coefficients be-
longs to the lattice Z, {5;} can be used as the primitive
vectors of Zpg (= 2N Vpg). Similarly, {#;} can be used
as the primitive vectors of Zn9 (= =N Vaa).

What are the meanings of the lattices =yo and épg
introduced in this way? Initially, in the mode expansions
(B1), the eigenvalue i of ii can take any element of the
lattice = and thus be expressed as

4 2
=Y ), (91

j=1lv=1
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where n,(,j ) is an integer representing the winding number
of ¢ in Fig. f(a) in the = direction. After imposing
the boundary condition I's, @ lives on the reduced lattice
=N, where as indicated by Eq. (), the winding numbers
obey the constraints:

ng) n§2)7 ngz) _ ngg),
né) (4) @ _ @

g™, N1~ =M

(95)

T hese equations simply mean that the winding numbers
of (;5,, s on two sheets connected through I's in Fig. fj(a)
should take the same integer. Slmllarly, Eq. () implies
that the winding numbers mV of 6‘ s on two sheets
connected through I's should take mutually opposite in-
tegers.

Using the primitive vectors {3;}, the unit cell volume
of 2 D2 is calculated as

§1-51 51-52 51-53 5154
vo(Eps)? = |27 51 5275 5285 53-8

§3-8) 8355 53-53 5354 (96)

§4+51 8452 5483 8454

= det (272K 2K, )

where M is the 4 x 4 matrix defined in Eq. (7). Since
the general case of integer n > 1 can be handled by sim-
ply replacing My by the 2n x 2n matrix M,, [defined in
Eq. (R7)], we proceed our discussion in this general case.
Now the boundary conditions I'y 2 are imposed on a 4n-
component boson. We obtain

vo(Epa) = (2f2Ki/2Ki/2)” (det M,)V2. (97)
Similarly, we obtain the unit cell volume of Zy4 as

w(Ena) = (22K PK) (det M) 2 (98)
Therefore, using Eq. (B{), the factor gr, is calculated as

gr, = ano(épg)l/z’vo(ENz)l/z = (det Mn)l/z. (99)

A similar procedure for I'y yields gr, = 1.

E. Calculation of reduced density matrix moments

We consider the transition amplitudes, Zr,r, and
Zpr,r,. The calculation of Zr,r, for arbitrary 8 is a dif-
ficult issue because the R matrices for the two boundary
conditions do not commute with each other. However,
as mentioned at the end of Sec. [V.{, one can still derive
the asymptotic expressions in the limit § > L > 1 (i.e.,
g — 0). The results are

ZFle ~ <F1|\Ij> 74n/24<\p|r > q 4n/24gF19F25
<F1|\I/> 74n/24<\p|r > qf4n/24912_‘]7

(100)

Zr,r, & (101)



from which we obtain

Trp ~ =2 = (det M,,)'/2.

102
o (102)

This constant is exactly the same with that appearing
in Eq. (@) So far, we have been concerned only with
the regulated part of Tr p’; and have neglected diver-
gent contributions from the short-range cutoff. The log-
arithm of the partition functions, log Zrr/, for a cylinder
contain contributions proportional to the area gL and
the circumference L (Refs. 3,p0). The coefficient of the
circumference part depends on the details of the bound-
ary conditions while that of the area part depends only
on the bulk properties. Therefore, in —log(Tr p7%) =
—log(Zr,r,/Zr,1,), the area parts cancel out while the
circumference parts do not, leaving a contribution aL. In
this way, the linear contribution in S,, found in Sec.
is also reproduced.

V. NUMERICAL ANALYSIS

In this section, we test the analytical predictions of
Secs. [1] and [V] in a numerical diagonalization analysis of
a hard-core bosonic model on a ladder. The Hamiltonian
of the ladder model is given by

H = Z i [— t (b;7ubj+1,y + h.c.)

v=1,2 j=1

1 1 1
+V Njw = 5 ) \ it =5 ) ~ (i — 5

& 1 1
#3220 (ma=5) (me3).

where b;, is a bosonic annihilation operator at the site

(103)

j on the v-th leg, and n;, = b;)l,bj_y is the number
operator defined from it. Here, ¢ and V represent the
hopping amplitude and the interaction between nearest-
neighbor sites on each leg, and U represents the interac-
tion along a rung. We impose the hard-core constraint
b, = (b}yy)2 = 0, and therefore the bosonic operators are
equivalent to spin—% operators as b;, = S; b;)l, = S;ru
We assume the PBC bry1, = b1,,. We define the aver-
age particle density as pg = (N; + N3)/(2L), where N,
is the particle number on the v-th leg. We assume ¢ > 0,
—2 <V <0, and U > 0; this case was studied recently
in Ref. @ We set ¢t = 1 in the following. As explained in
Appendix B and in Ref. @, this model is equivalent to
a fermionic model on a ladder under the Jordan-Wigner
transformation. In particular, for V' = 0, the model is
equivalent to the SU(2)-symmetric fermionic Hubbard
chain, which is solvable by Bethe ansatz. In the Hubbard
chain, the two legs v = 1,2 are identified with the spin-
up/down states, and the symmetric/antisymmetric sec-
tors correspond to charge and spin modes, respectively.
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FIG. 5: (Color online) 1/K+ (L) [Eq. ()] versus 1/L for
po = 1/3 and V = —1. Filled and empty symbols show the
data of 1/K (L) and 1/K_(L) (with L = 6,9,12,15), re-
spectively. Lines show the fitting with the quadratic form
1/K+(L) = 1/K+ + a/L + b/L*. Our motivation to plot
1/K+ (L) instead of Ki(L) is that the formers vary in a
smaller range [0, 2] in the parameter range of our interest.

We briefly review the recent results of Ref. B on the
model ([[03). For U = 0, the model decouples into two in-
dependent Bose gases, each equivalent to a solvable spin-
% XXZ chain in a magnetic field. Each chain forms a TLL
described by the Hamiltonian (f). The velocity v and the
TLL parameter K (é@ch XXZ chain can be determined
from Bethe ansatz.E3Rd For small U > 0 and py # 1/2,
the inter-chain coupling can be analyzed along the same
argument as Sec. , leading to the perturbative esti-
mates ([Ld) of the renormalized velocities v+ and TLL pa-
rameters K1 (here, the lattice constant is set to unity).
As seen in this estimate, K_ increases with increasing
U. For V < 0, it was found that K_ finally diverges
as U approaches certain U., where a first-order phase
transition to a population-imbalanced state (N1 # N2)
occurs. Here we focus on the uniform phase (N; = Na)
in 0 < U < U, described by the effective Hamiltonian
in Eqgs. () and (f). In the solvable case V = 0, the
transition is known not to occur, and the uniform phase
continues for arbitrary large U > 0. In our calculation
presented below, we fixed the density at py = 1/3, and
performed calculations for V"= —1,—0.5, and 0.

Before presenting our results on entanglement, let us
explain our method for calculating the TLL parame-
ters K1. In the solvable case V = 0, K4+ can be de-
termined accurately by numerically solv@» he integral
equations obtained from Bethe ansatz. For other
cases, we determined K1 in numerical diagonalization
of finite systems (up to L = 15) by using the method of
Refs. p3pg. In this method, we define 71 1 := 711 + g
with 72, := n;,,—po, and examine their correlation func-
tions Cy(r) := (R, +Mj4r+). Using the bosonic represen-
tation of operators, these correlation functions are shown
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FIG.6: 1/K4 for po = 1/3 and V = —1, obtained by extrapo-
lating finite-size data as in Fig. f|. Lines show the perturbative
estimates (@)

to have the asymptotic forms

Ky Ag
Cy(r) = G TR cos(2kpr) + ...,  (104)
where kr := mpo is the Fermi momentum in the cor-

responding fermionic model and A4 are non-universal
coefficients. In the SU(2)-symmetric case, a marginally
irrelevant perturbation produces mﬂ)éi@icative logarith-
mic corrections in the second term.BIed Performing the
Fourier transform, only the first term contribute for a
small wave vector ¢, leading to

Ky

T|Q| (g~0). (105)

Ni(q) := Z Cy(r)e " ~

In a periodic finite-size system of length L, we evaluate
this for ¢ = 27/L, leading to the finite-size estimate of
the TLL parameters:

Ki(L) = gNi (2—”> . (106)

L

illustrated in Fig. The values of 1/K 4 obtained by
the extrapolation are plotted as a function of U in Fig. E,
in reasonable agreement with the perturbative estimates
(Ld) for small U (< 1).

Let us now present our results on the (Rényi) entan-
glement entropies S, (with n = 1,2, 00) between the two
legs. These entropies are calculated in the ground states
of finite-size systems (up to L = 12) obtained by Lanczos
diagonalization. The data of S,, well obey a linear func-
tion of L. For V = —1 and —0.5, we find that a scaling
form

The data of UKiEL) are extrapolated into L — oo as

dn

i (107)
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FIG. 7: (Color online) S; and S« versus L for po = 1/3 and
V = —1. Solid lines show the fits with the scaling form (@)
and broken lines show the linear part o, L + 7.

3| P13 V=0[SU(Q)]

FIG. 8: (Color online) S; versus L for po = 1/3 and V = 0.
Solid lines show the fits with the linear form S,, = a, L + v».
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FIG. 9: (Color online) v, (with n = 1,2, 00) as a function of
U, for po =1/3 and V = —1, —0.5,0. The analytical formulae
of 2 and 7o in Egs. (@) and (@) are also plotted using the
values of the TLL parameters K4 obtained numerically.

fits the data very well as shown in Fig. [l (A simi-
lar scaling form was also used in Ref. P) The linear
part a, L + v, (broken lines) crosses zero around L = 3,
which means that the short-range cutoff ay discussed in
Sec. is given by ap ~ 3. For V = 0, in contrast,
a simple linear form S,, = a,, L + ,, fits the data better
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FIG. 10: (Color online) (a) v, versus Ki/K_. (b) —vy,/r?
versus k = (K- — K1)/(K- + K4) in_logarithmic scales.
The data of 7, are fitted with the form ) The analytical
formulae of 72 and oo are from Egs. (B4) and (E)

as shown in Fig. . The extracted constant =, is plot-
ted as a function of U in Fig. E Using the values of
the TLL parameters K1 obtained numerically, the for-
mulae of 75 and 74, in Eqgs. (% and (@) are also plotted.
For V.= —1 and —0.5 [Fig. f(a), (b)], we find a broad
agreement between the numerical data and the analytical
formulae. The difference between them are within ~ 30%
of their values. We note that our calculations of both -,
and K4 are based on finite-size systems with L < 15.
We expect that calculations in larger systems (by using,
e.g., the quantum Monte Carlo method of Ref. p(}) would
demonstrate a more accurate agreement with the analyt-
ical predictions. For V = 0 (the Hubbard chain case), on
the other hand, we find a significant difference between
the numerical and analytical results — the numerical re-
sults are roughly four times as large as the analytical
results. The origin of this significant difference occurring
only for V' = 0 will be discussed later.

In Fig. [[((a), we plot the relation of v, and K /K_
using the data of V = —1 and V = —0.5. We can again
confirm that for 7» and v, the numerical data and the



analytical formulae show a broad agreement. Further-
more, we observe that the data of v; for two values
of V show a broad agreement, which suggests a uni-
versal relation between v, and K, /K_. In Sec. ,
we have expanded v, (with n = 2,3,...) in terms of
k= (K- —K;)/(K-+ K4) and found the leading de-
pendence

K2+ O(KY). (108)

s

Motivated by this observation, we plot —v,/k? as a func-
tion of « in logarithmic scales in Fig. [[((b). As expected,
the data for n = 2 and oo stay around constants as x de-
creases, although these constants are slightly larger than
those expected from Eq. ([l0§). The data for n = 1, how-
ever, increase as k decreases, and follow straight lines in
logarithmic scales in Fig [L((b). We fit the data with the
form

1 = —ak® (109)

in the range 0 < x < 0.5, obtaining (a,b) ~ (1.13,1.70)
and (1.16,1.62) for V = —1 and 0.5, respectively. This
indicates that the leading k-dependence of 1 contains a
non-trivial exponent b ~ 1.6-1.7, in marked contrast to
the quadratic dependence () of v, for integer n > 2.

Finally, let us now discuss the origin of the significant
difference between numerical and analytical results ob-
served for V = 0 (the Hubbard chain case) in Fig. fJ(c).
In SU(2)-symmetric systems like the Hubbard chain, it
is known that a marginally irrelevant perturbation pro-
duces non-trivial corrections to the predictions of the
pure Gaussian model in various physical quantities. In
particular, its effects are enhanced in the presence of non-
trivial boundary@ﬁitions, as discussed in pin—%
Heisenberg chainl and the Hubbard chainl with
open ends. In the present case, the system has a sim-
ple periodic boundary condition in space, and non-trivial
boundary conditions are imposed in the imaginary time
direction as presented in Sec. m We expect that a
perturbative calculation using boundary states, as was
done in Ref. @, would clarify non-trivial effects of the
marginally irrelevant perturbation.

VI. SUMMARY AND DISCUSSIONS

We have considered two coupled TLLs on parallel
chains and calculated the Rényi entanglement entropy
S, between the two chains. We formulated the problem
in the path integral formalism, and related S,, with inte-
ger n > 2 to the partition functions on certain non-trivial
manifolds. These partition functions were calculated us-
ing two analytical methods. We argued that S, obeys a
linear function of the chain length L followed by a uni-
versal subleading constant ~,. The two methods led to
the same formulae for ~,,, which are written as functions
of the ratio of TLL parameters. The obtained formulae
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were checked numerically in a hard-core bosonic model on
a ladder. When the model is away from the SU(2) case,
the numerical data of v2 and 7., showed a broad agree-
ment with analytical formulae. The agreement among
two analytical approaches and numerical results has of-
fered a convincing evidence of the universality of ,, with
integer n > 2. Our numerical results also suggested that
the subleading constant ~y; in S is also universal and that
its leading dependence on s := (K_ — K,)/(K_ + K4)
obeys a non-trivial power function, in contrast to the
quadratic dependence of ~, for integer n > 2. In the
SU(2)-symmetric case, the numerical data of vo and -,
differ significantly from the analytical formulae, which
indicates a strong effect of a marginally irrelevant per-
turbation.

Recently, Song et al.@ have discussed that the par-
ticle number fluctuations in a subsystem show similar
scaling behavior to the entanglement entropy in a num-
ber of systems. This is an interesting proposal relating
the entanglement entropy to an experimentally observ-
able quantity. In our setting of two coupled TLLs, parti-
cle number fluctuations in a chain are completely absent
since the particle number is separately conserved in each
chain. On the other hand, finite entanglement entropy
does exist between the two chains, and obeys a linear
scaling with the chain length L as we have discussed.
Therefore, our study offers a counterexample to the sim-
ilarity of the two quantities discussed by Song et al..

Our approaches for studying two coupled TLLs can be
extended to study the entanglement in multicomponent
TLLs. An exciting possibility is to study theﬂ(iﬁtangle—
ment entropy in the sliding Luttinger liquid, which
appears in a 2D array of coupled TLLs. Suppose we de-
fine this system on a torus of length L, and L, in two
directions. Here, TLLs are running along the x direction,
and are coupled in the y direction. We consider dividing
the torus into two cylinders of the same size by cutting
it along two lines either in the = or y direction. Cutting
along z is similar to the problem of this paper; it leads
to the linear scaling of the entanglement entropy with
L, followed by a subleading constant determined by L,
TLL parameters. The coeflicient of the linear term can
depend on L,, but we expect that it converges to a con-
stant for sufficiently large L, because of the short-range
character of the correlations in the y directions. Cutting
the system along y is similar to the problem of dividing
a ring of a 1D critical system with central charge ¢ = L,
into two pﬁt@ Using the finite-system formula in the
latter case,t=Ed we predict a scaling

L L, L,/2
S = ?ylog <—sin M) + const.
™

La (110)

L
= ?‘y log L, + const. .
Therefore, the entanglement entropy shows qualitatively
different scalings depending on in which direction one
cuts the system. Such a highly anisotropic character of

entanglement is related to the anisotropic correlations in



this syst@} nd is in marked coﬁrast to non-interacting
fermions and Fermi liquids.
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Appendix A: Ground state wave functional of a TLL

Here we consider a single-component free boson Hamil-
tonian (defined by the fields ¢(x) and 6(z)) with the
TLL parameter K, and derive the expression of the
ground-state wave functional (p|¥). Such wave fuﬁﬁ)@
als have been studied by using, path integral, ’
the Schrodinger formalism§§7 and the Calogero-
Sutherland wave function.B3 This problem is also
closely related to the effective action for the boundary
degrees of freedom discussed in the (Entext of dissipation
problemsd and impurity problems..4 Here we present a
simple derivation in the operator formalism. Since the
winding numbers (zero modes) of the bosonic fields are
zero in the ground state, we ignore them in the following
discussion.

The field ¢ is expanded as

= K : —ikmx
b(z) = Z 4_[(aﬁJraanf)emmm+(aﬁl+a§be K .

™m
(A1)
with k,, = 27m/L and [a,Ln,afJ/] = [a®,a"1] = 6.

s Y’
This is a one-component version of Eq. (@) The ground
state |¥) is defined by a,Ln/R|\II) =0 (¥m € N). By anal-
ogy with the quantum mechanics of a harmonic oscillator,
we introduce the “coordinate” and “momentum” opera-

tors, X#/R and Af/R

m=1

, for each mode via

>L/R .AL/R
aL/R: m/ +1Pm/

7 :
(A2)

The hermittian operators )A(#/ R and ]?,,L/ RA satisfy
the canonical commutation relations [XL, PL] =

(X2 PR =i8,,,,. We further introduce

XER _pL/k
V2

(ah/ ™)' =

N XE4 XL PR+ pL
X — m m P _ m m

m —— Pnr=—"7F7— (m>0
o+ 7 x 7 ( )

(A3)
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which are related to the “center of mass” and “relative”
motions of the left/right-moving modes labeled by m.
Then, Eq. (A1) is rewritten as

00 K . . )
¢(.’I]) = \/ % |:(Xm)+ + iPm,-)elkmw

m=1

This expression “diagonalizes” ¢(x) because all Xm7+’s

and P, _’s commute with each other.
The state |¢) is defined by

B(x)]p) = o()|p)

From Eq. ([A4), one can see that |¢) is given by a simul-
taneous eigenstate of {X,, +; Pm.— }m>0. We expand the
field configuration p(x) as

(0<z<L). (A5)

1 — ~ ik ~x _—ik
p(r) = —= Pme’™ " + Fe” ) (A6)
7E 2 )
Then the coefficient ¢, is related to the eigenvalues,
Xm,+ and P, _, of X, 4 and P, _ as

2k,
X P — = A — O,
A+ Ty, VR ?

From the solution of a harmonic oscillator, the ground
state wave function is written in terms of X,, ;’s and
P, _’s as

(A7)

o0

(X 43 P} W) o exp [—% S+ P

m=1

(A8)

The wave function in terms of @,,’s is then given by

. 1 1 & o
{Zm} W) = 77 P <—X;kml<ﬂml ) . (A9)

We normalize the wave function such that

/ [ (@mdzs) (G @) =1 (A10)

m>0

Then the normalization factor A is calculated as

= 2k s
N = /d”md”‘ —ionl? ) = —_—
nl_:[l Pmd, exp | === |fm| nl;[l .
(A11)
It is interesting to transform Eq. (AJ) into the real-
space representation:

1
—=&
— ¢ K [S"],

1
{plW) = NI (A12)



with

1 L L
8[@] = —— / dIl / dIQ
21 0 0

0zp(11)0zp(w2) log

(A13)

;27 ;27
et T T et P2

Using the charge density measured from the average,
dp(x) = —0yp(x)/+/7, this is rewritten as

;27 ;27
e TP — et T T2

1 L L
5/ 5p(:vl)dac1/ op(x2)dxs log
0 0

(A14)
This can be viewed as the energy of a classical Coulomb
gas placed on a unit circle with a logarithmic repulsive
potential. Such a Coulomb gas structure of the ground
state wave function is directly seen in the Jast@gtype
ground states of the Calogerlg therland model™'™ and
the Haldane-Shastry model=Hd. More detailed discus-
sions on these connections can be found in Refs. @,.

Appendix B: Jordan-Wigner transformation for a
ladder

Under the Jordan-Wigner transformation, the hard-
core bosonic model in Eq. (@) is equivalent to a spin-
less fermionic model on a ladder, where all the bosonic
operators b; , in Eq. () are replaced by fermionic ones
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fjv. This transformation is defined as

(B1)

j—1
fin =exp [iﬁznu] b1,

=1
L j-1

fj2 =exp [W (Z i+ Zm,z)] bj,2, (B2)
=1 =1

where the “string” part runs first along the first leg and
then along the second leg. In particular, for V' = 0, the
model () is equivalent to the solvable fermionic Hub-
bard chain, where the two legs v = 1,2 are identified
with the spin-up/down states. Although the Hamilto-
nian retains the same form under this transformation, the
boundary condition is transformed in a non-trivial way.
For example, the PBC br41, = b1, on the bosons cor-
responds to the boundary condition fri1, = €™ f;,
on the fermions, where IV, is the number of particles on
the v-th leg. Our motivation to consider the bosonic
model ([0d) instead of the fermionic one is that in the
uniform phase which we consider here, the bosonic model
(@) with the PBC has a unique ground state, irrespec-
tive of the chain length L and the total particle num-
ber N = Ni + N5. On the other hand, for U = 0, the
fermionic model with the PBC has four-fold degenerate
ground states for some L and N. Although this degen-
eracy is split for U > 0, some irregular size dependence
occurs as a remnant of the degeneracy at U = 0.
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