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Abstract

Baxter’s concept of a Q-operator is generalized to the quantum transfer matrix
of the XXZ spin-chain by employing the representation theory of quantum
groups. The spectrum of this Q-operator is discussed and novel functional
relations which describe the finite temperature regime of the XXZ spin-chain
are derived. For a non-vanishing magnetic field the previously known Bethe
ansatz equations can be replaced by a system of quadratic equations which is
an important advantage for numerical studies. For vanishing magnetic field
and rational coupling values it is argued that the quantum transfer matrix
exhibits a loop algebra symmetry closely related to the one of the classical
six-vertex transfer matrix at roots of unity. The quantum-classical crossover is
also discussed in terms of the eigenvalues of the Q-operator for a few special
examples.

PACS numbers: 02.30.Ik, 05.50.+q, 75.10.Pq

1. Introduction

In this work we present new identities for the description of the spectrum of the quantum
transfer matrix for the XXZ spin-chain with a non-vanishing external magnetic field /4 [1],

1 < h&
Hxxz = 3 Z {070 + o]0} + Alofof,, — 1)} — 3 Zaz. (1.1)
=1 =1

Here A = (g +¢~')/2 is an anisotropy parameter and we will consider the two cases ¢
real and ¢ on the unit circle. This spin-chain serves as a prototype model for other more
complicated integrable systems. It is an important toy model for the exact computation of
physical quantities such as magnetic, electric or thermal conductivities. In this context the
study of the finite temperature behaviour of the spin-chain is of crucial importance. One
method to achieve this is the so-called quantum transfer matrix (see, e.g., [2]),

7(zw) = Trg"® Roy 2w) Riy L 10(w/2) -+ - Ro(zw) Riy(w/2), g* =" (12)
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in terms of which the partition function of the XXZ spin-chain can be expressed:

Zr= Tr e ™ = lim Tr t(z=1;w=e /M), B =BG—q . (1.3
(C?y®L N—o0 (C2)eN

Let us explain the various objects appearing in the definition. The variable 8 > 0 denotes

the inverse temperature of the system and for convenience we have introduced a ‘twist angle’

o = Bh/21ngq, with h being the magnetic field in (1.1). The quantum transfer matrix is built

out of the well-known six-vertex R-matrix which acts on the tensor product C*> ® C:

a 0 0 O
0 b ¢ O
R= 0 ¢ b O 1.4
0 0 0 a
Here the parametrization of the Boltzmann weights a, b, c, ¢’ is chosen as follows':
1-— 1 —g?
a=1, b:%, c=—9 ¢ =cz. (1.5)
1—2zq 1 —zq?

The upper index #; in (1.2) stands for transposition in the ith factor. We recall that the six-
vertex R-matrix gives rise to a classical statistical mechanics system which is described by the
classical six-vertex transfer matrix (as opposed to quantum) [8]:

tev(2) = "1;1’ Ror(2) -+ Ro1(2). (1.6)

This classical physical system is connected with the above quantum spin-chain through the
relation (we set temporarily 2 = 0)

d

Hxxz=(q—q ") z—Inte ()| . (L.7)
dz z=1

The prefactor in the last equation explains the introduction of the renormalized temperature

variable 8" in (1.3). As an immediate consequence of (1.7) one has the following identity for

the density matrix:

ngnooasv(1)*1rﬁv(efﬂ’/N))N = e PHxaz, (1.8)

This rewriting is inspired by the Trotter formula in the path-integral formalism of quantum
field theory and N is referred to as Trotter number [4]. The last expression (1.8) can be
conveniently expressed in terms of the quantum transfer matrix (1.2); see the review [3] and
references therein for details. Note, in particular, that for this construction to work the Trotter
number N has to be even and we shall work throughout this paper with the convention

N =2n. (1.9)

In the thermodynamic limit when the physical system size L tends to infinity the partition
function (1.3) can be approximated by the largest eigenvalue Ay of the quantum transfer
matrix (1.2):

L>»1:Z,= lim Tr t(l;e?/M)E~ lim (Ay)t. (1.10)

N—o0 (C2)eN N—o0
Thus, the introduction of the quantum transfer matrix (1.2) allows one to efficiently investigate
the finite temperature regime. Instead of having to compute multiple excited states and energies

! In what follows we will compare the results in this paper with the known properties about the quantum transfer
matrix as they can be found in, e.g., [3]. To this end it is helpful to identify the definition of the Boltzmann weights
in [3] on page 11, equation (2) with ours by setting z = ¢”* and ¢ = ¢!”. Note that on page 16 in [3] a rotation in
the complex plane is performed replacing w — iv; see equations (23) and (24) therein.
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of the quantum spin-chain (1.1) at finite temperature, one only needs to compute a single
eigenvalue and eigenstate of the quantum transfer matrix (1.2). Similar simplifications occur
also in the computation of finite temperature correlation functions; see, for instance, [5].
There are some technical complications, however. We refer the reader for the following
statements to [3] and references therein. The algebraic properties of the quantum transfer
matrix resemble closely those of the classical six-vertex transfer matrix (1.6) and as a result
one can compute the eigenstates and eigenvalues of the quantum transfer matrix by similar
methods as in the classical case—i.e. the algebraic Bethe ansatz. Via this route one obtains
expressions for the eigenvalues of (1.2). In particular, the largest eigenvalue Ay can be cast
into the form
ph . . ph . .
An() = e 2¢p(u—1)Qu+2i)+ezp(u+1)9Qu 213’ (1.11)
Q(u)[sinh & (u — 2i+it) sinh & (u +2i — i) | *

where we have set z = e, w = e #/N = e 7 ¢ = ¢ and introduced the functions
b(u) = [sinh %(u —i+ir)sinh g(u i+ it)] , Q) = ]_[1 sinh %(u —u)).
i

(1.12)
The quantities u ; are solutions of the following system of nonlinear equations:

Gu;+1) P Q(u; +2i)

¢(uj—1) Quj —2i)’
Compare with equations (25)—(30) in [3]. The analytic solutions to the last set of equations,
known as Bethe ansatz equations, are not known. Furthermore, in the Trotter limit N — oo the
distribution of the Bethe roots u ; remains discrete and cannot be approximated by continuous
density functions as it is the case for the classical transfer matrix (1.6). Instead one has to
rely on the numerical solution of a nonlinear integral equation. The derivation of this integral
equation as well as other properties of the quantum transfer matrix are based to a large extent
on numerical studies of the above Bethe ansatz equations (1.13).

Another aspect where numerical investigations and a deeper understanding of the solutions
to the Bethe ansatz equations (1.13) are of importance is the observation of so-called quantum-
classical crossover phenomena driven by temperature. At sufficiently high temperatures the
first subleading eigenvalue of the quantum transfer matrix at z = 1 is real and unique. As
the temperature sinks below a certain threshold, the next-leading eigenvalues at z = 1 form
complex conjugate pairs resulting in incommensurate spatial oscillations of the correlations
functions. The wavelength of these incommensurate oscillations is temperature dependent.
This phenomenon has been investigated for the massless ferromagnetic regime (—1 < A < 0)
at a vanishing magnetic field (2 = 0) in [6] and for the massless antiferromagnetic regime at
a finite magnetic field (2 > 0) in [7]. We will make contact with these investigations on the
level of the spectrum of the quantum transfer matrix.

In light of the aforementioned points it is worthwhile to study alternative methods of
deriving the spectrum, and in particular the largest eigenvalue, which lead to systems of
equations simpler than the Bethe ansatz equations (1.13). The purpose of this paper is
to diagonalize the quantum transfer matrix employing Baxter’s idea of an auxiliary matrix
known as Q-operator similar to what has been done in the classical six-vertex model [8, 9].
The eigenvalues of the Q-operator give the Q-function in (1.12) and we will derive a set of
functional relations analogous to the ones first obtained in the context of conformal field theory
[10] based on the existence of two linearly independent solutions to Baxter’s TQ equation and

ji=1,....n. (1.13)
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generalizations thereof. For a discussion of the analogous functional relations in the context
of the eight and six-vertex model, we refer the reader to [11-14]. In particular, the case
which we discuss here resembles the one of quasi-periodic boundary conditions or external
electric fields treated in [13, 14]. In neither of the last mentioned papers explicit Q-operator
constructions for the mentioned lattice models have been considered.

Concrete operator constructions of Q for the finite XXZ spin-chain have been investigated
in [15, 16—-18]. In particular, we will follow closely the construction for the twisted XXZ
spin-chain given in [18] where the functional relations postulated in [13] have been derived in
terms of concrete operators. By explicitly constructing Q we prove existence of the solutions
to the aforementioned functional equations. A step which is still missing in the eight-vertex
case [14].

1.1. Summary of the key results and identities

We will explicitly construct Q-operator solutions QF for a generalization of Baxter’s T Q-
equation by employing the representation theory of quantum groups. The main results for
h # 0 in (1.1) are novel identities for the spectrum of the quantum transfer matrix and its
associated fusion hierarchy:

q"“ V0 (2" Q0 (zq") — ¢!V Q% (2g) Q" (2™
qafsA — qSA*a

T@D(z) = . (1.14)
Here 7~V denotes the quantum transfer matrix of dimension d and for d = 2 one recovers
the previously introduced quantum transfer matrix (1.2) up to a normalization factor which
will be given in the text; see section 3 for details. For d = 1, the left-hand side of the above
identity is explicitly known, thus resulting in a set of equations which allows one to compute
the spectrum of Q*. The latter equations imply the Bethe ansatz equations (1.13) but are
quadratic; see the next paragraph. In contrast, the Bethe ansatz equations are of polynomial
order N in the Bethe roots.

One of the main results in this paper is that the largest eigenvalue Ay of (1.2) can be
expressed in terms of a single polynomial eigenvalue (I shall often denote eigenvalues and
operators by the same symbol)

0" () =) _ef (-2, (1.15)
k=0

whose coefficients e (with ¢f = 1) solve the following system of quadratic equations

inh [82 — iy (k —1
¢ E ()= 5 I

: e e, ;. (1.16)
k+l=m k+l=m Slnh[ﬁh/z]

Here the summation convention in (1.16) is to be understood as follows. First fix the variable
m in the allowed range m = 1,..., N — 1| and then sum in (1.16) over all possible values for
k, ! such that k +/ = m. Thus, one obtains in total N — 1 coupled quadratic equations in the
n = N /2 unknowns e;. For real z, the largest eigenvalue of the quantum transfer matrix (1.2)
is then given by

0% (2¢7) 0" (z¢%) —e P 0t (2¢P) Q" (2¢7?)

A = G 2l ewg — DG/wg —ppe
where Q7 is the reciprocal polynomial of O, i.e.
0@ =Y Tt =0 e (1L18)

k=0 1
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In the critical regime, g € S', the coefficients e} obey the additional constraint

(ef)" =ef_i/er. (1.19)
There are in general many solutions to equations (1.16) (similar as there are multiple solutions
to the Bethe ansatz equations) describing a subset of the spectrum of (1.2). The largest
eigenvalue of the quantum transfer matrix Ay appears to be always among them; this has
been numerically verified for N = 2,4, 6, 8, 10, 12, 14, 16 2 and for all of these cases the total
number of solutions to (1.16) is found to be 2".

The identities (1.16), (1.17) and (1.18) are special cases of the generally valid
expression (1.14) for d = 1 which yields the complete spectrum of the quantum transfer
matrix; see equations (4.2) and (4.3) in the text. In particular, the polynomials Q¥ are
in general independent. We discuss these identities in the context of higher spin quantum
transfer matrices and the associated fusion hierarchy. This is motivated by the definition of a
trace functional which might be relevant for the computation of correlation functions.

As mentioned above, the derivation of the main results is based on a concrete construction
of the Q-operators whose eigenvalues yield the aforementioned polynomials Q*. By abuse
of notation operators and eigenvalues will often be denoted by the same symbol. The explicit
operator construction establishes existence of the solutions to the various functional equations
such as (1.16) for 1 # 0. At a vanishing magnetic field, # = 0 in (1.1), the identity (1.14)
ceases to be true in general. However, the O-operator construction can also be appliedto 7 = 0
albeit one has then to restrict the deformation parameter ¢ to a root of unity, q[ =1,¢ > 2. For
this special case, we argue that the quantum transfer matrix exhibits a loop algebra symmetry
just as the classical six-vertex transfer matrix [20], albeit in a different representation.

1.2. Outline of the paper

The outline of the paper is as follows. In section 2 we connect the structure of the quantum
transfer matrix to the representation theory of the quantum affine algebra U, (s13). In particular,
we discuss a specific dual representation and the corresponding L-operator. This will yield
the commutation relations between the quantum monodromy matrix elements corresponding
to (1.2) and the Chevalley—Serre generators of U, (372) which allows us to prove the loop
algebra symmetry U (sl,) of the quantum transfer matrix at roots of unity and for a vanishing
magnetic field. As a preparatory step for the discussion of the Q-operator we introduce the
quantum fusion hierarchy, i.e., the higher spin analogues of the quantum transfer matrix.

In section 3 we construct the Q-operator for the quantum transfer matrix and discuss
its properties and operator functional relations. The proofs can be found in appendices A
and B. For the construction of the Q-operator one has carefully to distinguish between the
case of generic ¢ and ¢ a root of unity. In the former case the auxiliary space of the Q-
operator is infinite-dimensional and one needs to introduce a boundary parameter (the external
magnetic field /) in order to ensure convergence. At a root of unity the auxiliary space is
finite-dimensional and the construction of Q then also applies to the case 7 = 0. However,
some of the functional relations which hold true at 2 # 0 then cease to be valid.

Section 4 is devoted to a special Q-operator functional equation, the Wronskian relation,
which at a finite magnetic field # > 0 suffices to compute the spectrum of the quantum
transfer matrix and implies the Bethe ansatz equations. At the end we discuss the special
solutions (1.18) which contain the largest eigenvalue and are based on numerical evidence.
We also make contact with the previously mentioned crossover phenomena.

Section 5 contains the conclusions.

2 1t appears that there is a difference between n = N /2 odd and even; compare with the footnote in [5], section 2.6.

For n odd, the largest eigenvalue might have less than n Bethe roots. Nevertheless, in the cases N = 2, 6, 10 we have
numercially verified that (1.16) and (1.17) still hold true.
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2. The quantum transfer matrix and representation theory

As a preparatory step for the construction of the Q-operator for the quantum transfer matrix,
let us first analyse the definition (1.2) from a representation theoretic point of view. This will
enable us to define the corresponding L-operator from which the Q-operator will be built.

Recall that the six-vertex R-matrix is an intertwiner of the quantum affine algebra U, (37 2)
with respect to the tensor product of the two-dimensional evaluation representation. The
quantum affine algebra U, (57 2) is generated from the Chevalley—Serre elements subject to the
relations

qh,qh,- _ qh,-qh,’ qh,ejq—h,- _ qujej’
hi _ g=hi 2.1
) _h A q q
q" fig7" =q M 1, lei, fil=8ij———
q9—q
and
x?xj — [3]qxi2xjxi + [3]q)c,-)cjxi2 — )cjxi3 =0, x=e,f. 2.2)

Here the indices i, j take the values 0, 1 and A;; is the Cartan matrix of sl,. The evaluation
homomorphism ev, : U, (sl,) — U, (sl>) defined by

ev, () = zf, ev.(fo) =z e, ev.(q") =q7" (23)

and

ev,(er) = e, ev,(fi) = f, ev.(¢g") = q". (2.4)

An evaluation representation is now obtained by combining the evaluation homomorphism
with any finite-dimensional representation of U, (sl»), in particular we can choose the two-
dimensional, spin 1/2 representation in terms of Pauli matrices,

- h Z
w(e) =o", 7(f)=0", 7(qg") =q°. (2.5)
The six-vertex R-matrix then intertwines the tensor product representation 7, ® m; with
T, =T o ev,.
Given any representation p : U,(sl2) — EndV over some finite-dimensional vector
space V, we define the following representation over its dual space V*:

p*: Uy(sly) — End V*, (p* ()", w) = (v, p(y ' (X)w), 06
x € Uy(sly), wev. ’
Here y is the antipode which is defined on the Chevalley—Serre generators as follows:
y(e) =—q e, v(fi) =—fiq". v =q™" @7
vy le)=—aq™ vy fo==4"fi,  vT@") =g 2.8)

If we canonically identify V* with V, the representation p* in terms of matrices is simply
given by
p*(x) = (p(y ™ ), x € Uy(shh) (2.9)
with ¢ denoting the transpose. Note that definition (2.7) is compatible with the following
choice for the coproduct:
Ale)=e®@1+q"®ei,  Af)=fi®g"+1®fi, A" =4¢"®4".
(2.10)
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Setting p = m; = 7w o ev,—;, the two-dimensional evaluation module, we are interested in
finding the intertwiner

L*(2)A*(x) = A% () L*(2), x € U, (sly) 2.11)
with

A = (ev, @ m{)A and L*(z) € Uy(sl) ® End V*. (2.12)

Here we have restricted ourselves to evaluation representations from which all irreducible
finite-dimensional representations of the affine quantum group U,(sl;) can be obtained.
Explicitly, the coproduct relations for the Chevalley generators read

Ae)=e®1—¢" @0, Aj(e)=e®q " —ql®o, (2.13)
A(f)=f®q¢" —q1®a", AL =fel-g " ed", (2.14)
and

Ae)=zf®1—q' @0, Al(e)) =2f ®q” —ql®0", (2.15)
A (f)=7"e®q 7 —q¢'1®0", Ay (fo=z"e®l—q'""®0c™.  (2.16)

In addition, let us state the expressions for the generators in the dual evaluation representation
of spin 1/2:

mi(e) =—(0*q ") =—qo~,  w(fi)=—(q" 0 ) =—q 0", (2.17)
mi(e0) = —(07¢%) = —qo™, T (fo)=—(qg 7o) =—q o (2.18)

We will see below that the intertwiner (2.11) specializes to the R-matrix used in the definition
of the quantum transfer matrix (1.2). Solving the above intertwining condition (2.11) for an
evaluation module with central charge zero, i.e. qho = q_hl, we find

g =g (@7 —qeq™F
L*(2) = ( ) : (2.19)

h—1

h+ h—1 _
g =gt [ g —q"
For comparison and in order to keep this article self-contained recall that the conventional
L-operator, where 7| is replaced by 7 in (2.12), reads

2t —q7F  2qg-q g f
L(z) = ( ) . (2.20)

+1 h—1

h h—1
(=g Deq™> zg77 —q=
Note that we slightly deviate from standard conventions here be decomposing the L-operators
over one factor space V in quantum space V®¥. The matrix elements of L, L* act in the
so-called auxiliary space which is as of yet undetermined. Note further that in light of the
following identity for the universal R-matrix, (1 ® y~'")R = R, it would be more natural
to use —z ! L*(z) as intertwiner for the dual representation 7*. However, we wish for later
purposes to keep the L*-operator polynomial in z instead of z~'.
Evaluating the intertwiner (2.19) in the two-dimensional spin 1/2 representation (2.5)
yields

a0 0

x (r ® 1)L*(2) il b1 0 0
R = —)F——F=|[R = , 2.21
(2) P [Ra1(z7 )] 0 0 b 0 (2.21)
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which is one of the R-matrices used in the definition of the quantum transfer matrix (1.2).
Thus, we conclude that one lattice row associated with the monodromy matrix of the quantum
transfer matrix corresponds to the following quantum group module:

T, @ MM, MV = 7* @yt - @ R Ty (2.22)

N

From this we immediately deduce that the quantum transfer matrix 7 (z; w) block decomposes
with respect to the following alternating spin operator,

N
1
[t w), $al=0,  Sp:= 5> (D'of, (223)
k=1
since the quantum monodromy matrix (decomposed over the auxiliary space)
Rox GW) RS o (w/2) - Roncun Rip(wya) = (2 B (2.24)
onv (2w - <) Ro2(2 7)) = .
(N=1)0 10 Ck) D@)
is an intertwiner with respect to the tensor product (2.22). More generally, we have
[A,.¢™]=1[D,q™]=0, q" Bqg" =q7*B,
H,; —H, 2 H, 25/\ (2.25)
q"'Cq " =q°C, g7 =q"

Denoting the Chevalley—Serre generators acting in quantum space (2.22) by capital letters,
{E\, Eo, F1, Fy, H) = —H,}, one finds the analogous commutation relations as in the classical
case; see equations (14), (15) in [21]. The difference between the relations for the classical
and the quantum transfer matrix is purely in the explicit form of the quantum group generators
which is fixed through the identification of the quantum group module M) in (2.22). For
instance, employing (2.10) and (2.5), (2.17) one has

N

Ev=Yaq [Ta"7 o, a=cDF (2.26)
k=1 i<k
N

Fi=Yaq T o " [[Ta™7 ], 2.27)
k=1 Jj>k

and so forth. Following the same line of argument as presented in [21] (cf equations (23),
(24) therein) one then proves that for zero magnetic field 2 = 0 and ¢ being a primitive root
of unity of order £ the quantum transfer matrix (1.2) enjoys a loop algebra symmetry U (s~l 2)
in the sectors

284 =0mod¢. (2.28)

The Chevalley—Serre generators of the loop algebra U (s13) are obtained from the restricted
quantum group (compare with the discussion in [22]) via taking the following limit from
generic ¢’ to the root of unity value ¢:

g =1: E{" = 1im E{ /11,
q9'—>q

q*—q* , £, if £ is odd
Tog—qt " le/2, if €is even.
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Analogous expressions hold for the remaining generators. All of the Chevalley—Serre
generators, {E {Z ), E(gg ), F l(l ), Féz ) }, (anti)commute in the commensurate sectors (2.28) with
the quantum transfer matrix, e.g.,

7(z; w)EfLﬂ) = qZ/Ey/)r(z; w) for h =0, ql =1 and 254 =O0mod/.
(2.29)

This result for the quantum transfer matrix is analogous to the loop symmetry of the classical
transfer matrix first discovered in [20], albeit via a different proof.
2.1. Transformation under spin reversal

In order to show the existence of two independent solutions to the TQ-equation, we discuss the
behaviour of the quantum transfer matrix under spin-reversal. From the elementary identities

1®eHRDI®6") = (0" ®z 7R (0" ®27)
1®oHR* Q186" = (0" @27 )R @) (0" @7 7),

we infer that the quantum transfer matrix (1.2) transforms as

wS Ry (z; w)wS R = 1_4(z; w) (2.30)
under the involution wS 9% with
N 1 N
R=[]o; and 5= 5 > ok (2.31)
j=1 j=1

In addition, the quantum transfer matrix obeys another identity. First we observe that the

following equations for the Boltzmann weights (1.5) hold true:

a1 =1, b1 =1/by,, C1 = —qc;q,z/bzqu, = —q o2 [y
(2.32)

Employing the identities

oZ

(0" ® (=) F)R(z¢™)'® (0" ® (—9)7)

Rz ™M = -

2q72

k0 —1 1
R*(z )=b

(ax ® (_Q)%)R*(Zqz)l@(ax ® (—L])f%z),

we then easily find the expression for the transpose of the quantum transfer matrix,
Ta@ w™) =Trg ™ ¥ Roy (™ w™ YRy (w/2) -+ Roo (2™ w ™) RGy (w/2)

Tz wg )
b b
Zwgq

where we have used that [S4, 7,(z, w)] = 0.

, (2.33)

n
wq~2/z

2.2. The quantum fusion hierarchy

The quantum transfer matrix (1.2) commutes with an infinite family of higher spin transfer
matrices. In close analogy with the classical six-vertex model one defines for d € N the
following family of transfer matrices?,

t“V@w) = Tr g™ Lyw)Ly_ (z/w) -+ La@w)Li(z/w), q"=er, (239

S

3 In the following we shall often suppress the explicit dependence on the temperature parameter w.
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where the representation in auxiliary space has been replaced by the spin (d — 1) /2 evaluation
module 7@,

a0k = [d —klglk = 1), 7TV = [k 1glk+ 1),
7D (g"Ik) = g k).

The index k labelling the basis vectors of the representation takes values in the set
k = 0,1,2,...,d — 1 and we set ¢|0) = f|d — 1) = 0. Our motivation for
introducing (2.34) is twofold. They are natural objects to consider from a representation
theoretic point of view and we will encounter them when deriving functional relations for
the Q-operator in the subsequent section. The other reason is their extension to complex
dimension d € C which is closely related to the trace functional used in recent formulations
for correlation functions [19].

Setting d = 2 we identify 7! = 7 in (2.5) and recover the quantum transfer matrix via
the relation

(2.35)

(—z/w)" TV (z; w) _ tW(z; w)
(zwg —q~ )" (wg/z—q™H)"  (zwg —q7")"(z/wg —q)"
The spin O representation yields the quantum determinant,

T(z; w) = (2.36)

I\n

T(O)(Z; w) = (qu% — q_%)n(zq_%/w — qi)
=(w—q¢ )'E/w—q9)" = (zwg — D"(z/wg — D".  (2.37)

Similar to the classical six-vertex model, the higher-spin quantum transfer matrices 7@ satisfy
a functional relation known as the fusion hierarchy,

VgtV @) = 1P HT P ™) + 1V )T Vg, (2.38)

which is a corollary of the decomposition of the tensor product rrz(jd_ Ve nzfl) described by the
exact sequence

P ARSI A (2.39)
Since the auxiliary spaces in the quantum transfer matrices are the same as in the classical
case, we can use the same representation theoretic results to derive all relevant functional
relations. What changes in the transition from ‘classical’ to ‘quantum’ are the coefficient
functions which appear in the respective functional equation. For instance, the coefficients
1@ (zg™"), 1@ (zq) follow from the identities

@@ DLi3gYRs@0® D) = (2 — D ® D™ ® 1)L(zg™")

(P D@EP @ DL13(zg)R3(z) = (2 —q (@ @ DL(zg" ) (p @ 1) 240
and
@V @ DL (g R0 1) =('g— ¢ Ha @ D' @ 1)L*(zg™") a1
(P®DEV @ DL(zgVRu() = ' = D@D @ DL*(zg" H(p® 1)
where the maps

1i|k) = [d—k—1];1k) ® 1) — qd_k"[k + 1],k +1) ®10) (2.42)
and

¥ d[f] k@10~ 1k (2.43)

are the inclusion and projection map in the exact sequence (2.39).
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3. Explicit construction of a quantum Q-operator

After outlining the derivation of (2.38), we now turn to the Q-operator and apply the same
strategy as in the case of the fusion hierarchy. The main difference lies in the fact that for the
definition of the Q-operator we need to introduce an infinite-dimensional evaluation module
when ¢ is generic (i.e. not a root of unity) [15, 16]:

prenlk) =zlk+1),  p(g )k = p (g P )Ik) = rig k),
$1— g% _ g2 3.1
P = TS, e =0, rszeC

Here s, r are free parameters characterizing the representation and z denotes the spectral
variable as before. As long as r, s are independent (3.1) defines a representation of the upper
Borel subalgebra but extends to the whole affine algebra once we set r = s'/2. In connection
with spin-reversal, one also encounters the module

h h h h
0 :=p+oa) with {el,eo,q%,q%}—% {eo,el,q%,q%}- (3.2)
Note that in the limit s — 0 we recover the g-oscillator representations used in [10]. In the

case that ¢ is a primitive root of unity of order £ we truncate the evaluation module p* by
imposing the condition (compare with [17])

l, if £ is odd
22, if £ iseven

The intertwiner corresponding to the quantum group module p* ® 7y has been computed
previously [15, 16] and reads

gt =1: pte)|t/ —1) =0, K:{ (3.3)

hy+l hp+l hp+l

7572 —qg 2 (—71)76
S(Z):< tq q a—aHq " e

1+ hy-1 hy-1

h
(=g Newg~> zrqg= 7 —q >
In order to define a Q-operator for the quantum transfer matrix we now need to compute the
intertwiner corresponding to the module p* ® ;. The result is

) € U,(sl) ®End V. (3.4)

hy+l

hy+l h+l
@) = (qu O « l,l_,,Q)elq o ) € U,(s1,) ® End V*. 3.5)
@ '—qqg e ¢ —q "
The last expression is derived from the coproduct relations
1@rHAln)=a@1—¢"™M o, 1@ Aple) =e1®q 7 —gl®0,
(1®@r)A) =ep® 1 —g'"™ 0", (1@ ) Agpler) =0 ® ¢ —ql ®a™.
(3.6)

We define for r = 1 in p™ the operator
0(z;5) = Trg""®' Ly Gw) &4 (z/w) - - L2(zw) L} (z/w), q* =", (3.7
0

where we have normalized (3.5) such that O is polynomial in the spectral parameter z. The
specialization to » = 1 can be imposed without any loss of generality due to the identity

Q@irs) =r"""Q@r=1.5). (3.8)
Having stated the explicit definition of the Q-operator we now turn to its properties and the
functional relations it satisfies. Since the auxiliary spaces of the quantum transfer matrix and
the Q-operator are the same as in the conventional, classical six-vertex model the proofs for the
statements made below follow closely the line of argument presented previously in [16—18].
I shall therefore omit the proofs from the main text and refer the reader to the appendix for
further details.
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3.1. Operator factorization

One important result is that the Q-operator factorizes into simpler operators as follows (we
still assume o # 0):

0(z;5) = Q(0;5)Q"(2) Q™ (z9), (3.9)
where we define

Q") :=lim 0(0: ) 0(z: %) (3.10)
and

Q0" (2) := lim Q(0; )71 0(z/s; ). (3.11)

Note that both operator limits are well defined and can be taken directly in (3.4) and (3.5) by
noting that the off-diagonal elements of £, £ always occur in pairs in the matrix elements of
the Q-operator. Moreover, the normalization factor Q(0; s) at z = 0 is independent of s and
easily computed to be

1
qothA _ qSAfa ’
1— q2Z(SA7a)
qu—SA — qSA—CY ’

q generic

lim O(z; 5) = ;rq“*—sf“‘“ = (3.12)

gt = +£1.

The identity (3.12) for generic ¢ has to be understood as analytic continuation from the region
of convergence. Note that the point « = 0, i.e. vanishing magnetic field # = 0, remains
singular. This can be understood from the construction of the Q-operator since for generic
g the auxiliary space given by the representation (3.1) is infinite-dimensional and twisted
boundary conditions with an appropriate choice of « are needed to ensure that the trace
in (3.7) is well defined; compare with the discussion in [16].

The operators QF can be related to each other by employing the following transformation:

0 wlis) = 27 Vs T w/q) S RO s, wg T 8) Rw/g)S . (3.13)

Here the operators S, R have been introduced earlier in (2.31) and use has been made of the
identities

,8(271) — _Zflq(l ® (_é)*ﬂzox)g(zq72/s)l®t(l ® O'X( _ L)Uf)s 1+£72

sq
1-o%

e =g (1® (-2) ") e g /) ¥ (1@ (— 4) ™" )s .

s

The identity (3.13) then allows one to determine the maximal polynomial degree of both
operators, since up to an unimportant normalization constant we must have

0 (z,w) x 27" (wg) ¥ RO* (2", w™'g ™) R(wg) ™. (3.14)

Note that the action of the spin-reversal operator relates Q~ to the representation (3.2). Both
operators QO have polynomial eigenvalues w.r.t. the spectral variable z and these eigenvalues,
which shall be denoted by the same symbol as the operators, coincide with the polynomials
mentioned in the introduction,

*@ =[]0 -xf =) ef(-a",  ni=nFSs (3.15)
k=1 k=0

As we will see below, the polynomial roots x,ﬁt are two sets of Bethe roots. They can be
(numerically) computed by employing a number of functional relations which are satisfied by
the Q-operator.
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3.2. Operator functional relations

The best known functional relation is the generalization of Baxter’s 7' Q-equation for the six-
vertex model. This equation is obtained in the present construction for the Q-operator (which
differs from Baxter’s approach) by first deriving the functional relation

0@z )t (@) =¢" 7t (29) 0(zg % 5¢%) + ¢** v (2¢7) 0 (z¢%; s¢7%) (3.16)

which is a direct consequence of the following decomposition of the tensor product of
representations, p*(z; r, s) ® 7., described by the exact sequence [15, 16]

0— p*(zg*rq " 577 = p*(zirs) @, — p*(zg % rq, 5¢7) — 0. (3.17)

Here 7(© is the quantum determinant introduced in (2.37). The above decomposition holds
for the upper Borel algebra of U, (57 ») but extends to the whole algebra under the previously
mentioned specialization » = s'/2. Taking the limit s — 0 employing (3.10), we obtain the
T Q-equation,

0" @tV (@) = ¢ 5 1029)0*(zg™*) +¢* P (zg7H 0 (zg%). (3.18)

A similar relation holds for O~ when employing the transformations (2.30), (2.33) and (3.13).
The T Q equation holds true also for a vanishing external magnetic field, i.e. « = 0.

If the magnetic field is nonzero, however, there is another identity which makes use of
both solutions Q* and on which we will focus. It yields a simple expression for all elements
in the fusion hierarchy in terms of Q%,

g0 (2~ Q" (zg") — ¢* V0% (2g") Q" (2™

(d—1) —
T (Z) - th—SA — qSA—Ot

. (3.19)

For the derivation see appendix A. The last expression can even be analytically continued to
complex dimension d if one wishes to make contact with the trace functional introduced in
the context of correlation functions for the infinite XXZ spin-chain. Here we shall not pursue
this aspect further but refer the reader to [19] and references therein; see also [18].

4. The Wronskian relation

Note that when setting d = 1 in (3.19) the left-hand side of the above equation is explicitly
known and we arrive at

q* 5 0% (zg7H O (zq) — g5 Q*(zq)Q‘(zq‘l).

(zwg — 1) (z/wg — 1)" = 7% —gone 1)

This functional relation, which is the discrete analogue of a Wronskian in the theory of second-
order differential equations, can therefore be employed to compute the eigenvalues of Q*. It
is this observation which we will investigate further in the remainder of this paper.

4.1. System of quadratic equations

Expanding the Wronskian relation (4.1) with respect to the spectral parameter z yields the
following system of N-quadratic equations for the unknown coefficients e,:f which are the
elementary symmetric polynomials in the Bethe roots,

—Sa—k+l Sa—a+k—I
n\(n k=l _ q“ —4q + -
> () ())war = ¥ e @

k+l=m k+l=m

It should be emphasized once more that this set of equations contains for @ # 0 all the
necessary information about the spectrum of the quantum transfer matrix as well as the higher
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’ e |
spin transfer matrices. Recall that N is the Trotter number, w = e #/N = exp(—%)
contains the temperature variable and g% = e"#/2, the external magnetic field. Setting now
n = 2 in (3.19), the eigenvalues of the quantum transfer matrix (1.2) are obtained from the
identity

>V 0% (2¢7) 0 (2¢%) — ¢* " 0% (24*) Q" (24 )

(g5t — g5 =) (zwq — qg~")"(z/wq — q)" '
Equations (4.2) and (4.3) are the aforementioned generalizations of the identities (1.16)
and (1.17) in the introduction.

T(z; w) = (4.3)

4.1.1. The Bethe ansatz equations. Having identified (4.2) as the key relation in describing
the spectrum of the quantum transfer matrix for finite N, we need to discuss the relation with
the Bethe ansatz equations which are usually considered to be the fundamental set of identities
for discussing the spectrum. Starting from the quantum Wronskian we set

—q% 0% (q*/x}) 0~ (1 /%)

z=q/x}: g = (qu/x;’—l)"(l/wx;’—l)"
a=Sa N+ (-2 /++ - +
_ q 0" (g X; o (1 X; n, n
=gty CECUEPNGOID g s 1)
and obtain

Y | Al (wq —xrq—l>" (1 - wxr>" (44)
X —a \aTt —wxfq ) \w—af

The last equation is one among the n, Bethe ansatz equations as they can be found, for
instance, in [3]; see equations (29) and (30). To facilitate the comparison note that under the
parametrization

» : » P
P g =e, w=e T = e @ a BN, PR
the Bethe ansatz equations are rewritten as
. hY 2oL — it 420 sinh Y 0w 4+
¢(hj+i)  sinh? S(A; —ir +2i)sinh> 7(A; +ir)

¢(; =1 " sinh> L(4; +it — 2i)sinh* L(A; — i)

_ o 1_[ sinh % (b — 2y +20) o Q0 +20)
Llinh 20y — 2 —20) Q(; — 2i)

which is the notation used in [3]. From this we infer that the Wronskian relation (4.1) implies
the Bethe ansatz equations, the converse is not true. Note that O~ yields another set of Bethe
roots, which in terms of the algebraic Bethe ansatz (see the appendix) allow one to construct
the eigenvector from the lowest (instead of the highest) weight vector.

4.2. Special solutions in the Sy = 0 sector

As pointed out earlier, the quantum transfer matrix block decomposes with respect to the
alternating spin-operator S4. In particular, the largest eigenvalue Ay appears to be in the
Sa = 0 sector. Since limy_, o, Ay yields the partition function (1.3) in the thermodynamic
limit its corresponding solutions to (4.2) are of particular, physical interest.

Quite generally, we infer from (4.1) that there are certain symmetries among the solutions
to the Wronskian relation, for instance when replacing z — z~!. It is then natural to assume
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that some solutions are invariant under these transformations, especially when they belong to
non-degenerate or distinguished eigenvalues such as A y. Thus, one would expect that there
is a subset of solutions for which
n
0* () =[]0 —z/x7) 4.5)
i=1
holds. That is, Q% are the inverse or reciprocal polynomial of each other. In fact, one
verifies numerically for Trotter numbers up to 16 that in the S4 = O sector there are always 2"
such ‘special’ solutions (for ¢ real or on the unit circle) and that among this set of solutions
is the one describing the largest eigenvalue of the quantum transfer matrix. Conjecturing
this to be true for all N one can then halve the number of variables in (4.2) arriving at the
result (1.16), (1.17) stated in the introduction. A similar observation has been made previously
for the twisted XXX spin-chain; see section 5.1 in [23].
Provided that ¢ (and therefore w = exp[—(q — ¢~')B/N]) lies on the unit circle there
is another obvious ‘symmetry’ of (4.1), complex conjugation. In fact, one finds for S4 = 0
that there exist solutions QF invariant under this transformation, i.e. obeying the additional
restriction
n
0*(2) = 1_[ (1= (xF)"2). zeR. (4.6)

i=1

In terms of the elementary symmetric polynomials eki the restrictions (4.5) and (4.6) correspond
to the identities

ekjE eff_k/eff 4.7

and
et = (ef)", (4.8)

respectively. Whether these solutions persist for Trotter numbers N > 16 needs to be
investigated numerically. We leave this to future work.

4.3. Quantum-classical crossover

In this section we are going to discuss the quantum-classical crossover observed in [6, 7] in
terms of solutions to the quantum Wronskian (4.2) and the ‘symmetries’ (4.7), (4.8). Recall
that the crossover manifests itself in a change of the next-leading eigenvalue of the quantum
transfer matrix. At high temperatures there is a single real eigenvalue (classical regime)
while beneath a certain threshold temperature the next-leading eigenvalues consists of a pair
(or pairs) of complex eigenvalues (quantum regime)*. In terms of the corresponding QO
eigenvalues this transition manifests itself in breaking one of the symmetries (4.5) and (4.6)
or both. In contrast, the leading eigenvalue, which is always real and positive for the cases we
discuss, always possesses both symmetries. We now give several examples based on numerical
computations with Mathematica 5.2 and standard machine precision.

4.3.1. Parameter values: A = 1/2,h = 0.6, N = 12. Let us first consider the
antiferromagnetic regime of the XXZ spin-chain setting ¢ = expin/3 following [7].

4 Atfinite Trotter numbers N there is a third temperature regime in which the behaviour changes once more. However,
the corresponding transition temperature appears to approach zero as N — oo, whence we shall not discuss this
regime here; see [6] for details.
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A concrete numerical value for the crossover temperature has not been stated in [7].
However, the present numerical computations indicate that the crossover occurs in the interval
1.25 < B < 1.27. For Trotter number N = 12, we find that the leading and next-leading
eigenvalue of the quantum transfer matrix are in the §4 = 0 sector which has dimension 924.
The two leading eigenvalues of the quantum transfer matrix at § = 1.25 and z = 1 are stated
in table 1; see also table C.1 in the appendix for further subleading eigenvalues.

Table 1.
B Ao Ay

1.25 431031 —1.13795

Upon numerically solving the Wronskian relation (4.2), we find that the leading as well as the
next-leading eigenvalue possess both symmetries (4.5), (4.6), i.e. for z € R we have

07(2) ="07 (z V/eg ="[07z ) /er]". (4.9)

The analogous identities hold for the leading eigenvalue as mentioned earlier. The
corresponding roots are listed in table 2.

Table 2.

B =125 o o7

—y~llnx;  —0.554408 — 0.0953871i —1.98693i

—yllnx, 0.554408 — 0.0953 871i 0.043 19291

—y~lInx3 —0.167918 — 0.016 92691 —0.212289 + 0.041 13051
—yllnxy 0.167918 — 0.0169269i 0.212289 + 0.041 1305i

—y~lnxs —0.0455171 —0.00933347i  —0.0719618 +0.036 3293i
—y nxg 0.0455171 — 0.009 333 47i 0.0719618 +0.036 3293i

The root distribution of Q7 shows the appearance of an approximate one-string located on the
imaginary axis in accordance with the findings in [7].

As the temperature is decreased the behaviour changes and we find a complex conjugate
pair of next-leading eigenvalues; see table 3 and table C.2 in the appendix.

Table 3.
B Ao [A12/ Aol arg A2/ Ao

1.27  4.38649  0.255461 F3.10797

The corresponding eigenvalues of the Q*-operators are related via

07 =2°07@ N /e’ =205 /P = 0, @, zeR (4.10)
Here eél)‘_, eéz)’+ denote the elementary symmetric polynomials of degree 6 in the roots of

Q7 and Q3, respectively. Thus, we have ‘lost’ the symmetry (4.6) and according to (3.19)
the corresponding quantum transfer matrix eigenvalue ceases to be real. The root distribution
is given in table 4.
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Table 4.

g =127

)

o7

—y~llnx
—y~llnx,
—y lInx;
—y nxy
—yInxs
—yllnxg

—0.561 107 — 0.097 55091
0.561 107 — 0.097 5509i

—0.170463 — 0.017 425i
0.170463 — 0.017 4251

—0.0462239 — 0.009 617 32i
0.046 2239 — 0.009 617 32i

0.0705891 — 1.8782i
0.070359 +0.122 0351
—0.202551 +0.028 7092i
0.190 885 + 0.049 12441
—0.0592975 +0.022 77411
0.039 8655 +0.029 0445i

From the data we see that the one-string contribution has now moved away from the imaginary

axis.

4.3.2. Parameter values: A = —1/2,h = 0.6, N = 12.

We now turn to the attractive

regime setting ¢ = exp 2mwi/3 and choose a finite magnetic field value, 2 = 0.6. Note that
this case is not investigated in [6] or [7]. However, we adopt the values in [6] given for
the transition temperatures at 7 = 0 and find in the classical regime that the next-leading
eigenvalue of the quantum transfer matrix at z = 1 is indeed unique and real; compare with
table 5 and table C.3 in the appendix.

Table 5.
gt Ao Ay
0.362 3.28305 0.63932

Solving the Wronskian relation (4.2) we find that the corresponding eigenvalues of the Q-
operators for the next-leading eigenvalue possess again the symmetries,

07 =z°07c"/ef = 07 ()", zeR.

The corresponding roots are displayed in table 6.
Table 6.
B~ =0.362 of 07
—y~lIn xf —0.457 174 — 0.263 584i 1.481731
—y~lIn xy 0.457 174 — 0.263 5841 —0.034 76151
—y~'In x5 —0.170 624 — 0.066 39041 —0.326099 — 0.174 0811
—y~'In xy 0.170 624 — 0.066 39041 0.326099 — 0.174 0811
—y~In x;' —0.0478432 — 0.03886991  —0.111579 —0.047 87811
—y~lIn xg 0.047 8432 — 0.038 86991 0.111579 —0.047 87811

@.11)

In the ‘quantum regime’ there are now four next-leading eigenvalues of the quantum transfer
matrix at z = 1 whose modulus is the same but which differ by a phase, see table 7 and table

C.4 in the appendix.
Table 7.
/3_] Ao [A1—4/No] arg A arg A3 4
0.22782901  5.74701  0.2387 —0.221125 0.221125
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Again the temperature value is taken from [6]. The corresponding eigenvalues of the Q*-
operators are related to each other via the transformations (z € R)

07 (@) =2°07@ /e = 0T (@" = [ QT /e T (4.12)
Thus, in this case neither of the symmetries (4.5), (4.6) hold for the next-leading contribution
and we obtain a twofold degenerate pair of complex eigenvalues. For the roots corresponding
to the leading eigenvalue, see table 8.

Table 8.

B! =0.22782901 0F

—y nxf —0.535996 F 0.432 308i
—y xS 0.535996 F 0.432308i
—y'Inxf —0.23771 F 0.149 665i
—y 'nxf 0.23771  0.149 665i
Y E —0.069 6051 F 0.095 3902i
—ynxg 0.069 6051 F 0.095 3902i

and for the next leading eigenvalue one finds the results given in table 9.

Table 9.

B! =0.22782901 ot 07

—y = nait 0.252524 + 1.39797i 0.202223 + 1.392 11i
—y xS —0.462 546 — 0.371296i —0.440937 + 0.409 25i
—y 'Inxf —0.193085 — 0.124 993i —0.186 694 +0.147 141i
—y'Inxf —0.0255607 — 0.0854029  —0.0257797 + 0.106 308i
-y 'InxF 0.133 642 — 0.10275i 0.123314 +0.131733i
—yInxg 0.362 16 — 0.278 72i 0.260739 + 0.3786 46i

Note that some of the roots of Qf lie close to each other or their complex conjugates, this might
signal the restoration of one or both of the symmetries (4.5), (4.6) at higher temperatures. To
confirm this further numerical calculations are needed which are beyond the intended scope
of this paper.

4.3.3. Parameter values: A = —1/2,h =0, N = 12. For completeness we state here also
numerical results for the case of vanishing magnetic field 7 = 0 (@« = 0) and ¢ = exp 27i/3.
This is the case investigated in [6]. Note that as mentioned earlier the Wronskian ceases to hold
for vanishing magnetic field and one now has to rely on diagonalizing the Q-operator (3.7)
directly or employ the T Q-equation (3.18). According to the present computations the
numerical data for the subleading eigenvalues in [6] are missing some of the quantum transfer
matrix eigenvalues at z = 1 or state some of the multiplicities incorrectly. We therefore
present in the appendix the numerical data for the first 20 eigenvalues as reference; see
tables C.5 and C.6. For the leading and next-leading eigenvalues the present results
(tables 10 and 11) agree with those in [6] (see table V and IV therein)

Table 10.
! Ao A1/ Ao

0362 2.67957 0.186218
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Table 11.
g Ao [A1-a/Aol arg Ay 2 arg Az 4
0.22782901  4.1737  0.238817 —1.1555%x10~* 1.1555%x10~*

and in order to make contact with our previous discussion at 4 # 0 we compute here the
corresponding Q% eigenvalues. These results are new and are not contained in [6].
For the regime above the crossover temperature there is a unique real next-leading

eigenvalue and we find for the corresponding Q*-eigenvalue the root distribution stated in
table 12.

Table 12.

B! =0.362 of o1
—y~lInx 0.581 829 0

—y nx, —0.581829 1.5i
—ylinx; 0.183537 0.408 961
—y Iy —0.183537  —0.408961
—y~linxs 0.049 9902 0.117835
—yllnxg —0.0499902  —0.117835

As the temperature sinks below the threshold value for the crossover the next-leading
eigenvalues consist now of two pairs of complex eigenvalues. Similar to our previous
discussion for 7 # O we find that the corresponding four eigenvalues of the Q-operator
are related via

07(2) = 205z = 03(2)* = =[O =M, zeR. (4.13)

Note that Q* = Q™ and e/ = —1 for all four eigenvalues in this instance. The corresponding
root distribution for the leading and next-leading eigenvalue are listed in table 13.

Table 13.

B~ =0.22782901 of ot

—ylInx 0.801415 0.0334987 — 6.08586 x 10761
—y lnx, —0.801415 —0.310075 — 1.49993i
—yInxs 0.27983 0.713681 — 0.000011 2598i
—y nxy —0.27983 —0.523 847 — 0.000 037 0802i
—y 'Inxs 0.077 5136 0.229102 — 6.598 57 x 10~
—y lnxg —0.0775136  —0.142361 — 9.80982 x 1070

As some of the numerical values are quite small for the next leading eigenvalue we list for this
example also the values of the symmetric elementary polynomials e} as additional reference;
see table 14.

Table 14.

B! =0.22782901  Q} ot

el 9.92391 4.203 98 + 0.000 570 062i
e 32.0512 0.958515 +0.002 188 51i
e 46.2876  —12.947 +0.002 864 54i

ey 32.0512  —17.3613 +0.001 501 62i
es 9.92391  —7.70027 +0.000 259 803i

e 1.0 -1.0
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5. Conclusions and outlook

In this paper Baxter’s Q-operator has been constructed for the quantum transfer matrix of
the XXZ spin-chain. The main motivation has been to derive equations which allow one
to describe the spectrum of the quantum transfer matrix and are simpler than the previously
known Bethe ansatz equations. For a non-vanishing external magnetic field this is indeed
possible and the order of the equations can be reduced from N (Bethe ansatz equations (4.4))
to order two (the Wronskian relation (4.2)) which is a great simplification for numerical
computations. Of particular interest is the largest eigenvalue of the quantum transfer matrix
which in the thermodynamic limit (i.e. the physical system size L tends to infinity) contains all
the relevant finite temperature behaviour of the spin-chain. For this eigenvalue we observed
further simplifications in its polynomial structure which lead to a reduction of the number of
variables by a factor two. The latter observation is based on symmetries of the Wronskian
relation (4.1) and numerical computations which were carried out up to the Trotter number
N = 16. To go beyond this bound requires more extensive numerical computations which are
planned to be carried out in future work. In this context we also touched upon the previously
observed quantum-classical crossover [6, 7] and demonstrated for a few examples that the
new identities for the spectrum of the quantum transfer matrix at a finite magnetic field allow
for an efficient numerical investigation of the corresponding Q-eigenvalues and Bethe root
distributions. In addition, we interpreted the crossover in terms of polynomial dependencies
between the eigenvalues of the Q*-operators. Further investigations are needed also here to
confirm the findings for N > 1.

An aspect which has been omitted from the present work is the derivation of integral
equations similar to those nonlinear integral equations which have been previously obtained
on the basis of the Bethe ansatz equations for the quantum transfer matrix; see, e.g., [3] and
references therein. The basis for such a derivation is numerical evidence for the distribution
of the Bethe roots in the large Trotter number limit, N — oco. For this reason the discussion
of integral equations and their connection with the thermodynamic Bethe ansatz [26] are
postponed until the necessary numerical data have been obtained.

For a vanishing magnetic field the Wronskian relation ceases to be valid, but in the text it
was shown that at roots of unity one might be able to employ the same loop algebra symmetry
as the one which exists for the six-vertex model. This might possibly help to reduce the order
of equations or simplify the computation of the spectrum of the quantum transfer matrix.
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Appendix A. Properties of Q for generic g

For comparison with the line of argument for the classical six-vertex model, the reader might
wish to consult [16]. The line of argument closely follows the exposition given there.
A.l. The fusion hierarchy in terms of Q

Setting the free parameter s in p* to the special value s = q2d ,d =1,2,..., one derives
the following identities by restricting the £ and £*-operator given in (3.4) and (3.5) to the
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subspaces V_; = span{|k)}i;é and Vx4 = span{|k)};2,,

§ = q2d . S*(Z)|V<d qu(l ®q%aZ)L*(d—l)(qu)(l ®q—d(f7) (Al)
§ = q2d . 'Q/*(Z)'V;t[ — qu(l ®qd03)2*(zq2d; 5 — q72d)(1 ®q72do'z)' (AZ)

Employing that by construction the Q-operator commutes with the alternating spin-operator,
[Q, Sa] = 0, one deduces from these last two equations the following identity for the higher
spin quantum transfer matrices,

@) = ¢ 0Eg s = ) — ¢ 00k s = 7). (A3)

Below we will see that this relation can be simplified further due to a factorization of the
Q-operator into two parts.

A.2. Algebraic Bethe ansatz computation

In order to obtain the eigenvalues we apply the algebraic Bethe ansatz for the quantum transfer
matrix (see, e.g., [5]) and compute the action of O on a Bethe state. Denote by {1, |} by the
orthogonal basis in C? and consider the reference state

0)={®1---®|®1T. (A4)
Let {A, B, C, D} be the matrix elements of the quantum monodromy matrix (2.24); then a
Bethe state is given by

Ixf.....xp) == B(1/x})--- B(1/x; )|0)

with {xf, e, x:l:} being a solution to the Bethe ansatz equations (4.4). Since the auxiliary
space of the quantum transfer matrix (1.2) and Q-operator (3.7) are the same as in the ordinary
case of the classical six-vertex transfer matrix with quasi-periodic boundary conditions the
results from [16] apply. Using the commutation relations between the matrix elements
A, B, C, D and those of the monodromy matrix of the Q-operator,

Qi (25 9) := (klg®™®' Sy (zw) Ly _; (2/w) - - - L2zw) £ (z/w) ), (A.5)

detailed in [16], we obtain

. . ad “(k+ 1a; |k + 1) (k|0 k) — (k|c;b;k)
Q@ 9|, xr ) =1 D 01Qu 910 [ </i+1|aj|k+]1><k|a,-|k>”

k=0

j=1

+ +
x |, X))

Here we have introduce the abbreviations
L(ax?) = ( ! ") (A.6)
Y

for the matrix elements of the L£-operator. Inserting the explicit expressions for the latter
which can be read off from (3.4), one arrives at

=) 4 q—Zk—l(l _ zx}')(l _ st“}')

0(z; S)|XT, s x:,:) = Z(O|Qkk(z; $)]0) l_[ — qu,kaf)(l _ qufzkfzx{r)
J J

k=0 j=1 (1

x|xf,... x+)

s My

q2k(SA*Ot)-Lr(0) (qu72k71) ‘ .
Xiy.o
0*(zsq %) Q*(zsq=2%-2) !

.
).

=¢* 0" 0" (:s) Y
k=0
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In the last line we have used the definition of Q" as a polynomial (3.15) and
(01Qui (25 )10) = ¢~V [(zwsg ™ — D(zsq 2 /w = DI".

Taking the limit s — 0 in order to fix the normalization constant we deduce from this
expression the following formula for O,

o 2k(SAfot).L,(0) (Zq72k71)

— + q
0 (=07 S Teu e —" e e
,Z:; (2q72)Q*(zg72)

Note that in [16] the vanishing of the unwanted terms in the Bethe ansatz has only been verified
for ny, = 1, 2, 3, since the algebraic Bethe ansatz computation is more involved than in the
case of the transfer matrix due to the infinite-dimensional auxiliary space of the Q-operator.
However, the result for the spectrum coincides with the one found at roots of unity and the
eigenvalues satisfy all aforementioned functional relations for the Q-operator, which have
been derived by different means. We shall take this as sufficient evidence that the algebraic
Bethe ansatz computation presented above holds also true for n, > 3.

(A7)

Appendix B. Properties of O when ¢ is a root of unity

Let us now turn to the case when ¢ is a primitive root of unity of order £.

B.1. Functional relations for the fusion hierarchy

The evaluation module p* is now finite-dimensional according to (3.3). For analysing the
spectrum of QO we now rely on a functional relation derived in [17]. To connect with
the discussion therein, we set r = u~! and s = w2 in (3.1) and obtain the evaluation
representation 7! specified in equation (15), (16) of [17]. Thus, in the following we refer
to p*(r = n~',s = u?) as /. Then the following short exact sequence holds (see
equations (52), (53) in [17]),

n pvg (-2

nvg v
0—m,, " — Ty ® T = T gt ® Tt 0. B.1)

Here 7“2 is the evaluation representation of spin (¢ — 1)/2. As before this decomposition
of the tensor product of representations implies a functional relation, but this time it involves a
product of two Q-operators with different values for the free parameters entering (3.1). Setting

s = p~? and r = v? this functional relation reads

0(zg°/5; )0z 1) = ¢* 7 Qzq* /53 stg DTV (zg) +¢" P (zg™h], (B2
compare with equation (46) in [18]. Assume that [Q(z1; s1), Q(z2; 52)] = 0 for arbitrary
pairs 212,512 € C. This has been proved for £ = 3,4, 6 by explicitly constructing the

corresponding intertwiner for p*(z1,s1) ® p*(z2; 52) [24, 25]. Thus, the eigenvalues of
Q(z; s) must be polynomial in z (and s), their most general form being

_ qze’(sA—a) k N-k
0@ = = s [T =zep [Ta —zyicon.
j=I j=1
Here we have taken the limit z — 0 to fix the normalization constant,
lim Q(z: ) = Trg ™" (B.3)

We assume that the roots x; = x}’ are independent of s while the y;’s depend on it allowing
for the possibilities that either k = 0 or k = N. Inserting this general expression for the
eigenvalue into (B.2), one deduces that the roots y;(s) can only depend linearly on s, i.e.
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yi(s) = xj_s for some xj_. This implies the factorization (3.9) in the text. Furthermore, we
infer from (3.13) that k = N /2 — S, in each fixed S4 sector.

Appendix C. Crossover: numerical results for the leading eigenvalues

To enable the reader to compare with the numerical results in section 4 of the main text, the
following tables list the results obtained via direct diagonalization of the quantum transfer
matrix (1.2).

C.1. Parameter values: A =1/2,h =0.6, N = 12

Leading eigenvalues of the quantum transfer matrix (1.2) at z = 1 in the antiferromagnetic
regime and finite magnetic field. The index j labels the subleading eigenvalues and indicates
the multiplicities.

Table C.1. B = 1.25A¢ = 4.310306 992 327 662

J [A /Aol arg Aj/Ao
1 0.264 007 T
2 0.238494 T
3,4 0.178 743 0
5,6 0.0983347 =&
7,8 0.0605388 0
9,10 0.0604633 7w
11 0.0566445 0
12,13 0.0526504 O
14 0.0345386
15,16  0.0340711 T
17,18  0.0250504 =«
19,20 0.0209289 O

Table C.2. B = 1.27A¢ = 4.386491 865 710 346

J [Aj/ Aol arg Aj/Ao

1,2 0.255461 =+ 3.10797
3,4 0.18232 0

15,16  0.034659
17,18 0.0258057
19,20  0.0215638

5,6 0.0999678 m
7.8 0.0623182 =&
9,10 0.0618773 0
11 0.0582046 0
12,13 0.054083 0
14 0.0354927 =&
T
b4
0

C.2. Parameter values: A = —1/2,h = 0.6, N = 12

Leading eigenvalues of the quantum transfer matrix (1.2) at z = 1 for the stated parameters.
Compare with section 4.
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Table C.3. ! = 0.362 A = 3.283047 854941951

J [Aj/ Aol arg Aj/Ao

1 0.194734 0

2-5 0.177083 +0.589 88
6,7 0.113666 +2.004 09
8,9 0.0853754 0

10-13  0.0849442  £0.73687
14-17  0.0466159  £2.13706
18,19 0.044 6591 0

20 0.0350166 0

21-24  0.0309993  £0.0137908

Table C.4. ! = 0.22782901 A = 5.747005236 172 5825

J [Aj /Aol arg Aj/Ao
1-4 0.2387 +0.221 125
5 0.200 083 0

6,7 0.192645 +1.7485
8-11 0.141971 + 0.441855
12,13 0.140684 0

14,15 0.099414 0

16-19  0.0852877  £1.73
20-23  0.06509 40.095 19

C.3. Parameter values: A = —1/2,h =0, N =12

The following data can be compared against the results listed in tables IV and V of reference
[6]. As mentioned in section 4, there are additional eigenvalues and different multiplicities in
comparison with the data presented in [6] for the computation of correlation functions. The
data missing from tables IV and V are highlighted in italic in tables C.5 and C.6.

Table C.5. 8! = 0.362 A = 2.679 572704 141 509

J [Aj /Aol arg Aj/Ao

1 0.186218 0
2-5 0.185895 +0.596 836
6-9 0.0863447  £0.769 169
10,11 0.0850952 b4

12,13 0.08137 0
14,15 0.042843 0
16 0.0381078 0

17,18 0.0332116  £1.97397
19-22 0.027 5197 b4
23-26  0.0268943  +0.74511
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Table C.6. ! = 0.22782901A¢ = 4.173697 553 454 863

J [Aj/ Aol arg Aj/Ao
1-4 0.238 817 +0.000 11555
5,6 0.181564 T

7 0.177917 0

8-11 0.134718 +0.457 658
12,13 0.131249 0
14,15 0.0903746 0
16-19  0.064 1918 b4
20,21  0.0560389  £0.766974
22-25  0.0455845 0
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