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Abstract

We apply our new approach of quantum Separation of Variables (SoV) to the complete
characterization of the transfer matrix spectrum of quantum integrable lattice models
associated to gl,-invariant R-matrices in the fundamental representations. We consider
lattices with N-sites and general quasi-periodic boundary conditions associated to an
arbitrary twist matrix K having simple spectrum (but not necessarily diagonalizable).
In our approach the SoV basis is constructed in an universal manner starting from the
direct use of the conserved charges of the models, e.g. from the commuting family of
transfer matrices. Using the integrable structure of the models, incarnated in the hierar-
chy of transfer matrices fusion relations, we prove that our SoV basis indeed separates
the spectrum of the corresponding transfer matrices. Moreover, the combined use of the
fusion rules, of the known analytic properties of the transfer matrices and of the SoV
basis allows us to obtain the complete characterization of the transfer matrix spectrum
and to prove its simplicity. Any transfer matrix eigenvalue is completely characterized
as a solution of a so-called quantum spectral curve equation that we obtain as a dif-
ference functional equation of order n. Namely, any eigenvalue satisfies this equation
and any solution of this equation having prescribed properties that we give leads to an
eigenvalue. We construct the associated eigenvector, unique up to normalization, of the
transfer matrices by computing its decomposition on the SoV basis that is of a factorized
form written in terms of the powers of the corresponding eigenvalues. Finally, if the
twist matrix K is diagonalizable with simple spectrum we prove that the transfer matrix
is also diagonalizable with simple spectrum. In that case, we give a construction of the
Baxter Q-operator and show that it satisfies a T-Q equation of order n, the quantum
spectral curve equation, involving the hierarchy of the fused transfer matrices.
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1 Introduction

In this paper we continue our study of quantum integrable lattice models using the new ap-
proach to quantum separation of variables that we developed recently [1]. We use the frame-
work of the quantum inverse scattering method [2-10]. In the present article we consider
the class of quantum integrable lattice models associated to irreducible representations of the
Yang-Baxter algebra obtained from tensor products of the fundamental representation corre-
sponding to the n? x n? rational gl,-invariant R-matrices for any n > 2 [11-18]. The gl,, sym-
metry of these R-matrices implies that the monodromy matrix multiplied by an arbitrary n x n
twist matrix K still satisfies the same Yang-Baxter algebra governed by the given R-matrix. Let
us remark that for any choice of an invertible K-matrix, one gets a quantum integrable model
associated in the homogeneous limit to the same bulk Hamiltonian as for K = 1 but having
different K-dependent quasi-periodic boundary conditions.

Integrable quantum models in this class have been analyzed in the literature and exact
results on the spectrum have been obtained e.g. by the use of generalizations of the standard
algebraic Bethe ansatz like nested Bethe ansatz [11, 14] and analytic Bethe ansatz [15-18],
with important recent progress towards their dynamics [19-28]. Here, we investigate them in
the framework of the quantum Separation of Variable (SoV) approach pioneered by Sklyanin
[29-34] along our new method of constructing an SoV basis presented in [1]. The SoV ap-
proach has in general the clear advantage to give a simple proof of the completeness of the
spectrum description as it has been demonstrated in several important examples, mainly asso-
ciated to the 6-vertex and 8-vertex representations of the Yang-Baxter and Reflexion algebras,
see e.g. [29-70], which in Bethe ansatz framework is not an easy task in general. The SoV
approach has been also shown to work for several integrable quantum models for which the
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Algebraic Bethe ansatz cannot be directly used', due in particular to the absence of a so-called
reference state, see e.g. [29]. It also allows to get some universal and straightforward simul-
taneous characterization of the transfer matrix eigenvalues and associated eigenvectors.

Let us recall that in the Sklyanin’s SoV approach?, the first step is to identify a one param-
eter commuting family of operators, the so-called B-operator, which must be diagonalizable
and with simple spectrum. Then, let Y, be the operator zeroes of B(1). They form a set
of commuting operators and their common eigenbasis can be labeled by their eigenvalues.
Second, this B-operator family should have a “canonical conjugate” operator family, the so-
called A-operator, also depending on a spectral parameter A, which, thanks to the Yang-Baxter
commutation relations, when carefully evaluated at A = Y,, acts as a shift operator over the
spectrum of the Y,,. Third, the operator families B(1), A(A) and the transfer matrices of the
model have to satisfy appropriate commutation relations implying that the operator families
A(A) and the transfer matrices over the spectrum of the Y, satisfy a quantum spectral curve
equation associated to the monodromy matrix M(A) satisfying a Yang-Baxter or Reflexion al-
gebra. The fused transfer matrices appear there as operator coefficients and play the role of
the quantum spectral invariants of the monodromy matrix M(A). As shown by Sklyanin, see
e.g. [33], they are defined as quantum deformations of the corresponding classical spectral
invariants. When these three steps are realized, the Y, are the so-called quantum separate
variables for the transfer matrix spectral problem, the associated eigenbasis is the SoV basis
and the separate relations are given by the quantum spectral curve equations that are finite
difference equations over the spectrum of the separate variables.

Hence, this beautiful Sklyanin’s picture for the construction of the SoV requires the identifi-
cation of the operator families B(A) and A(A) and the proof that they satisfy all the outlined re-
quired properties. Sklyanin has proposed a way to identify these operator families® for a large
class of models associated to the representation of the 6-vertex Yang-Baxter algebra and has
implemented the procedure for some important models. As already mentioned, using his iden-
tification or simple generalization of it (see for example the idea of pseudo-diagonalizability
of the B-operator family [59,60]) it has been possible to widely implement the Sklyanin’s SoV
approach for integrable quantum model. Nevertheless, the Sklyanin’s identification of the
operator families B(1) and A(A) does not seem to be universal. In particular, for the higher
rank cases, it appeared [1] that for the fundamental representation of the rational Yang-Baxter
model associated to gl it does not apply, as the proposed A(1) does not seem to act as a shift
operator over the full B-spectrum.

Hence, until now, despite several important progress in their understanding [34,37,66,77,
78], a systematic SoV description of higher rank quantum integrable models for a generic K-
matrix has represented a longstanding open problem. Here, we solve it for the class of models
associated to the fundamental representations of the Yangian Y (gl,,) for general quasi-periodic
boundary conditions associated to a matrix K having simple spectrum (but not necessarily
diagonalizable). This is done by implementing our new construction of the Separation of
Variables (SoV) basis according to the general lines described in [1] where it was already
applied to the casesn =2 and n = 3.

The key point is that our SoV construction allows us to overcome the above mentioned
problem of the identification of the operator families B(A) and A(A) and the proof of their
required properties, e.g. the characterization of the B-spectrum and the proof of its diago-
nalizability and simplicity. In the case in which the Sklyanin’s SoV approach works our SoV
construction can be made to coincide with the Sklyanin’s one by choosing appropriately our

INote that, in the rank one case a modification of the original Algebraic Bethe Ansatz has been introduced to
describe the XXZ and XXX quantum spin 1/2 chains with general integrable boundaries [72-76].

2At least for integrable quantum models associated to finite dimensional quantum spaces over finite lattices.

30n the basis of pure algebraic properties inferred by the Yang-Baxter commutation relations.
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SoV-basis while our SoV construction applies to larger classes of models, as the higher rank
cases that we are going to describe in this article.

In our approach [1] the SoV basis is constructed in an universal manner starting from the
direct use of the conserved charges of the models, namely from the repeated action of the
transfer matrices on a generic co-vector of the Hilbert space. The integrable structure of the
model, incarnated in the transfer matrix fusion rules, are the basic tools used to prove the sep-
aration of the transfer matrix spectrum in our SoV basis. The complete characterization of the
transfer matrix spectrum (eigenvalues and eigenvectors) is then obtained and its simplicity is
proven. For any fixed eigenvalue the associated (unique up to normalization) eigenvector has
coefficients in the SoV basis of factorized form written in terms of powers of the corresponding
transfer matrix eigenvalues. The eigenvalues admit both a discrete and a functional equation
characterization. Our SoV approach naturally leads to a characterization of the eigenvalues
as the set of solutions to a system of N (number of sites of the lattice) equations of order n
for N unknowns. Then, in a second characterization, that we prove to be equivalent to the
first one, they are obtained as the set of solutions of a functional equation which is an order n
finite difference functional equation. The coefficients of this quantum spectral curve equation
are related to the quantum spectral invariant eigenvalues of the model, i.e. the eigenvalues
of the fused transfer matrices. Finally, under the further condition that the twist matrix K is
diagonalizable with simple spectrum, we prove that the transfer matrices are also diagonaliz-
able with simple spectrum. It allows us in this case to define a single higher rank analog of
the Baxter Q-operator [79-102] satisfying with the transfer matrices the same order n finite
difference functional quantum spectral curve equation.

It is interesting here to make some further comments on the role played by the integra-
bility in our SoV construction and on the subsequent characterization of the transfer matrix
spectrum. We have recalled, in our previous paper [1], that the concept of independence of
the charges, which is natural in classical integrability, is hard to define in the quantum case.
Instead we have used there the requirement of w-simplicity (non-degeneracy) of the transfer
matrix spectrum as an independence condition for generating the SoV basis. One has however
to point out that from the w-simplicity of the spectrum of the commuting family of the transfer
matrices it follows that we can always fix some value of the spectral parameter for which the
corresponding transfer matrix, let us say T(Ag) is itself w-simple. Then, remarking that any
operator commuting with a w-simple operator can be written as a polynomial of it of maximal
degree d — 1, with d the dimension of the Hilbert space [103, 104], one natural question that
can emerge concerns the role of the other conserved charges and of the integrable structure.
What we have shown in [1] is their role in the solution of the common spectral problem. In-
deed, using only one w-simple operator T(A,) we can in fact construct our basis according to
formula (2.17) of our previous paper, so that the factorized characterization of the eigenvec-
tors in terms of the eigenvalues of the Lemma 2.1 works. However this can be seen only as a
pre-SoV characterization. Indeed, it leads to a characterization of the eigenvalues through a
polynomial equation (given by the characteristic polynomial) of degree n" (the dimension of
the Hilbert space) for N sites. Instead, exploiting the full integrable structure of the model,
in particular using the hierarchy of fused transfer matrices and their fusion relations, allows
for the introduction of different type of spectrum characterization (discrete and functional)
giving rise to equations of the quantum spectral curve of degree n.

Let us comment that the use of the fusion relations [12,14] in the framework of the quan-
tum inverse scattering method to investigate the transfer matrix spectrum has already found
several applications in the literature of quantum integrable models. A first systematic use of
them has been introduced by Reshetikhin in his analytic Bethe ansatz method [15-18], see
also [105,106]. There, these fusion relations are used to introduce an ansatz on the form of
the transfer matrix eigenvalues which eventually leads to a nested system of Bethe equations
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by the requirement of analyticity.

It is also interesting to remark that the connection with the fusion relations of the transfer
matrices is evident already in the Sklyanin’s SoV approach. This is intrinsically contained in
the SoV as the condition of existence of transfer matrix eigenvectors [54-56] is just equiva-
lent to the fusion relations of the transfer matrices computed in the spectrum of the separate
variables and their shifted values. In [56] indeed it was explicitly stated, in the case of the
8-vertex model, that these fusion relations together with the known analyticity properties of
the transfer matrix can be used to characterize the transfer matrix eigenvalues (as solutions
to a system of quadratic equations of N equations in N unknowns). However, it was pointed
out there that such a purely functional approach does not allow to identify the solutions to
the system of equations which correspond to true eigenvalues. This is the case for the purely
functional methods which do not allow for the construction of eigenvectors. Such a problem
is indeed solved by our construction of the SoV basis in [1]. Indeed, our SoV basis with the
combined use of transfer matrix fusion relations and their known analytic properties allows to
identify the eigenvalues as the solutions to the system for which a unique (up to normalization)
corresponding eigenvector can be constructed.

Finally, let us mention that while this work was already completed, an interesting paper
[107] appeared, using the ideas of [ 1], also dealing with quantum integrable models associated
to gl,-invariant R-matrices. In this article, the conjecture discussed in [1] (and proven there
for the gl, case) that our SoV basis can be constructed in such a way that it is an eigenbasis for
the Sklyanin B-operator is argued for the gl case. Let us comment however that the strategy
we use in the present article (and also in [1]) to completely characterize the transfer matrix
spectrum does not use the properties of the Sklyanin B-operator. Rather, as will be shown in
the following, we use directly the properties of our SoV basis constructed from repeated actions
of transfer matrices on a generic co-vector of the Hilbert space. From there, we will show that
the structure constants of the commutative and associative Bethe algebra of conserved charges
generated by the transfer matrices can be completely determined from the transfer matrix
fusion relations and their asymptotic behavior properties (see eq.(3.20)). It leads in a direct
way to the complete characterization of the spectrum of these transfer matrices (eigenvalues
and corresponding eigenvectors). Notice that for Gaudin gl,, models the interest of such a
Bethe algebra was pointed out in [108]. Let us finally remark that it would be quite interesting
to investigate the possible role of these structure constants in the approach of [109] to quantum
integrable models.

This article is organized as follows. In section 2 we fix the basic definitions and the essen-
tial fusion and asymptotic behavior properties of the transfer matrices that we need for our
purposes. In section 3 we completely characterize the spectrum of the transfer matrix for gl,,
models in the fundamental representations in terms of a discrete set of equations. In section 4
we prove that this characterization is equivalent to a functional quantum spectral curve equa-
tion. Further, in the case where the twist matrix is diagonalizable with simple spectrum we
give a reconstruction of the Baxter Q-operator satisfying the corresponding T-Q equation to-
gether with the fused transfer matrices. Finally in section 5 we give an Algebraic Bethe ansatz
like rewriting of the transfer matrix complete spectrum. Important properties of the transfer
matrices commutative algebra used in section 3 are proven in Appendix A. Similarly, technical
proofs needed in section 4 are gathered in Appendix B.
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2 Transfer matrices for quasi-periodic Y (gl,,) fundamental model

Here and in the following we denote by N the number of lattice sites of the model. Using the
same notations as in [1], let us consider the Yangian gl,, R-matrix

Rap(Ag—2Ap) = (Mg — Ap)lap + NP, € End(V, ® V), with V, = C™, V, =C", n € N*, (2.1)

where P, ;, is the permutation operator on the tensor product V, ® V}, and 7 is an arbitrary
complex number. It is solution of the Yang-Baxter equation written in End(V, ® ;, ® V.):

Ra,b(Aa - A'b)Ra,c()ta - Ac)Rb,c(Ab - Ac) = Rb,c(xb - Ac)Ra,c()('a - A'C)Ra,b(xa - Ab)’ (2.2)
and any matrix K € End(C") satisfies:
Ra,b(la: A’b)KaKb = KbKaRa,b(A’a: A’b) € End(va € Vb ® Vc)a (23)

i.e. it realizes the gl,, invariance of the considered R-matrix. Then we can define the general
(twisted) monodromy matrix,

M(EK)(A) = KaRa,N()La - gN) o 'Ra,l(ka - 51)3 (2.4)
which satisfies the Yang-Baxter algebra,
R,p(Aa = 2p)MIOQIM O () = My O ()M ()Ra b (g — ), (2.5)

in End(V, ® V;, ® H), with H = ®§V:1Vl and its dimension d = n". Hence it defines a represen-
tation of the Yang-Baxter algebra associated to this R-matrix and the following one parameter
family of commuting transfer matrices:

TYR) = try, MEO(Q). (2.6)

In the above formulae, and in all this article, the complex parameters {1, ..., £y } are called in-
homogeneity parameters, and we will assume in the following that they are in generic positions
such that the above Yang-Baxter algebra representation is irreducible.

Let us define the following antisymmetric projectors:

Py = ) 2.7)

where:
Pn(vl ®"'®Vm) =Vr1)® @ Vy(m)s (2.8)

with P;” = I. Then the following proposition holds:

Proposition 2.1 ([12,13,105]). The fused transfer matrices (quantum spectral invariants):

generate n one parameter families of commuting operators:
[T, 1®W]=0,  Vi,me{l,..n} (2.10)
The last quantum spectral invariant, the so-called quantum determinant:

.....

is moreover a central element of the algebra:

[q—detM (1), MB ()] = 0. (2.11)

6
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Moreover, the quantum spectral invariants satisfy the following properties:

Proposition 2.2. The fused transfer matrices have the following polynomial form:
a) T,;K)(A) has degree mN in A and central asymptotic behavior given by:
T(K:00) = lim A~ N T =1try [Pl_"__,mKle . -Km], Vme{l,..,n—1}, (2.12)

b) the quantum determinant reads:

N n—1
q—detM® (1) = T¥(2) = derk | | [(A g+ [ [A—g,—mn)|. (2.13)
b=1 m=1

The next fusion identities hold:

TOEITOE —n =TI (E), Yme{l,..,n—1}, (2.14)
together with the following central zeroes structure:
TE(E, +rn)=0, Yre{l,..,m—1} (2.15)

Proof. The general fusion identities [12,13,105] reduce to the above ones if computed in the
inhomogeneities and their shifted values and moreover they imply the central zeroes structure
stated in the proposition. O

Let us introduce the functions

( ) N _g(hb) N m—1 (h)
m = —
btab=18a " — &) b=1r=1 E -&,
and
N
T;Kﬁoo)(l) = T,&K’w)l_[(l—ig,h“)), (2.17)

b=1
then the following corollary holds:
Corollary 2.1. The transfer matrix Tl(K)()L) allows to completely characterize all the higher trans-

fer matrices TT(nK )(A) by the fusion equations and central zeros structure in terms of the following
interpolation formulae:

N
T““l(x)—l_[]_[(x E—rm) | TES )+ gl T, —mTH(E) |, (2.18)
b=1r=1 a=1

where we have denoted by h = 0 the special set of values of h where for all k, hj = 0.

Proof. The known central zeroes and asymptotic behavior imply the above interpolation for-
mula once we use the fusion equations to write Trg{)(i a)- O


https://scipost.org
https://scipost.org/SciPostPhys.6.6.071

SCIl SciPost Phys. 6, 071 (2019)

3 Complete transfer matrix spectrum in our SoV approach

3.1 SoV covector basis for the quasi-periodic Y(g!l,) fundamental model

The fundamental Proposition 2.4 proven in [1] for the construction of the SoV covector basis
applies to the fundamental representation of the gl, rational Yang-Baxter algebra, i.e. the
Yangian gl,,. Let us introduce the following notations

K = WKW l, (3.1)
with K the Jordan form of K with the following block form:
©)
K; 0 0
(2)
0 K 0
K; = J , (3.2)
o 0
0o o0 K™

where any Kﬁa) isa d, xd, Jordan block, let us say upper triangular, with eigenvalue k,, where
2221 d, = n. Then Proposition 2.4 of [1] reads:

Proposition 3.1 ([1]). Let K be a n x n w-simple matrix, i.e. a matrix with non-degenerate
spectrum, then

N
(ha, eyl = (SI] [T for any (ha, oo} €40, n=1)°N,  (3.3)

n=1

form a covector basis of H = ®2]:1 V,, with V, ~ C", for almost any choice of (S| and of the
inhomogeneities satisfying the irreducibility condition. In particular, the state (S| can take the
next tensor product form:

N N
(SI=(s,al,, Ty =) Wk a, (3.4)
a=1 a=1
where:
(s, aIWK_’i = (W(ll), s wgll),w(lz), ...,wElzz), ...,W(lM), vy ng\j)) ev, (3.5)

as soon as we take:

M .
[ [+9 #o0. (3.6)
j=1

3.2 Transfer matrix spectrum characterization

Let us define the following n — 1 polynomials in A and functions of a n x n matrix K and of a
point {xq,...,xy} € CV:

N N
(D) =k [Ja-g0+ D gl oM, (3.7)
a=1 a=1
and from it:

N m N
P =T [] Ja—gs—rm) | TS o) + D el D (x t &N —m) |, (3.8)
b=1r=1 a=1

for any m € {1, ...,n—2}. Then, the following characterization of the transfer matrix spectrum
holds:
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Theorem 3.1. Let us assume that the same conditions implying that (3.3) is a covector basis are
satisfied, then we have the following characterization of the spectrum of Tl(K)(A):

Sroo = {6:(0) : 6,(0) = D), Vixy,Lxy}exr], (3.9)
Y1 being the set of solutions to the following system of N equations of order n:

xatEFP (g, =) = g—derM®(E,), (3.10)
in N unknown {x, ..., x5 }. Furthermore, the spectrum of TI(K)(A) is non-degenerate and for any
t1(A) € T the associated unique eigenvector |t) has the following wave-function in the left SoV
basis, up-to an overall normalization:

N
tin = (o hyle) = (8. 3.11)
a=1

Finally, if the n x n twist matrix K has simple spectrum and it is diagonalizable then Tl(K) (L) is
diagonalizable and with simple spectrum, for almost any choice of the inhomogeneity parameters.

Proof. The system of N equations of order n in the N unknown {x1, ..., Xy} coincides with the
rewriting of the transfer matrix fusion equations:

tl(ga)tn—l(ga - T’) = q_detM(K)(ga); Ya e {1; ---;N}: (3.12)

for the eigenvalues of the transfer matrices Tl(K)(A) and Trgg(k). Moreover the recursion
relations (3.8) just follow from the corresponding recursion relations for the fused transfer
matrices in (2.18). So any eigenvalue of the transfer matrix has to satisfy this system of equa-
tions and the associated eigenvector |t) has the given characterization in the covector SoV
basis.

The reverse statement has to be proven now. That is we have to prove that any polynomial
t1(A), of the above given form, which is solution of this system is an eigenvalue of the transfer
matrix. We prove this showing that the vector |t) characterized by (3.11) is a transfer matrix

eigenvector, i.e. that for any (hy, ..., hy| it holds:
(h1, s g IO E) = 61(A) (R, oo By l), ViR, s by} € {0, ., n— 115V, (3.13)

This proof being quite lengthy, the main technical part of it is presented in the Appendix A.
Let us just here give the main steps. The first remark is that the common spectrum of the
transfer matrices evaluated in the &; being simple, any operator commuting with the transfer
matrix can be obtained as a polynomial of maximal degree n — 1 (with n" the dimension of
the Hilbert space) in the transfer matrix itself, see e.g., [103,104]. It means that the vector
space By (the so-called Bethe algebra) spanned by the operators commuting with the transfer

matrices TT(HK)(A) evaluated at an arbitrary spectral parameter A is of maximal dimension n".

Now, let us denote by TISK), with h = (hy,...,hy) for any {hy,...,hx} € {0,...,n — 1}®N the
following products:

N
=T Jr¥ et (3.14)

n=1
The fact that (3.3) defines a basis of our Hilbert space immediately implies that the system of
operators given in (3.14) forms a free family of n"V operators. Moreover any of these operators
obviously commutes with the transfer matrix. Hence, the system of operators given in (3.14)
forms a basis of the vector space B of operators commuting with the transfer matrix evaluated

9
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at arbitrary values of the spectral parameter. As already noted above, to obtain the proof
that the polynomial t;(A) is an eigenvalue, we need to consider the action of Tl(K)(Ea), for
a=1,...,N on an arbitrary vector (hy,...,hy| of our SoV basis and to give its decomposition
again on this basis. Then, the vector |t) being completely defined by its components on the
SoV basis we can compute the necessary objects entering (3.13). Obviously, this amounts to
be able to write the product T}EK) . Tl(K)(E o) for any given h as a linear combination of Tlg() with

{h),...,hy} €{0,..,n—1}*N. However, since T}EK) . Tl(K)(i ) is an operator commuting with
any transfer matrix, it belongs to the vector space By, and can be decomposed linearly on the
basis given by the set (3.14). Namely, there exist sets of complex numbers C}(&? depending on
the two sets of parameters h and h’ and on the index (a) such that:

K K K
T 1) =Dl 1. (3.15)
h/

Then, using the interpolation formula for Tl(K)(A), there exist sets of polynomials Cy;/(A) such
that,
T80 1) = > G (1) T, (3.16)
h/

Moreover, the results of Appendix A show that the set of complex numbers C}(l‘}? and hence

of polynomials Cy,/(A) are completely determined by the hierarchy of fusion relations for the
transfer matrices supplemented by their asymptotic behavior. Consequently, the above relation
is also satisfied by the quantities t;(&,), namely we have,

tiht1(€q) = Z Cﬁi? t1ws (3.17)
h/
and,
tin-t1(A) = Z Chr(A) 1y (3.18)
h/

Hence we get for any choice of the co-vector (hy, ..., hy/,
(hy, e NI IO = (SITE - 1O (3.19)
= (SI>. G (1) Tle)
h/

= Zchh/(l) tiw =t1p-t1(A)
h/

= tl().)<h1,...,hN|t>.

This relation being true on the SoV basis, it proves that |t) is an eigenvector of the transfer
matrix Tl(K)(A) with eigenvalue t,(4).

The final statement of the theorem about simplicity and diagonalizability of the transfer
matrix has been already shown in Proposition 2.5 of [1]. O

Let us further remark that the above results have an interesting consequence. Indeed, using
recursively the algebraic relation (3.15), one can obtain the following algebraic structure of
the space Br:

K) —(K) _ h”’ +(K)
0. 10 => "l T, (3.20)
h//
for a set of complex numbers coefficients Clll‘ll:, that are completely determined (and com-
putable) from the fusion relations satisfied by the transfer matrices. These coefficients are
the structure constants of the associative and commutative algebra B.

10
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4 Transfer matrix spectrum by quantum spectral curve

4.1 The quantum spectral curve equation

The transfer matrix spectrum in our SoV basis is equivalent to the quantum spectral curve
functional reformulation as stated in the next theorem.

Theorem 4.1. Let the n x n matrix K be nondegenerate with at least one nongzero eigenvalue.
Then an entire function t{(A) is a Tl(K)(A) transfer matrix eigenvalue iff there exists a unique
polynomial:

M
e =] [(A=2,) with M <N and A, #&, V(a,b) € {1,..,M} x {1,.,N},  (4.1)

a=1

such that t1(A),

N m N
tmﬂ(x)=r[]_[(x—éb—rn)[T,;’ii?lLo(A)+Zg§i’;;2(x)t1(§a)tm(éa—n) , (42
b=1 a=1

r=1

for any m € {1,...,n— 2}, and ¢.(A) are solutions of the following quantum spectral curve
functional equation:

Dy (A (A= bn)t,_y(A—by) =0, 4.3)
b=0
where we have defined
to(A) =1, t,(A) = det,M©(Q), ap(A) =1, (4.4)
and
N
() = aa(), a@)=[]a+n-g,) (4.5)
a=1
. J
a4j(A) = (] Jau(A—hn), Vie{l,...,n—1}, (4.6)
h=0

and & is solution of the characteristic equation:

n
D> (—1bttlabTe) =, (4.7)
b=0

i.e. @ is an eigenvalue of the matrix K. Moreover, up to a normalization the common transfer
matrix eigenvector |t) admits the following separate representation:

N
(e hylt) = [l (Gt (Ea—mer ™ (8. (4.8)
a=1

Proof. Let the entire function t;(A) satisfies with the polynomial t,,(1) and ¢,(1) the func-
tional equation then it is a degree N polynomial in A with leading coefficient t; y solution of

the equation:
n—2

a"— a7ty + > (-1 et T =, 4.9)
b=0

11
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which being @ an eigenvalue of K implies:

t].,N =1trK. (4.10)
Now for A = & it holds:
a14j(E) =0, for 1 <j<n—1, a;(&,) #0, det, M¥(E,) #0, (4.11)

and the functional equation reduces to:

(B (Ea—n)  detyMU(E,)
(pt(ga) B tn—l(ga_n) '

While, for any fixed s such that 1 <s <n-—1, for A =&, +sn it holds:

(4.12)

Arssio(Ea+sn) = 0, t, (g +(s—Db)n)=0, forany0<b<s—1 (4.13)
ar<s41(Eg+sm) # O, (4.14)

so that the functional equation reduces to:

as+1(ga +37))<Pt(€a _ 77) — tn—s(ga)

. (4.15)
as(ga +5n)90t(€a) tn—s—l(ga_n)
Now from the identities:
+
Mzal(ia) foranyl1<s<n-—1, (4.16)
a5(Eq +sm)

the previous identities imply that the following equations are satisfied:

tmi1(8a) = tn(Ea —M)t1(&y), Vme{l,..,n—1},a e {l,..,N}, (4.17)

so that by our previous theorem we have that ¢,,(A) are eigenvalues of the transfer matrices
Tr(nK)(A), associated to the same eigenvector [t).

We derive now the reverse statement. That is, let t;(A) be eigenvalue of the transfer
matrix Tl(K)(A) then we show that there exists a polynomial ¢,(A) satisfying with the t,,(1)
the functional equation. The polynomial ¢,(A) is here characterized by imposing the next set

of conditions:
Sot(ga_n) — tl(ga)
¢e(Eq) ar(&,)

The fact that this characterizes uniquely a polynomial of the form (4.1) is an essential point in
the derivation of the functional equation starting from the SoV characterization of the spec-
trum and we have detailed it in Appendix B. Here, we prove that this characterization of ¢,(A)
implies the validity of the functional equation. The Lh.s. of the functional equation is a poly-
nomial in A of maximal degree (n+ 1)N so to show that it is identically zero we have to prove
it in (n + 1)N distinct points, being zero the leading coefficient by the choice of a to be an
eigenvalue of K. We use the following (n + 1)N points &, + k,n, for any a € {1,...,N} and
k,€{-1,0,...,n—1}. Indeed, for A = £, —n it holds:

(4.18)

a.(E,—n)=0 forany 1 <r <n, as well as det M¥(E, —n) =0, (4.19)

from which the functional equation is satisfied for any a € {1,...,N} and in the remaining
nN points the functional equation reduces to the nN equations (4.12)-(4.15). Now, being the
fusion equations satisfied by the transfer matrix eigenvalues, these equations are all equivalent
to the discrete characterization (4.18) implying our statement.

12
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Finally, we show that the SoV characterization of the transfer matrix eigenvectors is equiv-
alent to that presented in this theorem, up to an overall normalization. Indeed, multiplying
the eigenvector |t) by the non-zero product of the (,0?_1(5 o) over all the a € {1, ..., N} it holds:

N
[Ter ' l_lt “(E4) (“8)]_[ EDor Ea— ey TIED. (4.20)
a=1 a=1

O

4.2 Reconstruction of the Q-operator and the Baxter T-Q equation

The previous characterization of the transfer matrix spectrum indeed allows to reconstruct the
Q-operator in terms of the elements of the monodromy matrix and more precisely in terms of
the fundamental transfer matrix, as it is stated in the following:

Corollary 4.1. Let us assume that K is a n x n diagonalizable matrix with simple spectrum and
let us denote with k; the corresponding eigenvalues. Let us take* Ey,1 # Ei<y and let exist an
i € {1,...,n} such that k; # 0, then, for almost any values of {&;<y} and of {k;<,}, a Q-operator
is given by the following polynomial family of commuting operators of maximal degree N:

(1)

dety[C; +Ag, (D] N
Q)= SN+ _ N+1 l_[ 421)
l det [C(T1 )] = §N+1
N Enn
where we have defined:
(K) N+1
o) &) £, —
[ 15N+1]r5_ rs k (g ) l_[ VI‘,SE{L---:N}, (4.22)
c;és

and the central matrix of rank one:

7L EN+1 l_[c 1(Ec—=&q+m)
Ep—A l‘li“fcﬁ(gc &)

Indeed, it satisfies with the transfer matrices the quantum spectral curve at operator level:

[Ag,,.,(A)]ap Ya,be{1,...,N}. (4.23)

b=0

where we have defined TéK) (A) = 1 and the ag)(k) are the polynomial coefficients defined in

the previous theorem once we fix a = k;, moreover Q (§,) are invertible operators for any
ae{l,....N}

Proof. This result is a direct consequence of the SoV characterization of the spectrum and of
the proof of the previous theorem. As shown in Appendix B, for any t;(A) eigenvalue of the
transfer matrix Tl(K)(A) we can associate the polynomial ¢, (1) of the form (4.1) solution of the
quantum spectral curve equation with the transfer matrix eigenvalues. In that proof, we have
shown that, up to an irrelevant overall nonzero normalization, ¢,(A) admits the following
representation:

dety[CY) +Ag, ()] N

1 A8 (4.25)

(@)
e (V)=
‘ d tN[C(tl) :| c=1 £N+1 _gc

“Note that we can fix for example &y,, = &, —n for any fixed h € {1,..., N}

13
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in terms of the above defined matrices where we have just replaced the transfer matrix Tl(K)(eZ a)
with the eigenvalues t,(&,). In Proposition 2.5 of [ 1], we have also shown that for almost any
value of the parameters {&;<y} and {k;<,} such that K is diagonalizable and with simple

spectrum then the transfer matrix Tl(K)(A) is diagonalizable and with simple spectrum. This
implies that we can uniquely define the polynomial operator family Q (A4) by its action on the
eigenbasis of the transfer matrix imposing:

Q.W)e) =16y, (4.26)

for any t;(A) eigenvalue of the transfer matrix Tl(K)(A) and |t) the uniquely (up to normaliza-
tion) associated eigenstate. Then, by definition this operator family satisfies with the transfer
matrices the quantum spectral curve equation, admits the announced representation in terms
of the transfer matrix Tl(K)(JL) and the spectrum of its zeros never intersect the set of the {&; <y},
which completes our proof. O

Remark 4.1. The quantum spectral curve equation here derived follows in a quite constructive
way in our SoV framework once one applies some intuitions inherited from the classical case.
The fused transfer matrices are by definition the “shifted” quantum analogue of the classical
spectral invariants. So, it is natural to look for them (and for their eigenvalues) to satisfy
a “shifted” quantum analogous of the classical spectral curve equation. Then, we are left
just with the determination of the shifts in the argument of these transfer matrices and the
computation of the corresponding coefficients of the quantum spectral curve equations. As we
have shown in the above theorem, these unknowns are indeed completely fixed by the known
fusion equations and asymptotics of the transfer matrices.

5 Algebraic Bethe ansatz like rewriting of the spectrum

We can show that the previous SoV representation of the transfer matrix eigenvectors can be
written in an Algebraic Bethe Ansatz form. Let us first observe that we can find one common
eigenvector of the transfer matrices T;K)(A) which correspond to the constant solution of the
quantum spectral curve equation:

Lemma 5.1. Let K be a n x n w-simple matrix and let us denote with K; its Jordan form with
K = WKW, then:

N N
|to) =Ty |0), where |0)= ® ) , with Ty = ®WK,G, (5.1)

a=1 . a=1

0

a

is a common eigenvector of the transfer matrices TTEIK)(A):

TOW) to) = Ite)t1o(A), with

N N
toW) =ki [ JA—&e+m) +erk—kp) [ [A—¢€0), (5.2)

a=1 a=1

T,(,IK)()\)Vo) = [to)tmo(A), with

N m N
tmeno) = [ [—8s —rm) x| TS5 00+ D 700t 0(E) tmo(Ea—m) |, (5.3)

b=1r=1 a=1

14
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where:
1 1
0 0
K . = kl . with k]_ 7é 0 (54)
0 0

and where the t,, o(A) satisfy the quantum spectral curve with constant ¢,(A):

D @Mty o(A—bn) =0, (5.5)
b=0

for the choice a = k.

Proof. Note that the vector |0) is eigenvector of the transfer matrix Tl(KJ )(A) with eigenvalue
t10(A). In fact, this is proven by showing that:

N
AP@I0) =10) [ [r—Ea+8:1m), cWlo) =0, ie{1,...,n}, (5.6)

a=1

from which it easily follows that the vector |0) is eigenvector of all the others transfer matrices
T, ,EIK’ )(A) with eigenvalues t,, (). Then, by the similarity relation:

TS0 =1, T 0, (5.7)

we get our statement about the original transfer matrices. Note that these eigenvalues t,, o(1)
have to satisfy the quantum spectral curve as a consequence of the previous theorem. We have
just to observe now that for the choice a = k; it holds:

t10(Eq) = 1(&,) foranya € {1,...,N}, (5.8)
so that it follows that the associated ¢,(A) satisfies the equations:
¢(8a) =@ (Eg—m) foranyae{l,.. N} (5.9)
and so ¢,(A) is constant. Indeed, defined:

@A) = ¢ (A) =9 (A=) ; (5.10)
this is a degree N —1 polynomial in A which is zero in N different points so that it is identically
Zero. O

Let us now define N i

BOM =] [] [a-r®, (5.11)

a=1b=1

which is diagonal in the SoV basis and it is characterized by:

(hI: (23] thya(b) = (ga - ne(b + ha +1- n))<h1: (1) th: (512)
from which it follows:
(hl)"'J hN”B(K) (A) = bhl ..... hN(A)U’ll,---,th, (513)
where:
N
by = A= &) oA=&, + ), (5.14)
a=1

then the next corollary follows:

15
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Lemma 5.2. The following Algebraic Bethe Ansatz type formulation holds:

M
It) =] [B®A)Ite) with M <N and A, #&, ¥(a,n) € {1,...,M} x {1,..,N}, (5.15)

a=1

for the eigenvector associated to the generic eigenvalue t;(A) € Lr,. Here the A, are the roots of
the polynomial ¢.(A) satisfying with the t,,(A) the quantum spectral curve functional equation.

Proof. The following chain of identities holds:

M M
(hlz---;hN|l_[B(K)(7La)|t0> = l_[bhl,...,hN(Aj) (h1,....hnlto) (5.16)

a=1

~
I
—

N N
[ [—gm M=o+ )] [ ot (Ead5.17)

Il
=

j=1a=1 a=1
X h
= l—[ala(ga)(pt(ga)n_l_ha(pt(ga_n)ha: (518)
a=1
where we have used that: N
(hlz"')hN|t0> = l_[a}lla(ga)ﬂ (519)
a=1

which coincides with the last SoV characterization of the same transfer matrix eigenvector. [J

6 Conclusion

In this article we have shown how to solve higher rank gl, quantum integrable lattice mod-
els using our new SoV approach [1]. The key ingredient is provided by the commutative
Bethe algebra of conserved charges with structure constants following from the integrable
Yang-Baxter algebra and encoded in the fusion relations for the transfer matrices. As in our
previous analysis by SoV approach of quantum integrable models, the general idea is to com-
pletely characterize the spectrum, and eventually the dynamics, first in the inhomogeneous
case. The corresponding results for the homogeneous models have then to emerge by taking
the homogeneous limit, namely, the limit where all inhomogeneity parameters are set equal
to some particular value, such that one recover the Hamiltonians of the homogeneous models.
It should be noted that the characterization of the transfer matrix spectrum by the quantum
spectral curve equation has a smooth homogeneous limit. So starting from the complete char-
acterization of the transfer matrix spectrum in the inhomogeneous model one can get their
homogeneous limit. However, one still has to prove that in this homogeneous limit the char-
acterization remains complete, i.e., that the full spectrum is described by the corresponding
quantum spectral curve equation. One way to prove it can be by direct construction of the SoV
basis in the homogeneous models. This requires the proof of the existence of a set of commut-
ing conserved charges with common non-degenerate spectrum. Then, a construction of an SoV
basis is made possible in our approach. In particular, we can extract these conserved charges
from the full set of fused transfer matrices if one can prove that they still have a common sim-
ple spectrum in the homogeneous limit. Once this key feature is achieved we have to find yet
the separate relations characterizing the spectrum. They should once again be derived from
the fusion relations, the quantum determinant centrality condition and the characterization of
the higher fused transfer matrices in terms of the fundamental transfer matrix. The analysis
of these interesting points is currently under study and their resolution could represent an

16


https://scipost.org
https://scipost.org/SciPostPhys.6.6.071

SCIl SciPost Phys. 6, 071 (2019)

important steps towards the proof of the completeness of the spectrum characterization for
the homogeneous integrable quantum models.

About the homogeneous limit of the transfer matrix eigenvectors, it is worth recalling
that up to a scalar factor our B-operator (5.11) should coincide [1,107] with the Sklyanin’s B-
operator for an appropriate choice of our SoV basis. The fact that Sklyanin’s B-operator admits
a generic writing in terms of the elements of the monodromy matrix which is independent w.r.t.
the inhomogeneities makes this observation important. Indeed, we have shown by SoV that
any transfer matrix eigenvector can be rewritten in an ABA form in terms of this B-operator
computed in the zeroes of the p-functions acting over the reference vector |ty) (5.1). This
type of ABA rewriting of the transfer matrix eigenvectors is well adapted to take smoothly the
homogeneous limit. Indeed, the form of the Sklyanin’s B-operator and of the reference vector
are unchanged under this limit while the -function is now solution of the quantum spectral
curve equation in the homogeneous limit, which is well defined too. However, while in the
inhomogeneous model these vectors are known to be nonzero and independent transfer ma-
trix eigenvectors, as a consequence of the existence of the SoV basis, one has still to prove that
the same is true in this homogeneous limit. Once this is shown they are transfer matrix eigen-
vectors in the homogeneous limit associated to the corresponding transfer matrix eigenvalues
satisfying with the ¢-function the quantum spectral curve equation. The construction of the
SoV basis directly in the homogeneous limit can be one possible way to prove this statement.
An other way can be the analysis and the computation of scalar product and norms of sepa-
rate vectors (that include all transfer matrix eigenvectors) first in the inhomogeneous models
and then in the homogeneous limit. In the SoV framework, for the rank one related models,
this type of analysis has been already developed with our collaborators N. Kitanine and V. Ter-
ras [65,67,71]. The extension of these works to the higher rank case is the fundamental first
step toward the determination of the dynamics of these integrable quantum models in the SoV
framework.
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A Appendix A

This appendix is dedicated to complete the proof of the Theorem 3.1. In the first two subsec-
tions, we first introduce some partial results and some tools to compute the action of transfer
matrices on the elements of the covector SoV basis then we use them in the third subsection
to complete the proof of the Theorem 3.1.

A.1 Transfer matrix action on inner covectors of the SoV basis

Let us start introducing some notations for the SoV covector basis (3.3) for our current aims,
we denote:

(hlJ"'Jth = (Nl{h}n"‘)Nrgh}lJ (A'l)
where
N
N =376, 1 Vie(l,...n) (A.2)
=1
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and in the following we suppress the index {h} for brevity. Moreover, we introduce the further
notations:

n—m—1 m

Np= D, (n=m=a)Nisg, Nj=D aNo g (A.3)

a=0 a=1

for any 1 < m < n, and we use the shorted notation
<h1>"':hN| = ((Nn_al’Nnt)lz (A4)

for the generic element of the SoV covector basis when all the information that we need to
know are contained in this two numbers. Then, the following lemma holds:

Lemma A.1. Under the same assumption of the Theorem 3.1, the following identities hold:
(N NOITSO)IE) = 6NN, NI, ¥m € {1, ., — 13, (A.5)
if either N_ =0 or N* =0.

Proof. Let us start observing that for h, < n—2 and h;, € {0, ...,n—1}, forany b € {1, ..., N}\a,
it holds:

(h1y s NI TEOEDIE) = (R, oo hg + 1, oo, By )
= tl(ga)<h11"'Jha""’tht)) (A.6)

as a direct consequence of the definition of the covector SoV basis and of the state |t). Then,
the above identity implies the following ones:

(N1, s Np_y, Ny = O TSV (E ) = £1(EQ)(NY, oo, Nyy, N = 0l2), Va € {1,..,N}, (A7)

and so, being t;(A) a polynomial of degree N with known asymptotics which coincides by
definition with the central one of Tl(K)(A), it holds also:

(N1 ooy N, Ny = OITO)E) = 61(A) (N, ., Npy, N, = 0lt) YAEC.  (A8)

Let us remark now that the interpolation formulae (2.18), for the higher transfer matrices
Tr(nK)(A), and the formulae (3.8), for the higher functions t,,(1), can be rewritten as it follows:

N m—1 m
O =[] Ja-&-r) | TS0+ D) rea W] [TOED | a9
b=1r=1 1<a;<<a, <N i=1
N m—1 [ m
=[] [a-&—rm) [T+ > W] [uE)|. @10
b=1r=1 1<a;<+-<a, <N i=1

.....

explicit values are not required for the following. From these formulae it follows that:

(N1, es Nos Ny = 0, 00, N = 0| TS Q)| ) =
=ty (A)(Ny, Ny Npms1 =0, .., N, =0[t),  (A.11)

forany A€ Cand me{1,....,n—1}.
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Similarly, let 1 < h, and h; € {0, ...,n— 1} for any b € {1, ..., N}\a, then it holds:

(A1, sy I TS (E g = IE) = q-detME(E )Ry, ooy By — 1, o0, By )
_ q—detM®(&,)
&)
=t 1(Eq =M1, e, Ay, oo, Ay |E). (A.12)

(R1, .. hgs s Ay )

Then, the above identity implies that it holds:
(N1 = 0, Ny, e, Ny | TA) (Eq=m)It) = t_1(Ea—m)(Ny = O, Np, ..., Ny|t) Va € {1,..,N} (A.13)
and so also:
(Ny = 0,Ny, ..., N TE) (D)) = t,1(A)(N; = O, Ny, ..., N,|t) VA €C. (A.14)
Finally, it is easy to prove by induction that it holds:

(Ny =0, ., Ny = 0, Ny 1, 00 N TS £) =
tm(A)<N1 = 0, ...,Nn_m = 0, Nn_m+1, ...,Nn|t>. (A.].S)

Indeed, let us assume that it holds for m < n — 1 and let us prove it for m — 1, for any
a €{1,...,N} we have that:

K
(Nl =0, ""Nn—m = O:Nn+1—m =0, Nn—m+2’ N |T( )1(€a TI)|f)

h, hy h,

= (Nl =0,...Nwn =0,Npy1m = 5n_m+1:Nn—m+2 5,1 me1 T 6n m422 N, — 5n 1|T(K)(§a)|t)
hy h,

= tm(gale =0,..,Nw - =0,Npy1 = 5,1 m+1:Nn m+2 6n me1 T 5n m+22° »Np— 511 1|t>

= tm—l(ga n)<N1 - 0 n m 0 Nn+1 -m — O Nn m+2s .- :Nn|t>; (A16)

from which our statement holds. O

A.2 Transfer matrix action on not inner covectors of the SoV basis

So to prove the Theorem 3.1, we are left with the proof of the above identities in the case both
N and N are nonzero. In order to prove this we have to show that starting from matrix
elements of the type

(N, .o, N TS Q)] ), (A.17)

and
tm(k)<N1>"'7Nn|t>) (A]-S)

with N-({Ny,...,N,}) =N~ and N} ({Ny,...,N,}) = N} both nonzero, we can develop simul-
taneously these matrix elements leading to linear combinations of the type:

N 1
(N N T =D ST Mty . N TEED) ), (A19)

.....

and

N 1
W Nalt) = D050 >0 ey (EMY(N, . Nyle),  (A20)

.....
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but now with covectors satisfying the conditions:

Noy (N, o Ny DN (NG o N = 0 WANG, ., N b € ST, (A21)
where for any fixed m, {N},r,a, h the S, (m, {N})IS some given set of compatible n-tuples with the

definitions of the integers N;. Indeed, 1f proven such developments imply the theorem by the
(m,{N},r,a,h)

Cimp.o, N, }

the same, will follow from the fact that we make exactly the same type of operations on the

two type of matrix elements, as described in the next.

previous lemma. The fact that the coefficients (1) of the above developments are

A.2.1 Interpolation expansions and fusion properties

First, we introduce the following rules to use the interpolation formulae

N m—1 m
o =[] [~ 5b—”7)[T(Kﬁif(l)+Zg("2<m>(A)T,S1K)(££A“ ))], (A.22)
b=1r=1
and
(m)
R 1 (LN SR ] RES
=1r=1

where the N-tupla A(™ = {A(lm), ey Al(\,m)} is chosen according to the covector (h,...,hy| as
it follows:

0if0<h,<n—1—m
(m) — ="a =
A { lifn—m<h,<n-—1 (A-24)
Second, we use the fusion equations to rewrite
_ _ Alm
(o N TEO(EG™ ), (A.25)
and
m(ga )(Nla Nn|t>z (A26)
at it follows. If 0 < h, < n—1—m, then they admit the following rewriting:
(N s N T2 (E) ), (A.27)
and
tm—l(ggl)le; "'JNn|t>) (AZS)
where:
N, = Ny—6p, Ny=N;j+68°, 6 for2<j<n—m (A-29)
Npiem = Npiio m+6n m—1? Nf=Nf forn+2—m< f <n. (A.30)

Now denoted with N, and N;:_l the integers associated to the above covectors, it holds:

N

— N +
=N. -1, N/ =N

m—1°

(A.31)

where N~ | and N _, are the integers associated to the covector (Nj,...,N,|. While, if
n—m < h, < n—1, then we have the following rewriting:

(N, s N TS (EQIE), (A.32)
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and
tms1(ED (NG, ..., N, | t), (A.33)
where:
N, = Ny for1<j<n—1—m, Ny_,=N,_n,+6m, (A.34)
o h, hq \] hq
Ny = Nf—5f_1+6f fornt+1-m<f<n—1, N,=N,—6,°,, (A.35)
and now it holds:
- _ N + Nt
Nm+1 - Nm+1’ Nm+1 _Nm+1 — L (A.36)

The following lemma will be used in the proof of the Theorem 3.1:

Lemma A.2. Let us define er =N + Nnt, then it holds

N <N!'=N_+N' <N xmax{m,n—m} (A.37)
with the condition

NI'=N ifandonly if Ny +Npy1-m =N, (A.38)
and in this last case

(N1, oo, Ny TEO Q) €) = £ (A) (N, .0, Ny £). (A.39)

Proof. By the definitions of an it is clear that for any SoV covector must hold the inequalities
(A.37) and that the two identities in (A.38) are equivalent. Then under the condition N nf =N
the following identities hold:

N, _;=2N, y+Npi1-n#0, NJ_, =0, (A.40)
Nr;+1 =0, Nr:;+1 =Np—m+2Np1-m #0, (A.41)

so that using the standard interpolation formula and fusion identities we prove the above
relation (A.39). O

A.2.2 Generation of loops

Let us observe that if, as assumed, Nn: # 0 and ]\77;: # 0 then it holds also N, # 0 and
N} . # 0 while it may hold N, | = 0 and N, = 0. If these last identities holds we have
proven the identity (A.5) for the covector considered. Indeed, we have that the Laurent poly-
nomial developments of both (A.17) and (A.18) coincide as the matrix elements (A.27) and
(A.32), respectively, coincide with (A.28) and (A.33), as we can apply for them the identity
(A.5) for m—1 and m + 1 being Nnt_l =0 and ]\_fr;+1 =0.

If 1\7;;_1 # 0 then the terms (A.27) and (A.28) have to be developed respectively by using
the interpolation formula (A.22) and (A.23) with the choice of the points (A.24). So that, for
all the b such that in the covector (N, ...,N,| of (A.27) itholdsn+1—m < h, < n—1, we are

lead to the matrix elements:

(N, =N, —1,N: <NHITE(EE), (A.42)
and
tm(Ep) (N, = Ny = LN <N Dle), (A.43)

where> N* =N* + 5ﬁa_m — 1. We have done in this way one loop (we call it L(_nll) 1) to matrix
elements containing T,%K)(l) and t,,(A) over new covectors, where we have reduced of one

>This value of N* in the second step covectors, appearing on the left of (A.42)-(A.43), is computed by using
the line (A.30). We have to observe that the value of N;; is now smaller of one unit of the one in the first step
covectors, appearing on the left of (A.27)-(A.28). Moreover, we have to take in consideration that the value of
h, in the first step covectors is bigger of one unit of the value in the original covector, appearing on the left of
(A.25)-(A.26). Similar remarks apply for the values of N, after (A.48).
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unit the value of the N w.r.t. the original value NT; and reduced of at least one unit the total
number:

N +N"<N-+N'—1 (A.44)

However, for all the b such that in the covector (N, ...,N,| of (A.27) itholds 0 < h, <n—m
we are lead to the matrix elements:

(N, =N, ,—2,N , =N} 2)|T(K)2(€b—7))|f> (A.45)
and
tma(Ep =Ny, =Ny, —2,N , =N ,)le). (A.46)

Similarly, if NT; +1 7 0 then the terms (A.32) and (A.33) have to be developed by using respec-
tively the interpolation formula (A.22) and (A.23) with the choice of the points (A.24). So
that, for all the b such that in the covector (N, ...,N,| of (A.32) itholds 0 < h, <n—2—m,
we are lead to the matrix elements:

(N, <N, NF =Nt —1)ITE, —n)lt), (A.47)
and
tm(Ep =MW, < N, N = N = 1le), (A.48)

whereN =N_ +5n mal

elements containing TT%K)()\) and t,,(A) over new covectors where we have reduced of one
unit the value of the Nnt w.r.t. the original value N;: and reduced of at least one unit the total
number:

—1. We have done in this way one loop (we call it Li”ll)_l) to matrix

N +N!I<N_ +N'—1. (A.49)

However, for all the b such that in the covector (N, ..., N, | of (A.32) itholds n—1—m < hj, < n—1,
we are lead to the matrix elements:

(N, m+2 m+2’Nr-r"1_+2 Nn-:+2_2)|Tr(nI?2(€b)|t)’ (A.50)

and
m+2(§b)(( m+2 m+2’Nr:1_+2 _Nn—:+2_2)|t>' (A‘Sl)
Let us observe that from N,; # 0 and Nr;s # 0 then it holds also N, = N;_z —2 # 0 and
N*t.,=N* ,—2# 0 while it may hold that N* , =0 and N, = 0. If these last identities

holds then the matrix elements containing & 4_32(1) and tmﬂ(l) are known to coincide and

(m)

we are left with the computation of those of T,;K)(A) and t,,(A) after one cycle L and

1+,1—
Lgm)l .- If instead Nni1¥2 # 0, we have to repeat for ngz()t) and t,,15(A) the same procedure

developed for T¥)(1) and ¢,,(2).
In the boundary cases, i.e. for m =1 and m = n— 1, we have that to compute

(N1, oo, N TN ) and (N, .o, N[ TS (A (A.52)

and
tl(A)U\_]l’ 7Nn|t> and tn—l(l)(Nl) '~':Nn|t>) (A53)

for any A € C, we have just to be able to compute matrix elements of the type:
(N, s Ny, N T (B = )I) = (W, e, Ny + LN, = 1T, (A54)

and
tl(ga - anl: ---:Nn—laNn|t> = t2(£a)<]\71: -";Nn—l + ]-JNn - 1|t)> (ASS)
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for h, = n—1 and, respectively,

(N1, Ng, oo, N T EDIE) = (N — 1, Ny + 1,0, Ny TE) (£, — D), (A.56)

and
tn—l(ga)<N1:N2: ;Nn|t> = tn—z(ga - 7))(1\71 - 1,N2 + 15 ...,ant), (A57)

for h, = 0. Here, for Nz_ = 0 (for ]\7;’_2 = 0) the matrix elements containing TZ(K)(g ¢) and

t2(Eq) (T,EQ(E «—m) and t,_,(&, —m)) are known to coincide otherwise we have to expand

1)

them in the usual way by using the interpolation formula and this produces a loop L] _,;

L(n_l)
(L2 1)

Following several times the above procedure, of interpolation expansions and use of fu-
(m)

sions, we can also generate a-steps loops of down or up types. Here we denote with LY,

the a-steps loop obtained as a consecutive down and then a consecutive up, and with Li?_a
the a-steps loop obtained as a consecutive up and then a consecutive down. In the following

lemma we show that these produce the same minimal type of shifts of the one loop

Lemma A.3. Let us assume that starting from the matrix elements (A.17) and (A.18) we develop

a x-steps loop of down type L then we are lead to matrix elements of the form:

—X,+x
(N, <N, = LNy <NOITSOEIE), (A.58)
and
tm(E)((N- <N-—1,NT <NH)t). (A.59)
While if we develop an x-step loop of up type LS:Q_X then we are lead to matrix elements of the
form:
(N < N, Npy =N = DITEE =), (A.60)
and
tm(Eq —mM((N,, <N N =N'—1)|t), (A.61)
so that in both the case it holds:
N +N"<N-+N'—1. (A.62)

Proof. Let us assume that the original state (N, N,, ..., N,| is such that starting from the matrix
elements

(N1, Ny, ..., N | TEO(E . — ] t), (A.63)
and o i
tm(ga_n)<N1;N2:---:Nn|t)’ (A64)

we can implement a loop process of the type LS:?C)_X, then the consecutive expansions up and

down produce matrix elements associated to covectors with the following modifications on
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the index:
x—1
N, =N,— 6t(b’+),n—1)
b=0
x—1
NH—T‘ =Np—r— (5t(b,+),n—r—1 - 5t(b,+),n—r): for any re {15 e, M — 1}J
b=0
x—1
Nn—m =Np—m— (6t(b’+),n—m—1 - 6t(b’+),n—m) + 6t(0’+),n—m + 5t(1,_),n—m—2’
b=1

x—1
Nn—(m+r) = Nn—(m+r) - Z (5t(b’+),n—(m+r)—l - 5t(b,+),n—(m+r)) + 5t(r,+),n—(m+r)
b=1+r

r
+ 5t(r+1’_),n—(m+r+2) - Z(5t(b,_),n—(m+r+1) - 5t(b,_),n—(m+r+2))’ Vre {1a s X 2},
b=1

Nn—(m+x—1) = Nn—(m+x—1) + 5t(r’+),n—(m+x—1) + 6t(x,_),n—(m+x+1)

x—1
- Z(‘St(b)_),n—(m-i—x) - 5t(b)_),n—(m+x+1))’
b=1
X

Nn—(m+x+s) = Nn—(m+x+s) - Z(5t(b)_),n—(m+x+s+1) - 5t(b)_),n—(m+x+s+2))’
b=1

Vs {0,..,n—(m+x+2)},

X
Ny =N =) 8, o (A.65)
b=1

where we have used the following notations:

a) in the step b + 1 up produced by fusion on matrix elements of the type:

b, b, b, b, b, b,
RO, R, RSIITE DI, s EDEPTRPTLREP ), (A66)

then we have denoted t(}, ;) = hflb’”, for any b € {0, ..., x —1}.
b) in the step b down produced by fusion on matrix elements of the type:

—1,+),(b,— —1,4),(b,— —1,4),(b,—
<h(1(x 1L+).( ))?h(z(x 1L+),( )),...,h](\gx 1L+).( ))lTr(yﬁ)x+1—b(€a_n)|t>’

(A.67)

((=14,(0,=) p((=14(0,=) ((x=1,4),(b,-)
hy »hy shy It),

tm+x+1—b(€a - 77)(

5 eee

— 7.((x—1,4),(b,—
then we have denoted t(;, ) = hfl(x (0.7 for any b € {1, ..., x}.

In writing the above contributions to the N; of the covector obtained by the full process Li”;f_x,

we have considered that according to the expansion rule (A.24) and the fusion rule we can
have an up/down step if and only if:

0<tp_y<n—1—(m+b), Vbe{l,..,x},
(A.68)
n—(m+b)<tpy<n—1, Vbe{0,..,x—1}

24


https://scipost.org
https://scipost.org/SciPostPhys.6.6.071

SCIl SciPost Phys. 6, 071 (2019)

Now from the above formulae it follows for the final state the following rules:

n—1 x—1 n—1 x—1
Ny = Np— Z Z Btfyps =Np =1~ Z Z Oty
s=n—m p=0 s=n—m p=1
g+ _
< N_ (A.69)
n—m—2 x n—mx—1
N, = N — 5%7),5 + 5t(b,+);5
s=0 b=1 s=0 b=0
n—mx—1
= N —x+ Otpays < Npps (A.70)
s=0 b=0
being:
n—1 n—m x—1
> Eigs = L Beyys <X (A.71)
s=n—m s=0 b=0
n—m—2
Z 8tp_ys = 1, foranybe{l, .. x} (A.72)
s=0 ’
O
A.3 Proof of Theorem 3.1
We have now the tools required to prove our Theorem 3.1
Proof of Theorem 3.1: second part. Let us use the above rules to prove the identities
(N oo N T (E = I = £2(Ea = )N, o Ny, (A.73)
for h, = n—1, from which the identity (A.5) holds for m =1 and so forany m <n—1.
We proceed doing a first loop of type L(j)_ on both
(Nla ~~->Nn|T1(K)(§a - 'f))|t> and tl(ga - n)(Nla '--:Nn|t>: (A74)

this leads to the same linear combination of N matrix elements, those of loop type:
(N} =N} —1,N] < N7 |TY(E, —n)lt) and t1(&, —n)(N] =N —1,N] <Nj|t), (A.75)
and the others of the type:
(Nf =N} —2,N; =Ny ITSEIe) and t5(E,)(N] =N —2,N; =Ny |t).  (A.76)

Now if ]\71+ = 1, then the matrix elements in (A.75) coincides. If ]\73_ = 0, then the matrix
elements in (A.76) coincides. If both these identities holds then all these N matrix elements
are proven to coincide which implies (A.73). Otherwise we make a second loop for the matrix
elements in (A.76) if 1\73_ > 1. This leads to write each one of our original matrix elements
(A.74) as the same linear combination of at most N° matrix elements, those of type (A.75)
that we haven’t further developed, new elements of the type® (A.75) generated by a 2 loop

LY. those of loop L(B) and L(g)

540 which can be written in a common notation as it follows:

_ _ - K h(3)
(Nf <Nf —2—rg,Ny <Ny —s5|TSE)e),

e _ e (A.77)
t3(EV NN < N —2—r3, Ny <Ny —s3lt),

®Indeed, as it is shown in the Lemma A.3, the rules for a loop with multiple steps up and down produce the
same minimal type of shifts of the one loop.
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with h® = 0 if the loop is L(_?’l and h® =1 if the loop is Lf’)_ with r3 +s3 = 1 and the others
of the type:

(NS =N —4,N7 = N7 ITEOEIe) and 65(E,) (NS =NF —4,N7 =N;[t).  (A78)
So after this process we are left just with the matrix elements of the type (A.75), (A.77) and
(A.78).

Now we have to repeat the same type of considerations done in the first loop. In particular,
for the matrix elements in (A.78) we do a further loop if the conditions ]\75_ > 1 is satisfied while
for N, = 0, no further development is required as the matrix elements in (A.78) coincide. If
this third loop is required this produces for each one of our original matrix elements (A.74) the
development in the same linear combination of at most N° matrix elements, those of loop type
(A.75) and (A.77), which we haven’t developed, those of the type (A.77) which are generated

by the development of (A.78) and correspond to a two steps up and down loop L(f’z) _,, the one
loop type L(_Sl and L(f)_ which can be written in a common notation as it follows:
_ _ - h®
(NS <N —4—r5, N < Ny —s5|TSOET )0y,
(A.79)

h® - _ -
ta(Ey NG < NF —4—r5, Ny <Ng —s5t),

h® = 0 if the loop is L(_SIL and h® = 1 if the loop is L'> with rs +s5 = 1 and the new ones

+’_
(N =N —6,N; =N, |T{O(E,)It) and t,(E,)(N] =N —6,N; =Ny |t).  (A.80)
This process is continued up to x loops, where x is the smaller integer such that 1\71_ o =1
and N1_+2(x+1) =0orx = {(n—1)/2 for n odd, (n—2)/2 for n even}, in this way produc-

ing for each one of our original matrix elements (A.74) the development in the same linear
combination of at most N '™2* matrix elements, of the type:

N - _ _ (K) (h(l+2a))
(NTioq S Nijpq =2a = 1100 Ny, S Nijo, =142l T140,(8), ),
(A.81)
(h(1+20)) + — _ -
t1424(&} MNT 0 S Niyog =20 = T1p0a, Nippy S N, —S1424lt),
with 11,94 +5142¢ =1 for 1 < a < x—1 and the remaining one of the type:
(N* . =N+ —2x,N-. =N |T®) (&,)t)
1+2x 1+2x >V 14+2x 1+2x ! H1+2x\5 b1/
(A.82)

+ Nt - —_N—
t1+2X(€b)<N1+2x - N1+2x _ZX’N1+2x - N1+2x|t>'

From this point any further loop development of (A.82) does not generate new type of terms
but instead it generates matrix elements of the type:

o _ - K h(2x—1)

(Nz_;_l < N2tc—1 +1-2x— r2x—17N2x_1 < N2x_1 _52x—1|T2(x11(€§, ))|t>:

(A.83)
(IS g+ - T
t2x—1(£b )<N2x_1 < Nzx_l +1-—2x— r2x—1’N2x_1 < N2x—1 _32x—1|t>:
and ) _ @
<Nvl-i_+2x < N1++2x - 2x’Nl_+2x = N1_+2x - 1|T1+2X(€b)|t>:

(A.84)

t1+2x(§b)<N1++2x < N1++2x —2x,N1_+2x = N1_+2x - 1|t>'
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Starting from the terms (A.82) making at most ]\71_ +2(x+1) loops we arrive at matrix elements
of the type (A.83) and to

—2x,N,, =0|T%)_(£)It),

+ -+
(N <N 14+2x 1+2x

1+2x — " '142x
(A.85)

t1+2x(€b)<N1++2x < N1++2x _2x5N1_+2x = 0|t>5

and so for them the coincidence of the matrix elements in (A.85) is known and we are left
only with matrix elements of the type (A.81) for 1 < a < x — 1. Now we make a one loop
developments for the matrix elements (A.81) with (A.81) for a = x — 1, this produces matrix
elements of the type (A.81) with a = x — 2, loops term of the type

T T x)
<N1+2(x—1) = N1+2(x—1) —2x— 1|T1+2(x—1)(€b)|t>’

(A.86)
t1+2(x—1)(§b)<N1T+2(x_1) < N1T+2(x_1) —2x — 1|t> (A.87)
and new border terms of the type (A.84) with N, < ]\71_ Loy — L, either this integer is zero

or we repeat for these border terms the same procedure explained above ending up with only
matrix elements of the type (A.81) for 1 < a < x — 2 while for a = x — 1, we are left with

all terms of the type (A.87) so that we have reduced of one unit the value of NlT +2(x—1) with
respect to the value in (A.83) for which it was holding
Nl oy SNy +1=2x =1y g + Ny ) =551 =Ny, —2x. (A.88)

We can repeat this procedure now and after at most a total of Nsz—1 —2x — N, we generate
matrix elements with both a = x — 1 and a = x for which the identity between operator and
scalar matrix elements is known. So on we are lead to develop matrix elements with a = x —2
reducing, at any step of the above procedure, at least of one unit the value of NlT +2(x—2) UP tO
arrive to matrix elements for which the identity of the operator and scalar terms is known. At
this point we are left with a = x —3 and so on up to arrive to be left only with matrix elements
of the type (A.81) for a = 1 for which we have N;” < N;" — 1, here if we want we can do
induction and prove the theorem.

However, it is interesting to get a bound on the maximal number of loops to implement
in order to be reduced to linear combinations of matrix elements for which the identity (A.5)
applies. From the above analysis, to get the reduction of at least one unit in N;~, we have to
implement before x loops, to generate all the types of allowed matrix elements, then we have
to do less than

x—1
Ny | [NE = (2a+1)—N), (A.89)
a=1
loops. This means that using the above procedure, we have to do less than
x—1
Ny = Nf (x + N, | [V, — (2a+ 1) —N), (A.90)
a=1

loops in order to generate only matrix elements for which the identity (A.5) applies. This
means that starting from the original matrix elements (A.17) and (A.18), by implementing
all these loops, they will be rewritten as the linear combination of less than N'*2"t ma-
trix elements for which the identity (A.5) applies with the same coefficients, namely for any
i=1,...,N we have:

N 1
N Y AN} rah,i
(Mo N TGN = D05 >0 > iy ™hst D g, NITOED) ), (a91)
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and

N 1 i .
Q=N N} =D 03 5 >0 Ot ()N, LN, (A92)

.....

from which the proof of the Theorem directly follows. O

It is interesting to remark here that all the formulae derived in this Appendix could have
been obtained exactly in the same manner for the products of operators themselves appearing
in any of the considered average value between the co-vector (S| and the vector |t). Hence
a direct consequence of the above relation is the equation (3.15) with the property that the

coefficients C}(li? are obtained from the fusion relations and asymptotic behavior of the transfer
matrices.

B Appendix B

This appendix is devoted to complete the proof of the Theorem 4.1. In a first subsection, we
first recall for self-consistence some elementary properties of the algebraic functions that we
will use. Then we present in the second subsection the proof the Theorem 4.1.

B.1 Some elementary properties of algebraic functions

Let us present a couple of elementary lemmas on algebraic functions. First, let us recall that a
function f (xq, ..., xy) of N variables:

fi(xq, e xy) €CN = f(xq,...,x5) €C, (B.1)
is by definition algebraic iff there exist M + 1 polynomials a,,(x1, ..., x5 ) such that it holds:

P(ylx1,..., xy) =0 for y = f(xq, ..., xn), (B.2)

where we have defined the polynomial P(y|xq,...,xy) as it follows:

M
P(y|X1: L) XN) = Z ymam(xb (223} XN)' (BB)

m=0

Moreover, we say that f(xq,...,xy) is an algebraic function of order M if the polynomial
ay(xq,...,xy) is not identically zero. Clearly, to any set of polynomial a,,(x,...,xy) for
m € {0, ..., M}, under the condition a,;(xy, ..., X)) not identically zero, are associated M alge-
braic functions p;(x, ..., xy) of order M such that:

M
P(ylxqy,.s xn) = ap(xq,..., Xn) l_[ (¥ —pm(x1, .. xp)). (B.4)

m=1

Lemma B.1. Let us fix P(y|xq,..., xy) a degree M polynomial in y of the form (B.3), then the M
associated algebraic functions p,,(xy, ..., xy) are all nonzero almost for any (xy,...,xy) € CN if
(and only if) there exists at least a point (X1, ..., Xy) € CN such that:

Pm(X1,.., Xy) #0 Vme{1,...,M}. (B.5)
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Proof. The proof is an immediate consequence of the following identity:

M
ag(x1, - Xn) = ()M apy (xq, ey Xy) l_[Pm(Xb e XN, (B.6)

m=1

of the fact that by assumption ay(x1, ..., Xy ) and ay; (x4, ..., x5 ) are polynomials and a,; (x4, ..., Xy)
is not identically zero. Indeed, the inequality (B.5) implies that it holds:

aO(‘i‘la"')‘)zN);éO; (B.7)

so that, being it a polynomial, it is not identically zero. So the product

M
[ [pnGer,axn) #0, (B.8)

m=1

for almost any (xi,...,xy) € CN and the same has to be true for any one of the algebraic
functions p,,(x1, ..., XN ). O

It is interesting to point out that any algebraic function f (xy, ..., xy) of degree M can be
naturally interpreted as the eigenvalue of a N-parameters polynomial family of M x M square
matrices. Indeed, let us denote with P(y|xy, ..., Xy) a degree M polynomial in y of the form
(B.3) such that f(xy,...,xy) is one of its roots (B.1). Then, f(x;,...,xy) is an eigenvalue
of a family of square matrices P(xy,...,xy) with characteristic polynomial coinciding with
P(y|xq,...,xy). Note that we have the following representation of P(x1,...,xy) in terms of
the Frobenius companion matrix:

P(Xl,...,XN):VMC(Xl,...,XN)Vl\Zl, (Bg)

where V), is any invertible M x M square matrix and

0 1 0 0
0 0 1 . :
C(Xl,...,XN)Z 5 (B.lO)
0 0 0 1
—ao({x;}) —a ({x;}) - —ay—o({x}) —ap— () Jym

and aj(xy, ..., xy) are the following rational functions:

a;j(x1, o0 Xn) = @j (X1, 00 Xy )/ apr (X1, o0, Xy ) (B.11)
Indeed, the characteristic polynomial associated to P(x, ..., xy) is
M
—P(y1x1, s xn)/ apg (X1, - Xy) = l_[ (= pm(x15 5 XN)), (B.12)
m=1

which has the same algebraic function roots of P(y|xy,...,xy). This observation allows to
prove easily the following:

Lemma B.2. Let p(xq,...,xy) and q(xq,...,xy) be any couple of algebraic functions of order M
and R, respectively, then their sum and product are as well algebraic functions now of order at
most M +R.
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Proof. Let us denote with P(y|x,...,xy) a degree M polynomial in y of the form (B.3) of
which p(xy, ..., xy) is an algebraic function root. Similarly, let us denote with Q(y|xq, ..., Xy)
a degree R polynomial in y of the form

R

R
Q(}’|X1, 2] XN) = Zyrbr(xlﬁ sees XN) = bR(xl’ (X3} XN)l_[(y _qr(xb (133} XN)), (B]-?’)
r=0 r=1

where b,,(xq,...,xy) are polynomials and bg(x;,..., x5) is not identically zero, of which
q(xy,...,xy) is an algebraic function root. Then, let us denote with Cp(xq,...,xy) and
Cq(xy,...,xy) the M x M and R x R families of Frobenius companion matrices associated
respectively to the polynomials P(y|xy,...,xy) and Q(y|xq,...,xy) so that p(x,...,xy) and
q(xy,...,xy) are eigenvalues of the matrices Cp(xy,...,xy) and Cq(xy,...,xy), respectively.
Let us introduce the matrices:

Ap+q(X1, veey XN) = VMCP(XD ey XN)VA;l ® IR + IM ® VRCQ(xla ceey XN)V_l, (B14)

Ap*q(xl, veey XN) = VMCP(Xla veey XN)VA;l ® VRCQ(XIJ veey XN)V_l, (B].S)

where V;; and V; are any invertible M x M and R xR square matrix, while we have denoted with
I and Iy the identity M x M and R x R square matrices. Then, denoted with %o _ (., . yand

. p+q\A1see AN
_Z:Ap*q(xl _____ xy) the set of the elgenvalu?s of Apiq(xy, .. xl\{) and A,,4(x1, ..., Xy), our statement
is a direct consequence of the following spectral properties:

ZAp+q(x1 ay) = Oty xn) 2 f (1500 X8) = Prr(315 00 X3) + @ (X1, 0 X33, (B.16)

.....

LA g Cpiy) = {f (1, xn) s F(X0, 000 XN) = P15 o0, X3 )G (1,5 o0, X)) (B.17)
for all the (r,m) € {1, ..., M} x {1,...,R}. O
The previous lemma implies the following
Corollary B.1. Let us take a polynomial of the form
R s
T(Y1s e Ysl|X1s oo, Xy) = Z l_[y;aar(xl, s XN, (B.18)

r1,...,rs=0a=1

and S algebraic functions f,,(xq, ..., Xy ), then

t(31, e, XN ) = T 1075 000 XN D, eees 5 (3075 eey XX 15 oo X)) (B.19)

is itself an algebraic function.

B.2 Proof of Theorem 4.1

The proof of the Theorem 4.1 is now developed using as main ingredient the properties of the
algebraic functions.

Proof of Theorem 4.1. Let us now come to the proof of the existence of the polynomial ¢,(A) of
maximal degree N satisfying the TQ equation, once we assume that t;(A) is a transfer matrix
eigenvalue. We have to satisfy the system:

0(Ep) e P(Ey) = kia(E) @Dy —m),  Vbe{l,...,N},ie{l,...,n}, (B.20)

and the conditions .
D(E,)#0 ,¥be(l,..,N}. (B.21)
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Moreover, saying that ¢, )(l) is a polynomial of maximal degree N is equivalent to say that

0; )(k) can be written in the following form:

N+1N+1

”(A)—Z]_[ - gb P (&) (B.22)

a=1 b= 1
b#a

In (B.22), &y is an arbitrary complex number, different from &1, . .., &y, which can be chosen
at our convenience. Hence the system (B.20) is equivalent to a homogeneous linear system
of N equations for the N + 1 unknowns @”(g Dseees Lpgi)(i ~n+1), which can alternatively be
thought of as an inhomogeneous linear system for the N unknowns @Ei)(g Dseens @Ei)(i N) in
terms of the (N + 1)-th one cp(i)(ﬁNH):

N

DD ol (€)=~ l_[ P (Ens1)- (B.23)

b=1 €N+1

The elements of the matrix Clth X of this linear system are
>SN+

© oouE) FyE-g—n
[Ciy Trs Sheaey T | Vr,se€{1,...,N}. (B.24)
c#s

If we can prove that detN[Ci(th 1] is nonzero and finite for any &, up to a finite number of

values, then, for any given choice of cpti (En+1) # 0, there exists one and only one nontrivial
solution (Lpt )(E Dsenes gotl)(i ~)) of the system (B.23), which is given by Cramer’s rule:

(tl)
) , dety[C: ]
RN .
so%”(ej)wi‘)(am)ﬁ, Vje{l,....N}, (B.25)
+1
with matrices C; (tll ) deﬁned as
[P 1 =(=5.,0c%, ] —5” L
N+ €N+1

forallr,s € {1,...,N}. Then our statement is a consequence of the following proposition which
ensures that all these determinants are nonzero for almost any values of their parameters.
Now by using the rank one N x N matrix A (A), defined in (4.23), the interpolation

formula for (pgl)()t) can be rewritten in a one determinant form:

(1)
dety[CL)  +Ag, (W] X

]_[ (B.27)

:| c= £N+1

() =

K))
de tN[C

or equivalently:

dety[Cp  +8¢, W] N g

P = W -, (B.28)
detN[C( )] c=1 >N+ 5c¢
where we have defined:
N+1 N

A A— ‘gc ‘Ea - gc —-n
[Ae,, D]y =— VYa,be{1,...,N}. (B.29)

S CZELb Ep—E l_! Ener—E&e
O
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Let us define the functions:

N N+1

felEna e b tkihm =] [ [(Ga—gp)dety [ ] , (B.30)
=
N N+1

g0 kb = [ [ [Ga—&p)dery [ ] | (B.31)
a=1 b=1
b#a

where the {kq, ..., k,} are the eigenvalues of the twist matrix K, then the following proposition
holds:

Proposition B.1. Let t;(1) be the generic transfer matrix eigenvalue, with | € {1,...,n"}, then
Fu(Ensrs (Erends 1)) and g, j(En s €z}, (e}, for any j € (1,....N}, are polynomial in
En+1 Which for any value of &y, up to a finite number of values, are nongzero for almost any
values of {&1,...,En}, {k;} and .

Proof. First of all we have to remark that the transfer matrix of the fundamental representation
of Y(gl,) associated to a twist matrix with eigenvalues {k;,} is a polynomial of degree N in
A and 7, is a polynomial of degree 1 in the {k;<,} and in the inhomogeneities {£,...,Ex}.
Then, the transfer matrix eigenvalues t(A|{&,...,En}, {k;}, n) are degree N polynomials in A
and, for any fixed value of A, they are algebraic functions of maximal order n" in the variables
{&1,...,&n), {k;} and 1. Indeed, they are the zeros of the characteristic polynomial of the one
parameter family of commuting transfer matrices of the following form:

Pr(y A& Evh ki) = DLy ay (A A&y, . En b kidm) (B.32)

b=0

= ClnN(A; {gln LR gN}, {ki}) T’)

[ [ =tsAlLEL, ... End kL)), (B.33)

b=1

where the a, (A, {€ <y}, {k;}, ) are polynomials in their variables. From the previous corollary
it follows that the functions f; (En41, {Ej<n}; ki}, m) and g, j(Ens1,{€j<n}, {ki}, 1), for any
j€{1,...,N}, are polynomials in the £, and algebraic functions of their arguments {;<y},
{k;} and n, for any choice of the transfer matrix eigenvalue t;(A|{&1,...,En}, {ki}, M), i.e. for
anyle{l,...,n"}.

Let us introduce the new functions:

N N+1
FrromnErerm =] ] [€a—En)detuley, .y Ens)], (B.34)
R
N N+1
i G =[] [Ba—Ep)dety [ (Ena)l, (B.35)
R
where we have defined:
N+1g
Loy, (Enve)lab =~ (=2 (aa l_[ gb—gc Ya,be{l,...,N},  (B.36)
c;éb
(D) Enan)las = =85 )ley, .y Enan)lus 51,]]1 . 54‘ (8.37)
N+1 7
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Clearly, it holds:

o, Ent:{Ej<n b ki, m) = fren),.t@) En+1, M) (B.38)
8,,i(En+1, {8 j<n b Tkil M) = &r(e),.tiEn),i (EN+1, M) (B.39)

moreovet, it is clear that the function f; (En 41, {€j<n}, {ki}, m) and g, ;(Ens1, {€j<n )} {ki} M),

for any j € {1,...,N}, are algebraic functions of maximal order n" * in their arguments {&;<y},
{k;} and 7. Indeed, defined:

IACITER PR (S ROE [ B (G e

th(gN)(£N+1)n)): (B.40)
L=1 Iy=1
TIN N

By j(ylEnsn (jan b kit m =] |- ]_[(y 8t )ty B Enem)  (BAD
L=1 Iy=1

for any fixed £y, these are single value algebraic functions of their arguments {£;<y}, {k;}
and 7 so that there exist nonzero polynomials:

o (Enr, (jen ) i} ) and a¥), (Ey 41, {E <n ) Tk}, ), (B.42)
such that defined

Pr(y|En41,{€j<n}s tkit,m) = apav (En i1, {E5<n ) {ki}s n)ﬁf(}’|§N+1:{§j<N} {kil,m), (B.43)
Py i(yIEn+1,{Ej<nts kit m) = GHZN(§N+1,{§]<N} {ki}, Py j(¥1En11, {Ejen ), Lkl M), (B.44)

they are polynomials in all their variables and the fle(él) ,,,,,, th(gN)(E ~N+1,M) and 8t £ty (Enj
(En+1,1M) are the respective associated algebraic roots. Let us remark now that the transfer
matrix of the fundamental representation of Y(gl,) associated to a twist matrix satisfying
the eigenvalues conditions k; = &, ; is similar to the diagonal entry A;(A) of the monodromy

matrix. The spectrum of which is known and has the following form

l_[()(f grc(a)) l_[ (A gn(a) + 77) (B.45)

a=1+R

over all the values of R < N and 7 € Sy (permutations of {1,...,N}). So that for any fixed
ti<av (Al{k;}), eigenvalue of the transfer matrix, there exist a R; < N and a m; € Sy such that:

lim tzw{k})—]_[(a E (@) H (A= &y +1)- (B.46)

ki=d, a=1 a=1+R,

It is then simple to observe that

N

fo s th(EN)(gN-H:T’)‘ l_[a(gz), (B.47)
- 1ll 1
N
8u, et Ev| [ TaE, (8.49)
=01 7]

are polynomial of their parameters: &y.q, {€j<y} and 1. So that if we prove that they are
nonzero in a point they are so almost everywhere. From the equation (B.46) it follows that
for any {lq,..., Iy} € {1,...,nV}®" there exist a Rg,y <N and a gy € Sy such that:

(in{, (lEjanb ki = 61;1,m)=0 ifi <Ry, (B.49)
(in{, (olEjanh ki = 61;Lm)#0 ifRyyp+1 <. (B.50)

n“ }(l)

"u }®
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Then to compute

fe )0ty ) (EN+151) ) (B.51)

1:51,1' ’
we define:
gSTTEZl-H.) = €N+1_(N_a)n) Va S {R{lj}7"'JN_1}J (B~52)

while the 55172) = 55178) fori e {1,---,R{lj}} are kept free, where we have omitted the {l;}
dependence of the permutation 7 to simplify the notation. Let us remark that it holds:
a0 HED L m =0, Vhe Ry +1,...,N—1} and aED HED LM #0,  (B53)

then defined: )
£ (=€ +ae,  Vae{1,..,N}, (B.54)

n(a

when e approaches zero it holds:

i (EgOHE D () Tk =61} m)
a(E% (HET ()L m)

—1a Zi
=€ 1t}(1nl{ })(5N+1>'fl)+

+ Ei(lnl{li})(gN+1, n)+0(e), (B.55)

where
Al Al
(&P E g, m), B (E g1, m) #(0,0) he Ry +1,...,N}, (B.56)
()L
and tl(vm{ })(§N+1,n) =0. (B.57)
So defining:

A(m|{l;})
l; t
(D 1,m) = { b

fhnl{l"})(ﬁNH, 1) otherwise

(En+41,m) if this is nonzero  Vhe Ry, +1,...,N}, (B58)

it holds: l
(D ey, #£0, Yhe {Rgy+1,..., N} (B.59)

We can now observe that the following block structure emerges:

[c

tll ......

Y(a, b)E{l,...,R{lj}} X {1,...,R{lj}}, (B.60)

......

V(a, b) € {1,...,R{lj}} X {R{lj} + 1,...,N}, (B.61)

......

VY(a,b) € {R{lj} +1,...,N} x {1:"':R{lj}}: (B.62)

~

—1p(ml{L;}) (ml{l:})
[Ctll (g(lﬂ)(e)) th(ggvﬂ)(E))(gN-f-l)]T[(a),ﬂ(b) = (6 ! thnl (§N+1’ T’) + thﬂ:l (£N+1) T’) + O(E)) +

+ 80s1,pX 01 () + €(1— i )y (E),
V(a, b) S {R{l]} +1,.. ,N} X {R{l]} +1,.. .,N}, (B.63)
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where it holds

N+1 g(ﬂ) _g(ﬂ) —n N+1 g(ﬂ) _g(ﬂ) —n
(n) ni(a) n(c) (n) ni(a) m(c)
(O) l_[ S(ﬂ) —5(”) ? (0) l_[ 5(”) _g(ﬂ) ? (B.64)
¢ #1) n(b) n(c) . ¢Cb:,al+1 n(b) n(c)
and clearly
x{™,1(0)#0 and y7(0)#0 VYa,be{L,...,N}. (B.65)

Let us denote with Sy, the nonnegative integer defining the total number of
f;ﬂl{li})(gNﬂ, 1) # 0, then the next limit follows:

N N+1
W g glm)
l1_r)r(1)e f, NGR O th(g(ﬂ)(e))(gN-b-l:n)‘ 51, lj!b_l( n(a) n(b))
= b7_éa
= {L:}
% l_[ ti(ln P (Ensrm) detRuﬂ[[ 0, ET)ty (E(“))(gN“)]“(C‘) “(b)]#o’ (B.66)

hZR“j}-f-].

being

Ry. N+1,z(n) £(m)
4 l_[bzl (gnréa) - gnréb) - 7))
dEtR{Zj}I:[ £, (E, .ot (g(ﬂ))(€N+1)]ﬂ:(a) n(b)] l_[ N 2 200
a=1 l_[ll;;l(gﬂf(a) g (b))
a

1

X detR{lj} (1) (1) (B.67)
grr(a) 5ﬂ:(b)
Rujy  N41 (n) _ E(n) _

=1
_l_[ I “(‘(‘j[) ”E(i) £0.  (B.68)

a=1 b—R{I y+1 gﬂ:(a) - gn:(b)

This result implies that ftl1 (ED ()t 51(\;[)(6))(5 N+1s n)‘ s, is a nonzero Laurent polynomial

of €, so that the polynomial (B.47) is not identically zero and so:

fo s th(gN)(§N+1,n)’k 511 #0 (B.69)

holds almost for any choice of the parameters £y, {§;<y} and 7. Being this results true for
any {l,...,Iy} € {1,...,nV}*N the Lemma B.1 indeed implies that

ftll(51),....,t1N(£N)(§N+1,7)) #0 (B.70)

holds also for almost any choice of all the parameters &y, {€;<y}, {k;} and n which com-
pletes our proof.
Let us compute now similarly the function

&by, (E1)rtry (B, (EN+151) i, (B.71)

In order to do so let us remark that defined:
Y(G)=N+1, y(a)=a Vae{l,...,N}\{j}, (B.72)
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we have the identity:

dety ([0 | Enilap) =—dety ([&0 o o (Enin)lan)s (B.73)
where we have defined:
In = Yn(1—0p), (B.74)
and
j T &a—&—n
[0 Gy = =8y ot + [ [ =7 Vabe(l...N).  ®75)
14 (ga) =1 gy(b) - gc
c#r(b)
So that we can compute 86, (E)smntyy (B, i(Ensts n)’ exactly along the same lines we have
- 11
computed ftzl(El) ______ th(gN)(i N+1M) - at least around some special point that we are going
—CY1,

to define. From the equation (B.46) it follows that for any {l;,...,[j,...,Iy} € {1,...,n" yeN-1)
there exist a Ryy <N and a T} € Sns such that fixed Tt{lj}(R{lj}) = j, it holds:

g0 Gy O Ejnh e = 81,3, =0 if <Ry —1 (B.76)
tg oGy O Ejnh b = 81,3,m#0 ifRg +1<i. (B.77)
Then we define:
5;’21+1) =Eyu—(N—a)n,  Vae{Ryy,...,N—1}, (B.78)

while the 55;2) = ESITE?) fori e {1,...,R{lj}} are kept free, where we have omitted the {l;}
dependence of the permutation 7 to simplify the notation. From this point we can proceed as

for fu, e,y 5 Enrnom)|,_ and we get

t
N i—01,i

N+1
1) — (m) _ g(m (nl{l 1))
Hm e, eyt P (e, V1) = l_!ﬂ(i & )h I]:[H (Ens1om)
a= =Ry
b#a

X detR“ﬂ [[ =(j)

) 0, (B.
€Ly B, .., qN(aﬁv’f))(gN“)]“(“)’”(b)]# (B.79)

indeed:
detg,, | [c o (EN4) @m0
{1} tll(g(lﬂ))"""th(EE\]n) +1/17n(a),n(b)
Ry N+1,2(m) F(m) _
_ J l_[b=1 (gn(a) g ) 1 (B 80)
T, @@, —8m) ™ | & 5@ ~ '
a= =
b1 r(n()) (@) Sm(b)
Ruj— £(n) \Rup—1 (ﬂ) £(m)
(6 —Sty) ph -
_ b=1 J n(b) l_[ l_[ n(a) nEb) 750, (B81)
_gm g(n) _ g(n)
nb:1(€N+1 gb ) a=1 b—R{l 3+l gﬂf(a) gn(b)
which completes the proof of our proposition. O
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It is interesting to remark that the rational functions f; (En41, {552\,}, {ki =01,},m) and

ge,i(En+1s {ES.?N}, {k; = 61,},m) admits some simple explicit expression as a consequence of
the calculations developed in the previous proposition.

Corollary B.2. There exist a R; < N and a m; € Sy such that:
Jim oAk} = ]_[(A Er@) ]_[ (A= &+ M), (B.82)
_> Li a= 1+Rl

where t;.~(Al{k;}) is a generic eigenvalue of the transfer matrix. Then, it holds:

N
Fo B (ESR  Ak = 610, n)—l_”_[(i(“l) &) TT (850, -&fm)

a=1b= a=R;+1

b
R,
(m) (rt )
l_[( g =& —n), (B.83)
=1
forany j € {1,...,N}, where we have defined

551781“) Eny1i—(N—a)n, Vae{R,...,N—1}, (B.84)

while the 55;8) forie{l,...,R;} are kept free.
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