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Abstract

Using the framework of the quantum separation of variables (SoV) for higher
rank quantum integrable lattice models [1], we introduce some foundations to go
beyond the obtained complete transfer matrix spectrum description, and open the
way to the computation of matrix elements of local operators. This first amounts to
obtain simple expressions for scalar products of the so-called separate states, that are
transfer matrix eigenstates or some simple generalization of them. In the higher rank
case, left and right SoV bases are expected to be pseudo-orthogonal, that is for a given
SoV co-vector (h|, there could be more than one non-vanishing overlap (h|k) with
the vectors |k) of the chosen right SoV basis. For simplicity, we describe our method
to get these pseudo-orthogonality overlaps in the fundamental representations of
the Y(gl3) lattice model with N sites, a case of rank 2. The non-zero couplings
between the co-vector and vector SoV bases are exactly characterized. While the
corresponding SoV-measure stays reasonably simple and of possible practical use,
we address the problem of constructing left and right SoV bases which do satisfy
standard orthogonality (by standard we mean (h|k) o< éni). In our approach, the
SoV bases are constructed by using families of conserved charges. This gives us a
large freedom in the SoV bases construction, and allows us to look for the choice of
a family of conserved charges which leads to orthogonal co-vector/vector SoV bases.
We first define such a choice in the case of twist matrices having simple spectrum and
zero determinant. Then, we generalize the associated family of conserved charges
and orthogonal SoV bases to generic simple spectrum and invertible twist matrices.
Under this choice of conserved charges, and of the associated orthogonal SoV bases,
the scalar products of separate states simplify considerably and take a form similar
to the Y(gl2) rank one case.
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1 Introduction

The quantum separation of variables (SoV) has been introduced by Sklyanin [2-6] in the frame-
work of the quantum inverse scattering method [7-15]. It enables to analyze the transfer matrix
(and Hamiltonian) spectrum using the Yang-Baxter commutation relations. It does not rely on
any ansatz, which makes explicit its advantage w.r.t. Bethe Ansatz methods [8,16-22]. This
method has been first systematically developed in the class of the rank one integrable quan-
tum models [23-54] proving its wide range of application. The completeness of the transfer
matrix spectrum characterization in the SoV approach for compact representations has been
clearly addressed and proven in [33-35,37-55]. In this rank one case, the SoV approach has also
been shown to lead to simple determinant formulae for scalar products of the so-called separate
states [37,39-45,48,53,54]. Those include the transfer matrix eigenstates and their general-
izations with factorized but otherwise arbitrary wave functions in the SoV basis. In several
important cases, the form factors of local or quasi-local operators have been computed in terms
of determinants, while in [50,52,56] a rewriting of the determinants giving the scalar product
formulae has been obtained paving the way for the direct analysis of form factors and correlation
functions in the homogeneous and thermodynamic limits.

Our aim is to extend these achievements to the higher rank cases. Let us comment that
scalar product formulae and matrix elements of local operators have been already computed
in the literature [57-70] for the higher rank case in the nested algebraic Bethe ansatz (NABA)
framework [71-74] and that more recently have appeared interesting works analyzing these
problems in SoV related frameworks [75,76].

Sklyanin has also pioneered the SoV approach in the higher rank case', in the particular
example of rank two [6]. Sklyanin’s beautiful SoV construction involves the identification of a
B-operator, whose eigenco-vector basis is meant to separate the spectral problem of the transfer
matrix. The other fundamental elements of the Sklyanin’s construction [6] are the identifica-
tion of an A-operator, whose role is that of generating the shift operator on the B-spectrum,
together with the identification of an operator quantum spectral curve equation involving the
transfer matrices, the B-operator and the A-operator. These operator equations should separate
the transfer matrix spectrum when computed in the zeroes of the B-operator. However, in [6]
the SoV construction has been developed just using the gls Yang-Baxter commutation relations
without introducing any specific representations of the algebra. Only more recently, the SoV
analysis for higher rank has been revived. For the fundamental representations of gls Yang-
Baxter algebra, in [77] the spectrum of the Sklyanin’s B-operator has been conjectured together
with its diagonalizability for some classes of twisted boundary conditions on the basis of an
exact analysis of quantum chains of small sizes. Moreover in [77], the Sklyanin’s B-operator has
been used to conjecture a formula for the transfer matrix eigenvectors bypassing the traditional
nested Bethe Ansatz procedure and consistent with small chains verification?. Then, in [79)
the separation of variables approach has been initiated for non-compact representations of the
gls Yang-Baxter algebra determining the eigenfunctions of the Sklyanin’s B-operator. While
these findings are quite interesting, the complete implementation of the Sklyanin’s SoV program
for higher rank seems more involved as, at least for fundamental representations, the proposed
A-operator acts as shift only on part of the B-spectrum which leaves unproven the separate rela-
tions in this SoV framework. This phenomenon has been already anticipated by Sklyanin in [6]
and it occurs when the spectrum of the B-operator zeroes partially coincides with that of the
poles of operators appearing in the commutation relations between A-operator and B-operator

See also [25,51] for some interesting analysis toward the SoV description of higher rank cases.
2This conjecture has been then proven in the ABA framework in [70]. These observations and conjectures have
also been extended to the super-symmetric case in [78].



and/or in the operator quantum spectral curve equation, see [1] for further discussions.

In [1] we have overcome these difficulties by developing a new SoV approach which relies
only on the abelian algebra of conserved charges of the given quantum integrable model. In our
SoV approach the SoV co-vectors/vectors bases are generated by the action of appropriate sets
of conserved charges on some reference co-vector/vector, hence bypassing the construction of
the Sklyanin’s A and B operators.

In its most general form, our construction uses a family of commuting conserved charges
say T'(\), A € C (typically the transfer matrix, its fused versions or the Baxter Q-operator in
most of the cases considered, but in principle more general situations could occur) acting on
some Hilbert space H (H* being its dual) of the considered model. Such a family is said to be
SoV bases generating if there exist a co-vector (L| € H* (resp. a vector |R) € H) and sets of
commuting conserved charges constructed from T'(\), T]EZ) (resp. TIEZ)) where a =1,..., N and
hasko = 0,...,dy —1 with d = H(Jl\[ﬂ dg the dimension of the Hilbert spaces H and H*, such

that the set of co-vectors,
N
(hus. o o] = (LI T] 7 (L1)

forms a basis of H* and the set of vectors,

N
I, k) = [] TR (1.2)
a=1

forms a basis of H. It follows immediately, by construction, that whenever such bases exist, any
common eigenvector |t) (resp. eigenco-vector (t|) of the family T'(\) with eigenvalue () is also
a common eigenvector (resp. eigenco-vector) of the commuting sets of conserved charges T,s:)
(resp. TIEZ)) with eigenvalues t;fz) (resp. fgz))
coordinates h; (resp. k;) factorize as

. Hence the corresponding wave functions in the

N

Uy (b, e hiy) = (B, hivlt) = (LI8) T] 11 (1.3)
=1
and similarly,
N .
Uy (K1, ooy k) = (tE1, k) = (tR) [ 8 - (1.4)
=1

This also means that the eigenvectors coordinates in such SoV bases are completely determined
from the eigenvalues of the commuting conserved charges used to construct those bases. Hence,
the very existence of such bases implies the simplicity of the spectrum of the family 7'(\) since
the coordinates (wave function) of any eigenvector are completely determined by the correspond—
ing eigenvalue. This in turn implies that the above sets of conserved charges T( 9 and T( ) a
both basis of the vector space Cp(y) of operators commuting with the family of operators T()\)
Hence the linear action of the operator T'(A) on such bases can be computed in a close form as
for any values of hy,...,hn (resp. ki,...,kn), the product T}Ez) -T(X) (resp. T'(N) -T,E:)) is also a
conserved charge commuting with 7'(\). Hence it is an element of Cr(y) that can be decomposed
linearly on the basis generated by T}Ez) (resp. Téz)).

To make this more explicitly, let us introduce compact notations we will be using all along this
paper, namely, h = (hy, ..., hy) and similarly k = (K1, ..., kn), and accordingly, T}, = ivzl T}Ez),



T =112, T(a) and also |ki,...,kn) = |k), (h1,...,hn| = (h| for the two sets defining the right
and left SoV bases® , then there exist scalar complex coefficients N} ()\) and Nll1 . such that:

N =S NN T (1.5)
1

and,
Ty - Tic = ZNﬁle (1.6)

Similarly one can define two other sets of complex coefficients, namely Clll x and CN’%I K such that:

Ty - Ty = Zcik T, (1.7)
1

and,

(1.8)

=
| et

Nh : Nk = Z . k
1

The knowledge of these relations together with the action of the complete family of conserved

charges T'(A) on our SoV bases has been shown to completely characterize the common spectrum

of all the above commuting conserved charges. Particular realizations of this situation include the

case where the T}(LZ) are powers of the transfer matrix evaluated in the inhomogeneity parameters

as T'(,)"e, or are given as the fused transfer matrices T}, (§ah“)) in some shifted points &(Lh“),
where h, is the level of fusion. In the higher spin gl case, they are simply obtained from the
Q- operator evaluated in shifted inhomogeneities as Q(&(Lh“)) In all these cases, the coefficients
Nt LA, NH K CB  and Ch are completely determined by the fusion relations or the T-@Q relations
satlsﬁed by the transfer matrices and the Baxter Q-operator.

The conditions on the above sets of conserved charges to indeed generate SoV bases were
identified and proven® in [1], together with the factorization of the wave functions in terms
of conserved charge eigenvalues and the proof of the completeness of the description of the
transfer matrix spectrum. The discrete separate relations were proven to be equivalent to the
quantum spectral curve equations, involving the transfer matrices and the Q-operator holding
both at the eigenvalue and operator level, due to the proven simplicity of the transfer matrix
spectrum [1]. In our approach, the separate variables relations are themselves proven to be
originated by the structure constants of the abelian algebra of conserved charges, in particular
by the transfer matrix fusion equations for the charges considered in [1]. From this perspective
our SoV approach has the potential to be universal in the realm of quantum integrable model.
Indeed, we have proven its applicability for a large class of quantum integrable models from
the fundamental representations of gl,,, glnm and the U, (gl,) Yang-Baxter algebras with simple
spectrum twist matrices up to the higher rank reflection algebra cases with general boundary

3Using such compact notations it should not be forgotten that these vectors |k) and co-vectors (h| defining
SoV bases are depending respectively on the chosen sets of conserved charges T’ ,5:) and T}Ea) and on the reference
vector |R) and co-vector (L|. Hence in the following such compact notations will be used only after such choices
have been defined.

4Let us stress here that these complex coefficients which can be interpreted as the structure constants of the
associative and commutative algebra of the conserved charges, are depending directly on the choice of the two
sets of commuting conserved charges T(a> and T<“). Hence changing those sets, eventually in a non-linear way,
as sums of products of commuting conserved chargeb are still commuting conserved charges, will modify these
structure constants accordingly.

5They mainly reduce to properties satisfied by the twist matrix and the inhomogeneities parameters.



conditions, deriving new and complete descriptions of the transfer matrix spectrum [1,80-84] ©.
Moreover, in [85,86] our construction of SoV bases using conserved charges has been extended
to arbitrary finite dimensional rectangular representations of the gl,, Yang-Baxter algebra.

The relation of our SoV approach with the Sklyanin’s one has been first analyzed in [1]. There
we have observed the coincidence of our SoV co-vector basis with the Sklyanin’s B-operator co-
vector eigenbasis for chains of arbitrary length in the glo case. This correspondence has been
obtained for special choices of the reference co-vector and of the set of conserved charges used
to generate the SoV basis. The same result has been derived in [1] for the gl3 case for chains of
small sizes. In [85] this observation has been proven for arbitrary finite dimensional rectangular
representations of the gl,, Yang-Baxter algebra and for chains of any size. Moreover the simple
spectrum of the Sklyanin’s B-operator, and its gl,, extensions proposed in [77], has been ob-
tained in [85]. This result together with the completeness of the description of the spectrum by
factorized wave functions in terms of polynomial @Q-functions [1] implies the ABA type formula
of [77] for all the transfer matrix eigenvectors’.

An important feature of our new approach to the SoV bases is that it relies only on finding
a suitable set of commuting conserved charges and a corresponding reference co-vector /vector
(L| € H* and |R) € H, (the number of choices for those being in fact very large as shown in
our first paper [1]). However, any other sets build from sums of products of given commuting
conserved charges being again sets of commuting conserved charges, it results in a huge freedom
in constructing SoV bases which was not available if one would have stick to SoV bases identified
as eigenbasis of the Sklyanin’s B-operator or its higher rank extensions.

Clearly, this is a very interesting built in aspect of our new approach to SoV that enables us
to ask a new key question in this context: what would be optimal choices of the sets of conserved
charges determining the SoV bases for the quantum integrable model at hand?

A first answer to this question, from the point of view of the determination of the spectrum,
is that an optimal SoV basis is such that the action of the transfer matrix (and hence of the
Hamiltonian of the model) on the chosen basis is as simple as possible. This could mean for
example that the action of the family of T'(A) on any element of the set T}, decomposes back on
that set with only a very few non-zero coefficients, and moreover that it is given only by local
shifts of finite and lowest possible order on the coordinates h,. This amounts to have chosen
the basis Ty, of the space Cp(y) in such a way that the structure constants Nll;()\) have such a
simple property; namely that the only non zero coefficients are those where h and 1 differ only
by localized shifts in the coordinates. This is exactly what happens for SoV bases in the glo
case that are generated directly from the Baxter Q-operator. Indeed, the Baxter T-Q) relation
determines an action of the transfer matrix 7'(A) on the basis generated by Q(\) which involves
only two terms with a local shift £1 for each coordinate h,, to be compared to the dimension
of the Hilbert space H and of the Bethe algebra Cr(,) which is 2N for a spin-1/2 chain of length
N. This is in some sense the hallmark of integrability that generate a characteristic equation of
degree two, hence much smaller than the dimension of the Hilbert space.

SNote that our reference [83] describe our approach for higher spin representations for the rank one case.
While [84] also contains the SoV basis construction for the quasi-periodic Hubbard model.

"Note that it was first remarked in [26] for non-compact rank one models that the factorization of the wave-
functions in terms of polynomial Q-functions imply the ABA form of transfer matrix eigenvectors in the SoV basis
once the Sklyanin’s B-operator is proven to be diagonalizable. As we have explained in [1], this proof extends
also to the higher rank case under the same assumption as it only uses the SoV representation of the transfer
matrix eigenvectors.



Another meaning of simplicity in the choice of our SoV bases could also be related to the
coupling between the two chosen left (1.1) and right (1.2) SoV bases. Namely, a criterion of
simplicity could be to take such two SoV covector/vector bases such that their scalar products
are calculable in terms of manageable expressions. This is certainly an important question and
criterion as it determines to what extend the chosen left (1.1) and right (1.2) SoV bases are
easy to use when computing scalar products of separate states, form factors and correlation
functions, that are our main goals.

The main purpose of the present paper is to study the important question of scalar products
from this perspective.

In the class of rank one quantum integrable models, the SoV analysis so far developed
[2-6,23-54] leads to the expectation that the transfer matrix construction of the co-vector/vector
SoV bases can be defined in such a way that these are orthogonal bases. Similarly, in the
Sklyanin’s approach, this leads to the expectation that the co-vector/vector Sklyanin’s B-
operator eigenbases (orthogonal as soon as B is diagonalizable with simple spectrum) both
implement the separation of variables for the transfer matrix spectrum. This feature has been
proven to be very useful in computing scalar products of the so-called separate states and also
in obtaining determinant formulae for the form factors of local operators. As we will see in the
next, in the higher rank quantum integrable models, this is not directly the case if the charges
used to construct the co-vector/vector SoV basis are simply the transfer matrices or their fused
higher versions, for a generic twist K.

On the one hand, the SoV vector basis is univocally fixed in terms of the co-vector one
defined in [1] if one requires that it is of SoV type, i.e. that it is generated by a factorized action
of conserved charges, and that it satisfies the orthogonality conditions with the co-vector basis
on one quantum site (this is obviously a necessary requirement for general orthogonality!). It
turns out that in general such SoV vector basis stays only pseudo-orthogonal to the co-vector
one for quantum chains of arbitrary length N. More precisely, the matrix of scalar products
NMux = (hlk) for the natural SoV bases introduced in [1] is in general not a diagonal matrix.

The aim of the present paper is twofold:

e Characterize the matrix of scalar products N x = (h|k) and the associated SoV measure
(related to the inverse of My, i) for the natural SoV bases introduced in [1] in the example
of the rank two gl3 case in the fundamental representations.

e Determine, in the same gls representations, two sets of commuting conserved charges,
Ty and Ty generating a left and right SoV bases that are orthogonal to each other and
compute the corresponding SoV measure.

Given our left SoV co-vector basis, we first prove that the defined set of SoV vectors indeed
define a basis and we exactly characterize the pseudo-orthogonality conditions writing all the
non-zero non-diagonal couplings in terms of the diagonal ones, which we explicitly compute.
This set of SoV vectors has been introduced recently in [76] as the set of eigenvectors of a
C-operator which plays a similar role to the Sklyanin’s B-operator and some integral form has
been given for the coupling of the SoV co-vectors/vectors in [76]. Due to the quite different
representations, a direct comparison of the results of [76] with those that we obtained stays a
complicate task which however deserves further analysis.

Let us comment that this pseudo-orthogonality is intrinsically related to the form of fusion
relations of the transfer matrices for higher rank case when computed in the special inhomo-
geneous points. In fact the matrix of scalar products can be directly related to the structure



constants of the algebra of commuting conserved charges (1.6) that are in fact determined com-
pletely by the fusion relations as shown in [1]. To be more precise let us illustrate this in the
following situation. Suppose we have chosen a left SoV basis of the type (1.1). Then let us
consider a right SoV basis (1.2) where we have chosen the right reference vector |R) in such a
way that it satisfies (h|R) = dpp for some hy. Then the corresponding matrix N of scalar

products can be computed in terms of the structure constant N}%(L to be:

h
Nok = Nk - (1.9)

A very interesting question is thus if there exists an optimal choice of the left (1.1) and right
(1.2) SoV bases such that for some h, we have Nl%(i( = 0px n(h) with a calculable non-zero

coefficient n(h) whose inverse determines the SoV measure.

This naturally leads to the observation that if we want to obtain co-vector/vector SoV bases
mutually orthogonal we have to chose in general a different family of commuting conserved
charges than the simple choice taken in [1] to generate both of them (or at least look for different
points where the transfer matrices are computed). These observations in the Sklyanin’s SoV
framework for rank two mean that while the Sklyanin’s B-operator define the co-vector SoV
basis, its vector eigenbasis is actually only a pseudo-SoV basis, i.e. not all the wave functions of
transfer matrix eigenco-vectors have factorized form in terms of the transfer matrix eigenvalues.

Despite the absence of direct orthogonality the SoV-measure that we derive in section 3
stays reasonably simple and can be used as the starting point to compute matrix elements of
local operators in this SoV framework. While, this seems a sensible line of research and we will
further analyze it in the future, we would like to further investigate the potentiality of our new
SoV approach.

In the present paper, for the rank two gls case in the fundamental representation, we define
some new family of commuting conserved charges whose spectral problem is separated for both
a co-vector and a vector bases, which are moreover orthogonal to each other. Further, we
show that the corresponding SoV measure takes a form very similar to the rank one case. The
consequence is that w.r.t. this family of commuting conserved charges scalar products simplify
considerably and take a form very similar to the rank one case for the separate states. Of course,
in order to be able to compute matrix elements of local operators we will need to address the
problem of the representation of the local operators in these new SoV bases.

The paper is organized as follows:

Section 2 is dedicated to recall some fundamental properties satisfied by the transfer ma-
trices in the fundamental representations of the gls Yang-Baxter algebra. In subsection 2.2,
we moreover recall the results of [1] for the construction of the SoV bases for the considered
representations, that is equations (2.23) and (2.24).

In section 3, we introduce a standard construction of co-vector/vector SoV bases (3.6)-(3.7)
using the choice of the generating charges made in [1], i.e. given by the transfer matrices
evaluated in the inhomogeneity parameters. The Theorem 3.1 characterizes completely the co-
vector /vector coupling of these two systems of SoV states. The main results of this section are
i) that the given system of SoV vectors form a basis, ) the computation in (3.10) of the known
tensor product form (3.9) of the reference vector associated to a fixed reference co-vector in the
SoV basis, iii) the exact characterization in Theorem 3.1 of the pseudo-orthogonality relations
(3.14), with the description of the non-diagonal couplings in terms of the diagonal ones, and
iv) the explicit computation of the diagonal couplings in (3.20). Finally, the subsection 3.3



characterizes with Corollary 3.1 the SoV measure in terms of the non-zero SoV co-vector/vector
couplings.

In section 4, we use the freedom in the choice of the generating family of conserved charges
to construct orthogonal co-vector/vector SoV bases. The subsection 4.1 is dedicated to this con-
struction in the class of quasi-periodic boundary conditions associated to simple spectrum but
non-invertible twist matrices. The main theorem there, Theorem 4.1, states the orthogonality
properties and the form of the diagonal SoV co-vector /vector couplings. These are similar to the
SoV co-vector/vector couplings of the rank one integrable quantum models. In subsection 4.2,
these results are used to compute scalar product formulae of separate states (4.77) and (4.81),
showing that they take a form similar to the rank one case. Finally, in section 4.3, we introduce
a new set of charges (4.93) that extends the results of subsections 4.1 and 4.2 to the general
quasi-periodic boundary conditions, associated to simple spectrum and invertible twist matrices.

We give several technical and important proofs in the three appendices. The appendix
A details the proof of the tensor product form of SoV starting co-vector/vector in our SoV
construction. The appendix B details how our SoV construction holds in the gls representations,
the aim being to establish one simple example to which compare our higher rank construction.
Finally, the appendix C is dedicated to the detailed proof of our Theorem 3.1. Subsection C.1
handles the orthogonality proof, while subsection C.2 details the description of the non-zero SoV
co-vector /vector couplings.

2 SoV bases for the fundamental representation of the gl; Yang-
Baxter algebra

2.1 Fundamental representation of the g/; Yang-Baxter algebra

We consider here the Yang-Baxter algebra associated to the rational gls R-matrix:

al()\) bl b2
Ra,b<)\) = )\Ia,b + anb = c1 ag()\) b3 € End(Va X VE,), (2.1)
o cs  az(N)

where V, 2 V;, = C3 and we have defined:

A+ 7](5]"1 0 0
aj()\) = 0 )\—|-77(5j’2 0 , Vje {1,2,3}7
0 0 A+ 1’]5 i3
0 00 0 00 0 0 0
b= n 0 0 [, bo=| O 0 O |, bs5=| O O O |,
0 00 n 0 0 0 n O
0 n O 0 0 n 00 0
c1=| 00 0|, co=[ 0 0 0|, eg3=| 0 0 n |, (2.2)
0 0 0 00 0 000
which satisfies the Yang-Baxter equation
Ria(A — p)Raz(A) Ras(p) = Raz(p) Rag(A) Ri2(A — p) € End(V1 © V2 ® V3). (2.3)
and the scalar Yang-Baxter equation:
Rlz()\)KlKQ = K2K1R12(/\) € End(V1 (=) Vﬁ), (2.4)



where K € End(V) is any 3 x 3 matrix. We can define the following monodromy matrix:
M () = KyRan(\ —&n) - Rai(A — &) € End(V, @ H), (2.5)

where H = QN_; Vj,. MCEK)()\) itself satisfies the Yang-Baxter equation and hence it defines an
irreducible 3N-dimensional representation of the gls Yang-Baxter algebra for the inhomogeneity
parameters {1, ...,{N} in generic complex positions:

§i—§j #O,:l:n, Vl,j € {1,...,N}. (26)

Then, in the framework of the quantum inverse scattering [87-89], the following families of
commuting charges exist according to the following:

Proposition 2.1 ([87-89]). Defined the antisymmetric projectors:
_ 1
Pl,...,m = ﬁ Z (_1)UW PTU (27)
7T€Sm
where Sy, is the symmetric group of rank m, o, the signature of the permutation m and
Pﬂ'(vl®"‘®vm) :Uﬂ(l)®"'®v7r(m)7 (28)

then the following quantum spectral invariants (the fused transfer matrices):
THIN) = tr1,m [P ML OMO =) - MEO O = (m—D)m)|, - vm € {1,2,3},
(2.9)
are one parameter families of mutual commuting operators. Furthermore, the quantum determi-
nant q-det MK (\) = TS(K)(/\) is central, i.e.

[q-det M(K)(/\),M(K)(u)] — 0. (2.10)

a
Moreover, the general fusion identities [87-89] imply the following
Proposition 2.2 ([87-89]). The quantum determinant has the following explicit form:
N 2
qrdet MFO(N) =det K [ [()\ —&+n) [[OA-& - mn)] , (2.11)
b=1 m=1

and TI(K)()\) and TQ(K)()\) are degree N and 2N in . Their asymptotics are central and coincides
with the corresponding two spectral invariants of the matriz K :

(tr K)* — tr K2

7 = jim ANTO ) =k, T = Jim AT (0) = (2.12)
A—00 A—00 2
The fusion identities hold:
T EITHO (G — ) = T (&), Vim € {12}, (2.13)
and TZ(K)()\) has the following N central zeroes
T (6 +m) = 0. (2.14)
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Let us introduce the functions

m A— f 1
am®™ = I o H ) _ D) (2.15)
b#ab=1 Sa b=1 517
N h
aA—n) = dN)=[A—¢), & =& hn, h={h ..}, (2.16)
a=1
and \

The known central zeroes and asymptotic behavior imply that the transfer matrix T Q(K)()\) is

completely characterized in terms of TI(K)(/\), e.g. by the following interpolation formula

TN = d(A ) (Téiﬁ OV I S SN OV SRl (M) e (@)) . (218)

where h = 0 means that for all £ € {1,...,N} we have hy = 0.
From now on when we have an h with all the elements equal to the integer 0, 1 or 2 we use
directly the bold underlined notation 0, 1 and 2.

2.2 On SoV bases construction in our approach

The general Proposition 2.4 of [1] for the construction of the SoV co-vector basis applies in
particular to the fundamental representation of the gls rational Yang-Baxter algebra. Note
that we have presented the construction for the co-vector SoV basis just to get a factorized
form of the wave-functions of the transfer matrix eigenvectors in terms of the transfer matrix
eigenvalues. Evidently, the same construction applies as well to define a vector SoV basis in
which the wave-functions of the transfer matrix eigenco-vectors have the same factorized form.
In order to clarify this, we present in the following a proposition for this gls case. Let K be a
3 x 3 simple spectrum matrix and let us denote with K ; the Jordan form of the matrix K and
W the invertible matrix defining the change of basis:

ko y1 O
K=WgK;W;' with K;j=| 0 ki y2 |. (2.19)
0 0 ke

The requirement K simple spectrum implies that we can reduce ourselves to the following three
possible cases:

Z) ki 7& kj7 Vi,j € {Oa 152} and y; =ys =0, (220)
/”) kO - kl # k2) Y1 = 17 Y2 = 07 (221)
ZZ) ko = k1 = kg, Y1 = 1, Yo = 1. (2.22)

Then,

Proposition 2.3. Let K be a 3 x 3 simple spectrum matriz, then for almost any choice of (L|,
|R) and of the inhomogeneities under the condition (2.6), the following set of co-vectors and
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vectors:

N
LT (€)™ for any {hr, i} € 0,1,2Y, (2.23)
n=1
N
I1 (TfK’(gn))h"|R> for any {hy,....hn} € {0,1,2}N, (2.24)
n=1

forms a co-vector and vector basis of H, respectively. In particular, we can take the following
tensor product forms:

N N N
(L] = Q(2,y,2)aly}, |R) =QRTw(rs ), Tw=Q Wka (2.25)

a=1 a=1 a=1

simply asking in the case i) xyz # 0 for the co-vector and r st # 0 for the vector, in the case
it) x z # 0 for the co-vector and st # 0 for the vector, in the case iii) x # 0 for the co-vector
and t # 0 for the vector.

Proof. As shown in the general Proposition 2.4 of [1], the fact that the transfer matrix in the
inhomogeneity &, reduces to the twist matrix in the local space n dressed by invertible products
of R-matrices implies that the set of co-vectors and vectors above defined form bases of H* and
H, once the following co-vectors and vectors (obtained by taking the asymptotic limit over the

€a)

(2,9, )W (2,9, )W K, (2,9, )W K2, (2.26)
Wi (r, s, )", KW (r, s, 1), KWk (r, s, 1), (2.27)
or equivalently:
(a:,y,z),(x,y,z)KJ,(a:,y,z)Kg, (228)
(T’,S7t>t7KJ(T,S,t)t7K§(T,S,t)t, (229)

form bases in C3, that is the next determinants are non-zero®:

—xyzV (ko, ki1, k) in the case i)
= 122V 2(ko, k2) in the case ii) ) (2.30)

23 in the case iii)

rstV (ko, ki, k) in the case i)

tpri—1 — 2 2 . ..
det (eJKJ (r, S’t))i,j€{1,2,3} 33t‘V (ko, ka) 1.1.1'the case ii) , (2.31)

t® in the case iii)

det <(x’ Ys Z)K?lej)i 7€{1,2,3}

which leads to the given requirements on the components x,y, z,7,s,t € C of the three dimen-
sional co-vector and vectors. ]

Note that both these choices of co-vector and vector SoV bases are perfectly fine to fix the
transfer matrix spectrum, by factorized wave functions in terms of transfer matrix eigenvalues
for both eigenvectors and eigenco-vectors. However, if we wish to go beyond the spectrum,
and compute matrix elements of local operators starting with scalar products of the so-called
separate states, we need an appropriate choice of the co-vector and vector SoV bases. In the
rank one quantum integrable models, the SoV analysis so far developed [2-6,23-54] leads to the

8Here and in the following, we denote by V (21, ..., x») the standard Vandermonde determinant HK]. (z;— ).
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expectation that the transfer matrix construction of the co-vector and vector SoV bases can be
defined in such a way that these are orthogonal bases or similarly that the co-vector and vector
Sklyanin’s B-operator eigenbases both implement the separation of variables for the transfer
matrix spectrum. As we will see in the next, in the higher rank quantum integrable models, this
is not directly the case if the charges used to construct the co-vector and vector SoV basis are
simple powers, or even fusion, of the transfer matrices for general twist K.

3 Scalar products for co-vector/vector SoV bases

3.1 Another construction of co-vector/vector SoV bases

Let us first introduce a slight modification of the co-vector SoV basis w.r.t. the standard one
introduced in the previous section by changing the set of conserved charges used to construct
them. It reads”:

N

K)é, K)§

(h| = (hn, o b = @] T] 7870 (€T (6,), W by € {0, 1,23, (3.1)
n=1

where (1] is some generic co-vector of H. Let us remark that for an invertible twist matrix K

using the identification:

N
)= (&[], (3.2)
n=1

the two sets of co-vectors defined in (2.23) and (3.1) are identical up to a non-zero normalization
of each co-vector; hence the two sets are related by the action of a diagonal matrix. To be
more precise with such an identification and using the fact that for an invertible K-matrix the
operator T (fn ) is proportional to the inverse of T (§n) due to the fusion relations, we get:

N
(h| = an(L| [ 720 e,),  hy, € {0,1,2}, (3.3)

n=1

where o, = ngl(q—det M(K)(gn))%n,o is a non-zero coefficient. Then, being 6y, o—dp,, 0+1 = hyp,
for any h,, € {0,1,2}, we get:

(h| = hL\HT1 ,V hy, €{0,1,2}, (3.4)

thus proving that the two sets defined in (2.23) and in (3.1) are equivalent bases up to an
invertible diagonal matrix made of the non-zero coefficients ay. Moreover, even if K has zero
determinant, it can be proven that the two sets (3.1) and (2.23) are both SoV bases (see next
section), the linear transformation relating them being in that case more involved.

3.2 Pseudo-orthogonality conditions of these co-vector/vector SoV bases

Here, we show that for the SoV co-vector basis chosen as in (3.1), we can define a pseudo-
orthogonal vector SoV basis which is orthogonal to the left one for a large set of co-vector/vector
couples. We exactly characterize these pseudo-orthogonality conditions and the non-zero cou-
plings of these co-vector and vector SoV basis. The corresponding So V-measure, related to the

9Throughout this section we use compact notations for the left and right SoV bases defined as in (3.1) and
(3.7).
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inverse of the scalar products matrix, is completely characterized in the next subsection. It is the

starting ingredient to compute matrix elements of local operators in this SoV framework. This

will be further employed in forthcoming analysis in this gls case as, despite the absence of direct

orthogonality, the SoV-measure stays reasonably simple to be used in practical computations.
Let us now introduced the vector |0) uniquely characterized by

(k[0) = H 00,kq - (3.5)

Then we have the following

Proposition 3.1. Let K be a 3 x 3 simple spectrum matriz, then for almost any choice of the
co-vector (1|, of the vector |0) and of the inhomogeneities under the condition (2.6), the set of
co-vectors (3.1)

(b = H Ty (T (6, (3.6)
and the set of vectors:
N
K)d K)é
= [T 7% ()™= (€0))0), (3.7)
n=1

form co-vector and vector basis of H* and H, respectively. In particular, we can take (1| of the
following tensor product form.:

N N
(1] = ® z,y,2)alys Tw = Q) Wk, (3.8)
a=1 a=1

simply asking xy z # 0 in the case i), x z # 0 in the case ii), x # 0 in the case iii). Then the
associated vector |0) having the property (3.5) also has tensor product form:

N
a=1

where we have defined

1 [ kelvko — zy1)(zka + yy2) — (yki + 2y1)(zy1y2 + ko(zki — yy2))
10,a) = % z(zkoy1y2 + ki(zki — yy2) — kika(zka + yy2)) ., (3.10)
x(ko + ki1)ka(yki + zy1 — yko)

with
A =z (yko — yki — 2y1) (2(ko — ko) (ki = ko) +y2 (y(ka — k1) +2y1) ) a-det MDD (&, — 2n). (3.11)

Proof. The proof that these two sets are indeed bases of the Hilbert space and its dual can be
performed along the same lines as the one presented already in [1] and in the previous section.
Namely, using the polynomial character of all the expressions involved in the inhomogeneity
parameters &, it is enough to prove the proposition in some point in the parameter space. This
is achieved by scaling the inhomogeneity parameters from a single sclar, as &, = n, and sending
the parameter £ to infinity. In turn, this amounts to obtain the asymptotlc behavior of the
transfer matrices in that limit. The leading term for the operator T1 (fn) is given by ¢NTLK,

times some constant, while for the operator T2 (gn ) it is given by £2(N-D(2K? — 2K, tr(K) +
tr(K)? — tr(K?)) times some other constant. Hence, it is enough to exhibit a co-vector (u]
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such that the set (u|, (u|K, (u|K? is a basis of C3, which is the case as soon as K has simple
spectrum. Similarly, the asymptotic of the operator T: Q(K)( 7(10)) is found proportional to the
matrix £&2N-1D(K? — K, tr(K)), leading to the same conclusion. By these arguments, all we
need to prove is that the co-vectors

(xvya Z)RJv(xaya z),(x,y, Z)KJ7 (312)

where K is the adjoint matrix of K, form a tridimensional basis. If we denote by My y - K,
the 3 x 3 matrix which lines are given by these three co-vectors, it holds:

—xyzV (ko, ki, ke) in the case i)
det My - 1, = § 222V ?(ko, ko) in the case ii) (3.13)
3 in the case iii),
so that in the case i) we take zyz # 0, in the case ii) we take z z # 0 and finally in the case
iii) the condition is « # 0. The construction of the orthogonal vector is a standard computation
in C3 and the fact that it defines a vector basis by action of K and K? follows from a direct
computation. Another proof uses the characteristic equation of K. Finally, the fact that the
reference vector for the right SoV basis can be then chosen of tensor product form is proven in
the appendix A. O

Let us now compute the scalar products of these two SoV bases as follows:

Theorem 3.1. Let all the notations be the same as in Proposition 3.1, then the following
pseudo-orthogonality relations hold:

Mk
N = (k) = (k[k) | duxc+ Cp Y (det K) > 6 ez | (314)
=1 aUpuy=1y, ==,

a,B,y disjoint, #Fa=#L=r

where the C}% are non-zero and independent w.r.t. det K, ny being the integer part of(Zyzl Oka1)/2.
We have used the further notations

k%2 = (ki (o, B), ..., kn(a, B)) € {0,1,2}N, (3.15)
1y ={ae{l,.. ,N}:k, =1}, (3.16)
with
ka(avﬁ) =0, k’b(O&,B) =2, Va€abep (317)
ke(a,B) = key, Vee {1,...,N}\{aUB}. (3.18)

Moreover, we prove that it holds:

Ny, = (bjh) (3.19)
o d(é_((ll-i-(sha,l"r&haﬂ)) V(£§5h1,2+5h1,1)’ o '(\I6hN,1+5hN,2)>V(ézShl,Q)’ . l(\léh,\,,g)) - .

Proof. The heavy proofs of the pseudo-orthogonality and of the expressions of non-zero SoV
co-vector /vector couplings are given in Appendix C. There, the coefficients C’l% are characterized
completely, but implicitly, by an unwieldy recursion that we do not solve for the generic case.
We compute them in the simplest case, see (C.73). O
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It is worth to make some remarks on the above theorem. Let us first comment that the sum
n (3.14), for any fixed k and h , always reduces to at most one single non-zero term. Indeed,
fixing k # h, we can have a non-zero coupling between the vector and co-vector associated if
and only if there exists a couple of sets («, 3) C 1k with the same cardinality » < ny such that

h = k&g’;) , and of course if the couple («, 8) exists it is unique. The above condition means that

if Za 10k,,1 is smaller or equal to one, then the standard orthogonality works, i.e. only h = k
produces a non-zero co-vector/vector coupling. While if Z —1 0k, 1 is bigger or equal to two,

we have non-zero couplings also for all the co-vectors of (3.1) with!® h = k(Oﬁz) Let us remark
that if one looks to this pseudo-orthogonality condition in one quantum site, then the basis (3.7)
naturally emerges as the candidate to get the orthogonal basis to (3.1). Indeed, for one site,
orthogonality is satisfied by them while the fact that the orthogonality is not satisfied for higher
number of quantum sites is intrinsically related to the form of fusion relations of the transfer
matrices for higher rank. From these considerations follows our statement that if we want to
obtain mutually orthogonal co-vector/vector SoV bases, we have to use different!! families of
commuting conserved charges to generate the co-vector and the vector SoV bases.

It is also useful to make some link with the preexisting work [76] in the SoV framework. In
fact, the set of vectors (3.7) has been introduced recently in [76] as the set of eigenvectors of a
C-operator, which plays a similar role to the Sklyanin’s B-operator. There, the starting vector,
analogous to our |0), is taken as some not better defined eigenvector of this C-operator, and
the proofs that C' is diagonalizable and that so (3.7) form a basis are not addressed, while the
co-vector /vector coupling of these SoV bases is represented with some integral form.

In our paper, we prove that (3.7) is a basis, we fix the tensor product form of the starting
vector |0)in terms of the starting co-vector (1| and the general twist matrix K, we characterize
completely the form of the co-vector/vector couplings of the two SoV bases and from them the
SoV-measure.

Let us also remark that in [76] is given a selection rule which selects sectors of the quantum
space which are orthogonal, which translates in our setting as

(hjk) =0 if Z5ha L # Z ko l- (3.21)
a=1
This is compatible with our result (3.14), but much less restrictive as one can easily understand
by looking, for example, to our formula for » = 1. In this case, the h fixing the co-vector in
(3.7) and k fixing the vector in (3.1) differ only on one couple of index (hq, hy) # (ka, kp). The
above selection rule only imposes that (h|k) = 0 if h, + hy # ko + kp, while our formula instead
specifies that (h|k) = 0 unless k, = ky = 1 and h, + hy = 2.

3.3 On higher rank SoV measure

In the Theorem 3.1, we have shown that the original higher rank SoV co-vector and vector bases
as defined in (3.7) and (3.1) are not mutual orthogonal basis if the twist matrix is invertible.
Here, we want to show that from the Theorem 3.1, we can also characterize the SoV measure
associated to these bases, i.e. the measure to be used in the computation of scalar products of
separate states in these co-vector and vector bases.

Let us start introducing the following sets of co-vectors and vectors that are bases of the
Hilbert space orthogonal to our left and right SoV bases:

p(h| and |h),, Vh e {0,1,2}N (3.22)

10That is for the h obtained from k removing one or more couples of (ks = 1,k = 1) and substituting them

with (ka(a, 8) =0, kp(a, 8) = 2).

Hw.r.t. those used above.
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uniquely characterized by the following orthogonality conditions!?:

p(klh) = o p(hlh), (klh), = dcn(hfh), Vh ke {0,1,2}", (3.23)

where |h) and (h| are the vectors and co-vectors of the SoV basis (3.7) and (3.1), respectively.
Clearly, the set generated by the ,(h| and |h), are bases of the Hilbert space, and moreover we
have the following decompositions of the identity:

h), (h h) ,(h
HZ%?'lﬁ “:§;|Kf ] G21)

where the sums run over all the possible values of the multiple index (h). As a consequence,
the transfer matrix eigenco-vectors and eigenvectors admit the following SoV representations in
terms of their eigenvalues:

)p

, (3.25)

H
7|E
=

n

N

t) = 37 T 20 (e (e, 2
b —

N o

E

(3.26)

- Z H f’n téhn (fn)
h

n=

7;
=3

Thus, we can naturally give the following definitions of separate vectors :

D= o K _ (h)
\>—%:ka7 _1;[ (3.27)

with factorized coordinates ay, and separate co-vectors,

N
Bl=>6n p,fllj Bu= ] B (3.28)
h = a=1

with factorized coordinates 3y on the respective bases. The scalar product of such two separate
vector and co-vector reads:

ﬁ\a Z,Bth kak (3.29)

h k
with the SoV measure My, i defined as:

hik)
Mpx = pl P 3.30
bk =N N (3.30)

It can be obtained from the knowledge of the scalar products between the vectors and co-vectors
of the two bases orthogonal to our chosen SoV bases:

p(blk)p, Vhke{0,1,2}". (3.31)

Let us note here that these two matrices N,k and My, k, modulo some normalisation, have
direct interpretation as change of bases matrices between the bases (h| and ,(k|, namely we
have:

p (K|
ZN N— (3.32)

12Note here that we have included, for convenience, in the orthogonality relations the normalisation factor (h|h)
as it leads to more natural identifications in the particular case where the right and left SoV bases are directly
orthogonal to each other.
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and conversely,

f > Mgn(h (3.33)
h

We also have similar relations (with transposition) for the bases |k) and |h),. Moreover, it easy
to verify that these two matrices are inverse to each other:

> Mih - Nug = i (3.34)

Hence to compute the SoV measure My 1, we just need to get the inverse of the matrix of scalar
products Ny p; in the following we show how to characterize it in terms of Ny p, proving in
particular that it has in fact the same form as NVj '3

Let us start proving the following;:

Lemma 3.1. The vectors |h), of the basis orthogonal to the SoV co-vector basis (3.1) admit
the following decompositions in the SoV vector basis (3.7):

Nh
=) +Y ¢ > Bagnh(P), (3.35)
r= aUBuy=1y,,
a,B,y disjoint,
#Ha=#L=r

where the coefficients B, gn are completely characterized by the following recursion formula:

. 2
Baﬁ,h == C;(g,g) + Z o/ ,B"h C (o 2) ) (3'36)
FouB O/CO[, B,Cﬁ7 7(1 B
1<#a'=#p' <F#a-1
and
Cs = @CK (3.37)

=2 <§‘§> S

where Cs are the coefficients of the measure (3.14).

Proof. The fact that we can write each vector |h),, satisfying (3.23), in terms of the SoV vectors
k) follows from the fact that these last ones form a basis. Here we have to prove that the above
expression for |h), and for its coeflicients indeed imply the orthogonality condition (3.23).

Let us start observing that this is the case for the diagonal term. Indeed, the following
identity follows:

(h/h), = (h[h), (3.38)
by the measure (3.14) being
h # hg?gz), Va, B C 1y, disjoint with 1 < #a = #£ < ny,. (3.39)

(C.45)

So we are left with the proof of the orthogonality of

(k|lh), =0, Vk#hke{0,1,2}". (3.40)

13Somehow this is not surprising as in the appropriate labelling of the SoV bases, the matrix Ni,n is lower-
triangular with finite depth out of the diagonal and hence its inverse should have a similar form.
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Let us start observing that for any k such that

k # b, (3.41)
(C.45)
then it also follows
k # h%P Va8 C 1y, disjoint with 1 < #a = #5 < n, (3.42)

and so by the measure (3.14) the orthogonality holds.

So, we are left with the proof of the orthogonality for the case k = h(o’*) for any fixed
disjoint sets u C 1 and d C 1y, such that 1 < #p = #0 < ny. Let us observe that the following
inequalities holds:

0,2 0,2
WP 2 22 (3.43)
(C.45)
for any disjoint sets o and 3 contained in 1y with #a = #/3 such that
a pand g ¢4 (3.44)
Then, by the measure (3.14), we get the following co-vector/vector coupling:
h
0 2) 0.2 0,2),,(0,2
(s ), = (52 ) + 3¢ > Bo (5 ) (3.45)
r alUBUy=1p,
a,f,y disjoint, #a—#ﬂ—r
0,2 0,2 0 2 0,2),,.(0,2)
= (52 h) + By (b %) + Z > Bapn D),
aC#,Bcé
=#B=r
(3.46)
that we impose to be zero to satisfy the orthogonality condition:
(0% h), =0, VuC1p,6C 1y disjoint with 1 < #pu = #6 < ny,. (3.47)

7"”7

Here, the main observation is that this can be seen as one equation in one unknown B, 5, and
solved as it follows:

(i e # AL )
Busn = W— > Y Bagn “—(02) (3.48)
(s~ My 5™ = aCp BCs, (h%? n 52
a2 Iad 4s 1L, 14,0

in terms of the known SoV co-vector/vector couplings and of the coefficients B, gn for any
a Cu, B Co, with 1 < #a=#p < #J5— 1. Then, by using the formulae (3.14) we get:

P ye# Ly P e _ onle? \
W ~ Vp2 (0@, 02) b2 (3.49)
.6 1320,0 Ho s 13,8 aCp.BCS,

#Ha=#p=r

from which our formula (3.36) easily follows.
Now, it is simple to argue that (3.36) gives us recursively all the coefficient B, 5, for any
p C 1p,0 C 1y disjoint, with 1 < #p = #5 < ny,.
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In the case #u = #d = 1, the formula (3.36) reads:

~h
Bapn = —C;(O’Q), Va #b € 1y, (3.50)
=a,b
which fixes completely these coefficients. Then, we can consider the case of the generic couple

of disjoint sets p C 1y, C 1y, with #p = #0 = 2. In these cases, we have that the formula
(3.36) reads:

(0,2)
_ _b _ba,b
B,u@h - _Ch(g,g) - Z Bal%hch(g,g)’ (3-51)
=, a€u,bed =,

which fixes completely these coefficients in terms of those computed in the first step of the
recursion.

In this way the formula (3.36) fixes the coefficients B, s for any fixed couple of disjoint
sets (' C 1p,d" C 1y, with #4/ = #6’ = m + 1 < ny, in terms of those already computed, i.e.
the By, 5 for any fixed couple of disjoint sets p1 C p' C 1p,0 C ¢ C 1y, with #p=#6 <m. O

Let us note that the coefficients B, gn are, as previously with the coefficients Ck, also
characterized in a recursive manner, and their generic expression is missing from this Lemma.

The previous lemma implies the following corollary, which completely characterizes the SoV
measure.

Corollary 3.1. Under the same condition of Theorem 3.1, the SoV measure is defined by the
following pseudo-orthogonality relations:

Nk
p(hlk), = (hlh) | opy+ > <" > Bk, (02 | - (3.52)
r=1 ==a,B

alUpuy=1y,
a,B,y disjoint, #a=#p=r

Proof. We have to use just the expression derived in the previous lemma for the generic vector

nk
— 0,2
k), = k) + > ¢ 3 Bosxlk2), (3.53)

«a,fB,y disjoint, #a=#F=r

and the definition of the co-vectors ,(h| for which it holds:

nk
) 072
p(blk), = p(hlk) + > " ) B s p(bk©2) (350
r=1 alUBuy=1y,
o, B,y disjoint, #a=#pB=r
Nk
= p(alb) | dng+ > > Bogk 0, | (02 | (3.55)
r=1 aUBuy=1y, hk s

a,fB,y disjoint, #a=#F=r

and being ,(h/h) = (h|h), our result follows. O
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4 On the construction of orthogonal co-vector/vector SoV bases

We would like now to introduce a new family of commuting conserved charges in order to
construct from them orthogonal co-vector/vector SoV bases. We first describe our construction
for the class of simple spectrum and non-invertible K-matrices. Then, from this class, we will
define a new family of commuting conserved charges T(\) which allows for the construction of
the co-vector/vector orthogonal SoV bases for a generic simple spectrum K-matrix. The scalar
product of separate states w.r.t. the charges T(\), a class of co-vector/vector which contains the
transfer matrix eigenstates, are computed and shown to have a form similar to those of the glo
case once one of the two states is a T()\) eigenvector.

4.1 The case of non-invertible A-matrices with simple spectrum

In the gl3 case, the construction of a vector SoV basis orthogonal to the left one is not automatic,
as it was in the gly case. Here, it seems that the choice of the appropriate family of commuting
conserved charges to construct the basis plays a fundamental role. In this sub-section, we con-
sider the special case of a simple spectrum K-matrix with one zero eigenvalue. The orthogonal
co-vector and vector SoV bases will be constructed using the transfer matrices as in the previous
section.

Theorem 4.1. Let K be a 3 x 3 stmple spectrum matriz with one zero eigenvalue. For almost
any choice of the co-vector (1| and of the inhomogeneities under the condition (2.6), the set
of co-vectors (3.1) and vectors (3.7) form SoV co-vector and SoV wvector bases of H* and H,
respectively. In particular, we can take (1| of the tensor product form (3.8), then the associated
vector |0) has the tensor product form defined in (3.9)-(3.10) and (3.1) and (3.7) are basis of H
simply asking xy z # 0 in the case i), x z # 0 in the case i), x # 0 in the case iii).

Furthermore, (3.1) and (3.7) are mutually orthogonal SoV bases, i.e. they define the following
decomposition of the identity:

_ « [b)(h|
=) N, (4.1)
h h
with
Nh — H d(é.C(Ll)) Vz(‘glv'-'va) (4 2)
] d( C(Ll+6hu7l+6ha’2)) V(§§5h1,2+6h1,1)’ - '(\IJhN,1+5hN,2)>V(£§5h1,2)7 o l(\|5h,\,,2)) . .

Proof. This theorem follows immediately from the results of Theorem 3.1 putting to zero the
determinant of the matrix K. O

However, the proof of our Theorem 3.1 is rather involved and takes quite numerous steps
that we give in the appendices. It is therefore of interest to have a more elementary proof in
the case at hand, namely whenever the simple spectrum twist matrix K has zero determinant
or better to say as soon as the fusion relations for the transfer matrices simplify due to the
vanishing of its associated quantum determinant. In fact, this case will provide the generic idea
to get orthogonal left and right SoV bases in the general situation. So let us explain from now
on a direct proof of this theorem.

Idea of the direct proof. The statement that (3.1) is a co-vector basis of H is proven as in the
previous proposition. Indeed the main condition:

det M, #0 (4.3)

Z,Y,%,
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can be satisfied as well in the case det K = 0. In fact, if the matrix K satisfies the case i), we
take ko = 0 and the condition is still zyz # 0; if the matrix K satisfies the case ii), we take
ko = 0 or kg = 0 and the condition is still x z # 0. Finally in the case iii) with kg = k; = ko =0
the condition is still x # 0. So that we are left with the proof of the orthogonality conditions.
which can be proven by using the next results. O

The first step in the direct proof of the above theorem is to obtain the SoV representations
for the action of the transfer matrices in the case where the fusion relations simplify due to the
vanishing of its associated quantum determinant. It is given in the following Proposition.

Proposition 4.1. Under the same conditions of the above theorem, the following interpolation
formulae hold for the transfer matrices:
i) On the SoV co-vector basis:

. N
BTN =d (A —n) (2 gy N (BIT; + 15 <A><h\> , (4.4)
a=1
and
(f() (K, )\ 1) N (1)
(7 () = T 0 ] + Z B9y VBITE 3 51, 200y (VD)
a=1 -
N &,
(Z b (h(l))(ga)<fa |T + T 11(1) (€a><fa |> ) (45)
where
Z(h) = {6h171 + 5}11727 . 5hN71 + 6hN,2} Y( ) - {5h1 2 .- 75hN72}> (46)
bV =h — (hy — 1)e, with e, = {614, 0N.a}-
and

(hiy oy oo AN|TE = (b1, . hg £ 1, ..., By (4.8)
it) On the SoV vector basis:

N N N
B(\Ih) =d (A - 1) (z Oho 09 gy N T [B) + [R) T35 hQ(A)) , (4.9)
a=1

and
( Koo) 1) +)2 ¢ (1) -
') = W7y +25ha,ogay( SO (TE) B) + > bn, 298 ) (N T )
a=1 -

N N N
+ 3 D1y VD) (Zéabu o o (ET 0P + )T @)),
a=1 -

2,2(b”)
b=1
(4.10)
where
h) =h — (ha — 2)e,. (4.11)
and
TEh, oo hay ooy hn) = B, oo ha £ 1, ). (4.12)
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Proof. The fusion identities take the following form in the case det K = 0:

T () r{®) (§a)—q-detM (&) =0, (4.13)
7 OYyr{F) (g,) = T (&), (4.14)
T (6N T (60) = T (6) gedet M) (&) = 0, (4.15)

Let us take the generic co-vector'# (hq, ..., hn| and then use the interpolation formula:

g K00 0 0
T () = d(A ) ( Sam (V) + Zgaz VT (g W’)) , (4.16)
to compute the action of TZ(R)(A) on (hy,...,hnl:

(W Th() = d(\ — n>< Ko (n h\+zg<2> N (b Tex <(‘5h“’l”ha'”>>, (4.17)

where it holds:
(Bt oo By ooy | TS (80002 000)y — 5,y B =0, ] (4.18)
being by the fusion identities:
(s ha = 2, o | TS (60) = 0, (4.19)
(Bt s ha = 0, oo, | TS (£2) = 0, (4.20)

This proves our interpolation formula for the action of TQ(K)()\) on the generic element of the
co-vector basis (h1, ..., An|. Let us now use the following interpolation formula:

& o0 60.7
T () = T +Zgay(h) NI (a2, (4.21)

to compute the action of Tl(K)()\) on (hy,...,hnl:

w70 = T{55) ) (] + Z 3 (I E) + 51, 2T ED) ) (422)
where we have used that by the fusion identity it holds:

(M, ha = 0, ..., an| T (€)= 0, (4.23)

so that the above formula reduces to:

WIT{O0) = T () bl + Z 983 Va1 BT (E0) + Z 9nv iy N 2 (VT (6.

(4.24)

This leads to our result for the action of Tl(m(/\) on (h| once we use the proven formula for the
action of TQ(R)()\) on (h|.

MFor convenience, in this section, we do not use uniformly compact notations for the SoV basis co-vectors as
their explicit form is sometimes more convenient to write the action of the transfer matrices on them.
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Let us now prove the interpolation formulae for the action on SoV vectors. The fusion
identities for the case det K = 0 imply!'®

T (D) Rty ha # 0, ooy ) = 0, (4.25)

and so the only contributions to the action of TQ(K)()\) on a vector |h) come from the central

asymptotic term and the terms for h, = 0, from which the action of TQ(K)()\) easily follows.
Let us now remark that the fusion identities together with the commutativity of the transfer
matrices also imply the following actions:

T €)oo ha = 1, o) = T8 (€)oo ha = 2, ), (4.26)
T D) Ry, oo hy = 2, ..o ) = yhl,... ha=1,...,hn), (4.27)
T (€ Ry oo ha = 0, oo i) = |1 oo e = 2, ooy i), (4.28)

from which we get the following action by interpolation formula
N
K K,oo 1 2
T ) = T + 3 G008 0 m V) (T4 )
Y et Y

N N .
3 G20y VT ) + 3 6,0l 4 VT (€T ), (4.29)
a=1 - a=1 -

from which our formula for T; 1(K)(/\) on |h) follows by using the one proven for Tz(K)()\) on
[b). O

We can complete now the proof of the Theorem 4.1:
Proof of Theorem 4.1. Let us start proving the orthogonality condition:
(hiy.s hlkr, oo k) = 0, V{k1, .o kn} # {h, ..., by} € {0,1,2}%N, (4.30)

The proof is done by induction, assuming that it is true for any vector |k, ..., kn) with Zyzl (O, 1+
Ok,.2) =1, 1 < N—1, and proving it for vectors |k, ..., k) with 22‘:1(5%1 404 2) = 1+1. To this
aim we fix a vector |ky, ..., kn) with S5N_; (0,1 + 0k, 2) = | and we denote by 7 a permutation
on the set {1,...,N} such that:

5;%(&),1 + (5;%(&)72 =1 fora <1 and ky =0 forl <a. (4.31)

a) Let us first compute:

(Bt ooy ANITS™) Epen) oty oo o) = (Pt o, B[R oy KD (4.32)
where we have defined:
k;(a) = kﬂ'(&)? \V/CL S {1, ceny N}\{l + 1} and ]’C;.(l+1) = 1, (433)

for any {hq, ..., ain} # {k}, ..., b} € {0,1}®N. There are three cases. The first case is hras1) =0,
then the fusion identity implies:

(Bt ooy ANITS ™ () ot o ) = 0. (4.34)

151t is important to remark that the only ingredient of the proof for this theorem involve only the simplified

fusion relations.
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In the remaining two cases hrqy1) =1 or hrqyq) = 2, we can use the interpolation formula to

compute the action of TQ(K) (§x(141)) on the co-vector (hy, ..., hAnl:
K 1 K00
(Bt ooy ANITS™S (Eni ) ot ooy i) = d(g<(g+1)>T§Z(h (Exqrn)) (A oo K1 ooy By (4.35)

+d( l+1) Zéha,lgaz(h)(gﬂ(l+l )<h17 h 07"'7hN‘k17'-'7
(4.36)

Let us remark now that from {h1,..., AN} # {k1, ..., ky} and hpqqy) = 1 or hyyq) = 2, it follows
also that {h1,..., AN} # {k1, ..., kn}, being kr41) = 0, so that:

(hiy ... hnlk1, ..., kn) = 0. (4.37)
Moreover, it holds:
5ha71<h1,...,hg:0,...,h|\|’k1,...,k|\|> =0, Vac {1,,N} (438)

Indeed, if a € {1,....,N}\{7(l+ 1)} and h, = 1, we have {hy,....,h, =0,....,An} # {k1,...,kn},
being krg11) = 0 # hrqpr) € {1,2}. While in the case a = w(l + 1) either hy i) = 2, so
that 0p_,, )1 = 0, or hizy1) =1 and the condition {h1, ..., An} # {k{, ..., k\} implies that there
exists at least a j # m(I+1) such that h; # k;, so that we have still {hq, ..., h;(lﬂ) =0,...,hn} #

{ki, ..., kn}.
b) Let us compute now:

(e INITY ) (€t o o) = (s g R s ), (4.39)
where we have defined:

k(@) = Fr(), Ya € {1,. ,N\{I+ 1} and kg =2, (4.40)
for any {hi,...,hn} # {k}, ..., kN} € {0,1}®N. There are three cases as well. The first case is
hr@+1) = 0, then the fusion identity implies:

(Bt ooy ANIT) (€ et oy ) = 0, (4.41)
For the second case for hry1) = 1, it holds:
(hla ey hN|T1(K) (£7r(l+1))|k.17 ey kN)
= <h1, . hw(lJrl) =2,..., hN|k1, . k:/n—(l+1) =0,..., ,ICN> =0. (4.42)

So we are left with the case hr41) = 2. Note that in this case the condition {hi,...,An} #
{K},...,ky} implies that there exists a j # 7(l 4+ 1) such that h; # k;, being by definition
hﬂ(lﬂ) kﬂ(l 41y = = 2. We can use the following interpolation formula to compute the action of

TlK) (§x(141)) on the co-vector (hy, ..., hn|:

(h1, ---,hN|T1 (67r 1+1)) k) = (fw(l+1 )(h1, ..., hn|k)

9o iy (En1)) O 1 (s ooy By | T (€0) )

MZ @a

+
1

a

+ 3000 i Enrn)One 2(ha, s T (€60 k). (4.43)

Mz

1

a

25
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From {h1,...,An} # {k1, ..., kn} it follows:
<h1a e hN|k> = O’ (444)
and, moreover, it holds:
Shyt (B1s oo ANITIO (€D K) = 6,1 (B, oy By = 2, .. iy |K) = 0, (4.45)

as for @ = m(l + 1) it holds dp, 1 = 0, because hr 41y = 2, while for a # 7 (I + 1) we have still
hr(i+1) = 2 # kr(41) = 0 so that:

(hy, . By =2, ..., hn k) = 0. (4.46)

So, we are left with the last sum in (4.43), for which it holds:

Ona (s ooy NI T (€D K) = O, 2B, oo By = 1, TS () ). (4.47)
i) For a = 7(r) for r > [+ 1 it holds:
K
6ha,2<h7r(1)7 ) h;-(r) = 1a ey h‘?’l’(N)|T2( )(£7r(7‘))|k>
= (Sha72<h7r(1), ceey h;r(T) = 1, ceey hW(N)‘kW(1)7 ceey k‘;{(r) = 1, ceey kﬂ(N))? (448)

with {hT((l)?"'?h’;-(r) = 1»--'>h7r(N)} 75 {kﬂ'(l)7"‘7k‘;{(7-) = 17'--7k7r(N)}- Indeed, ifr=10+1we
have shown that there is a j # 7w(l + 1) such that h; # k;, while if 7 > [ + 2 we have still

hr(i+1) = 2 # kr41) = 0.
So that for @ = w(r) for r > [+ 1, we can use the step a) of the proof to get:

<hﬂ-(1), ceey h;r(,,,) — ]., ey hﬂ-(N)|kﬂ-(1 7 . ;T(T’) 1, ceey kﬂ(N)> - O (449)

ii) For a = 7(r) for r < 1. If k() = 2, then we can write the Lh.s. of (4.47) as it follows:

Onry 2 (s ooy NI SV K) = 00 2l oo I inays oo Ky = 1o biny)s (4250)

(r)>

which is zero being hr(,) = 2 # k:” =
If k() = 1, then We use the 1nterpolat10n formula:

n=[+1

where we have used that, by the fusion identity:
70 (el o)k =0forn <lasT. K>(g(1 T, &) o Exm) =0, (4.52)

Then, for a = 7(r) for 7 <1 and if ky(y = 1, (4.47) reads:

i
Oy 2 (1) voos My = 1 ooes T w7 (60) k)
Koo

= 5hﬁ<r>72d(57(r()r))(Tz( i) () (rays oo By = 1o oy )

+ Z gnz §7r r) < m(1)s 7h;r(r) =1, --~7h7r(N)‘k7r(1)7 e ]{7;{(”) =1, 7k7r(N)>)
n=I[+1
(4.53)
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Here we have:

<hﬂ.(1), ey h;_(,,,) == 17 “eey hﬂ'(N)’k) == 07 (454)

being hri1) = 2 # krq41) = 0. Moreover, the remaining matrix elements
<hﬂ-(1), ceey h’;T(T) — 1, ceey hW(N)|kW(1)7 ceey ]{f;{(n) - 1, ceey kﬂ(N)>, (455)
for » < I and [ +1 < n are such that {h,q h;(r) = 1, hyny} # {kw(l),...,kg(n) =
L,...;krny}- Indeed, for n =1+ 1 it holds h (l+1 =2# k,l+1 = 1 while for [ + 2 < n it still

hOldS hT((l-ﬁ-l) =2 75 k l+1 =0.
Finally, we can apply the step a) of our proof to show that (4.55) is zero for any fixed
[+ 1 < n, just exchanging the permutation 7 with the following one

mn(a) = m(a)(1 = 04141)(1 = ban) + 7(n)0g 141 + 7T(L + 1)0gn- (4.56)

The computation of the SoV measure is standard [37,39] once one uses the interpolation
formulae of the transfer matrices given above. Let us write the elements of the proof. Let us
first define:

h{) =h — (ha — j)e,, Va,j € {1,...,N} x {0,1,2},

and compute the matrix elements:

K
DT (D) B) = (hOHO). (4.57)
We compute the action of TQ(K) (&(11)) on the right by using the corresponding interpolation
formula, and from the orthogonality conditions we get that there is only one term with non-zero
contribution, which reads:

d( (2)) N (1) —gﬁéhmﬁéhw)
d(éa ) n?gan 1 fa hn,1+ hn,2

n

(W7 (D) O) = (W R

Similarly, we want to compute:
b7 bP) = (b)), (4.59)

by using the interpolation formula for the right action of T1 (§a) we obtain that once again
there is just one term that give a non-zero contribution due to the orthogonality and it reads:

N €, — (Ohp,2)

(1) (K) @y — O RM Sa—&n
T eam) = e TL S (4.60)
n#a,n=1 §
from which our formula for the normalization holds. O

The following corollary holds:

Corollary 4.1. Let K be a3 x3 simple spectrum matriz with one zero eigenvalue. Then for
almost any choice of the co-vector (1| and of the inhomogeneities under the condition (2.6) the
states

(0] = (hy = 0,....hy = 0|, (2] = (hy =2,...,An = 2] (4.61)
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are Ték)()\) eigenstates:
TS () = ta0d(A —n)d(N) 0], (4.62)
@O (N) = t20d(A —n)d(A + 1) 2], (4.63)
73" (V) = \hm,odu —md(A+n), Vhe {1,2" (4.64)

while (0| is also TI(K)()\) eigenstate:

(OB (A) = tr0d(N)(0]. (4.65)

Proof. 1t is enough to take the interpolation formulae for the transfer matrices and apply them
over these states. O

Theorem 4.2. Let K be a 3 x 3 simple spectrum matriz with one zero eigenvalue and with the
inhomogeneities under the condition (2.6). Then the transfer matriz spectrum is simple and, for
almost any choice of the co-vector (1|, the vector |t,) and the co-vector (t,| are transfer matriz
eigenstates if and only if they admit (up to an overall normalization) the following separate form
in the co-vector and vector SoV eigenbasis:

) = 3 T o ey (e, 12 (4.66)
h n=1 h
h
=TT e (e) 2 (4.67)
h n=1 h

where the index a run in the set of the transfer matriz eigenvalues of Tl(K)()\) and the coefficients
of the states are written in terms of the corresponding eigenvalues:

TOWIt) = a1, TNt = a)t2a(), (4.68)
(T O = traN)tals (TSN (V) = ta,a(A) {tal. (4.69)

Finally, if the matriz K has simple spectrum and is diagonalizable, the same is true for the trans-
fer matriz Tl(K)()\), which therefore admits 3N distinct eigenvalues t1 ,(A\) with a € {1,...,3N}.

Proof. Let us compute the matrix element:

(hft) = 1|H T (¢ Fha2 ¢, 1) = (1]t) Ht‘sh“ N (Ea). (4.70)

From our SoV decomposition of the identity, it holds:

|h)
[t) =D _(hlt) - (4.71)

h

h h
and then fixing the normalization of the state |t) by imposing (1]t) = 1, our statement is
proven. [

The functional equation characterization of the transfer matrix eigenvalues and ABA like
representations of the states hold also in the case where the 3 x 3 simple spectrum matrix K
has one zero eigenvalue.
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4.2 Scalar products of separate states in orthogonal SoV basis

Let us introduce the following class of ”separate” co-vectors and vectors:
ZH () R (= S T[ ol (4.72)
h a=1 h h a=1

The eigenvectors and co-vectors of the transfer matrix are of this form, with coefficients /e
constrained by their eigenvalue. We have the following scalar product formulae:

Theorem 4.3. Let K be a 3 x 3 simple spectrum matriz with one zero eigenvalue and let the
inhomogeneity condition (2.6) be satisfied. Then, taken the generic transfer matrixz eigenvector:

= H £y ()2 (&) Iy (4.73)
h a=1 h
there exists a permutation 7y, of the set {1,...,N} such that:
tl,’VL(fﬂn(b)) = tQ,n(gﬂn(a) - 77) = 07 V(CL, b) € Ax Ba (474)
tl,n(&rn(a)) 7& 0, t2,n(§7rn(b) - 77) 7& 0, V(a, b) € Ax B, (475)
where we have defined:
A={1,..,M,}, B={M,+1,...,N} (4.76)
Moreover, the action of the generic separate co-vector (a| on it reads:
N g e VED )
(altn) = H d( (1)) (Ernia 7"‘7571' )
=1 Thha t () (4.77)

detN—Mn MfﬁAf\j’”) detMn M(f‘LjBtl’")

y!Vin

X
V(gwn Mp+1)s ==+ gﬂn(N ) (671'”(1)7 ceey gwn(Mn))

where we have defined:

(alzatzn) NS (h) j—1
(M+7N*Mn )(i,j)e{l,...,Nan}Q Z (MnﬂxA (&rn M) L2, (57rn(Mn+i))(§7rn(Mn+i)) )

(4.78)
(alzpti,n) (h+1) h (h) \j—1
(ME) ettty = Z_: ) 7B @) i Ern ) () (4.79)
with y \
"A—fn(aﬁ'ﬁ )‘_gw(b)_n
J;A()\) — "—’ $B()\) — #7
al;[l A= &ru(a) G_EMH A= & (d) (4.80)

tyn(A) = d(N)tan(N)/d(N —n).
We have the following identity for the action of the eigenco-vector (t,| on the eigenvector |ty):
N 1/(4—*(1 e €)M
(tnltn) H e 1T tzn(s 04 (Er, 1)) H t1n(Exp(a)) detm, Tia,

)s "7£7I'n M) ) b=1+M,,

(4.81)

where we have defined:

(Tma ) jyeaz = Z tn i 2 (Em i) )<£7(r}i (4) J (4.82)

29



Proof. Tt is worth recalling that the zero and non-zero pattern of (4.74) and(4.75) has been
derived in [81]. There, we have moreover observed that the eigenvalue of the transfer matrix

TQ(R)(A) is completely fixed by them, i.e. it holds
(K 00) v (1) :
o) = T =) TLO-€V) T O = m): (4.83)
a=1 b=1+M,,

The proof of this theorem is a direct consequence of the new found SoV measure (4.2) and
of the form of the separate states, from which we get

(1+5ha 1+0hq,2 )

(¢ GRS
ol Z H )tzh ogl ) )t "?(Ea) a
h1,...hy=0a=1 ( )
V( §6h1’2+6h1,1)7 s l(\l(shN,1+6hN’2))V(gidhlg)) ceey l(\thﬂ)) (4 84)
) .
V2(§17 "'7§N)

We now use the existence of the permutation 7, and the characterization of the zero and non-
zero pattern for the transfer matrix eigenvalues (4.74) and (4.75) to factorize the above sum into
two sum and get our result. Indeed, by using them the r.h.s. of (4.84) reads:

2 L Me (€ ay) oy i (@)
Z Z H thLn (gwn(a)) n(a)
h,rn(l):-“vhﬂ'n(Mn):l Wn(Mn“’l)’ ) 7'rn(N) =0a=1 (é‘ n(a))

a d<5(1+5h”"<b)’1)) 5 )V (St GV (5(5("(1)2)’ ot iM)Q))

®)0 (1)
(6
2m (éwn(b)) ™ (b) (gﬂ'n 1) 7"'7£7rn M) ) (fﬂn(l 7"')§7rn(|\/|n )

y H 7n ()

poii, A€

(5h7rn(b)*1) (1) (5h7rn (a)’ 2 (6h7"n(Mn+1) 1) (ahﬂn(N>’l)
X IM_T ﬂ Srn(h) &) lM_i ﬂ S (@) — &mat) V(fm(MnH) AN )
a=1b=14+M,, Eﬂ'n(b) - gﬂn(a) a=1b=14+M,, £7rn (a) — §7rn b) V(gwn(Mn—i—l)a SE) {ﬂn(N))
(4.85)
We can then factorize out of the above sum the factors:
N @) (W (1)
d(& &y &
(&) V) Ernmn) (4.86)

a=1 d(&(zl)) V(é-ﬂ—n(l), ey gwn(Mn)) ’

being left with the product of the following two independent sum, i.e.

(n 2) 2)
, 7 (1) TI'n(Mn)
Z H t M(a) ‘5 ) vrn(a))x(hW7L(a)_1)(§ )V@W"(l) 7 7§7rn M) )
7rn a 7l'n CL B ﬂ-n(a) V(é.ﬂn 1 7-~'7§ﬂ'n(Mn )

R (1) 5P, (M) =1 @=1 (4.87)
4.87
times
CPREEY (h o 1)
1 : t han (0)0 1 £(1) (ﬂ'n(b)) 1=hry, (b) V<§ﬂn(Mn+1 : 75 )
Z H 2.n (é.ﬂ’n(b))aﬂn(b) T (gﬂ-n ) (fﬂ (Mp+1)» 7£7r )

Py My 1) 5o (1) =0 b=1+Mp,
(4.88)

As previously remarked in [37,39], these sums admit a representation in terms of one determinant
formulae, thanks to the multi-linearity of the Vandermonde determinant. From this, our result

(4.77) follows.
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To derive the formula for the "norm” of the transfer matrix eigenvectors, we just have to
observe that by the definition of the vector SoV basis, it holds:

g g g 6 J
(tn|h) = H ' (€a)ty'e” H (NN (W) (4.89)

and so we have that

(talB) =0, V(A (Mys1)s s B ) 7 (0,0, 0). (4.90)

Then the sum (4.88) reduces to

N
11 £27n(£7(r1)(b)) A&, (1)) (4.91)

b=1+M,,

while the first one reads:

2

i b))y (A1)
I tinénia) > [Tt ™ e ™ (&rn(a)
a=1

hﬂn(l) ""7hTFn(Mn):1 a=1

O, (1y:2) Oy (M) 2)
V(gﬂn(l) 7 S (M) ) (4 92)
V(&rn(1)s s Emn (M)
It is now quite direct to verify the formula (4.81). O

4.3 On the extension to the case of simple spectrum and invertible K-matrices

The results of the previous subsections give us the possibility to define a new family of conserved
charges, from which we can introduce the orthogonal left and right SoV bases also in the case
of a general simple spectrum K-matrix with non-zero eigenvalues.

Let us assume that K is 3 x 3 simple spectrum and diagonalizable matrix with non-zero
eigenvalues. Then, by our previous results in the SoV approach [1], we know that the associated

(

transfer matrix TIK)()\) is diagonalizable with simple spectrum almost for any value of the
inhomogeneities under the condition (2.6), and we have the SoV complete characterization of
its spectrum.

Let {\th)), a € {1,..,3N}} be the eigenvector basis and let {<th)\, a € {1,..,3N}} be the
eigenco-vector basis associated to the transfer matrix 7' I(K)()\). We define the two new families
of conserved charges:

K’>< <K>|

3N (
t . .

Here, we have denoted with tg-if)()\) the spectrum of the transfer matrices T]-(K)()\) associated

to the matrix K , obtained from K by putting one of its eigenvalue to zero while keeping its
spectrum simplicity and its diagonalizable character, i.e.:

T EE) = 11N ), T 01E) = [N (), (4.94)
)

a a 1,a
AT ) = 15 ), @O ) = 48 0 ). (4.95)
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Note that, by construction, the families TE»K)(/\) are mutually commuting and they commute
with the original transfer matrices as they have diagonal form in the eigenbasis of the original

(K

transfer matrix T} )()\):

[T, TEW] = [10), T W] =0, 1,me {12}, (4.96)

and they share the same spectrum as the transfer matrices Tj(K)()\). Hence, they satisfy the
following fusion equations:

T (€T (6,) = TS (€M TS (64) = o0, (4.97)
BT (e,) = TS (€0). (4.98)

We can now use these new family of conserved charges to construct SoV basis according to
(3.1) and (3.7) since the twist matrix K has simple spectrum:

N
(B = (@] T[] T80 ()T 2 (€,), ¥ by € {0,1,2), (4.99)
n=1
H’]I‘ 1 (e YT mn2 (e )j0), W hy € {0,1,2). (4.100)

They are mutually orthogonal as the direct proof of Theorem 4.1 uses only the fusion relations
which are just identical to the above ones (4.97) and (4.98):

N
(KB = Ny T] s, (4.101)
a=1
(Ony,2+0ny 1) (O, 140y 2) (9ny,2) (Ony 2)
) aey V(e g (g )
= H Oha.ka (5 1+0hg.1+0hg 2 )) V2(&1, -, 6N)
(4.102)

They are also SoV bases as the spectrum of the T;K)()\) is separate in these bases. We have the

following representation of the vector and co-vector of the original transfer matrix Tl(K)()\):

N ~
K)s R)s h
89) = 30 T 55050 (00 2,y B2 (4.108)
h n=1 Nh
(K) N ( (Shn Jhn <£’
<t | = Z H 2,a (gn) (fn) N (4'104)
h n=1 Nn
Moreover, let us comment that separate states of the form
) |h) ) (k]

h a=1 h a=1

satisfy the same Theorem 4.3 with the transfer matrix TI(K)()\) eigenvectors. This is easily de-
rived by using the representation of the transfer matrix eigenvector in the SoV bases constructed

by the conserved charges ']I‘gK)()\), since from them one gets scalar product formulae similar to
those of the gls case, even for the simple spectrum invertible K matrix.
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5 Conclusions and perspectives

In the present paper we have addressed the problem of computing the scalar products between
the left and right SoV bases introduced earlier in [1] (see also [75]) for the fundamental represen-
tations of the YV(gl3) lattice model with N sites. These SoV bases are determined from chosen
sets of conserved charges generated by the transfer matrix. In the model at hand the left and
right SoV bases following the construction given in [1] can be written in terms of the transfer
matrix TI(K)(/\) and its fused transfer matrix 7. 2(K)(/\). An important feature of these SoV bases
is that they are not orthogonal to each other for generic twist matrix K having simple spectrum.
The first key result of the present paper is the computation of the matrix of scalar products
between these right and left SoV bases as stated in Theorem 3.1.

Theorem 3.1 also shows that whenever the twist matrix K has simple spectrum and zero
determinant, the chosen left and right SoV bases are orthogonal to each others since the off-
diagonal elements of the matrix of scalar products are all proportional to some strictly positive
power of the determinant of K. Moreover, in that case, we have been able to give a direct proof
of this result simply using the simplified fusion relations resulting from the vanishing of the
corresponding quantum determinant. As a consequence, it leads to very simple formulae for the
scalar products of the so-called separate states. In that case they are just given by products of
determinants which are similar to the ones of Y(gls) type.

This observation leads us to consider the generalization of these features for the case of a
generic twist matrix K having simple spectrum and non zero determinant. This amounts to
define new SoV bases constructed from different sets of conserved charges with respect to the
one’s so far considered. We have shown that such sets of conserved charges indeed exists and we
have characterized them using their generating functional 'H‘;K)()\) for j = 1,2 defined in (4.93).
By using them, we have determined new left and right SoV bases that are indeed orthogonal to
each other, leading to simple scalar products formula for their separate states, and in particular
for the scalar products of separate states with transfer matrix eigenstates. They are given as
products of Y(gl2) type determinants. This paves the way for their use in computing form fac-
tors and possibly even correlation functions of local operators. For this we will need to be able
to write the resolution of the quantum inverse scattering problem in a form suitable to act in a
simple manner on separate states. This question is now under study.

Another important question, with regards to the key results obtained in the present paper is
how to determine in general sets of charges having properties similar to the one determined in
(4.93). One possible route to this could be to construct explicitly the similarity transformation

between the operator families ']I‘;K)()\) and TJ-(K)()\). In a future publication, we plan to show
for example how to compute

@Oy vabe {1,..,3V), (5.1)

which just define the matrix elements of the similarity transformation from TgK) (A) to Tl(K)(/\).
This seems accessible thanks to the scalar products analyzed in Theorem 3.1. Another important
open problem, deserving further analysis, is the possibility to find a direct construction of the

new family of conserved charges T§~K)(/\) in terms of the original transfer matrix Tl(K)()\) or the

associated known family of commuting operators like the TQ(K)()\) and the Baxter QQ-operators

for the general invertible twist K. More generally, the purely algebraic construction of a family
satisfying the same simplified form of the fusion equations, like those written in (4.97)-(4.98), is

33



one of our future goals.
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A Explicit tensor product form of SoV starting co-vector/vector

Here, we want to prove the statements of the Proposition 3.1 about the fact that given the
co-vector (1| of tensor product type then we can write explicitly the vector |0) and it has a
tensor product form too according to (3.9) and (3.10).

Let us start proving the following general property, that we state for the gls case but that
indeed can be extended to the gl,, cases as well for rational R-matrices:

Proposition A.1. Let K be a 3 x 3 matriz, then we have the following explicit formula for the
product of transfer matrices:

K) A(a1) A(a1,...,a5) 5(at,....am—1)
H Tl ‘fa]) = Nay,.. 7aMR¢1171, sa1—1 Raml, sag—1"" Ra7+1,1, sajy1—1" Ram;l,---,am—l
7=1
% ®K R (12: 7(1M) R(a1+17 - ) R(aM) R (A 1)
@i~ "a1;a1+1,...,N aj;aj+1,...,N am—1;am—1+1,...N"vamsam+1,...,N» :

where we have taken a1 < as < -+ < am—1 < apm and M < N and we have used the notation:

Rll;blw-,bM = RabM (5 fbM) ’ abl (f &71)7 (A2)
bay,--sba . .
while Rfl bll ka) denotes the same product of R-matrices however with the factors Rgp, up to
Rabak omitted and na, ... ay = [licjNasa;, With Ng;q0; = n? — (€, — {aj)Q. Then, for any choice
of 1< haj < 2 we have:

<Q’ H TI(K) (gaj)haj = Z Z Cm,...,rM,SL...,sM

7j=1 r1€A1,....,sMEAM $1€B1,...,SMEBM

M M
X V(1 ooy i)V (51, e sm)(0] R Ko, QKLY (A.3)

where we take the following tensor product form for the co-vector:

N
(0] = )0, al. (A.4)
a=1
V(z1,...,om) is the Vandermonde determinant, and Cy, ry.si,..sy 0T some finite non-zero

coefficients. We have defined:

. {1,...a5 =1} if ha, =2
Aj ={aj,...,N}U { ; Fhe - 1, (A.5)
{a; +1,..,N} if ha, =2,
Bj=a; ’ A.
J ajU{ 0 i he, = 1. (A.6)
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Proof. Let us consider the following product:

Ra;a+1,...,NRa+l;1,...,a+l—1 = Ra;a+2,...,NRa+l;a+2,...,a+l—lRa,a+1Ra+l,a+1Ra+l,aRa+l;1,...,a—l (A 7
= Ra;a+2,...,NRa+l;a+2,...,a+l71Ra+l,aRa+l,a+1Ra,a+1Ra+l;1,...,a71 (AS
= Ra;a+3,‘..,NRa+l;a+3,...,a+lf1Ra,a+2Ra+l,a+2Ra+l,a

X Ra+l,a+1Ra+l;1,...,a71Ra,a+1 (Ag)
= Ra;a+3,...,NRa+l;a+3,...,a+l—lRa+l,aRa+l,a+2Ra+l,a+l
X Ra—i—l;l,...,a—lRa,a+2Ra,a+17 (AlO)

where we have used the commutativity of R-matrices on different spaces and the Yang-Baxter
equation. So, by iterating it, we get:

p(a) p(a+l)
Ra;a+1,...7NRa+l;1,...7a+l—1 = naaa+lRa+l;1,...,a+l 1Ra sa+1,...,N» (A-ll)
once we use that:
Ra,a—HRa—H,a = Na,a+1- (A12)

From this identity we get:

K +
( )(fa) (fa—&—l) = Ngq a—HRa,l, ,a— leLle 1,...,a+l—1 K ®Ka+lRaaa+)1 NRa+l;a+l+1,...,Na
(A.13)
from which we easily obtain our statement (A.1) in the case M = 2. The general case is proven
by induction on M. To get the M + 1 case knowing that the formula (A.1) is satisfied for M, we
need to prove the following equality for a;_1 < a; < -+ < ap < agy1:
p(at,....ak) p(ar,....ak) _ (ar—1,--,ak) p(ar,....ak41)

Raziuaz:Jer,N Rakl+1§1f~ﬂk+1—1 = Nagyr,a1- 1Rak+1171, k1 —1 Razq;azfﬁHw,N‘ (A.14)
We have the following chain of equalities using the Yang-Baxter commutation relations, then
the unitarity relation for the R-matrix and in the last step the fact that two R-matrices acting
on different spaces commute:

p(ag,....ar) A(a,....ax)
aj_1;a;—1+1,..,N “tagiasl,akq41—1

_ A(ala"'yak) R R(al"“)ak) A(ala'“»ak) R R(a‘l7 [lk)
= “tag_rsapgp+1,0 N Tra—1ak41 Cragqsapq+1,.ap 1 =1 ag a1+ ag 1 —1 T MAk+1AI-1 Tragggsl.,ap o1 —1
— A(a’la"'vak) A(alv"'»ak) A(alv"'aak) R R R(a‘lz"'7 k)
- “lai_1i0641+1,N Tragpia 41 ap =1 trag_gsai 1+, ap 1 —1 S PA-10k41 S OE41A1-1 T tagg ;] o1 —1
—n R(alv"wak) Aag,....ax) A(ar,....ar) A(ar,....ak)
T Mkt 1,01-1 Craggysai—1+L,.ak41—1 Traggsl,na—1—1 Trag_gap 41 +1,0N Tramsa 141, ap 1 —1
—n R(al—17~-~7ak) S(ar,aky1)
= Okt 1,01-1" fag 51,04 —1 a;_1;a;-1+1,...,N*
(A.15)
et us prove the induction going from M to M 4+ 1. We have:
M+1 K)
H fa] H Ty faJ (faM-H)
o H(ar) Aat,...,a;) Alat,....am—1)
= nal,‘.. aMRal;l,... a1—1 tlas;l,...,.as—1""" Raj+1;1,,..,aj+1—1 U RaM;17...,aM—1 (A 16)
a27 7a|\/|) (a’J+17 pred ) (aM)
x ®Ka3 Ra1 ;a1+1,.. Ra],aj—&—l RaM 1;aM_1+1,..‘,NRaM§aM+17~-~7N

X RaM+1, > aM+1—1KaM+1RGM+1;CLM+1+1,~~,N‘

Then, keeping the last factor as it is and moving the term Rgy,, ;1. ay.,—1 to the left using the

above proven exchange relation (A.14) successively, and then moving K, freely (there is no

M+1
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object acting in the same space) to the left until it will join the products of other matrices K,
we get the desired result.

We have to use now that (0| is an eigenco-vector for a generic product of rational R-matrices
acting on the local quantum spaces, hence:

(0|Ray 1,0y -1 R c Rla) LR 0], (A.17)

az;l,...,a2—1 aj+1;1,. 0541 -1 am;l,..,am—1 7 ThaL,.,

with mg, .. 4y some calculable non-zero coefficient. Using the explicit formula for the R-matrix,
this implies the following identity:

M
K 3eey A( j PRRD) )
<Q| H Tl( )(gaj) = Nay,....aqMas,....a 0‘ ® K, Ra?alﬁll\:l SN 'Raj];;rlerl,.a'\:lN e

i N (A.18)
p>(am)
o Ra(iﬂM,l;aM,lJrl,...,NRCLM;GM+1,~~~;N7
and so:
M
(0| H M) (ea,) = > CrpronV (11, ) (0l Q) Ko, (AL19)
Tle{a1+l,...,N},...,TME{aM+1,...,N} j=1
Applying once again this formula, we get our second statement. O

The following lemma holds for a general simple K matrix.

Lemma A.1. Let K be a 3 x 3 w-simple matriz, then if we chose the tensor product form:

N N
1= <®(1,a> Iyt Tw =& Wk, (A.20)

a=1 a=1

we have that the vector |0) defined in (3.5) has the tensor product form:

N
= FW® |0,(I>, (A21)
a=1

where |0,a) has the form (3.10) and it satisfies the following local properties

a, a\f((“)\o a) = 1/ q-det MD(&,), (A.22)
(1,a|(K} ) |0,a) =0, forh=0,1, (A.23)

where K j is the adjoint matriz of K :
K;jK;=K;K;=detK. (A.24)

Proof. Let us take the following normalization for the SoV co-vector basis:

N (K) h
Tl (fn) "
(P, ..., hn| = (0] 1;[ oM (£ )’ (A.25)
where we have defined: \ \
(0| = (1] quetM (&) QK. (A.26)
a=1
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Now we can use the previous lemma to get the following statement:

N
K1,k a)ka
hsehnl = 30 ek o] (6 K@k, (A.27)
K1, kin=0,1,2 a=1
with
k1=0,...kn=0 _ ¢ o .
Chy i =0 if 35 € {1,...,N} : h; #0. (A.28)
By definition:
(0] ®K Jka|Q) = H(o al K50, a) =0 if Ja € {1,..,N} 1 ky #0, (A.29)
a=1
so we get:
(ht,...,hn|0) =0 if 35 € {1,...,N} : h; #0. (A.30)
The fact that: \
(0/0) = [ (0,al0,a) =1 (A.31)
a=1
is proven by direct computations.
Finally, let us observe that the following identities:
H (T(K)(fn))hn al ﬁ (K)o Ve ()2 e (A.32)
0 — =(1 T " gn -n " gn 32
(g-detMI)(g,)) e

holds for any h,, € {0,1,2}. Now, in the limit det K — 0, keeping K a 3 x 3 w-simple matrix'%
we have that the r.h.s. of the equation (A.32) is well defined and it defines the limit of the Lh.s.,
so that our co-vector SoV basis goes back to the one defined in the case det K = 0. Moreover,
the |0, a) are well defined and so the |0) above defined in this limit still satisfies (3.5). O

B Orthogonal co-vector/vector SoV basis for g/, representations

Here, we consider the fundamental representations of the glo Yang-Baxter algebra associated to
generic quasi-periodic boundary conditions, with transfer matrix:

TEON) = try, KaRan(A — €n) - Raa(A — &) € End(H), (B.1)

where H is the quantum space of the representation, R, (\) € End(V, ® V;), V, ~ C?, V;, ~ C?
is the rational 6-vertex R-matrix solution of the Yang-Baxter equation and the twist matrix
reads

K= (‘C‘ Z) € End(C2), (B.2)

The construction of the orthogonal co-vector and vector SoV bases for these gls representa-
tions is here implemented to define a reference to compare with for the more involved construc-
tions that we have considered in this paper for gl3 representations. One should mention that up
similarity transformations!” the SoV bases in these gly cases are already available in the liter-
ature using the framework of the traditional Sklyanin’s SoV construction, see for example [40]

16That is according to the three cases considered in the Theorem 3.1.
17 As discussed in section 3.4 of [1]
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for the antiperiodic case and [55] for more general twists. However, here we are interested in
implementing these constructions entirely inside our new approach [1].
The following proposition allows to produce the orthogonal basis to the left SoV basis

€a)

and to show that itself is of SoV type just using the polynomial form of the transfer matrix and
the fusion equations.

Let us denote with |0) the non-zero vector orthogonal to all the SoV co-vectors with the
exception of (0], i.e.

(h1, ..., hn| = (0] H < 6a)> for any {hi,...,hn} € {0,1}N, (B.3)
a=1

HQ 15hn,0
V2(&1, s n)

with (h1,...,hn| the set of SoV co-vectors a basis. |0) is uniquely defined with the above
normalization. Similarly, we can introduce the non-zero vector |1) orthogonal to all the SoV
co-vectors with the exception of (1,...,1|, i.e.

10, On, 1
V(e aVi(ED, D)

which also fixes the normalization of |1).

(h1,...,hn|0) = V{h1,....hn} € {0,1}N, (B.4)

(hi,...,hn|1) = Y{hi,...,hn} € {0, 1}V, (B.5)

Proposition B.1. Under the same conditions assuring that the set of SoV co-vectors is a basis
(i.e. almost any choice of (0|, K # zI, for any x € C, and the condition (2.6)), then the
following set of vectors:

N ) e, )\
R, b)) = T (W) 1), Y{hi,...hn} € {0, 1}N (B.6)
a=1 a

forms an orthogonal basis to the left SoV basis:

N
Hn:l 5hn :kn

(hi, .oy |k, oy k) = .
V(&l?"'?gN)V(é-%hl)?"'? I(\th))

(B.7)

Let t(\) be an element of the spectrum of TE)(X), then the uniquely defined eigenvector |t) and
eigenco-vector (t| admit the following SoV representations:

1 N
h h
= Z H VEM™, ™) b, ), (B.8)
hn

1

W= 3 H<M>l P V(™) ), o, (B.9)

h1,...,hN:0a:1 (5(1)

=2

where we have fixed their normalization by imposing:
(0ft) = ({t|lL) = 1/V (&1, -, En)- (B.10)
Proof. Let us start proving the orthogonality condition:

(s oo ik, oo ) = 0, V{E1, i} # {Br, o g} € {0, 1}V, (B.11)
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The proof is done by induction, assuming that it is true for any vector |ky, ..., kn) with 22:1 kn, =
N — 1/ for | < N — 1 and proving it for vectors |k}, ..., ki) with SN_; &/ = N — (1 4+ 1). To this
aim we fix a vector |kq, ..., kn) with 22:1 k, = N — [ and we denote with 7 a permutation on
the set {1,...,N} such that:

kr) =0for a <1 and k) =1forl <a, (B.12)
then we compute:
<h177hN|T(K)( l+1))|k17"‘7 > _a(gﬂ(l+1))<h’17"‘7hN’kll7"')k/N> (B13)
where we have defined:
k;r(a) = kﬂ(a)7 Va & {17 ceey N}\{l =+ 1} and k;l’(l-‘rl) = 0, (B14)

for any {hi,...,An} # {k}, ..., k§} € {0,1}N. There are two cases. The first case is Rrs1) = 1,
then it holds:

q- detM (§7r 1+1) )

(B, ooey I | T (1 DIEL - k) = (W5 ooy hglEe, o k), (B.15)
(Hl a(€x(i+1))
where we have defined:
h;(a) = hw(a), Va € {1,....,N}\{l + 1} and hﬂ(lﬂ) 0. (B.16)

Then from {hi,...,An} # {Kk},...,k\} € {0,1}N it follows also that {A},..., A} # {k1,....,kn} €
{0,1}N and so the induction implies that the r.h.s. of (B.15) is zero and so we get:

(hi, oy K, o KR) = 0. (B.17)

The second case is hy 1) = 0. We can use the following interpolation formula:

N N €)1y — ) ()
T(K)(ﬁq(rl(gﬂ) (tr K) H Tr(l+1 En( ﬂ(a) )+ Z H ZUH) T(K) <£W(;)(a) )’
a=1 a=1b#a,b= 15 ﬂ<a) €7r(b)
(B.18)
from which (h1, ..., hn|TH) (ffrl(gﬂ), {&})|k1, ..., kn) reduces to the following sum:
k ha(a)) S 5(1(2+1) B 5(}&:)@))
(tr K) H l+1 ﬂ_ a) ) <h1,...,h|\||k31,...,k|\|>+z H ( ﬂ(a)) (e
a=1 a=1b#a,b=1 45 { ()
(q_det M (fﬂ' (a) )) (@) a a
e (B, B |y, ), (B.19)
(alérta)))
where we have defined:
WO = haggy, Vi € {1, N}\{a} and b0 =1 — hy(q). (B.20)

Let us now note that from h.qy1) = 0 it follows that {h1,...,An} # {k1, ..., kn}, as ke =1
by definition and similarly {h{"), .., b} # {k1, .., kn} being by definition h{{) ) = hr(s1) =0

for any a € {1,..., N}\{l{+1}. Finally, from {h1, ..., An} # {k7, ..., by} with hypq) = kw(l+1) =0,
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clearly it follows that {hy l+1) . (NHI)} # {ki,....,kn}. So, by using the induction argument,
we get that any term in the above sum is zero. So that also in the case hrqi1) = 0, we get
that (B.17) is satisfied, and so it is satisfied for any {hq, ..., An} # {k, ..., ky} which proves the
induction of the orthogonality to [+ 1. Indeed, by changing the permutation m we can both take
for {m(1),...,m(I)} any subset of cardinality [ in {1,...,N} and with 7(l 4+ 1) any element in its
complement {1, ..., N}\{m(1),....,7(])}.

We can compute now the left /right normalization, and to do this we just need to compute
the following type of ratio:

R A A2 _ae) R ) A A
RN A A (B, RO @) (¢ n®)

(B.21)

with Bga) = hg-a) for any j € {1,...,N}\{a} while Bga) =0 and hg-a) = 1. We can use now once
again the interpolation formula (B. 18) Whlch by the orthogonality condition produces only one
non-zero term, the one associate to T (&,, {¢}). Tt holds:

(Y, bR, ) ﬂ ga g(hb
<hga)7"'ah(Na)|hga)7“-ahN > b#a,b= 1511 g
Using the above result, it is now standard to get the proof of the Vandermonde determinant
form for the normalization.
Let us note that being the set of SoV co-vectors and vectors basis in H, it follows that for
any transfer matrix eigenstates |t) and (t| there exists at least a {ri,...,rn} € {0,1}N and a
{51,...,sn} € {0,1}N such that:

(B.22)

(ri,...,rnlt) #0,  (t|s1,...,sn) # 0, (B.23)
which together with the identities:
(R, ..., hn[t) o< (Oft),  (t|h1, ..., hn) o< (#[1), V{hi,...,hn} € {0, 13N, (B.24)
imply that:
(Of) #0, (#]1) #0. (B.25)

So we are free to fix the normalization of |[t) and (¢| by (B.10). Finally, the representations
for these eigenco-vectors and eigenvectors follow from the use of the SoV decomposition of the
identity:

= V({e)) Z V(M) g™ by, b (ha, o . (B.26)

O]

Corollary B.1. Let us assume that the condition (2.6) is satisfied and that K # xI, for any
x € C, and furthermore det K # 0, then the wvectors of the right SoV basis admit also the
following representations:

h - (&) hao V{hi,....,h 0, 1N B.27
A1, ..., BN EI(dth('éa)) |0), {h1, ., vt € {0,1}7, (B.27)

as well as for any element of the spectrum of T(K)(/\) the unique associated eigenco-vector (t|
admit the following SoV representations:

ha
(t|=N () Ve, g™k, oy ], (B.28)
: Z H det K d(eV) ' N

hi,....,hn=0a=1
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once we fix the normalization by (B.10), where we have defined:

N L)
N = (o) = T " #0. (1.29)
a=1 a

Proof. Taking into account the chosen normalizations clearly it holds:

¢y T (V) 1=ha (B.31)
) ( ( ) 1)

)T
deth(ga Na(&) a(&a)

hn),

by the quantum determinant identity. From this representation of the right SoV vectors it
follows also that for any fixed left transfer matrix eigenstate (¢| it holds:

0 =0,..,hn=0) = [[] —2211), B.30
0) = | ) =) 1) (B.30)
so that
N ) (g, )ha N ( o <€a> )hd T (&)
H(detf{d(ﬁa) 1;[ det Kd(&!") e
ﬂ(ﬂ% ()
|:

(t|h1, ..., hn) o< (£|0),  V{hq,...,hn} € {0,1}N, (B.32)
so that it must holds (¢|0) # 0. O

As we have already shown in the previous appendix for gls representations, also in glo
representations the tensor product forms hold.

Corollary B.2. Let the inhomogeneity condition (2.6) be satisfied and K # rI, for any r € C,
and let (z,y) € C? be such that:

ng(z,y) = b + (d — a)zy — cy® # 0. (B.33)
Then, once we define:
N
(0] = @ (. y)a, (B.34)
a=1
it holds: \ \
1 _ i bx + dy
v @) e ) (5
where:
N -1
n1 =1 (@, y) VE - V(o ) <H a(@)) , (B.36)
n=1
no = n?l((lia y) V2(£1’ . 7£N) ni,..,N = H (7]2 - (574 - 5])2) (B37)
1<i<j<N
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C Proof of Theorem 3.1

This appendix is dedicated to the completion of the proof of the Theorem 3.1: here we prove the
orthogonality properties and the non-zero coupling of the SoV co-vectors/vectors. It is worth
remarking that the proof of the "pseudo-orthogonality” is quite intricate and we have divided
it in several steps to make it more intelligible. The orthogonality conditions are established in
section C.1, while section C.2 is dedicated to the proof of the form of the non-zero couplings of
co-vectors/vectors.

The form of the orthogonality condition naturally leads to consider in the first instance vec-
tors with k € {0,2}N, this is achieved in subsection C.1.1. In this case, the co-vector/vector
coupling is diagonal, i.e. standard orthogonality holds with non-zero coupling only for co-
vector /vector associated to the same N-tuple h = k € {O,2}N. This proof requires already
different steps. We prove it first for the case with only one k, = 2 while all the others being
zero, and then by induction for the generic N-tuple k € {0, 2}N. In subsection C.1.2, we then
consider the case with just one k, = 1 while all the others kyz, being in {0,2}. Here, we
prove that the standard orthogonality still works. In subsection C.1.3, we finally consider the
proof for the case with non-diagonal and diagonal couplings, which correspond to SoV vectors
associated to k with at least one couple (k, = 1, ky = 1). First, the case with just one couple
(kg =1, ky = 1) is developed, and then the case of vectors associated to a general k € {0, 1, 2}N.

In subsection C.2.1, we write the non-diagonal couplings in terms of the diagonal ones. In

particular, we prove the formula (3.14) and its power dependence w.r.t. det K. The coefficients
}% in (3.14) are shown to be independent w.r.t. det K and completely characterized by the
Lemma C.3 and by the solutions to the recursion equations derived in Lemma C.4. We do
not resolve these recursions in general. Rather we argue the dependence of the coefficients in
terms of the involved transfer matrix interpolation formulae and explicitly present them in the
case of co-vectors having one couple of (h, = 0, h, = 2) associated to vectors with a couple
(ke =1, kpy = 1). Finally, in subsection C.2.2, we prove the explicit form of the co-vector/vector
diagonal coupling. The proof derived there does not use the fact that for det K = 0 we have an

independent derivation of the same SoV measure.

C.1 Orthogonality proof

We use the following incomplete'® notation for the interpolation formulae in the shifted inho-
i (hn) .
mogeneities {&p "’} of the transfer matrix:

N
TCSK)(/\) U:C te + Z Ta(&(zhn))a (Cl)

n=1

with

N
ta=a" (bd(A — )" [T =€), Ta(el™) =TI\ = ma (V) (C2)

a=1
for a € {1,2}, where
tr K)? — tr(K?
a=trK, b= (br K) 5 ( ), c = det K,
are the spectral invariants of the matrix K and
cn = g-det MF)(£,) = ¢ g-det MD(&,,). (C.3)

18WWe need only to keep partial information on the interpolation formulae for our current aims.
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Note that this shorted notation hides the original value in which the transfer matrix was com-
puted before the interpolation, which is A in (C.1). It also loses the coefficients of the same
interpolation formulae. In the following of this appendix, all the equalities written down with

symbol = have to be interpreted up to these implicit, missing coefficients. This does not rep-
p

resent a problem, as here we are only interested in proofs that some matrix elements are zero
or proportional to each other, which is something that remains true independently of the exact
coefficients (as long as they do not vanish).

C.1.1 First step: the case |k) with k € {0,2}N

In the following, we introduce needed notations to implement operations on N-tuple of indices.

Let us denote with x = {z1,...,2n} € {0,1,2}N a generic N-tuple from {0, 1,2}, and with
(J1, -y Jm) € {0,1,2}™ a generic m-tuple from {0, 1,2}. We introduce the following notations:

m
x{dm) = x — > (Ta; — ji)ea, Vai€{1,..,N}, i <m <N, (C.4)
i1t Ol
where e, = {014, ..., 0N o} and the ry, ..., 7; are defined as follows for any fixed choice of a1, ..., am:
Vh <, rpe{l,....m}:3s e {l,....omI\{r,....,7}, rn < s with a,, = as, (C.5)

while it holds:

ap #aq, Vp#qe{l,...omP\{r,...,r}. (C.6)
In simple words, for any fixed ay, ..., am, the r1,...,r; are defined as the minimal set of the
smallest integers in {1,...,m} such that removing them from {1, ..., m} make the condition (C.6)
satisfied. Clearly, we have [ = 0 if the a1, ..., a,, are all distinct.

i) Only one k, =2 Let us first prove:

(h]0(?) = (h[T1(£,)[0) =0, for h # 0. (C.7)
If h, = 0,1 this statement is evident, since
é
(b[T1(&)|0) = & (" *V]0) = 0. (C.8)
Now, let us fix h, = 2. Here we proceed by induction, first assuming that all the others
hj#n = O, 1:
(h|T1(&:)[0) = t1(h|0) + (h(V|Ta(&, Z T1(£)]0)
upe l;énl 1
(1) 910 1 (1) (C.9)
= ti(h[0) + (b To(6)]0) + S o mfrtjo)
l#n,l=1
— (M
= (O[Ta()l0).
Now, we have to use the interpolation formula for Ts(&,)
(b T1(6)]0) = (B [T2(60)10)
N
1
= t2(bD10) + (D] (0 o T2(&) + 0y 1 To(&))[0)
=1 (C.10)
1,0
= t(b|0) +zah, ni'10) +Z(smcz DITug)e)
= 0’
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where we have deﬁned h/ (Y, ..., by} = b)) and used that h&}o) # 0 holds even for | = n, as
the condition h(?) # o 1mplies hg{;?) =h +£ 0. Moreover, it holds

N
w0 = tmyV10) + 3 | Tu(En)0), (C.11)
m=1
and defining h” = {hf,...,h{} = h&il), we get

N

(1,1,h! +1

by T Iy = > il = (C12)
m=1

Let us now consider the induction, i.e. we assume that the orthogonality works when there
are m > 1 values of h, = 2 in (h| and we want to prove it for the case of m + 1 values of h, = 2
in (h|. Up to a reordering of the index of the {£,}, this is equivalent to prove that

(h1 =2, .., hing1 = 2, iz € {0, 1}T1(&m41)[0) = 0. (C.13)

Setting
h = {hl = 2, ceey hm—i—l = 2, h12m+2 S {0, 1}}, (014)

and once again using the development by interpolation formula, we get

m+1
(BIT1(Ems1)[0) = ti(h|0) + b Y T+ S e
Zme =1
+
= Z MITa(6)10), (C.16)
so expanding To(&;):
(1) 1) (6h’ 1+6h’
(b [T2(8)[0) = ta (hf \ZTQ o) (C.17)
where h). are the elements of h' = {h],...,hy} = hl(l) . Then, we can use the rewriting
5
(Shr1 + Ghr2) (W [T2(€M)I0) = (811 + 61 2) &' (" Vo) = 0, (C.18)

! —
Indeed, hl(lr’h ;é 0 holds even for r =1, as h l(} 1) = hgo) has at least one element equal to
2 being by assumption m > 1. Then, we get

BT = 0O S feh@I0 = Y dneebmTE)D,  (©19)
r=m-+2 r=m+2
and finally:
by, Ta(EM)I0) = t(hy;V0) + (hy! yzn £)10), (C.20)

which is zero by the induction. So we have proven the orthogonality:

m|o®) =0, for any h #0'?. (C.21)
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ii) The general k € {0,2}N We now perform the induction over the number of k, = 2 in

k € {0,2}N. The orthogonality is assumed to work when there are m values of k, = 2 in k,

while the others being all 0, and we want to prove it for the case of m + 1 values of k, = 2 in k.
Let us start proving the following

Lemma C.1. Let k € {0,2}N with

N
Z ko2 =M, (C.22)
a=1

ab
and h a N-tuple in {0,1,2} such that hy # ko and hy # ky if a # b, while hg = 1 # ke = 0 if
a =b. The following recursive formula holds for any fized ¢ € {1,...,N} :

ab 8r 046 N
(h|T, (50( hesot hc,l))|k> Ufczéh“Q Z on, ocs Pa, LDIT, (£D) k). (C.23)
r= s=1,s#r

Proof. Let us use this first interpolation formula:

BT (65 = o (a0 -+ BT (%)) g
a1l ce fUpclif 77,_11
N ab(l)
=3 alh, [T2E)K), (C.24)
° r=1
as by the orthogonality assumption it holds:

ab
(W) =0, (C.25)

as well as

ab ab(hr—’_l)
(0n,,0 + 0n,,1) (B|T1(&) [k) = (On, 0 + 0n, 1) (h,  |k) =0, Vre{l,.. N} (C.26)

ab(hTJrl)
being h, # k under the condition (4, 0+ 0p,,1) = 1. This is easily the case for b # a as
ab(hr+1)
h

T

keeps at least one h; # kj, for j = a or j = b, independently from the choice of 7. In the
ab(hT'H)
case ¢ = b it holds h

T

= hg;ﬂhrﬂ) so that for r # a it still holds h, = 1 # k; = 0. Finally,

ab(h’"—H)
in the case r = b = a it holds h, =h® £k

Now, let us use the following second interpolation formula to develop the terms on the r.h.s.
of (C.24) :

(1 ab(l) Y, )
h, [Ta(6)k) = to(h, ) + (h, yzn( [

ab(m) (C.27)

Z Snaocs(h, o [T1(EM)[K),

s 1,s%#r

ab( )
where we have defined {h],...,hy} =h

22

. Indeed, by the orthogonality condition it holds:

ab(D)
(h, [k)=0, (C.28)
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and

abM 5/ ab(Lls—=1)
(On 1+ 0 2) (B, [To(€M)K) = (Op1 + Ony2) €= (h,, k) =0, Vse{l,..,N},
(C.29)
ab(lvh/s_l)
being h, # k under the condition (5%71 + 5h’572) = 1. Indeed, this is easily the case for
ab(lvh{s_l)
s#rash,, keeps hl. = 1 # kr€ {0,2}, independently from the choice of s. In the case
ab(L:h5=1) ab(0) ab(0)
s = r, it holds h = h, so that for b # a h, keeps at least one h; # k;, for j = a or
ab( )

j = b Finally, in the case s = and a = b it holds  # a and so h,, # k as by our hypothesis

on h we have h, = 1 while by (C.24) it must hold h, = 2.
Putting together the results of these interpolation developments, we get our recursion formula
as a consequence of the orthogonality assumed for m values of k; = 2 in k. O

7,8

Note that the above lemma gives a recursive formula. The terms on the r.h.s. of equation
(C.23) are of the same type as the starting one on the L.h.s. , and for any r, s such 6y, o = 95, 0 = 1,

ab
the h1(n151) surely satisfies the condition to have at least two different elements w.r.t. the given

k € {0,2}N. Indeed, h( U contains a couple of elements equal to 1. Hence it is possible to apply
the same recursion formula to the terms on the r.h.s. of equation (C.23).
The previous lemma implies the following:

Corollary C.1. Let k € {0,2}N with
N
> Oke2 =m, (C.30)
a=1

ab
and h such that hy # kg and hy # ky if a # b, while hy =1 # k, =0 if a = b. The following
orthogonality conditions hold for any fized c € {1,...,N} :

<ahb|T1(£géhc‘°+5h“1))\k> =0, (C.31)

ab
Proof. Note that if h does not contain h = 2 or h = 0, the orthogonality is proven just by

ab
applying once the recursion formula. Otherwise, the recursion generate the h&lgl) where we have
reduced by one the number of h = 2, reduced by one the number of h = 0 and increased by two
the number of h = 1. This amounts to change h in h’, with h;#’s =hg but h, =2 = h, =1

and hy = 0 — h; = 1. Then, if aﬁﬁ};l) does not contain h = 2 or h = 0, the orthogonality is
proven just by applying the recursion formula one more time. Otherwise, we continue to apply
(C.23) until we arrive to the condition that there are no h =2 or h = 0 in the index of the SoV
co-vectors involved. This proves the above corollary. O

We are now in position to perform the induction over the number m of k, = 2 for the
orthogonality.
Up to a reordering in the indices of the {£,}, this is equivalent to prove:

(b[T1(émi1)|k) =0, for any h# k2|, (C.32)
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where we have defined:
={k1 =2,..,kn =2, ki>m41 = 0}. (C.33)

The only case that we have to consider is
(2) : _ _
h#k; with by =2, ..., hypg1 = 2. (C.34)

Indeed, if this is not the case we can write:

(BIT1(Ems1)[K) = (B T1(Eemer) K] oly), (C.35)

and we can directly apply the corresponding Ti(&<y,+1) on the left vector (h|, increasing by
one the associated hj<;,4+1 < 1. Then, using the orthogonality assumed for m values of k; = 2
in k, we get zero, i.e. for hj<py41 < 1it holds'?:

(0|T1(Ems1)k) = BV KD2) ) = 0. (C.36)

So it is sufficient to consider the tuples h of the form (C.34). But then h has at least two

elements different from the given k € {0,2}N. Indeed, from h # kgll it follows that there
exists at least one j € {m + 2,...,N} such that h; # k; = 0, and by the definitions (C.34) and
(C.33) of h and k, it holds hp41 = 2 # kpt1 = 0. So we get our proof of the orthogonality
induction being:

(h[T1(Em+1)[k) =0, (C.37)

as consequence of (C.31). Note that the proven orthogonality also implies that the above lemma
and corollary indeed hold for any m < N.
C.1.2 Second step: the case k) with k, =1, ky», € {0,2}

Let us make the orthogonality proof in the case where k contains only one a € {1,...,N}, such
that k, = 1 while k;, € {0,2} for any b # a € {1,...,N}, i.e. let us show that it holds:

(h|To(&)|k®) =0, Vh #k with h € {0,1,2}". (C.38)
In the case h, = 0, it rewrites

(h] T2(&) k(") = co (WP |T1 (M) k) = 0, (C.39)

a

and this follows by (C.31), observing that k®e {0, 2}N.
In the case hy, = 1 or hy, = 2, we first implement the interpolation development of Ty (&,):

5 5
(h[Ta(6) k) = to(h/k h|ZT (Prertohe2)) o)
(C.40)
Z O 0¢s (WY T1(EED) k).
s=1,s7#a
Indeed, we have:

(b)) =0, (C.41)

and 5
(6ha1 + 0n,2) (M[Ta(EM)K) = (5,1 + On, 20" ) (B D kV) =0, (C.42)

19Note that the above discussion also implies the orthogonality (h|2) = 0 for any h # 2.
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as it holds h{"1) £ k) for s # a being h, € {1,2}, while for s = a it still holds h{*=1) £ k(0
evidently for he = 2 but also for h, = 1. Indeed, in this last case the condltlon h #£ k is
explicitly written as hgl) #+ kgl), which is equivalent to h 7& k . Now our orthogonality
condition follows just remarking that hgl) and k,(lo) have dlfferent a and s(# a) elements, so that
it holds

(BT, (60K = (C.43)

by applying (C.31).

C.1.3 Third step: orthogonality by induction on the number of k; = 1 in |k)

Let us now prove our final orthogonality statement for the general case of m + 1 indices k, = 1
in k by induction. Up to a reordering of the indices, this is equivalent to ask that given the
N-tuple

k: k=ky=---=k,= k‘m+1 =1, klZm_,_Q € {0,2}, (C.44)

(we are fixing 1y = {1,...,m + 1} and so ny is the integer part of (m + 1)/2) then the covector
(h| is orthogonal to |k), i.e. (h|k) =0, if and only if:

"k
N

he{0,1,2}" such that > 0, (02) =0. (C.45)

r=0 aUpuy=1y, ==,
a,fB,y disjoint, #a=#F=r
The above condition on h is denoted by
h # k (C.46)
(C.45)

It simply says that for any choice of the disjoint subsets «, 8 C 1y with the same cardinality
0 < #a = #8 = r < ny, it must holds:

h# kD (C.47)

In the following, we assume that this orthogonality holds in the case where there are only m
values of k, = 1, and prove it for m + 1.
Let us start proving the following Lemma.

Lemma C.2. Let h be the generic element of {0,1,2}N with hy # 0 and h, # 0, satisfying
(C.46) with k of the form (C.44). The following recursive formula

(7P 6l UCZ%,ocpZ%, (WO KO),  (C4B)

holds for any fized r € {1,...,N}, indifferently equal or different from 1.

Proof. Let us make a first interpolation

h1#0,hr#£0 0 h1#£0,hr#0) 7_(0) h170,h-#£0) (Ong,1+0ns, 0
BT (&) K = (bl 7T k() + (bl |ZT( e F002)Y 0

UpC =T

h1#0,h#0) 7.(0) s, h17£0,h#£0,hs—1
= w1770 ) +Z[csh (Ony,1 + G, 2) (R 7M7)

UpC s=1
o b, 00 (B OV T (e ),

(C.49)
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Now we have that it holds:

W 2 i, )
(C.45)

hg’;}jo,hr;éo,hrl) ” k§0) for any s such that 6,1 + 0p, 2 = 1. (C.51)
(C.45)

Let us show the validity of (C 50) first. Clearly, we have h(hl#o’hﬁéo) # k(o) as hy € {1,2} #

k1 = 0. Moreover, taking k( b 2 for any a # b € {2,...,m + 1}, it holds h(h17é0 hr 70) #* kloaon),

because hy € {1,2} # ki = O Similarly, if we take the generic «a, f C {2 ,m —+ 1} with
anf=0and0<#a=#p=r < n, it must holds:

h17#0,h1#0 0,2,...,2,0,...,0
hg,rﬁé 17£0) ?é kg,a,,@ )7 (052)

which is (C.50). Note that our proof of (C.50) holds independently from the value of r : it is
valid both for  # 1 and for » = 1 where hg’?ﬁ#o’hﬁéo) = hgh”éo).

Let us now show (C.51). We have to distinguish the two cases s =1 and s # 1. If s =1
and hy = 2, we have h{"70m#0ham1) hf,h{#) Y 5o the proof of (C.51) follows the same

=1,r,s
steps as the one for (C. 50) independently from the value of r. If s = 1 and h; = 1, we have
p (1 A0k £0hs~1) _ = ph 0)

hy, ¢ , and the following implication holds:

hghlﬁéO,l) 4 kgl) . h(hr;éoo) ] kgo)j (C.53)
’ (C.45) (C.45)

where the Lh.s. is our starting point assumption once we fix h; = 1, holds independently from

B 70D g 00

the value of r. Note that we have used the notations , as these correctly

reduce to h(l) and h(o) for r = 1, respectively.
Now, if s # 1, we have by definition h; # k1 = 0 in {70 £0h=1) o the proof of (C.51)

=1,r,s
follows once again the same lines as those of (C.50). This proves equation (C.51).

Returning to (C.49) and using the fact that in kgo) there are exactly m entries with k = 1,
equations (C.50), (C.51) and the assumed orthogonality give
M7 FOD) =0 and (04,1 + 0n, 2) (hETHTORTVK) <o, (C.54)

1,7,s

and we are left with

(h|To(&) k) z%, ({70200 T, (D) k(). (C.55)

Note that it similarly holds:

h17£0,hr#£0,1 0
N R
(C.45)

(C.56)

as h1 = 1 or 2 does not coincide with k1 = 0 and p # 1 and r, being associated to the condition
Ony0 = 1.
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Defining {h},...,hy} = hlhﬁjo h”éo’l), we can now perform a second interpolation:

h17£0,h,#£0 (0
(n{"” 7“|T< BIRR

Dirp
= 67O ¢ ) ZN:IT1<s§5h’q’”>|k§0’> (©57)
g=

- qgi':l (5%,0 N 5}1;’1) Ony 0<h§h;;£2 hr;«éo,1,h'+1 )+ Z i » 1hr1f2 hr#O,l,l)‘T2(£q)|k§0)>
(C.58)
Z (1270 T () ). (C.59)

where (C.59) follows as it holds:

7(1},17};2@7&0,1,11“1) (C?ig)) kﬁo), for any ¢ such that (5%70 + 6%71) =1, (C.60)

while we have suppressed the prime notation in the last line of (C.59), as hy = 2 iff. hy = 2.

Indeed, ¢ = 1 is possible iff. hy = 1 and then h(hlio’hrio’l’hgﬂ) — W™ 795D Then the

1,7‘,]),(] - 77‘71771
(hﬁéo’l’z is2# ky =0,asp# 1,r, so we can argue the proof of (C.60) as done

for the proof of (C.50) Instead, if ¢ # 1, hy is not modified in h(hﬁég hr 0L +1) so it stays

hi # k1 = 0, and once again we can argue the proof of (C.60) as done for the proof of (C.50).
Collecting the results of the two interpolation expansions, we get the wanted formula (C.48) of
the Lemma.

Let us now remark that from the fact that hgﬁ#o’h’"#o) satisfies (C.46) with k of the

form (C.44), then h{1 7072011 g tisfies (C.46) with the same k. Moreover, we have that

=1,r,p,q
hgifﬁég’hr#o’l’l) satisfies (C.46) with kg ), as it stays true that the component one of h(h”'éo hr#0.1,1)

is non-zero, independently from the value of p € {2,...,N}\{r} and of g € {1, .. N}\{p} Then,
all the terms <h(h1#0’hr7&0’1’1)\Tg(fq)]k(0)> on the r.h.s. of (C.48) can be expanded once again

component 1 of h,

1,7,p,q
according to the same formula (C.48), a; hghrl;ég hrZ0LY behaves exactly like a hghﬁ,io’l) with
r" = q and h,» =1 # 0. This ensure that this is a recursive formula. U

The previous lemma implies the following:

Corollary C.2. Under the same assumptions on hgf;};«éO,hﬁéo)

the following orthogonality condition holds

and k as in the previous lemma,

(07 Ty (g k") = o, (C.61)
for any fized r € {1,...,N}.

Proof. If hg}fﬁéo’h”ﬁo) does not contain h = 2 or h = 0, this is proven by applying once the

recursion formula. Otherwise, a first application of the recusrion generate the hg{lﬁjg hr70,11)

where we have reduced by one unit the number of A~ = 2 and the number of h = 0, while we
have increased by two unit the number of A = 1, transforming h like h, = 0 — h;, =1 and

hg =2 — hy = 1. Then, if hghﬁfg 201D qoes not contain h = 2 or h = 0, the orthogonality is
proven just by applying once again the recursion formula. Otherwise, we can continue to apply
it over and over until there are no h = 2 or h = 0 in the index of the SoV co-vectors involved.

This proves the above Corollary. O
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Let us now perfom the induction step over the number m of k, = 1 in the vector |k). Let
h be the generic element of {0,1,2}N satisfying (C.46) with a fixed k of the form (C.44). If
h1 # 0, then the orthogonality condition reads

0= (hlk) =(b{" 7" Ta(&1) ki), (C.62)
which follows by a direct application of the above corollary. If h; = 0, it holds
(B{”k) =(0i” [ To(60) k(") = cr(mf”Ta(ef") ™),

and so we use the following interpolation

(
1T ) = (i K”) + |ZT1 42 )
N 1,h s+1 0 N 1,1 0
Z (0 + One,1)ee (B HI ) 1375, (0D To(e,) k),

s=2
(C.63)
where we have defined {h],...,hy} = hgl). From the assumed orthogonality (i.e. the induction
hypothesis) we get

UpC

(01" k) =(b{” To(6) k") = clzéhs (LY To(g0) k), (C.64)

being

hg};hgﬂ) # kgo)) for any s such that dp; o + dpr 1 = 1. (C.65)
(C.45)

Indeed, for s = 1 it holds h} = 1 and so h] +1 = 2 # k; = 0, so we can argue the proof of

(C.65) as done for the proof of (C.50). While for s # 1 it stays h} = 1 so we have h} # k1 =0,

and once again the proof of (C.65) is done as that of (C.50).

It remains to observe that the terms at the r.h.s. of (C.64) satisfy the requirements of the
previous corollary. This completes the proof by the induction of the pseudo-orthogonality (3.14).

Note that the proven orthogonality also implies that the above lemma and corollary indeed
hold for any m < N — 1.

C.2 Non-zero SoV co-vector/vector couplings

C.2.1 Nondiagonal elements from diagonal ones

The orthogonality conditions implied in the formula (3.14) of the Theorem 3.1 have been proven
in the previous subsection. Here, we complete the proof of this formula for the non-zero ma-
trix elements (h|k) with their expressions in terms of the diagonal ones (k|k) and the power
dependence w.r.t. c = detK.

More precisely, let us assume that there are m k =1 in |k), let us say

kny =kny = =kg, =1, (C.66)
then we want to show that it holds

(h[k( = Ok k), (C.67)

R
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with C’ﬁ non-zero and independent w.r.t. ¢ for® hy . =k . €{0,2}N"" and
(Brgy 1y hmy,) = (0,2), Vae{l,..,r+1} and h, =1, Vse{2r+3,..,m}. (C.68)

. . Kk . .
Moreover, the next lemmas completely characterize the coefficients Cy; in terms of solutions to
a derived recursion relations.

Up to a reordering in the indices of the &;, the generic case of r + 1 (0,2) couples in (h|,
(0,2,p) (1,L,a)

corresponding to r +1 (1,1) in |k), is equivalent to compute (h; 5 5~ o.[hy 53" 5.,9) in terms of
(Ll,q) (Ll,q)
(hy 2,3, ,2r’h1 2,3,.. ,2r+2> where:
P = {p1, .., p2r} with pas—; =2(1 —1i), Vae{l,..,7},i€c{0,1}, (C.69)
qa={q,-,q2r} with goa—s =1, Vae{l,..,r},iec{0,1}, (C.70)

while hy 23 2,42 € {0,1, 2}N’2(”+1). Then the following lemma holds:

Lemma C.3. Under the previous definition of the p and q, the following expansion holds:

bfé%é%)..,27'+2 _ Ci,r q - detM(I) (§ ) N ( (1) é.a h 2 ) (1717p) Orlvq)
C 6ap = i) 11La) WLLM, orpel T2(&2)[hy 5 57
Hasezrez (b g 2r+2’h123 2rv2) Let2a=1 (& — & )
N h 2 1)
GR 5a ) . (1.2p8) (0,1,9)
+Z 1T ! G0 <h12 ool T2(S2j42) By 057 0r0) |, (C.T1)
Jj=1la#2j+2,a=1 (£2]+2 &Y )
where we have denoted 11p)
b ?p
h' = {h/u-- hN} h1,2,3, 2729 (C.72)
and for r =0 we get:
Chgl;) _ d(fQ o 77) q-— detM(I él ﬂ 1) C(Léha,Z))(éé _ 5(1—5}1@,0)) (C 73)
W d(& =) (6 = &+ m)? gy (elD - elrae)y(gy — {10ha0)y
Proof. By the definition of the coefficients Cﬁ we have:
(0,2,p) (L,1,09)
bf;},%)”,gru _ (hyos. 201235 2ri2)
Ch<0»2,2> - 14 11a) (1,1,9) ’ (C.74)
gz Ry g g 2r+2|h1 2,3,...2r42)
then formula (C.71) follows by the following identity
(0,2, (1,1,9) (1,1,p) (0,1,9)
o or By 5 ora) =t s ool THE) T ()55 o), (C.75)

once we make an interpolation expansion of Tl(él)). More in detail, up to the coefficients, we
use the interpolation identity

Tl(él)) = tu+Ti(&) +ZT1 (6h5’2)), (C.76)

s>2

20Where we have introduced the notation x,, .., without the upper index values to indicate the N — m-tuple
obtained from the generic N-tuple x removing the entries {r1,...,rm} C {1,...,N}.
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from which it follows

(1,1,p) (0,1,9)
<h1,2,37..72r+2|T1(§§ )T1(§2)|h123, .,2r+2>
(1,2,p) (0,1,q) (2,2,p) (0,1,9) (1,1,p) (0,1,9)
oo ti(hy o3 orpalBios oro) H My os oniolhyos oio) +(By o o0l Ta(82)|hy 557 o0 i)
N
(1,2,p) 1 (0,1,9) (1,2,p) Ons, (0,1,9)
+ Z Z hyo5 ,27"+2‘T1(§§a+22 D55 o) + Z (hyos- ,2r+2‘T1(§S( 2))‘111 2.3..2r42)
a=1i=0 s=1+2(r+1)
(C.77)
(1,1,p) (0,1,) " (12,p8) (0.1,9)
U; <h1 ,2,3,. 2r+2|T2(§2)|h1 2,3,.. ,2r+2> + Z<h1 2,3,... ™ 2r+2|T2(§2J+2)|h1 2,3,. .,2r+2>7 (0-78)
j=1
Indeed, from the previous orthogonality conditions, we have:
(1,2,p) (0.1,9) (2,2,p) (0.1,9)
<h1,2,3, ,2r+2|h1 2,3,. ,2r+2> =0, <h1,2,3, ,2r+2|h1 2,3,. ,2r+2> =0, (C.79)
and
(1,2,p) (0.1,) (1.2p5,) 1) 1.(0.1,0)
<h1,2,3i..,2r+2’T1(§2a+1)’h1,2,37..,2r+2> = C2a+1<h1,2,3j.2.,21}+2 —1,2,3?‘.,2r+2> =0, (C.80)
for any 1 < a <r. Also, for s > 2r 4+ 3 and hy =0, 1, we have:
(1,2,p) (0,1,9) Ons, (1,2,p,hs+1) (0,1,q,hs)
<h1,2,3, ,2r+2|T1(§s)|h1,2,3, ,2r+2> = 5" (hy 2,3,...2r+2,51881 2.3 9r42, s) =0, (C.81)
as well as for s > 2r + 3 and hs = 2 we have:
(1,2,p) (0,1,9) (1,2,p,2) (0,1,9,1)
(hy 5 2,3,.. ,2r+2‘T1<§(1 )|h1,2,3, ,2r+2> (h; ; 2,3,...,2r+2,51401 2.3 9r42 s) =0. (C.82)

So we are left only with the terms written in (C.78) and our formula (C.71) follows once we
reintroduce the missing interpolation coefficients of the formula (C.76).

Let us now compute explicitly the case with only one couple of (0,2), i.e. the case r = 0.
Formula (C.71) reads:

p(LD N 1 ((l‘sha,Q) (1 1) T h
) = q—det(g) ][ ( L 2))) (h (!1 12(€2z|1) )) (C.83)
e a#2a=1 (& — & ) <h1,2 ’hm )
then by using the following, up to the coefficients, interpolation identity:
(1)
—Ohg,0
To(&2) = ta+T2(&) + ;B(fs ) (C.84)
we get:
1 1) 1,1
(b1 Ta(€) i) = (his"his"), (C85)
as by the orthogonality conditions, proven in the previous subsection, it holds:
( (L D\T ( Lgl (shs’o))]h(0 Yy = 0, for any s > 2. (C.86)

Indeed, we have:

_ hiY %) =0if by =0
PRI G TN RO . 12,5 : O 87
(b5 Ta(€ Jhis") cﬁh 2<h§1,1,h5 DI — 0 if b, = 1,2, (C.87)

Then, reintroducing the missing interpolation coefficients in front to TQ ({1) (C.84) we
get our result (C.73). O
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Note that any term in the sum in (C.78), associated to a fixed j € {1,...,r}, is formally
identical to the first term of (C.78) up to the exchange of indices 2 and 2j + 2 in .

The following lemma gives a recursive formula to compute the matrix elements on the right
hand side of (C.71). To simplify the notations, the lemma is formulated explicitly for the first ma-

1,2 (1)
trix element but it can be used similarly for the others matrix elements <h§ 2 3? 72)7" 1ol T2(&2j42)

0,1
]hg 2 3?) or42),by exchanging the indices 2 < 2j + 2 in the &, for every term involving the j

1ndex

Lemma C.4. Under the previous definition of the p and q, then for r > 1 the following
recursion formulae hold

(1,1,p) (0,1,9) - (11,050 pLba”)
(hy 12,3, 2r+2|T2(§2) |hy 12,3, ..,2r+2> = Q3,2 Z s1,2,3,2s (B 5 2,3,.. . ,2r+2|T2(§2s+2) 93 ™ ,2r+2>
s=1

r r (1,
(1,1,p5, 0,1,q)
+ Z C2q+1r20+1,2 (Z $1,2,2a+1,26(h1 5 3 2a27«1+22b | T2(&2p+2) [y 2,3,.,,,2T+2>> ,

a=1 b=1
(C.88)
where:
1y r £ — 5(1*5hj,o)
st = (52 ) H &2 — §2n+2 H 5 §2g+1 j i (C.89)
(52a+1) n=0 §2a+1 — §2n+2 n=0 2at1 7S] 9p 3N Egq — & 7
and
r 1 (On,2)
52a+1 &i &2a+1 — Eant2 652)“ —&oant1 féa)ﬂ -&
$1,2,2a+1,2b = H Hf "y H ) L6na)
i=1 §2b+2 §in n=1 2042 7 S22 nmy Spln — Sontl 203N £yl — &
(C.90)
with the following initial condition for r = 0:
) (0, (1,1) . (1,1, d(&2 — n) gy — £
1 1 0,1) 1,1) 2 — 2 —&a
T h;5’) = (hy 5 |hy; C.91
(015" Ta(&) i) = (i i) G — s Hg o (©9
Proof. Using the interpolation formula (C.84), we get
(1,1,p) (0,1,9)
<h1 ,2,3,.. ,2r+2’T2(§2)’h1 2,3,.. ,2r+2>
(1,1,p) (0.1,9)
S to(hy 55~ oriolByi o5 ori0)
(1,1,p) (1,10 (1,0,p) (0,1,9)
+ (o5 ooy 03 orio) + (B og oriolhy o5 orp0)
l,l,p 1—2 (Ovlvq)
+ Z Z hyo3. 2r+2|T2(£§a+2)7i)|h1,2,3:..,27‘+2>
a=11i=0
N
(l,l,p) g s> +6 S5 (0117(1)
Y @b e R (C.92)
s=142(r+1)
(1,1,p) (1,1,9) (1,1,p5, La)
e (hy 5 orpolBiog orpo) + Z Coa+1(hy 9 3- 2,27~1+2|T1(f2a+1)|h1 93....2r+2)-
a=1
(C.93)
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Indeed,

(1,1,p) (0,1,9) (1,0,p) (0,1,9)
<h1,2,3, ,2r+2‘h1 2,3,. ,2r+2> 0, <h1,2,3, ,2r+2‘h1 2,3,. ,2r+2> 0, (C.94)
and
(1,1,p) ORI (1.1,p5) (0,1,q)
<h1 ,2,3,.. ,2T+2‘T2(§§a)+2) 211,2.3,.. ,27"+2> = C2a+2<hl ,2,3,. 2,2r+2 —1,2,3?..,2r+2> =0, (C-95)
for any 1 < a <r. Also, for s > 2r 4+ 3 and hs = 1,2, we have:
(1,1,p) (0,1,9) Shoo y (LLPhs—1) - (0,1,a,hs)
<h1,2,3j..,2r+2’T2(§£1))151,2,37..,2r+2> =cs” (hy 12,3,...,2r4+2, sLl ,2,3,...,2r42, s> =0, (C.96)
while for s > 2r + 3 and hs = 0, we have:
(1,1,p) (0,1,9) (1,1,p,0) (0,1,9,1)
<h1,2,3, ,2r+2|T2(§s)|h1 2,3,.. ,2r+2> = <h1,2,3:..,2r+2 s/hy 2,3,...,2r+2, s =0. (C.97)
So we are left only with the following terms for a € {1, ...,r} which read:
(1,1,p) (0,1,9) 1,15 1) 1 (0,1,9)
<h1,2,3, ,2r+2|T2(§2a+1)|h1 2,3,.. ,2r+2> = c2a+1(hy 12,3,.. - ,27}+2‘T1(£§a)+1)‘h1 2.3,.. ,2r+2> (C.98)

Now we can use the interpolation formula (C.76) and we get

a) (1,1,p5) ) L 0La)
|h 1,2,3,..

,2r+2> = t1<h123, 2142

1
@2,1p8Y ) 1, (0,1,9) 12p5) ) 1 (0.L,a)
Jr<hl,2,3, ,2r+2|h1,2,3, ,2r+2>+<h1,2,3, ,2T+2’h1,2,3,...,27“+2>

(1,1,p" (0,1,
(hy 2 3, 2727}+2’T1(§2a+1) by 12,3,.. ,27’+2>

)
1- 51) a ’ 1p2a 1) (01173)
+ Z Copt1 hl 23 arre T €pr1By o5 0i0)

171,p
Z (hy 12,3, 2(?2r1—&-22b ’T1(§2b+2) |h1 2 3, ,2r+2>

N (1,1,p5) ) (ahs,z) (0,1,9)
+ Z (hy o3 ,2r+2|T1( My 55 or42)
s=142(r+1)
(C.99)
1,1,p‘;” (0,1,9)
e Z hyos. 2,27}4-25 ITo(§2v12) By 95 or42)- (C.100)
Indeed, by the orthogonality it holds:
(1LLpS) ) |, (0,1,9) 2,15 ) |, (0,1,9)
<h1,2,3, 2,27«1+2 o 2,3:..,2r+2> =0, <h1,2,3,2,21}+2|h1,2,3, ,2r+2> 0 (C.101)
(1.2,p5,; (0,1,9) (1,1,pS5, ) (0,1,9)
<h1 2,3, 2,2r1+2|h1 2,3:..,2r+2> =0 (7172’372.72,;2 + §2b+1‘h1,2,37..,2r+2> =0, (C.102)
while for hy = 2 it holds:
(1,1,pS5) 1.2) (0.1,9) (1,1,pS CECR
<h172,37.2.,273+2,s|T1(§s Jhy 53 orp0) = (hy o3 2,2r1+2 sB125 9404 =0, (C.103)
as well as for hy = 0,1 it holds:
(1,1,p5) 1) (0.1,q) (1,1,p5) 1 hs+1) L (O Lahs
(hy o3 2,27}+2|T1(§s)|h1,2,3, orr2) = (B o3 2,27«1+2 s hyos ,2r+2 s) =0. (C.104)

95



Therefore we obtain the following mixed recursion formula

(1,1,p) (0,1,9) (1,1,p) (1,La)
(hy 3. 2012l T2(82)[hy o5 2r+2> ARLSEERICT]l | R Sy,
(1,1,p$8"), (0,1,q)
+ Z Z c2a+1(hy 53 22r1+22b ’T2(§2b+2)|h1 23, 2r42)-
a=1b=1

(C.105)

. (1717p<2£ 1)1 2b (01173) =
Indeed, all the matrix elements (hy 5 35,5 [T2(€ap+2) [y 5 5 9,4 2) on ther.h.s. of (C.105) have

1,1 0,1

(r—1)-couples of (0, 2), i.e. one less w.r.t. the first matrix element (hg P 3p 2ol T2(&2) \hg é’é%?.72r+2>

1,1, 1,1, .

on the r.h.s. of (C.78). Moreover, the matrix element (hg 2 372) 72T+2]h§ 9 3%?_72T+2> contains one
0.2, (11,

couple less of (0,2) that the starting matrix element <h§ 2 3?) PN SR 9 _2r+2), i-e. r-couples of

1,1, 1,1,
(0,2). Up to a reordering in the indices, this matrix element <h§ 2 3(:1) 72T+2\h(1 2’3%?.72T+2> can be

developed just as done in (C.71), generating matrix elements with (r — 1)-couples of (0,2). In
total, we have that

(1,1,p) (1,1,0) s 1,1,p§12§> 1,a%)
<h1,2,3 2r+2|h123 2r+2 — CSZ h12 2r+2‘T2(§2j)|h123 2r+2>7 (C~106)

and by substituting it in (C.105) we get the recursion formula (C.88), up to the coefficients.

Now that we have identified the non-zero contributions in the used interpolation formulae,
we can easily compute the missing coefficients presented in (C.88). From (C.92), the non-zero
contributions of Ty(&2) read:

*, ) o-g
27 (1— 6hb0) 2(52&—&—1)7 (C107)

1
a=0 d(géa)Jrl) b#2a+1 52@—4—1 - gb

where hy = 1 and hy, is the b element of hglélép) ar42 for any b > 2. Similarly, from (C.99), the

non-zero contributions of Ty (§2a t1) read:

i &b —glore?
> 11 ZQH Ty ) (C.108)

6
b1 c£2b42 €2b+2 glone)

where hy, is the b element of hglélép) 2r4o for any b > 1. Finally, from (C.106), the non-zero

contributions of T1(§2 ) read:

(One,2

Cs

T1(E5y2) (C.109)

S =
5

b—1 c£2b+2 §2b+2 §c he,2)

1,1, . e

where hy, is the b element of hg 2 3p) 242 for any b > 1. From these expansions, it is simple to
verify that the recursion holds as written in the lemma.

Finally, the initial condition (C.91) for the recursion just coincides with the identity (C.85),

proven in the previous lemma, by reintroducing the missing interpolation coefficients in front to

K1) in (C.84). -

o6



It is worth remarking that in the recursion formula (C.88) the common part h; 53 9,49 of
the SoV co-vectors and vectors are left unchanged by the recursion, i.e. the recursion acts only
on the (0,2) couples.

Moreover, thanks to Lemma C.3 the solution of these recursions formulae lead to the deter-
mination of the coefficient Cl%, as defined in (C.67). Here, we do not solve these recursions but we
use the previous lemmas to complete the proof of the Theorem 3.1 by proving the independence
of the C}% w.r.t. c. We have just to remark that at the right hand side of (C.88) we have matrix
elements of To(£o) with (r— 1)-couples of (0,2) in the co-vector corresponding to (r— 1)-couples
of (1,1) in the vector. The same statement holds true adapting (C.88) for the development of

1,2,pY) (0,1,
the others matrix elements <h§ 2 3p2j2)r+2] To(§2j+2) [hy 5 3?) 2rt2)- Hence, applying (r — 1)-times

the same recursion formulae to all the non-zero matrix elements generated in this first step of

. . . . Llg (Ll
the recursion, we end up exactly in the same diagonal matrix element (hg 2.3, ) or2By o5 3 2r2)s

proving the following proportionality:

(0,2,p) (1,19 +1,.(L1La) (1,1,9)

(hygs,. ,2r+2|h1,2,3, org2) o< by o 5 ,2r+2|h1 2.3,...2r42)> (C.110)
as any time that we make a recursion we generate exactly a power one of c. The proportionality
coeflicient C’% must then be independent with respect to c as the full dependence in c is already
made explicit in the previous formula.

C.2.2 Computation of diagonal elements

Here we give a proof of the form of the diagonal coupling between SoV co-vectors and vectors.
It is independent from the proof of the same result, but in the special case det K = 0, that is
given in the main body of the paper, see Theorem 4.1.

We follow the standard procedure used to prove the “Sklyanin measure” [37,39], by using
the usual interpolation formulae of the transfer matrices.

i) We have that

P73 (E)h) = (b ). (C.111)
Computing the action of TQ(K) ({,Sl)) by interpolating in the right points
Op, 110
T (e = d(el?) | 1 ( ) + Zg YT (g0 W))) : (C.112)
where we recall the definitions
z(h) = {0n,1 + k125, Ong 1 + Ony 2}, (C.113)
N (hy) (m—1)N
(m) A& 1
Jan N =11 w50 I o5 (C.114)
bta,b—1 glte) — §1§hb) pop et - fé b
we get
K,
(O = () (Tyae ()P pO) + g (€D (P hM) (C.115)
N
Op, 140
3 g €MD (g ) Oy, (C.116)
b=1,b#a
Now, we can use the following identities:
(1,hy—1) Ohb .
On, 140 h,; h if hy € {1,2},
BT o [ (BB i€ (1,2) .17
<—ab ‘h > if thO,
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and then being

b # h® hl? # hlY,

= (Cas) Y(Cas)

h{Y ol n%™) it by € {1,2},

the orthogonality conditions implies the identity:
2
(BB = (e g () ),

or equivalently:

<h(0) h(0)> d( C(lQ)) N 6((11) _ £5hn,1+5hn,2)

==a ’*a _
(b nWM) d( (gl))n#aynzl € - T(ldhn,ﬁ(shmz)

ii) Similarly, we have

M7 () b?) = (B2 ).

a

Computing the action of T} 1(K) (&a) by interpolating in the right points

T = T () +Zgay(h ()T (€0,

where we recall the definitions

X(h) — {5h1727 LX) 5/1,\],2}5

we get

(0|0 = 7755 (6) (0 B) + 90 ) (&) (B BLY)

==a a

+ Z 92 (€a) DT (702 n2).
b=1,b#a

Now, using the following identities:

(b e hb-l-l)‘h(? )y it by € {0,1},

RO ) Oy @)y
(h Ty (&, )|hg”) <h((11b2 |h21)> if hy = 2,

and then being

bV # nl, b # ngY,
(C.45) (C.45)

n(;m (07;) w0 i by e {1,2),
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