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Correlation lengths of the repulsive one-dimensional Bose gas
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We investigate the large-distance asymptotic behavior of the static density-density and field-field correlation
functions in the one-dimensional Bose gas at finite temperature. The asymptotic expansions of the Bose gas
correlators are obtained performing a specific continuum limit in the similar low-temperature expansions of the
longitudinal and transversal correlation functions of the X X Z spin chain. In the lattice system the correlation
lengths are computed as ratios of the largest and next-largest eigenvalues of the XX Z spin chain quantum

transfer matrix. In both cases, lattice and continuum, the correlation lengths are expressed in terms of solutions
of Yang-Yang type [C. N. Yang and C. P. Yang, J. Math. Phys. 10, 1151 (1969)] nonlinear integral equations

which are easily implementable numerically.
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I. INTRODUCTION

In the last decade we have witnessed significant advances
in the field of trapped ultracold gases [1] opening new
avenues for the investigation of low-dimensional physical
systems which can be well approximated by integrable models.
The paradigmatic example is the Bose gas with contact
interaction [2], also known as the Lieb-Liniger model, whose
experimental realization [3-8] has spurred renewed interest
in computing physical properties which are experimentally
accessible. In particular, the correlation functions, which can
be measured using interference [9-12], analysis of particle
losses [6,13], photoassociation [14], Bragg and photoemission
spectroscopy [15-19], density fluctuation statistics [20-23],
time-of-flight correlation statistics [24], and scanning electron
microscopy [25] are extremely important.

Despite the integrability of the model the calculation of
the correlation functions is an extremely challenging problem
which remains unsolved to this day. Significant simplifications
occur in the case of infinite repulsion when the system is
equivalent to free fermions. In this case the correlators can
be expressed as Fredholm or Toeplitz determinants and the
asymptotic behavior can be extracted from the solution of an
associated Riemann-Hilbert problem [26-34]. Similar results,
albeit in a nonrigorous fashion, can be derived using the replica
method [35].

The introduction of the algebraic Bethe ansatz (ABA)
provided the necessary tools to tackle the harder problem of
calculating the correlation functions of integrable models away
from the free fermion point [36-39]. At zero temperature, the
members of the Lyon group (Kitanine, Kozlowski, Maillet,
Slavnov, and Terras), making use of the results obtained
in [40—44] derived in [45] the asymptotic behavior of the
static density correlators in the repulsive Lieb-Liniger model
and similar results for the longitudinal correlation of the
X X Z spin chain. The large-distance and long-time asymptotic
analysis of the density-density and field-field correlators was
performed in [46—48]. In all cases these exact results reproduce
and generalize the predictions of the Tomonaga-Luttinger-
liquid—conformal-field-theory (TLL-CFT) approach [49-51].
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A method of determining the ‘“nonuniversal” prefactors
appearing in the TLL-CFT expansion was introduced in
[52,53] and, also, very recently, in [54].

The temperature dependent correlation functions of a
system characterized by a Hamiltonian H are defined as

—E/T

(O} = LI 0

doe HT
where O is a local operator, the sum is over all the eigenstates
|2) of the Hamiltonian, and E their respective energies. The
summation appearing in (1) makes the calculation of tem-
perature dependent correlation functions extremely difficult.
However, in the case of the interacting Bose gas we can
circumvent this problem in two ways. First, it can be shown
(see Chap. I of [39], and references therein), that in the
thermodynamic limit (1) can be replaced by
(Qr]0|Qr)

Oyr = ————, 2
(O)r Q) 2

where |27) is any of the eigenstates corresponding to thermal
equilibrium. This allowed the authors of [55,56] to employ
a method similar to the zero temperature analysis performed
in [45] to obtain the asymptotic expansion of the generating
functional of density correlators. The second method utilizes
the quantum transfer matrix (QTM) and the connection
between the X X Z spin chain and the one-dimensional (1D)
Bose gas. Introduced and developed in [57,58], the QTM,
in particular its spectrum, is an extremely important tool
in the investigation of temperature dependent properties of
lattice systems. The free energy of the system is related to
the largest eigenvalue of the QTM [58,59] and the correlation
lengths of the Green’s functions can be obtained as ratios
of the largest and next-largest eigenvalues [59,60]. At the
same time the QTM is a fundamental ingredient in obtaining
multiple integral representations for temperature dependent
correlation functions [61-63]. Even though there is no QTM
equivalent for continuous systems we can use the fact that
the one-dimensional Bose gas can be obtained in a specific
continuum limit of the X X Z spin chain [64,65]. Performing
this continuum limit in the nonlinear integral equations
(NLIEs) characterizing the eigenvalues of the X X Z spin-chain
QTM we will obtain the spectrum of what we will call
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the “continuum” QTM, from which we can calculate the
thermodynamics and the correlation lengths of the continuum
system. It is precisely this method that we will use in this
paper to obtain the asymptotic expansion of the temperature
dependent density-density and field-field correlation functions
in the one-dimensional Bose gas. We should mention that
the same scaling limit was used in [66] to obtain the
k-body local correlators, i.e., correlation functions of the
type ([¥T(0)]F[¥(0)]¥)7, for k < 4 using, however, a totally
different method than ours. For & < 3 local correlators were
first calculated in [67-71]. Other important results concerning
the correlation functions of the 1D Bose gas can be found
in [39,72-90].

The plan of the paper is as follows. In the next section
we introduce the one-dimensional Bose gas and present the
asymptotic expansions for the correlation functions which
constitute the main results of this paper. In Sec. III we review
the X X Z spin chain and introduce the continuum limit which
allows for the derivation of the Bose gas results. In Sec. IV we
introduce the X X Z spin-chain QTM and obtain NLIEs for the
largest and next-largest eigenvalues from which the correlation
lengths can be extracted. The validity of the asymptotic
expansions is checked in Sec. V by comparison with the
TLL-CFT predictions. Finally, the asymptotic behavior of the
correlators in the Bose gas is obtained by taking the continuum
limit in Sec. VI. Some technical calculations are presented in
several appendices.

II. THE ONE-DIMENSIONAL BOSE
GAS AND MAIN RESULT

We consider a one-dimensional system of bosons inter-
acting via a §-function potential with periodic boundary
conditions. The relevant Hamiltonian is

1
Hyis = / dx[9, W ()9, W(x) + W ()W ()W (x)W(x)
0

YA AN TEN R 3)

where ¢ > 0 is the coupling constant, u the chemical potential,
[ the length of the system, and we have considered 2 = 2m =
1, with m the mass of the particles. In (3) Wi(x) and W(x) are
Bose fields satisfying the canonical commutation relations

[W(x), W(x)] = 8(x — x),
[W(x), ()] = [Wix), ¥ (x)] =0.

The interacting one-dimensional Bose gas, also known as the
Lieb-Liniger or the quantum nonlinear Schrodinger (NLS)
model, is solvable by Bethe ansatz [2,39,91]. In the case of
n particles the energy spectrum is given by

E({k) =) 2ok 2olk) =k* — p, )

J=1

with the quasimomenta k; satisfying the following set of Bethe
ansatz equations (BAEs):

n

. ki—ks+ic
etk_,lzl_[ J S ,

- j=1,...,n. (@)
s;ﬁjkj—k”v_lc
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It is useful to present the logarithmic form of the BAEs (5),

Ik + > 0(k; — ky) = 27rm;,
s=1
where m ; are integers or half-integers and the scattering phase
0(k) is defined by

_ i+ k
0k) =i 111(’,“L )
ic—k

At zero temperature and fixed number of particles n the ground
state is obtained when the (half) integers take the values m; =
j—m+1/2,j=1,...,n[2]. In the thermodynamic limit
I,n — oo, with their ratio finite D = n /1, the values of the
momenta k; condense in the interval [—g,q] called the Fermi
zone or Dirac sea and the following integral equation for the
density of particles in momentum space can be derived:

lim (k) = +.

k—+o00

1 q_ IN—/1. ’ 1
Bk) — 2—/ Rk — KYpUk)dk =
T Jg 2

N7 / d— /
Kk —k') = ﬁe(k—k)
2¢
T
The Fermi momentum ¢ can be obtained as a unique function
of D, the density of particles, via D = n/l = f_g p(k)dk.
At finite temperature the thermodynamics of the model was

calculated in [92] (for a rigorous derivation, see [93,94]). The
grand-canonical potential per length is given by

(6)

T +o00 _
$(u.T) = —>— / In(1 + e=*®/M)dk, (7)

with €(k), the dressed energy, satisfying the Yang-Yang
equation

T (— iy
sky=k*—p— — / Kk — k) In(1 + e ®/ g’
2 R
®)

A. Main result

The main result of this paper is the computation of the
large-distance asymptotic behavior of the correlation functions
in the 1D Bose gas at finite temperature. Due to the fact that the
derivation of the asymptotic expansions is quite involved we
prefer to present these results in the beginning of the paper. The
interested reader can find the details in the following sections.

We will start with the static density-density correlation
function (j(x)j(0))7, with j(x) = Wi(x)¥(x). Consider the
following set of functions u;(k) satisfying the nonlinear
integral equations:

k) =k>—pu+iT Zé(k — k) —iT Zé(k —k)
j=1 j=1

T [ — _
—— | K(k=K)In(l 4 e &/ Tgp’, 9)
2 R

The 2r parameters {kf}§:1 ({k;};_,) appearing in Eq. (9) are

located in the upper (lower) half of the complex plane and
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satisfy the constraint
1+ e kDT —

For a given r, the previous equation has more than 2r solutions;
the subscript i labels all the possible choices of solutions for
all » =1,2,.... Note that the NLIEs (9) are almost identical
with the Yang-Yang equation for the dressed energy (8)
with the exception of the additional driving terms. The
large-distance asymptotic expansion for the density-density
correlation function has the form

(](X)J(O)>T — COnSt-I- ZAz e—x/E(d)[ﬁi]’ X — 00, (10)

where A; are distance independent amplitudes which cannot
be obtained using our method and the correlation lengths are

given by
1 1 1 —u;(k)/T
§D[] 2w Jp \1+ e 0T
N WS a

with g(k) the dressed energy satisfying (8). Comparison with
the TLL-CFT expansion (94) and other exact results (Chap.
XVII of [39]) allows the identification of the constant term with
( j(O))2T. The leading terms in the expansion (10) are obtained
considering » = 1 in Eq. (9) with the parameters kf, satisfying
1 4+ % ®/T = (), closest to the real axis.

A few remarks are in order. Using a different method almost
identical equations were obtained by Kozlowski, Maillet, and
Slavnov [55,56] for the generating functional of density corre-
lators, (e? Jo j@ndx! )1, from which the density correlator can be

obtained via (j(x)j(0))r = %%%(Mé JODdy o) The
only difference between our equations and the ones derived
in [55,56] is the presence of a renormalized chemical potential
uw — 1+ ¢T inthe right-hand side of Eq. (9). As we will show
in Appendix D a slight modification of our method allows for
the derivation of the asymptotic expansion for the generating
functional. However, in order to not confuse the reader, we
prefer here and in the following sections to focus on the density
and field correlators (see below) because it allows for an almost
similar treatment.

In the case of the field-field correlation function
(\I!T(x)\lJ(O))T we introduce the set of functions v;(k) satis-
fying the NLIEs:

Vi(k) = k> — puEinT +iTO(k — ko) +iT Y _ 0k —k})
j=1

—iT Y 0k —k;)— %/ Kk — k)

j=1 R

x In(1 + e & Tgg'. (12)

11t should be noted that the authors of [55,56] noticed that their
results which were derived using the asymptotic analysis of a
generalized sine-kernel Fredholm determinant can be interpreted in
the framework of the QTM which is the primary object of this paper.
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The functions v;(k) depend on 2r 4+ 1 parameters: ko and
{k;r =1 located in the upper half of the complex plane and

{k;},_; located in the lower half of the complex plane,
satisfying the constraints
14+ e 00T — |4 06T —

In Eq. (12) we will consider the plus sign in front of the in T
term when kg is in the first quadrant of the complex plane
Rekg > 0, Imky > 0, and the minus sign when kj is in the
second quadrant of the complex plane Reky < 0, Imky > 0.
As in the case of the functions u; (k) the subscript i labels all
the possible choices of roots for all » = 0,1,2, ... . The large-
distance asymptotic expansion of the field-field correlation
function has the form

(WWO)r =Y Bie ™ x> 00, (13)

where B; are distance independent amplitudes which cannot
be obtained using our method and the correlation lengths are
given by

1 1 1+ e o0/T ,
E0m] - 27 /R " < [+ e /T )dk i

r r

—iijJriZk;. (14)

Equations (12) and (14) are valid at intermediate and high
temperature. At low temperature it is possible that ky dives
below the real axis. In this case the following modifications
should be made: In both equations the integral should be taken
along a contour which is the real axis with an indentation such
that ko is above the contour (also the indentation does not
contain a solution of 1 + ¢~*®/T = () and in Eq. (12) the plus
sign in front of the iw T term is considered when ky is in the
fourth quadrant of the complex plane Reky > 0, Im kyp < O,
and the minus sign when kg is in the third quadrant of the
complex plane Re kg < 0, Im ko < 0. Also, kg, which satisfies
14+ ¢ %®)/T =0, is the closest solution to the real axis
in the lower half-plane. To our knowledge, the asymptotic
expansion (13) is new in the literature (the authors of [55,56]
did not consider the case of the field-field correlation func-
tions). Extensive numerical studies and the low-temperature
analysis (see Sec. VIA) show that Re(1/£“[w;]) > 0 and
Re(1/£®[v;]) > 0 for all #;(k) and v;(k). In Sec. VIA we
will also show that (10) and (13) agree with the TLL-CFT
predictions and other exact results.

III. THE XX Z SPIN CHAIN

The asymptotic expansions presented in the previous
section were derived by taking a specific continuum limit in
the equivalent expansions of the low-temperature transversal
and longitudinal correlation functions of the X X Z spin chain.
In order to obtain the asymptotic behavior of the correlators in
the lattice model we will investigate the spectrum of the QTM.
Therefore, it is useful to review the Bethe ansatz solution of
the X X Z spin chain and the associated QTM.
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The integrable spin-1/2 X X Z chain in external longitudinal
magnetic field % is characterized by the following Hamiltonian:

H(J,Ah) = HO(J,A) — hS., (15)

where

L
H(O)(J,A) =7 Z [O-)Ej)qiijl) + U)(,j)O'}EjJrl)
j=1

-I—A(O‘(j)U;H—I) _ 1)]’

z
1 L
Sz = EZO'Z(]). (16)
j=1

We assume periodic boundary conditions and the number of
lattice sites L to be even. The Hamiltonian (15) acts on the
Hilbert space H = (C2)®L, J > 0 fixes the energy scale and

A is the anisotropy. In Eq. (16), a)g’\)~ are local spin operators

which act nontrivially only on the jth lattice site aquj}),_x =

I[?(j_l) ® 0y ® H?(L_j) with o, , . the Pauli matrices

(01 (0 i (1 0
OX_ ] 0’ Ux—i 07 Gx— 0 _] ’

and I, the 2 x 2 unit matrix. S, commutes with H®(J,A)
and, therefore, does not affect the integrability of the model.
Also, due to the similarity transformation H(J,A,h) —
VH(J.A, —h)V~" with V =[] 0", it is sufficient to
consider only the case of positive magnetic field. Another
consequence is that the thermodynamics of the model does
not depend on the sign of 4. In this paper we are going to
consider the massless regime of the X X Z spin chain |A| < 1,
parametrized by A = cos 1 with 0 < n < 7 and the magnetic
field 4 smaller than the critical value 4. = 8J cos?(1/2).

The Hamiltonian (15) is integrable and was solved by Yang
and Yang in [95-97] with the help of the coordinate Bethe
ansatz (for an ABA solution see [98]). The energy spectrum
of the X X Z spin chain in magnetic field is given by

n L
E((x) = eolr) = h,
j=1 s st (17)
B smh“(in
eo(r) = sinh(A + in/2) sinh(A — in/2) o

with the {2 ;}}_, parameters satisfying the Bethe equations

sinh(A; —in/2)\" _ 1_[ sinh(A; — A, — i1))

sinh(A; +in/2)) s sinh(A; — Ay +in)’
‘ (18)
j=1,...,n.

A. Ground-state properties

The ground state of the X X Z spin chain at finite magne-
tization is constructed essentially in the same way as in the
case of the Lieb-Liniger model. This means that the (half)
integers m ; which appear in the logarithmic form of the Bethe
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equations (18)

Lpo(h;) — Ze(,\j ) =2mmy, j=1,....,n (19
k=1

fill all the possible values in the symmetric interval —(n —
D/2<m; < (n—1)/2. In Eq. (19) we have introduced the
bare momentum py(X) and the scattering phase 6(1),

. sinh(in/2 + X)
po(d) =i In <sinh(in/2 - A))’
. (20)
O(A) =i In <w>
sinh(in — 1))’

where the branches of the logarithm are specified by the
conditions limy_ o po(A) =7 —n and limy O(A) =7 —
2n. The ground state is characterized by real Bethe roots
Aj which are contained in the interval [—g,q] called the
Fermi zone. If we call every down spin a particle, then the
thermodynamic limit is characterized by L — oco,n — 00
with constant density of particles D = lim; ,_,, n/L. In the
thermodynamic limit the Bethe roots fill densely the interval
[—¢,q] and we can introduce the spectral density of particles
o (1) which satisfies the following integral equation:

T 1,
PO+ 5 / K= ppdn = i),

sin(2n) @h

KW =00 = ST in)sinh(r — in)’

The average density of particles is then D = ff’q o(A)dA from
which the Fermi boundary ¢ can be obtained.

In the presence of a magnetic field the magnetization of the
ground state is no longer fixed, it depends on the magnitude
of h. In this case the boundary of the Fermi zone g can
be defined by the requirement that the energy of a hole at
the Fermi boundary should be zero, &9(£q) = 0, where the
dressed energy go(A) satisfies the integral equation

1 q
ol + 5 [ KO oo = b~ 2050y sin
—-q
= eo(M). 22)

It can be shown that in the massless phase (|A| < 1) considered
in this paper and & smaller than the critical magnetic field 4.,
Eq. (22) has a unique solution. When the magnetic field is
vanishing the Fermi boundary goes to infinity.

An important role in the analysis performed in Sec. V is
played by the dressed charge Z(1) defined by the following
integral equation:

1 q
209+ 5 / KO.— wZGodp =1, Z(+q) =2, (23)
—-q

and the resolvent of the operator I + % K which satisfies
1 [ 1
RO+ 5 [ KO ROy = 5-KG= . 24
2 J_, 2
We will also make use of the dressed phase F'(1|u) defined by

1 q 1
Fuw) + 2—/ KA —v)Fv|lwdv = —0( — ), (25)
T 2

—-q
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and is connected with the dressed charge via

Z(W) =1+ F(ig) = F(A| = q).
(26)

1
Z = 1+ Fqlg)+ Flgl —q).
A proof of the identities (26) can be found in [99,100].

B. Continuum limit of the X X Z spin chain

The fact that the Hamiltonian of the one-dimensional Bose
gas can be obtained performing a certain continuum limit in
the Hamiltonian of the XX Z spin chain was discovered a
long time ago [65]. In [64] it was shown that the Yang-Yang
thermodynamics, (7) and (8), of the 1D Bose gas can be
obtained by performing the same limit in the thermodynamics
of the lattice model derived using the QTM formalism. This
is to be expected if we take into account that both models
are integrable and that the BAEs and the energy spectrum
of the Bose gas can be obtained from the BAEs and energy
spectrum of the XXZ spin chain in the continuum limit.
Moreover, the authors of [64] (see also [101]) derived multiple
integral representations for the correlation functions of the
Bose gas from equivalent expressions for the X X Z spin chain.
In this paper we will employ a similar technique to derive the
large-distance asymptotic behavior of temperature dependent
Green’s functions in the Bose gas from equivalent results for
the X X Z spin chain.

The XX Z spin chain is characterized by five parameters:
lattice constant §, number of lattice sites L, strength of the
interaction J, anisotropy A = cos 1, and magnetic field .
The Bose gas is characterized by four parameters: mass of the
particles m = 1/2, physical length /, coupling strength ¢, and
chemical potential . First, we will show how we can obtain
the BAEs of the Bose gas (5) from (18).

Let € — 0 be a small parameter. The desired continuum
limit is obtained considering n =7 — €, § — 0 like 0(€%);
L even, L — oo like O(1/€?) with L8 =1 and c = €?/6.
Performing this limit together with the reparametrization of
the Bethe roots A; = dk; /e in (18) we find

cosh(gkj—i-i%) L_l_[smh( ak ‘HE)
cosh (2k; — i§) _# sinh (2k; —ie)’
1 +idk; I/S_l—lsmh( — cks Fie)
1—ilk; _#j sinh (2k; —ék —i€)’
eikjlzl_[z]::lli—si_;z’ j=1....n,
s#jd
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which are exactly the BAEs for the Bose gas (5). Performing
the same limits in eg(A) [see (17)], we find

eo(h) — 2J8%k* — (2]62 + %e“ - h) +0(%. @D
In order to obtain the energy spectrum (4) of the Bose gas
from (17) (we neglect the zero point energy hL/2), we need
to consider J — oo like O(1/€*), h — oo like O(1/€?)
with 2J6% = 1 and o = (2J€* + Z€* — h) finite. This means
that by performing the thermodynamic limit followed by the
continuum limit in the canonical partition function of the
XXZ spin chain (modulo the zero-point energy) we obtain
the grand-canonical partition function of the Lieb-Liniger
model

Zuﬂhm—hmZ}ﬂ” — Znis(, B)

= lim y e PEUD, (28)
[—00
{k}

In the following sections we will use a slightly modified scaling
limit compared with the one presented before and utilized
in [64]. Equation (28) can also be obtained if we consider J =
1/2, the continuum model at inverse temperature S related to
the inverse temperature of the lattice model via 8 = /52, and
h — 0like O(e?) such that i = [€2/8% + €*/(46%) — h/8°]is
finite. Then

Beo(h) — ,3|:2182k2 — <2Je2 + ge“ - h)}

= B(k* — ) = Beo(k).

This shows that the thermodynamic properties and the cor-
relation functions of the Bose gas at any temperature can be
obtained from the thermodynamic properties and correlation
functions of the XXZ spin chain at low temperature and
vanishing magnetic field. In the next sections we will use
this continuum limit, summarized in Table I, to derive the
correlation lengths of the Bose gas from the low-temperature
spectrum of the X X Z-QTM.

IV. THE LOW-TEMPERATURE SPECTRUM OF THE XX Z
SPIN-CHAIN QUANTUM TRANSFER MATRIX

In this section we are going to investigate the low-
temperature spectrum of the X X Z spin-chain QTM [57,58]. A
short review of the relevant facts about the QTM can be found
in [61,98]. The QTM is important for two reasons: First, the
largest eigenvalue, which we will denote by Ay(A), completely

TABLE I. Parameters for the X X Z spin chain and the one-dimensional Bose gas.

X XZ spin chain

One-dimensional Bose gas

Lattice constant § = O(e?)

Number of lattice sites L = O(1/€?)
Interaction strength J = 1/2
Magnetic field h = O(€?)

Inverse temperature 8

Anisotropy A =cos n =€2/2 — 1

Particle mass m = 1/2
Physical length [ = L§
Repulsion strength ¢ = €2/§
Chemical potential u =
Inverse temperature § = 882

[€2/8% + €*/(48%) — h/8°]
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characterizes the thermodynamics of the system via
1
fhT)= 3 In Ao(0),

with f(h,T) the free energy per lattice site. In general,
the largest eigenvalue of the QTM can be expressed in
terms of some finite number of auxiliary functions satisfying
nonlinear integral equations [102]. This is a very efficient
thermodynamic description for the model contrasting with the
thermodynamic Bethe ansatz (TBA) [103] approach which
relies on the string hypothesis and provides an infinite number
of NLIEs. The second reason is given by the fact that
the correlation lengths of various Green’s functions can be
obtained as ratios of the largest and next-largest eigenvalues
of the QTM [60,98]. This is a consequence of the finite gap
between the largest eigenvalue and the rest of the spectrum
of the QTM. In the next sections we are going to study the
low-temperature spectrum of the QTM in order to obtain
the asymptotic expansion of the longitudinal and transversal
correlation functions in the X X Z spin chain. Performing the
continuum limit presented in Sec. III B we are going to arrive
at the results presented in Sec. I A.

The QTM is constructed with the help of the XXZ
trigonometric R matrix

RiiGp) RpGuw) Ry(w) Ry(h.u)
RO = RiTGum) Ri30L0) Ryi(hp) Ryp(hw)
RIG.p) RLGuw RyGLw)  Ry(.u)
RUG.pw) ROGLW  RIGLW  RH(Lu)
10 b)) cw) O 09)
o cow bow o
0 0 0 1
where
sinh(A — )
b()\.,lL)z—M’
sinh(A — u +in) 0
sinh(in)
C()\,”u,): n

sinh(A — p +in)’

We introduce two types of L operators L; (A, — ), L SUAVIRS
End[(C?)®WV+D] defined as

2

L, —u)= )

a,b,a;,by=1

aa n O ()
Rbbl()" — )€ Cqp,

) 31
© _ bia, 1 ((ONE)]
Lj(u 1)") - Z Ra:b(u ’)\’)eabeaﬂﬂ’
a,b,a;,by=1
whereu’ = iu,u = —2J sin n%, N is the Trotter number, and

efljl;) is the canonical basis in End[(C2)®"V+D], j.e., eilob) =€, ®
198 and e!) = I @ I @ e, @ T¥™ ™" with e, the 2 x
2 matrices with all the elements zero except the one at the
intersection of the ath row and bth column which is equal
to 1. The monodromy matrix of the QTM is defined as

TIMO) = Lyh, — u)Dy_ i/ 2) - - Lo, — u)Li (' 2),
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and provides a representation of the Yang-Baxter algebra

ROLmITI™M) @ TIM(w)] = [T™ () @ T™()]
x RO, ), (32)

with ﬁZ:Z(k, w) = Ry (&, ). Using the explicit expression
of the L operators in the auxiliary space

= (0000
ST - n,U)
ch, — u')ell

cOn, —u)e)
bh, — u)eld) + et
, T eéxn
@)

c',1)elh )

ot (e
Lj@’.2) = )
b(u' Vet + e5y

c(u/,k)egji)

where now e{(lj,;) is the canonical basis in End[(C%)®V], it is
easy to see that

2 = (é)@(?)@@(é)@(?) (33)

N factors

satisfies the conditions of a pseudovacuum [is an eigenvector
of AA™(3) and DY™() and the action of T®™(}) on it is
triangular] for the monodromy matrix of the QTM and

. AOMG)IQ)  BAM()|Q)
™ (”'m:(cQTM(wm DQTM(A»Q))
(b, )1V2192) BYM()|Q)
- < 0 [b(., — u’)]N/2|sz>>'
(34)

The presence of the magnetic field in the Hamiltonian (15) is
easily taken into account by the following transformation of
the monodromy matrix:

et 0
TQTM<A>—>TQTM<A>< 0 e_ﬁm)- (35)

The quantum transfer matrix t¥™() is defined as the trace
in the auxiliary space of the monodromy matrix tY™(}) =
troTY™ (). The existence of the pseudovacuum (33) and the
fact that T™() provides a representation of the Yang-Baxter
algebra ensures that the eigenvalues of the QTM can be
obtained using the ABA. As shown in [61,98] the solutions
of the eigenvalue equation

MOV = MBI - BYM(,)IR2)
= AMWI{A)

are given by

sinh(A — A; —in)
sinh(A — A;)

14
AQ) = b/ W)V T
j=1

14

b — u/)N/zg*ﬁhﬂ 1—[ sinh(A — A; +in)
j=1

sinh(A — A;)

., (36)
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provided that the parameters {A j}le satisfy the Bethe
equations

b’ hy) \V? _ o 13[ sinh(A; — Ax + i)
b(xj, —u') pin sinh(A; — Ay —in)’

j=1,...,p.

The asymptotic expansion of the longitudinal correlation
function is given by [60,61,98,104]

(37

(oa™*V) = const + Z Are 5 w00, (38)
where A; are unknown amplitudes, 1/ Si(d) = In[Ap(0)/
Af.p h)(O)], and the sum is over all the next-largest eigenvalues
Af.p h)(O) in the N/2 sector. We remind the reader that an
eigenvalue of the QTM is said to be in the M sectorif p = M in
Egs. (36) and (37). The asymptotic expansion of the transversal
correlation function is given by

0ty = S e oG9

where  B; are  unknown  amplitudes, 1/ éi(x) =
In[A(0)/ AP O)], 0 = (0 +ic{’)/2 and the sum is
over all the next-largest eigenvalues AE”(O) in the N/2 — 1
sector.

The QTM method can also be utilized to investi-
gate the generating functional for the o, correlators, i.e.,

(!9 2 e%)})T, from which the longitudinal correlation func-
tion can be obtained via (o{"o"*V); = (2D;,8; — 4D,,d, +
m n) . . . .
1){el® X g Wy l|p=0 with D, the lattice derivative defined as
D,,a,, = a,, — a,,—, for any sequence (a,),<N. In this case the
asymptotic expansion is
Z C gim/é(‘p)

(e Zi ‘z’é’}
In (40) (see [98]) the sum is over all the eigenvalues of
thM(O) = AQ™(0) 4+ ¢# DY™(0) in the N /2 sector denoted

by AL(0) and 1/ = In[Ao(0)/ AL (O)].

m — 00. 40)

A. Nonlinear integral equations for the largest eigenvalue

Deriving NLIEs for the largest and next-largest eigenvalues
of the QTM requires a different method from the one utilized in
the computation of the ground state and low-lying excitations
of the transfer matrix in the massless regime. This is due to the
fact that in the Trotter limit N — oo the distribution of Bethe
roots (37) in the complex plane presents an accumulation
point at the origin and isolated solutions which makes it
impossible to introduce the “density of roots” like in the case
of the ground state of the transfer matrix. Fortunately, the
Bethe roots appear only in some strips of the complex plane
which allows for the introduction of some auxiliary functions
which satisfy functional equations. Thanks to fundamental
properties of the gross distribution of {)Lj}f=1 the auxiliary
functions enjoy certain analyticity properties which allow one
to transform the functional equations in terms of nonlinear
integral equations. Eventually the eigenvalues of the QTM
can be expressed in terms of these auxiliary functions. This
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method, which was developed in [58,59,105,106], will be our
main tool in investigating the spectrum of the QTM.

The largest eigenvalue of the QTM lies in the N /2 sector.
We will employ the following notations:

. . N/2 N/2
P+(A) = (M) , g\ = H sinh(A — 2;),
sin n i

which allows one to express the eigenvalues of the QTM (36)
as

¢-() g —in) Ph/2
d-(A—in) q@)
o) gA+in) o Bh/2
oA +in)  q() '

Below, the NLIE and integral expression for the largest
eigenvalue will be determined following [102].

Ao(A) =

(41)

1. Integral equation for the auxiliary function

An extremely important role in the following will be played
by the auxiliary function a(i), which is periodic of period im
and defined by

$+M) @O —in) g +in) g
d-N) A+ in) g —in)

We note that the Bethe equations (37) can be rewritten as
a(A;)=—1, j=1,...,N/2. However, the equation a(1) =
—1 has 3N/2 solutions in a period strip, of which, only
N /2 are given by the Bethe roots {A j}j\/:/ f The additional
N solutions are called holes and we will denote them by
{Ag.h)}yzl. A typical distribution of Bethe roots and holes for
n € (0,7r/2) and low temperatures is presented in Fig. 1. Let C
be a rectangular contour with positive orientation, centered at
the origin, extending to infinity, with the upper (lower) edges
parallel to the real axis through +i(n —€)/2, with e — 0. It

a(d) =

(42)

- Zg + % <
C/
A 4
N
AT [ Qpmmmmmmmm e mmmmmm oo
L2/ B 6_6"0"6_6 ____________
0©° %5
. o o)
in/2 <>
n/ =
N
0
R ______________________________________
o0 %0,
[ J u [ ]
® °
-in/2—> >
n/ oy Oo
(o] (e}
— 177 _____________ _o__Q-_Q_p.-E). ...............

FIG. 1. Typical distribution of Bethe roots (e) and holes (o) in the
strip |Im A| < n, n € [0,7/2) characterizing the largest eigenvalue of
the QTM at low temperatures. All the other roots and holes can be
obtained using the iz periodicity. The contour C surrounds all the
Bethe roots and the pole of the auxiliary function a()) at iu.
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is important to note that this contour is independent of the
Trotter number and the following considerations are valid for
all N. Inside the contour, the function 1 + a(X) has N /2 zeros
at the Bethe roots and a pole of order N /2 at iu, which means
that In[1 + a(A)] has no winding number around the contour
allowing us to define (X is located outside of C)

1 d .
)= 5 fc <~ in sinh(. — ] If1 + a(o)ldp

a'(p)
2 — ln sinh(A — u)l n a(,u)d'u' 43)
For the evaluation of the right-hand side of Eq. (43) we will
use the following theorem:

Theorem 1 ([107]). Let C be a contour in the complex
plane, and let g(}) be a function analytic and nonzero inside
and on C. Let ¢(1) be another function which is analytic
inside and on C except at a finite number of points; let the
zeros of ¢(1) in the interior of C be ay,ay, ... and let their
degrees of multiplicity be ry,rs, .. .; and let its poles in the
interior of C be by,by, ... and let their degrees of multiplicity

be 51,52, .... Then
A
o / g(r )‘Z((M) Z rigla;) — iepzms,-g(b»,
obtaining
N/2 N
()= Insinh(n —2;) — - In sinhGk — iu)

J=1

N
=IngA)—Inop_(1) — > In sin 7. (44)
Equation (44) provides an integral representation for g(A) in
terms of In[1 + a(A)]. Taking the logarithm in Eq. (42) and
using (44) we can derive

O-(A) (A +in)
f—in),

which is a nonlinear integral equation of convolution type for
the auxiliary function a(1), valid for all N. Using

<¢+()»)
d-(A)

the Trotter limit N — oo can be performed with the final result

In a(A) = —,3h+ln<
+ fO+in) —

¢+(M) p-(A + in))

lim In
N—o00

) = —2J sinh(in) coth A, (45)

2J sinh®(in)

Ina(2) = —=ph = 'Bsinh(k + in)sinh A
1 sin(2n)
B E/C sinh(A — j + in) sinh(A — o — in)
x In[1 + a(u)ld . (46)

Equation (46) was obtained under the assumption that n €
(0,7r/2). It is also valid for n € (;r/2,7) but in this case C is
a rectangular contour centered at zero, extending to infinity,
with the upper (lower) edges parallel to the real axis through
+i(m — n —€)/2 withe — 0.
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2. Integral expression for the largest eigenvalue

It remains to obtain an integral expression for the largest
eigenvalue Ap(A) in terms of the auxiliary function a(i).
Consider n € (0,7r/2) for which the distribution of roots and
holes is presented in Fig. 1. First, we note that Eq. (41) can be
rewritten as

o) = PC) L @

G- —in)p+ (A +in)q(A)
with P = ¢_ (WP (h +im)g(h — in)eP'’? +
drWPp_ (A —in)g(A +in)e P2 The function p(X)

is quasiperiodic ph+im) = (=1*N2p) and
lim,_, o p(A)/(sinh A)*N/2 = (eP"/2 4- ¢=P1/2) /(sinn)N. The
zeros of the function p()A) in a strip of width iw are the

solutions of the equations a(X) = —1 yielding
N2
p() =c [ [ sinh(x — A, )]_[smh(,\ A, @8)
j=1 j=1

where {)»j}i.v:/? and {)\(jh)}y:l
holes, respectively, and ¢ is a constant. Defining ¢ (1) =
]_[‘[;/:l siph(k — )»&h)) and using (48) to replace p(1) in Eq. (47)
we obtain

are the Bethe roots and

g™
Ao(A) = , 49
o = G imes G+ in) 49

which provides an alternative expression for the largest
eigenvalue in terms of the holes and not Bethe roots. Below,
we will show how an integral representation of In ¢"”(1) in
terms of the auxiliary function a() can be calculated.

We consider a new rectangular contour with positive
orientation C’ (see Fig. 1) extending to infinity, with the upper
(lower) edges parallel to the real axis through i(n — €)/2 and
—i(n — €)/2 + im with € — 0. The lower edge of the contour
C" at i(n — €)/2 coincides with the upper edge of C but has
opposite orientation. Now we can prove the following identity:

a'(i)
d(n — du=0
fcw( M)1+()IL ,

dd —p) =

J (50)
— ln sinh(A — w).

First, we notice that the contributions of the two contours
parallel to the real axis through i(n — €)/2 cancel each other
due to the opposite orientation. Then it can be easily verified
using the definition of a(}X) (42) that the functions appearing
in (50) are all periodic of period i r, which means that the upper
and lower edges of C 4+ C" do not contribute to the integral.
Finally, the contributions of the sides parallel to the imaginary
axis are also zero as can be seen from

’ ’
1
lim  dGn— ) = F1, o ’
Re ji— %00 I+a(uw) aw)l4+al(n
: 1 1 a'(p)
lim — , im =
Rep—+oo 1 + ail(,u) 1+ eph Repu—+oo a (1)
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Consider A close to the real axis. Then making use of (50)
_a(w)
1 + a(w)

we find
1 / 40,
a'(w)

=21,< )1+()du. (51)

The right-hand side of (51) can be calculated using Theorem 1
by taking into account that the function 1 + a(A) has inside the
contour C’, N zeros at the holes {A(h)}N | or {A(h)} | tim,

N /2 simple poles at {A; }j=1 + in, and a pole of order N/2 at
—iu — in + iz with the result

_d(w)
2mi / e

1+ a(u)
—(Zd(x—k&’“)
j=I

N/2

=Y dO.—n; —in)
j=1

_ %m +iut in)). (52)

Using again Theorem 1 and the fact that the function 1 4 a(A)

has inside the contour C, N /2 zeros at the Bethe roots {A; }N/ 2
and a pole of order N /2 at iu we find

_/d(A w—in )1+(M(L)

N/2
= d(—x;—in) — —d(,\—m—m) (53)
j=1

The integral representation for In ¢ (1) is obtained by taking
the difference of Eqgs. (52) and (53), integrating by parts, and
then integrating with respect to A with the result

1
o f [ — ) — dO. — o — i) In1 + a(w)ldp
Tl c

=—In g® ) +In[gp.(h +inp_(h —inl+c, (54)

where c is a constant of integration. Making use of this integral
representation in Eq. (49) the largest eigenvalue of the QTM
can be written as

1 sinh(in)
In Ag(A) = ¢+ — f . )
27i Jo sinh(A — w — in) sinh(A — w)
x In[1 4+ a(u)ldu.

The constant of integration is computed using the behav-
ior of the involved functions at infinity. Performing the
change of variables z = A — u in the integral, and using
lim; o0 In Ag(A) = In(eP/? + e P/2) and limy_,o In[1 +
a(A)] = In(1 4+ e~#"), we find that the constant of integration
is Bh /2. The final result for the largest eigenvalue of the QTM
evaluated at 0 is

B 1 sin n

2 T /C sinh(; + in) sinh(1)

x In[1 + a(p)ldp. (55
The integral expression (55), which was obtained for n €

(0,7 /2), is also valid for n € (r/2,7) but, as in the case of
the NLIE for the auxiliary function (46), the contour C should

In Ag(0) =

PHYSICAL REVIEW A 88, 033623 (2013)

be replaced by a similar rectangular contour with the upper
(lower) edges parallel to the real axis through +i(w — n — €)/2
with € — 0.

3. Final form of the integral equations

The NLIE (46) and integral expression (55) are in fact
correct for all temperatures [102]. This is due to the fact
that, even at high temperatures, the Bethe roots are contained
in the strip [ImA| < (n —€)/2 for n € (0,7/2) [or the strip
ImXA| < (m —n —¢€)/2 for n € (;r/2,7)], which means that
the reasoning of the previous sections is still valid, producing
the same results. However, in order to obtain the thermody-
namic properties and correlation lengths of the Bose gas we
will be interested only in the low-temperature limit in which
some simplifications of (46) and (55) appear.

Let us consider n € (/2,7). In this case, the upper edge
of the contour C, which we will call C., is a parallel line to the
real axis through i(w — n — €)/2 (for the following discussion
the presence of the € term is irrelevant). ThenforA € C;, A =
x 4 i(w — n)/2 with x real, the driving term on the right-hand
side of (46) is negative and equal to

2J sin’n
cosh(x +in/2)cosh(x —in/2)’

—Bh—p

which means that in the low-temperature limit 8 — oo(h,J >
0), the contribution of the upper part of the contour is negligible
and we can restrict the free argument A and the integration
variable to the lower part of the contour. We can shift this
line to the line parallel to the real axis through —i7n/2 without
crossing any poles of the driving term obtaining

In a(A —in/2)
2J sinh?(in)

=P =P o in/2)sinh(A — in/2)
1 sin(2n)
o /R sinh(A — 4 + in)sinh(A — p — in)
x In[1 4+ a(u —in/2)ldp. (56)

Applying a similar reasoning to the integral expression of the
largest eigenvalue (55), after the shift at —in/2, we find

/3 L / sin 7

2 on R sinh(u 4 in/2) sinh(u — in/2)

x In[1+ a(p —in/2)ldu. &)

In Ap(0) =

Let us introduce the function &(}) satisfying e *™/T = q(x —
in/2), where T = 1/ is the temperature. Then noticing that
the driving term in Eq. (56) is the magnon energy (17),
and using (20) and (21), the NLIE for the auxiliary function
and the integral expression for the largest eigenvalue at low
temperatures can be written as

(L) = eg(L) + I / KO — ) In(1 + e W/ Tydp,
2 R
(58a)
In Ag(0) = I T / o) In(1 + =¥/ Ty,

(58b)
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These equations are very similar to the Yang-Yang equation
for the excitation energy and the grand-canonical potential of
the Bose gas [92]. Following [64], in Sec. VI we will show
that the Yang-Yang thermodynamics can be obtained from
Eqgs. (58) if we perform the scaling limit presented in Sec. III B.
Even though Egs. (58) were obtained for n € (7/2,7), they
are also valid for € (0,7/2), which can be proved by using
appropriate contour manipulations. As these are beyond the
scope of this paper, we confine ourselves to assuming the
validity. This assumption will be verified in Sec. V where we
will show that they reproduce the TLL-CFT predictions for
the free energy and asymptotic behavior of the correlation
functions.

B. Integral equations for the next-largest
eigenvalues in the N /2 sector

Computing the correlation lengths for the Green’s function
(0ot D)1 requires the derivation of integral equations for
the next-largest eigenvalues of the QTM in the N /2 sector. This
means that, as in the case of the largest eigenvalue, we will have
N /2 Bethe roots and N holes. In the previous section we have
derived the NLIE for the auxiliary function and the integral
expression for the largest eigenvalue making use of the fact
that the Bethe roots were located in a relevant strip (modulo
the periodicity) of the complex plane which was independent
of the Trotter number and temperature. In the case of the
next-largest eigenvalues in the N /2 sector at low temperatures,
some of the Bethe roots are found outside of this strip and an
equal number of holes are inside the strips. We will employ
the same method used in Sec. IV A but modified in such a
way that these Bethe roots and holes are properly taken into
account. The calculations are presented in Appendix A. At low
temperatures, the next-largest eigenvalues of the QTM in the
N /2 sector are given by

h r r

(ph) _ . + . —

In AO0) = iy poG) =i Y poh)
j=1 j=1

1
+— / po) In(1 + e M/ Tydy - (59)
2w R

with the auxiliary functions u;(A) satisfying the NLIEs

u;(L) = eg(\) —iT Ze(/\ — AN +iT Ze(x —17)

j=1 j=1
T —ui(w)/ T

+— [ KO—wn(l 4+ """ dp. (60)
2 R

The parameters {Aj};zl and {;},_;, which belong to the
upper, respectively, lower half-plane are fixed by the constraint
1+ e ODIT — 0. In Eqgs. (59) and (60), r can take the values
1,2, ... . The subscript i enumerates the sets of parameters
{Af}?zl satisfying the constraint 1 4 e ONIT — g,

C. Integral equations for the next-largest
eigenvalues in the N /2 — 1 sector

The next-largest eigenvalues in the N/2 — 1 sector are
relevant for the computation of the correlation lengths of the
Green’s function (Ufrl)oi'"“))r. The eigenvalues in this sector
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are characterized by p = N/2 — 1 in Egs. (36) and (37). Some
of the features encountered in the study of the largest and N /2
sector eigenvalues are also present in this case.

At low temperatures, the next-largest eigenvalue in this
sector has N/2 — 1 Bethe roots and, possibly, a hole in a
certain strip of the complex plane. Eigenvalues with decreasing
magnitude are obtained by moving pairs of Bethe roots (holes)
outside (inside) the strip. This means that it is sufficient to
obtain integral equations for the cases with one hole or no hole
inside the strip; the equations for the other eigenvalues are
obtained by adding extra driving terms of the type encountered
in Egs. (59) and (60). The necessary calculations are presented
in Appendix B. We distinguish two cases. For A( in the upper
half plane, the next-largest eigenvalues in the N/2 — 1 sector
at low temperatures have the integral representation

, h d
In AP(0) = o —im +ipo(ho) +i ) poh)

j=1
—in: (A‘)+i/ o(A)

= Po j o Rp()
x In(1 4+ e %P/ gy, (61)

with the auxiliary functions v; (1) satisfying the NLIEs

Vi) = eo(h) £ inT —iTOG — ko) —iT Y O — 1)
j=1

- T
iTY 60 —27)+— | KO —
+i j;‘( _,>+27T/]R (=
x In(1 + e %W/ gy (62)

The 2r 4+ 1 parameters A, {)L;“};.zl and {)L;};.:l, which
belong to the upper,respectively, lower half-plane are fixed
by the constraints 1 4 e %*0/T =0, 1 4 e UODIT = 0. On
the right-hand side of Eq. (62) the plus (minus) sign in front
of the i T term is considered when A is in the first (second)
quadrant of the complex plane Re 1y > 0, Im 1y > 0 (Re Ay <
0, Im A9 > 0). For A in the lower half-plane Egs. (61) and (62)
remain valid but the integration contour now is the real axis
with an indentation such that A is above the contour. Also, the
plus (minus) sign in front of the iz T term of (62) is considered
when A is in the fourth (third) quadrant of the complex plane
Redg > 0, ImAg < O(Rerg < 0, ImAy < 0). In this case A,
which satisfies 1 + ¢~/ T = (), is the closest solution to the
real axis in the lower half-plane.

V. COMPARISON WITH THE TLL-CFT PREDICTIONS

In Sec. IV A3 we have derived an integral expression (58),
for the largest eigenvalue of the QTM in terms of an auxiliary
function which obeys a NLIE very similar to the Yang-
Yang equation (8). Equation (58) and the similar integral
representations for the next-largest eigenvalues (59) and (61),
are valid only at low temperatures and, in the course of the
derivation, we have made some assumptions which were not
fully justified for some values of the anisotropy. Here, we
will show that our results are in perfect agreement with the
predictions of the Tomonaga-Luttinger liquid [108,109] and
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conformal field theory [49,110-115], confirming the validity
of our assumptions.

A. Low-temperature behavior of the free energy

Atlow temperatures CFT predicts [115] that the free energy
per lattice site scales like

2

FLT) = o) — 4 0%,

61)17

h q
€o(h) = 3 +/ eo(M)p(A)d A,

—-q

(63)

where €p(h) is the density of the ground-state energy, c is
the conformal charge (not to be confused with the coupling
constant of the Bose gas), which is equal to one in the case of
the X X Z spin chain, and vr is the Fermi velocity defined as
_&lq)
"7 2mp(g)
with g(q) the derivative of the dressed energy (22) evaluated
at the Fermi boundary q.

Let us show that the free energy per lattice site obtained
from Eq. (58b), via f(h,T) = —T In Ay(0), satisfies (63).
Performing an analysis similar to the one in Appendix A of [92]
or Chap. I of [39] it can be shown that for n € (0,7) and & <
h. = 8J cos*(n/2), the NLIE (58a) for the auxiliary function
&()) has two zeros on the real axis which we will denote by
+q(T). Also ¢(A) is negative on [—¢q(T),q(T)] and positive
outside of this interval. Let us denote limy_o¢(7T) = G and
limy_ ¢ e(X) = &(X). Then using

lim 7 In(1 + e~ *W/T)
T—0

_ {—éo(/\), A €(—4.9)
1o, A€ (=00, —G)U (G, + 00),

we find that in the low-temperature limit the NLIE (58a)
transforms in the linear equation for the dressed energy (22).
The equation for the dressed energy has a unique solution
for n € (0,m) which means that lim7_o&(A) = go(A) and
limy_,¢q(T) = q. In order to show that Eq. (58b) gives the
correct free energy satisfying (63) we need a more accurate
estimation of integrals containing the factor In(1 4 e=*®/T),
In the following we are going to assume that for low temper-
atures the auxiliary function has the expansion [77,116,117]

(64)

(65)

e(L) = go(h) + 1T + e2(0T2 + O(T?).  (66)

Then it can be shown (see Appendix A of [56] or [118]) that, for
any function f (1), bounded on the real axis and differentiable
in the vicinity of +¢ we have

lim T / FA)In(1 4 e~/ Ty gx
T—0 R

q T27T2
__ / FOIEOIA+ —"—1F(@) + f(—a)]
-q 680(‘])
T?e3(q)f(q) T*eH—q)f(—q) 3
o(T’). (67
260(q) e T @)

We should mention that a more compact, but maybe not
as transparent, method of investigating the low-temperature
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limit of the QTM spectrum was employed in [104]. All
the results derived here and in the following sections can
also be obtained utilizing the results of the aforementioned
paper. Using (67) and substituting (66) in the equation for the
auxiliary function (58a) we obtain

2
Z Tr e (V) + % ; T"/

k=0 -4

S8}

q
KO — per(u)du

nT?
=ey(A) — ———[KA—q)+ K(A + q)]

12e4(q)
T*1(q) T2} (—q) 3
—— K\ — —— K\ o(T>).
del(q) A —q) delq) A+qg)+0(T)

Equating terms of the same order in temperature we find
2

6e4(q)

with the resolvent R(A,u) defined in (24). The low-
temperature expansion of the free energy per lattice site is
calculated using the asymptotic formula (67) in Eq. (58b) with
the result

h 1
f(h’T):_E—l—Z/,
2

" 128(q)

e1iA) =0, &)=

[R(A.q) + R(h, — )], (68)

q
Po(Me0) + £2(M)T?1dA
q

Po(@) + O(T?), (69)

where we have used the fact that py(1) is even, pj(—q) =
Py(q). Using Eq. (68) and the identity

q
/ PoIR(, £ g)dh = py(q) — 27p(q) (70)
—-q

(for a proof, see Appendix C), (69) takes the form

=20 L eeodr
fh, __2+2n/_qp° &0

_ wT?27p(q)

6 &(q)
Using the identity (C3) and the definition of the Fermi
velocity (64), it is easy to see that this expression is identical
with (63).

+ O(T). (71)

B. Low-temperature asymptotic behavior
of the longitudinal correlation

The Tomonaga-Luttinger-liquid theory and CFT predict the
following asymptotic behavior of the longitudinal correlation
function at low temperatures (we consider only the leading
order of the oscillatory terms) [49]:

2
(O'(l>0(m+1)> — (o.(l)>2 _ (TZ/UF)
z 9z T ST 2 sinh®(w Tm Jvp)
21222
+ ZAleZimlkF & s
= sinh(w Tm/vF)
m — oo, (72)

with the Fermi momentum defined by kr = w D and A; are
coefficients that do not depend on 7. The analysis of the
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QTM spectrum [98] shows that the asymptotic behavior of
the correlation function can be expressed as

<Gz(l)az(m+l))T = const + Z A e m/EC s so, (73)

l

where the sum is over all the correlation lengths, 1/& @Dy;] =
ln[AO(O)/A%(O)], determined as the ratio of the largest
and next-largest eigenvalues in the N /2 sector. Using (58b)
and (59) we obtain the following explicit expression for the
correlation lengths:

1 1 ) 1 4 /T
D] _EAPo(A)ln <—1 n e-sm/r>d’\
—i Y P ) +i Y po(r), (74)
j=1 j=1

where the functions (1) and u; (1) satisfy Egs. (58a) and (60).
In the rest of this section we will show that (73) is equivalent
to (72) in the conformal limit.

The analysis of the correlation lengths (74) in the limit
T — 0 is very similar to the one performed by Kozlowski,
Maillet, and Slavnov for the correlation lengths of the Bose
gas, and, for this reason, we are going to use some of the
notations and terminology employed in [56]. In the following
we are going to discard the subscripti for the auxiliary function
u;(A). We are considering an arbitrary auxiliary function u(})
satisfying Eq. (60), with 2r parameters {Aj};zl, A Yo
located in the upper (lower) half-plane, which also satisfy
the constraint 1 + e “@ID/T — (. The first observation that
we are going to make is that lim7_.o u(X) = g9(}). In analogy
with the case of the auxiliary function €(1) we expect that all
the solutions of the equation 1 4 ¢ *®/T = ( will collapse
at +q in the limit 7 — 0. We will say that the solutions that
collapse at g (—q) belong to the right (left) series. If we assume
that u(X) has the expansion

u(h) = () + 1 (MT + u,(MWT> + O(T?),  (75)

then a formula similar to (67) can be derived as in [56],

lim T / FO)In(1 + e @/ Tygy,
T—0 R

q TZnZ
= —/ Fouydr + ——[f(g) + f(—=q)]
Y 6¢)(q)
T?uX(q)f(q) = T*ul(—q)f(—q) ;
o(T?). (76
26(@) 2o O 09

We are going to consider that the roots {A*} are distributed in
the following manner: r; roots AT and r;" roots .~ belonging

to the right series (collapse at ¢); r,, roots AT and r;” roots A~
belonging to the left series (collapsing at —q), where rpi and
rit satisfy the constraints

+ + — - l
bl

+ - _ .t - _
r, *r, =r, +r =r 71,

with [ integer, satisfying —r <[ < r. More explicitly, at
sufficiently low temperatures we have
. rf . _.ry
{)Lj}‘rjzl ={qg+ lTOl;j}k;] Uf—q+iToy 1,

Re(a) > 0, (772)
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. _
Yo =1g —iT B Ui—g —iT BOhLy,

Re(Bf) > 0, (77b)

where o and B satisfy 1 4 e uGEGHTE)/T — | 4

e~"E1=iTB)/T — (. The leading Taylor coefficients can be
parametrized by a set of integers p,f and s,f via

u(xq +iTap) = £27iT (pi — 1),
u(£q —iTBE) = F2miT (s — 1).

Using the expansion (75), e(+¢q) = 0 and gy(—g) = —¢&((q),

we find
o = /2_”<p2: _ 1) + i—”‘,(iq),
£o(q) 2 go(q) 78)
+ 2 (:l:_l) .ui(£q)
Pe=ao\ ~2) T ae

Substituting the parametrization (77) in Eq. (60) and expanding
the driving terms up to the second order in 7" we find

u(h) = eg(A) + l/ K — w)In(1 4+ e @/ gy
2 R
+ 21T + ©(MT* + O(T?), (79)
with
gi(\) = —il[0(A — q) — (A + )]

and

©0) = —K (1 —q)(Za: + Zﬂ?)
k=1 k=1
—K(A+q)<za; +Zﬁk‘).
k=1 k=1

We can now use (76) in (79) obtaining a system of equations
for the unknown functions u; (1) and u,(A). For u;(}) it reads

1 q
() + 2—] KO — @ () de
T J—q

= —il[6(A —q) — (L + q)].

Comparison with the integral equation for the dressed
phase (25) shows that u(A) = —2mwil[F(A|q) — F(A| — q)].
Using the first identity in (26) we can obtain an expression
in terms of the dressed charge u;(X) = 2wil[l — Z(A)]. The
equation for u,(A) is

1 q
us(A) + - / KA — p)us(u)dp
g

—-q

~ T ui(q)
=M+ KO - Q)( 12¢)(q) + 47186(67))
uz(—q))
K\ : ’
+ K+ Q)<128(/)(q) + 4mey(q)
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with the solution

us(A)

0 i
— _R(,\,q)[zoe,j + Zﬁ,j ~ 5
k=1 k=1 0

1 72 2
(q) <? * ul(q))

"

— R(, —q)[Zak +Zﬂk

1 2

Using (67) and (76) in (74) and expanding the po(A*) terms
up to the first order in 7 we obtain

1 2
gy = "2tk - T% 27T p(q)
0
(Z“k +Zo‘k +Z'Bk + Zﬁk)
+0(T?. (80)

In deriving (80) we have also wused the identity
f_qq PoNZ(ON)dA = f_qq p(M)dA and (C1). Finally, using (78)
we find

! —2ilk 2m 1?z? -
S(d)[u UKF + vE

r,j e T
+Y e+ st + Zsk) +0(TY. @81
k=1 k=1 k=1

The second term in the expansion (72) is obtained for
r=1,1=0and p/ = p; =1 (or s =s; = 1). The next
leading terms are obtained for r =1,/ =1,2,... and the
integers p;” and s; (or p; and s;) taking values from
ltol.

There is, however, one caveat. If we assume Re(ak ) >
0, Re(ﬂk ) > 0, then (78) together with u;(£q) = 27111(1 —
zZ ) impose some constraints on the allowed values of p;® and
k A relatively straightforward analysis shows that for 1 €
(/2,m) (£ > 1), which is the region most interesting for us,
the allowed values for pki and ski contain {1,2,...}. Forn €
(0,77/2) we have 1/4/2 < Z < 1. In this case, for Z close to
1/ ﬁ the integers pki and s,f can take the values {1,2, ...}
only for / =0, £ 1. For Z — 1 the value of / for which the
allowed values of p;f and si contain {1,2, ...} increases. This
means that under the aforementioned assumptions, in the worst
case scenario, our equations can reproduce only the/ = 0, + 1
terms of the CFT expansion.

r+Zpk

C. Low-temperature asymptotic behavior
of the transversal correlation

In the case of the transversal correlation TLL and
CFT predict the following asymptotic behavior at low

PHYSICAL REVIEW A 88, 033623 (2013)

temperatures [49]:

(g ) =37 peintts nT/vr
toe T P sinh(mTm/vr)

’

) (1/2Z2%)+421% 22

(82)

m — 00,
with B, coefficients that do not depend on 7'. The analysis of
the correlation functions in the framework of the QTM [98]

showed that
— B ,—m/EV]
r=2 Bie :
i

(GJ(FDUEerl))
where the sum is over all the correlation lengths 1/£®[v;] =
In[Ao(0)/AP(0)], determined as the ratio of the largest and
next-largest eigenvalues in the N/2 — 1 sector. Using (58b)
and (61) we obtain the following explicit expression for the
correlation lengths [we neglect the iw term which produces an
(—=1)™ factor]:

1 1 14 e vW/T )
O] - 2 PO(/\)ln T o007 di — ipo(2o)

—i Z poG ) +i Z Po0:)), (84)
j=1 j=1

m — oo, (83)

where A is in the upper half-plane and the functions ¢(A) and
v; (A) satisfy Egs. (58a) and (62). For 1 in the lower half-plane
the integration contour is the real axis with an indentation such
that A is above the contour.

First, we will consider the case with X in the upper half-
plane. It is sufficient to consider the conformal limit of the
following correlation length:

1 1 o 1 4 e—v/T .
EO[] 271/ Po(3)In T+ e—s00/T d —ipo(Xo),

(85)

with v(}) satisfying Eq. (62) with r = 0. The behavior of
the correlation length (84) will be obtained by summing the
contributions of (85) and (74) derived in the previous section.
We notice that limy_,o v(A) = €9(A), therefore, we are going
to consider the following expansion:

(L) = go(A) + vi(WT + va(WT? + O(T?), (86)

with v;(A) and vy(A) unknown functions. Also (76) is still
valid if we replace u()\) with v(}). We are going to consider
that X is located in the first quadrant [this means that we are
going to have a plus sign in front of the iw T term in Eq. (62)].
The same result is obtained if we consider A( in the second
quadrant. Then at sufficiently low temperatures we have

. 2 1\ g
M=q+iggT, af =- (P+ - —) +i—, 7
0 O T @\ 2) T @

with pg an integer parametrizing the leading Taylor coefficient
ozo+ . Using this parametrization in Eq. (62), and expanding to
the second order in T we find

V(L) = ep(A) + r / K — ) In(1 + e *W/Tydp
2 R

+imr — 0 — @IT — KA — @) T* + O(T?).
(88)
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The integral equations satisfied by v;(A) and v,()) are obtained
by substituting (76), modified for the v(}) function, in (88).
For v{(}) it reads

q
vi(A) + L/ K — poi(nydp =i —i0(x — q).
2w J_,
Comparison with the integral equation for the dressed phase
(25) and dressed charge (23) shows that v;(A) = inrZ(A) —
2im F(A|q). Using the first identity in (26) the solution to this
equation can be rewritten as vy (A) = i [l — F(Alg) — F(A| —
q)]. The equation for v(X) is

1 q
v(d) + 2—/ KO —p)va(un)du
T J—q

_ _ o+ U vi(q)
=K@ ‘”( “t et 4neg<q)>
vz(—q)>
K\ L ,
K +q)<1286(q> T drena)

with the solution

+ ! m
n(A) = —R(A,q)| —2may — T(q) 3 + vi(g)
0

RO 1 2 5
R ")[ " 2e0(9) <? * ”‘(_Q)ﬂ'

Using (67) and (76) in (85) and expanding the po()»a’ ) term up
to the first order in 7" we obtain

vilg)  vi(=q)
dwey(q)  4mey(q)

= 2nT,o(q)<oz(,+ — ) + O(T?).

(89)

EW[v]

In deriving (89) we have also used the fact that F(\|g) +

F(A| — g) is an odd function of A [F(—A| — n) = —F(A|w)]

and (C1). The final result follows from (87) and the use of the

second identity in (26),
L L 1) voad. o0
EO]  vp \422 Po :

The case with A in the lower half-plane can be treated along
similar lines if we notice that (76) remains valid even if on the
left-hand side we have an integral over a modified contour.
Considering ¢ in the fourth quadrant then (87) is still valid
but, in this case, Re oy < 0. We findvy(A) = in[l — F(Alq) —
F(A| — g)] and the same expression (90) for the correlation
length. The difference between the two cases is given by the
range of allowed values for the integer pj. The condition
Reay > 0 together with vi(q) =1— F(qlq) — F(q| — q)
and F(qlq) + F(q| — g) = —1 + 1/Z imply that the allowed
values for pg' are {2,3,...} for n € (w/2,m)(Z > 1) and
{1,2,.--...} for n € (0,7/2) (1/\/5 < Z < 1). This shows
that while for n € (0,7r/2) the leading term of the expansion
can be obtained with g in the upper half-plane this is no
longer true for n € (/2,7). Imposing Reozar < 0 we have
par = {1} for n € (;r/2,m) (this also means that X is the
solution lying in the lower half-plane of 1 + ¢ ?*0/T =
closest to the real axis) for which (90) reproduces the leading
term of the CFT expansion. Summarizing, the leading term of
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the expansion is obtained for X in the upper (lower) half-plane
forn € (0,7/2) [n € (x/2,7)].

In a similar fashion we can treat the general case (84). As
an example, for A in the first quadrant and / “particle-hole”
pairs {A], ...,A;'} in the second quadrant and {A], ...,A; }in
the fourth quadrant we obtain

1 _ 2T (1 o, .

l

+ ) (i + s,j)) +O(T?). 1)

k=1

This distribution reproduces all the terms [ = 1,2, ... appear-
ing in the CFT expansion (82) for n € (7/2,7).

VI. CONTINUUM LIMIT

In the previous sections we have obtained NLIEs and
integral representations for the auxiliary functions and eigen-
values of the QTM in the N/2 and N/2 — 1 sector, valid at
low temperatures. In [64] it was shown that by performing
the continuum limit presented in Sec. III B, the Yang-Yang
thermodynamics of the one-dimensional Bose gas can be
obtained from the largest eigenvalue of the QTM. The next
natural step is to perform the same limit in the equations for
the next-largest eigenvalues obtaining the spectrum of what
we can call the continuum quantum transfer matrix. The ratio
of the largest and next-largest eigenvalues of this continuum
QTM will give the correlation lengths of the density-density
and field-field correlation functions of the Bose gas. The
correspondence between the correlation functions in the two
models is presented in Table II. It should be noted that the
results obtained for the Bose gas are valid at all temperatures
and are not restricted to low temperatures as in the case of
similar results obtained for the X X Z spin chain.

We start by showing how we can obtain (7) and (8)
from (58). Performing the continuum limit presented in
Sec. III B (this also includes the reparametrization A = §k/¢),
we obtain

po(d) = 8k, py(A) = €, 6N > —0(k),
00) = KOy > <=2 — _SF@
- Sk2+c2 8 ’

and eg(A)/ T — ep(k) /T, where T is the temperature in the
Bose gas. Using these results and denoting by #(k)/T the
continuum limit of e(X)/T we see that Eq. (58a) transforms
into the Yang-Yang equation (8). The grand-canonical po-
tential of the Bose gas per unit length ¢(u,T) is related
to the free energy of the Heisenberg spin chain per lattice

TABLE II. Correspondence in the continuum limit between the
correlation functions of the X X Z spin chain and the one-dimensional
Bose gas.

X XZ spin chain One-dimensional Bose gas

<0',(1)O',(m+1)>7*
<0t+1)0(m+1)>T

(el Xi "(z”z)})r

(J(x)jO)r
(W)W ()7

X . ’ ’
(ewfo Jj(x"dx Vr
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constant through the relation ¢(u,T) = [f(h,T) + h/2]/8>.
Using f(h,T) = —T In Ao(0) it is easy to see that (7) can be
obtained from (58b) in the continuum limit.

We define the eigenvalues of the continuum QTM by

2T

where on the right-hand side of this relation the continuum
limit of In A(0) is understood. For the eigenvalues in the N /2
sector we obtain

m A O =i Y ki Y &
j=1 j=I

1 _
+5- /R In(1 + e “®/ Mgk, (92)

_ 1 h
In A0) = g(ln A0) — —),

with u; (k) satisfying (9) and for the eigenvalues in the N /2 — 1
sector we find [the i term on the right-hand side of Eq. (61)
is irrelevant in the continuum limit]

In A7) = iko+i Y k=Y k;
j=1 j=1

1 _
oo /R In(1 +e 7O Tyak,  (93)

with v; (k) satisfying (12) and kg in the upper half-plane. When
ko is in the lower half-plane the integration contour has to be
changed accordingly. The correlation lengths of the density-
density correlation function (j(x)j(0))r are obtained as ratios
of the largest continuum eigenvalue In Ao(0) = ﬁ fR In(1 +
e *®/T)dk and the next-largest continuum eigenvalues in
the N /2 sector justifying (11). In the case of the field-field
correlation function (¥f(x)W(0))7 the correlation lengths are
obtained using the next-largest eigenvalues in the N/2 — 1
sector with the result (14). The case of the generating
functional is treated in Appendix D.

A. Checking the results

The asymptotic expansions (10) and (13) which are valid
for all temperatures should reproduce the TLL-CFT results
[50,51]:

] )7 (TZ/vr)’ § o 2ixlk
_ ___ (TZ/vpp? : )

(@O = (jON7 2sinh*(r T'x /vF) +IEZZ* e

7T /vr 2WZ
X — 00, (94)
W OWO)r = 3 Bt
leZ

aT/vp (122421 Z"

X — OQ, (95)

in the T — 0 limit. In Egs. (94) and (95), vr is the Fermi
velocity defined in (ES), kr = 7 D is the Fermi momentum,
and Z is the dressed charge evaluated at g [see (E2)].
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The agreement with the conformal results is proved in
Appendix E.

In the impenetrable limit ¢ — oo the leading term of the
asymptotic expansion for the field-field correlation function
was computed by Its, Izergin, and Korepin by solving an
associated Riemann-Hilbert problem [33], Chap. XVI of [39].
This gives us another opportunity to check the validity of
our results by comparison with another exact result. The
leading term in the expansion (13) is obtained when r = 0
in Eq. (12). We will consider that ky is in the first quadrant,
Rekyg > 0, Imky > 0. Taking into account that

lim K (k) = lim 0(k) = 0,
Cc—> 00 c—> 00

Egs. (12) for the auxiliary function v(k) (we drop the subscript
i) and dressed energy (8) become

k) =k>—pu+inT, k) =k —pn. (96)

The asymptotic behavior depends on the sign of the chemical
potential. We will consider first the case of negative chemical
potential. In this case the solution of the equation 1 4 ¢~"%0/T
which is closest to the real axis and located in the first quadrant
is ko = i+/|p]. Using (96) and this value for &, the correlation
length (14) can be rewritten as
1 1 e®=mIT 4
o = E/Rln <—e(k2_w i 1>dk VIl <o,

which is precisely the result obtained in [33] for negative

chemical potential. In the case of positive chemical potential
we have kg = /i and the correlation length is

1 1 eK=m/T 4 .
—g(s)[ﬁ] = EAIH <—g(k2H)/T — 1>dk — l\/_,

a 2w R

e—)/T _ ]
coinciding with the result derived in [33].

i

B. Numerical results

In this section we present some numerical solutions to the
nonlinear integral equations derived above. Quite generally,
we truncate the real axis to a finite symmetric interval and
use a uniform discretization. The convolution type integrals
are carried out by Fourier transforms. In “momentum space”
convolutions are done by simple products of the Fourier
transforms of the functions resulting in an efficient numerical
algorithm. The integral equation for the function and the
subsidiary equations for the discrete excitation parameters are
solved by iterations which turn out to be quickly convergent.

The results obtained in this paper for the Hamiltonian (3)
are given in dimensionless units. Restoring physical units is
a simple task which can be accomplished in the following
way. For particles of mass m and contact interaction strength
g we introduce a length scale a via ¢ = mga/h>. Then, the
units of temperature, chemical potential, density of particles,
reciprocal correlation length, wave number, and specific heat
are Ty =h*/(2ma*kp), o ="h>/Q2ma?), no =& " =ko=
1/a, and ¢y = kg/a. The physical data presented in the figures
of this section are given in these units for three values
of the chemical potential © = —1,0, + 1 and fixed value
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o(T), H=0 =-eemeeme
05 L o), u=1 -
04t
o3t

0.2

0.1

COOO0O0O0O0O
=R SRS, R R e

e 1 L 1
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FIG. 2. Thermodynamics: specific heat as a function of tem-
perature 7 for three characteristic cases of the chemical potential
n = —1,0, 4+ 1 and fixed interaction strength ¢ = 2. Inset: particle
densities as functions of temperature. (All quantities in units of ¢y,
Ty, po, and ng.)

of the dimensionless coupling ¢ = 2, which is realized for
any parameter values of m and g with a suitably chosen
a = 2h%/(mg).

The specific heat and the particle density in grand-canonical
ensemble are shown in Fig. 2. Note that negative chemical
potentials such as u = —1 correspond to the dilute phase as
the particle density vanishes at low temperatures exponentially
as does the specific heat, ¢(T),n(T) =~ exp(u/T). Positive
chemical potentials such as i = +1 correspond to the dense
phase with finite particle density at low temperatures and
linear dependence of the specific heat on temperature. The
“critical” chemical potential u = O separates the dilute and
dense phases and shows a square root dependence of specific
heat and particle density on temperature c(T),n(T) >~ T /2.

Next, we like to present our results for the leading
correlation length of the Green’s function. We calculate the
distribution shown for the dense phase in Fig. 7 by means
of the above nonlinear integral equation (12). First of all,

2.5 T T T T

05 | |
1/, u=l ——
1/E, u=0 =w-mmoeems
0 s s , U, =1 ----=
' ? 4 6 8 10

temperature T

FIG. 3. Green’s function: reciprocal correlation length 1/& as
a function of temperature 7 for three characteristic cases of the
chemical potential @ = —1,0, + 1 and fixed interaction strength
¢ = 2. (All quantities in units of &, ' Ty, and p.)
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FIG. 4. Density-density correlation function (second leading
term): reciprocal correlation length 1/£ as a function of temperature 7'
for three characteristic cases of the chemical potential © = —1,0, + 1
and fixed interaction strength ¢ = 2. Inset: wave number 2ky of the
oscillating factor. (All quantities in units of &, U T, o, and kq.)

we realize that due to the coupling of all roots and holes, a
backflow effect sets in and the distribution shown in Fig. 7
symmetrizes. And second, for lower temperatures all hole
parameters including kqy are below the real axis and all roots
are above. For the numerical treatment of this distribution a
straight integration contour is more suitable than the indented
contour that allowed for a uniform treatment of the CFT
properties. Choosing a straight contour for the case of ko below
the real axis makes the contribution of &y to the driving term
disappear, but imposes a severe change on the asymptotics of
In(1 + e~ ¥®/T)_ This function converges to 0 for k — —o0,
but to —2mi for k — +oo. This modified asymptotics can be
enforced numerically and yields the results shown in Fig. 3.
Note that there is no oscillating kr factor for this correlation
function. For u < O the low-temperature limit of 1/£(T) is
finite, for the critical value i = 0 we see a 1/£(T) ~ T'/?
behavior and for u > 0 the CFT behavior 1/£(T) >~ 2x % é
sets in at low temperatures.

0.18 T T T T T

0.16 1
0.14 - 1
0.12 1

01 r 1

0.08 |

0.06

n(T)/2k(T)

-

0.04 -

0.02 F i 1

0 g g 1 L 1 1 1

temperature T

FIG. 5. Density-density correlation function (second leading
term): particle number n(7") divided by the wave number 2kz(T') as
a function of temperature 7'. Note for the case u = +1 the universal
T — 0 limit 1/27. (Temperature in units of 7.)
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FIG. 6. Typical distribution of Bethe roots (e) and holes (o) in the
strip |[Im A| < n, n € [0,71/2) characterizing one of the next-largest
eigenvalues of the QTM in the N /2 sector at low temperature. All the
other roots and holes can be obtained using the iz periodicity. The
indentation of the contour C,;, excludes A~ + in and a hole located
close to it. The lower edge of the contour C),, is the same as the upper
edge of C,; but with different orientation. The contour C,, surrounds
all the Bethe roots except A7, the hole located at A™, and the pole of
the auxiliary function a,,(1) at iu.

Finally, we present our results for the density-density
correlator (Fig. 4). The leading term is given by a “particle-hole
excitation” at one Fermi point without 2kr oscillations at
low temperature [see (94)]. Interestingly, for this leading
contribution there is a crossover scenario at elevated tem-
peratures from nonoscillating to oscillating behavior. The
detailed study of this phenomenon is beyond the scope of
this paper. Therefore, we restrict ourselves to the study of
the next-leading contribution with 2kr oscillations at low
temperatures with roots and holes as illustrated in Fig. 6. For
u < 0 the low-temperature limit of 1/£(T) is finite, for the
critical value u = 0 we see a 1/£(T) ~ T'/? behavior, and
for 1 > 0 the CFT behavior 1/£(T) =~ 2w L Z? sets in at
low temperatures. The oscillations 2kr vanish at low T for
@ < 0. In the dense phase (u > 0) at low T we expect the
universal relation 2kp(T) ~ 2 n(T), which is nicely satisfied
at very low T (see Fig. 5), but shows a nontrivial temperature
dependence at elevated 7'. We note that the dressed charge for
u = +1 and ¢ = 2 takes the value Z = 1.38 consistent with
the low-temperature behavior of the correlators shown above.

VII. CONCLUSIONS

Using the spectrum of the XXZ spin-chain QTM and
a specific continuum limit we have derived the asymptotic
expansions of the temperature dependent density-density
and field-field correlation functions in the interacting one-
dimensional Bose gas. As a by-product we have also obtained
similar expansions, valid at low temperatures, for the lon-
gitudinal and transversal correlation functions in the X XZ
spin chain. One could naturally expect that similar results
can be derived in the case of the spinorial 1D Bose gas
[119,120] which can be obtained as the continuum limit of
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the U, [s1(3)] Perk-Schultz spin chain [121,122]. This subject
will be deferred to a future publication.

Note added in proof. Recently we became aware of
Ref. [124] where some of the results for the XXZ spin chain
were rederived and generalized.
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APPENDIX A: DERIVATION OF THE INTEGRAL
EQUATIONS FOR THE NEXT-LARGEST EIGENVALUES IN
THE N /2 SECTOR

1. Integral equation for the auxiliary function

For reasons of clarity we are going to consider first the
simplest case in which only one Bethe root (hole) is outside (in-
side) the relevant strip in the complex plane. The generalization
to the case of r pairs is a natural extension of this particular ex-
ample. A typical distribution of roots and holes for n € (0,7/2)
and low temperatures is presented in Fig. 6, where we have
denoted by A~ and A" the Bethe root, respectively, the hole out-
side (inside) the strip |Im A| < /2. It should be emphasized
that this “particle-hole” distribution is valid only at low tem-
peratures; at higher temperatures the next-largest eigenvalues
in the N /2 sector are characterized by the so-called 1-string
type and 2-string type solutions [123]. The eigenvalue and the
auxiliary function a (1) corresponding to the distribution pre-
sented in Fig. 6 are described by the same formulas as in (41)
and (42). It is useful to present g(A) in the following form:

N/2-1
q() =sinh(x — ) [ sinh(x — 1),
j=1
where {)»j};vﬁ_l are the N/2 — 1 Bethe roots inside the
strip [ImA| < n/2. The equation a,,(1) + 1 =0 has 3N/2
solutions, of which N /2 are the Bethe roots and N are holes
denoted by {)»E-h)}]]-v:jl and AT,

We introduce the rectangular contour C,n (see Fig. 6)
centered at the origin, extending to infinity with the edges
parallel to the real axis through +i(n — €)/2,e — 0, which
presents an indentation of the upper edge such that A~ +in
is not in the interior of the contour. Inside the contour Cp,
the function 14 a,,(X) has N/2 zeros at the Bethe roots

{)Lj}j.vﬁfl and hole AT and a pole of order N/2 at iu.
Therefore, the function In[1 + a,;,(1)] has no winding number
around the contour (the presence of the indentation ensures
that the function In[1 + a,;(A)] does not have an extra pole
at A~ +in) allowing us to define (A is located outside the
contour Cpp,)

1 d
fon ) = 5— /C - [In sinh(t — )] In[1 + a5 (i0)ldpt

2mi di
1 o (1)
=— [ Insinh(x — u)# w, (Al
27i Je,, 1+ apn(u)
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which can be evaluated using Theorem 1 with the result

N/2—1
> Insinh(h — ;) + In sinh(h — 1)
j=1

fph()‘) =

N
-3 In sinh(A — iu). (A2)

Equation (A2) can be rewritten as In g(A) = fou(A) +
In sinh(A—A") — In sinh(A — A")+ In¢_(A) + N/21nsin 5
providing an integral representation for Ing()). Taking the
logarithm of Eq. (42) and using this integral representation
we find

¢+ (M) p_(A +1in)
m“MMZ_M+m(¢aw4me>
in <sinh(k -2+ in))
sinh(A — A~ —in)
' (sinh(k — At +in)
sinh(A — At —in)
- fph()L —in).

Performing the Trotter limit N — oo, with the help of Eq. (45)
we obtain the NLIE for the auxiliary function

—Beo(A +in/2) +i0(h — AT) —i6(L — A7)

In aph ()\) =

7 K — w)In[l + ap,(w)ld

Con

(A3)

Equation (A3) was obtained assuming n € (0,7 /2). It remains
valid also for n € (7 /2,7) if the contour Cp, is replaced by
a similar rectangular contour with the upper (lower) edges
parallel to the real axis through £i(7 — n — €)/2, € — 0 but,
in this case, without the indentation.

2. Integral expression for the next-largest
eigenvalue in the N /2 sector

The integral expression for the next-largest eigenvalue
in the N/2 sector is obtained in a similar fashion as in
the largest eigenvalue case. The starting point is, again, the
representation (49) of the eigenvalue in terms of the holes
where it is useful to denote g"(1) as

N-1
h : ; (h)
q" () = sinh(x — 27 [ | sinh ( — 1").
j=1

In order to obtain an integral expression for ¢ (1) we
introduce a rectangular contour C/, (see Fig. 6) extending
to infinity with the edges parallel to the real axis through
iln—¢€)/2 and —i(n —€)/2+im. The edge at i(n —€)/2
presents an indentation such that A_ + in is contained in the
interior of C;)h and is identical with the upper edge of the
contour Cp;, but with opposite orientation. Then the identity

)
dOv— 1 h—d =0 Ad
/c,,,,+c T 0 A

ph

can be proved in exactly the same way as its largest eigenvalue
counterpart (50). For A close to the real axis using (A4) and
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Theorem 1 we obtain

1 u’h(u)
—_ don — p)—2"~
i A=

ph

N
(Z (A=) +d0.—2) —d( =27 —in)
j:

N/2—

Z — 2 —zn)——d()»—i—m—i—ln)) (A5)

In deriving Eq. (AS), we have used the fact that, inside the
contour Cp,, the function I+ ap,(X) has N zeros at A~ +

im, {A(h)}N ' or {A(h)}
{A; }N/2 s in, a simple pole at A~ +in, and a pole of order
N/2 at —iu — in 4 im. Using again Theorem 1 and the fact

that inside the contour Cp, the function 1+ a,,(1) has N /2
/2 1
il

"4 im, NJ2—1 simple poles at

zeros at the Bethe roots {A; and hole AT, and a pole of

order N/2 atiu we find

1 D)
— | Ao —p— i dp
27i Je, L+ a,n(p)
N/2—1
= > d—2r;—in+d(— 2" —in)
j=1

— %d(,\ —iu —in). (A6)

Taking the difference of Eqs. (A5) and (A6), integrating by
parts, and then integrating with respect to A we obtain the
following representation:

sinh(A — A1)
sinh(A — AT —in)
sinh(A — A7)

—In| = -

sinh(A — A= —in)

1
x¢(x—mn—7;/iwa 0

Cpn

—d(—p—imln[l + ap(wWldp + ¢,
(AT)

In ¢”(1) =1n (

) + In[¢p, (A +in)

with ¢ a constant of integration. Finally, the integral expression
for the next-largest eigenvalue of the QTM in the N /2 sector
is obtained by replacing (A7) in (49) with the result

In A, (0) Bh +l sinh AT
n A, = — n\ ———
ph 2 sinh(A+ +in)

sinh A~
—In|———7
(smh()ﬁ + m))

+ P / ol +in/2)In[1 + a,,(w)ld .

Cp

(A8)

The constant of integration 8h/2 was calculated using the
behavior of the involved functions at infinity, like in the
case of the largest eigenvalue. Equation (A8) is also valid
in the domain 7 € (r/2,7) if the contour Cp, is replaced by
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a rectangular contour, extending to infinity, with the edges
parallel to the real axis through +i(w — n —¢€)/2,¢ — O.

3. Final form of the integral equations

We consider n € (0,77/2). In the low-temperature limit we
are going to neglect the contribution from the upper edge of
the contour as we did in Sec. IV A3. If in Eq. (A3) we restrict
the free parameter A and the variable of integration to the lower
part of the contour, which is the line parallel to the real axis at
—in/2, we find

In a,p(A —in/2)
= —Beo(M) +i0(L —AT) —i6(L — A7)

1
- oo [ KOG Wi+ e = i/ Dl (49
7 Jr

where by A* we understand A* — A% +in/2, which now
belong to the upper (lower) half-plane. The expression (A8)
for the next-largest eigenvalue becomes

h
In Ap(0) = ’% +ipo(At) — ipo(i7)

1
+5 / po(w) In[1 + a,p( — in/2)ldp.
T JR
(A10)

Introducing the function u(}) satisfying e ™“*/T = q,,(A —
in/2), the NLIE for the auxiliary function and the integral
expression for the next-largest eigenvalues in the N /2 sector
at low temperatures can be written as

u(d) = eg(M) —iTOA — AT +iTOL — 1)

T
+ —/ KO — ) In(1 + e W/ Tyqu,  (A1l)
2 R
h
In A,,(0) = >+ ipo(A") — ipo(A7)

4L / pow In(l + e/ Mydp,  (Al12)
2 R

where the parameters A* satisfy the constraint 1 + e~“*"/T =
0, and are located in the upper (lower) half-plane. While we
derived these equations assuming that n € (0,7/2) we are
going to assume that they are valid also for n € (7/2,7). The
CFT analysis in Sec. V shows that this assumption is justified.
The obvious generalization of Eqs. (Al1) and (A12) in the
case of r pairs of Bethe roots and holes is given by Eqgs. (60)
and (59).

APPENDIX B: DERIVATION OF THE INTEGRAL
EQUATIONS FOR THE NEXT-LARGEST EIGENVALUES IN
THE N /2 — 1 SECTOR

1. Integral equation for the auxiliary function

As we have mentioned in Sec. IVC it is sufficient to
consider the case with N/2 — 1 Bethe roots and, possibly,
one hole in the relevant strip of the complex plane. First, we
will consider the case with one hole inside the strip. A typical
distribution of the Bethe roots and hole, at low temperatures
and n € (0,7/2), is presented in Fig. 7, where we have denoted
by Ao the hole inside the strip [ImA| < 1/2. The eigenvalue

PHYSICAL REVIEW A 88, 033623 (2013)

—ig—ﬁ-zﬁ < <
c/
A 4
N
AT [ 2 mmmmmmmm e mmmmmm oo
] e e O T EEEEEE PR,
0°9°00
(@] O
. [e) (@)
in/2 <>
n/ =
N
0
R ______________________________________
0o® %0,
[ J u [ ]
. [J 0 \o
-in/2—> >
n/ S >
o o)

FIG. 7. Typical distribution of Bethe roots (e) and holes (o)
in the strip |[ImA| < n, n € [0,7/2) characterizing the next-largest
eigenvalues of the QTM in the N /2 — 1 sector without particle-hole-
type terms. All the other roots and holes can be obtained using the
im periodicity. The contour C surrounds all the Bethe roots, the hole
located at A, and the pole of the auxiliary function a,(A) at iu.

and auxiliary function a,(X) corresponding to the distribution
presented in Fig. 7 are described by formulas similar to (41)
and (42), but in this case g(}) is defined as

N/2—1

gy = [ sinh(x — 1),
Jj=1

where {1 j};v:/ %71 are the N/2 — 1 Bethe roots. The equation
as;(A) + 1 =0has 3N /2 — 1 solutions, of which, N/2 — 1 are
Bethe roots and N are holes denoted by {k(’”}?’;l and Ag.

Consider the contour C introduced in Sec. IV Al. Inside
the contour, the function 1 + a;(1) has N /2 zeros at the Bethe
roots {)\.j}?,:/%_l and hole Aq, and a pole of order N/2 at iu.
Therefore, we can define (A is located outside the contour C)

1 d )
fs() = i ), ﬁ[ln sinh(A — p)]In[1 + as(n)ld
1 o a; ()
=5 ; In sinh(A M)—l m as(u)du, (B1)

which can be evaluated using Theorem 1 with the result
N/2—1
fi(0) = Z In sinh(A — ;) + In sinh(A — A)

j=1

N
-3 In sinh(A — iu). (B2)
Taking the logarithm in Eq. (42), and using (B2), which can be
rewritten as In g(A) = f;(A) — In sinh(A — A¢) +1n ¢_(1) +
N/21n sin n we find

¢+(A) ¢—(A +1in)
ey ==phtn <¢_<x> b0+ in))
in <sinh(k — Ao — in))
sinh(A — Ao +in)
+ s +in) = fo(d —in).
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Making use of Eq. (45), we can take the Trotter limit N — oo
obtaining the NLIE for the auxiliary function

In ag(A) = —Beo(h + in/2) F i + i00. — o)
1
-5 / KG. — [l + a,0ldp.  (B3)
T Je

In Eq. (B3), the minus (plus) sign in front of the iz factor is
considered when Re A is positive (negative). The same NLIE
is valid also for n € (;w/2,7) if the contour C is replaced by
a similar rectangular contour with the upper (lower) edges
parallel to the real axis through +i(mr — n —€)/2, ¢ — 0.

2. Integral expression for the next-largest
eigenvalue in the N /2 — 1 sector

The starting point of our derivation will be again the
representation (49), which is also valid for the eigenvalues in
the N/2 — 1 sector. We need an integral representation for

q" (1) = sinh(x — 20) [T}, sinh(. — 2") . If we consider
the contour C’ mtroduced in Sec. IV A2, then the following
identity holds:

ay ()
d(h — p)———"—du = 0. B4
/CW ( M)1+as(u) 2 (B4)

For A close to the real axis, using (B4), Theorem 1 and the fact
that inside the contour C’ oh the function 1 4 a;(A) has N — 1

or {A(h)} '+ im ,N/2 — 1 simple poles at
(A }N/2 g in, and a pole of order N/2 at —iu —in+im,

we ﬁnd
1 + ag(u)

2711 / de
N/2—1

N-—1
h
(Zat-a)-
Jj=1 j=1

Z d(n —rj —in)

zeros at {)»(h)};v:

a; o)

— %d(k +iu+ in)). (BS)

Inside the contour C the function 1 4 a,(1) has N /2 zeros at

the Bethe roots {}; }N/ 21 and hole Ao and a pole of order N /2
at iu. Using again Theorem 1 we have

a; ()
dk s 7
prl A A W
N/2 1
= Y d—2;—in)+dh— ko —in)
j=1
N . .
—Ed(k—zu—zn). (Bo)

Taking the difference of Eqs. (B5) and (B6), integrating by
parts, and then integrating with respect to A we obtain the
following representation:

s sinh(A — Ag) )
Ing™() = In (sinh(A o —in)
+ In[gp (X +imep_(L —in)]
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1
—T/[d(k—u)—d(k—u—in)]

Tl C
x In[1 + a,(w)ldp + c, (B7)

with ¢ a constant of integration. The integral expression for
the next-largest eigenvalue of the QTM in the sector N/2 — 1
is obtained by replacing (B7) in (49) with the result

B sinh Aq
—+In| —r——
2 sinh(Xo + in)

1
+2—/p6(u+in/2)ln[1+as(u)]du
T Jc
(B8)

In A,(0) =

Equation (B8) is also valid in the domain n € (;r/2,7) if the
contour C is replaced by a rectangular contour, extending to
infinity, with the edges parallel to the real axis through +i (7 —
n—e€)/2,e > 0.

3. Final form of the integral equations

We consider € (0,7r/2). Performing the same operations
as in Appendix A 3, Eq. (B3) is transformed into

In a;(A —in/2)
= —Beo(A) Fim +i0(A — Ag)

1
- / KO — mIn[l + a,(u — in/2)ldp.  (BO)
7 Jr

where Ly — Ao + in/2 is in the upper half-plane. The expres-
sion (B8) for the next-largest eigenvalue becomes

ph . .
In A;(0) = 5 - i+ ipo(ro)

1
to / po(m)In[1 + as(u —in/2)ldu
T JR
(B10)

Introducing the function v(A) satisfying e *™/T = a;(A —
in/2) the NLIE for the auxiliary function and the integral
expression for the next-largest eigenvalues in the N/2 — 1
sector at low temperatures can be written as

V(M) = eo(h) £inT —iTOO. — Ao)

T
+—f K — ) In(l + e "™/ Nqu,  (B11)
2 R

h
57 — i +ipo(Ro)

In A,(0) = 2T

+— / o) In(1 4+ W/ Tyqy, (B12)
2w R

where Aq satisfies the constraint 1 + ¢ *?0/T = 0. We should
mention that we can discard the i term on the right-hand side
of (B12) [this has the effect of neglecting an (—1)" factor in
the asymptotic expansion which is irrelevant in the continuum
limit]. On the right-hand side of Eq. (B11) we will consider the
plus (minus) sign in front of the i T term when A is in the first
(second) quadrant of the complex plane. Again we are going
to assume that similar formulas are valid for n € (w/2,7).
The generalization of (B11) and (B12) to the case when r
particle-hole pairs are present is given by Eqgs. (61) and (62).
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We still need to derive equations for the case when inside
the strip [Im A| < n/2 there is no hole present. Consider A the
hole closest to the line parallel to the real axis with imaginary
part —in/2. If we modify C adding an indentation such that A
is inside the contour and similarly modifying the upper edge of
C’ such that A + i is outside of C’ then all the considerations
of the previous sections still hold. However, when we take the
low-temperature limit of the equations in Egs. (B9) and (B10)
the integration contour will be transformed in the real axis
with an indentation such that Ay — A9 + in/2 (which now
belongs to the lower half-plane) is above the contour. The
generalization of this result to the case when r particle-hole
pairs are present is presented in Sec. IV C.

APPENDIX C: PROOF OF SOME IDENTITIES

Here we prove some identities used in Sec. V. We start with

q
f PoIR(L, £ g)dr = py(q) — 27 p(q).
—-q

Using a formal solution of Eq. (24) on the left-hand side of (C1)
we have

q
f PoMR(L, £ q)d2

—-q

(ChH

4 [ 1\ 1
- / / (1+2—K) (rott) == K (1 F @) py(W)dpu do
P - T 2

q
=/ K(g F wp(w)dpu,
—-q

where in the second line we have used the symmetry of the
kernel K (A — ) = K(u — X) and the integral equation for the
density (21). The identity (C1) follows from

1 q 1
p(dq) + — / K(q T mo(wdu = —— pi+q),

C2
2 J_, 2 €2

and the fact that p(1) and p;()) are even functions. Using a
similar method we can prove that

q q
/ go(AM) py(M)dr = 27 / eo(M)p(L)dA. (C3)
—q —q

Making use of the equation for the dressed energy (22) we can
rewrite the left-hand side of (C3) as

q
/ co())Py)dA

—-9q

a prq 1 -1
= / / (1 + 2_K) (h, ) eo(1) po(M)dp da,
S i

q
=27T/ eo(m)p(rdp,
—q
where we have used again the symmetry of the kernel and
Eq. (21).

APPENDIX D: DERIVATION OF THE ASYMPTOTIC
EXPANSION FOR THE GENERATING FUNCTIONAL OF
DENSITY CORRELATORS

In this appendix we will show how we can derive, using
our method, the results obtained in [55,56]. The first step
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in the computation of the asymptotic expansion for the
generating functional of density correlators in the Bose gas
is the derivation of NLIEs for the eigenvalues of the twisted
QTM thM = AY™(0) 4 ¢ DA™(0) in the N/2 sector. The
eigenvalues of the twisted QTM in the N /2 sector are [61]

-1 g — in)eﬁh/Z
¢-(A—in) q})
o) qgr+ in)e_(/sh/z)_W
¢+ +in)  q) ’

with g(x) =[]/} sinh(x — ;) and {1;}"/] satisfying the
BAEs

(D1)

N/2 . .
b(u',1}) N/2 _ it 1_/[ sinh(A; — A +1in)
b(rhj, —u’) sinh(A; — Ax —in)’

D2)

J#k
j=1,....NJ2.

The derivation of the NLIEs and integral expressions for the
N /2 sector eigenvalues of the twisted QTM (this includes
also the largest eigenvalue) is almost identical with the one
presented in Sec. IVA and Appendix A (we use a similar
distribution of Bethe roots and holes as in Figs. 1 and 6).
We obtain similar equations as Egs. (58a) and (58b) (for the
largest eigenvalue) and Egs. (59) and (60) (for the next-largest
eigenvalues in the N /2 sector) with the only difference being
the replacement of the #/(2T) with h/(2T) + ¢T in the right-
hand side of Egs. (58b) and (60). The reader should note that ¢
does not appear in the integral expressions for the eigenvalues.
Performing the continuum limit in (40) we find

(gw(/g j(x’)dx’>T — Zéig*x/f(w[ﬂf]’ X — 00, (D3)
i

with the correlation lengths defined by

L Y 14 e W0/ "
go[a?] o "\ T eewrr

(D4)

and the auxiliary functions u? (k) satisfying the NLIEs:

ulk)=k>—p—@T +iT Y 0k —k)—iT Y 0k —k;)

J=1 j=1

T / Kk —K)In(1 4 e % /Tygp'. (D5)
2 R

The 2r parameters {k;’};zl ({kj_};':l) appearing in Eq. (DS5)
belong to the upper (lower) half of the complex plane and
satisfy the constraint 1 + & EDIT — 0,y can take the values
0,1,2, ... with the » = 0 term [this means that the sums in
Egs. (D4) and (D5) are zero] being the dominant contribution
in the expansion. Equation (D3) was first derived in [55].

APPENDIX E: LOW-TEMPERATURE LIMIT OF THE
ASYMPTOTIC EXPANSIONS

The low-temperature analysis of the asymptotic expan-
sions (10) and (13) is very similar with the one performed
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in Secs. VB and V C. The only difference is the fact that
in the Bose gas case the principal integral operator is I —
%f and po(k) = k, which means that pj(k) = 1. Therefore,
the calculations are almost identical with the ones for the
X X Z spin chain except for some sign changes. The integral
equations for the zero-temperature dressed energy £o(k) and
the dressed charge Z(k) are given by

go(k) — L f‘l K(k — Keo(kdk' = k* — u = 2o(k) (E1)
2 -7

and

— 1 (7 — — —
Z(k) — — / Kk —KhZ(khdk' =1, Z(xq) = Z.
21 -7

(E2)
The resolvent of the integral operator / — %f and the dressed
phase equations are obtained from the XXZ spin-chain
equivalents (24) and (25) by changing the sign in front of the
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integral and replacing K (A, ) ,0(1) and +¢ with K (k,k’) ,6(k)
and +¢. The identities (26)and (C1) transform into (note the
sign changes)

Z(k) =1+ F(k| —q) — F(klg),
1 B B (E3)
—=1—-F@lg)— F@G| —79),
= @) @l -9

/ " R(k, £ 9)dk = 27p@) — 1. (E4)
—-q

with (C3) still valid in the Bose case. Additional simplifications
occur due to the fact that Z(k) = 2wp(k). The Fermi velocity
can be rewritten as
O )
"Top@ T Z
Using these relations and performing calculations similar with
the ones from Secs. VB and V C we obtain (94) and (95).
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