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Abstract

It was recently shown by Jimbo et al (2008 arXiv:0811.0439) that
the correlation functions of a generalized XXZ chain associated with an
inhomogeneous six-vertex model with a disorder parameter o and with arbitrary
inhomogeneities on the horizontal lines factorize and can all be expressed in
terms of only two functions p and w. Here we approach the description of the
same correlation functions and, in particular, of the function @ from a different
direction. We start from a novel multiple integral representation for the density
matrix of a finite chain segment of length m in the presence of a disorder field
. We explicitly factorize the integrals for m = 2. Based on this, we present
an alternative description of the function w in terms of the solutions of certain
linear and nonlinear integral equations. We then prove directly that the two
definitions of w describe the same function. The definition in the work of Jimbo
et al (2008 arXiv:0811.0439) was crucial for the proof of the factorization.
The definition given here together with the known description of p in terms of
the solutions of nonlinear integral equations is useful for performing, e.g., the
Trotter limit in the finite temperature case, or for obtaining numerical results
for the correlation functions at short distances. We also address the issue of the
construction of an exponential form of the density matrix for finite c.

PACS numbers: 05.30.—d, 75.10.Pq

1. Introduction

Inrecent years, significant progress has been achieved in the understanding of the mathematical
structure of the correlation functions of the XXZ model and related integrable models. First
of all the ground state correlation functions were studied. They are completely defined
through the quantum-mechanical density matrix. An explicit expression for the density matrix
of a finite subchain of the infinite XXZ chain in the massive regime was first obtained by
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Jimbo et al [17]. They expressed the elements of the density matrix in terms of multiple
integrals. Subsequently, extensions of their formulae to the massless regime and to a non-
vanishing longitudinal magnetic field were obtained in [18, 22].

Then it was realized that the multiple integrals can be factorized [10] and that, utilizing the
so-called reduced Knizhnik—Zamolodchikov equation, the factorized integrals can be written
in a compact exponential form [6, 7]. The latter allows one to distinguish between an algebraic
part and a physical part. The physical part is defined by a small number of transcendental
functions, fixed by the one-point correlators and by the two-point neighbour correlators which
depend on the physical parameters such as anisotropy, temperature, length of the chain,
magnetic field, boundary conditions, etc. The algebraic part is related to the representation
theory of the symmetry algebra behind the model, namely the quantum group U, (5/[;) in the
case of the XXZ chain.

In [8], it was observed that the formula for the correlation functions looks nicer if the
XXZ chain is regularized by introducing an additional parameter, the disorder field «. With
this new parameter it was possible to express the density matrix in terms of special fermionic
annihilation operators b and ¢ acting not on states of the spin chain, but on the space of
(quasi-)local operators on these states. The annihilation operators appeared to be responsible
for the algebraic part. The physical part was represented by a transcendental function w
determined by a single integral. In [9], the dual fermionic creation operators b*, ¢* and a
bosonic creation operator t* were constructed. These operators together generate a special
basis of the space of quasi-local operators. Since b* and ¢* are Fermi operators, Wick’s
theorem applies and expectation values of products of b*, ¢* and t* in an appropriately defined
vacuum state can be written as determinants, very much as in the case of free fermions.

Thermodynamic properties of integrable lattice models can be studied within the Suzuki—
Trotter formalism by considering an auxiliary lattice with staggering in the so-called Trotter
direction [24]. The temperature appears as a result of a special limit when the extension of
the lattice in the Trotter direction becomes infinite. Physical quantities are expressed in an
efficient way through the solution to certain nonlinear integral equations [23]. A detailed
discussion of this issue and further references can, for instance, be found in the book [12].

In papers [14, 15], the Suzuki-Trotter formalism was used in order to generalize the
multiple integrals to finite temperature. Then their factorization was probed for several
examples of correlation functions, first for the XXX chain [3] and later for the XXZ chain
[2, 4]. Also a conjecture was formulated stating that the above-mentioned exponential form is
valid with the same fermionic operators (at least as long as they act on spin reversal invariant
products of local operators) as for the ground state and two functions w, @’ obtained from an
«-dependent function in the limit ¢ — O.

Unfortunately, the formulae of [2, 4] worked only in this limit. The generalization to
generic o stayed obscure. One of the purposes of the present work is to add to the clarification
of this point, starting from a proper multiple integral representation with a disorder parameter
o. Here, as we had to learn [20], the crucial point is that the ‘Cauchy extraction trick’,
invented in [16] and described in more detail in [21], can be applied in the finite temperature
case and also in the more general situation of a finite lattice with inhomogeneities in the Trotter
direction.

Important new insight came from a recent paper [19] by Jimbo et al, where they suggested
a purely algebraic approach to the problem of calculating the static correlation functions of
the XXZ model. The key idea of [19] is to evaluate a linear functional related to the partition
function within the fermionic basis constructed in [9]. The authors of [19] work with a finite
lattice, inhomogeneous in the Trotter direction. In this situation, they suggest a new and



J. Phys. A: Math. Theor. 42 (2009) 315001 H Boos and F Gohmann

surprising construction of the function w depending on a magnetic field and on the disorder
parameter o.

In the present paper, we discuss the relation of the work by Jimbo et al to the approach using
nonlinear integral equations which at the moment seems more appropriate, e.g., for taking the
Trotter limit (which was omitted in [19]). In particular, we present an alternative description
of the function w starting from the multiple integral and using the explicit factorization
of the density matrix for two neighbouring lattice sites. We then give a direct proof that
our expression, though looking rather different than that in [19], in fact describes the same
function.

An inhomogeneous lattice in the Trotter direction is very general and leaves many different
options for the realization of physical correlation functions. Here we shall concentrate on two
of them, the correlation functions of the infinite XXZ chain at finite temperature and magnetic
field (temperature case), and the ground state correlation functions of a finite chain with twisted
periodic boundary conditions (finite length case). Both cases can be treated to a very large
extend simultaneously. They are only distinct in that a different distribution of inhomogeneity
parameters is required, and in that for the finite temperature case the Trotter limit has to
be performed. Note that instead of the XXZ Hamiltonian we could consider combinations
of conserved quantities obtained from the transfer matrix of the six-vertex model within the
formalism of nonlinear integral equations. For the bulk thermodynamic properties, this issue
was recently studied in [25].

The paper is organized as follows. In the following section, we define our basic objects
and recall some of their properties. In section 3, we show the multiple integral formula for
the elements of the («-twisted) density matrix for a subchain of length m. In section 4, we
consider the simplest case, m = 1. Section 5 is devoted to applying the factorization technique
to the double integrals for m = 2. In section 6 we introduce the function w. We discuss its
properties and the relation to its realization by Jimbo et al. The content of section 7 is some
preliminary work on the construction of an operator t, dual to the creation operator t*, which
should appear in the construction of an exponential form for finite temperature and a finite
disorder parameter. In appendices, we provide a derivation of the multiple integral formulae,
we discuss the limit « — 0, and we compare with the results of the papers [2, 4].

2. Density matrix and correlation functions

The XXZ quantum spin chain is defined by the Hamiltonian,

N
_ X X y y 4 Z
Hy()=1J Z(ojflaj +0j_,0; + A(ajfloj — 1)), @))
j=1
written here in terms of the Pauli matrices, 0* = e* +e;, 07 = i(et - e;), ot =el —e”

(where the eg are the elements of the gl(2) standard basis). The two real parameters J and
A control the ground-state phase diagram of the model. For simplicity of notation, we shall
restrict ourselves in the following to the critical phase J > 0, |A| < 1. Note, however, that the
results of this work can easily be extended to the off-critical antiferromagnetic phase A > 1.
We shall also assume without further mentioning that the number of lattice sites N is even.

To fully specify Hy(x) we have to define the boundary conditions. We shall consider
twisted periodic boundary conditions, when we are dealing with the ground state of the finite
chain. Then Hy (x) depends on an additional parameter « through

+ + + +

30+ 607 _ z eN+ eN7 z

) Cgee (N ) e )
€0, €0— eéN, €EN_
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Here ¢ is related to A as A = (¢ + ¢~')/2. For the finite temperature case we shall assume
periodic boundary conditions for the Hamiltonian. Nevertheless, the same parameter « will
appear in that case as a twist parameter of the quantum transfer matrix, having then a rather
different physical meaning as an external magnetic field coupling to the spins by a Zeeman
term. We shall elaborate on this below.

The integrable structure behind the Hamiltonian (1) is generated by the trigonometric
R-matrix of the six-vertex model [1]:

10 0 0
o b0y ey 0
RO =10 cony boy ol 3)
00 o0 1
_sh@) _sh(n)
PV = Goen ‘W= G+ @

acting on C>® C2. As presented here it satisfies the Yang—Baxter equation in an additive form.
To facilitate the comparison with [9, 19], where the multiplicative form was preferred, we set
g = e" and ¢ = e*. Then for arbitrary complex inhomogeneity parameters 8;, j = 1,..., N,
the definition,

Ta(¢) = Ran(h = BN) - .- Ra1 (A = B1), 3)

of the monodromy matrix makes sense, where, as usual, the indices 1, ..., N refer to the spin
chain, while a refers to an additional site defining the so-called auxiliary space. We also set
T,(, k) = T,(£)g"% and introduce the twisted transfer matrix:

1(¢, k) = trg(Ta (L, &)). (6)

In [19], a six vertex-model with N horizontal rows and an arbitrary distribution of the
inhomogeneities, 7; = ePi, on these rows was considered. Here we would like to point out
that two specific distributions are of particular interest in physical applications. Moreover, in
both cases the special functions that enter the representations of the transfer matrix eigenvalues
and correlation functions have nice descriptions in terms of solutions of linear and nonlinear
integral equations.

The first case relates to the ground state of the Hamiltonian (1). We call it the finite length
case. In this case, we choose

B =n/2, i=1,...,N. (7

Then
1

Hy (i) = 2Jsh(n)d; In(t ™" (g7, €)1 (£, 1)) 5= 2- (8)
with twisted boundary conditions (2) if we identify A = ch(n). The critical regime, |A| < 1,
corresponds to purely imaginary n = iy, y € [0, 7). In this case, the physical twist angle or
flux, ® € [0, 27), is ® = —ky, whence « should be real. If we stick to the vertex model
picture of [19], then 7 (¢, k) is the vertical or column-to-column transfer matrix in this case.

The second case is determined by an alternating choice,

B

_|Pr=n—5 1 N/2 9
:3] {,32]‘:% ) J LA /7 ()

of inhomogeneity parameters. This case will be called the finite temperature case as it relates
to the quantum transfer matrix, whose monodromy matrix is

T2™M(@) = Ran( = B/N)RY_; ((=B/N = 1)... Rao(k = B/N)R] (=B/N = 1).  (10)

4
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Here the superscript ‘f;” indicates transposition with respect to the first space. In fact, setting
Y = 1—11]\/:/ : 03;_, and using the crossing symmetry,

0 Ra j(h — moj = b =R}, (=1), (11)
of the R-matrix, we find that
N/2
7M@) = YT”(C)Y,UI—’?(X . (12)
The quantum transfer matrix is by definition
19N ) = o (TI™M (G 1)), (13)

where TO™ (¢, k) = TA™(¢)g*%.

Again, within the vertex model picture, t?™(¢, k), or ¢(¢, k) with the choice (9) of the
inhomogeneity parameter, corresponds to the vertical transfer matrix. There is an important
difference, though, that has been explained at several occasions [14, 23]. In the finite length
case, the Hamiltonian can be derived from the vertical transfer matrix. In particular, the vertical
transfer matrix and the Hamiltonian (1) have the same eigenstates. In the finite temperature
case, on the other hand, with a lattice which is homogeneous in the horizontal direction, say,
the Hamiltonian is related to the horizontal transfer matrix with purely periodic boundary
conditions. It is then also periodic and will be denoted Hy (0), where L is the horizontal
extension of the lattice. In this case, the vertical transfer matrix eigenstates are different from
those of the Hamiltonian. In particular, the eigenstate with the largest modulus determines
the state of thermodynamic equilibrium in the thermodynamic limit, i.e. the free energy of
the XXZ chain and all its static correlation functions [14]. Also the physical interpretation
of the parameter « is rather different in this case. It corresponds to a magnetic field coupling
to the spin chain through a Zeeman term (see, e.g., [14]).

Using a lattice of finite extension L in the horizontal direction, we can express the partition
function of the homogeneous XXZ chain of length L as

e PHLO*hSun/T Jim_try NET™MA, R/ nTHHE. (14)
—00

..........

Here T is the temperature, and 4 is a longitudinal magnetic field. B must be chosen as
B =2Jsh(n)/T. Furthermore,

L
1
St =520 (15)
j=1

is the conserved z-component of the total spin. Equation (14) becomes efficient in the
thermodynamic limit, L — oo, since then a single eigenvalue A™(1, k) of tA™(1, k) of
largest modulus dominates the large-L asymptotics of Z; in the Trotter limit N — oco. We
shall refer to this eigenvalue as the dominant one.

We would like to remark that in our understanding the quantum transfer matrix is, in
general, more appropriate for studying integrable spin models on the infinite lattice than the
usual transfer matrix. In general, there is no crossing symmetry, and the quantum transfer
matrix and the usual transfer matrix are not related by a similarity transformation like in
(12). Also within the quantum transfer matrix formulation the density matrix directly takes
its ‘natural form’ in terms of monodromy matrix elements (see below). No solution of a
quantum inverse problem as in [22] is required. In our particular case, we do have the crossing
symmetry, and the quantum transfer matrix and the usual transfer matrix with staggered
inhomogeneities (9) give an equivalent description of the density matrix (see below). Still,

5
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the largest eigenvalue of #(¢, k) with the distribution (9) of inhomogeneities diverges in the
Trotter limit as can be seen from (12).

Let us come back to the situation of arbitrarily distributed inhomogeneity parameters g;.
Following [19], we shall assume that for a certain spectral parameter ¢, and any x € C the
transfer matrix 7 (¢o, ) has a unique eigenvector |k) with an eigenvalue A (¢, k) of largest
modulus. This is certainly true for the two special cases considered above. In the finite
length case, ¢y = ¢!/, while ¢y = 1 in the finite temperature case. We fix a set of ‘vertical
inhomogeneity parameters’ vy, ..., v, and set §; = e'/. Then we can define the object of our
main interest, the density matrix with matrix elements

& g
(K +a|Te! (G, 6) ... Te (&, k) i)
(ke + ol [T/, 1), ©lic)
which is, in fact, an inhomogeneous and ‘a-twisted’ version of the usual density matrix.

In the finite length case (7) with the twist angle @, the expectation value in the ground
state |®) of any operator X|; ;] acting non-trivially only on the first m lattice sites is [11]

(D] X11,m) D) . .
—————— = lim lim tn
((I)|(D) a—0v;—n/2

In the finite temperature case (9), we use that the right-hand side of (16) stays form invariant
under the transformation (12) which replaces all objects relating to the ordinary transfer matrix
with the corresponding objects relating to the quantum transfer matrix. Hence, from [15],

/ /
&l

DN&‘[...S,’Z(SI’ ey €m|K, a) =

) (16)

..... m{DN 1y &l = @/y, ) Xpm).  (17)

-ty {eTPIORST X )
x — i Tl .
(Xitm)Th Jim Z,
= lim lim lim try_,{Dyn(&1,...,&,|h/2nT), ) X1 m). (18)

a—0v;—0N—o0

The density matrix (16) allows for reduction from the left and from the right expressed by

Dyl @) = pE) DY G .l ), (19a)
WDy 1, Enlk, @) = Dy (Er, ik, @), (19)
where
A,
p(6) = S, 0)

The function p plays an important role in [19]. As we shall see below it is also important for
the formulation of a multiple integral formula for the density matrix and is the only non-trivial
one-point function for finite «. In the temperature case, with « = h/(2nT), we have

o(1) = 1+m(T, h)2na + O?), (21)

where m(T, h) is the magnetization.

In the temperature case as well as in the finite length case and in certain inhomogeneous
generalizations of both cases, the function p can be expressed in terms of an integral over
certain auxiliary functions (see, e.g., [11, 14]):

o d_,u B l+a(u,x+a)
() =q exp{fc el =) ln[—l+a(u,/<) “ @)
Here e(}) is the ‘bare energy’:
e(A) = cth(X) — cth(A + 1), 23)
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Re

Figure 1. The canonical contour C surrounds the real axis in a counterclockwise manner inside

the strip —4 < Imx < %

and a(A, «) is the solution of a nonlinear integral equation with integration kernel
K () = cth(A — n) — cth(A +n). 24)
In the finite length case, this equation reads
N
sh(x — §)) / du
In(a(X, =(N -2 + Inf ————|— | —KOAX\ —uw)In(1 +a(u, .
(@(k, €)) = (N = 26)n ; Lm_ﬁﬁn) | 3K wIn(l +alu, )
(25)
Equations (22) and (25) are still valid if 8; are not precisely those of equation (7), but are
close to /2 with ImB; = y /2. The contour of integration to be used in (22) and (25) is shown
in figure 1. In the temperature case, the nonlinear integral equation has a similar structure,

but the driving term is different. Suppose that for j =1, ..., N/2 the B,;_; are close to 7,
whereas the §,; are close to 0. Then

N/2
In(a(r, €)) = —2kn+ Y In
j=1

[ sh(A — Ba2j)sh(d — Brj—1 +21n) }
sh(x — B; + m)sh(A — B2j—1 +7)

- / K (3 = 0 In(1 +a(u, ©)). 26)
¢ 2mi

We presented both equations (25) and (26) in an inhomogeneous form, since we shall
need this later, when comparing with [19]. Note, however, that the homogeneous limit is
trivial in both cases and that, moreover, the Trotter limit can be performed in (26). Then

In(a(r, k)) = (N —2k)n + Nln[w} - / d—M.K()\ — w)In(1 + a(u, «)) 27
sh(A +1n/2) ¢ 2mi

in the finite length case, and

2GS i a0 @)
T ¢ 2mi

in the temperature case and in the Trotter limit. Equations (27) and (28) are what we call the
a-form of the nonlinear integral equation. There is another so-called bb-form [11, 23] which
is more convenient for an accurate calculation of the numerical values of the functions.

In(a(r, k) = —2«n
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3. The multiple integral representation of the density matrix

In appendix A, we derive the following multiple integral representation for the elements of the
density matrix:

m

Dyl ) = l_[/dmmF*(M [ /d’"m” *)
Jj=p+1
det/kl ..... m[ G()\‘jvvk)]

(29)
l_[l<]<k<m Sh()“ - )‘k - n)Sh(vk —Vj )
where we have used the notation
dA
dm(\) = — , dm(A) = a(r, k) dm (L),
2mip(C)(1 +a(kr, «)) (30)
i, et j=1,...,p
Fi ()= H sh(h — ) ]"[ sh(i—we F), =41 .
/ ket 41 Em il j=p+1,....m

with &% 7 being the jth plus in the sequence, (¢ ]) _y» €; the jth minus sign in the sequence

(e ])’J"z ; and p the number of plus signs in (¢;)"_,. The function G is new here. It is defined
as the solution of the linear integral equation:

G\, v) =q “cth(h —v —1n) — p(&§)cth(A —v) +/ dm(u) Ko (A — )G (1, v), (€1))
C

where £ = e”, and the kernel,
Ko (A) = g “cth(A —n) — g%cth(A + 1), (32)

is a deformed version of (24).

Equation (29) is a generalization to finite o of the multiple integral formulae first derived
in [11, 15]. To simplify the notation, we shall sometimes suppress the dependence of the
density matrix elements on x and «.

4. The casem =1

For m = 1 there are only two non-vanishing density matrix elements. They are related to the
function p by the reduction relations (19) which imply that

DI\ 1 —-q* 1 1
(DZ($)> g —q ( q® —1> <P(§)>' Gy

When we insert equation (29) for m = 1 here, we do not obtain an independent equation, but
rather an interesting identity for p (recall that p appears in the measure):

p@E)=q" —(q" - 6]7“)/ dm(n)G(u, v). (34)
c
It allows us to calculate the asymptotic behaviour of the function G:
lim G(,v)=0. (3%
ReiA—+o0
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Table 1. The coefficients of the polynomial p.

g} &)

e1&  Co c &) e

t- 1 _g2 —q282 2§2¢2
+— 1 4752 475152
IS &2 —q?2 g2
M =Y S R
:j gk1/&  —q7'ae  —@Pak  qfE

5. Factorization of the density matrix for m = 2

The factorization of the multiple integrals for the ground-state density matrix was discovered
in [10]. In that case, the integrand consists of explicit functions whose analytic properties
were used in the calculation. In the finite temperature case, a different factorization technique
had to be invented. As was demonstrated in [3], the linear integral equation for the function G,
appropriately used under the multiple integral, can be viewed as the source of the factorization,
at least for the special case of the isotropic chain at @ = 0. For the XXZ chain outside the
isotropic point and without the disorder parameter «, however, that trick does not work
anymore. Here we shall see that a finite o allows us to perform the factorization of the density
matrix in much the same way as in [3].

Let us consider m = 2 in (29). There are six non-vanishing matrix elements in this
case, one for p = 0, four for p = 1 and one for p = 2. We shall concentrate on the case
p = 1, since the matrix elements for p = 0 or 2 can be obtained from those for p = 1 by
means of the reduction relation (19). After substituting w; = e and Ei=e",j=1,2,the
corresponding integrals are all of the form

1 —
1= ﬁ/ dm(/m)/ dm (o) det[G (uj, vi)lr (wi, wo), (36)
52 - 51 C C
where
p(wy, w2)
r(wy, wy) = ————, p(wi, w2) = cowiwy + Cwy + 2wz + ¢3. (37
wy; — g w2

The coefficients ¢; are different for the four different matrix elements. They are listed in
table 1.
Inserting
dm(p) = —— —d 38
() = 5 = (o) (38)
into (36) and taking into account that p(e*) is analytic and nonzero inside C, we obtain
G(u,v1)  G(u,v2)
r(w, 512) r(w, 522)

- / dm(u) / dm (412) det[G (1, v (w1, w2), (39)
C C

T -8} = - /C e det(

where w = e?*. Here the first integral is already factorized. Under the second integral
the integration measures now appear symmetrically. Hence, we may replace r(w;, w;) by
(r(wy, wa) — r(wz, wy))/2.
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Following [3], we want to use the integral equation (31) under the second integral in (39).
This is possible if rational functions F'(w;, w;) and g(w) exist, such that

r(wy, wa) — r(wy, wy) = F(wy, wy) + g(w1) Ko (1 — p2) — g(w2) Ko (2 — 1), (40)

and the antisymmetric function F(w;, w;) is a sum of factorized functions in w; and ws,.
Then F considered as a function of w; cannot have poles whose position depends on w;. In
particular, the residue at w; = g?w, must vanish. Using this in (40) with the explicit forms of
r and K, inserted we obtain a difference equation for g:

- P(q*w, w)
gqPw)y™ —gw)y = ———. (41)
2q°w
Here y = g®. Clearly this equation has a solution of the form
8-

g(w) =&wEg+ (42)

The coefficients are easily obtained by substituting the latter expression into (41):
. coy _ c3y _(c1+q )y 3)
“Tag-y T Ta-an T a0
Substituting g back into (40) we obtain F (w1, wy) = f(w;) — f(w,), where
_ 8-

f@) ==y (gw-L). (44)
Consequentially,

r(wy, wp) = f(wy) +g(wy) Ky () — o) + symmetric function. (45)

With this we can factorize the second integral in (39) by means of the integral equation
(31):

/dm(m)/dm(Mz)det[G(M,-,vk)]r(wl,wz)
C C

el 8+0+ (V) — g_o_(v1) g+ (V2) — g_p_(v2)
=0y )det( wo(v1) wo(v2) )
G(p,v1) G, v2)
+ [ d det , 46
/c i de (g(w)H(u, vizy™) g H (1, vz;y“)) o
where
@) =/dm(u)ij(M, V), Jj=+0 -, (47a)
C

H(u,v;y™") = p&)cth(u —v) — y~'cth(u — v —1n). (47b)

Finally, we substitute (46) into (39) and further simplify the resulting expression using the
identities

22 £2
Q) H (i, v; y™) = g H (o, v; y) — 29 o — v —
2q%&*
—1
— QW) (f(w) = ) + #(f(s% AL (48a)
p(g°E*, %) p(—q*E%, &%)
r(w, £%) = e e v = T (48b)

10
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Then
g(E)W (5. &) —g(ED)V(E. &) (a1 — g %) (p(E) — p(&2)

I =
ey MY P Y
O ' =pENG —pENF(E) — O = pENG — pE)) f(ED)
+ 2 2 —1)\2 ’ (49)
(%_2 _";‘_1)()’_)’ )
where
V(&) = /C dm ()G (i, v2)(g*cth(p — vy — 1) — p(&)cth(p — vy)). (50)

Equation (49) determines the four density matrix elements for p = 1 in a factorized form.
Note that the matrix elements depend on only two transcendental functions p and W. The
remaining two non-zero density matrix elements for m = 2 follow from (49) by means of the
reduction relations (19),

-

D (&, &) = ﬂ)(él)—j — D= (&1, &), (51a)
y—=y

D66 =S5 - 06 (516)

We shall give a fully explicit matrix representation of the factorized density matrix for m = 2
below, after we have introduced the function w.

6. The function w

In the recent work [19], it was shown that the correlation functions defined by the
inhomogeneous and «-twisted density matrix (16) factorize and can all be expressed in
terms of only two transcendental functions, the function p entering the reduction relations
(19) and another function w which in [19] was defined as the expectation value of a product
of two creation operators and was represented by a determinant formula. The approach of
[19] is slightly different from ours here in that the lattice used in [19] is homogeneous in the
‘horizontal direction’ (all the £s in (16) are taken to be 1 from the outset). For the ground state
both cases lead to the same function w (see sections 5.3 and 5.4 of [9]). In particular, in the
inhomogeneous case, following sections 5.1 and 5.3 of [9], we have!

0(E1, &) = —(¢]) 5 (&, OBy, (1, @ — D(D)). (52)

Replacing the vacuum expectation value by the expectation value calculated with the
density matrix (16) we take (52) as our definition of the function w. In our case, w depends
on two twist parameters « and «. We indicate this by writing w (&1, &|«, @). The construction
of the operators by ,; and ¢} ,; is explained in [9]. For the product needed in (52) we find the
explicit expression:

£} o (E2. )by 5y (61, o0 — 1)(1)

a—1g—1 l—ag—1 a_ -«
:< 1 i -1 —C{ : —1+q 1 >GZ®GZ
9§ —q7'§ q—'§ —q§ 2

+q°‘—q"‘< g 't g8
2 g5 —q7'&71 g7 —q&!

! More precisely this function was denoted (wg — w) (&1 /&2, @) in [9].

)(12®<TZ —0*® D)
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q* " b o
+2(q$—q1$1_q1$—q$1)(0 B ro @
a —a 1 1 + - - +
+(q" —q )<q§—q—1§—1+q—1§—qg—l)(a ®o~ —0 ®ad"), (53)

where & = £,/&,. Inserting this into (52) and calculating the average with the factorized
two-site density matrix of the previous section, we obtain

w (&1, Ealk, o) =28V (&1, &) — AY(§) +2(p(51) — p(E)) Y (§). (54)
Here we adopted the notation from [9],
L EE 4
VO =S (55)

and A is the difference operator whose action on a function f is defined by Af(§) =

f(q8) — fq'e).

The remaining part of this section is devoted to the exploration of the properties of w.
First of all we substitute w back into the equation for the two-site density matrix, which can
then be expressed entirely in terms of @ and a function,

~chen) — p(©)
Pl @) = = (56)

which is sometimes more convenient than the function p itself. We obtain

1 <§1_“w12 — &% oy, . P1p2(g% — q“’))

1
Dy (&1, &k, a) = le ® 1L —

gt —q') gE—¢&! 2
X (q —2q71 L®o*— %ﬁgz Qo +& ot @0 +E0” ®0+)
B 1 <§“16012 — £y . P12(q” — qa))
4gett —g=*h) E—¢&! 2
X (_q —251_1 Lo — %q_]az Qoi+éoct®o +E o™ ®o+>

_ Ffon -y
46 -6 —q™)
1
—(@+qg Ho*®0 +0  ®ch)) — Z(sﬁldz @ L+p, ®c%)

(E+EHo*®0°

q—q"

46 —-¢71
where we introduced the abbreviations wjx = w(&;, &clk, o) and ¢; = (§jl«, @).
For the limit « — 0, the properties of the functions ¢ and w with respect to negating
k and « are important. They follow from the fact that the R-matrix is invariant under spin
reversal:

(g1 =) (0" ®0™ -0 ®0"), (57

R(A) = (0" @0 )RA) (0" ® ™). (58)
Introducing the spin reversal operator J = o . ..o} we conclude with (58) that

T.(¢, —«)=0,JT,(¢, k) ]o). (59)

12
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It follows that (¢, —x) = Jt(¢, k)J. Hence,

Jlk) =1 —«), (60a)
AL, k) = A, —K). (60b)
The latter two equations used in the definition (16) of the a-twisted density matrix imply that
Dy(E1, .. Enl =i, —a) = (@) Dy (&1, .. ., Enlic, @) (0™)®". (61)

From (20), (60b) we obtain the relation
P =K, —a) = —p(L|k, ). (62)

Equation (61) together with (52)—(54) and the expressions for the density matrix elements of
the previous section implies that

w (&1, &k, o) = (&, &1 — K, —a). (63)
Our next step is to verify that the function w given by formula (54) satisfies a property
called the ‘normalization condition’ by the authors of [19] (see equation (6.10) there). So we
come back to the case of finite Trotter number N with arbitrary inhomogeneity parameters
Bj,j=1,..., N asis written in (5). We shall also use multiplicative parameters t; = /.
We consider the normalization condition in the following form:

(@ &l @) + DDA /6))]
+0p(t) (@& §lk, o) + DeDe AT W (5 /6)) |,

j =1,... N, which can be obtained from the integral in (6.10) of [19] by taking the residues
and using the TQ-relation (4.2) of that paper. Also let us recall the definition

Deg(t) = g(qt) +g(q@'¢) —2p(0)g(?). (65)

Actually, (6.10) of [19] comprises one more equation related to the residue at ¢ 2 = 0. This
case needs separate treatment and will be discussed below.
First, we use the following difference equation for the function ¥ defined by (50):

=0, (64)

_ _ G(vy, 12) ¢ Gvi —n, 1)
W&, &)+ (gl E) = — L — e =
1, 8)+pENg " W(g &1, 8) T+ a0 ) p(Eg T+ a0 —n.6)
+p(E)cth(vy — ) — g “cth(vi — v — 1)
—q “(pENpg &) - 1)/ dm ()G (1, vo)eth(u — vy +1), (66)
c
where @ = 1/a by definition. This equation is the result of an analytical continuation

defined for W(g~'£,, &) through an appropriate deformation of the integration contour in
(50). Some simplifications occur in the limit v; — B; or equivalently §; — t;, namely, since
a(Bj, k) = a(B; —n,k) = 0ora(Bj,x) = a(B; —n,«) = oo, the first two terms in the
right-hand side of (66) do not contribute. Then we have

0 (¢ 'tk +@) Q" (13k) Q@ (rik +)Q* (g 'rj0)

O~ (tjsk+) Q¥ (g t556) QO (g7 't + ) OF(zj5 )

with the O-functions, QF, defined in [19]. This means that also the last term in the right-hand
side of (66) does not contribute. Hence, we obtain

(T, &) +p(T))q W (g "1}, &) = p(E)cth(B; — v2) — g “cth(B; — vy — 1). (67)

Note that the right-hand side is, up to the sign, equal to the driving term in the integral equation
(31) for G.

p(tp(g ') =
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If we take formula (54) and use (67) then, after some algebra, we obtain
o(t), &l @) + p(t)w(g ' 7, &k, @)
= — (A (& /8D |e=r; — P(T)(AY (£ /) c=g11,
+2(p(1)) + pENY(1;/E) — 2(1+ p(t))pENV (g~ '7j/62). (68)

Now we need to check that this equation is equivalent to (64). To this end we should verify
the following equality:

(DDA W (/)| +p@)(DeDe AT Y (& /O)] i,
= (MY (& /8)) o=, + P(T) (ALY /E)|e=g 1,
—2(p (7)) + pENV (T /62) + 2(1 + p(1))p(ED)IV (¢~ ' Tj/&2). (69)

Using definition (65), we come after a little algebra to the following expression for an arbitrary
function g(¢):

D, Deg(c /&) = AZg(£ /&) +4(1 — p(O))(1 — p(£))g(¢/€)

—2(0(5) + p(E)(g(qt /6) +g(q™ "¢ /) —28(5/§)). (70)
Now take
(D¢ Deg (L /) g=r, + p(1;) (D¢ D g /EN) |c=g-1x,
= (A28(¢/9)| .y, + (AF8E/O))] iy = 200(0) + PE)(Ac8 /6,

£2(1+ p(t)pEN (A /ENemy v, 7D

If we substitute g(¢/&) = A;l ¥(¢/€) and take & = &, then we immediately arrive at the
equality (69).

As was mentioned above, there is one more case to be considered, corresponding to the
contour Iy, i.e. to the residue at £2 = 0 in equation (6.10) of [19] which has to vanish. Its
vanishing follows from

Jim &7 (@ (&1, &) + D De Ay (6)

—kK

2q - _
= ﬁ[p(éz) —q “+(@q" —q “)/ dm ()G (u, Vz)] = 0. (72)
q* +q c
Here we have used (50), (54), (55), (70) as well as the fact that lim,, o, p(§) =
@™ +q~*7)/(g" + q~*) in the first equation and the identity (34) in the second equation.
The normalization condition just shown to be satisfied by our function w defined in (52) is
the main ingredient in our proof that w is, in fact, the same function as introduced in equation
(7.2) of [19]. Let us consider w as a function of &. As was shown in [19], the function
p(&1) depends only on élz. The same is then true for W (&, &) from (50). Using (54) we
conclude that £ %w (&, & |k, o) is a function of 3;12. From its definition (52) and from (16),
(53) we see that w is rational in &7 of the form P (&) / Q(&}), where P and Q are polynomials.
Clearly both of them are at most of degree N + 2. The zeros of Q are the N zeros of the
transfer matrix eigenvalue A (&, k) plus two zeros at g=2£; stemming from the two simple
poles of S’“crl’zl(éz, “)bik1,z|(§1 ,a — 1)(1). Comparing now with the definition (7.2) of [19]
we see that the functions there have precisely the same structure. It is rational of the form
P(&})/ O(&}) with two polynomials P, O at most of degree N +2. Q and Q have the same
zeros. We may, therefore, assume that they are identical. In order to show that P and P
also agree we have to provide N + 3 relations. N + 1 of them are given by the normalization
condition above. Another two come from the residues at the two trivial poles.

14
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X
D (1) X
X Vl
X Vi
C C
(T1IT) aIv)
X
C X Vi C .
X Vl

Figure 2. Four cases to be considered for the analytic continuation of W (&1, &) with respect to
vi. Here C is the canonical contour of figure 1.

Since they are outside the canonical contour, we have to consider again the analytic
continuation of the integral (50) defining W with respect to &. There are four regions
depending on the location of v; relative to the contour (see figure 2). Using (50) we obtain

W, &) = / dm ()G (1, v2)(g*cth(p — vy — 1) — p(&)cth(p — vy))
C
G(vi, 12)

_— I
1+a(vy, ) case (1)
0 case (II)
=1 G, ) N q“G(vi +1,12) case (IIT) (73)
IL+a(,«)  (I+a +n,)p(gé)
G, v) case (IV).
1+a(v, k)
Then, e.g., by means of the integral equation (31),
2 22—« 2 2 2—aa d
rese_ e WL E) = — §q _ _ 25497 %a5q) (52), (T4a)
e (I+a, +n, )1 +a(v, «)) A(2q, )N (&2, k)
2 2 a—2 2 2 ot72a d -1
o5y 2 U . ) = £ _ 8 Ca@d@d)

(L+a(y, )L +awy —1,6) A, k)AEg " ©)

where a and d are the vacuum expectation values of the diagonal elements of 7'(¢). Since the
ratios on the right-hand side are invariant under changing the normalization of the R-matrix, we
can directly compare the residues obtained from (54), (74) with those obtained from equation
(7.2) of [19]. We find agreement, which completes the proof.

What if we consider (54) as the definition of w? Then, in addition, we have to show
that there are no poles other than the two trivial ones and those at the location of the zeros of
A (&), k). But this is immediately clear from (73). The integral has only poles at the zeros
of A(&1, k). In case (I), there is one additional pole at v; = v, + n with residue (74a). The
simple poles of G (v, v;) at A; + n, where the A ; are the Bethe roots (see appendix A), are
cancelled by the simple poles of a(vy, k) (see equation (A.6a)). In cases (II) and (IV), there is

15
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nothing to show. In case (III), we have one additional pole at v; = v, — 1 with residue (74D).
The simple poles at A; — 1 have vanishing residue due to (A.6a) and since

an()"js VZ)
pCa(r;)

resy, =, —nG(vi, 12) = — (75)

7. The exponential form: preliminary remarks

The main result of [19] is formula (1.12). It makes the calculation of arbitrary correlation
functions possible, because the operators t*, b*, ¢* generate a basis of the space of quasi-local
operators [5]. Although this formula proves the factorization of the correlation functions and
allows, in principle, also for their direct numerical evaluation, it may be sometimes preferable
to avoid the creation operators and to have an explicit formula for the correlation functions
in the standard basis generated by the local operators ¢; ﬁ We believe that some form of the
exponential formula discussed in the previous papers [2—4, 9] must be valid in the case of
temperature, disorder and magnetic fields as well. Unfortunately, the problem of constructing
all operators that appear in this formula remains still open. We hope to come back to it in
a future publication. Here we formulate the general properties we expect for these operators
and show by examples how they should look like for short distances.

From now on we shall use the notation and the terminology of the paper [9]. In particular,
we shall be dealing with the space W of quasi-local operators of the form ¢?*5© O introduced
there. First we define a density operator, D% : W@ — C, which generalizes that one defined
by formulae (33), (34) of [4], namely, for any quasi-local operator O we define

Dy (0) = (O)r.ax (76)
in such a way that
Dy(ery .- em,) = DyEn &, L Enlic, @), (77)

where Dy is the density matrix defined in (16).
We expect that as before

D}(0) = tr*{exp(Q)(¢**5 Y 0)}, (78)

where tr® is the a-trace defined in [9] and where the operator 2 consists of two terms like that
one constructed in [4]:

Q=Q+ Q. (79)
In fact, the first term follows from [9, 19] It must be of the form

d 2
o =/ 2;11;1 / 77 @01/5I0 = 01 Gl bEC). (50

where the function wy was defined in [9]:

o

1— 2
wo(¢ler) = —(H;’a) AV (©). (81)

The second part in the right-hand side of (79) should be of the form

d¢?
QZZ/zn i log(p(EN(L). (82)

where the operator t is yet to be determined. In some sense it must be the conjugate of the
operator t*. The integration contour for both, 2; and €2,, is taken around all simple poles

16



J. Phys. A: Math. Theor. 42 (2009) 315001 H Boos and F Gohmann

{1, 8,¢ =& with j =1, ..., m in the anti-clockwise direction. The number m is the length
of locality of the operator O.

Let us list some of the most important expected properties of the operator t. First, we
expect that like t*(¢) the operator t(¢) is block diagonal:

t(g) : Wa,s - Wa,sv

where, as was explained in [9], W, C W is the space of quasi-local operators of spin s.
We will deal below mostly with the sector s = 0.
Then we expect t(¢) to have simple poles at { = &;. Let us define

d 2
t; = res;=5it(§)§—§2 (83)

while
t =t"()). (84)
In contrast to (83) the operator tj is well defined only if it acts on the states X ;; with ] < j.
This will be always implied below. Let us denote tj; ;(¢) and respectively t; ;; the operators
defined on the interval [k, [] with k < j < [.
We also expect that R-matrix symmetry holds similar to formula (2.16) of [9] for t*:
Sitie,n(8) =ty (§)s: for k<i<l (85)

Here as was defined in [9],

si = Kiin1Ri i1 (i /&i41), (86a)
Ri i1 (& /Eis1)(X) = Riju1 (& /Ei) X Ri i1 (& /&)™ (86b)
Riis1(¢) = Piisi Rijs1 (0), (86¢)

where K; ; stands for the transposition of arguments &; and §;, and P; ; € End(V; ® V;) is the
transposition matrix.
The further properties are:

o Commutation relations:

[tj, te]- = [t;, b(£)e()]- = 0. 87)
e Projector property:
t§ =t;. (88)

e Relations with t*:
tt; =tit, for Jj #k,
* g% kg
tt =t tit, =0. (89)

e Reduction properties:

(@ X)) = 4% X, (90a)
t11.0 (@ X2.) = ¢° 2.0 (X 2) for l<j<l, (90b)
(X)) = - n(Xp-1) for 1<j<l, (90c)
tn(Xp-17) = 0. (90d)
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Let us comment on these relations. First of all the commutation relations (87) lead to the
factorization of the exponential:

exp(Q) = exp(Q + ) = exp(R1) exp(2). o1

As we know (see [3, 4, 9] and earlier references therein) the operator €2; becomes nilpotent
when it acts on states of finite length. By way of contrast, the operator €2, is not nilpotent, but
due to (87) and the projector property (88) one can conclude that
l
exp(2)(¢* O X1 ) = l_[(l —ti + oitinn) X g®s @, (92)
j=1

where p; = p(&;). The reduction properties (90) look standard except for the first one. It is
easy to see that we need all of them in order to have the reduction property (195) of the density
matrix, but still we do not have a good understanding of (90a).

Let us show how t; for s = 0 explicitly look like in two particular cases, namely, for
m = 1and m = 2 where m = — k + 1 and without loss of generality k = 1:
m=1:

aoy ®O’Z
tin = qa—_;, (93)
q” —q
m=2:
lg“+q° [ q—q"" -
t =——IQ® |t — —— - (0f0, —0] 0}
1 q—q”! -
+—Uz®|:az——-a+a —0 O’+:|
47! bg/E - 6/E (ofy —ored)

1 . g% g~
aof _z Lg%
ty 0 e® [(q‘“‘ —get g — g )01 %

(-9 4" +q™) L
T 2o + g )(go! +q,a+1)(51/§2 —&/&) - (ofo; —o; 03)

(@+qa D" =g ..
~ gt s g g g gy €1/ B8 - (ooy +o, 02)i|. o4)

The operator ty[; ; can be obtained from t;; ») using the R-matrix symmetry (85),

to12 = Sltl[1,2]sl_]~ (95)

One can check that all the above properties are fulfilled.

It is interesting to understand how the limit « — 0 works, because, as one can see from
(93)—(95), the operators t; and t, are singular in this limit. More precisely, only the very first
term in expression (94) for tj[; ) is singular. In fact, they contribute into the density matrix
only in such a combination that this singularity cancels. So, we actually need to calculate the
residue with respect to «. In appendix B we will discuss this issue in more detail. We will
also show how these operators are related to the ‘fermionic’ operators h; constructed in [2, 4].

8. Conclusions

The main result of this work is the description of the function w in terms of integrals involving
the auxiliary function a and the function G, which are solutions of integral equations. As we
have experienced in our previous work, such type of description is efficient for performing
the Trotter limit and for the actual numerical evaluation of correlation functions. We know
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from [19] that no other functions than w and p are required. Thus, together with [19], we
have achieved a rather complete understanding of the mathematical structure of the static
correlation functions of the XXZ chain. Our results are equally valid in the finite temperature
as in the finite length case, the only difference being a different driving term in the nonlinear
integral equation for the auxiliary functions a.

We expect that our results open a way for further concrete studies of short-range correlation
functions at finite temperature as initiated in [2-4]. We hope that in the future it will also prove
useful in studying field theoretical scaling limits as well as the large distance asymptotics of
correlation functions in the XXZ chain.

We have obtained our expression for w through a novel multiple integral representation
of the density matrix of the XXZ chain including a disorder parameter . We think that this
multiple integral representation is also interesting on its own right.

We would like to point out that we obtained a remarkably beautiful and simple
characterization of the function W on the inhomogeneous finite lattice through equation (67)
and the residua (74). The function W is important because it becomes the transcendental part
of w in the Trotter limit.

We further performed a case study, looking for an operator t, adjoint to t* that allows us
to write the density matrix in an exponential form even in the presence of a disorder parameter
and a finite magnetic field. We obtained explicit expressions for t for m = 1, 2, but so far
could not find a general construction behind it. We hope to come back to this latter point in
the future.
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Appendix A. Derivation of the multiple integral representation

A multiple integral representation for the density matrix in the non-twisted case @ = 0 was
derived in [13]. Here we shall only indicate which modifications are necessary to include
non-zero « and otherwise refer the reader to that work.

First note that

e+l T 1,0 - Ty ) TS Eny 1) -+ T (G110 + @) Al
(e +al [T/ 1 & 0)lk) B Wl t ool +a) 7 ‘

because of the symmetry of the R-matrix with respect to transposition. We may, therefore,
start our calculation with

KITS Erke) - T (6 ki + 1)
I T 1 Gyl +at)

which brings us closer to the notation of [13].

The left and right eigenvectors (x| and |k +«) can be constructed by means of the algebraic
Bethe ansatz. They are parameterized by two sets, {A} = {A; }72/ % and {u} = {u; }jvz/ %, of Bethe

: (A.2)
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roots, which are special solutions to the Bethe ansatz equations:

ok N/2 ok —2a N/2
g 72d0y) Py shOy—datn) _ a7 TGy T shGy et A3
a(r;) o shQy—Ae—n) ’ a(up) 1 sh(uj — e —mn)
forj=1,..., N/2. Bya(}) and d(A) we denoted here the vacuum expectation values of the
diagonal elements of 7' (¢). For its k-twisted version, we shall reserve the notation,
_ (A B®)
T(le) = <c<x) pen)- (A4)
for the matrix elements. Then the eigenvectors (x| and |k + o) are
(k] = ({AH = (0IC (A1) ... C(An)2), (A.5a)
Ik +a) = [{u}) = B(p1) ... B(un2)10), (A.5b)

where (0| and |0) are the left and right pseudo-vacuum states.
With the solutions {1} and {u} of the Bethe ansatz equations we associate the auxiliary
functions,

*%d(,\) T2 sh(h — A + 1)
a(d) = a(r, k) = (A.6a)
l:[ sh(h — Ax — 1)’
—2k—2a N/2
q d(A) v sh(h — g +1)
ag(A) =a(h, Kk +a) = (A.6D)
a(v) 1:[ sh(h — e — 1)
and the ratio of g-functions
N/2
sh(A — ;)
A) = — A7
$(1) Esh@—%‘) (A7)
Then ({A}| is the ‘dominant’ left eigenvector of 7 (¢, «) with the eigenvalue
N/2
sh(A —x; —n)
A, k) =q"alr — | (1 A)), A8
(€. k) =g ar) ,1:[1 evrerwal KAL) (A8)

and similarly |[{x¢}) is the dominant right eigenvector of the «-twisted transfer matrix ¢ (¢, k +o)
with the eigenvalue

N/2

_ _Kk+a sh(A — Mj— )
A, k+a) =g a(n) jl.:ll—sh(x—u,-) (1 +a,(0). (A.9)
Dividing (A.9) by (A.8) we obtain the identities,
140 oo A 1+“"m 4P+ A A.10
p(;“)—1+(/\)q¢( -me~'() = Tram p+me~ (), (A.10)

which will be needed below. Here we have introduced the notation a = 1/a and a, = 1/a,.
In the derivation of the multiple integral formula below we shall use that p is analytic and
non-zero inside the canonical contour C which follows from the Bethe equations and from the
explicit form of the vacuum expectation values a and d.

The derivation of the density matrix for « = 0 in [13] is divided into two steps. Step 1
is the derivation of the ‘general left action’ ({)L}|T°’l1 &, k)--- Tg:" (&n, k) of a string of
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monodromy matrix elements on the left dominant eigenvector. This step remains the same
as before. The general left action is given by lemma 1 of [13]. In a second step one must
calculate ratios of scalar products of the form

= (U A7 e (A1)

) TTi AG. )

which are generated in step 1. A useful expression for these ratios in the untwisted case,
o = 0, is provided by lemma 2 of [13]. This needs to be modified here.

The notation in (A.11) is meant as follows. We divide the sets {A} and {v} =
{v; }’j’?:l = {In§; };f‘zl into disjoint subsets {A*}, {A"} and {v*}, {v™}, such that their unions
are {A*JU{A"} = {1} and {v*} U {v~} = {v}. The number of elements in a set {x} will be
denoted |x|. We shall assume that |[A*| = |[v*| = n. For a given partition of {A} into {A*}, {»7}
we order the As such that

Oty oo ) = (Moo A AT Ay o) (A.12)

and we define
Gty o) = (Vo v AT Ay ) (A.13)

Then using lemma 2 of [14] (with the roles of A and u interchanged) we arrive after some
trivial cancellations at

- _ + N/2
T2 b — V) 2] l_lk=1,xk#; b(hi — 1%) sorc! [C(,\; _ v;)}
- el
||

_ k=1
*= ]1:[1 a@;)(1+a(;)) E a(x3)(1+a(v})) b(rs =)
dety 2 X’(Mj,):k) a + 1y
N2 TR k) H_ At —n) |, A.14
X Setna N 0r ) E(ﬁ(vj n)e~" (A —n) (A.14)
where
N(wj, a0 = ey — h) — e — 11,8 (A). (A.15)

In the following, we concentrate on the term E in the second line of (A.14). We want
to transform it into a form that allows us to perform the Trotter limit N — oco. We define
column vectors wg, k =1, ..., |[v'|=n,and v,k =1,..., N/2, by

@) = (v = )N (o vf) = (v = m)(e(res — v) — (v = 1j)aa (),
Vi) = O — U)N(Mj, M) = e — AP — ) +q > e — uj)P (i +1).
In (A.16) we used the Bethe ansatz equations (A.3) to eliminate g ~2d()A)/a();). We have

(A.16)

r:_det(uls-~'7un9vn+17'--9VN/2) (A 17)
det(vy, ..., VN/z) ' '

Next we use a trick we learned from N Kitanine [20] and which in a similar form originally
appeared in [16]. Define a matrix X with matrix elements

X] = g%cth(u — Aj)res,—, ' (V) (A.18)
and column vectors U, = U(v,:') = Xuy, and V; = Xv;. Then

—_ detUy, ..., Uy, Vi, ..., Viypo)
det(Vy, ... V) '

(A.19)
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The vectors Uy and V are easily calculated by means of the residue theorem. Choose two
simple closed contours C;, and C,, such that all Bethe roots A ; are inside C,, but outside C,,, and
all Bethe roots p; are inside C,, but outside C;. Then

N/2

(Vo =) g%cth(u — & j)res;—u ~ ' Wle(u — hdd e — 0) +q > e — ju)d o + 1)
=1

d
_ /C Tt =197 ()lg” ek — 1) G — )+~ G — 0BG+ ).
' = f(n)

(A.20)
The function f is periodic with period i7r, and limge,—+00 f (1) = 0. Moreover, ¢~ (u) is
analytic inside C,. Hence, for j # k,
j du
Vo) = — : %f(u) = —(resﬂz)\j +T1€S,=), +T€Su=) 4y +T€S,=p,—n)T (1)
=q “cth(h; — Ax — ) —g%cth(A; — A+ 1) = Ko (Aj — Ap). (A.21)
For j = k we have a non-trivial residue from the second-order pole at A ;, and
(V) =@ %0 +n) —q“d(; — 1)~ (W), + K (0). (A.22)
Similarly, we obtain
(U0 = gcth(r; — vi)o™" (vi)o(vi — n)[1 +aa (v))] — g“cth(r; — vi +n)
- q“cth()\j —vi = r;)d)’l (v,f + n)qb(v,f - n)aa (vk+) (A.23)

Following once more [20], we eliminate the function ¢ from (A.22) and (A.23). This can
be done by means of the identities (A.10). For the first term on the right-hand side of (A.22)
we obtain

@Gy +m) — g d(h; — )™ (“)‘,Fx,

a0 —1 A
= Jim (g 0+ ) — g9 0.y L D)

1+a(d)
= lim d'(M)p() o) : = —d' (A)p()) (A.24)
T TP R Tragy | T PR '
where we used (A.10) in the second equation and the Bethe ansatz equation a(A;) = —1 in
the third equation. It follows that
(Vo)) = —8{a'0.))p(&)) + Ka(hj — Mo). (A.25)

Eliminating ¢ from (A.23) by means of (A.10) we end up with

(U =cth(r; —v{)(1+a(v]))p(&) — g%cth(r; — vi +n) — g “cth(r; — vi — n)a(vf).

(A.26)
From here on we can proceed as in [14]. Define a matrix V = (Vy, ..., Vy) and a
vector W(v) = V~'U(v). Then
E =dety (VU ..., V'U,, €41, - .., €y/2) = det, ({e;, V'IUL)) = det,,(w(v,j)’).
(A.27)
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W (v{) is the solution of the linear equation VW(v,j) = U(v,j), or, explicitly,
cth(A; —v)(1+a(vy))e(E) — g%cth(h; — vf +n) — g “cth(r; — v —n)a(v})
A N2
= W) dG)pE)+ Y Kalhj — )W (7). (A.28)
I=1
This can be transformed into a linear integral equation. For this purpose define

_ q%cth(A — v +1n) N q %cth(A —v —1n)

GOV =T Tra) @G =e@)
N/2 !
Koy — A)W()
S 2
This function is defined such that
e pE)E )W ()
G, v) = s a(u,:’) (A.30)

We shall assume that v is located inside the canonical contour C shown in figure 1. By
construction, G (A, v) is then meromorphic inside C and has a single simple pole with residue
—p(&) at A = v. Using (A.30) it follows that

du G, vf)Ka O = 1)
ami p(e)(1+a(p)

G (3 }) = g~"cth(x — v} — ) — cth(n — v})p(57) + /C ,
(A.31)

which is a linear integral equation for G.
Combining (A.27) and (A.30) we infer that

IR a(v?)
E= ——— | deti (G(AF., %)) (A.32)
P a,()‘j)p(é-j) ( J k))
Inserting this into (A.14) we arrive at
— + 2 +
. |:|l”_[| M2 b(h — vj):| |:ﬁ H;iv=/1,xk#; bk — )‘j):| detj (G (A5, v7)) ‘
a(w;)(1+ a(vj_)) a(k;)a'()\;)p(;';) detiy [CEA*/T—V[)}
b

(A.33)

Jj=1 J=l1
+_ o+

7 V%

This replaces the expression in lemma 2 of [13]. Comparing the two expressions we see
only one explicit difference which is the appearance of the additional factor ,o(g“j*) in the
denominator. It always comes with a factor a/(kj). Therefore, it is easy to trace the
modification required in the derivation of the multiple integral formula in [13]. There is,
however, also an implicit change in the formula. The residue of G(A,v) at A = v is —p(§)
instead of —1. This causes another tiny modification in the derivation of the multiple integral
formula. In the first equation (65) of [13] additional m — |A*| factors of p~' appear which
together with the |A*| explicit factors give exactly one factor per integral. The final result for
the density matrix is

TS 61, k) - T (6 1)l + )
I T 1 Gyl +ar)

_ H/dﬂ Fiu)) 1—[ /% Fi(1))
e 2w pen @+ aG) | | L) Je 27 pem) (T a)
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det[ G (1}, )]

, (A.34)
[T sh(uj—me—msh(o —v))
1< j<k<m
where we have used the notation of [13], i.e.
xj—1 m
Fin) =[] shG-—ve—m [ sh@— w0, i=1,..., la, (A.354)
k=1 k:x/+l
Xj*l m
Fi) =[] shG—ve+n) J] she—vo. j=latl+1, ..., m, (A.35b)
k=1 k=x;+1
and for j = 1, ..., |o*| we define x; to be the position of the (Ja*| — j + 1) th ‘4’ in the
sequence of upper indices («;)’_; while for j = lae*|+ 1, ..., m it means the position of the
(j — |la™]) th ‘=" in the sequence of lower indices (,6]-);’:1.
Finally, we replace & by &, _i+1 and define & = p—_g+1. & = Bu—i+1 fork =1,...,m.

We denote the position of the j th +” in (¢;)"_, by 5}7 , the position of the j th ‘—’ in (5} T
by &;. Then

m—et+1 j=1,...,p
x,z{ J (A.36)

m—£;7j+1+1 j=p+1,...,m,

where p = |a*|. Defining

et j=1,...,p
zj:{’_ (A.37)

L j=p+1,...,m,

we obtain x; = m — £; +1,j = 1,...,m. Finally, setting FZ’/(/,L) = F;(un) and
F[j (n) = Fj (u) and using (A.1), we arrive at (29).

Appendix B. Relation with previous results

In our previous work [2, 4], before we knew the multiple integral representation for finite o, we
conjectured formulae which we claimed to hold in the limit @ — O, relevant for the physical
correlation functions of the XXZ chain. We introduced a function, say, weq (141, i2; o) defined
by an integral formula involving, among other functions, a function Go4 which is different
from G defined in (31). Here we explain why our previous results remain unaltered in the
limit « — O if we replace woiq (i1, U2; @) with —w (&1, &k, ) + wo(§|a) (the minus sign is
due to a change of conventions in which we followed [9, 19]).
Our previous ad hoc definitions were

wold (W1, V23 @) — wo(Ela) = —E% Wy (2, vi; —a) + AP (&),
B.1)

Yo (v2, Vi3 —a) = 2/C dmo(1)Gota (1, v2; —a) (g cth(u — vi — 1) — cth(p — vy)),
where dmo(u) = dm(u)|e=o and where Goq was the solution of the linear integral equation,
Goa(r, v; —a) = g “cth(A —v —n) — cth(A —v) +/ dmo(u) Ko (A — )G (u, v; —a).

‘ (B.2)
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Comparing with (52), (50) and (31) we see that apart from some conventional sign changes
the only difference is that the function p is replaced by unity in the old definitions. Using that
wp(£10) = 0, we conclude, in particular, that

w (&1, &21k, 0) = —woia(vy, v2; 0) (B.3)
and that G(A, V)|4=0 = Goa(A, v; 0) = Go(X, v) which satisfies the integral equation

GoGk.v) =ev =)+ [ oK 6. = 10Gou. v, (B4)
This integral equation implies the symmcetry

w (61, &1k, 0) = (8, 1k, 0). (B.5)

Let us define

@' (&1, &) = 0 “w (&1, &1k, @))la=0, (B.6a)

woa(V1, 12) = 3 (E woia (1, v2; @) |a=o- (B.6b)
We shall show below that

Woa(V1, v2) = %(w/(fz, &) — o' (&1, 6)). B.7)

Accepting this for a moment let us insert —w + wy instead of wgyq into our previous formula
for the exponential form, e.g. into equation (35) of [2], which actually means to use (80) for
the t independent part of the exponential form. Then using (B.3), (B.5) and (B.7) and the fact
that £ “wy(£]a) = O(a®) we recover our previous result, namely equation (37) of [2], in the
limit @ — 0.

It remains to prove (B.7). For this purpose consider

1

E(wé)ld(vla )+ @' (€1, 6)) = (0 &) — p'ENY(E)
- ,0/(51)/6 dmo () Go(ue, vo)cth(u — vy)
- /c dmo(p)p'(€*)Go(i, v2) e(vy — )

+ / dmo ()G’ (i, v2) e(vi — ), (B.8)
c

where p'(§) = 940(&)|o=0, and G'(i, v2) = 0,(G (1, v2) + Goua(X, v; &))|g—o. Taking the
a-derivative of (31) and (B.2) we find

G'(A, 1) = —p'(E)cth(h — ) — / dmo(m)p'(€")Go(, v2)K (0 — p)
C

- /c dmo(K (h — 1)G' (1, v2). (B.9)

Using (B.4) and (B.9) we can eliminate G’ from (B.8) by means of the ‘dressed function trick’.
We arrive at

1

a0, 1) 40/ 1, £2) = (/1) — 0 EDVE)
s /C dmo(0)Go(w, va)eth( — 1)
- p’(éz)/c dmo()Go(w, vi)cth( — v)

- /C dmo(1)p' (@) Golits 1) o, v2) (B.10)
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which is obviously symmetric. Then (B.7) follows if one takes into account that w/4(&1, &)
is antisymmetric, which was shown in [4].

Now let us discuss how the operators t; described in section 7 are related to the operators
h; (see formulae (40)-(42) of [2]) in the limit « — 0. As we mentioned above, the
operators t; have a pole of first order when  — 0. On the other hand, it follows from
formula (92) that the density matrix depends only on the combination (p; — 1)t;. Since
limy_op; = 1,1 — p; = O(a), and one obtains for (p; — 1)t; a finite result in the limit
a — 0. So we actually need only the residues of t;. Let us define

t = lim(1 — g)t;. (B.11)

Since for the moment we do not have an explicit formula for t; in the general case, let us
describe the relation with h; again only for the cases m = 1,2 where we know the explicit
result (93) and (94), (95). It is enough to consider j = 1.

Form =1,
t(l(E)l,l] = _hl[lﬁl] = —%I ®UIZ (BIZ)
For m = 2, we simply get from (94)
1 q-q"" -
© + +
t :——1®|:0——-(00 — 0] 07) (B.13)
A R VEEEYE
and
1 + +q7!
tip +hipa = SRS [Gfazz — L (ofor +0102+)]
’ 461/6 —&/& §1/62+62/6

(B.14)

Itis interesting to note the following. In spite of the fact that the operators h; are fermionic
and t; are bosonic, the limit of the a-trace of the corresponding exponentials should coincide:

lim tr* { exp Zlogpjtj — exp —Zgojhj @*500) =0, (B.15)
J J

where ¢; = ¢(&;]«,0). We do not have a complete understanding of this relation for the
moment, but we can follow how it works for m = 1,2. The case, m = 1, is trivial while
the case, m = 2, is more interesting. For instance, one could expect that terms containing
@1 appear, but they do not. For the fermionic formula this is a simple consequence of
the anti-commutation relations of the operators h;. The reason why do they not appear for
the bosonic formula is different, namely, because of the relation tio)tg))
checked. We plan to study this point more carefully in the future.

= 0, which can be
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