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Correlation functions of one-dimensional bosons
at low temperature

K. K. Kozlowsk, J. M. Mailleiﬁ, N. A. Slavnovﬁ

Abstract

We consider the low-temperature limit of the long-distance asymptotic behav-
ior of the finite temperature density-density correlation function in the one-
dimensional Bose gas derived recently in the algebraic Bethe Ansatz framework.
Our results confirm the predictions based on the Luttinger liquid and confor-
mal field theory approaches. We also demonstrate that the amplitudes arising
in this asymptotic expansion at low-temperature coincide with the amplitudes
associated with the so-called critical form factors.

1 Introduction

The model of one-dimensional bosons interacting through a two-body J-function potential is
described by the Quantum Nonlinear Schrédinger equation (QNLS model). Recently [I], the
Lagrange series method was applied in the framework of the algebraic Bethe ansatz to the
derivation of the long-distance asymptotic expansion of the finite temperature density-density
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correlation function in this model. In the present paper, we consider the low-temperature limit
of this result.
The QNLS model is given by the Hamiltonian

L
H = /(axqﬁax\p +evtutow — hqﬁqf) da . (1.1)
0

Here ¥ and UT are Bose fields possessing canonical equal-time commutation relations, ¢ > 0 is
a coupling constant and h > 0 the chemical potential. The results obtained in [I] are relative to
the thermodynamic limit L — oo of this model.

The density operator j(z) = W'(z) ¥(z) defines the operator of the number of particles in

the interval [0, x]
xT

Q, = /j(z) dz. (1.2)
0
The generating function for the density-density correlations reads
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(1.3)

were T' is the temperature, a a complex number and [Qp) any eigenstate of H that goes to
the state of thermal equilibrium in the infinite volume limit. Indeed, the correlation function of
densities (j(x)j(0))r can be obtained from (L3]) as
2 92
(IO = — g g s (27500 . (1.4)

We have shown in [I] that the large-z asymptotic expansion of the generating function (L3
(and respectively of the two-point function (I4))) is given in terms of solutions to a set of non-
linear integral equations closely related to ones arising in the quantum transfer matrix approach
[2, 3, 4], 5L 6, [7]. Below, we solve these equations in the low-temperature limit. This computation
allows us to reach two goals.

On the one hand, one can argue that the Luttinger liquid [8] and conformal field theory
(CFT) approaches [9], 10} 1T}, 12| 13} 4] 15, 16] can be used to predict the large-x asymptotic
behavior of the low-temperature correlation functions in massless one dimensional quantum
models. The QNLS model does belong to this class. Thus, our results give us a possibility to
confirm these predictions by a direct derivation based on the algebraic Bethe ansatz. Namely, we
show that in the low-temperature limit (7" — 0) the asymptotic expansion (x — oo, 2T — 00)
of the density-density correlation function takes the following form (at leading order for each
oscillatory term):

(j(2)§(0))y = D? (TZ/v0)* - S A, it (
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Above appear several constants that will be defined in section [3 namely, the average density of
the gas D, the Fermi momentum k,,, the velocity of sound on the Fermi boundary vy and the
value of the dressed charge at Fermi boundary Z. The coefficients Ay do not depend on 7T'. All
the dependence of the amplitudes on 7" has been gathered in the pre-factor (771'/ vo)%QZQ.

This form is in full agreement with the CFT predictions. Moreover it provides one with an
asymptotic behavior that is also valid in the full scaling region of 7 and in particular in the
T = 0 case.

On the other hand our approach allows us to calculate the constant coefficients A, in (3.
We show that A, are related to the amplitudes of the so-called critical form factors intro-
duced in [I7] and arising in the study of the model at T' = 0. More precisely, the coefficients
Ag(nT/v)2*2* determined for the system in the thermodynamic limit and at small but finite
temperature T are equal to the amplitudes of the critical form factors corresponding to umklapp-
type excited states of momentum 2k, ¢ and determined for the system of large but finite size L
at zero temperature, with the identification vy/T + iL. We will show this coincidence by means
of straightforward calculations carried in the core of this paper.

This article is organized as follows. In section 2] we recall the results obtained in [I]. In
section Bl we present the thermodynamics of the QNLS model at low temperature. In particular
we solve the non-linear integral equation determining the asymptotic expansion of the correlation
function in the low-temperature approximation. This allows us to obtain the rates of exponential
decays in section Ml and the constant amplitudes in section Bl The expansion (7)) is derived in
section [6l Various estimates of the low-temperature behavior of the integrals that we deal with
are gathered in three appendices.

2 Long distance asymptotic behavior at general temperature

The state of the thermal equilibrium in the QNLS model is described by the Yang—Yang equation
[18] for the excitation energy ()

T c
a(A):AQ—h—Q—/K(A—,u)log <1+e— (z‘f)) dy, (2.1)
i
R
and the integral equation for the total density p;(A)
1 1
—— [ K\ —p)v dp = —. 2.2
PN = 5 [ KO 00l die = 5 (22)
R
The kernel K (\) and the Fermi weight ¥(\) appearing above read
2¢ e\ 1
Below the poles of the Fermi Weightiwill play an important role. Therefore we introduce the
roots {r*} of the equation 1 + e srIT = 0, where r} (resp. r;) belong to the upper (resp.

J
lower) half-plane (see Fig. [I).



The asymptotic expansion of the generating function (e%m@zﬁ is given in terms of the
solutions to non-linear integral equations similar to ([Z.I)). Let us choose n points (n =0,1,...)
§]+ in the upper half-plane and n points §J_ in the lower half-plane. We then introduce non-linear
integral equation for a function wu(\)

T u(
_ 12
u(\) = X —ha—%/K(A—,u)log(1+e 7 ) d;H—zTE: —0(A—37)), (24)
where h, = h + 2miad and

0()) = ilog (Z * i) L 00) = K. (2.5)

Below we will show that, in the low-temperature limit and for {§*} fixed, the solution to the
equation (Z4)) always exists. Clearly, this solution depends on the parameters {§*}: u(\) =
u(A{8*}, {5 }). By imposing the constraints

1+ exp (—u(gﬂ{y}’{g})) =0, j=1,...,n, (2.6)

T

we obtain a system of equations, which fixes the sets {$*}; that are relevant for the description
of the long-distance asymptotics. The subscript ¢ enumerates these sets. The long-distance
asymptotic expansion for the generating function (e%m@zﬁ can then be organized into a sum
parameterized by the functions u;(A) = u;(A|{5"}i, {7 }i) that solve ([2:4]) with a corresponding
set of roots {§*};:

(2o, Ze wplu;] +O( —xmaxm(p[uiD)’ (2.7)

where p[u;] and B[u;] are functionals of u;(A) whose explicit form will be specified later.
Observe that equation (Z4]) can be recast in the form

T ug
w(N) = N = ho — o /K(A — 1) log (1 teo W) dy, (2.8)

1

where the contour C; is such that the roots {8*} are located between the real axis and Ci. We
also demand that the contours C; separate the sets {8*}; from all over possible roots of the
equation 1+ e~ M/T =0 and from all the roots {r*} (see Fig. ). Then one can interpret the
asymptotic expansion of (e2m’an>T as being given by the sum over the different possible choices
of contours C;.

The explicit expressions for the rates of exponential decay plu;] and the amplitudes Blu;]
can be written down in terms of integrals over the contours C;. Let us introduce an auxiliary

1+e” ui:p)
zi(A) = ——l <ﬁ> . (2.9)

functions z;(A) by




Figure 1: The roots {r*} are depicted by (o), the roots {5*}; are depicted by (e). Other roots

—ui(8%)/T = () are depicted by (x). The contour C; bypasses the roots {§*};

of the equation 1+ ¢
from above and the roots {§~}; from below. It also separates the points {§*}; from the other

points {§*¥} as well as from all the poles of the Fermi weight {r*}.

Then the rates of exponential decays take the very simple form

plug] = i/zk()\)d)\. (2.10)
Cr
The expressions for the amplitudes B[u;] are much more cumbersome. We present them in

the form

Blu;] = Bglu;)Bs[u;], where Bglu;] = exp( /% d\ d,u), (2.11)

and the symbol gy means that the variable p is slightly shifted to the left of the oriented
integration contour C;. The reason we separate the coefficients Blu;] into two factors Bg[u;] and
Bs[u;] is that these go, in the low-temperature limit, to the discrete and to the smooth parts of
critical form factors respectively, as defined in [17].

In order to describe Bg[u;] we first introduce the Cauchy transform operator Ls. on the

contour (f,
Z A
Le[5)(w) = / 23 g, (212)
G
and a functional Cy = Cplz]
2i(A)zi(p

Ci



Then

det <I + Z%Z.U(l)[zi]) det (I + %U(z) [zz])
det [I — %K(a)] det [I — %K(Ui)]

B, [ul] _ (627ria . 1)26—00[2:1-}

X

. . 1 —1 . . =1
|:eLéi [2:](61+ic) 627rza+L6i [2:](61 —zc)} |:€_Léi [2i](02—1c) eQma_Léi [2:](62 -Hc)} . (214)

The first line of (2.I4]) contains a ratio of Fredholm determinants. The integral operators I —
%K ©) and I — %K (43) have the kernels

K\—pu w K\—pu
KOO = KA gy = KA=0) (2.15)
l+eT 14+e™ T

The first of these integral operators acts on the real axis and the second one acts on the contour
Ci. The operators I + ﬁff M[z] and I + ﬁ@’ (?)[2;] both act on a anticlockwise oriented closed
contour surrounding C;. Their kernels are given by

U0 (w,w, [z1]) = —e" eI K[}(ZZI?”_) ;ﬁff; ] (2.16)
nd @) ~Le [2i)(w) Ka(w —w') — Ko(w — 62)
U (w, ', [2]) = e ¢ | L, (w—ie) _ 2mia—Lg, [](w i)’ (2.17)
where 1 omia
Ka(X) = A+ic ;— ic’ (2.18)

Finally, observe that the kernels U2 (w, w’, [2]) as well as the coefficient in the second line of
(214)) depend on arbitrary complex numbers 6; and 6 located inside of the contour where the
operators U2 (w, w’, [2]) act. One can prove (see [I9]) that the total combination 2Id) does
not depend on the specific choice of these parameters.

3 Thermodynamics at low temperature

In this section we provide a list of necessary formulae describing the thermodynamics of the
QNLS model at low temperature. We begin our discussion with the 7' = 0 case.
3.1 Zero temperature

It is known [I8] that for a positive chemical potential A > 0 the solution £(\) to the equation
(1) has two roots £¢(T") on the real axis: e(+¢(T")) = 0. Hereby £(\) > 0 for |A\| > ¢(T") and



e(A) <0 for [N < ¢(T). Let e(\) = eo(A) and ¢(T) — q as T'— 0. Then,

) 0, Al > g,
lim T log (1+e*T) - . (3.1)
=0 —eo(N), Al < g,

It is then straightforward to check that equation (ZI)) turns into a linear integral equation for
the dressed energy eo(\):

o) - 5= [ KO- wea(wdn =3 b, =) =0 (3:2)

—-q

At T = 0 the state of thermal equilibrium goes to the ground state of the QNLS model. The
Fermi weight 9¥(\) (23] turns into the characteristic function of the interval [—g,q|. Therefore
the equation (2.2]) for the density takes the form

N = 5 [ KO=modp)dp= 5= T =0 (3.3)

o’

Another important characteristic of the ground state is the dressed charge Z(A). In the
QNLS model it is proportional to the density Z(A\) = 2mpi(A\). Below, we will use a special
notation for the value of the dressed charge on the Fermi boundary Z = Z(+q). A formal
expression for Z can be given in terms of the resolvent to the operator I — %K acting on the
interval [—q, q]

Z=1+ /R()\, +q) dA, (3.4)
where .
RO - 5= [ KO- RGO dn = - KO~ ). (3.5)

Finally, we give the formulae for the constants appearing in (LI, namely the average density
D, the Fermi momentum k,, and the velocity of the sound on the Fermi boundary vy:

/
D= /,ot()\) d\, k,=mD, v = %0 (3.6)

where we denoted g) = £(q).



3.2 The dressed energy at low temperature

We now describe the power-law corrections to the Yang—Yang equation (2.1), which appear at
low but non-zero temperature. For 7" small enough the solution to the equation (2ZI]) () has
the following expansion [20] 21], 22]:

2
e(N) =D Trer(N) + O(T?). (3.7)
k=0
The functions €1(A) and €2(\) can be found from the analysis of the integral in (2.I]) in small
vicinities of the Fermi boundaries +q. The details of this analysis are given in appendix [A] (see
also [20] 211, 22]).
Using (A.8]) and substituting the expansion (3.7) into the Yang—Yang equation we obtain

9 q
SR - e YT [ KO- pen(w)dn =3 -
k=0 k=0 7,
L (KA —q)+ K\ +q)) - TR - ,Q)e%(q) RO+ q,)g%(_Q) +0(T?). (3.8)

12¢;

where R(A, p1) corresponds to the resolvent defined by (B.3).

3.3 The poles of the Fermi weight

. . . _e)
We now consider the low-temperature behavior of the roots rlf to the equation 1 +e~ T =0,

namely the solutions to (\) = 2miT'(k + 1/2), k € Z. Obviously all these roots collapse to g or
—g when T' — 0. Therefore setting ri = ¢ + T7; + O(T?) (resp. 7 = —q+ TF + O(T?)) and
substituting these expansions into e(r;) = 2miT (k + 1/2) we find

e(g+T7; 4+ O(T?) = Trfey + O(T?) = 2miT (k + 1/2),

3.10
e(—q+Tr +O(T?) = —Triey + O(T?) = 2miT (k + 1/2). (3.10)
Thus, in the linear approximation in 7', we obtain two series of roots
2miT
rt = dq+ 7; (k+1/2) + O(T?), k>0,
0
. (3.11)
2miT
re = dq+ Z,Z (k+1/2) + O(T?), k<0.
0

We will refer to the roots collapsing to +q as the right series and the roots collapsing to —gq as
the left series.



3.4 Low-temperature limit of the u()\) integral equation

From now on, we focus on a fixed contour C; and consider the associated contribution to the
asymptotic behavior of the generating function. Therefore, below, we will omit the subscript 7
in the notations of the contour C; and of the functions u;(\), zi(\), etc associated with it.

Let C be the contour bypassing n points 57 in the upper half-plane from above and n points
57 in the lower half-plane from below, where n is an arbitrary, but fixed non-negative integer.
These points $* are roots of the equation 1 + e uBEH/T = 0. Tt is important for our purpose to
fix the limits of these roots at T' = 0.

The T' — 0 limit of equation (2.4]) coincides with the one of the Yang—Yang equation, hence
u(N)|p—g = €0(X). Therefore it is reasonable to expect that, similarly to the points 7}, the roots
§i collapse to g or to —¢q in the 7" — 0 limit. Thus, in the low-temperature limit these roots

should form two series. There will be

° n;; roots §t and n;{ roots §~ belonging to the right series;

e n, roots §* and n; roots $~ belonging to the left series.

+

> and n,f are related

Obviously, there exists an integer ¢, —n < ¢ < n, such that the numbers n

by

n;—l—ng:n;{—i-n,::n, n;—n;{:ng—ngzﬁ. (3.12)

Therefore, for T' small enough, one deals with the following structure for the distribution of roots

8*:

{8} = {g+iTi{ Y Ul—a+iTi Y, R0 >0, (3.13)
{87y ={a —iT Y, U{—a—iTE Y, -, R(E) >0, (3.14)

The parameters ﬁ,f and é,:: admit the Taylor expansions ﬁki = n,f +O(T) and é,f = f,f +O(T7).
They appear in the non-linear integral equation (Z4]) defining u(A) and should be computed by
solving the conditions

S et
oxp (LT _ &w) _ 1 (3.15)

Substituting the parameterizations ([B.13]), (3.14) into the equation (24 and expanding up
to the second order in 7" we are led to

w(\) = A2 — h — % / K\ = p)log (1+ ¢~ F) dp+TG1(\) + T2Ga () + O(T?).  (3.16)
R

Here

Gi1(\) = —2mia — if/K()\ — ) dp, (3.17)

9



and

+ + - -
Np Ny Np Ny

GoN)=KMN=q) [ D nf +Dd & |+ KX+ [ D ny+> & |- (3.18)
Jj=1 Jj=1 j=1 j=1

It is natural to expect that the solution to (8I6) has a form similar to (B.7)

2
u(A) = Trur(\) +O(T?), (3.19)
k=0

where, as we have already argued, ug(A) = go(A). Substituting ([B.19) into (3.I6) and using
(A.10), we obtain linear integral equations satisfied by the unknown functions u1 () and ua(\):

() - o / K\ — p)ur () dpe = Gy (M), (3.20)

—4q

w) = 5o [ KO~ pusli) diu = Gol)

—q

- 1;66([(()\—(1)4‘}(()\4‘(1))

KO —quile) KO +qui(-q)

3.21
4mey, drey, ( )

It is then easy to see that the function w;(\) — 27wl satisfies (up to a multiplicative factor)
the equation ([3.3]) for the total density at 7= 0. As we have already mentioned, on has that
2mpi(N) = Z(A) in the case of the QNLS model, with Z(\) being the dressed charge. Hence,

ur(A) = ui (=) = —2miag Z () + 2mil, oy =a+L. (3.22)

The solution to equation ([B.2]]) can be expressed in terms of the resolvent R(A, ) (B.5])

1 T
) = RO |20 >0t ey - o (T i)
j=1 j=1 0
ny n, - 1 -
+ RN, —q) |27 ) ny +2m ) & - - <3 + %(q)) (3.23)
j=1 J=1

It remains to fix the leading Taylor coefficients 772E and 525. These can be parameterized by
sets of integers, exactly as it was the case for the roots r,f (3I1). More precisely, one has

u(Eq +iTHT) = £2miT (py —

1

)
s 3.24
u(tq —iTE;) = F2miT (hy — 3 520

10



where pf and hlf are integers. As a consequence, in the linear order in T, we obtain

/ot +_ 1 ;
=2 (pf — 1) +
el = 27 (P} i) iun(q), (3.25)
2

eoéy = 2m(hi; — 5) F awr (q),

where u () is given by (3.22]).
Remark. Let u; = ui(+q) = 2mi(¢ — ayZ). From now on we assume that wu; satisfies the
constraint
-7 <S(up) <. (3.26)

Note that the generating function (L3) is periodic over a [23]: (e?@Qs)p = (2mi(a+1)Qa),
Due to this property the condition above always can be satisfied by appropriate choice of the
parameter a.. Therefore the constraint (B:26]) does not imply any additional restrictions for the
parameters of the model.

We stress that the condition (B.20]) is purely technical. It allows us to simplify some interme-
diate calculations. In particular, it follows from (B.26]) that all the integers pf and hf in ([3.29)
are positive. However, one can proceed further without use of the inequality (3.:26]).

Thus, in this way, we have found the solution u()) to the equation (Z4) up to O(T?) terms
and the roots §; up to O(T) terms. There is no fundamental obstacle to finding higher order
corrections to u(\) and §If However, for our purposes, the results obtained here are already
sufficient.

4 Correlation lengths

In this section we compute the rate p[u] of the correlation function exponential decay. In the
case of the QNLS model, the conformal dimensions giving rise to the critical exponents in the
asymptotic expansion ([L5]) were calculated in [24] 25]. We now obtain these results by taking
the T'— 0 limit of equation (2.10).

We have already shown in the work [I] how the trivial constant term in (L5]) can be deduced
from our approach to the asymptotics at finite temperature. More precisely, this constant stems
from the contribution of the contour € = R, in other words the case where the sets of the roots
{§*} are empty (n = 0). Therefore, in the following, we will only consider the case of non-empty
sets {§*} (although the results of our analysis remain valid for n = 0 as well).

By moving the contour C to the real axis, equation (ZI0) boils down to

n

plul =i [ 2(n)de =13 (57 - 5. (4.1)

R k=1

The integral over R can be estimated to the leading order in T" with the help of (A.8)), (A0).
In its turn, the finite sum is estimated directly by inserting the Taylor expansions of the roots

11



§;€t Ultimately, one gets that, to the linear order in T,

- TZuf S + SR + o 2
p[u] = _QZO%kF - 27T66 +TZ Zlnj ‘|‘Zl77j +Zlﬁj +Zléj +O(T ) (4'2)
J= J= J= J=

where we have used ([B:4) and ([B:6). We recall also that u; = ui(q) = 2mi(¢ — oy Z). Finally, it
remains to use that nf:, §ZF are given by (B.25]). This leads to
0T ny np mh "
. ™ — _
plu] = —Ziaek, += (2 = —n+d pr+> pr+> hi+> by | +0(T%). (4.3)
j=1 j=1 j=1 j=1

5 Constant amplitude

In this section, we compute the low-temperature limit of the constant coefficients Bg[u] (211
and Bg[u] (2I4). We prove that in this limit, when properly normalized in the temperature,
Blu] goes to the amplitude of a critical form factor. The latter form factors correspond to
expectation values of local operators taken between the ground state and excited states where
all rapidities of the particles and holes are located on the Fermi boundary. We first recall several
definitions and results concerning the form factors in the QNLS model. The reader can find a
more detailed exposition in [I7].

The form factors of the QNLS model can be parameterized by the rapidities of particles and
holes [26] 27, 28, 29]. If, in the thermodynamic limit (L — oo) all the rapidities are located on
the Fermi boundaries +¢, then the corresponding form factor is called critical form factor [17].
Hereby the distribution of the rapidities between +¢ and —q is important.

Consider a critical form factor parameterized by the rapidities of n particles and n holes.
Assume that, in the thermodynamic limit, there is n;; (resp. n;{) rapidities of the particles (resp.
holes) going to +q and n, (resp. n; ) rapidities of the particles (resp. holes) going to —q. We
say that a given form factor belongs to the Py class, if the numbers n;'f ;, satisfy the conditions
gathered in ([B.12), with ¢ being some fixed integer.

The critical form factors can be presented as a product of a smooth and a discrete part (see
[17]). The smooth part has a well defined thermodynamic limit L — oo. The discrete part,
strictly speaking, has no thermodynamic limit. First of all, it scales to zero as some negative
power of L, when L. — oo. Second, it not only depends on the rapidities of the particles and
holes (which are equal to +¢), but also on the quantum numbers associated with the excited
state.

In the following, we show that the factor Byfu| in (2.I1]) exactly reproduces the discrete part
of the critical form factor of the Py class, provided the distribution ([B.I2]) is fixed. Hereby the

'Formally the work [I7] deals with form factors of the X X Z spin chain, however the results obtained there
can be easily reduced to the case of the QNLS model.

12



role of large L is played by the inverse temperature: vg/iT <> L. The integers p;t and hjE (see
(324)) play the role of the quantum numbers describing particles and holes.

The coefficient Bs[u] (ZI4]) gives the smooth part of the critical form factor. We first focus
on the analysis related with Bg[u] as the computation of its 7" — 0 limit is simpler then for
By[u].

5.1 Smooth part
The coefficient Bg[u] can be seen as mostly depending on integrals of the following type:
Ir= [ £ (5.1
¢
where z()) is given by (23) and f()) is holomorphic in some domain containing € and R. Then

moving C to R we obtain

If—>/f N dx —0(f(q) — f(—q)), T — 0, (5.2)

since all roots {§*} go to £¢q at T — 0. Using that, at T = 0 z(A\) = 0 for |[A\| > ¢ and
z(A) = ui(N)/2mi for |A| < g, we find

. /
%13})/]” Nz(N)d =5 /f Jug (A (5.3)
R
and hence, due to ([3.22)
q
%imo/f'()\)z()\) d\ = —ag/f'()\)Z()\) dA. (5.4)
ﬁ
¢ —q
Using this prescription we obtain for the limit of the Cauchy transforms
%ig}) Lslz)(w +ive) = —agL_q g Z](w + ive), v=0,=+1. (5.5)
Similarly
q
: Z(N)Z(p)
1 =l | :
TlinmCo[z] ag/ D= io? d\dp. (5.6)

—q

Another type of integrals arises in the Fredholm determinant det; [I — %K (“)]. Recall that

this operator acts on the contour C as

1= £KO) 00 = 1) = & [ KOO 1) dn (57)

13



where K((\, ) is given by I5). If f(\) is holomorphic in a domain containing C and R,
then one can easily see that

/K O ) (1) dps = /K(“)(A,M)f(p)dp+O(T), T 0. (5.8)

Since u(\) = 80()\) at T' = 0 we conclude that, in the 7" — 0 limit, the action of the operator
— %K () coincides with the one of I — %K (€). The action of this last operator clearly reduces
to the interval [—¢,q] when T = 0. Thus,

lim detz |1 — 2K | = lim detg |1 = £ K] = deti_y,q [I - £K]. (5.9)

Substituting all these results into (2.I4]) we immediately reproduce the smooth part of the
critical form factor obtained in [I7]. We give these rather cumbersome expressions in appendix [C]

5.2 Discrete part

The T' — 0 limit of the factor By[u] (211 is more involved. In order to compute it, we first
deform the contour C to the real axis. This provides an alternative expression for By[u], that
was originally obtained in [30)]

Bd[u]:exp< /%d)\d/o (dsts] i§g>2

R
n —1 —1

» HezLR[z](gjf)aLR[z](gj) <8>\e27riz()\)‘)\ A_) <a}\e27riz()\)‘>\ A+> . (5.10)
i=1 :sj =5

Consider the behavior of the Cauchy determinant in (5.I0) at 77— 0. We have

2 L1 — 80757 — &)
(s572s) == |

det —
n §F —3 . e

;T 11 (3 — 87
Jik=1

Now we should substitute here (313)), (8.14]) and (3:25]). Hereby at 7' — 0 we can set (§ j 57)? =

(,§]i 87)? = 4¢?, if the roots belong to the different series. Then we obtain

1 2 /N —202 on
lim |77 det = (1)t (Lo 0
T50 n §]+—§,; T 27

+ + - -
Np Ny Np Ty
Hk(pj —pi)? Hk(hj —hi)? Hk(p; —py)? Hk(h{ —hy,)?
> > = I (5.12)
np Ty
Hl_[(p]+h+ 1) [T [I(p; +hy —1)?
j=1k=1 Jj=1k=1
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Consider now the low-temperature behavior of the derivatives dye 27N at \ = §j[ We

have
. 1+ e*%
e 2miE ) = ——— (5.13)
l+e 7
Since 1 +e¢~ 7 = 0 we obtain
. —u/(8F) —u/(8F)
T9 *27”20)( - - i 5.14
A€ A=gF =(s7) eE)—ulg) (5.14)

l+e ™7 1—e T
Substituting here (3.19), (8.22]) we arrive at

—eg (1 - 6*2’”'0‘42)_1 , if §]i belongs to the right series,

lim Tope =0 = ) 5.15
750" A=3F gy (1 — e 2mione®) Looif 37 belongs to the left series. (5.15)

The estimate of the T — 0 behavior of the Cauchy transforms LR[z](§j»E) is a more com-
plicated problem. It is easy to see that one cannot use (51 in this case. Indeed, on the one
hand the Cauchy transform Lj_, 4[2](w) on the interval [—q, ¢] has a logarithmic singularity at
w = £q. On the other hand, we have seen that all éji go to £q at T" — 0, therefore LR[Z](éf)
should diverge as a multiple of log T in the low-temperature limit. In fact, the equation (B.5])
only allows one to access to this divergent part; however it does not give an access to the finite
part of the T'— 0 behavior of the Cauchy transform.

Similar problem occurs at studying the 7' — 0 behavior of the double integral

[ 2N)z(p)
A_R/md)\du. (5.16)

The above double integral can be reduced to a single one

z(N\)z
A= R/ %d)\ dp = R/(@LW]W)) - 2(p) dpa. (5.17)

Thus, in order to estimate this integral at ' — 0 one should know the behavior of Lr[z](u) on
the whole real axis including the points £¢. This question is studied in details in appendix Bl
Here we restrict ourselves to present the results of these computations.

First of all, we list the leading T — 0 behavior of the exponents of the Cauchy transforms

Ly [z](éji) There are four cases to distinguish:
e 5, belongs to the right or to the left series,

e 5, belongs to the right or to the left series.
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Using the parametrization (313), (314) and ([B:25]) we have

N\ ok 4 _ +
lim {eLR[z}(quTﬁf) (@) ’ } = exp{ —ayp / Zw -2 dp — ﬂ}%, (5.18)
T—0 T ©Fq 4 ) T(p, F 5)

) Nt [ Z() - 2 uy Y D(hE £ 24)
lim 4 eLelel(Ea—iTéD) (950 _ — /“765 +_1}M. 5.19
TILI}){G T exp Qy T, 12 1 I’(hf) ( )

—q
Thus, for a given partition (BI3]), (314) of roots §]i into the right and left series, we obtain

20uq

_ q
i 2Lal2)(3;)-2Lalel6)) (950} T Zp) -2 .
r}linm H <7TT> exp oy / e dp + 2imtnog Z

—q

« T? {pk B 27rz} {h+ } {pk + 2u7rz} {hi 27rz
g ( W e wh ) ) >:20)

where we use the standard hypergeometric type notation for ratios of I'-functions:

r ( Zi v Zp ) = T (e - JT (00 (5.21)
»o q k=1

t

In its turn, the exponent of the double integral (516) exhibits the following leading T — 0
behavior

1L2

1
A()2(n) B\ o8]
40 - n0 22
pmew | [ G2 aa | () T =B e () e
R
The functional C4[F| appearing above reads
q q
1 [ F'(\F — F\)F' F(\) —F
CiIFON)] = = / WEG) = FOFW 1 0425 (q) / F) = Fla) (5.23)
2 A—p A—gq
e —q

and G(1,z) = G(1 4+ z)G(1 — z), where G(x) is the Barnes function.
Now we substitute u; /2mi = £ — ayZ. Combining (5.12)), (5.15), (520), and (5.22) and using

q
Zp)— 2
Cilanz(N) — 0 = Cilan2(V)] ~ ey [ =2 gy, (5.24)
—q
we obtain
202 22 . 2n
O — 1 90 |7 L orlaezo) (ST ZNT o _
B, [u]—%lgl(]Bd[u] T =e - G*(l,ayZ —¥)

X Ry (01 AW w2 = O R, ({07 F AR}~ apZ),  (5.25)

16



where

Rum({p}, {h}|) = 22

H (pj = p)? I1 (hy — h)?
n m F
l;[l:[(pj+hk—1)2 <

{pk+y} ) {hk_’/}
{pe} s {Pi} ) . (5.26)

We have thus reproduced the discrete part of form factors given in [I7] up to the replacement
Uo/T — 2L,

6 Final result

We have calculated the low-temperature limits of the exponential decay and constant coeffi-
cient in the long-distance asymptotic expansion of the generating function (e*7*2=)r for given
distribution of the roots §]i In this section we sum up all the obtained contributions for £ fixed.

Let us first summarize the results obtained in the previous sections. The asymptotic expan-
sion of the generating function (e*7*<=); at low temperature has the form

(e¥maQay ZQ eiotkpe r—o0, T—0, 2T — 0, (6.1)
LeZ

where the coefficients ), are

nT ) 2 CrlaeZ(N)]— 222 (0, 2)°~£)

Q¢ = B [a,Z] < = ) G (1,04 Z — £)e ™ vo W, Ww_ . (6.2)
0

Here the smooth part B [y Z] is given by (Cl), the functional C; by (5.23]). To describe the

factors W we first define a function W (v, r) depending on complex v and integer r as

> ¥ SN G| B

n,n/=0 1<p;<--<pp<oo 1<h; < <h,r<oco j=1
nfn’:r

/

() Ruwllo) (1. 03

where Rn,n’({p}a {h}|y) is given by (m) Then

Wy = W(V’T)

(6.4)

v==%(apZ-1), ’
r==+/{

It is easy to see that the factors Wi correspond to the sums over all the possible choices of

nt +
integers {pF}1? and {hF}," which parameterize the possible configurations of the roots §= T at
¢ fixed. Such sums are computed in [31] as,

_ Tz 7,,(7, 1)

G*(1+r+v) e v
G2(1+v) <1_e,m><u+r>2'

W(v,r)= (6.5)

Yo

17



Setting here v = £(ayZ — ¢), r = £¢ and substituting (6.5) into ([6.2]) we obtain after simple
algebra

20222
~( 7T/ \ ° L= G2(1,02)
—A, | =0 th A, = BOq,7|——2"22 CrleeZ(V)] 6.6
Qf l <sinh 7rg(';1. ) ) w1 4 s [Oég ] (2q2)2a322 e ( )

where we have used e, = Zvg. Thus we arrive at the following asymptotic expansion

202 22
2imaQ, ik L x 7Tjﬂ/vo ’ A
(e N o Z eSO FT | — L —— Ap . (6.7)

: mTx
ez sinh ST

Note that the obtained result is obviously a periodic function of « as it was expected thanks
to the fact that the coefficient A, is also a function of oy only, see appendix It is also
straightforward to see that the combination A, (7TT/UO)2Z2Z2 coincides with the amplitude of

2imaQz [T7] corresponding to the umklapp-type excited

the critical form factor of the operator e
state of the momentum 2ayk,, where vo/T plays the role of the system size.

Finally, in order to obtain the long-distance asymptotic expansion of the density-density
correlation function it is enough to apply the differential operator (L4)) to the equation (G.7).
Hereby one should distinguish two cases: £ = 0 and ¢ # 0. In the last case one has due to (CJ))

BOa, 2] =0, 9BV [0y Z]

a=0

o 0. (6.8)
Therefore the second a-derivative should be applied to the coefficient BLS,O) [ Z].

On the contrary B [aZ] =1 at a =0 and ¢ = 0, that is at ay = 0, (see [I]). Therefore in
that case, the second a-derivative should be applied on the combination containing the depen-
dence on z, namely on exp[2iak, 2] (sinh(rTz/ vo))72a322, as otherwise the second z-derivative
vanishes. Thus, taking the second « and z derivatives of (6.7) as it is explained above, and
neglecting higher order corrections over T' as well as subdominant exponential decays in x, we

arrive at (L5) with

D** & ~
Ay = —A
¢ 2 002"t

It is readily checked that in the x — oo, 2T — 0 limit equation (L) does reproduce the long-

(6.9)

a=0 '

distance asymptotic expansion of the density-density correlation function of the one dimensional
Bose gas at T' = 0, together with the correct values of the amplitudes [19].
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A Estimates of integrals with regular functions

In this appendix we estimate the class of integrals that appears in equations (2.1) and (24]). We
first focus on the integrals of the form:

e

Jle] = T/f()\) log (1 te T ) dX. (A.1)
R

For our purpose, it is enough to consider the case when f(\) is bounded on the real axis and
differentiable in vicinities of +¢, although the result of the analysis remains valid at much less
restrictive assumptions. Due to the properties of () ([B.]) it is clear that

q
lim J[e| = —/f()\)e()\) dA. (A.2)
T—0
—q

In order to find power-law corrections to the equation (A.2), one should estimate the contribu-
tions coming from the vicinities of +¢ more thoroughly. Let § > 0 be such that § - 0asT — 0,
while §/T — oo as T' — 0. We can split the integral J into five parts J = J_+J_g+Jo+J;+J5.
The integrals Ji correspond to the domains A\ > ¢+ § and A < —¢q — d. They behave as
O(e=c*#a+)/Ty and hence produce O(T*) contributions. The integral Jy runs along the do-

e(A)
main —q + d < A < ¢ — J. By factoring out ¢~ 7 from the logarithm, we get that

q—0
Jole] = — / FOV=(N) A+ O(T™). (A.3)

—q+6
Finally the integrals J4, correspond to the domains ¢ — ¢ < A < ¢ + J and generate all
power-law corrections in T to (A2). We now derive the leading power-law correction to (A.2))
coming from the §-vicinity of q. For doing this, we can replace the functions entering the integral

by the leading non-vanishing terms of their Taylor expansions. Namely, we replace f(A) by f(q)
and €(X) by (A — q)e( + Te1(q). Recall that £9(¢) = 0 and we denote ), = (,(¢). Thence,

Jqlel =T f(q) / log <1 + e%a(q)) d\ + h.o.c., (A.4)
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where h.o.c. means the higher order corrections in 7. After changing of variables A = pT'/e(, we

obtain
deq /T
2
Tle] = %/(Q) / [log (147724 4 (s 4 21(0)) O~ — e1(a) | dp

0 —de(,/T

—c1(q)

— T2Ji(q) / (n+e1(q)) dp+ hoo.c., (A.5)
“0 —del /T

where ©()) is the Heaviside step-function. Using now that /7 — oo we arrive at

/ [log (1+e™) + uO(—p)] du

7N\ 2
Tl = T%f(q) (81((1) B %) N T%f(q)

/ /
2¢e T €0

2 7\ 2 7T2 2
_ TQJ;(]Q) <61(q) _ 5%) + %@) + h.o.c.. (A.6)

Similarly one has

T2f(=q) 6ep\* | *T*f(=q)
_ = —q) — h.o.c. . AT
1) = T (- 50 ) 4 PTIED p (A7)
Combining (A6), (A7) with (A3) we obtain after simple algebra

T?r?
/
6eg

el = — / FOVEON) dA + 2T (f(q) + F(—q))

T2 f(q)e3(q) N T%f(—q)e(—q)
2e], 2e],

+ + h.o.c.. (A.8)

In a similar way, one can obtain the low-temperature expansion of integrals involving the

function u(\)

u(
J[u] :T/f()\) log (1+e—T”) d. (A.9)
R
Since up(A) = €9(A), exactly the same considerations lead us to the estimate

T?r?
/
6e

ﬂmz—/fumumx+ (F(@) + F(~9))

T?f(q)ui(q) N T2 f(—q)ui

(—9)
2t 2t +0(T?). (A.10)

_|_
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B Estimates of integrals with singular functions

B.1 The Cauchy transform in the vicinities of +¢

In this section we determine the leading 7' — 0 behavior of Lg|[z]()). Its depends on where A is
located. Recall that

1 1re Y\ du
LR[Z](A):Q—M/IOg<1+e—%“)> P (B.1)
R
If A is separated from +q, then obviously
1 / d 1
ti L) = 5 [ Lp ), (B.2)
—q

where u () is given by (3.22]).

Let now A\ — g as T — 0. We denote A = Ay, if A\ approaches ¢ from the upper (resp.
lower) half-plane. Let again § > 0 be such that § — 0 as T" — 0, while 6/T — oo in the
T — 0 limit. Consider the contributions to the integral (B.I) coming from different intervals
of integration. Obviously, when T' — 0 the integrals over domains A > ¢+ and A < —q — ¢

produce exponentially small corrections. On the other hand z(\) can be approximated by u)

21
on the interval [—¢ — §,q — J]:
AT A T d
— T
T — — A4 T — AL
s 14+e 7T © s K
Extracting the divergent part we obtain
1 i1 A 5
1 / w%__/wmu_;bg ALmaH0N 5 (B
27 w— Ay 274 "w— g 271 AL+ ¢
—q—0 —q

and we remind that u; = uy(+q).
It remains to compute the integral over [¢ — d,¢ + d]. Following the method of the previous
section we linearize the functions u(u) and £(u) in the vicinity of 4 = g. Then we have

L e\ g . 14 et d
— e — e
i - — i c — —
7Tq—6 l4+e T Y + ﬂ_a 1+e*—TQ Y +—q
Replacing pe(,/T = £ we arrive at
deg/T ¢
-1 et +e ™ d§ U1 ty +c¢
I, = — 1 —_— O(-¢ — —1 —_— B.6
47 o / [Og< f11 >+“1 (=¢ c)}g—ti+2m 1) (B.6)
—de /T T
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where c¢ is an arbitrary positive constant and we have set t1 = (AL — ¢)e(,/7. We can send now

§/T — oco. Substituting into (B.6])

[e o]

1 .

= :I:i/ej””(gti) dw, (B.7)
§—tx
0
we arrive at
F1 ef +ew io(f—
Iq = g dé_/ dw |:10g <ﬁ> —|—U1®(—£ — C):| 6:': (E—tx)
—00 0

+ M g L*C, . (BS)

2714 te + %0 de

The integral over £ can be calculated by means of an integration by parts followed by a compu-

tation of the residues at e + e~ =0 and €6 + 1 = 0:
+iwe

1 e e~ uq . FiwE 1— e:l:iwul uLe
/d£ [IO < >—|—u1®( ¢ C)} ¢ ~ 2wsinh(7rw) T omiw (B.9)

et +1

Thus, we arrive at

[e.e]

Ul ti+c 1 dw . diwe ™ +iwu +iwt

T )+ = [ = - (1 - ! £, B.10

© < > 2w / w [:lee sinh(7w) ( c ) ‘ ( )
0

Due to (3:26)) the last integral is convergent. It can be computed in terms of the I'-functions via
+b 1
r <p2—7r + 5)

T e P dw 0 _ _ D
b—a— —— w _ =) | = (a—b)log ( =— ) +2rlog ——~. (B.11
/ w [ “ sinh(7w) <e ¢ )} (a=b) log (27T>+ 08 I (&2 4+ 1) ( )
Thus, we obtain
A )¢ u
uy +9miT r(§+ %54 )
I,=-—21 _ ) £ log (B.12)
2mi (A — g+ 9)g r (1 + (Ai*Q)fo)
2 2miT
Combining this result with (B.4)) we find the following estimate
1 [ A
uilp) —ug U1 + 4
L M)=— [ —F——du+ —1
r[z](A) 2772'/ = At 'u+27r 8 <)\i+q>
—q
T 1 + ()\:t Q)Eo + ur
uy A+ — q)e (2 2miT 2mi
- 5= +1 T ~q. (B1
2mi ( +2miT T (3= 58] =0 A~g (B13)



Similarly, if A\ =+ —q as T — 0 one has

q
1 U —u U Ar —
Lelil(0s) = 5 [ MU+ g (3511
—q

At +q

()‘:I:‘HI)eo
TG (()\i +g)s{)> ilogr <2 + Smr - F 2m>

1 st ’
r (5 + T 0)

T =0, A~—q. (B.14)

B.2 The double integral

Consider now the low temperature behavior of the integral A given in (5I7]). As usual we split
the integration domain into several pieces A = A_+A_,+ Ag+ A, + A;. The integral A, (resp.
A_) over the domain A > g + 0 (resp. A < —g — §) are again exponentially small in respect to
the T — 0 limit. When A € [—¢ — 0, ¢ — ¢], we can use the expression (B.2)) for Lr[z](A+) and
also replace z(\) by = ul()‘) . This gives

q—6 q
1 uy ()

Ao = d\ui(\)0 d . B.15
0 (27i)? / u1(A) ’\/ 'uu_)ur ( )

—q+6 —q

Integrating by parts we arrive at
L e w0 ((Fouwds F o
_ u ur\p ui\q — up(p) dp uy () dp
do=755 d | dp= . /7—/7.316
’ (27”)2 / / K = Ay * (271'2)2 Ho—q+9 h_+q—>= ( )
*Q+5 —q —q —q

Here we have used that u;(A\) = u1(—A). This last property also allows one to symmetrize the
integrand, so that upon sending & — 0, we get

q—9 q q
_ / 1 5\ _ /
S P P C Y S A AR
(271)2 = Ay 2(2mi)? A—p
—q+0 —q —-q
(B.17)
Extracting then the divergent part from the single integrals in (B.16]) we find
ui(A) 2u? 0
A C 1 — 6—0 B.18
o 1[27Ti}+(277i)20g %) - (B.18)
where the functional C;[F] is defined in (5.23)).
Consider now the contribution A, coming from the interval ¢ —§ < A < ¢+ ¢:
q+
/ (OnLr[z](A4)) - 2(X) dA. (B.19)
-0
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Substituting here (B.I3) we arrive at 4, = A(l) + A(Q) + A(g) where

q+d q
1 U (,u) — Uy ul
AL = — L - 1 B.2
=g [ o | [P - g0 )| i (B.20)
q—o6 —q
T (1 a
AQ) — _u.l / log c , B.21
Tooeml 1+e 7 ) A4 (20
-
and
q+6 1 M- Q)50 Ul >
4B _ -1 logr (2 T =mr 1 oam oy (At —q)eh
¢ i A r( L O q)eo) 2mi 2miT
—q—6 2T

u(N)
G
x log (%) dr. (B.22)

l+e 1T
It is easy to see that A,(Jl) — 0 as 0 — 0, because the integrand is a bounded function as
T — 0. The integral A((f) can be estimated similarly to (B.):

2

—2miT\ wu INCEEC
4@ — "1, —eml M 4o 22 T 2mi) T S _ B2
T m B\ ey ) 2w 2T r(d) =0 0=0 (B.23)

3)

As for the remaining integral A((I , its leading behavior is obtained by a linearization of the
functions u(\) and () in the vicinity of A = ¢. After the change of variables £ = (XA — ¢)e(/T
followed by an integration by parts, we find in the § — 0, T'— 0 limit

Ao~ L[]y PE%) w, (erio R
—00

Uy

) d¢. (B.24)

We close the integration contour in the upper half-plane and compute the integral (B.24) by
residues. These are located at £ = —uy + mi(2k + 1) and { = mi(2k + 1), k= 0,1.... Hence,

F2(l{3) (5% k;_l_“_y
A(3 1 et | 2 i
Zlog T(h+a)l (k—2) 2m o\ k-

(-2
— logG(l, ﬂ) + LlegM
211

2 T (3)
: G*(N +1) up . D(N+3§ -3
lim |1 ——1 = B.2
el mewri-g) w vy | O
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where G(x) is the Barnes function and G(1,z) = G(1 + z)G(1 — z). Using the asymptotic
behavior of the I' and Barnes functions for z — co with z ¢ R_

logG(z+1+a) —logG(z + 1) = alog vV2m + §(22 4 a)log z — az + o(1),
logl'(z+1+a) —logl'(z+ 1) = alog z + o(1),

we find that the limit in the last line of (B.25]) vanishes. Hence,

1, TG~ 3), (B.26)

2mi 2T (L)

A((I3) = log G<1 ﬂ) +
2

2T

Combining this result with (B.23]) we find

u? —2miT Uy
A, = o [ 222 4 G(1 —) T =0, &§—0. B.27
7 (2mi)? Og( 3¢ >+ e\ oni ) ’ (B27)

Similar calculation in the vicinity of the point —g leads us to the following below contribution
coming from the interval ¢ —d < A < ¢+ 9:

—q+6
2 .
. uy 2miT Uy

A,q = / (a)\LR[Z]()\+)) : Z()\) d\ — (27_”)2 lOg < 666 > + log G<1, %>, T — 0, 6 — 0.
g6

(B.28)

Thus, taking into account (B.27), (B:28) and (BIS8) we finally obtain
ui(A) up \2 qeh uy
A —= | —-2(=—=) 1 — 21 1, — T . B.2
%Cl{ omi } <2m‘> s\7r )" o8 6 ( ’2m‘)’ —0 (B.29)

C Smooth part of the amplitude

In this section we give the exact expression for the smooth part of the amplitude B§°) [ Z] =
limp_,g Bs[u]. Provided the condition (3.12) holds, we have

det (1 + LU0 [agZ]) det (1 + 0@ [agZ])

BgO) [OégZ] — (627m'a _ 1)26700 :
(det [I — 5-K])

% <e—agL[Z](61+ic) _ ezma—a[L[Z}(el—ic))’l (eagL[Z](Gg—ic) _ e2ma+a¢L[Z}(02+iC)>’l. (C.1)

Here L[Z](w) stands the Cauchy transform of the dressed charge Z(\) on the interval [—g,q],
and Cj is given by (5.6). The integral operator I — %K acts on the interval [—g¢, ¢] and its kernel
was defined by (2.3). The operators I+ ﬁf](l) [apZ] and T+ ﬁf]@) [ayZ] act on a anticlockwise
oriented closed contour surrounding [—g¢, ¢]. Their kernels are

Ky(w—w') — Ko(0; —w')

(1) / — _p—uL[Z](w)
U (w’ w, [O‘fZ]) =€ e—uL[Z)(wtic) _ g2mia—oyL[Z](w—ic)’

(C.2)
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and
Ky(w—w') — Ko(w — 62)

7(2) ! — uL[Z](w")
U (w7w ) [QZZ]) =€ ¢ eCl{gL[Z]('UJ’*ZC) _ e27FZC|{+C|{gL[Z](UJ,+ZC)’

(C.3)

where K, (A) is given by (2I8). Finally parameters 6; and 6, are arbitrary complex numbers
lying inside of the contour where the operators U2 (w, w', [y Z]) act. If we set §; = —q and
02 = g, then we reproduce the smooth part of form factors of the P, class obtained [17].
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