IOPSClence iopscience.iop.org

Home Search Collections Journals About Contactus My IOPscience

Functional relations for the six-vertex model with domain wall boundary conditions

This article has been downloaded from IOPscience. Please scroll down to see the full text article.
J. Stat. Mech. (2010) P0O6008
(http://iopscience.iop.org/1742-5468/2010/06/P06008)

View the table of contents for this issue, or go to the journal homepage for more

Download details:
IP Address: 194.94.224.254
The article was downloaded on 16/03/2011 at 11:14

Please note that terms and conditions apply.



http://iopscience.iop.org/page/terms
http://iopscience.iop.org/1742-5468/2010/06
http://iopscience.iop.org/1742-5468
http://iopscience.iop.org/
http://iopscience.iop.org/search
http://iopscience.iop.org/collections
http://iopscience.iop.org/journals
http://iopscience.iop.org/page/aboutioppublishing
http://iopscience.iop.org/contact
http://iopscience.iop.org/myiopscience

ournal of Statistical Mechanics: Theory and Experiment

An IOP and SISSA journal

Functional relations for the six-vertex
model with domain wall boundary
conditions

W Galleas

Max-Planck-Institut fiir Gravitationphysik, Albert-Einstein-Institut,
Am Miihlenberg 1, 14476 Potsdam, Germany
E-mail: wgalleas@aei.mpg.de

Received 15 February 2010
Accepted 16 May 2010
Published 3 June 2010

Online at stacks.iop.org/JSTAT /2010/P06008
doi:10.1088/1742-5468 /2010/06 /PO6008
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1. Introduction

The six-vertex model with domain wall boundary conditions was introduced in [1] and
since then many connections with enumerative combinatorics and orthogonal polynomials
theory have been unveiled [2]. For instance, the problem of alternating sign matrices
(ASM) and domino tiling enumeration is known to have a close relationship with the
six-vertex model with this particular boundary condition [3]-[6]. Moreover, the partition
function of this model was also shown to correspond to a Schubert polynomial in [7] and
to a KP 7 function in [§].

From the physical point of view the study of the partition function of this model
reveals to us an interesting phenomenon. Using the determinant representation found by
Izergin [9] and a Toda chain differential equation [10] satisfied by this partition function,
it was shown in [11] that the bulk free energy of the six-vertex model with domain wall
boundaries in the thermodynamical limit differs from the one with periodic boundary
conditions. This fact has also been discussed in [12] and raises the issue of the sensitivity
of the six-vertex model in the thermodynamical limit with boundary conditions.

Domain wall boundary conditions were first introduced and studied within the scope
of the quantum inverse scattering method [1], and they emerge naturally in the calculation
of correlation functions of quantum integrable systems [13]. On the other hand, integrable
systems with an underlying Yang-Baxter symmetry have also been tackled by functional
equations methods, which are intimately connected with Baxter’s commuting transfer
matrix approach [14]. However, since functional methods usually do not provide the
eigenvectors of the system, it is usually claimed that the calculation of correlation functions
is out of reach for functional equations methods.

The use of the Yang—Baxter algebra in order to obtain functional equations was first
introduced in [15] and the aim of this paper is to show that the Yang-Baxter equation
can still be explored in order to obtain a functional relation for the partition function of
the six-vertex model with domain wall boundaries.
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Figure 1. (a) Rectangular lattice with M lines and L columns. (b) The vertex
at position (7, j) with its corresponding statistical weight.

This paper is organized as follows. In the section 2 we describe the six-vertex model
with domain wall boundaries and its construction in terms of the Yang—Baxter algebra
elements. In section 3 we derive a functional equation determining the partition function
of the model and in sections 4 and 5 we study its homogeneous limit and some particular
solutions. Concluding remarks and open questions are discussed in section 6, and in the
appendices A and B we present some extra results and technical details.

2. The six-vertex model with domain wall boundaries

Vertex models in statistical mechanics were first introduced by Pauling, aiming to describe
the residual entropy of ice [16]. These models are described in terms of a matrix £
containing the statistical weights of the possible vertex configurations.

In a two-dimensional rectangular lattice consisting of M horizontal and L vertical
lines we have L x M intersection points and the intersection point of the ¢th horizontal
and the jth vertical line together with the four connecting edges is referred to as a vertex,
as represented in figure 1.

The edge variables {aj, i1, Bij, Bit1;} characterize the configuration of the vertex
at position (i,7) while EZZ;E? "7 denotes its statistical weight. The partition function
of the model is thus obtained by summing the product of the statistical weights over all
possible configurations, i.e.

M L
2= IIIIEs ®

{8} i=1 j=1

For a more detailed discussion about vertex models and their applications in statistical
mechanics see for instance [17] and references therein.

In order to evaluate the sum (1) a particular boundary condition is usually assumed
and the concept of domain wall boundary conditions for the inhomogeneous six-vertex
model was introduced by Korepin in [1]. Turning our attention to the six-vertex model,
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each edge variable «;; and 3;; can assume two possible configurations under a certain
restriction known as the ice rule. These assumptions result in the following L-matrix:
a(A) 0 0 0

0 bA) ¢ 0 (2)

0 ¢N) b(N) 0

0 0 0 a())

L) =

containing the statistical weights a, b and ¢ of the allowed configurations. The weights
are explicitly given by a(A) = sinh (A + ), b(\) = sinh (A) and ¢(\) = sinh () where v
is the anisotropy parameter and the complex variable A parameterizes the Yang—Baxter
integrable manifold
a?+ v — 2
2ab
Strictly speaking, the £-matrix (2) satisfies the Yang—Baxter relation

Lio(A = ) Liz(A = v)Log(p — v) = Log(p = v)Lis(A = v)Lio(A — ) (4)
where £;; € End(V; ® V;) and V; = C%. Consequently, the monodromy matrix

TN A{pe}) = LanX = p1) Lao(A = p2) -+ Lar(A — pr) (5)
satisfies the relation

ROA=v) T\ A{me}) © T (v, {ie}) = T (v, {m}) @ T(A {pw}) RA—w) (6)

where R(A) = PL(\) and P is the standard permutation matrix. The relation (6) is
commonly referred to as the Yang—Baxter algebra and, together with the relation (4), it
constitutes the basis of the quantum inverse scattering method [18, 13].

Boundary conditions are an important ingredient in the formulation of lattice models
and the case with domain wall boundary conditions introduced in [1] requires that
the boundary edges have a particular configuration respecting the six-vertex model
symmetry. For the six-vertex model each edge variable {«;;, 3;;} can assume two possible
configurations which can be conveniently denoted by arrows pointing inwards or outwards,
ie.

=A A = cosh (7). (3)

Q5= — O <
ﬁi,j =] or T

In this way domain wall boundary conditions consist of the restrictions

(7)

Qi1 = — Qi L+1 =
frj= 1 Brri;=1

where now we are considering a square lattice with M = L. In order to make this situation
clearer and more intuitive, we have depicted a possible six-vertex lattice configuration with
domain wall boundaries in figure 2.

For the six-vertex model the monodromy matrix (5) consists of a 2 x 2 matrix with
operator valued entries. Within the framework of the quantum inverse scattering method
it can be conveniently denoted as

AN Ly BO\ {
Toumh = (S0 ) Do) ®

doi:10.1088,/1742-5468,/2010/06 /PO6008 4
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Figure 2. A configuration with domain wall boundary conditions.

and it was shown in [1] that the partition function (1) of the inhomogeneous six-vertex
model with domain wall boundary conditions can be written as

Zow = (O T BO, {m})10) (10)

J=1

or equivalently

Zpw = <0|HC()‘J'7{M})‘6>7 (11)

j=1

where |0) and |0) denote the usual ferromagnetic states

L L
1 = 0
|o>:(§)(0) and \o>:(§)<1). (12)
In the following sections we shall demonstrate how the Yang-Baxter algebra can be
employed in order to obtain a functional relation for the partition function (10).

3. Yang—Baxter algebra and functional relations

The Yang-Baxter algebra is a cornerstone of the quantum inverse scattering method and it
has been successfully explored in order to construct integrable systems and to extract exact
results from them. More recently, it was shown in [15] that the Yang—Baxter algebra can
also yield functional relations determining the spectrum of spin chains with non-diagonal
twisted and open boundary conditions.

In [1], Korepin obtained a recursion relation for the partition function (10) whose
solution was later on given by Izergin [19] in terms of a determinant formula. Our purpose
here is to demonstrate that the Yang—Baxter algebra also provides us with a functional
equation determining the partition function of the six-vertex model with domain wall
boundaries. In order to do this we first need to recall some properties exhibited by the
six-vertex model monodromy matrix (5).

doi:10.1088/1742-5468,/2010,/06 /P06008 )
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0 1
of the tensor product V; @ Vo @ --- @ V; ® --- ® V. The action of L4; on these states
yields a triangular matrix. For instance we have

el = ("% d,) (13

Let |0); and |0); be the states (1> and (O) respectively, acting on the jth space

and analogously

ey — (6N)[0); 0
‘GAJ()‘)‘O)] = ( t a()\)‘())j) ) (14)

where the symbol 1 stands for a non-null value.
Due to its definition, the monodromy matrix (5) inherits the triangular properties (13)
and (14). In this way the monodromy matrix elements satisfy the relations

AN {pue})|0) = H aA=p3)|0) B {m})[0) =1

. (15)
CO{mhI0) =0 DO {mih)l0) = [T oA = 15)10),
and
AXNAmDIO) = T[oO = p)I0) B {m})[0) =0
= . (16)
COAmNO) =1 DO {m)I0) = [ [ a(A = 1;)10).

J=1

Another fundamental ingredient in the method considered here is the Yang—Baxter
algebra. The relation (6) encodes several commutation rules for the elements of the
monodromy matrix and among them we shall make use of the following ones:

ADAD B ) = G Bl D AC (1) = 5= BO b A )
a(A—v c(A—v)

>/

-V

DO () = () = 55—
¢(\

[CAAuk}), By, {m})] = b()\i—ui (A, {pn}) D, i }) — A i }) D (v, { e )]
B()‘7 {Mk})B(V’ {Mk}) - B(V’ {Mk})B()‘v {:U'k:})

B () DO 1)) = 53— BO ) Do (s

(17)

In [18] and [1] it was shown that the operator B(A, {iu}) plays the role of a raising
operator with respect to the pseudo-vacuum state |0) while the operator C'(\, {1 }) acts

doi:10.1088/1742-5468,/2010,/06 /P06008 6
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as a lowering operator. Furthermore, it was also demonstrated in [1] that

mmaHBmmam ZMIW%MMW

J#z
+ > NuB(o, {m}) H B(Ni, {1 })[0) (18)
1<i<j<n
l;éz]
with
(A L a(h — M) a(As — Ao)
M, = o —
TG — Ao E“ 0= )b “’1;[ b\ — M) B0 — Ao)
ki
L
a(Ao — Ak) a(Ae — N)
b(No — 19
/\0 - H“ ~ 0t = u) ;}_[ b(ho — M) BV — N0) (19

c(Xo = M) c(X — Ao) a(\i — \))
000 M) B0y — re) BOw — ) | RN

oa(A = Am) a(Am — Aj)
5 Hl b(h — Am) b — Ay) (20)

m#i,j
for any number n of operators B(\;, {{}). The demonstration of (18)—(20) only makes
use of the commutation rules (17) together with the relations (15).

At this stage we have gathered most of the ingredients required to obtain a functional
relation for the partition function (10). In order to proceed we look at the relation (18)
with n = L + 1 and act with the dual vector (0| on its left-hand side. By doing so we
obtain the following relation:

L1 L1
(01C (Ao, {1 }) HB Aiy {1:})10) = ZM Z(My s At ity Anga)
i=1
+ Z Nji Z(Xos Aty ooy Nicty Aigts - Aot Ajdy - -5 ALy) (21)
1<i<G<L+1

where Z(Aq,...,Ar) denotes the partition function (10), omitting the dependence on the
variables {ju}.

We shall refer to H B(\;, {1})]0) as Bethe vectors and it was also shown in [1] that

[T B {uh)Io) = 2. A0)I0) (22)

doi:10.1088,/1742-5468,/2010/06 /PO6008 7


http://dx.doi.org/10.1088/1742-5468/2010/06/P06008

Functional relations for the six-vertex model with domain wall boundary conditions

which implies
L+1

[T B {10y =0 (23)

J=1

due to the relations (16). The Bethe vectors enjoy the property of being the highest
weight SU(2) vectors [20,21] and a careful examination of (21), taking into account the
relation (23), reveals that its left-hand side vanishes. In other words, the consistency of
the Yang—Baxter algebra with the highest weight property of the Bethe vectors results in
the following functional equation for (10):

L+1

ZMz Z()‘la ) )\ifla >‘i+17 ) )\LJrl)
=1

+ 0> Ni ZOo A Aie A Ao At - Ara) =0, (24)

1<i<j<L+1

where the functions M, and Nj; are given by the relations (19) and (20) with n = L + 1.
We have verified the validity of the relation (24) by explicitly computing the partition
function Z(Aq,...,Ar) for L = 1,2,3,4,5 using the definition (10), and in what follows
we shall discuss the properties of equation (24) as well as some particular solutions.

4. The homogeneous limit

The results of the previous sections focus on an inhomogeneous lattice whose statistical
weights are parameterized by variables {\;} and {4 }. In this section we analyze explicitly
the homogeneous limit

Ao = A = (25)

in equation (24) for L = 1,2 which already unveils the properties that uniquely determine
the partition function (10).

The case L = 1 is trivial since the partition function Z(\) can be promptly written
down from the definitions (2), (5) and (10). However it is worthwhile to look at (24) with
L =1 for illustrative purposes. In that case we have the equation

MiZ(As) + MaZ(M) + Nay Z(Ag) = 0, (26)

and by inspecting the relations (19) and (20) we find in general that the limit p — p can
be easily obtained. By way of contrast the limit A\, — A is highly non-trivial due to the
presence of poles in the functions M; and Nj; when two variables A; coincide. In spite of
that, this limit can be taken using 'Hopital’s rule and we shall see that the polynomial
structure and the asymptotic behavior discussed in appendix A also play an important
role in the unique determination of the partition function Z(\y, ..., Ar).

Considering the limits Ao, \j, A2 — A and py — p in equation (26) we obtain the
following differential equation:

2qx dZ «x 4qz 5 o| d*Z
l-————— |+l -+ — =0 27

sl ke e s AT ke 0
doi:10.1088/1742-5468,/2010,/06 /P06008 3
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expressed in terms of the variables z = ¢?*~#) and ¢ = ¢7. Equation (27) possesses the
general solution

Z(x) = K1+ Ko [(1+ ¢*)(wg® — 27 ") — 4¢” log 2] , (28)

where K; and Ky are arbitrary constants. However, the polynomial structure discussed
in appendix A requires that Ky = 0 and we are thus left with Z(z) = K;. The constant
K is then fixed by the asymptotic behavior (see appendix A), and for L = 1 we end up
with

Z(z)=1"9 (29)

As mentioned before, the case L = 1 is a trivial case and we now turn our attention to
the case L = 2. In that case equation (24) reads

My Z(0o, As) + My Z(M, Ns) + My Z(A1, Ao)
+ Noy Z(Xo, Az) + Na1 Z( Ao, A2) + Naa Z( Ao, A1) =0 (30)

and again we can use 1’Hopital’s rule in order to evaluate the limit Mg, A1, Ao, A3 — A
and ju1, s — p. In terms of the variables x; = e2*~#) we have that Z(x1,29) =
Z(x1,29)/\/T122 where the function Z(z1, x2) is a polynomial of degree 1 in each variable
separately as discussed in appendix A. Thus, in the homogeneous limit, the function Z
is a polynomial of order 2 in the variable z. This fact implies d"Z/dz" = 0 for n > 2 and
taking this into account, when considering the homogeneous limit in (30), we obtain the
equation

dZ(z)
dx

d*Z(z)
dax?

Oo(2)Z(x) + Py (z) + Dy(x) =0 (31)

where

Do(z) = —4¢°(1+ ¢* + ¢*) + 6¢* (1 + ¢*)x + 12¢°2° — 6¢°(1 + ¢*)®

Oy () = —(1+2¢° +2¢" + ¢°) + 4¢°(1 + ¢* + ¢')z — 12¢°° + ¢" (=1 + 4¢° + 4¢" — ¢°)a*
Oy(x) = (1 - ¢* —¢' + %)z — 2¢°(1 — 2¢° + ¢")(1 + ¢*2*)a® + ¢*(1 — ¢* — ¢" + ¢°)2”.
(32)
Looking at the polynomial solution of (31), we can generically write
Z(1) = koa® + k1 + ko (33)

where ko, k1 and ko are arbitrary constants. In this way by replacing (33) into (31) we
find

k 4k
=22 and by = ——2

¢ (1+¢%)
and the constant ks is then fixed by the asymptotic behavior of Z which can be found in
appendix A. It turns out that

ko= (g —q )21+ %), (35)

and we close this section by summarizing our results.
Although we have considered only solutions in the homogeneous limit, this analysis
suggests that the partition function Z(Aq,...,Ar) is determined by the following

ko (34)

doi:10.1088/1742-5468,/2010,/06 /P06008 9
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properties:

(i) functional relation (24);
(ii) polynomial structure:

Z(ZL‘l, .. JZL)
Z()\l’.“’)q):W (36)
=1
where Z(x1,...,2r) is a polynomial of degree L — 1 in each variable z; separately;
(i) asymptotic behavior Z(z1, ..., xp) ~ 5 B [L]2! (zy - -2p)" " as z; — oo,

Here [L],2! corresponds to the g-factorial function whose definition is given in appendix A,
and in the next section we shall discuss the validity of the properties (i)—(iii) for the non-
homogeneous case.

5. Non-homogeneous solutions

In order to analyze the role of the conditions (i)—(iii) given in the previous section we
shall now consider the case with u; = 0, while the A\, are kept arbitrary, in addition
to the homogeneous limit discussed previously. Let us start again looking at the case
L = 1 where the partition function Z is constrained by equation (26). In that case the
polynomial structure (ii) implies that Z is a constant and it solves equation (26) due to
the identity

My + My + Ny =0, (37)
which holds even when p; is kept arbitrary. That constant is then determined by the
property (iii) like in the homogeneous case discussed in section 4.

For the case L = 2, the partition function Z(\;, \y) satisfies equation (30) and the
polynomial structure (ii) implies the following general form for the partition function:

Z(M, Ao) = Z B €2 (38)

mn=—1

where h,,, are arbitrary coefficients. By replacing the expression (38) in equation (30)
and equating the coefficients we find constraints for h,, , which are solved by

h
h_i1= % hoo =10
q
h_10=0 ho1 =0
1,0 , 0,1 ) (39)
o= ——= hy = ——
1,1 e 1,-1 At )
ho, -1 =0 hio =0,

while the leading term coefficient h; is then determined by the condition (iii),
hyii = %6(61 - q71>2(1 + q2). (40)

The fact that equation (24) determines all coefficients of the polynomial Z(Aq, ..., AL),
except for one, would be expected since equation (24) is invariant under the transformation

doi:10.1088/1742-5468,/2010,/06 /P06008 10
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Z — Q Z where () is an arbitrary constant. Thus the role of the condition (iii) is
the determination of the leading term coefficient of the polynomial Z(Ay,...,Ar). The
partition function Z(A;, A2) is also expected to be symmetric in the variables A\; and A,
i.e. Z(A1,\2) = Z(X2, A1), due to the definition (10) and the commutation relations (17).
Though we have not made this assumption, the solution of equation (30) given by (38)
and (39) is manifested as a symmetric polynomial, reflecting that this property is already
incorporated in equation (24).
Turning our attention to the case L = 3, equation (24) reads

Mlz(Ag, Ag, /\4) + MQZ(Al, )\3, )\4) + MgZ()\l, )\2, )\4) + M4Z()\1, )\2, )\3)
+ No1Z (Ao, Az, A1) + N31 Z (Ao, Aoy Ag) + Nuz Z (Ao, Ao, A3)
+ N32Z (Ao, A1, Aa) + Nao Z (Ao, A1, Ag) + NusZ (Ao, A1, A2) =0 (41)

where the coefficients M, and Nj; are given by equations (19) and (20). Restricting
ourselves to the polynomial solution of (41) characterized by the property (ii), the partition
function Z(A1, A2, A\3) can be generically written as

2
Z(Ah AQ) A3) = Z hm,n,o em)\1+TZ>\2+O>\37 (42)

m,n,0=—2

which can be directly substituted in equation (41). By doing this we find constraints fixing
all the coefficients A, ., except for one, i.e. the leading term coefficient hg o2, which is
then fixed by the property (iii):

1
29
In order to avoid an overcrowded section we have collected in the appendix B the non-
null coefficients h,, ,, contained in the expression (42). As we also observed for the case
L = 2, the resulting expression (42) is symmetric under the exchange of variables as a
direct consequence of equation (24).

We close this section by remarking that although we have not rigorously proved
that the conditions (i)—(iii) uniquely define the partition function (10), the explicit
computations performed in this section and in the previous one, using solely the
properties (i)—(iii), strongly suggests that those properties completely determine the
partition function Z(Ay,...,Ar).

hooo==(q—q¢ 1+ 1+ +q"). (43)

6. Concluding remarks

In this paper we have obtained a functional equation for the partition function of the
six-vertex model with a domain wall boundary condition. The main ingredient in our
derivation is the Yang—Baxter algebra, indicating a novel branch of exploration of this
algebra.

Although we have explicitly verified the validity of the functional equation (24) for
L =1,2,3,4,5, it would still be interesting to provide a proof of the Izergin determinant
representation [9]. Tt is also worth remarking that functional equations for this partition
function have already been presented in the literature [22] for when the anisotropy
parameter ¢ is a root of unity. Equation (24) is valid for general values of the anisotropy

doi:10.1088/1742-5468,/2010,/06 /P06008 11
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parameter ¢ and certainly it would be interesting to investigate the connections between
our equation and the ones of [22].

Different equations and representations for this partition function have also being
investigated in the literature [7, 10,22, 23], usually obtained from the Izergin determinant
formula. Our analysis does not rely on the determinant formula and we hope equation (24)
still allows one to investigate alternative representations.

A careful examination of equation (24), or the particular case depicted in (30),
suggests that we have a relation between the partition function in the complete
homogeneous limit and the one in the partial homogeneous limit.  This partial
homogeneous limit has been discussed in [24], associated with the proof of the refined
alternating sign matrix conjecture, and in [25], related to the six-vertex model arctic
curve. The examination of (24) then suggests that such an equation relating partial and
complete homogeneous limits could be obtained by considering Ay, Ao, ..., Ar11 — A while
keeping A fixed.

Within the framework of the quantum inverse scattering method, the study of
partition functions with domain wall boundary conditions shares many aspects with the
computation of scalar products and correlation functions [13]. Given this similarity we
hope to report on functional equations for scalar products and correlation functions in a
future publication.

Appendix A. Polynomial structure and asymptotic behavior.

As was shown in [1] and [15], the definitions (2), (5) and (9) allow us to study the
dependence of the operator B(A,{u;}) on the spectral parameters. In terms of the
variables z; = ¢2%~#) it turns out that

B(Xi, {p}) = N 1 —TO7z [ Dt 1Y ot W+ ] (A1)

7

with L operator coefficients f,. The leading term f;_; can be written down explicitly due
to the structure of (2) and (5), and it is given by

L L
fé’ll _ 27Lq(L73)/2(q2 — 1) exp [(L — 1) — Zuj] Zeij (A.2)
j=1 j=1

where the operators P; are defined as

P = ®K®X ®®K1 (A.3)

l=j5+1

Together with X+ = (O 1 ), the matrices

0 0

_ 0 0
X_<1 O) and K—(

doi:10.1088/1742-5468,/2010,/06 /P06008 12
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generate the g-deformed su(2) algebra,
K?—- K2
KXTK'=¢"X* [XT,X7| =——. (A.5)
q9—q
Looking at the definition (10) we can readily see that the dependence of Z(Aq, ..., Ar)
on the spectral parameters follows directly from the dependence of [, B(\;, {1 }) with
{\;} and {p} since the vectors |0) and |0) do not depend on them. Thus considering the
definition (10) and (A.1) we can write

Z(xla"'axf)
Z()\lau'a)\L):ﬁ (A6)
ITis 955 /
where Z(w1,...,x7) consists of a polynomial of degree L — 1 in each variable z;
independently.

In their turn the coefficients fgll govern the asymptotic behavior of Z. In the limit
x; — oo only the leading term coefficients contribute and from (A.1) and (A.6) we obtain

Z(xy,...,0p O|H 1|0 (zy...2p)"! as x; — 00. (A.7)

The product H . , can be worked out using the following properties exhibited by the
operators P;:

PPj=¢PP (i<} (A.8)

P’ =0, (A.9)

which can be derived with the help of the relations (A.3)-(A.5).
Considering the property (A.9), we then have

HfL 1_2 L2q (L 3/2 ZPCHPG,Q“ ar, (Al())
{a;}

where > {a,} denotes a summation over {a;} with each index a; ranging from 1 to L under
the constraint a; # as # - - - # ar. The terms of Z{a y Py Foy - -+ By, can be ordered using
the relation (A.8) in order to achieve a common element. Thus we ﬁnd

> PPy Py =04q)1+q +q ") (1+q7
{a;}

+q¢ i+ 2P, Py (A.11)
Now in order to derive an explicit expression for the leading term coefficient in (A.7),
we only need to compute (0|PyPy---Pr|0). This task can be directly performed since

Py Py - Py, consists of a tensor product of local operators. Using (12) and (A.4) we thus
obtain

(0| PPy -+ PLj0) = g~ D/2, (A.12)
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Gathering our results so far, in particular the relations (A.10)—(A.12), we are left with

T 0 (a—gqH*
O TT £22410) = =5 L1, (A.13)
i=1
where [L!],2 denotes the g-factorial function defined as
L =10+ A+ @ +¢") - (T+ 4+ P2, (A.14)

Appendix B. The coefficients h,, ,

In the table below we present the non-null coefficients h,, ,, , of the polynomial (42) solving
equation (41).

(m,n,o) % (m,n,o) %
(-2.-2,-2) 0.0.0) AT e i
(=2,-2,0) q4(1—;i£1£;z?q+q2) 0,0,2) (1—q+q2§(21+q+q2)
(=2,-2,2) q2(1*q+q§)(1+q+q2) 0,2,-2) q2(1+qg)((11thofr]jl;r)%2rq+q2)
(=2,0,-2) q4(1—;i£1£;z?q+q2) 0,2,0) (1—q+q2§(21+q+q2)
(=2,0,0) q2(1*q+qé§(1+q+q2) 0,2,2) (1—q13g<+1q+2;+q2>
(=2,0,2) q2(1+q;)((11t1qofzj)c(laq+q2) (2,-2,-2) q2(1—q+q23)(1+q+q2)
(-2.2-2)  aremeEEe (2-20)  FrEA
(=2,2,0) q2(1+q;)((11t1q[ft21j)%2rq+q2) (2,-2,2) (1*q+q2)3(1+q+q2)
(=2,2,2) (1—q+q2)3(1+q+q2) (2,0,-2) q2(1+q;)((11t1¢104i;){112#q+q2)
(0,-2,-2) q4(1f;jgé;r(ﬁq+q2) (2,0,0) (1fq+q2§%1+q+q2)
(0,-2,0) q2(1—q+q£§(1+q+q2) (2,0,2) (1—q;§g;(ﬁqjg+q2)
0,-2,2) q2(1+q;)((11t1q[ft21j)%2rq+q2) (2,2,-2) (1*q+q2)3(1+q+q2)
0,0, -2) q2(1—q+q£§(1+q+q2) (2,2,0) (1—q;§g;(ﬁqjg+q2)
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