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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|l_(> with the vectors |1_<) of
the chosen right SoV basis. For simplicity, we describe our method to get these pseudo-
orthogonality overlaps in the fundamental representations of the )/(gl;) 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 rea-
sonably 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
(1_1|1_<> o< 6p)- In our approach, the SoV bases are constructed by using families of con-
served 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 matri-
ces 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 ))(gl,) rank one case.
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1 Introduction

The quantum separation of variables (SoV) has been introduced by Sklyanin [2-6] in the
framework 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
quantum 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
generalizations 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
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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 particu-
lar 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
identification 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 gl; Yang-Baxter com-
mutation relations without introducing any specific representations of the algebra. Only more
recently, the SoV analysis for higher rank has been revived. For the fundamental representa-
tions of gl; 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 condi-
tions 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 eigenvec-
tors 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 gl; 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 fundamen-
tal representations, the proposed A-operator acts as shift only on part of the B-spectrum which
leaves unproven the separate relations in this SoV framework. This phenomenon has been al-
ready 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 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 construc-
tion 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), 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) € ) and sets
of commuting conserved charges constructed from T(A), T]S) (resp. T,E:)) wherea=1,...,N

and h,,k, =0,...,d, —1 with d = ]_[2]:1 d, the dimension of the Hilbert spaces ‘H and H*,
such that the set of co-vectors,

N
(hlﬁ;hN|:<L|l_[T}Ej): (11)
a=1

1See 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].
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forms a basis of H* and the set of vectors,

N
|k1:JkN>:l_[T}E:)|R>J (12)

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(A) with eigenvalue
t(A) is also a common eigenvector (resp. eigenco-vector) of the commuting sets of conserved
charges T}E:) (resp. T ,E:)) with eigenvalues t}(:) (resp. EI(C'Z)). Hence the corresponding wave
functions in the coordinates h; (resp. k;) factorize as

N
\Ijt(hln [RX3) hN) = (hl, [RE3) hN|t> = (th) l_[ t}(-:l) > (13)
i=1
and similarly,
N
B, (ky, . ky) = (tlkyq, -, ky) = (£IR) ]_[ . (1.4)
i=1

This also means that the eigenvectors coordinates in such SoV bases are completely deter-
mined 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
T(A) since the coordinates (wave function) of any eigenvector are completely determined by
the corresponding eigenvalue. This in turn implies that the above sets of conserved charges
T(a) and T( %) are both basis of the vector space Cr(y) of operators commuting with the family of
operators T(k) 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, ..., hy (resp. ky,...,ky), the product T}E:) - T(A) (resp.

T(A)- T}ga)) is also a conserved charge commuting with T(A). Hence it is an element of Cr,

that can be decomposed linearly on the basis generated by T}ga) (resp. T,Ea)).

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 = (kq,...,ky), and accordingly,
Ty = [T 1T,§“), T = [T 1T,§“) and also |k, ....ky) = |k, (h1,...,hy| = (h| for the two

sets defining the right and left SoV bases® , then there exist scalar complex coefficients Nﬁ(k)

1 4,
and N1_1,1_< such that™:

Ty T(A)—Z RQOLE (1.5)

and,

~ 1
Ty - Tk:ZN}_-l,l_( T. (1.6)
1

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( 9 and T( ) and on the reference vector
|R) and co-vector (L|. Hence in the following such compact notations w1ll be used only after such choices have
been defined.

“Let 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}Ea“) and Tk(:). Hence changing those sets, eventually in a non-linear way, as sums
of products of commuting conserved charges are still commuting conserved charges, will modify these structure
constants accordingly.
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- ) . 1 ~1
Similarly one can define two other sets of complex coefficients, namely C, , and C; , such that:

1
1

and,

1

(1.8)

|5 =
|

h' ik = Z Kk
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 spec-

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

include the case where the T}E:) are powers of the transfer matrix evaluated in the inhomogene-

ity parameters as T'(£,)", or are given as the fused transfer matrices Ty, (€ Elh“)) in some shifted

points Egh“), where h, is the level of fusion. In the higher spin gl, case, they are simply ob-
tained from the Q-operator evaluated in shifted inhomogeneities as Q(§ Elh“)). In all these cases,

. 1 1
the coefficients N, (1), Nh’l_(,

h C11;,1_< and Clil_(are completely determined by the fusion relations or
the T-Q relations satisfied 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,, gl , and the U,(gl,,) Yang-Baxter algebras with simple
spectrum twist matrices up to the higher rank reflection algebra cases with general boundary
conditions, deriving new and complete descriptions of the transfer matrix spectrum [1,80-84]
6. 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 gl, case. This correspon-
dence has been obtained for special choices of the reference co-vector and of the set of con-
served charges used to generate the SoV basis. The same result has been derived in [1] for
the gl 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,, exten-
sions proposed in [77], has been obtained 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’.

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

®Note 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
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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 free-
dom 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

. . 1
chosen the basis Ty, of the space Cr(y) in such a way that the structure constants N, (1) have

such a simple property; namely that the only non zero coefficients are those where handl
differ only by localized shifts in the coordinates. This is exactly what happens for SoV bases
in the gl, case that are generated directly from the Baxter Q-operator. Indeed, the Baxter
T-Q relation determines an action of the transfer matrix T(A) on the basis generated by Q(A)
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 charac-
teristic equation of degree two, hence much smaller than the dimension of the Hilbert space.

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

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.
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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 de-
fined 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
Ny x = (h[k) 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 Vj, x = (h|k) and the associated SoV measure
(related to the inverse of Nh’k) for the natural SoV bases introduced in [1] in the example
of the rank two gl; case in the fundamental representations.

e Determine, in the same gl; 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
completely 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) = 51_1’1_10 for some h,. Then the corresponding matrix Nh,k of scalar

. h
products can be computed in terms of the structure constant N, | to be:

1=

N]_(:N

b,

({_( . (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 NE‘;{ = 52’1_( 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 dif-
ferent 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
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SoV basis, its vector eigenbasis is actually only a pseudo-SoV basis, i.e. not all the wave func-
tions 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 gl; 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 gl; 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, ii) 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 re-
lations (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 sub-
section 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
construction 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 orthog-
onality 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 sec-
tion 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 con-


https://scipost.org
https://scipost.org/SciPostPhys.9.6.086

Scil SciPost Phys. 9, 086 (2020)

struction. The appendix B details how our SoV construction holds in the gl, 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 gl Yang-Baxter algebra

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

a;(A) by b,
Ryp(A) = Al +mPqp = ¢ ay(A) b € End(V, ® V), (2.1)
C2 C3 as(A)

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

a;(A) = 0 A+n8;, 0 ., Vje{1,2,3},
0 0 A+n513

0 0O 0 0 O 0 0O
b=l m 0 0 |, byb=| O 0 O 0O 0 0 |,

000 n 0 0 0 n 0

0 n 0 00 7 000
=000, =000 00 1n | (2.2)

0 0 O 0 0 O 0 0 O

which satisfies the Yang-Baxter equation
R12(A — p)R13(A)R23() = Raz(U)R13(A)R12(A — ) € End(V; ® V, ® V3) (2.3)
and the scalar Yang-Baxter equation:
R12(A)K Ky = KK R15(A) € End(V) ® V3), (2.4
where K € End(V) is any 3 x 3 matrix. We can define the following monodromy matrix:
M) = KRy (A — &N+ Raa (A — £1) € End(V, ® H), 2.5)

where H = ®,'>':1 V. M(EK)()\) itself satisfies the Yang-Baxter equation and hence it defines an
irreducible 3N-dimensional representation of the gl; Yang-Baxter algebra for the inhomogene-
ity parameters {&, ..., EN} in generic complex positions:

§—&#0,%n, Vije{l..N}. (2.6)

Then, in the framework of the quantum inverse scattering [87-89], the following families of
commuting charges exist according to the following:
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Proposition 2.1 ([87-89]). Defined the antisymmetric projectors:

- — 2, (C17P, 2.7)

! nes,

where S,, is the symmetric group of rank m, o, the signature of the permutation 1 and
P,.,:(Vl ®"‘®Vm) =Vr1)® O Vem), (2.8)
then the following quantum spectral invariants (the fused transfer matrices):

..... o [PL_ MO MO =) MEOG—(m—1)n)], ¥me{1,2,3},
(2.9)
are one parameter families of mutual commuting operators. Furthermore, the quantum determi-
nant q-det M ®() = TBSK)(A) is central, i.e.
[q-det M®O), MO ()] =o. (2.10)
Moreover, the general fusion identities [87-89] imply the following

Proposition 2.2 ([87-89]). The quantum determinant has the following explicit form:

qdetM(K)()L)—detKl_[ (A— §b+n)l_[(l Ey—mn) |, (2.11)

m=1

and Tl(K)(JL) and TZ(K)(A) are degree N and 2N in A. Their asymptotics are central and coincides
with the corresponding two spectral invariants of the matrix K:

1% = lim ANOW) =K, TV = lim ANTO0) = —(trK)zz_ LLSIPRES
The fusion identities hold:
I{EITIOE —m) = Ty (), Yme (1,2}, (2.13)
and TZ(K)(A) has the following N central zeroes
T, +1m)=0. (2.14)

Let us introduce the functions

( ) N A_g(hb) (m—1)N 1

m b

v = | o [ e 2.15)
e 15( B W

a(A—n) = d(x)=1_[(x—5a), gV =g,—hn, h={h,..h},  (216)

and \
hy,
T2 = T Ja—gg). (2.17)
b=1
The known central zeroes and asymptotic behavior imply that the transfer matrix TZ(K)(A) is
completely characterized in terms of Tl(K)(}L), e.g. by the following interpolation formula

N
19(0) = d(A—n) (Tz“f, DN+ e (ITOE, - n)T{K)(ea)), (2.18)
where h = 0 means that for all k € {1, ..., N} we have h; =0

From now on when we have an h with all the elements equal to the integer O, 1 or 2 we
use directly the bold underlined notation 0, 1 and 2.

10
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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 gl; 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 gl; 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 Wy the invertible matrix defining the change of basis:

ko y1 O
K=WgK;W, ' with K;=| 0 ky vy, |. (2.19)
0 0 ky

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

l) ki ;é k]: Vl)] € {0, 1>2} and Y1=Y2= 0: (220)
ll) kO = kl ;é k2: Y1 = 1’ Yo = O: (221)
ll) kO = kl = kz, Y1 = 1, Yo = 1. (2.22)

Then,

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

N
@] (T(K)(gn))hn for any {hy,....hy} € {0,1,2}V, (2.23)
) n=1
l_[ (T(K)(E )) IR) for any {hy,...,hy} € {0, 1,2N, (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
(LI =Q)(x, y,2)aTyt, IR) =X)Ly (rs, O, Ty =X Wia (2.25)
a=1 a=1

a=1

simply asking in the case i) x y z # 0 for the co-vector and r st # O for the vector; in the case ii)
x z # 0 for the co-vector and st # O for the vector, in the case iii) x # O 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 &)

(%, y,2)W t, (x, y, 2 )W 'K, (x, y, 2)W K2, (2.26)
Wi (r,s, ), KWy (1,5, t)t, K2 Wi (1,5, )", (2.27)

11
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or equivalently:

(x:yyz);(Xayaz)KJ)(x:yyz)Kzﬁ (2~28)
(ras) t)t)KJ(ras> t)t>K‘?(sza t)tﬂ (2'29)

form bases in C3, that is the next determinants are non-zero®:
—xyzV(ky, ki, ky) in the case i)
det ((x,y,z)K}_lej)i,je{Lz,s} = sz‘Vz(ko, ky) 1n the case ii) , (2.30)
x° in the case iii)

rstV(ky, k;, ko) in the case i)
det (et.K}_l(r,s, t))_ ) = s2tV?2(ko, ko) in the case ii) , (2.31)
J 1,j€{1,2,3} 3.
t° in the case iii)

which leads to the given requirements on the components x, y, z,1,s, t € C of the three dimen-
sional co-vector and vectors. O

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 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
1) 19
(bl = (hy, oyl = U] 1377012, VR €{0,1,2, GO
n=1

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

N
(=] [1¥¢. (3.2)
n=1

the two sets of co-vectors defined in (2.23) and (3.1) are identical up to a non-zero normal-
ization of each co-vector; hence the two sets are related by the action of a diagonal matrix. To

8Here and in the following, we denote by V(x, ..., x,) the standard Vandermonde determinant [ [,_ j(xj —X;)-
“Throughout this section we use compact notations for the left and right SoV bases defined as in (3.1) and
3.7.

12
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be more precise, with such an identification and using the fact that for an invertible K-matrix
the operator Tz(K)(§ 511)) is proportional to the inverse of Tl(K)(§ ) due to the fusion relations,
we get:

N
(bl = ap (L[ [T e, wh, € (0,1,2), (3.3)

B n=1
where ay, = n:‘zl(q-det M®(&,))%m0 is a non-zero coefficient. Then, being Op, 26 ot1=h,
for any h,, € {0, 1,2}, we get:

N
(bl = an(LI] [T (€)Y Ry €{0,1,2}, (3.4)

n=1

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 a;,. 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 SoV-measure, related to the
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 frame-
work. 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

N
kl0) =] [ 6o (3.5)
a=1

Then we have the following

Proposition 3.1. Let K be a 3 x 3 simple spectrum matrix, 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)

N
(K)6 (K)&
=@l [, "Dy, (), (3.6)
n=1
and the set of vectors:
N
(K)6 (K)6
=] [z, " €)1, " (ED0), (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
(l' = ®(X, J’,Z)aFVTzl; 1—‘W = ® WK,aJ (38)
a=1 a=1

13
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simply asking x y 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
|9> = FW ® |07 a)) (3-9)
a=1
where we have defined

ka(yko — xy1)(zks + ¥y2) — (ykq + xy1)(xy1y2 + ko(zks — yy2))
0,a) = N x(xkoy1ys + kg(2k1 — ¥Y2) — kika(zky + yys)) , (3.10)
x(ko + kq)ky(yky +xy; — yko)

a

with
A = x(yko—yki—xy ) (2(ko ko) (k1 —ka)+y (¥ (ko —k1)+xy1) ) a-det MO (,~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 inho-
mogeneity parameters &, it is enough to prove the proposition in some point in the param-
eter space. This is achieved by scaling the inhomogeneity parameters from a single scalar,
as &, = né&, and sending the parameter & to infinity. In turn, this amounts to obtain the
asymptotic behavior of the transfer matrices in that limit. The leading term for the operator
Tl(K)(§ o) is given by EN"1K, times some constant, while for the operator Tz(K)(§ 511)) it is given
by £2N-D(2K2 — 2K, tr(K) + tr(K)* — tr(K?)) times some other constant. Hence, it is enough
to exhibit a co-vector (u| 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 TZ(K)(i 510)) is found
proportional to the matrix EZ(N_U(KT% — K, tr(K)), leading to the same conclusion. By these
arguments, all we need to prove is that the co-vectors

(x,¥,2)K;, (x,y,2),(x,y,2)K;, (3.12)

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

—xyzV(kg, ki, ky) in the case i)
detM, ,.x, = x22V?(kg, k) in the case ii) (3.13)
x3 in the case iii),
so that in the case i) we take x y z # 0, in the case ii) we take x z # 0 and finally in the case iii)
the condition is x # 0. The construction of the orthogonal vector is a standard computation
in C® 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:

S
Nix = (blk) = (KIK) | Sy +C > (detK)" > 5 oy |, (314
b ;

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

=
[5=
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k . . .
where the CE are non-zero and independent w.r.t. detK, ny is the integer part of (ZaNzl O,,1)/2.
We have used the further notations

K% = (ky (@, B), .. kn(a, ) € (0,1, 2}, (3.15)
1, ={ae{l,..,N} 1k, =1}, (3.16)
with
k,(a,f)=0, kyla,f)=2, Vaca,bef (3.17)
k.(a,B)=k., Vce{l,..,N}\{aUp}. (3.18)

Moreover, we prove that it holds:
Ny = (hfh) (3.19)

N 1
() Vo)
1 d( Ell+5ha,1+5ha,2)) V( (15h1,2+5h1,1)’ » g'(\I5h,\,,1‘*‘5h,\,,2))v( §5h1,z), » gf\‘lsh,\,,z))

. (3.20)

Proof. The heavy proofs of the pseudo-orthogonality and of the expressions of non-zero SoV
. . . . - k
co-vector/vector couplings are given in Appendix C. There, the coefficients C; are character-

ized 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

It is worth to make some remarks on the above theorem. Let us first comment that the sum
in (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 (a, ) C 1; with the same cardinality r < ny such that

0,2 . . . .
h = kg‘ﬁ‘), and of course if the couple (a, ) exists it is unique. The above condition means

that if ZaN:1 Oy, 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 22':1 Oy,,1 is bigger or equal to

two, we have non-zero couplings also for all the co-vectors of (3.1) with!® h = l_(((xgkg). Let us
remark that if one looks to this pseudo-orthogonality condition in one quantum sife, 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

9That is for the h obtained from k removing one or more couples of (k, = 1,k, = 1) and substituting them with
(ka(a:ﬁ) = 07 kb(a’ ﬁ) = 2)

Hw.r.t. those used above.
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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

(h|K) =0 if Zéh . 7&25’%1 (3.21)

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 r = 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 (h,,hy) # (kq, kp)-
The above selection rule only imposes that (h|k) = 0 if h, + h}, # k, + kj,, while our formula
instead specifies that (h|k) = 0 unless k, = k;, =1 and h, + h;, =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:

,(hland |h),, Vhe{0,1,2}", (3.22)
uniquely characterized by the following orthogonality conditions'?
p(klh) = 5y p(hlh), (kh), = 5x(hlh), Vhke{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 p(hl and |h)p are bases of the Hilbert space, and moreover
we have the following decompositions of the identity:

Ih), (hl ) , (h]
I= = , 3.24
%} ™ >, ™ (3.24)

h

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:

)= l_[ o (€D (E,) 1 (3.25)
h n=1

=2 l_[ T (E R (E,) B ﬂ (3.26)

h n=1 @

Thus, we can naturally give the following definitions of separate vectors :
k) N
Ia) = Z ax __p, ap = aahﬂ) (327)
k B Nlj B a=1

2Note 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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with factorized coordinates a;, and separate co-vectors,

N

h|
(Bl=>Pn ”,fl—; pn=] B0 (3.28)
h h

with factorized coordinates f3;, on the respective bases. The scalar product of such two separate
vector and co-vector reads:

ﬁla Zﬁth kak (329)
hk

with the SoV measure M1_1,1_< defined as:

(hlk)
_ p\HIR/p
My = Nyl (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:

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

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

k|
(h| = ZM_I,JI\('—_, (3.32)
k k

and conversely,

N—‘ = ZMkh hl. (3.33)

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

ZMkh Bi1- (3.34)

Hence to compute the SoV measure My, we just need to get the inverse of the matrix of
scalar products N j,; in the following we show how to characterize it in terms of Ny j,, proving
in particular that it has in fact the same form as ./\/'k,h13

Let us start proving the following:

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

N
— 0,2
= |h> +ZCr Z a[3h|h(__)>’ (3.35)
r=1 aufuy=1y,
a,B,y disjoint,
#a=#p=r

13Somehow this is not surprising as in the appropriate labelling of the SoV bases, the matrix N is lower-
triangular with finite depth out of the diagonal and hence its inverse should have a similar form.
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where the coefficients B, g 1, are completely characterized by the following recursion formula:

h(02)
Bas/j,l_l == C;(O 2) Z a’ ,B’h C (02) P (3.36)
—a.p a'ca, p'cp, hep
1<#d'=#p'<#a—1
and
or (tlo) .
Cs=—=6Cs, (3.37)
= (sls) ¢

where C§Z 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 coefficients 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:
(hih), = (hlh), (3.38)

by the measure (3.14) being

h # h("ﬁz), Va,B C 1y, disjoint with 1 < #a = # < n,. (3.39)
(C45) @ - B

So we are left with the proof of the orthogonality of

(klh), =0, Vk#hke{0,1,2}". (3.40)
Let us start observing that for any k such that
k # h, (3.41)
(C.45)
then it also follows
k # h( 2) Va,B C 1y, disjoint with 1 < #a = #f < ny, (3.42)

(cas5) %P’
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( 2) for any fixed
disjoint sets u C 1 and 6 C 1 such that 1 < #u = #6 < ny,. Let us observe that the following
inequalities holds:

(0,2) (0,2)
h h s 3.43
—ap (c?is) .0 ( )

for any disjoint sets @ and 3 contained in 1y, with #a = #f such that

afuand B €6. (3.44)
Then, by the measure (3.14), we get the following co-vector/vector coupling:
Ny
0,2 ~ 0,2),, (0.2
0, =wCm > ST B, 0P (3.45)
r=1 aUfUy=ly,
a,f,y disjoint, #a=#p=r
0,2),, (0.2 = 0,2),, (0.2
(h(__)|h> +C#6B (h( )h( ) Z Z Baﬁh h( )|h( )>’
= acu,pBcsé,
#a=#p=r
(3.46)
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that we impose to be zero to satisfy the orthogonality condition:

(h( )|h) =0, VucC1y,6Clydisjoint with 1 < #u=#06 < ny,. (3.47)

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

B, - = (h(° Dh)c+o #521 >, B (h‘(‘ Oéz)lhgoﬁ ) (3.48)
weh =7 (02) (02), I |
(}_1;(4052) |h£052)> r=1 a #ﬂ/jcgr h(o % |h£052)>

in terms of the known SoV co-vector/vector couplings and of the coefficients B, g 1, for any
acu,p cd,withl < #a=#p < #6—1. Then, by using the formulae (3.14) we get:

(h( )Ih) —#6 n (h(oz)lh(oz)) By _ (sz)
@2 02, ~ e =C (2 3.49
WCDRCD) P (D), 02, o G
i acu, 5C,

#a=#B=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
u C 1y, 6 C 1y, disjoint, with 1 < #u = #6 < ny,.

In the case #u = #6 = 1, the formula (3.36) reads:

=h
Ba,b h= _Cl:((),z)n Va 7é be lh’ (350)

=a,b

which fixes completely these coefficients. Then, we can consider the case of the generic couple
of disjoint sets . C 1y,6 C 1y, with #u = #6 = 2. In these cases, we have that the formula
(3.36) reads:

h®2)

Bsp=—C" o > By hc-go’;), (3.51)
—u 5 acu,bed —u 5
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, 5/, for any fixed couple of disjoint
sets u' C 1,8’ C 1y, with #u’ = #6' = m + 1 < ny,, in terms of those already computed, i.e.
the B, 5 h for any fixed couple of disjoint sets u C ' C 1,6 €6’ C 1y, with#u=#5 <m. O

Let us note that the coefficients B, g}, are, as previously with the coefficients C—, 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:

M
p <1_1|1_(>p = (l_lll_l) 5h,l_< + Z c’ Z Ba’ﬁ’l—(5h k(g,g) . (3.52)
r=1 aupuy=1y, —Tab

a,B,y disjoint, #aiz#/izr
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Proof. We have to use just the expression derived in the previous lemma for the generic vector

nk
= g (0.2)
19, =119+ > ¢’ )3 Bapxlkep ) (3.53)
r=1 aUpuy=1y,
a,B,y disjoint, #a=#p=r

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

g
g 0,2
(B, = (Blk) + D, )3 Bupi p(BIK) (3.54)
r=1 aufuUy=1y,
a,fB,y disjoint, #a=#p=r
Tk
= p (hlh) 51;1,1_( + Z Cr Z Ba,ﬁ,l_( 6}1 k(g’g) 5 (355)
r=1 aupuUr=1y, LY.y
a,fB,y disjoint, #a=#p=r
and being ,(h|h) = (h/h), our result follows. .

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(A) 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), 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 gl, case once one of the two states is a T(A) eigenvector.

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

In the gl; case, the construction of a vector SoV basis orthogonal to the left one is not auto-
matic, as it was in the gl, 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 consider 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 simple spectrum matrix 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 vector 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 gz #0in the case i), x z # 0 in the case ii), 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: )&
h)(h
1=y, N (4.1)

h
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with

N 1) 2
thl_[ d(ga ) 14 (glz" gN) (42)

i d( c(ll+5ha,1+5ha,2)) V( (15h1,2+5h1 1) <(:(5}1N 1+6ny, 2))V( (O, 2) g(5hN 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:

detM, ¢ #0 (4.3)

can be satisfied as well in the case detK = 0. In fact, if the matrix K satisfies the case i), we
take k, = 0 and the condition is still x y z # 0; if the matrix K satisfies the case ii), we take
ko = 0 or ky = 0 and the condition is still x z # 0. Finally in the case iii) with ky =k; =k, =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
(hITY) =d (i —n) (Z S, 180 (BIT, + Z(K(g”;)uxm) (4.4)
a=1
and
A . N N
(TR = TE A hl + Z B, 18y PIBIT + > 83 28l (MA(ED)
- - a=1 -
(Z (@18, gy (ENBEVIT, + TE00 () (h “H) (4.5)
where

Z(l_l) = {5h1,1 + 5h1,2) seey 5hN:1 + 5hN,2}J X(}_l) = {5}11,2) (X3} 5hN,2}) (4-6)
ht =h—(h,—1)e, with e, = {614, 0n.a}, (4.7)

and
(h1y s hgs oo ANITE = (Ry, oo hg £ 1, By (4.8)
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ii) On the SoV vector basis:

. N
7)) =d (A—n) (Z 5,08 T ) + ) Z(K(;;”(x)), 4.9)
a=1

and

N
R 2 _
T{OW)Ih) = )T fK;j)(mZesh 08y (T2) 1) + > 84, 280 )y (T 1)
a=1 -

+ Zl 51,18y VAELD) (bZ (@08 o (BT 1B) + W) 7K:5) («sa)) ,
a= - =1

b,z(h®) 2,2(h{?)
(4.10)
where
2
h® =h—(h,—2)e,, 4.11)
and
TRy, hgs s iN) = Ry, oo Rg £ 1,0 By). (4.12)
Proof. The fusion identities take the following form in the case detK = 0:
TOED O£, = g-deeMB(g,) =0, 4.13)
TOEMTOE) = TE, (4.14)
TEOEMTIOE ) = TOEW) g-det MB(E,) = 0. (4.15)

Let us take the generic co-vector'® (hy, ..., hy| and then use the interpolation formula:
(6, 1+6n )
T(K)(A)_d(l n)( Z(K(E;))(A)"‘Zgizz)(h)(mT(K) hq,11TOhg,2 )), (4.16)
to compute the action of Tz(k)(k) on (hq,...,hyl:

(BIT,(A) = d(A —n) (TQK(:;)(A) b/ + Z g I ITEO (0 2))), 4.17)

where it holds:
(M1 oo By s AN TEO(E M2 00y — 5, (R =0, Il (4.18)

being by the fusion identities:

(A1, shg = 2, Iy TSO(ED) = 0, (4.19)
(h1,.shg = 0,... hy | TEO(E) = 0. (4.20)

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

N

R K,00 (Bng,2)

1i00) = 155 0+ 2 gl WT &), (4.21)
- a=1

4For 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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to compute the action of Tl(fq(k) on (hy,...,hNl:

A A N A A
(702 = T (A)hl + Zl 8oy (B, 1 (IO + 51, o (BITIV(ED)), (4.22)
a=

where we have used that by the fusion identity it holds:

(A1, hg =0, .., hy|TE(E) =0, (4.23)

so that the above formula reduces to:

7y A N A N A
(b 7{0) = T{ 5 ) (0l + Zl Saytiy M), 1 (ITIV(EQ) + Zl Syt M0r, 2 (VI T3V ().
a= a=

(4.24)
This leads to our result for the action of Tl(K)(/l) on (h| once we use the proven formula for
the action of TZ(K)(A) on (h|.
Let us now prove the interpolation formulae for the action on SoV vectors. The fusion
identities for the case detK = 0 imply'°:

TS ED Iy, . hg #0,.. hy) = 0, (4.25)

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

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

TYOE IR, wn by =1, by} = TS E DRy, o by = 2,0, hy), (4.26)
TOE Ry, .o shg = 2, i) = [y, e hg = 1, .., hy), (4.27)
TOE DR, s hg = 0, s i) = [, e hg = 2, .. hy), (4.28)

from which we get the following action by interpolation formula

N
R R 2
TR = W TESI )+ 85,08 W) (T2 1)
y 2 y

N N .
+ D 181,28y MTIh) + D5y, 1880 (VTS (ET] b, (4.29)
=1 - a=1 -

a

from which our formula for Tl(f()(l) on |h) follows by using the one proven for Tz(f()(l) on
|h). O

We can complete now the proof of the Theorem 4.1:

Proof of Theorem 4.1. Let us start proving the orthogonality condition:

<h1’--')hN|kl:---;kN> =0, V{kl)--':kN} #{hla-":hN}e{O; 1,2}®N- (4.30)
The proof is done by induction, assuming that it is true for any vector |k, ...,ky) such that
2521(5&[,1"‘ 5r2) = I, 1 < N—1, and proving it for vectors |ki,...,ky) with

Z§:1(5k;ﬂ1 +8)s 2) = [ +1. To this aim we fix a vector |ky, ..., ky) with >N (8k.1+8k 2) =1
and we denote by 7 a permutation on the set {1, ..., N} such that:
5k7‘r(a):1 + 5kn(a),2 =1 fora<l and ky=0forl <a. (4.31)

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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a) Let us first compute:

<hl, (XX3) thTz(K)(th(l-i-l)Nkl: (X3} kN) = (hl, (X3} hN |k/ PRER) k|/\|> > (4~32)

where we have defined:

k/

@ = ka@» Ya€{L .. ,N\{{+1} and K]

=1 (4.33)

forany {hy,...,hn} # {k], ..., ky} € {0, 1}®N. There are three cases. The first case is h41) =0,
then the fusion identity implies:

(s oo RNITS E )l o k) = 0. (4.34)

In the remaining two cases hra+1) =1 or hyqy1) = 2, we can use the interpolation formula to

compute the action of T (én(lﬂ)) on the co-vector (h,..., hyl:

(Rt oo I T3 O ey, o kN>—d(5((m)) T E nr)) B o Bk, o ) (4:35)

+d(&! M)Zah 18 E )y, o By = 0, gl e ey
(4.36)
Let us remark now that from {hy, ..., Ay} # {k, ...,k } and hy 1) = 1 or hpyq) = 2, it follows

also that {hq,...,hn} # {kq, ..., kN}, Deing kﬂ(lﬂ) = O so that:
(hi,...,hnlkq, .. k) = 0. (4.37)
Moreover, it holds:
&n,1(h1, by =0, .., hylky, ... ky) =0, Yae{l,..,N} (4.38)

Indeed, if a € {1,...,N}\{n(l + 1)} and h, = 1, we have {hy,...,h =0,...,hn} # {ky,....,kn},
being k,+1) = 0 # hpg41) € {1,2}. While in the case a = n(l + 1) either hyq4q) = 2,
so that 6, 1 =0, or hy41) = 1 and the condition {h, ..., hn} # {k3, ...,k } implies that
there exists at least a j # m(l + 1) such that h; # k;, so that we have still

{hl? ceey h;‘t(l-}-l) = O, ceey hN} # {k]_, ceey kN}.
b) Let us compute now:

(h1) [RXD) thT]FK)(gTE(l-Fl))”{]) [RX3) kN) = (h1) (XD hN |k/ 300y k|/\|>) (4~39)
where we have defined:

kK@ = kna), Ya€{1, . ,N\{{+1} and k., =2, (4.40)

n(l+1) —

for any {hy,...,hn} # {K’, ...,kl’\l} € {0,1}®N. There are three cases as well. The first case is
hr@+1) = 0, then the fusion identity implies:

(s oo NI E )l o k) = 0. (4.41)

For the second case for h 1) = 1, it holds:

<h1,...,hN|TfK>(£na+1))|k1, )
= (hb () hn(l+1) thkb TL’(Z+1) =0,.., kN) =0. (442)
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So we are left with the case h,q,;) = 2. Note that in this case the condition
{hy,....,hn} # {k7, ..., ky} implies that there exists a j # m(l + 1) such that h; # k;, being by
definition hn(1+1) = k;t @+1) = 2- We can use the following interpolation formula to compute

the action of T (gﬂ(lﬂ)) on the co-vector (hy, ..., hy]|:
(B oo INITEOE i) IK) = ly(;‘;)(anam)<h1, s Py

+Zgg?;@)(gnaﬂ))aha,l<h1,...,hN|T{K)(<:a)|1_<>
a=1 -

N A
+ D8 Ertr)Bh, 2l INITIOEDIR). (4.43)
a=1 -

From {hy,...,hn} # {kq, ..., kN} it follows:
(hq,....hn|K) =0, (4.44)
and, moreover, it holds:
8111, o NITLOE IR = 81,1 (R, o B = 2, ., iy [K) =0, (4.45)

as for a = m(l + 1) it holds 6, ; = 0, because h 1) = 2, while for a # 7(l + 1) we have still
hﬂ:(l+1) =2 ?é kn(l+1) = 0 so that:

(h1, . B, =2,..., hy|k) =O. (4.46)

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

81,21, INITLOEDI) = 8, (R, o By = 1, | TOED K. (4.47)
i) For a = n(r) for r > [ + 1 it holds:
Ohy2{n(r)y s Py = :hn(N)|T2(k)(€n(r))|1_<>
= 6,1(1,2 (s -a Py = Lo il ays oo Ky = L e Knry), - (4.48)

with {hﬂ:(l)""’h/ﬂ;(r) = 1""’hﬂ'(N)} 7é {kﬂ.’(l)’ k;;( y = "kﬂ'(N)}' Indeed, ifr=14+1we

have shown that there is a j # 7(l + 1) such that h; # kj, while if r > [ + 2 we have still

hagi1) =2 # kn) = 0.
So that for a = 7(r) for r = [ + 1, we can use the step a) of the proof to get:

(hn(l)’ h;'r(r) ooy hn(N)lkn(l)’ ceey k;;(r) == 1, . kTC(N)) =0. (449)

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

B2 oo ANITEOERLDIK) = 8y (s il s Ky = 1o ke, (4.50)

n(r

which is zero being h .y =2 # kn(r)
If k() = 1, then we use the 1nterpolat10n formula:

A N A
Ty (E ) l) = d(E! (r))(|k> T E )+ . g,ﬁ?;(h)(an(r))Tﬁ’”(én(n))|1_<>), (4.51)

n=I[+1
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where we have used that, by the fusion identity:

T(K)(g(l) ))|1_<) =0forn<las TZ(K)(gS()n)) 2(K33k (En(n)) =0. (4.52)

Then, for a = ni(r) for r <l and if k() = 1, (4.47) reads:
81y 2ays o, P T O(EIK)
n(r)ﬁz n(1)> -+ 7'[(7") > (N2 a’l—

= 6hﬂ(r),2d(<:$3r))( TN E mr ) Bin(a)s ooy = L o B0

N
) _ _
+ 2 8 Ere) (s e h gy = Lo Bl K2y s Ky = Ly K-

n=[+1
(4.53)
Here we have:
<hTE(1)9 eeey h;'t(r) = 1; (23} hT[(N)ll_() = 01 (4~54)
being h 1) = 2 # ky(4+1) = 0. Moreover, the remaining matrix elements
r_ N
(M), ey =1 oo Ry K (1) ...,k;(n) =1,..,kyn)), (4.55)
for r < I and 1 +1 < n are such that {hqu),...h ., = L.,h} #
{kr(1)s - kg(n) 1,...,kyny}. Indeed, for n =1+ 1itholds h,;11)=2#k /(1+1) = 1 while for

[+2< nitstill holds hn(lﬂ) =2 # ky41)=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

(@) = 7(@)(1 = 8 4141)(1 = B ) + (W) 41 + 7L+ 1) (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: .

b)) =h—(h,—jle,, Va,je{1,...,N}x{0,1,2},

and compute the matrix elements:
(P 750EMN) = (Ph). (4.57)

We compute the action of TZ(K)(ggl)) 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(E®@) N £ (Brp1+61,2)

h(l) T(K) 1) h(O) h(l) 1 n ) (4.58)
< | (g )l ) < | >d(€9)) o] 5 _ (5hn,1+5hn,2)
Similarly, we want to compute:
(PITOE)BP) = (WP ), (4.59)

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

(5hn 2)
(h(1)|T(K)(£ )lh(2)> h(1)|h(1) l_[ (4.60)

5
b ] g(1) ( hn,2)’

from which our formula for the normalization holds. O
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The following corollary holds:

Corollary 4.1. Let K be a 3 x 3 simple spectrum matrix 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= (h;=0,....,hy =0|, (2|=(h; =2,....hy =2] (4.61)

are T2(K)(7L) eigenstates:

(OI759() = t0d(A—md(A)(0, (4.62)
@750 = t2,0d(A—n)d(A + )2, (4.63)
T80()Ih) = 1) t,0d(A—md(2+m), Yhe {1,2}" (4.64)

while (0| is also Tl(k)(k) eigenstate:
©IT®Q) = t;,,d(1)(0]. (4.65)
Proof. It 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 matrix with one zero eigenvalue and with the
inhomogeneities under the condition (2.6). Then the transfer matrix spectrum is simple and, for
almost any choice of the co-vector (1|, the vector |t,) and the co-vector (t,| are transfer matrix
eigenstates if and only if they admit (up to an overall normalization) the following separate form
in the co-vector and vector SoV eigenbasis:

Zl_[fah” EDE) B >, (4.66)
h n=1 a
N . 5 (h]
(ol = 2 ] [ Ee € o (4.67)
h n=1 h

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

1Ot = lt) 1120, TR = )02, (4.68)
(ta T =t (tal, (LI TEON) = (W) 2. (4.69)

Finally, if the matrix K has simple spectrum and is diagonalizable, the same is true for the transfer
matrix TI(K)(A), which therefore admits 3N distinct eigenvalues t1.(A) witha € {1, ..., 3N}

Proof. Let us compute the matrix element:

(hie) = 1|1_[T“”5’“1 €O e 1) = (1)e) 1_[t 0Dy (E). (4.70)

a=1 a=1
From our SoV decomposition of the identity, it holds:

_ )
I£) = ;a_am Ny 4.71)

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

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:

Zr[am D =S a0 & al @.72)

h a=1 h a=1

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

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

5 5 |h)
Z l_[ o € () . (4.73)
there exists a permutation ,, of the set {1, ..., N} such that:
t1,0(Er,0)) = t2n(€r,ay—M) =0, V(a,b)€EAXB, (4.74)
tl,n(grcn(a)) 7é 0, t2,n(€ﬂ:n(b) - 7)) 7& 0, V(Cl, b) €AXB, (4.75)

where we have defined:
A={1,..,M.}, B={M,+1,..,N}L (4.76)
Moreover, the action of the generic separate co-vector (a| on it reads:
(€8] €y
(alt,) = ﬁ d(E®) V(& 0y Eryuy)
W)=
a=1 d(EM) V(Er, ), M)

(aletZ n) (a|thl,n)
detN_M M+ N—M, detMn M_:Mn

X b
V(1) -+ Ema)) V(Emy)s ++ Emaiay))

(4.77)

where we have defined:

|fo2n)
sl
( +N=-M. Ji pe1,...N—M, }2

MH

oM 1-h 1) (h) i—1
a. (M, _H)XA (gn 2(My, +1))t2 n(gﬁ (Mn+i))(§nn(Mn+i))J >

h=0
(4.78)
1
(alxgty,) _ (h+1) _h (h) -1
(M_,Mn )(i,j)E{l ..... M”}Z_hz:(:) (1)XB(§TEn(l))t1 n(gﬂin(l))(g l)) (479)
with

x (A)_ﬁl—fnn(a)ﬂl xy(A) = ﬁ A=&r)— M

! ia A i@ amiiM, AT Sm ) ’ (4.80)

ty,(A) =d(N)tz,(A)/d(A —n).
We have the following identity for the action of the eigenco-vector (t,| on the eigenvector |t,):
(1 (1)
. V(gﬂn(l)’ o Tfn('\/l ))

M
1
(tnlty) = l_[ l_[ tZ,n(gstn)(b))xA(gnn(b)) l_[ t1,0(Ery(a)) detm, Tm,»
LV Emon) i,

(4.81)
where we have defined:

1
1-h h j—
(TMn)(i,j)EAZ = Z tl,n(ggrn(i)))xg(gnn(i))(gsrn)(i))] 1- (4.82)
h=0
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Proof. It 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

Tz(f()(k) is completely fixed by them, i.e. it holds

M, N
W) =T dA -] [a-eB ) [] A—&nap- (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

(alta) ZH

1
Tmmoazt dED)
(8p, 2+0 ) (Opp1+0ny 2) (6 ) (6 .2)
( 1h12 hy,1 5 hy,L th)V( hy.,2 & th)

Vz(gl) sees gN)

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 rh.s. of (4.84) reads
(MY =M, +1):

(1+6n,,1+6n,2)
d(Sq ) Brao () Pa(g,) qlhe

14
(4.84)

2 (2)
7T (a) hy (a) ( ﬂn(ﬂ))
Z Z l_[d ) (gnn(a)) m,(a)
h"fn(l) ’’’’’ hnn(M) 1 hnn(Mn-H) ,,,,, hy A(N)=0a= 1 (§ (a))
) eY) Gy 2y,2) e p)2)
(hnn(b))v(gﬂn(l)’“ ‘S n(Mp )) (gnn(l) ""’gnn(l\/ln) )

(146, 1)
N d( hitn(b) )

A(b) e

l_[ 1) 2n © (5(1 b)) m,(b) \%

=my  d(E ) (Er,)s o EmyM)IV (€, 1) o5 E (M)

(6n 1) (6n 2) (6n 1) (6n 1)
M m®) (1) M, (@2’ Tn(Mp+1): mn(N)
: ﬁ € (1) &) N ) Eauo) V(E iy by’ )
a=1 M Ema) ~Ema@) o1 b=M &)~ Emy(b) V(& r, (M, +1)5 -+ Em,(N))
(4.85)
We can then factorize out of the above sum the factors:
N qe@yv(E®D LDy
(&) ) M
a Tcn(l) s ( ) (4.86)

a=1 dEM) V(&> E )

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

(6n 2) (6n 2)
2 M, mp(1) n(Mp)”
Z l_[tshnn(a)’z(g ) a (hnn(a)) (hrp(@— 1)(5 ())V( m,(1) v gfrn(l\/ln) )
1, Tyla Xp m,(a
b P uy=1a=1 (@) V(Er,1)> -+ E M)
(4.87)

times

Ghy oty +1)1) (Bhyy, iy 1)
X s (gﬂn(l\/ﬁ) > gTfn(N) )

\%
nn(b) €} (hnn(b)) 1=hy b p
Z l_[ (€)%, by X4 20 V(Er My Ern ()

h iy M () =0 b=M
(4.88)
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As previously remarked in [37,39], these sums admit a representation in terms of one deter-
minant formulae, thanks to the multi-linearity of the Vandermonde determinant. From this,
our result (4.77) follows.

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:

(talh) = ]_[t HEJ (5a)—]_[t (EDYE e g ), (4.89)

and so we have that

(tn|1_1> =0, V(hﬁn(Mn+1)’ ceey hﬂ:n(N)) ?é (0, ceey 0) (4.90)
Then the sum (4.88) reduces to
N
[T 2.E00) %), (4.91)
b=1+M,

while the first one reads:

M, 2 M,
l_[ tl,n(gn,,(a)) Z l_[ tl,n(ggz(:)nn(a))) B ﬂn(a)_l)(gﬂn(a))
a=1

hnn(l) ..... hTEn(Mn):l a=1
(5hnn(l),2) (5hnn(Mn),2)
V(‘fnn(l) s € ) )
V(Er, ) Em,(M,))

It is now quite direct to verify the formula (4.81). O

(4.92)

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 con-
served 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 associ-
ated transfer matrix Tl(K)(A) 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 {|t®)), a € {1,..,3N}} be the eigenvector basis and let {(t%], a € {1,..,3N}} be the

eigenco-vector basis associated to the transfer matrix Tl(K)(JL). We define the two new families
of conserved charges:

(K) ®) | ElK)><th)| . .
T, ()= Z t: (MW, with j € {1,2}. (4.93)
a a

Here, we have denoted with ty?(k) the spectrum of the transfer matrices TJ.(K)(A) 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.:

rOMIP) = (O, O = 11, (4.94)
(IO = e®), (OO = ()], (4.95)
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Note that, by construction, the families TS.K)(A) are mutually commuting and they commute

with the original transfer matrices as they have diagonal form in the eigenbasis of the original
e (K rqy.

transfer matrix T, ”(A):

[Tgm(l), T,(fl()(l)] _ [TI(K)UL); Tfff)(l)] =0, I,me{1,2}, (4.96)

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

TEOEM)TOE,) =TI EW)T(E,) =0, (4.97)
TEOEM)TOE,) = 10E). (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= @ [y O, Ve to,1,2) (4.99)
~ N n_K)5 (K)é
) =] 157" €ori ™ €10, ¥ h, € {0,1,2). (4.100)
n=1

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
(kih) = N, [ [on,, (4.101)
a=1

V( (5h1,2+5h1,1) » g(5hN 1+, 2))V( (6p, 2) . 5(511,\, 2))

—ﬁb d(EM) )
11 ha,kad( g1+5has1+6ha:2)) V2(Eq, .y, EN)

(4.102)

They are also SoV bases as the spectrum of the TEK)(A) is separate in these bases. We have the

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

\ .

1600 K810 (1) (K)5hn 1h) 103

e éllt EDt, " ED (4.103)

() Zﬁt B, (K)ahn 2 )@I 4.104)
2.1 )t En Ny ~

Moreover, let us comment that separate states of the form

Zl_[a(h) ) Z]_[ (h) (4.105)

h a=1 h a=1

satisfy the same Theorem 4.3 with the transfer matrix TI(K)()\) eigenvectors. This is easily
derived by using the representation of the transfer matrix eigenvector in the SoV bases con-
structed by the conserved charges ']I‘(IK)(A), since from them one gets scalar product formulae
similar to those of the gl, 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 rep-
resentations of the ))(gls3) 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 Tl(K)(A) and its fused transfer matrix TZ(K)(A). 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 )(gl,) 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 T(K)(A) 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 V(gl,) type determinants. This paves the way for their use in
computing form factors 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‘E.K)(JL) and TJ.(K)(JL). In a future publication, we plan to show
for example how to compute

(t((IK)ltg{)>’ Va’b S {1,..,3N}; .1

which just define the matrix elements of the similarity transformation from T(lK)(JL) to Tl(K)(A).
This seems accessible thanks to the scalar products analyzed in Theorem 3.1. Another impor-
tant open problem, deserving further analysis, is the possibility to find a direct construction of
the new family of conserved charges ’]I‘E.K)(A) in terms of the original transfer matrix Tl(K)(A)
or the associated known family of commuting operators like the TZ(K)()L) and the Baxter Q-
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 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 gl; 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 matrix, then we have the following explicit formula for the
product of transfer matrices:

| | (x) _ n(aq) £(a1,.,a;) 5y, ...apm—1)
T (gaj) al, ,GMRal ;1,,ap—1 Raz, 1,. ,a2—1 Ra]H,l, ,aJH—l RaM;l,...,aM—l
j=1
® (az, ,aM) A (Qjg15e5aM) ~(am)
X Ka] ap;aq+1,..., Raj;aj+1 ..... N RaMfl;aM71+1 _____ NRGM;aM+1,...,N> (A]-)

where we have taken a; < a, < -+ < ap—; < ay and M < N and we have used the notation:
Ra;bl,...,bM = RabM('ga - ng) o 'Rabl(ga - gbl )> (A.2)

’\( ay o’ :ba . .
while bl by " denotes the same product of R-matrices however with the factors Ry, up to
Toeees aj
_ : — 2 2 :
Rgp,, omitted and ng, =[1; Mg ap With g o =1* = (&, —&4,)°. Then, for any choice of
1< haj < 2 we have:

M
K Ry,
o [r®¢) = > R
j=1

r1€A1,...,rM€AM SleBl,...,SMEBM
M Mo
-
X V(oo MV (51, - 5m) (0l QU K, QK (A3)
=1 " j=1
where we take the following tensor product form for the co-vector:

N

(0l = X)(0,al. (A.4)

a=1

V(x1, ..., X\) is the Vandermonde determinant, and C,,
ficients. We have defined:

TS 1oy ATE SOMe finite non-zero coef-

1,..', i—1 J ha- :2’
A :{aj,...,N}U{{ wa] } Z:h ) . (A.5)
+1,...,N 'ha-:2
Bj:aju{{a] @ } Z‘Chj.zl (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—1Ra,a+1Ra+l,a+1Ra+l,aRa+l;1,.‘.,a—1 (A'7)
= Ra;a+2,...,NRa+l;a+2,..l,a+l—1Ra+l,aRa+l,a+1Ra,a+1Ra+l;1,...,a—1 (AS)

= Ra;a+3,.,.,NRa+l;a+3,...,a+l—1Ra,a+2Ra+l,a+2Ra+l,a

x Ra+l,a+1Ra+l;1,‘..,a—1Ra,a+1 (A9)
= Ra;a+3,...,NRa+l;a+3,...,a+l—1Ra+l,aRa+l,a+2Ra+l,a+1
x Ra+l;1,...,a—1Ra,a+2Ra,a+1’ (A.lO)

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) pla+l)
Ra;a+1,...,NRa+l;1,...,a+l—1 - na’a""lRaH;1,...,a+l—1Ra;a+1,,,.,N’ (All)
once we use that:
Ra,a+lRa+l,a = na,a+l' (A12)

From this identity we get:

x) ) _ p(a) pa+l)
T1 (ga)T1 (€a+l) - na,a+lRa;1,...,a—1Ra+1;1’m’a+1_1Ka ®Ka+ZRa;a+1,,_.’NRa+l;a+l+1,...,N’
(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 q;_; < a; < -+ < ap < Qpyqq:

pap,....ax) pa,....ax) _ A(a—1,-,a) 5(ar,m . arr1)

Ral_l;al_ﬁ-l,...,N g1 Leens@ry1—1 nak+1,al—1Rak+1;1,...,ak+1—1 Ral_l;al_ﬁ-l,...,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:

(ag,...,ax) 5(ap,...,.ax) —
ai_1;a1+1,.,N "1, a—1
_ ~(ag,...,ax) R ~(ag,...,ax) ~(ag,...,ax) R ~(ag,...,ax)
Q1301+ 1,0 N U101 T ag 301+ ey Qg1 3@ 1 Q1 =1 T W1 A1 T Qg3 15,0211
— pla-.a) A (ag,..,ax) 5(aj,...,ax) R R 5(a,.--ar)
;130541 + 10N @ aq 1 a =1 T aga 1A =1 T A1k T G111 T Ay 31, qp-—1
=n A(al,...,ak) Al (al,...,ak) A(al,...,ak) '\(al,...,ak)
AU+ 1531~ Apey1301—-1F Loy @1 =1 T apg 3100011 Thap a1 1,0, N @@+, 1
—n 7(a_1,-,ax) (a5 5Qes1)
Bt LU At 15150000411 7 g g50 11, ,NT
(A.15)
et us prove the induction going from M to M + 1. We have:
M+1 M
(x) _ (K) (K)
[ ]9 =] [19¢.) 19E,,.,)
j=1 j=1
=n R r(a) . ~(ay,...,a5) . (g, am—1)
a15--5aM” "ag;l,.,a1—1 T hagsl,...,a—1 ajﬂ;l,...,ajﬂ—l am;1,...,apm—1 (A 16)
o plasan) 5 ) alaw
~(asy,....am ATjt1500,0M A(am
x ®KajRa1;a1+1,..,,N Raj;aj-i-l,...,N RaM,l;aM,1+1,...,NRaM;aM‘H’---aN
j=1
x RaM+1§1;--~’aM+1_1KaM+lRaM+1§aM+1+1;---;N'

Then, keeping the last factor as it is and moving the term Ry, .1, q,,,,—1 tO the left using the
above proven exchange relation (A.14) successively, and then moving K, . freely (there is no
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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|Ra1 ..... al_lR(al) “.R(al ..... a;) ... plaam-) =mg,.a, (ol (A.17)

,,,,, a,—1 ajH;l,A..,ajH—l apm;1,....apm—1

withm,, o, some calculable non-zero coefficient. Using the explicit formula for the R-matrix,

.....

this implies the following identity:

M
(K) _ ((12 ,,,,, CIM L. A(aj+1 ..... (IM) .
<QIUT1 (Ea,) = NayyonayMay, . 0|®K] () e R -
._R(QM) R
ap—1;aMm—1+1,..,N am;am+1,..,N>

and so:

M
o] [T, = > C,
j=1

rie{a;+1,...,.N},...,rme{apy+1,...,N}

.....

M
VLo )OI QK. (A19)
&

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 matrix, then if we chose the tensor product form:

N N
<l| = (®<1)a|) F{/T/I) 1—‘W = ®WK,(1) (AZO)
a=1

a=1

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

N
0) =Ty )10, a), (A.21)
=1

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

(1,alk[0,a) = 1/ q-det MD(E,), (A.22)
(1,al(K)0,a) =0, forh=0,1, (A.23)

where K; is the adjoint matrix of K;:
K;K; = K;K; = detK. (A.24)

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

N (K)(g )hn
hy,...h - , A.25
(hy, eyl = 'l_[qdetmm(g = (A.25)

where we have defined:

N N
= (1] Jq-detmP(£,) QK. (A.26)
a=1 a=1
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Now we can use the previous lemma to get the following statement:

N
il Y QKOS a2
Kqyeerkny=0,1,2 a=1
with
e %N =0 if 3j € {1,..., N} : b £0. (A.28)
By definition:
N N
(0| R k@ka|g) =T [(0, alk‘“]0,a) =0 if Ja € {1,...,N} : k, #0, (A.29)
= = J
a=1 a=1
so we get:
(hy,....hy|0) =0 if 3j € {1,...,N} : h; #0. (A.30)
The fact that: \
(0/0) =] J(0.al0,a) =1 (A.31)
a=1

is proven by direct computations.
Finally, let us observe that the following identities:

N (189 ))h" N 05 5
n K)on,0 K)on,,2
(ol —— =[5, - e, (A32)
v n=1

=1 (g-detM (&)

holds for any h,, € {0,1,2}. Now, in the limit detK — 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 L.h.s.,
so that our co-vector SoV basis goes back to the one defined in the case detK = 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 gl, representations

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

TR = try, K,Ron(A—EN) Ry (A—&;) € End(H), (B.1)

where # is the quantum space of the representation, R, ,(4) € End(V,®V}), V, ~ C2,V, ~C?
is the rational 6-vertex R-matrix solution of the Yang-Baxter equation and the twist matrix
reads

_[a b 2
K= (c d) € End(C?). (B.2)

The construction of the orthogonal co-vector and vector SoV bases for these gl, repre-
sentations is here implemented to define a reference to compare with for the more involved
constructions that we have considered in this paper for gl; representations. One should men-
tion that up similarity transformations'” the SoV bases in these gl, cases are already available
in the literature using the framework of the traditional Sklyanin’s SoV construction, see for

16That is according to the three cases considered in the Theorem 3.1.
17As discussed in section 3.4 of [1]
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example [40] 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

x)
(hy,...,hy| = 0|]_[(T(g(€“) for any {hy, ..., hy} € {0, 1}V, (B.3)

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.

N
l_[nzl 6hn,0
Vz(gly cees gN)’

with (hy,...,hy| 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.

HN: Op, 1
V(EL - ENVED, ..., )

which also fixes the normalization of |1).

(hy,...,hN|0) = V{hy, ..., hn} € {0, 1}, (B.4)

(hy, ..., hN|1) = V{hy,...,hy} € {0, 1}N, (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 # xI, for any x € C, and the condition (2.6)), then the following set
of vectors:

N T(K)(g 1—h,
|hla' : l_[( a(ga ) |l>7 V{hl)“':hN} € {Ozl}N (B6)
a= Cl
forms an orthogonal basis to the left SoV basis:
N
_. 0
(hy, s hglgy oo k) = [oms S, . (B.7)

V(Ep, e ENVET, . EEV)

Let t(A) be an element of the spectrum of T® (L), then the uniquely defined eigenvector |t) and
eigenco-vector (t| admit the following SoV representations:

Z 1—[( Ca) e (e, g™y k), (B-8)

hy=0a=1 (ga

.....

(t= Z ]_[( A 17))l‘hﬂv(é(hl) s EWY Ry, Byl (B.9)

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

(hys s ATk s k) = 0, Yk, sk} # {hy, s By} € {0, 13N (B.11)
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The proof is done by induction, assuming that it is true for any vector |k1, ,kn) with
Z:‘:l k, =N—I for Il < N—1 and proving it for vectors |k, ..., ky) with Z =N—(+1).

. ) . N
To this aim we fix a vector |k, ..., ky) with >’ 1=1 kn = N—I and we denote with 7 a permutation
on the set {1, ..., N} such that:

nln

kn(a) =0fora<l! and kn(a) =1forl< a, (B.12)

then we compute:

(hl) thT(K)(g( (l+1))|k1> ) > =a(€ﬂ(l+1))<h15"'Jthk/)"’J k|/\]); (B]-S)
where we have defined:

k/

n(a)

=Kkp(a) Va€{1,..,N}\{{+1} and k/ =0, (B.14)

nl+1) —

for any {hy,...,hn} # {k7, ...,k } € {0, 1}N. There are two cases. The first case is hoaeny =1,
then it holds:

q-detM®(& 41)
a(&rq+1))

<h1’"'JthT(K)(gg.El()l+1))|kl’"'JkN> = (h/l,-..,h;\llkl,---,kN>, (B]-S)

where we have defined:

M) = hn(@> Va€ {1, ,N\{{+1} and h] ;) =0. (B.16)

(+1) —

Then from {hy,..hn} # {k},..ky} € {0,1}N it follows also that

{h], ... hy} # {ky, ... kn} € {0, 1}N and so the induction implies that the r.h.s. of (B.15) is
zero and so we get:
(h1,....hnlky, - k) = 0. (B.17)

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

N ( ) N (l) _g(hn(b)) ( )
K) (1) _ (1 hr(a) n(1+1) B (&) (£

T (gn(l+1))_(trK)l_[(£n(l+l) £ )+Z l_[ (hn(a)) T (5 )
a=1

a=1b#ab=1& ggrh(’;;”) @)
(B.18)
from which (h;, ...,hN|T(K)(§§j()Z+1), {&DIky, ..., ky) reduces to the following sum:
N N 5(1) _ g(hn(b))
e ) n(l+1) ~ > n(b)
(t].’K) l_[(grc(H-l) n(a) ) <h1: cees hN |k1’ ceey kN> + (hn(a)) (hn(b))
a=1bs#a,b=1 gﬁ(a) - gn(b)
det M®) n(a)
s )’ D, KDk, k), (B.19)
N1 1 N
(a(gn(a)))
where we have defined:
R = hagy, Vi€ {1, ,N}\{a} and A = 1—hyqq). (B.20)

Let us now note that from h ;) = 0 it follows that {h;,...,hx} # {kq, ... kN} as kyqpy =1
by definition and similarly {h'?, ..., '} # {k,, ..., ky } being by definition hn(l+1) R =0
forany a € {1, ..., N}\{{+1}. Finally, from {h, ..., hn} # {k1, ..., k\ } with gy = krr(l+1) =0,
clearly it follows that {h(ll+1), ...,h(l+1)} # {ky,....,kN}. So, by using the induction argument,
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we get that any term in the above sum is zero. So that also in the case h;;.1) = 0, we get
that (B.17) is satisfied, and so it is satisfied for any {hy, ...,hn} # {K, ..., kf\l} which proves the
induction of the orthogonality to [ + 1. Indeed, by changing the permutation 7 we can both
take for {m(1),..., (1)} any subset of cardinality [ in {1, ..., N} and with (! + 1) any element
in its complement {1, ..., N}\{=(1), ..., =(D)}.

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

(1, . ROIRY, . hD) ) (h, . hOIRY, L RD) B
7 (a 7(a) 1z (a O N AC 7(a a a) ’ :
(R, . B, . BP) (A, . B TOEM R, . hP)

with i_zg.a) = hS.a) for any j € {1, ..., N}\{a} while ES.“) = 0 and K'Y = 1. We can use now once
again the interpolation formula (B.18) which by the orthogonality condition produces only
one non-zero term, the one associate to T5)(& o 1ED). It holds:

h
N L

o oo o= 1 o
(R, RIS, B) s 00— £

(B.22)

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 {rq,...,rn} € {0,1}N and a
{51, ...,sn} € {0, 1}N such that:

(r1, e rnlt) 0, (tlsy,...,sn) # 0, (B.23)
which together with the identities:
(hy, ... hnlt) o< (0]t),  (t|hy, ..., hN) o< (t]1), V{hy,...,hn} € {0, 1}V, (B.24)
imply that:
(0lt) #0, (t[1) #0. (B.25)

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

identity:
1

1= v({ED D, VEM, LBy, by, s iyl (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 detK # 0, then the vectors of the right SoV basis admit also the following
representations:

| > - | | ( ( )( ) )hﬂ | ) { } { } ( )
h ,...,}l _—e 0 , V{h ,...,}l S 0,1 , B.27
1 N 13 ¢ ( gl)) et 1 N

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

1N ha
Z l_[( t(&a) ) V(gghl),-n,gl(\}ll'\l))(hl’""hN|’ (B.28)

n T —oaz1 \detK d(£5")
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once we fix the normalization by (B.10), where we have defined:

N e(EW)
N, = (¢]0) = a
o =] T

#0. (B.29)

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

N T®EEM)

0) = Iy =0, by = 0) = | [ —==5—10). (B.30)
a=1 a
so that:
N ) hq N () ha () (£ (1)
[ ) =T s ) s
a1 \ detKd(&;") a1 \ detKd(&;") a(ga)
N T® (£ HTE(EW) ha TE) (g 1=ha (B.31)
— a a 1
ﬂ(detm(aﬁ))a(aa)) ( a(&a) ) v
= |hy, ..., 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 (t| it holds:

<t|h11 ALLS) hN> o< <t|9>1 V{h1) (XD hN} € {0: 1}N: (B.32)
so that it must holds (¢|0) # 0. O

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

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

ng(x,y)=bx?>+(d—a)xy —cy? #0. (B.33)
Then, once we define:
N
(0] = X)(x, ¥ )a» (B.34)
a=1
it holds: N \
1 —y 1 bx+dy
1) =— , 0)=— , B.35
1) nl(;:il)( b ) 0) nog(_(aﬂm ) (B.35)
where:

-1

N
ny=ny, RO Y)VEL 0 ENVE,. ,éﬁ))(]_[a(gn)) : (B.36)

n=1

o=,V in) nmon= | | (1*—(&—=E). (B.37)

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 estab-
lished 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
vectors with k € {0, 2}V, 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 € {0,2}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 k;., 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, k; = 1). First, the case with just one
couple (k, = 1, k; = 1) is developed, and then the case of vectors associated to a general
ke {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

C}l-: in (3.14) are shown to be independent w.r.t. detK 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 (k, = 1, k; = 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
detK = 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-
mogeneities {& 5[1")} of the transfer matrix:

N
(K) _ (hy)
T 2 tat 2Tl €D
with

N
te=a%i(bd(A— )" [ JA—glw), To(gl) = T&I(El)a%:(a—n)g(R) (€.

a=1
for a € {1,2}, where
trK)? — tr(K?
a=trK, b= %, c =detK,
are the spectral invariants of the matrix K and
c,= q-detM(K)(in) =c q-detM(I)(én). (C.3)

18We 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-

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}"

In the following, we introduce needed notations to implement operations on N-tuple of indices.
Let us denote with x = {x1,...,xy} € {0,1,2}N a generic N-tuple from {0, 1,2}, and with
(J1, - Jm) € {0,1,2}™ a generic m-tuple from {0, 1,2}. We introduce the following notations:

m
i) = x — Z (xq, —Jide, Vaie{l,..N},i<m<N, (C.4)
1

where e, = {014,...,0n,4} and the rq,...,r; are defined as follows for any fixed choice of
A1y eee, Apyt

Vh<l, mae{l,..,m}:3Is€{1,...,m}\{ry,...,ri}, my <s with a,, =a, (C.5)
while it holds:
ap ;éaqﬂ Vp#q6{1)"'>m}\{r11'-')rl}' (C-6)

In simple words, for any fixed aq,...,qa,,, the rq,...,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 aq, ..., a,, are all distinct.

i) Only one k,, =2 Let us first prove:
(hl0?) = (b[T;(£,)I0) =0, forh# 0P C.7)

If h,, = 0,1 this statement is evident, since

(W[ T1(£,)10) = ¢, (W= *+D]o) = 0. .8)

Now, let us fix h, = 2. Here we proceed by induction, first assuming that all the others
hiz,=0,1:
Jj#n )

N
(hT1(£)10) = t1(h]0) + (VI To(E,)I0) + (bl > T1(E)I0)
l#n,l=1
N
= 1,(00) + WIIT,ENI0) + D ¢ (0" Vlo)
’ LA i=1

(C.9)

(hV|T5(E,)0).

UpC
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Now, we have to use the interpolation formula for T,(&,,)

(hT1(E)10) = (W D[T,(E,)]0)

= t(hV]0) + (”|Z(6h/ 0 T2(E) + 831 T2(E1))0)
(C.10)

= t,(h{"|0) + Zah;,1<1_1§;°)|9> + Z 5w, oct (WD T (ED)0)
=1 =1

=0,

where we have defined h' = {h},...,h} = hfll) and used that QSZ’O) # 0 holds even for [ = n,
as the condition hglz) #+ Qflz) implies hfll;lo) = hflo) # 0. Moreover, it holds

N
(1 PITEDI0) = 100100+ > b T (ER)I0), (C.11)

m=1

and defining h” = {hY, ..., h} = hsl’l), we get

(b EM)I0) = Z< h(: 1 jo) = o, (€.12)

—n,l,m

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, hn1 = 2, s g0 € {0, 1HT1(Em41)10) = 0. (C.13)
Setting
h = {hl = 2, eesy hm+1 = 2, hlzm+2 (S {0, 1}}, (C.14)
and once again using the development by interpolation formula, we get
N m+1
1
(BT (Eni)I0) = 11 (hI0) + (A >} T1(EDI0) + D (BIT1(E{)I0) (C.15)
[=m+2 =1
m+1
= > mPmyEnN0), (C.16)
=
so expanding T,(&;):
(6 )
(W To(ED10) = ta(hy”10) + (hy”) ZTZ(a I 0), (C.17)

r=1
where h), are the elements of h' = {h],...,h\} = hgl). Then, we can use the rewriting

(1h

(811 +61.2) WITHED0) = (811 + 5,0 ) &> (Do) =0 (C.18)

Indeed, h( - # 0 holds even for r =1, as h(1 hi=1) 1_150) has at least one element equal to
2 being by assumption m > 1. Then, we get

(I T5(E010) = (b Z 51 0 T2(£,)10) = Z 51 0c (BVIT(ED0),  (C19)

r=m+2 r=m+2
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and finally:

(h;VIT1EM)0) = t(f10) + (b} 1)IZTl(ﬁs)IO (C.20)

which is zero by the induction. So we have proven the orthogonahty.

(hl0{”) =0, for any h# 0. (C.21)

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 = (C.22)

ab
and h a N-tuple in {0, 1,2} such that h, # k, and hy, # ky, if a # b, while h, =1 # k, =0 if
a = b. The following recursive formula holds for any ﬁxed ce{l,..,N}:

(T, (£ g UCZéh 03 S BT ED. @29

s=1,s#r

Proof. Let us use this first interpolation formula:

(T (£ g = v, (i h|ZT1( Sk
N ab(l)
=2 6200, [To(E)IK), (C.24)
r=1
as by the orthogonality assumption it holds:
ab
(h|k) =0, (C.25)
as well as
ab(h +1)
(8.0+61,1) (AITL(EDR) = (8 06, +81,0) (B, 0=0, Vre{L..N}, (C26)

ab(hr+]-)
being h # k under the condition (6hr:0 + 5hr:1) = 1. This is easily the case for b # a
ab(hr+1)
as h, keeps at least one h; # k;, for j = a or j = b, independently from the choice of r.
ab(hr+1)

In the case a = b it holds h = hgl;,hrﬂ) so that for r # a it still holds h, =1 # k, = 0.
ab(hr+1)
Finally, in the case r = b =a it holds h = hgz) #k.

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

D) ap(D) ap(D) (5, 1+8,/,)
(h, T = to(h, [l +(h, | To(8 )ik
o . ! (C.27)
Z Sn, 06 (h,, T1(EM)K),
s 1,s#r
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abD)
where we have defined {h7,...,h} = h . Indeed, by the orthogonality condition it holds:

ap)

(h, |k =0, (C.28)

-
and

ab®) 5., ap(LA-1)
(81 +8h2) (B, ITo(EDIK) = (841 +642)c " *(h,,  |K=0, Vse{l,..,N},
(C.29)
ab(l’h;_l)
being h # k under the condition (5;1;,1 + 5h§’2) = 1. Indeed, this is easily the case for
ab(l’hg_l)
s#ras gr’s keeps h! =1 # k,€{0,2}, independently from the choice of s. In the case
ab(l’h;_l) ab(o) ab(0)
s=r,itholds h = h,_ sothatfor b # a h,  keeps at least one h; # k;j, for j = a or
ap(0)

j= b Finally, in the case s =r and a = b it holds r #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

Note that the above lemma gives a recursive formula. The terms on the r.h.s. of equa-
tion (C.23) are of the same type as the starting one on the Lh.s. , and for any r,s such

ab
Op, 2 = 6p 0 =1, the hf}s’l) surely satisfies the condition to have at least two different ele-

ments w.r.t. the given ke {0,2}N. Indeed, ﬁgls’l) contains a couple of elements equal to 1.
Hence it is possible to apply the same recursion formula to the terms on the rh.s. of equation
(C.23).

The previous lemma implies the following:

Corollary C.1. Let k € {0, 2N with

N
Z = (C.30)

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

ab
(L|T1( gﬁhc’0+5hc,1))|1_(> =0. (C.31)

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

ab
ing once the recursion formula. Otherwise, the recursion generate the ggls’l) 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 hin h', with h/ 4rs =habuth, =2 - h =1

and hy = 0 — h = 1. Then, if igs’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
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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:

(W T1(Epms1) k) =0, foranyh#k?) (C.32)
where we have defined:
k={k; =2,...kn =2 kisms1 = O} (C.33)

The only case that we have to consider is
h#K? with by =2,k = 2. (C.34)
Indeed, if this is not the case we can write:

(T3 (Ema)K) = (W Ty (E ) K ), (C.35)

and we can directly apply the corresponding T;(&;<,,.1) on the left vector (h|, increasing by
one the associated hj<,4; < 1. Then, using the orthogonality assumed for m values of k; = 2
in k, we get zero, i.e. for hj<,,,; < 1 it holds'’

(W T1(E ek = (W VD ) =0, (C.36)

—l,m+1

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 # l_(%}rl 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 Kk, it holds h,,,; = 2 # k41 = 0. So we get our proof of the orthogonality
induction being:

(h|T1(&pm+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, k;, € {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:

(hIT,(E)IkY) =0, Vh#kwithhe {0,1,2}V. (C38)
In the case h, = 0, it rewrites
(BITo(EIK) = co (P T, (EEDIK) =0, (C39)
and this follows by (C.31), observing that l_(ElO)e {0,2}N.

In the case h, = 1 or h, = 2, we first implement the interpolation development of T,(&,):

(WIT>(E)IK) = to(hIK) + h|ZT2(£(5’“1*‘5’“))|1_<§°)>
(C.40)
Z 8p_0¢s (WD [T, (€M) KD).

s 1,s#a

“Note that the above discussion also implies the orthogonality (h|2) = 0 for any h # 2.
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Indeed, we have:

(hx®) =0, (C.41)

and
19) _
(84,1 + 6 2) (MITLEMKD) = (5, 1 + 65 o) (WM VKD) =0, (C.42)

as it holds hghs_l) # l_(flo) for s # a being h, € {1, 2}, while for s = a it still holds 1_151}’&_1) # 1_(510)
evidently for h, = 2 but also for h, = 1. Indeed, in this last case, the condition h # k is
explicitly written as hgl) # l_(Ell), which is equivalent to hflo) # 1_(510). Now our orthogonality
condition follows just remarking that hgl) and 1_(510) have different a and s(# a) elements, so
that it holds

OOTEMKD) =0, (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

1_( Do ki=ky=o=ky = km+1 =1, k12m+2 €{0,2}, (C.44)

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

Ny

he{0,1,2}" suchthat > > 5 02=0. (C.45)
r=0 aufuy=1y, b
a,f,y disjoint, #({z#ﬁzr
The above condition on h is denoted by
h # k (C.46)

T(C45)
It simply says that for any choice of the disjoint subsets a, f C 1y with the same cardinality

0 < #a = #p =r < ny, it must holds:

h# 1_<£3f). (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

N N
hy#0,h, hy#0,h,#0,1,
PO FOTLEDI) = D 81,06 D Sr, 2072 IITLEI),  (C48)
p=1 q

—=1,r,p,q
=1

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

47


https://scipost.org
https://scipost.org/SciPostPhys.9.6.086

Scil SciPost Phys. 9, 086 (2020)

Proof. Let us make a first interpolation

hy#0,h, hy#0,h, hy#0,h, g1+,
PO () = 0PN OU) + (b #O)IZT( (et rea) ) 00

—1,r —1,r,s

_ (hy7#0,h,#0) (0) hs,2 (hy7#0,h,#0,hs—1)
=t(h K +;[Cs (8p.1+642)(h |

+ 8,00 (07O T EIK).

1,rs
(C.49)
Now we have that it holds:
h,#0,h
(C.45)
h(lhfo hr#0A1) (Cyis) k(o) for any s such that 6, ; + 65, = 1. (C.51)

Let us show the validity of (C.50) first. Clearly, we have h(hﬁéo hi#0) #k k(o) ash, € {1,2} #k; =0.

(002) (h ;éOh #£0) , 1.(0,0,2)
Moreover, taking k; for any a # b € {2,...,m + 1}, it holds hy ! #k b because

h,€{1,2} #k, = O Slmllarly, if we take the generic a, f C {2, .. m +1} withanp =0 and
0 < #a=#f =r <ny, it must holds:

(h1#0,h,#0) (0,2,.. ..,0)
1'—11 ; ' # 1_(1 a /5 B (CSZ)

which is (C.50). Note that our proof of (C.50) holds independently from the value of r : it is
valid both for r # 1 and for r = 1 where h(h”éo h#0) _ h(hﬁéo)

Let us now show (C.51). We have to dlstlngmsh the twocasess =1lands # 1. Ifs=1
and h; = 2, we have h(h”éOh #0h—1) — 70, 1), so the proof of (C.51) follows the same

=1
steps as the one for (C. 50) independently from the value of r. If s = 1 and h; =1, we have
R ACR AR 1) _  (h,£0.0)

hy7 =h] , and the following implication holds:

K £ 4D s WY 4 g “

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

the value of r. Note that we have used the notations h(rh{ 701 and h(rh{ #0.0)

reduce to 1_1(11)

Now, if s # 1, we have by definition h; # k; =0 in h7OR A0 o the proof of (C.51)

=1,rs
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 1_<(10) there are exactly m entries with k =1,

equations (C.50), (C.51) and the assumed orthogonality give

, as these correctly

and 1_1(10) for r =1, respectively.

07Oy =0 and 8y, 0+ 8,0) BTV =0, ©54)

1,1,

and we are left with

(BITH(E)IK”) = Zéh op (7O 7ODIT, (2K, (C.55)

Note that it similarly holds:
pmFORAOD) (O (C.56)

ot n )
Lrp (C45) !
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as h; =1 or 2 does not coincide with k; = 0 and p # 1 and r, being associated to the condition
Oon o=1.
P’

Defining {h’, ..., h;\l} = p{m70n#0.1) , we can now perform a second interpolation:

=1,r,p
hy#0,h,#0,1
(70 nFOD T (£ D))
hy#0,h,#0,1 hy#0,h,#0,1
=t {7V + @ HZT (& ) (C57)
N
_ (h1#0,h, 70,1, +1) () (hy#0,h,#0,1,1) ©)
&le(éh/ 0+, eyt w0 kS +Za 2 (B FOLDIT, (€ )
q:
(C.58)
A h h
0, 0,1,1 0
= 218,20 T (I, (C.59)
r=1
where (C.59) follows as it holds:
(hﬁEO,hr#O,l,h;+1) (0) .
hl,r,p,q (c;jS) k;”, forany q such that (5;1‘/1’0 + 5%’1) =1, (C.60)

while we have suppressed the prime notation in the last line of (C.59), as h; = 2 iff. hq =2.
(h1#0,h,#0,1 h/+1) h(h #£0,1,2)
=1,r,p,q — =rp,l

nent 1 of h(h r70.12) 4o o #k, =0, as p # 1,r, so we can argue the proof of (C.60) as done

hy#0,h,£0,1h +1
for the proof of (C.50). Instead, if g # 1, h; is not modified in h( 1? q i W so it stays

h; # k; =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 h(li’lfo’hrﬂ) satisfies (C.46) with k of the form

(C.44), then h(h17é0 h#0,1,1) satisfies (C.46) with the same k. Moreover, we have that h(hﬁéO h#0,1,1)

=1,rp,q =1,rp,q
s . h,#0,h,#0,1,1
satisfies (C.46) with 1_<(10), as it stays true that the component one of h( 170k, £0,1,1) 4 is non-zero,

independently from the value of p € {2,...,N}\{r} and of q € {1, .. N%\{p} Then, all the
terms (h(h17é0 ohr 0.1, 1)ITz(é q)ll_((lo)) on the r.h.s. of (C.48) can be expanded once again accord-

Indeed, q = 1 is possible iff. h; =1 and then h . Then the compo-

1,r,p,q
ing to the same formula (C.48), as h(lhﬁj(;h #OLD behaves exactly like a h(h”éo D with r/ = q
and h,, =1 # 0. This ensure that this is a recursive formula. O

The previous lemma implies the following:

Corollary C.2. Under the same assumptions on hgh;#o,hraéo)

following orthogonality condition holds

and k as in the previous lemma, the

MO, (2 )K) = o, (C.61)

for any fixed r € {1, ...,N}.

Proof. If h(;;#o,hr;éo) does not contain h = 2 or h = 0, this is proven by applying once the

hy#0,h,#0,1,1
recursion formula. Otherwise, a first application of the recursion generates the h( 1# r70.L.1)

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

hy=2- h’ = 1. Then, if h(lh;f;h #9LD qoes not contain h = 2 or h = 0, the orthogonality
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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

Let us now perform the induction step over the number m of k, = 1 in the vector }l_() Let

h be the generic element of {0, 1,2}N satisfying (C.46) with a fixed k of the form (C.44). If
h; # 0, then the orthogonality condition reads

0= (hlk) =(h"" I T (gD, (C.62)
which follows by a direct application of the above corollary. If h; = 0, it holds
(b7 1) =B ToEDIK) = ey (B T1(EIK),

and so we use the following interpolation

N
6y 5)
OOTEMIK?) = £ 0K + 0P TTE K

UpC
s=1

N N
On 0 1o (LI s+1)1.(0 1,1 0
= 2 Bro+Bra)es LTV + > 16 o (0PI,
s=1 s=2

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

N
(07 =P ToEDIK”) = e1 ;85,2 B ITHEIK), (C.64)
s=1
being
1_1(115’h5+1) + 1_(50), for any s such that &/ g + 65,1 = 1. (C.65)
’ (C.45) i i

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 =1 so we have h’1 #k; =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 matrix elements (h|k) with their expressions in terms of the diagonal ones (k|k) and the
power dependence w.r.t. ¢ = detK.
More precisely, let us assume that there are m k =1 in |Kk), let us say
kp =k, =---=k, =1, (C.66)

1 2 m
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then we want to show that it holds

(B ) =16 (kk), (C.67)

. k . —_
with C; non-zero and independent w.r.t. ¢ for?° h, - =kg - €10, 2}N-m and

(hpy, ohr, )=1(0,2), Vae{l,.,r+1} and h, =1, Vse{2r+3,..,m}. (C.68)
Moreover, the next lemmas completely characterize the coefficients Cllf 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) (1,19 .
corresponding to r +1 (1,1) in |k), is equivalent to compute (h, , .~ , |h; 5. , ) in terms
(1,1,9) (1,19
of (hy 55 orh 03 5r4p)s Where:
p={p1, .., po,} With py, ; =2(1—1), Vaefl,..r}ie{0,1}, (C.69)
g: {qlf'",qu} with qoq—i =1, Vae{l,..,r},i€{0,1}, (C.70)

while h; 53 540 €{0,1, 2}N=20+1)_ Then the following lemma holds:

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

(11,9
31,2,31,% 2
¢ (0,2,p) i
123,..2r+2
_ 60 N (€3] (B 2)
¢ "q—detM¥)(&;) (& —¢&a ) (1,1,p) (0,1,9)
- (L,L,9) (1,1,9) ) (81 5) <—1,2,3,..,,2r+2|T2(€2)|1;11,2,3,...,2r+2>
<h1,2,3:..,2r+2|h1,2,3:,.,2r+2> a#2,a=1 (8, —&q
r N (1) (6’1{1’2)
(gl —&q ) (1’2’221-)) (0.1,9)
+Z l_[ (1) (61 5) <h1,2,3,..{,2r+2|T2(£2j+2)|}—11,2,3:..,2r+2> > (C.71)
j=1a#2j+2,a=1 (§2j+2 —&. ¢
where we have denoted ip)
,Lp
W ={h),...hy}= hyss ori2 (C.72)
and for r = 0 we get:
N )] (6hg,2) (1=64,,0)
(e mm) a—den(e) PrEENDE G
B d(E =m0 — &+ ) g (g0 — gPredy(g, — g0y
Proof. By the definition of the coefficients C}ll—{ we have:
(0,2,p) (1,1,9)
_(11;13),, a2 (hl,Z,S,...,Zr |}—11,2,3,...,2r+2>
Clomp = 1 , (C.74)
h,o o r+1 (h( 1.9) |h(1’1’(_1) )
L3z Oy 53 art2lMy o3 oria
then formula (C.71) follows by the following identity
(0,2,[_)) (1,1,3) . (1,1,2) 6} (0,1,3)
<hl,2,3,,..,2r|hl,2,3,...,2r+2) - C1<h1,2,3,...,2r+2|T1(€1 )Tl(52)|hl,2,3,..,,2r+2>’ (C.75)

2Where 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 {ry,...,r,} € {1,...,N}.
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once we make an interpolation expansion of T;(§ (11)). More in detail, up to the coefficients,
we use the interpolation identity

N
5
THED) =ty + Ty (&) + D Ty &), (€76)
upe s>2
from which it follows
(1,1,p) (0,1,9)
(hl,z’.:2r+2|Tl(5(11))1_1(gz)lhl’z,.:2r+2> =

(1,2,p) 0,1,9) (2,2,p) 0,1,9) (1,1,p) 0,1,9)
[fctla_lu ..... 2r+2|h1,2 ..... 2r42) @1,2 ..... 2r+2|hl,2,...,2r+2>+(hl,Z,.. 2r+2|T2(§2)|h1,2 ,,,,, 2r42)

-

r 1 N
(1,2.p) - 019 (1.2,p) (CREY N CRN)
+ 22(91,2 ..... 2r+2|T1(£2a+2—i)|h1,2 ..... 2r+2> + Z @1,2 ..... 2r+2|T1(€5 )llll,z ..... 2r+2>

a=1i=0 s=1+2(r+1)
(C.77)
(1,1,p) (0,1,9) . (1,2p0)) (0,1,9)
=y ol Ta(E)y 5 o) + 20 7o Ta(Eajaa)ly 5 o) (C.78)
j=1
Indeed, from the previous orthogonality conditions, we have:
(1,2,2) (0,1,3) . (2,2,2) (0,1,3) .
(hios aroMing 2ri2) =0, (hyos 5iolhy o5 50 =0, (C.79)
and
(1,2,p) 0,1,9) 12p ) (01,9
(}—11,2,3:..,2r+2|T1(€2(1+1)|hl,2,3:..,2r+2) = C2(1+1<h1,2,3:2..,21r+2|hl,2,3?...,2r+2> =0, (C.80)

forany 1 <a <r. Also, fors > 2r + 3 and h; =0, 1, we have:

(1,2,p) (0,1,9) 8k 7. (L2,pR+1) (0,1,4,h,) _
(hy o5 0rial TaEIMy 50 o) =c (hy o o b os 5o =0, (C.81)

as well as for s > 2r + 3 and h, = 2 we have:

(1,2,2) 1 (0,1,(_1) _ (1,2,2,2) (0,1,3,1) _
<1_11,2,3,...,2r+2|T1(£§ ))|h1,2,3,..,,2r+2> = <h1,2,3,‘..,2r+2,s|h1,2,3,...,2r+2,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:

(8hy,2) 1,1 0,1
B ey T G =& B Moy, )
C 1om = q—detM(&y) I O G PN (C.83)
o a#2,a=1 (85— &g =) (b3, [hy57)

then by using the following, up to the coefficients, interpolation identity:

N
1-6
To(E2) = 1o+ To(E) + D To(el 7)), (C.84)
ope s=>2
we get:
(h's I To(E2)INT5°) = (b IhTs0), (C.85)

as by the orthogonality conditions, proven in the previous subsection, it holds:

(T DB =0, forany s = 2 (€86
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Indeed, we have:

(1 1)1.(0,1,1) .
5 (b5 Iy 5; ") =0ifh =0,
(WO To(El ’*°))|h<°”>—{ sy (L

(h(f;sh %) =o0ifh =1,2.

(C.87)

Then, reintroducing the missing interpolation coefficients in front to TZ(K)(£ 1) in (C.84) we
get our result (C.73). O

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
matrix element but it can be wused similarly for the others matrix elements

(1,2,p) (0,1,9)
(1_11,23 a Lorial Ta(€aj12) 1hy 55 5.1,)by exchanging the indices 2 <> 2j + 2 in the &, for

every term involving the j index.

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

r
(1,1,p) (0,19 11p(%D) q®)
<h1 2.3,.. 2r+2|T2(£2)|1_11 2,3,.. 2r+2> C3 r1,2 Z Sl 2,3,2s (1_11 2,3,.. - 22r+2|T2(€25+2)|}_11 2, 3 2r+2>

s=1
r r
CRE S 0,1,9)
+Z Coq+1V2q+1,2 (Z $1,2,2a+1,2b (hl,g 3,.. > 2;T2|T2(52b+2)|h1 23,.. 2r+2>
a=1 b=1
(C.88)
where:
(1=64,,0)
(€8] (1) _ i
; _ d(&,") ﬁ €2—Eonpa lL[ —&an1 £ g}' (C.89)
2a+1,2 qe® 6 3 £ (1-681.0)° .
(€2a+1) n=0 &2a+1— €2n+2 n O 2a+1 7 52n+1 90434 <N Eoqr1 — g] g
and
5 (1) 1) (5h 2)
S l_[ 2a+1 —&ir l_[ Eoa+1 — Eons2 l_[ €2a+1 Sant1 g2a+1 5'
b2 i=1 g(l) —&; n 1 S2b+2 = S2nt2 n=1 g(l) —&ont1 2r+3<j<nN EW (Ohy2)°
2b+2 ~ Si =1 22642 ntl 2ri3<j<N € — ¢
(C.90)
with the following initial condition for r = 0:
(1 Ohg,0)
(1,1) (0,1) (L1, (LD d(&;—mn) Ui Eo— ¢
(03 I Ta(EIB15") = (37 00" S — S e ]_[ (1 s (CoD

az3 &1 —
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Proof. Using the interpolation formula (C.84), we get

(1,1,[_)) (O,l,g)

<hl,2,3,...,2r+2|T2(g2)|hl,2,3,...,2r+2>
(1,1,p) (0,1,9)
nc ty <h1,2,3,...,2r+2|h1,2,3,...,2r+2>
(1,1,p) (1,1,9) (1,0,p) (0,1,9)
+ <h1,2,3,...,2r+2|hl,2,3,...,2r+2> + (h1,2,3 ..... 2r+2|hl,2,3,..,2r+2>
L, (LLp) 0,1,9)
> 4P (1_i) 4,9
+ Z Z (1—11,2,3,...,2r+2 |T2(€2a+2—i)lhl,Z,S,...,2r+2>
a=11i=0
L (1,1,p) (611461 2) . (0.1,0)
) 2 hs’l hs’z Einthe *
+ Z (1-—11,2,3,...,2r+2|T2(€5 )|1—11,2,3,...,2r+2> (C.92)
s=14+2(r+1)
-
(1,1,p) (11,9 11p) ) ) 0,1,9)
U:pc <h1,2,3,...,2r+2|}—11,2,3,...,2r+2> + Z C2a+1 <1_11,2,3,...,2r+2|T1(52a+1)|}_11,2,3,...,2r+2>'
a=1
(C.93)
Indeed,
(1,1,p) 0,1,9) (1,0,p) 0,1,9) _
<hl,2,3,...,2r+2lhl,Z,S,...,2r+2> =0, <hl,2,3,...,2r+2lhl,Z,S,...,2r+2) =0, (C.94)
and
(1,1,p) (0,1,9) 11p) (0,1,9)

h

(@] _ _
<—1,2,3,...,2r+2|T2(§2a+2)|h1,2,3,...,2r+2> = Coq+2 (}_11,2,3,...,2r+2|h1,2,3,...,2r+2> =0, (C.95)
forany 1 <a <r. Also, for s > 2r + 3 and h, = 1,2, we have:

(1,1,p) (1) 019 _ 8pya . (LLpA—T) (0,1,g,h) _
<h1,2,3,...,2r+2|T2(€5 )lhl,z,g,__,,2r+2> =G ’ <h1,2,3,...,2r+2,s|h1,2,3,...,2r+2,s) - 0’ (C‘96)

while for s > 2r 4+ 3 and h; = 0, we have:

(1,1,p) (0,1,9) (1,1,p,0) (0,1,9,1)
<h1,2,3:..,2r+2|T2(€5)|h1,2,3:..,2r+2> = <hl,2,3f...,zr+2,s|h1,2,3:..,2r+2,s) =0. (C.97)

So we are left only with the following terms for a € {1, ..., r} which read:

(1,1p) (0,1,9) 11p) ) 1) 1 019
(hl,z,sj..,zwz|T2(§2a+1)|hl,2,3?...,2r+2> = C2a+1 <hl,2,3,.2..,21r+2|T1(€2a+1)|h1,2,3:..,2r+2>' (C.98)

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

L1l ) 1 (0,1,9) @wLpl) ) (01,9
(By 55 oess T1ES DIy 55 5 n) = talhy 535l By 5 5 o)
=1,2,3,...,2r+2 2a+17121,2.3,. 20427 (0 F10221,2.3,..,2r42151,2,3,..,2r 42
h(z,l,g;g_g R h(l,z,ggf)_l) 0L
+<—1,2,3,...,2r+2|—1,2,3,...,2r+2) + <—1,2,3,...,2r+2|—1,2,3,...,2r+2>
.
1=85 4 ,, (1,1, ) (0,1,9)
+Zc b, 2l te, o|h = )
2b+1 \=1,23,...2r+2  =2b+11=21,2,3,...,2r+2
b=1

;
MLLEED ) (), OL9)

+ Z (By 55 0l T1(E oy )y 55 os)

b=1

N

w1p) ) S, (0.1,9)
b R TE S ) ©99)
s=142(r+1)
(LLRGY ) 019
nc <h1,2,3,...,2r+2|T2(§2b+2)|h1,2,3,...,2r+2>' (C.100)
b=1
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Indeed, by the orthogonality it holds:

@1pl) ) (01,9 @1pl) ) (01,9
<h1,2,3,‘..,2r+2|1—11,2,3,.‘.,2r+2) =0, <hl,2,3,...,2r+2|h1,2,3,...,2r+2) =0 (C.101)
12pd ) (01,9 1,1pd ) (0,1,9)
<hl,2,3,...,2r+2|hl,2,3,..,,2r+2> =0, (1—11,2,3,,..,2r+2 + 92b+1|hl,2,3,...,2r+2> =0, (C.102)
while for h, = 2 it holds:
hu,l,ggg_l,m SECONTACR _ hu,l,g;g_l,z) poteD _
<—1,2,3,...,2r+2,s| 1(55 )|—1,2,3,...,2r+2) - <—1,2,3,...,2r+2,5|—1,2,3,...,2r+2,5> =0, (C.103)
as well as for h, =0, 1 it holds:
11p) ) (0,1,9) (1,Lp) h+1) - (0,1,gh)

(hy 55 5l T1(E)h

D03 2r42 )y =0. (C.104)

1,2,3,...,2r+2> = <h1,2,3,...,2r+2,s |—1,2,3,...,2r+2,5
Therefore we obtain the following mixed recursion formula

(1,1,p) 0,1,9) (1,1,p) (11,9

<h1,2,3?...,2r+2 |T2(§2)|h1,2,3,...,2r+2> Ufc <b1,2,3,.‘.,2r+2 |h1,2,3,...,2r+2>

. aL,,) (019
+ Z Z Coa+1 (h1,2,3,.._,2r+2 |T2(€2b+2) |hl,2,3?...,2r+2> :
a=1b=1
(C.105)

(1,1,p-0 ) (0,1,9)

Indeed, all the matrix elements (h, , 5 3% |T2(Eap12)Ih; 55 ,..,) on the rhus. of (C.105)

have (r —1)-couples of (0, 2), i.e. one less w.r.t. the first matrix element on the r.h.s. of (C.78)

(1,1,p) (0,1,9) . (1,1,p) (1,1,9)
<h1,2,3,...,2r+2|T2(€2) |h1,2,3,...,2r+2> . Moreover, the matrix element (hl,Z,S,...,2r+2|h1,2,3,‘..,2r+2>
(0,2,p) |h(l,l,g)

contains one couple less of (0,2) that the starting matrix element (h, , ;= , o|h; - , ),

. . . (1,19 (11,9
i.e. r-couples of (0,2). Up to a reordering in the indices, (1_11’2,3:",2”2|1_11’2’3:_.,2r+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

r+1 a1 0)
(1.1p) (1.1.9) (1,1p05)) (1,1,
<1—11,2,3,...,2r+2|1—11,2,3,...,2r+2> ne < Z(}—11,2,3,...,2r+2|T2(€21)|hl,2,3,...,2r+2>’ (C.106)
j=2

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 T,(&,) read:

(1-63, o)
o d(sy) E—E,
Z - l_[ : (1_5}.”7,0) T2(€2a+1)’ (C107)

b

1)
a=0 d(€2a+l) b#2a+1 €2a+1 - g

N N 1,1, e
where hy =1 and hy, is the b element of 1_1(1 5 32')__ or4o fOT @any b > 2. Similarly, from (C.99), the
non-zero contributions of T;(& (211)+1) read:
r 1 0n2)
2a+1 " S¢ (1)
Z l_[ 1) (5hc’2)T1(§2b+2)’ (C.108)

b=lcA2b+2 Eop 5 — &¢
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) (1,1,p)
where h;, is the b element of 1_11’2’3’.”’2r+2

for any b > 1. Finally, from (C.106), the non-zero

contributions of T, (& gl)) read:

r g(l) _ (6he,2)
3 c (1)
5T, (C.109)

b=1c#£2b+2 §(le,)+2 —&.

(1,1,p) . e
h,, =~ for any b > 1. From these expansions, it is simple to

where h, is the b element ofh, , 5~ , .,
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 TUO(E;) in (C.84). O

It is worth remarking that in the recursion formula (C.88) the common part 1_11’2’3’.”’2r +2
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 de-
termination of the coefficient Clll-(, 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 in-
dependence of the Cllf w.r.t. c. We have just to remark that at the right hand side of (C.88) we

have matrix elements of T4(&4p) 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

(1.2p0)) (0,1,9)
the development of the others matrix elements (1_11,2,3ff,2r 1ol T2(E2j42) |h1,2,3:..,2r +o)- Hence,

applying (r —1)-times the same recursion formulae to all the non-zero matrix elements gener-
ated in this first step of the recursion, we end up exactly in the same diagonal matrix element

(1,1,9) (11,9 . . . .
(hy 55 orallyoa . o040), Proving the following proportionality:
(0,2,p) (11,9 ri1 . (L1 (1,1,9)
(B o5 2rallios ara) Ty 55 5ol 5s o) (C.110)

as any time that we make a recursion we generate exactly a power one of c. The proportionality

- k . . L
coefficient 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 detK = 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
(P T7OEDIRD) = (BPh). (C.111)

Computing the action of TZ(K)(§ Ell)) by interpolating in the right points

(8ny,110n,,2)

N
TOE) = ag®) (Téﬁii?@g”) + 28w EE >), (€112
=1
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where we recall the definitions

z(h) ={6p, 1+ 6n, 25 - Oy 1 + Oy 2}

N _ g(hb) (m—1)N 1
(m) b _
(A) - l_[ (hq) (hp) l_[ (h ) (-1’
bFab=18a " — &, b=1 —&

we get

(b ) = d@@))(T;’;(?)(g(”)<h<1>mg")) + g ED P )

2 K), - (On, 11+6n, 2)
+ Z 8 (ES DI TIOCE™ )R,
b=1,b#a
Now, we can use the following identities:

(h(]- Sshp— 1)|h(0 hb)) lf hb € {1:2}7

(Ohy,1+0m, 2)
ney T(K) bs 52y 1[0y —
(he“1T,7(E, )i, ") (h(lo)lh(ou) ifhy =0,

and then being
NG h(O) (L h© 1)’
- (cﬁs) —ab (c?iS) —ab

WD 2 hO itk e (1,2},
a (Ca5) %P

the orthogonality conditions implies the identity:

(VD) = d(EP)g ) (E) R DY),

a,z(h)

or equivalently:
0} (0 N (5 w1 +Ohn.2)
(hPhO)  dED) ED — gy T2

(hgl)lhgl)> d(ggzl)) n#a,n=1 ga— (5h"’1+5h"’2) '

n

ii) Similarly, we have
(WM TEEHIED) = (W@ h®).

Computing the action of Tl(K)(E <) by interpolating in the right points
§ (8ng,2)
K K, 1 K a
11900 = T (€ + 2 8oy (ETT (€™,
- a=1

where we recall the definitions

X(h) = {5h1,2: BE3) 5hN)2}’

we get

(PR = 1770 ED P INP) + gl () (VS

(Ohy,2)
+ Z S ) MPITIO(E ™ )Ih).
b=1,b#a
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Now, using the following identities:

e hb+1) h)\

(6, ,2) ( |h > if hb € {0, 1}’
hD T(K) p2 1K)y — C.127
<—(1 | 1 (gb )|_a ) ( (]. 2)|h(2 1)) lfhb=2, ( )

and then being
b # 1@, nl? £ Y, (C.128)
(C.45) “0 (cas) ¢
W 2 %) ek, e (1,2}, (C.129)
(C.45)

the orthogonality conditions implies the identity:
2) 14 (2 (2) (1
(Ph) = ) () VRLY), (C.130)

or equivalently:
(h@ @) N (5h 2)
=a —a ' _ _=a >n (C.131)
(P0D) e g® — glma)
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