Scil SciPost Phys. 9, 060 (2020)

Separation of variables bases for integrable
gl 4., and Hubbard models

Jean Michel Maillet*, Giuliano Niccoli’ and Louis Vignoli*

Univ Lyon, ENS de Lyon, Univ Claude Bernard, CNRS,
Laboratoire de Physique, UMR 5672, F-69342 Lyon, France

* maillet@ens-lyon.fr, T giuliano.niccoli@ens-lyon.fr, ¥ louis.vignoli@ens-lyon.fr

Abstract

We construct quantum Separation of Variables (SoV) bases for both the fundamental
inhomogeneous gl 4| , supersymmetric integrable models and for the inhomogeneous
Hubbard model both defined with quasi-periodic twisted boundary conditions given by
twist matrices having simple spectrum. The SoV bases are obtained by using the inte-
grable structure of these quantum models, i.e. the associated commuting transfer ma-
trices, following the general scheme introduced in [1]; namely, they are given by set of
states generated by the multiple actions of the transfer matrices on a generic co-vector.
The existence of such SoV bases implies that the corresponding transfer matrices have
non-degenerate spectrum and that they are diagonalizable with simple spectrum if the
twist matrices defining the quasi-periodic boundary conditions have that property. More-
over, in these SoV bases the resolution of the transfer matrix eigenvalue problem leads
to the resolution of the full spectral problem, i.e. both eigenvalues and eigenvectors.
Indeed, to any eigenvalue is associated the unique (up to a trivial overall normalization)
eigenvector whose wave-function in the SoV bases is factorized into products of the cor-
responding transfer matrix eigenvalue computed on the spectrum of the separated vari-
ables. As an application, we characterize completely the transfer matrix spectrum in our
SoV framework for the fundamental gl,, supersymmetric integrable model associated
to a special class of twist matrices. From these results we also prove the completeness
of the Bethe Ansatz for that case. The complete solution of the spectral problem for
fundamental inhomogeneous gl ;| , supersymmetric integrable models and for the in-
homogeneous Hubbard model under the general twisted boundary conditions will be
addressed in a future publication.
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1 Introduction

In this paper, we generalize the construction introduced in [1] to generate quantum separa-
tion of variables (SoV) bases for the class of integrable quantum lattice models associated to
the gl 4|4 Yang-Baxter superalgebras [2-4] and to the Hubbard model [5-10] with quasi-
periodic twisted boundary conditions given by twist matrices having simple spectrum. The
quantum version of the separation of variables and its development in the integrable frame-
work of the quantum inverse scattering method [11-19] originate in the pioneering works
of Sklyanin [20-25]. Since then, the SoV method has been successfully applied to several
quantum integrable models [26-60] .

Integrable quantum models define the natural background to look for exact non-pertur-
bative results toward the complete solution of some 141 dimensional quantum field theories
or some equivalent two-dimensional systems in statistical mechanics. They have found natu-
ral applications in the exact description of several important phenomena in condensed matter
and have provided exact results to be compared with experiments. A prominent example is the
quantum Heisenberg spin chain [61] introduced as a model to study phase transitions and crit-
ical points of magnetic systems. First exact results for the Hamiltonian’s spectrum (eigenvalues
and eigenvectors) have been obtained by Bethe for the spin 1/2 XXX chain, thanks to his fa-
mous coordinate ansatz [62]. Then it has been extended to the anisotropic spin 1/2 XXZ chain
in [63,64], while Baxter [65,66] has obtained first exact results for the Hamiltonian’s spectrum
of the fully anisotropic spin 1/2 XYZ chain. In statistical mechanics, these quantum models
correspond to the six-vertex and eight-vertex models. The ice-type (six-vertex) models [67],
accounting for the residual entropy of water ice for crystal lattices with hydrogen bonds, has
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first been described in the Bethe Ansatz framework in [68]. For the eight-vertex model [69,70]
first exact results in the two-dimensional square lattice are due to Baxter [66,71,72]. The in-
tegrable structure! of these spin chains and statistical mechanics models has been revealed
in the Baxter’s papers [65,72,78]. There, the one-parameter family of eight-vertex transfer
matrices have been shown to be commutative and the XYZ Hamiltonian to be proportional to
its logarithmic derivative, when computed at a particular value of its spectral parameter. The
subsequent development of a systematic description of quantum integrable models has been
achieved through the development of the quantum inverse scattering framework [11-19]. In
particular, the work of Faddeev, Sklyanin and Takhtajan [12] has set the basis for the classifica-
tion of the Yang-Baxter algebra representations and the natural framework for the discovering
of quantum groups [79-82]. The paper [12] has also introduced the Algebraic Bethe Ansatz
(ABA), an algebraic version of the original coordinate Bethe Ansatz.

Exact results are also available for the quantum dynamics, i.e. form factors and correlations
functions, of some integrable quantum models. This is for example the case for XXZ quantum
spin 1/2 chain under special boundary conditions whose correlation functions admit multiple
integral representations [83-95].

In this context, the form factor expansion has proven to be a very powerful tool: on the one
hand, to compute dynamical structure factors [96,97], quantities directly accessible experi-
mentally through neutron scattering [98]; on the other hand, to have access to the asymptotic
behaviour of correlation functions of these XXZ chains in the thermodynamic limit and explicit
contact with conformal field theory [90-92,99-105].

Integrable quantum models also led to non-perturbative results in the out-of-equilibrium
physics context, ranging from the relaxation behaviour of some classical stochastic processes
to quantum transport. The XXZ quantum spin chains, under general integrable boundary
conditions, appear for example both in the description of the asymmetric simple exclusion
processes [106-112] and the description of transport properties of quantum spin systems

[113,114].

The new experiments allowing ultra-cold atoms to be trapped in optical lattices have pro-
duced concrete realizations of quantum integrable lattices, like the Heisenberg spin chains but
also more sophisticated models like the Hubbard model [115,116]. They provide a further
natural context for direct comparison of exact theoretical predictions with experiments.

The Hubbard model is of fundamental importance in physics. It is a celebrated quantum
model in condensed matter theory, defining a first generalization beyond the band approach
for modelling the solid state physics. It manages to describe interacting electrons in narrow
energy bands and allows to account for important physical phenomena of different physical
systems. Relevant examples are the high temperature superconductivity, band magnetism and
the metal-insulator transitions. We refer to the book [10] for a more detailed description of its
physical applications and of the known exact results and relevant literature. Here, let us recall
that the Hubbard chain is integrable in the quantum inverse scattering framework and it has
been first analysed by Bethe Ansatz techniques in a famous paper by Lieb and Wu [117,118].
Coordinate Bethe Ansatz wave-functions for the Hubbard Hamiltonian eigenvectors have been
obtained in [119] and subsequent papers. The quantum inverse scattering formulation has
been achieved thanks to the Shastry’s derivation of the R-matrix [120-122]. From this, the
one-parameter family of commuting transfer matrices, generating the Hubbard Hamiltonian
by standard logarithmic derivative, can be introduced. The proof that this R-matrix satisfies the
Yang-Baxter equation has been given in [123]. In [124-126] a Nested Algebraic Bethe Ansatz
for the Hubbard model has been introduced while the quantum transfer matrix approach to
study the thermodynamics of the Hubbard model has been considered in [127]. Interestingly,
the Hubbard Hamiltonian is invariant under the direct sum of two Y (sl,) Yangians, as derived

1See also [68, 69, 73-77] for some previous partial understating.


https://scipost.org
https://scipost.org/SciPostPhys.9.4.060

Scil SciPost Phys. 9, 060 (2020)

in [128-131], while the structure of the fusion relations for the Hubbard model have been
studied in [132], see also [133] for the finite temperature case. It is also relevant to remark
that under a strong coupling limit and some special choice of the remaining parameters [10],
the Hubbard Hamiltonian leads to the Hamiltonian of the t-Jgly;-supersymmetric model,
another well known model for the description of the high-temperature superconductivity, see
[134-136] and references therein.

While integrable quantum models naturally emerge in the description of 14+1 quantum
or 2-dimensional statistical mechanics phenomena, they are not really confined to this realm.
For example, they play a fundamental role in deriving exact results also for four-dimensional
quantum field theory like the planar N = 4 Supersymmetric Yang-Mills (SYM) gauge theory,
see the review paper [137] and references therein. In this context, integrability tools have
been used to derive exact results, like characterizations of the scaling dimensions of local op-
erators for general values of the coupling constant. Notably, such results can be used also as a
test of the AdS/CFT correspondence in this planar limit. Indeed, holding for arbitrary values
of the coupling, they allow for a verification of the agreement both at weak and strong cou-
plings with the perturbative results obtained respectively in gauge and string theory contexts.
Integrability is also becoming relevant in the exact computation of observables. Interestingly,
quantum integrable higher rank spin and super-spin chains have found applications in the
computation of correlation functions in N = 4 SYM, see e.g. [138-143]. The same integrable
Hubbard model enters in the description of the planar N = 4 SYM gauge theory [137,144] in
the large volume asymptotic regime. Indeed, relevant examples are the connection between
its dilatation generator at weak coupling and the Hubbard Hamiltonian derived in [145] and
the equivalence shown? in [146,147] between the bound state S-matrix for AdSs x S° super-
string [152-154] and two copies of the Shastry’s R-matrix of the Hubbard model multiplied
by a nontrivial dressing phase. Moreover, this S-matrix enjoys the Yangian symmetry associ-
ated to the centrally extended su(2]2) superalgebra [152-155] and an Analytic Bethe Ansatz
description of the spectrum has been introduced on this basis in [146, 147, 156].

The large spectrum of applications of these higher rank quantum integrable models and
of the Hubbard model, clearly motivate our interest in their analysis by quantum separation
of variables. Let us mention that the first interesting analysis toward the SoV description of
higher rank models have been presented in [25,28], see also [57]. More recently, in [157], by
the exact analysis of quantum chains of small sizes, the spectrum of the Sklyanin’s B-operator
has been conjectured together with its diagonalizability for fundamental representations of gl;
Yang-Baxter algebra associated to some classes of twisted boundary conditions. While in [158]
the SoV basis has been constructed for non-compact representations. In [1,159-161] we have
solved the transfer matrix spectral problem? for a large class of higher rank quantum integrable
models. That is for integrable quantum models associated to the fundamental representations
of the Y(gl,) and U,(gl,) Yang-Baxter algebra and of the Y(gl,) reflection algebra. This has
been done by introducing and developing a new SoV approach relying only on the integrable
structure of the model, i.e. the commutative algebra of conserved charges. In [163,164] our
construction of SoV bases has been extended to general finite dimensional representations of
gl, Yang-Baxter algebra with twisted boundary conditions. In [1], we have proven for the
gl, representations and for small size gl; representations that our SoV bases can be made
coinciding with the Sklyanin’s ones, if Sklyanin’s construction can be applied. In [163, 164]
this statement has been extended to the higher rank cases, in this way providing an SoV proof*

20ne should remark that the spin chain approaches, as those in [146,147], miss the so-called wrapping correc-
tions of the AdS/CFT spectrum while a full description for this spectral problem has been proposed in [148] and
thereafter extensively tested, see e.g. [149] and the reviews [150] and [151] for further developments.

3While in [162], we have described in detail how our approach works beyond fundamental representations for
Y(gly).

“Indeed, the first proof of this conjecture has been given in [165] in the nested Bethe Ansatz framework.
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of the non-nested Bethe Ansatz representation conjectured in [157] of the transfer matrix
eigenstates as Sklyanin’s B-operator multiple action in the zeros of a polynomial Q-function
on a given reference state.

Here, we construct the quantum Separation of Variables (SoV) bases in the representation
spaces of both the fundamental inhomogeneous gl 4, Yang-Baxter superalgebras and the
inhomogeneous Hubbard model under general quasi-periodic twisted boundary conditions
defined by twist matrices having simple spectrum. Let us mention here an interesting proposal
for a representation of the eigenvectors using a single B operator in [166] for gl 4, models
inspired by the SoV related methods [157]. In our approach, the SoV bases are constructed by
using the known integrable structure of these quantum models, i.e. the associated commuting
transfer matrices, following our general ideas introduced in [1]. The SoV bases are generated
by the multiple actions of the transfer matrices on a generic co-vector of the Hilbert space.
The fact that we are able to prove that such sets of co-vectors indeed form bases of the space
of states implies important consequences on the spectrum of the transfer matrices. In fact,
it follows that the transfer matrices have non degenerate (simple) spectrum or that they are
diagonalizable with simple spectrum if the twist matrix respectively has simple spectrum or is
diagonalizable with simple spectrum. Moreover, in our SoV bases the resolution of the transfer
matrix eigenvalue problem is equivalent to the resolution of the full transfer matrix spectrum
(eigenvalues and eigenvectors). Indeed, our SoV bases allow us to associate uniquely to any
eigenvalue an eigenvector whose wave-function has the factorized form in terms of product
of the transfer matrix eigenvalues on the spectrum of the separated variables.

It is worth pointing out that for these classes of higher rank quantum integrable models,
fewer exact results are available when compared to those described for the best known ex-
amples of the XXZ spin 1/2 quantum integrable chains. Exact results are mainly confined to
the spectral problem and only recently some breakthrough has been achieved toward the dy-
namics in the framework of the Nested Algebraic Bethe Ansatz (NABA) [167-170], for some
higher rank spin and super-spin chains [165,171-180].

More in detail, in the supersymmetric case, the associated spectral problem has been anal-
ysed by using the transfer matrix functional relations, generated by fusion [181-183] of ir-
reducible representations in the auxiliary space of the representation. The Analytic Bethe
Ansatz [183-185] developed in this functional framework has been applied to the spectral
problem of these supersymmetric models. An important step in the systematic description
and analysis of these functional equations has been done by rewriting them in Bazhanov and
Reshetikhin’s determinant form in [186], and in a Hirota bilinear difference equation form
in [187-189]. These so-called T-systems appear both in classical and quantum integrabil-
ity. An interesting account for their relevance and different application areas can be found
in [190]. The validity of these fusion rules and of Analytic Bethe Ansatz description in the
supersymmetric case have been derived in [191-194]. In [195,196] a method has been devel-
oped and applied to the supersymmetric case based on the use of Backlund transformations on
the Hirota-type functional equations [197-199]. It allows a systematic classification of the dif-
ferent Nested Algebraic Bethe Ansatz equations and TQ-functional equations, which emerge
naturally in the supersymmetric case, due to different possible choices of the systems of simple
roots. It also allows the identification of QQ-functional equations of Hirota type for the Bax-
ter’s Q-functions, see for example [200-202]. Nested Algebraic Bethe Ansatz [136,170,203]
has been successfully used to get Bethe vectors representations for fundamental representa-

tions of Y(gl 4 ) and Uq(gTJm\LA/), see also the recent result [204], while determinant for-
mulae for Bethe eigenvector norms, scalar products and some computations of form factors
have been made accessible in [205-208] for the Y (gl;|2) and Y (gl,)1) case. The completeness
of the Nested Algebraic Bethe Ansatz approach for supersymmetric Yangian representations
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has been shown in the following papers® [209, 210], respectively for the representations of
Y(glyp) and of the general Y(gl 4| 4), in the setup of the so-called QQ-Wronskian equations
introduced in [211] for the non-supersymmetric case Y(gl_,) and more recently in [204] for
the Y(gl_4 ) models.

In this paper we start to develop the quantum separation of variables method for these
supersymmetric integrable quantum models. The natural advantage of the SoV method is that
it is not an Ansatz method and then the completeness of the spectrum description is mainly a
built-in feature of it, as proven for a large class of quantum integrable models [39-41,43-59].
More in detail, no Ansatz is done on the SoV representation of transfer matrix eigenvectors.®
Indeed, their factorized wave-functions in terms of the eigenvalues of the transfer matrix, or
of the Baxter’s Q-operator [66,212-233] are just a direct consequence of the form of the SoV
basis. Moreover, these SoV representations are extremely simple and universal and should
lead to determinant formulae for scalar products.” The SoV representation of transfer matrix
eigenvectors also brings to Algebraic Bethe Ansatz rewriting of non-nested type for the eigen-
vectors,® i.e. as the action on a SoV induced "reference vector" of a single monomial of SoV
induced "B-operators" over the zeros of an associated Q-operator eigenvalue [1]. It is worth
to point out that this represents a strong simplification w.r.t. the eigenvector representation in
NABA approach, where the holding different representations [170] are equivalent to an "ex-
plicit representation" which is written in the form of a sum over partitions. This type of results
in the SoV framework is even more important in the case of the Hubbard model. Indeed, there,
algebraic approaches like NABA are mainly limited to the two particle case [124] and other
exact results are accessible only via coordinate Bethe Ansatz.”

The paper is organized as follows. In section 2, we first shortly present the graded formal-
ism for the superalgebras gl 4| , and their fundamental representations, we sum up the main
properties of the hierarchy of the fused transfer matrices and their reconstruction in terms of
the fundamental'® one. The SoV basis is then constructed in subsection 2.4 by using the inte-
grable structure of these models. In subsection 2.5, we make some general statement about
the closure and admissibility conditions to fix the transfer matrix spectrum for these quantum
integrable models. In section 3, we specialize the discussion on the gl;, model. We state our
conjecture on the corresponding closure conditions and we present some first arguments in
favour of it in subsection 3.1. Then, we treat in detail a special twisted case in subsection 3.2,
for which we prove that the entire spectrum of the transfer matrix is characterized by our con-
jecture. Then, we give a reformulation of the spectrum in terms of the solutions to a quantum
spectral curve equation. Moreover, for these representations, we show the completeness of

Both the papers [209, 210] appeared after the present paper and they are not directly related to our SoV
approach.

%In the Bethe Ansatz framework, the fact that the form of the eigenvectors is fixed by the Ansatz implies that to
prove the completeness of the spectrum description one has to define first admissibility conditions which generate
nonzero vectors and then one has to count the number of these solutions and show that it coincides with the
dimension of the representation space, in absence of Jordan blocks. This first step is for example done in the
papers [204,210,211] through the introduction of the isomorphism to the QQ-Wronskian equations.

7Indeed, our recent results on higher rank scalar products [234] show the appearance of simple determinant
formulae once the SoV basis are appropriately chosen, see also [235,236] for some interesting SoV analysis of the
higher rank scalar products.

8Note that this SoV versus ABA rewriting of transfer matrix eigenvectors was first observed in a rank 1 case
in [30,31] and it can be extended in general for polynomial Q-operators, as e.g. argued in [1]. One has to mention
that these non-nested forms were first proposed in [157, 166] together with the form of the B-operator for rank
higher than 2.

°In fact, to our knowledge, the generic N-particle transfer matrix eigenvalues are well verified guesses [10], no
Bethe vectors representation is achieved for the corresponding eigenvectors and the conjectured norm formula [10]
has to be proven yet.

10That is the transfer matrix associated to Lax operators on isomorphic auxiliary and quantum spaces, i.e. in our
fundamental representations the transfer matrices with Lax operators coinciding with the R-matrix.
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the Nested Algebraic Bethe Ansatz, by proving that any eigenvalue can be rewritten in a NABA
form using our Q-functions. In section 4, we derive an SoV basis for the Hubbard model with
general integrable twist matrix having simple spectrum. Finally, in appendix A for the gl;,
model with general integrable twist matrices, we verify that the NABA form of eigenvalues
satisfies the closure and admissibility conditions, implying its compatibility with our conjec-
ture in the SoV framework. In appendix B, we present the proof that our conjecture indeed
completely characterizes the transfer matrix spectrum for any integrable twist matrix having
simple spectrum for the model defined on two sites while we verify this property by numerical
computations for three sites. In appendix C, we give a derivation of the closure relation for
the gl 4 4 case.

2 Separation of variables for integrable gl ,| , fundamental
models

Graded structures and Lie superalgebras are treated in great details in [237,238]. The quan-
tum inverse scattering construction for graded models was introduced in [2-4], and summa-
rized in many articles, see e.g. [10,156,239]. Details on Yangians structures for Lie superal-
gebras can be found in [240, 241].

For the article to be self contained, we introduce the graded algebra gl 4| 4 and its funda-
mental Yangian model in the following, and make explicit the notations and rules for graded
computations.

2.1 Graded formalism and integrable gl ,| , fundamental models

A super vector space V is a Z,-graded vector space, ie. we have

Vectors of V; are even, while vectors of V; are odd. Objects that have a well-defined parity,
either even or odd, are called homogeneous. The parity map, defined on homogeneous objects,

writes
A€V n=i=|0 Ak 2.2
p'e'_)p()__1ifAeV1' 2

Maps between Z,-graded objects are called even if they preserve the parity of objects, or
odd if they flip it. An associative superalgebra is a super vector space with an even multipli-
cation map that is associative and the algebra has a unit element for the multiplication. For a
superalgebra V we have V;V; € V;, jmod2)- A Lie superalgebra is a super vector space g = g,9g,
equipped with an even linear map [, ] : g ® g — g that is graded antisymmetric and satisfies
the graded Jacobi identity.

The set of linear maps from V to itself is noted End V, and it is a Z,-graded vector space
as well. It is an associative superalgebra with multiplication given by the composition. It is
also a Lie superalgebra with the Lie super-bracket defined as the graded commutator between
homogeneous objects for the multiplication

[A,B]=AB —(—1)8BA, (2.3)

which extends linearly to the whole space. As a Lie superalgebra, it is denoted gI(V).
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Tensor products The tensor product of two super vector spaces V and W is the tensor prod-
uct of the underlying vectors spaces, with the Z,-grading structure given by

fork=0orl, (VeW)y= P V,ew,. (2.4)
i+j=k(mod 2)

This also defines the tensor product of associative superalgebras, being defined on the
underlying vector space structure, but then we have to define an associative multiplication
compatible with the grading. For A, B two associative superalgebras, the multiplication rule
on A® B is given by

(a; ® by)(ay ® by) = (—1)_bld2a1a2 ® by by, (2.5)

for a;,a, € Aand bq, b, € B homogeneous, and extends linearly to A® B.
This rule of sign also appears in the action of A B on V @ W, where V is an A-module and
W is a B-module. We have

(a®b)-(v®w)=(—1)5‘7a-v®b-w, (2.6)

foracA,beB,veVandweW.
This rule extends naturally to N-fold tensor product, N > 2. For example,

(a; ® by ® c;)(ay ® by ® cy) = (—1)2b1+e)+hat1g ¢ @ by by ® cycy. (2.7)

For some authors, the above construction goes explicitly by the name of super or graded
tensor product. We will stick to the name tensor product.'!

Lie superalgebra gl 4, Let V = C#1¥ be the complex vector superspace with even
part of dimension .# and odd part of dimension 4. The general linear Lie algebra
gLy = gl(C#1¥) is the Z,-graded vector space End C#*¥ with the Lie super-bracket de-
fined by the graded commutator (2.3).

We fix a homogeneous basis {vq,...,V 4,V g41,---> Vg } Of , Where v; is even for
i < A and odd fori > .# + 1 and we assign a parity to the index themselves for convenience:
i=0fori<.#andi=1fori># +1. .

The elementary operators ef of gl 4|4 have parity p(el]. ) =i+ j(mod2). They are defined
by their action on the basis of V by

(C//ZL/V

elj Ve = 6]]; v;. (2.8)
Since they multiply as . .
e{e,l( = 5]k e%, (2.9

it follows that the graded commutator is
[ej, el ] = e{e,lc — (—1)p(e{)P(ei)e,lce{ = 5£ ell. — (—1)(”})(’_‘”_)55 e;;. (2.10)

i

Elements of gl | 4 decompose on the elementary operators as

a= Z a§e{ = a§e{, (2.11D)

"Note also that some authors prefer to use a matrix formalism and by “super tensor product” denote a morphism
between graded and non-graded structure, see [4], appendix A of [136] or appendix A [195]. We will not make
any extensive use of it in the following.
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where in the last term the sum over repeated indexes is omitted, as we will do in the following.

N .
Elements of (gl | W)® writes

_alidN 1 N

A _Aj1-~-jN e ®...0 €\ - (2.12)

Note that due to the sign rule (2.5), the coordinates Aljlll]"“\I do not coincide with the components
of the image of v; ® ... ® v; in the tensored basis of ven.

N-1x 5 = )
_ , +.AiN) pl1ed
A- Vi, ®...0V; = (_]_)Zk_l G ’N)Ajllm;;‘\‘ Vi, ®...8 V.

(2.13)

In the non-graded case, these two tensors would be identical.
One may use the coordinates expression to check the parity of a given operator of

(gl | W)@’N. An operator A is homogeneous of parity p(A) if

Vg, eneying fiseensjn,  (=1)FFtiNtIN Ai.lljijN = (=1)PW Al (2.14)

Ji-nT

The supertrace is defined on the elementary operators as str e{ = (—1)j 6{. Elements of
gl 4|4 may write as a block matrix

A A
A:( (M, M) (/ﬂ,W)) e gl g (2.15)
A,y A

where A4 _4) is an .4 by ./ square matrix, A4 4) an /4 by 4 square matrix, etc. Hence
we have strA = trA(_4 _4)—trA(y_y). Note that the supertrace vanishes on the graded com-
mutator

str([A,B]) = 0. (2.16)

Dual space Let us denote |i) = v;. The dual basis {(j|};j=1,. s+ is defined by
The covectors are graded by p({j|) = j. The dual of a vector 1)) = 4)); |i) is

(1= (i 1" =y il (2.18)

V®N

where the star * stands for the complex conjugation. For , the dual basis covectors have

an additional sign in their definition

+

(i) ®...®liy) = (iy]®...® (iy] (—1)Zk=2 ilittiin) (2.19)

such that it compensates for the permutation of vectors and covectors:

P . N -z - N -, < o o

(i) ©...® [iy)) (1j1) ®... ® |jn)) = (—1) 2 Wit ¥k g kU H) (i ) (i)
= 51'1]'1 o 5iNjN'

(2.20)

Similarly, for N even operators A;, ...,Ay where each A; acts non-trivially only in the j™ space

of the tensor product V®N, the following matrix element factorizes over the tensorands

(i) ®...® lin) Ay .. . AN (1) ® ... ® [jn)) = (i1l A1 1j1) - .- (inl An Lin) - (2.21)

Indeed, through the matrix elements (i,| K, |j,) that arise from the calculation, the evenness
of K forces the grading i, and j, at site a to be equal, so the signs compensate.
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Permutation operator The permutation operator has to take account of the grading when
flipping vectors P- (v @ w) = (—1)""w ® v. Thus we have

— BB
= (—1)fef o,
P-(v;®v;)= (—1)”vj QV;. (2.23)

(2.22)

Remark the additional signs in the action as discussed in (2.13). For two homogeneous oper-
ators A and B,
P(A®B)P = (—1)PWrBg @A, (2.24)

On an N-fold tensor product V; ® ... ® Vy, with V; &~ C#¥ the permutation operator P,
between spaces V, and V}, writes

P, =(-1)1®.. 018 el ®lI...0I® e ®l...0l, (2.25)
~—~— N .
site a site b

where the number of identity operators is obvious by the context. The permutation operator

is globally even. We have Pib =1I®V, and the usual identities are verified
Py =P, (2.26)
P1oP13 = P13Po3 = P3Py, (2.27)
P13Poq = PoylPr3, P1oP34 = P340, (2.28)

which extend naturally to a N-fold tensor product.

The #(gl 4|4 ) fundamental model The R matrix for the fundamental model of the Yangian
Y (gl y\.x) writes

RA,u)=A—uw)iI®l+nP €End(C” @ C#H). (2.29)
It is of difference type and decomposes on elementary operators as R(A) = le(k) e; '® e with
le(x) =26! 5K+ 1 (— 1)15 (2.30)

It generalizes to a N-fold tensor product : the matrix Rg,(1) = AI®N*D 4 P, of
End(V; ® ... ® V) who acts non trivially only on V, and Vj, writes

Rp(M)=Rf(N)1e...018 e/ ®l...91® e @I..®l, (2.31)
~—~— ~—~—
site a site b

using the generic notation (2.30). The R matrix is globally even and satisfies the Yang-Baxter
equation
R12(A — w)R13(A)R23(1) = Raz()R13(A)R12(A — ). (2.32)

Sometimes the Yang-Baxter equation is written in coordinates and is explicitly referred to
as a “graded” version [2,3]. By equation (2.13),

R(A)v; @ v = le(l)v ® Vi, (2.33)
with RI(1) = A516% + n(—1)*5!5%. Then we have

/ﬂ/(A nu)Ra// (A«)Rﬁ// ,,(‘U,)( 1)ﬂ (@+a’) - Rﬁ}/ (M)Ra/ //(A)Ra//[i//(l_M)(_]-)Bl(d+d/)-
(2.34)
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One may check the gl |y invariance of the R matrix (2.29)

Vxe€gl  p [RA), x®T+I®x]=0. (2.35)

If K is an homogeneous even matrix of gl 4 4 of the form

(K, O
K—( ; Kw)’ (2.36)

we have
RAKIIDI®K)=(I®K)(K®I)R(A). (2.37)

This is a scalar version of the Yang-Baxter equation (2.32), where we put a trivial representa-
tion on the third space.

For a spin chain of length N, we denote the Hilbert space by # = V; ® ... ® V\y and the
auxiliary space by Vj, all the V; superspaces being isomorphic to C#¥ | Taking an even twist
(2.36), the monodromy is an element of End(V, ® V; ® ... ® V) and writes

MIOA) = KoRon(A — &) - - - Roy (A — &1), (2.38)

where &, ..., &y are the inhomogeneities of the chain. The monodromy is globally even as a
product and tensor product of even operators. In coordinates, using the notation Rsll‘ of (2.30),
it writes

M® () = M} 5 () eloclie. o (2.39)
_ i pine ja j
=K RN (A—E&N)...Rig'(A—¢&1)e] ® egi ®...® egm, (2.40)

where all the signs from the multiplication of the operators actually vanish because of the
evenness of R. We are dropping the superscript (K) from the coordinates to make the notation
less cluttered. Writing M)(1) = e{ ®MJ¥(A), the above expression shows that the monodromy

elements M;(}L) € End(#) are homogeneous of parity p(M}(?L)) =i+j.
The Yang-Baxter scheme generalizes to the monodromy thanks to the global evenness of
the R matrix and the form (2.36) of the twist, and we have

Rap(A—IMPOWMI () = MEO MO R, (A — ). (2.41)

One can prove the #(gl 4| ) Yang-Baxter relations between the monodromy elements write
as

(M) (), Mi(w) | = (=)™ (M) (M) () — M (oMl (w), (2.42)
where [M lJ (A), Mli(u)] is the graded commutator (2.3).
The transfer matrix is obtained by taking the supertrace over the auxiliary space V

TR = stry M), (2.43)

It is an even operator of End(3#) as a sum of diagonal elements of the monodromy. Because
the supertrace vanishes on the graded commutator, one proves the commutation of the transfer
matrices

Vauec, [TOMQ), T®Ww)]=o. (2.44)
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2.2 The tower of fused transfer matrices

Tensor products of fundamental representations of gl 4, decompose in direct sum of irre-
ducible subrepresentations (irreps). Young diagrams are used to carry out calculations with a
mechanic proper to superalgebras, though very similar to the non graded case [195,242-244].
Finite dimensional irreducible representations are labelled in a unique way by Kac-Dynkin la-
bels, but the correspondence between Kac-Dynkin labels and Young diagrams is not one-to-
one [245].

Admissible Young diagrams lie inside a fat hook domain pictured in figure 1, defined in
the (a, b) bidimensional lattice as H 4 y = (Z3»1 X Z»1) \ (Z>_4 X Z>. 4). Young diagrams can
expand infinitely in both a and b directions, but the box (a = A +1,b > .# + 1) is forbidden,
leading to the hook shape.

Figure 1: The fat hook domain H_ 4 of admissible Young diagrams for the super-
algebra gl | . Bullet points correspond to admissible coordinates (a, b) defining
rectangular Young diagrams.

Remark 2.1. For A& = 0, the fat hook degenerates to a vertical strip, forcing a < .#. We
recover the usual Young diagram indexation of gl(.# ) irreducible representations, though the
diagrams are here displayed vertically, corresponding to the transposition of the usual gl(.#)
ones. This is consistent, for example, with the convention of [195], if one rotate the diagrams
found there by —m/2.

The tensoring procedure is called fusion in the context of the quantum inverse scattering
method [181,182]. It is used to generate higher dimensional gl _,| 4 -invariant R-matrices. The
Yang-Baxter scheme is preserved, as degeneracy points of the fundamental R-matrix allow to
construct the projectors P, : (C# lVyen _, V), that extract the wanted subrepresentation A, as
a product of R-matrices. Fusing on the auxiliary space from MéK), we obtain new monodromy
operators and thus new transfer matrices of End(s#).

For a rectangular Young tableau corresponding to the point (a, b) € H_4| 4, with b rows
and a columns, the monodromy matrix reads

1<r<b
and the transfer matrix
HOO) = s, MO ) 246
b

is obtained by taking the supertrace over the a x b auxiliary spaces V ~ C#™" with
Vb(a) =V®...®9V, ab times.

The shifts in (2.45) are given by filling the fat hook as in figure 2. We then read the
rectangular Young diagram column by column, top to bottom from left to right, and tensor the
shifted monodromy (2.38) corresponding to the current box to the left of the previous ones.
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0 |—m [-2n—3n—4n

n |0 |—nF2n—-31

2n|{n | 0

3n|2n|n

Figure 2: The domain H_ 4 is filled with multiples of the deformation parameter
7. Starting from 0 in box (1, 1), we add 1 when moving down and —n when going
right.

As said earlier, the projectors P, can be constructed as a product of R-matrices, like in the
non graded case [181,195,199]. For rectangular diagrams (a, b), we have!?

Plga) o< l_[RU(SJ _Si), (247)

i<j

where i, j run on the boxes of the diagram of figure 2 column by column, top to bottom from
left to right, and s;,s; are the shift contained in the boxes.
All these transfer matrices commute with each other, as consequence of the Yang-Baxter

equation (2.32) being true for any irreps taken in the spaces 1, 2, and 3
V(@ b)) €H g, VA peC, [T, TO0W]=0.  @a48)

Let us comment that through the nice coderivative formalism [246, 247], in a different but
equivalent manner, these fused transfer matrices and the following fusion properties can be
also derived. In particular, we make use of this formalism in appendix C to verify (2.54).

Among many others, the fused transfer matrices satisfy the following important properties
[191-195]:

Polynomial structure The generic fused transfer matrix Tlga)’(K)(k) is polynomial in A of
degree abN, with (ab — 1)N central zeros given by

N b a
z2m =] |a-g ] [6—&utnta—my]|, (2.49)
n=1 =1 m=1
and therefore factorizes as
Q) = TNz, (2.50)

where T Iga)’(K)(l) is polynomial in A of degree N.

Fusion equations There is a bilinear relation between transfer matrices associated to adja-
cent rectangular diagrams

T O =) = T - O + T PO =T OQ), (2.51)

where in our normalization, the following boundary conditions are imposed for consistency

(0),(K) _ p(a=1),(K) _
T 2®)) = 1§ () =1. (2.52)

12Note that in fact one has to use Cherednik regularization to extract the wanted projectors when the diagrams
are not purely of row or column type [199].
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All the fused transfer matrices outside the extended fat hook H 4, y = (Zso % Zs0) / (Zs 4 X Zs 4)
are identically zero, i.e.

Y@, b)¢H 40, TR =0. (2.53)

These relations come from the Jacobi identity applied on the determinant form of the trans-
fer matrices given by the Bazhanov-Reshetikhin formula (2.57), (2.58). We exclude the case
(a,b) =(0,0) from the system of the T Iga)(l), as it cannot be defined uniquely from the bound-
ary conditions.

Inner-boundary condition As the correspondence between Young diagrams and irreps is not
bijective, there exist non-trivial relations linking transfer matrices coming from distinct Young
diagrams. This is especially the case for rectangular diagrams saturating one of the branch of
the fat hook H ) [195,196,245]. We shall call the first of these relation the inner-boundary
condition, which writes

(=17 Ber(M) T O+ ) = THO (), (2.54)
where
2 "d(A—k
Ber(1) = detK_, a( )H ( n) L. (2.55)
detKy [TX0%, d(a+1n)
and
N
a@—m=d) =] [a-&. (2.56)
n=1

Ber(A) coincides with the central element called the quantum Berezinian, for A4 # .#, and
it plays a role similar to the quantum determinant in the non graded case [156,240]. As
anticipated, we verify this relation in appendix C.

2.3 Reconstruction of fused transfer matrix in terms of the fundamental one
Here we want to recall that all these fused transfer matrices are completely determined in terms
of the transfer matrix TI(K)(A) obtained in (2.43). Indeed, the Bazhanov and Reshetikhin’s
determinant formulae [186] allows us to write all the Tlga)’(K)(A) in terms of those of column
type Tr(l)’(K)(A) and row type Tl(r)’(K)(A) by:

T,gaﬂm(x):lget Ty 20— —1)n) (2.57)
= det PO - D), (2.58)

then our statement is proven once we prove it for the transfer matrix of type Tr(l)’(K)(A) and
Tl(r)’(K)(l). Let us use in the following the simpler notations

M) =TO®Q), 1EM =T00), (2.59)

and similarly
T =TOM), T =TO0). (2.60)

The fused transfer matrices T(K)(A) and T(K)(l) are polynomials of degree aN in A, while
T(K)(l) and T(K)(A) are of degree N. We have the following properties for these matrices:
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Lemma 2.1. The following asymptotics hold:

T®) = lim ATNTEQ) =stry_Pf Ky...K.Py (2.61)
© = fim A NTE () = - -
TOO,(a) = A11)1'1010 A a T(a) ()L) = Strl...apl...aKl""Kapl...a’ (262)

where, in agreement with (2.47), the projectors admit the following iterative representations in
terms of the R-matrix:

1
1) — _
PO=P = L, R DR, 269
_ 1 _
Pl(a) =P = _Epl...a—lR(_(a — )P, . (2.64)

In the inhomogeneities the following fusion relations hold:
T () = T{OEITIE, +m), (2.65)
T((f_zl)(ga) = TfK)(ga)T((f))(ga —n), (2.66)
for any positive integer n.

Proof. The asymptotics are an easy corollary of the definition of the fused transfer matrices of
type Tr(K)(A) and T((:;)(A). Let us now prove the fusion relations in the inhomogeneities, for
n =1 the identity:

T8E) = TEENTE(E, + 1), (2.67)
T4 (o) = T{OEITIOE — ), (2.68)

are obtained by the fusion equations (2.51) just remarking that being:

ZPN) =d(r—n), ZP)=d(A+n), (2.69)
it holds
To)(E+m) =0, T —m)=0. (2.70)

Then we can proceed by induction to prove the identity, let us assume that it holds for n > 1
and let us prove it for n + 1, the relevant fusion identities reads:

TOE+mTE(E) =T (EITE(E, + 1)

+ TOW(E NTOW(E 4 ), (2.71)
and
TE(Ea—mT(EQ) = T O —m) Ty (g
+ T30 (Ea =M Ty (€, (2.72)
which being:
ZP) ocd(A—n), Z(A) o< d(A+1), 2.73)
read:
TOE, +mTE(E) =T (EITE(E, +m), (2.74)

15


https://scipost.org
https://scipost.org/SciPostPhys.9.4.060

Scil SciPost Phys. 9, 060 (2020)

and
T =T (E) = T (Ea—mITE) (€, 2.75)
which lead to our identities for n + 1 once we use the induction hypothesis for n
TE(E,) = T{OEITE (€ + ), (2.76)
T(E) = T{OEITEY (Ea—n). @2.77)
O

The known central zeros and asymptotic imply that the interpolation formula in the N
special points defined by the fusion equations to write T(K)(E ¢) and T(K)(§ <) completely char-
acterize these transfer matrices. Let us introduce the functions

N N m—1

A=¢
(MY — b ) _r _
M= 1] — [TT]— Pl £ =g, —rn, (2.78)
b#a,b=1 b=1r=1 Sa
N A — g N m—1
gm= ] —= ]_[ [T—= 2.79)
b#a,b=1 S b=1r=1 Sa — &}
and \
— x) (K)
8,0 =1L, !_[(A— E) ToelwM) =Te ]_[(A Ep), (2.80)
=1
then the following corollary holds:
Corollary 2.1. Under the following conditions on the inhomogeneity parameters &;
Va,be{1,...N},a#b, &,#&, modn, (2.81)

the transfer matrix T! +)1(7L) and T(( (A) are completely characterized in terms of T( )(A) by
the fusion equations and the followmg mterpolatlon formulae:

N
T () = ﬂ d(A+rn) [ T )+ Zf;"“)m)nsm(aa + n)n“”(sa)], (2.82)
T () = ﬂ d(A—rn) [ TS ey ) + Z g T (E .~ n)TfK)(aa)} . (2.83)

2.4 SoV covector basis for gl ;| , Yang-Baxter superalgebra

In the next section, we construct a separation of variables basis for the integrable quantum
model associated to the fundamental representations of the gl | -graded Yang-Baxter alge-
bra. The construction follows the general ideas presented in the Proposition 2.4 of [1].

As in the non-graded case, the proof relies mainly on the reduction of the R matrix to
the permutation at a particular point, and on the centrality of the asymptotics of the transfer
matrix.

Let K be a (A +AN) x (M + A) square matrix solution of the gl , ,-graded Yang-Baxter
equation of the block form (2.36), then we use the following notation

K = WxK;Wet, (2.84)
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where K is the Jordan form of the matrix K

_( Kpw O
K;= ( 0 K, ) (2.85)
where for & = # or &
(1)
K 0 0
(2)
0 K 0
Kjo = S , (2.86)
0 .
o o0 - K"

and Kﬁx is a d; o X d; o upper triangular Jordan block for any i in {1, ..., m4 } with eigenvalue
ki o, where 2231 d, o = Z . Moreover, it is interesting to point out that the invertible matrix
Wy defining the change of basis for the twist matrix is itself a (.# + A) x (A + A') square
matrix solution of the gl 4 4-graded Yang-Baxter equation. Indeed, it is of the same block

form (2.36):
Wy = ( WIB/” sz ) . (2.87)
Then, the following similarity relation holds for the fundamental transfer matrices:
O = w TSP w Y, with e = Wiy ® -+ ® Wy 1, (2.88)
i.e. they are isospectral. We can now state our main result on the form of the SoV basis:

Theorem 2.1. Let K be a (A + N) x (M + N) square matrix with simple spectrum of block
form (2.36), i.e. we assume that:

ki,ﬂf ;é kj,%l for (l,%) # (], %/) V(l,]) (S {1, veey m%}x {1, veey m%/},%,%/ (S {-ﬂ, ;/V}, (2.89)

then for almost any choice of the covector (S| and of the inhomogeneities under the condition
(2.81), the following set of covectors:

N
hn
(ool = S [(TEOED)™ for any {h, .oy} €40, ooyl + 4 —11N, (2.90)
n=1

forms a covector basis of 7. In particular, let us take a one-site state |S,a) = Sl@ i), Sl.(a) eC.
Its dual covector in the single space V, is (S,a| = |S,a)" = Si(a)* (il. When acting on it by the W,
isomorphism, it is noted in coordinates

G (q@r @ Yl (O (my) ()
(S, alwh = (5,89 Jwil = (xl,/ﬂ,...,xdl’/ﬂ,...,xl,j ,...,xdm;‘”ﬂ) evr. (2.91)

Following (2.19), we have (S| =(|S,1)...|S,N)) as
MAN

(sl=" >, s s (p)) . pn))'. (2.92)
pl,...,pN=1
Then, it is sufficient that
m_yg m
k k
[ 12T [+, #o. (2.93)
k=1 k=1

for the family of covectors (2.90) to form a basis. Furthermore, the TI(K)(A) transfer matrix
spectrum is simple.
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Proof. As in the non graded case, the identity:

TEE,) =Ry (En— Ent) - Rt (B — EDKnR N (En — En) -+ Rups1 (En — Ena1)s (2.94)

holds true as a direct consequence of the definition of the transfer matrix Tl(K)(A) and the
properties
Ry n(0) =Py, stry Py, =1. (2.95)

From this point we can essentially follow the proof of Proposition 2.4 of [1]. Indeed, the
condition that the set (2.90) form a covector basis of 5# is equivalent to

det s+ 412 ((S|,K,{EDII #0, (2.96)

where we have defined:
2 ((SI, K, AN = (hy (D), ... ay(Dlej), Vi,je€{1,...,( + )N} (2.97)

We are uniquely enumerating the N-tuple (h;(i), ..., in(i)) € {0, ..., 4 + N —1}*N by:

N
1+ > ()M + AV =i e {1, ., (il + 4, (2.98)

a=1

and for any j € {1,...,(# + #)N}, le;) = lerin,(hH(1) ® ... ® lerinyjy(N)) €  is the
corresponding element of the canonical basis in 5#, where |e,.(a)) stands for the element
re{1,.., .4 + A} of the canonical basis in the local quantum space V,. Now, being the
transfer matrix Tl(K)(A) a polynomial in the inhomogeneities {&;} and in the parameters of
the twist matrix K, the same statement holds true for the determinant on the Lh.s. of (2.96),
which is moreover a polynomial in the coefficients (S|e;) of the covector (S|.

Then it follows that the condition (2.96) holds true for almost any value of these parameters
if one can show it under the special limit of large inhomogeneities. Using this argument,
the form of the transfer matrix in the inhomogeneities (2.94) and the central asymptotics
of the gl 4 4-graded R-matrix one can show that a sufficient criterion is that the following
determinant is non-zero:

hi(i hy (i
dete o nll ((SIKID - kIOl )) I £ 0. (2.99)

i,je{1,...,( A+ AN}

Let us compute this matrix element precisely: from (2.92), it decomposes as the following sum

(SIKMO L KINO ) = (2.100)
Z Sg)*"'sl(a':)* 1. pn) K K e, (1) - lea iy gy (VD) -
Piseees pN=1

Now, the Ksa(l) being even, the matrix element factorizes by (2.21) as a product over the one
site matrix elements

G hy (i
Ip1 ---PN)rKll(l) .. -KNN(I) 14, ()H(1) - -+ le1sny(Hy(N))
hy (i hy (i
= (P1|K11(l) |el+h1(j)(1)>-‘-<pN|KNN(l) lersny(H(N)) . (2.101)

Therefore the sum over p,,...,pNy decouples as a product of N sums, and identifying
(S,a|l = S}ga)* (pql in the expression leaves us with

(SIKPD KO es) = (8,11 KD ey (5(1) . (S,NIKMWD [y (N)). (2.102)
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Hence, the determinant factorizes and the criterion amounts to

N

l_[det.//l-ﬁ-JVH((S a|Kl 1|€ (a)))lje{l ..... Jﬂhj‘/}l'#o (2.103)
a=1
Finally, by Proposition 2.2 of [1], it holds for the factor corresponding to site n in the above
product

det/ﬂ+ﬂl|<saani_lle'(n»ije{l J/t+ﬂ}|| =

m my my
( (@) ) ad l_[( (@) ) “Wl_[l_[(ka’/ﬂ_kb’w)da,ﬂdb,ﬂ

a=1 a=1b=1

x |1 (kew=koa)™ ™ ] (ko —ko)™ ™", @109

1<a<b<m_, 1<a<b<my

which is clearly nonzero under the condition that the twist K has simple spectrum and that
(2.93) holds. The simplicity of the transfer matrix spectrum is then a trivial consequence
of the fact that the set of covectors (2.90) is proven to be a basis. Indeed, it implies that
given a generic eigenvalue t(A) of Tl(K)(A), the associated eigenvector |t) is unique, being
characterized uniquely (up to normalization) by the eigenvalue as

N
(hy,hylt) = [ [eh(E0), V(R hy) €40, ot + 4 — 1PN (2.105)

O
Remark 2.2. Note that (S| # (S, 1]...(S,N]|.

The norm of |S) is (S|S) ]_[ a=1 Z/ﬂw‘/ |S;|? and can be set to convenience. In particular,
it may be taken to one.

Let us observe that some stronger statement can be done about the transfer matrix diago-
nalizability and spectrum simplicity according to the following

Proposition 2.1. Let the twist matrix K be diagonalizable and with simple spectrum on C#¥
then Tl(K)(A) is diagonalizable and with simple spectrum, for almost any values of the inhomo-
geneities satisfying the condition (2.81). Indeed, taken the generic eigenvalue t(A) of Tl(K)(l) it
holds:

(t|t) #0, (2.106)

where |t) and (t| are the unique eigenvector and eigencovector associated to it.

Proof. Following the proof of Proposition 2.5 of [1] the non-orthogonality condition (2.106)
can be derived. Such condition together with the simplicity of the spectrum implies that we
cannot have non-trivial Jordan blocks in the transfer matrix spectrum so that it must be diag-
onalizable and with simple spectrum. O

2.5 On closure relations and SoV spectrum characterization

In the previous two subsections, we have shown how the transfer matrix TI(K)(JL) associated to
general inhomogeneous representations of the gl 4| ,-graded Yang-Baxter algebra allows to
reconstruct all the fused transfer matrices (mainly by using the known fusion relations (2.65)
and (2.66)). Moreover, we have shown that Tl(K)(A) allows to characterize an SoV basis,
which also implies its spectrum simplicity or diagonalizability and spectrum simplicity if the
twist matrix K is, respectively, with simple spectrum or diagonalizable with simple spectrum.
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This analysis shows that the full integrable structure of the gl 4 ,-graded Yang-Baxter
algebra can be recast in its fundamental transfer matrix as well as the construction of quantum
separation of variables. However, there is still one missing information, which is a functional
equation, or a discrete system of equations, allowing the complete characterization of the
transfer matrix spectrum. As already mentioned, the fusion relations (2.51) alone only give
the characterization of higher transfer matrices in terms of the first one. Some further algebra
and representation dependent rules are required in order to complete them and extract a
closure relation on the transfer matrix.

In the case of the quantum integrable models associated to the fundamental representa-
tions of the gl , and Uq(g/ZJZ) Yang-Baxter and reflection algebras, such a closure relation
comes from the quantum determinant [1,45,46,159-161]. Indeed, P ,isa rank 1 projec-

tor in these cases, implying that the corresponding transfer matrix T(U;{))(JL) becomes a com-
putable central element of the Yang-Baxter algebra, namely the quantum determinant. Then,
substituting the quantum determinant in the fusion equation (2.65) for n = .# — 1 and using
the same interpolation formulae for the higher fused transfer matrix eigenvalues, we pro-
duce a discrete system of polynomial equations with N equations in N unknowns which was
proven [1,45,46,159-161] to completely characterize the transfer matrix spectrum in quan-
tum separation of variables. In the case of non-fundamental representations'® of the same
algebras the closure relation comes instead with the appearing of the first central zeros in the
fused transfer matrices of type T,SK)UL). In [162], this analysis has been developed in detail
in the case of .# = 2. There, it has been shown that imposing the central zeros of the fused
transfer matrix Tz(gl(l), for a spin s > 1 representation, a discrete system of polynomial equa-
tions with N equations in N unknowns is derived for the transfer matrix eigenvalues. The set
of its solutions completely characterizes the transfer matrix spectrum in quantum separation
of variables. In the nonfundamental and cyclic representations of the U, (@) Yang-Baxter
algebra for q a root of unity such closure relation comes from the so-called truncation identi-
ties. For .# = 2, it has been shown in [40] how these identities emerge and are proven in the
framework of the quantum separation of variables and how they are used to completely char-
acterize the transfer matrix spectrum. In [44] and [59, 60] these results have been extended,
respectively, to the most general cyclic representations of the Uq(gl\z) Yang-Baxter algebra and
reflection algebra.

In the case of integrable quantum lattice models associated to the fundamental repre-
sentations of the gl ,| 4-graded Yang-Baxter algebra, the natural candidate for the closure
relation is the inner-boundary condition (2.54). Indeed, once we impose it on the eigenvalues
t%ﬂ)’(m(k) and t%)l’(K)(k) of the transfer matrices TJ(VJ”H)’(K)(A) and T{EV{)I’(K)(A), we are
left with one nontrivial functional equation containing as unknowns the eigenvalues of the first

transfer matrix computed in the inhomogeneities th)(S i<n)- This is the case as the eigenvalues
t%ﬂ)’(m(k) and t%)l’(K)(A) admit the same expansion in terms of the transfer matrix eigen-

value th)(A) as those derived in subsection 2.3 for the transfer matrices va“ﬂ+1)’(K)(A) and
T ﬁ;{{)l’(m()t) in terms of the transfer matrix Tl(K)(A). Moreover, the inner-boundary condition
(2.54) involved the quantum Berezinian as a central element hence playing a role similar to
the quantum determinant in the bosonic case. More precisely, we can introduce the following

polynomials:

N
(A ) = TS )+ FD)x,, (2.107)
a=1

13Here q is not a root of unity for the quantum group case.
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and from them recursively the following higher polynomials

n N
tan(A{x D =] [d(a+rn) [Tff;?m(x) + > LD + n|{xa})xa], (2.108)
r=1 a=1

n N
tey(AHx ) =] [da—rn) [Tfjj}(nﬂ)(x) + > D) (8o — n|{xa})xa:| , (2.109)
r=1 a=1

and
(a) — ;
6 (Ax}) = det ity (A= (= 1nl{xe}) (2.110)
= det tuip(+ (= Dnl{xa). (2.111)

Then the following lemma holds

Lemma 2.2. Any transfer matrix Tl(K)(A) eigenvalue'* admits the representation t;(A|{x,}),
where the {x,} are solutions of the inner-boundary condition (2.54):

(=1 Ber(e§ VA +ml{xg}) = (L Al{xD), VAEC, (2.112)

and of the null out-boundary conditions (2.53):

(S (Al{x)) =0, VA€Candn,m>1. (2.113)

In the next section, we conjecture that the above system of functional equations completely
characterizes the transfer matrix spectrum in the case of the gl;,-graded Yang-Baxter algebra.
We prove this characterization for some special class of twist matrices while we only give some
first motivations of it for general representations. In appendix B we verify it for quantum chains
with two and three sites. Let us also mention that this conjecture can be checked explicitly for
the simple gl;}; case. It would be interesting in this respect to elucidate the relation of our
method with the one developed recently in [204].

3 On SoV spectrum description of gl,, Yang-Baxter superalgebra

Specialising to the gly|, case, some results have already been obtained in the context of the
NABA, see [136,205] for instance.

3.1 General statements and conjectured closure relation for general integrable
twist

We use this subsection to clarify and justify the following conjecture

Conjecture 3.1. Taken the general gll|2-graded Yang-Baxter algebra with twisted boundary con-
ditions, the polynomial t,(A|{x,}) defined above is an eigenvalue of the transfer matrix TI(K)(A)
(excluding the trivial solution x; = ... = xy = 0) iff the higher polynomials associated to it
satisfy, in addition to the fusion relations, the inner-boundary condition (2.112) and the null
out-boundary conditions (2.113) for 4 =1 and N = 2.

The fat hook domain for gl;, is pictured in figure 3. In the gl;|,-graded case under con-

4The trivial solution {x, ..., x5} = {0, ..., 0} has to be excluded for invertible twist matrix.
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Figure 3: Admissible domain for Young Diagrams of gly,.

sideration the inner-boundary condition (2.54) reads:
TP+ mky = kokad(2) TIO), 3.1)

where:
detK./ﬂzl = K//lZl = kl and detKJyZZ = k2k3. (32)
Moreover, we have the following expressions'® for the asymptotics of the fused transfer ma-

trices
TS = ki (ki —kg)(ky —kp), Vn>2. (3.3)

Then imposing it for the corresponding eigenvalues we get
kskad(M)t3(A) = ke t2(A + 1), (3.4)
which, once we express the eigenvalues tgz)(l + n) by the use of the fusion relation (2.51):
t P+ 1) = (At (A+ 1) — 61X+ )5 (A), (3.5)
takes the following closure relation form:
kskad(A)t3(A) = ky (£2()t2(A + 1) — t3(A)t1(A + ). (3.6)

Now, using the interpolation formulae (2.107) and (2.108) for the transfer matrix eigenvalues,
we get that the closure relation is indeed a functional equation whose unknowns coincide with
the x;<y = th)(i i<n)- The transfer matrix eigenvalues have to satisfy furthermore the null
out-boundary conditions (2.53), which reads:

t2M(3)=0, YAeCandn,m>0, (3.7)

3+m

in the gl;,-graded case under consideration.

According to our Conjecture the transfer matrix spectrum coincides with the set of solu-
tions to the functional equations (3.6) and (3.7) in the unknowns th)(i i<n)- This spectrum
characterization for general twist matrix will be proven by direct action of the transfer matri-
ces on our SoV basis in our next publication. Here we present some arguments in favour of it
while in the next subsections 3.2 we prove it for a special choice of the twist matrix.

Let us consider the case of a twist matrix K invertible with simple spectrum'®, then our
SoV basis can be written as follows:

N
— /G K h N
(e, ool = @I J(TOE D) for any {hy, ... by} € {1,2,3PN, (3.8)
n=1
15They can be computed for example by induction starting from the explicit formulae for Tg?l and Tg’)z, by

using the fusion equations and the null out-boundary conditions.
Indeed, the case of K non-invertible but having simple spectrum of the form (3.12) will be described in detail
in the next subsection.
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indeed in this case the transfer matrices Tl(K)(€ ) are invertible!” and so we can write our
original vector (S| as it follows:

N
(sl= I [ (3.9)
n=1

If the t1(&;<N) solve the closure relation (3.6) and the null out-boundary conditions (3.7),
to prove that a vector |t) characterized by

N
(hys ety =] [ 65080 ViR, by} € {1,2,3PN, (3.10)
n=1

is indeed a transfer matrix eigenvector, the main point is to be able to reduce the covectors
containing a fourth order power of Tl(K)(§ ) in those of the SoV basis, of maximal order three.
Moreover, this reduction must come from relations which are satisfied identically by both the
fused transfer matrices and the functions t.(A|{x,}) defined in (2.108), in terms of the given
solution t;(&;<y). Indeed, this is exactly what it is done by the closure relation for the transfer

matrix:
kskad(WTOR) = ky (TIO T + 1) = TEON T + 1)), (3.11)

and by the corresponding one (3.6) for the eigenvalues. As one can easily remark that (3.11)
and (3.6) are both of fourth order, respectively, in the Tl(K)(§ ») and t;(&,,) on the right hand
side while they are both of third order on the left hand side.

In appendix A, we will verify that Nested Algebraic and Analytic Bethe Ansatz are indeed
compatible with these requirements, i.e. the functional ansatz for the eigenvalues t;(A) in-
deed satisfies the closure relation (3.6) and the null out-boundary conditions (3.7). There, we
moreover argue the completeness of the Bethe Ansatz which is compatible with our Conjecture.

It is also worth to mention that we have verified our Conjecture on small lattices, up to three
sites. More in detail, we have solved the discrete system of N equations in the N unknowns
th)(é i<N) obtained particularizing (3.6) in N distinct values of A. Among these solutions we
have selected the solutions verifying the null out-boundary conditions (3.7) for n = m = 0.
This has produced exactly 3N distinct solutions which are proven to coincide with Tl(K)(A)
transfer matrix eigenvalues computed by direct diagonalization, see appendix B.

3.2 SoV spectrum characterization for non-invertible and simple spectrum twist
matrix

Let us study here the spectral problem for the transfer matrices associated to the fundamental
representations of the gl;,-graded Yang-Baxter algebra in the following class of non-invertible
but having simple spectrum K twist matrices:

k:(klzo O) , (3.12)
0 Ky 3x3

with K, any invertible, diagonalizable and simple 2 x 2 matrix, i.e. it holds:
ko # kg, k; £0,1=2,3. (3.13)

Despite K having a zero eigenvalue, the results of subsection 2.4 imply that the set of cov-
ectors (2.90) still forms a covector basis of #. Moreover, these are non-trivial fundamental

7The reconstruction of local operators, pioneered in [87,88], implies that the twisted transfer matrix computed
in the inhomogeneities coincides with the local matrix K at the site n dressed by the product of shift operators
along the chain. So, they are invertible as all these operators are invertible.
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representations of the gl;,-graded Yang-Baxter algebra for which our Conjecture is verified,
as shown in the following:

Theorem 3.1. For almost any values of the inhomogeneities {&,<N} satisfying the condition

(2.81) and the twist matrix eigenvalues satisfying (3.13), the eigenvalue spectrum of Tl(f()(k)
coincides with the following set of polynomials

N N
Srk) = {tl(x) t(W) =—(ko+ka) [ [A—E)+ D P Mx,, Vixy,ooxn} € sm} :

a=1 a=1
(3.14)
where S, is the set of solutions to the following system of N cubic equations:
N
Xq [kzksd(éa )+ D FOE + (& +n)x, | =0, Yae{l,..,N}, (3.15)
r=1

in N unknown {x,..., xy}. Moreover, Tl(K)(A) is diagonalizable and with simple spectrum. For
any t1(A) € L ), the associated and unique eigenvector |t) (up-to normalization) has the fol-
lowing wave-functions in our SoV covector basis:

N
(hy, o hle) = [ e, (3.16)
n=1

Proof. The main identity to be pointed out here is the following one:
O =0, (3.17)

due to the closure relation (3.11) being k; = 0. So that the fusion equations (2.66) forn =1
and n = 2 read:

) = 1OEITOE, +n), (3.18)
0 = TOEITOE, +). (3.19)

Now it is easy to verify that the system of equations (3.15) just coincides with the above fusion
conditions once imposed to functions which have the analytic properties (polynomial form and
asymptotics) of eigenvalues. So that it is clear that any eigenvalue has to satisfy them and one
is left with the proof of the reverse statement. This proof can be done just showing that the
state |t) of the form (3.16) is indeed an eigenvector of the transfer matrix, i.e. that it holds:

(hy, oo AN TR E) = £ (A (B, o ), (3.20)

by direct action of the transfer matrix Tl(K)(A) on the SoV basis. The steps of the proof are
indeed completely similar to those described in the proof of Theorem 5.1 of [1].
Finally, let us point out that Proposition 2.1 implies also that the transfer matrix Tl(K)(A)

is diagonalizable and with simple spectrum for general values of the inhomogeneities param-
eters. O

Remark 3.1. It is important to point out that the above theorem proves the validity of our Con-
jecture for the representations considered here, as the system of equations (3.15) is equivalent
to the conjectured characterization given by the functional equations (3.6) and (3.7) in the un-
knowns th)(i i<N)- Indeed, the system of equations (3.15) is just equivalent to the functional
equation

(A€ N =0, (3.21)
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which coincides with the closure relation (3.6) for the k; = 0 case under consideration. Then it
is easy to verify that the null out-boundary conditions (3.7) are also verified. Note for example
that the condition (3.21) together with the interpolation formula (2.108) for k; = 0 implies:

LA E N =0, Yn=3, (3.22)

so that the interpolation formula (2.110) implies:

PO D) = (A — O E N A€ an))) — a2 = 1 (O (E )}

x (At Ep)}) (3.23)
=0, (3.24)

i.e. the null out-boundary conditions (3.7) for n = m = 0 and similarly for the others.

Remark 3.2. Let us comment that a different proof of the above theorem can be given by
using the fact that the transfer matrix Tl(K)(A) is diagonalizable with simple spectrum. This
in particular means that this transfer matrix admits 3\ distinct eigenvalues anyone being a
solution of the system (3.15) of N polynomial equations of order three in N unknowns. The
Theorem of Bézout'® states that the above system of polynomial equations admits 3N solutions
if the N polynomials, defining the system, have no common components.’® So, under the
condition of no common components, there are indeed exactly 3N distinct solutions to the
above system and each one is uniquely associated to a transfer matrix eigenvalue. The proof
of the condition of no common components can be done following exactly the same steps
presented in appendix B of [160].

Remark 3.3. The fact that TBEK)(A) is ideritically zero in these representations associated to non-
invertible simple spectrum twist matrix K means, in particular, that it is central so that the alge-
bra shows some strong resemblance to the twisted representations of the gl Yang-Baxter alge-
bra. In fact, taking the gl;-representation associated to the twist matrix K’ = —K and ' = —,

then the SoV characterization of the spectrum implies that the transfer matrix T(lK)()LIn), asso-
ciated to the gl;,-representation, is isospectral to the transfer Arnatrix Tl(_K)(M —n), associated
to the gls-representation. In the same way, we have that TZ(K)(Aln), associated to the gly,-

representation, is isospectral to T((z_)K)(Al — 1), associated to the gl;-representation.

It is worth remarking that the same type of duality indeed holds between the gl; 4 -graded
and the gl 4,1 non-graded Yang-Baxter algebra when associated to the non-invertible but sim-
ple (A 4+ 1) x (A + 1) twist matrix K with first eigenvalue zero. More in detail, we have
the isospectrality of the transfer matrices Tg()(AIn), associated to the gly) -representation,
with the transfer matrices T((T;f )(7L| — 1), associated to the gl ,,-representation, for any
1 < m < 4. This in particular implies that we can characterize completely as well the spec-
trum of the transfer matrices of the gly| ,-graded Yang-Baxter algebra for this special class of
twist matrices just using the results of [159]. Then the results of the next two subsections can
be as well generalized to these special classes of gl ,-graded Yang-Baxter algebras.

3.2.1 The quantum spectral curve equation for non-invertible twist

The transfer matrix spectrum in our SoV basis is equivalent to the quantum spectral curve?®

functional reformulation as stated in the next theorem.

185ee for example William Fulton (1974). Algebraic Curves. Mathematics Lecture Note Series. W.A. Benjamin.

Indeed, if there are common components the system admits instead an infinite number of solutions.

20To our knowledge, the quantum spectral curve terminology has been introduced by Sklyanin, see for example
[25]. It comes natural as the transfer matrices can be seen as the quantum counterpart of the spectral invariants of
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Theorem 3.2. Under the same conditions of the previous theorem, then an entire function t,(A)

isa Tl(K)(A) transfer matrix eigenvalue iff. there exists a unique polynomial:

M
e =] [(A—v)) withM <Nand v, # &, V(a,n) € {1,...M} x {1,..,N},  (3.25)

a=1

such that t1(A), ta(Al{t1(E.<n)}) and ¢ (A) are solutions of the following quantum spectral
curve functional equation:

e (A=mt2(A—n) +a(L)p (D)t (A) + (M) ¢ (A +1) =0, (3.26)
where we have defined

N
a()=-a] [A—2n-&.), B =a(Mar+n), (3.27)

a=1

and @ is a nongero solution of the characteristic equation:

=) _ 20K | =30
a Too,2 —a Too,1 +a°’l,, =0, (3.28)
ie. @ = —k, or @ = —ks is a nonzero eigenvalue of the twist matrix —K. Moreover, up to a

normalization, the common transfer matrix eigenvector |t) admits the following separate repre-

sentation:*!

N
(ys e hylt) = [ [ (Ea +m)re (o + M0 (50). (3.29)
a=1

Proof. From the above Remark 3.3, we have that this theorem is a direct consequence of the
Theorem 5.2 of [1]. To make the comparison easier, one has just to take the quantum spectral
curve characterization of Theorem 4.1 of [159] and use it in the case n = 3, K — —K, 1 — —10
to get the quantum spectral curve associated to the non-invertible simple spectrum twist K.

Here, t1(A) is the eigenvalue associated to the gl;,-transfer matrix T(lk)(lln), isospectral to
the gls-transfer matrix T(l_K)(Al —n), and t5(A[{t1(E,<n)}) is the eigenvalue of the glq|o-

transfer matrix TZ(K)(Aln), isospectral to the gl;-transfer matrix T((z_)K)()\l —n). Then, just
removing the common zeros, in the three nonzero terms of the equation and making the com-
mon shift A - A —2n, we get our quantum spectral curve equation (3.26). Let us recall that

the main elements in the proof of the theorem rely on the fact that the quantum spectral curve

the monodromy matrix. In fact, in [25], these are operatorial functional equations involving just one Q-operator,
the canonical operators (i.e. the separate variable operators) and the exponential of their canonical conjugated
operators (i.e. the shift operators) and the quantum spectral invariants of the monodromy matrix. In general, we
write the quantum spectral curve in its coordinate form, i.e. our quantum spectral curve can be seen as the matrix
element of the Sklyanin’s one between a transfer matrix eigenstate and an SoV basis element, when Sklyanin’s SoV
applies, otherwise our results generalize Sklyanin’s ones. However, in general, the fact that we can prove that the
transfer matrix has simple spectrum and it is diagonalizable allows us to rewrite these quantum spectral curves at
the operator level.

2INote that (3.29) can be seen as a rewriting of the transfer matrix eigen-wavefunctions in terms of the eigenval-
ues of a Q-operator. In fact, for k; = 0, the equation (3.54) and (3.58) imply that the functions ¢,(A) are strictly
related to the eigenvalues of the operator Q,(A). Similarly for k; # 0, by using the NABA expression (3.45) and the
original SoV representation of the transfer matrix eigen-wavefunctions (3.16), one can argue that (3.29) should
be true with & = k; and ¢,(A) coinciding with the eigenvalues of the operator Q;(A).
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is equivalent to the following 3N conditions:

a(, + n)% =t1(&y), forA=¢&,, Yae{l,..,N}, (3.30)
a(E, + n)“’f&:)") - tlzgi‘ii)n), for A=&,+m, Yae{1,..,N}, (3.31)
(&g +Mta(Eg+m) =0, forA=&,+2n, Vae{l,...,N}, (3.32)

once the asymptotics are fixed as stated above in this theorem. It is then easy to observe
that the compatibility of this system of equations is equivalent to impose that t;(1) and
to(Al{t1(E,<n)}) satisfy the fusion equations:

t1(€)t1(Eq + 1) = 12(&q), Vae{l,..,N}, (3.33)
t1(€)t2(Eq +1) =0, Vae{l,..,N}. (339

Here, the equation (3.33) is derived as compatibility conditions of (3.30) and (3.31). While,
being

a(Ea+m) #0, ¢ (E)#0Vae{l,..,N}, (3.35)
the equation (3.34) is derived from (3.32) multiplying both sides of it for the finite nonzero
ratio a(&, + 1)/ ¢ (&,) and by using (3.30). O

3.2.2 Completeness of Bethe Ansatz solutions by SoV for non-invertible twist

As detailed in the introduction, Nested Algebraic and Analytic Bethe Ansatz have been used to
study the spectrum of the model associated to the fundamental representation of the gl ;| 4
Yang-Baxter superalgebra. For the fundamental representation of the gl;|, Yang-Baxter super-
algebra associated to a simple and diagonalizable twist matrix K, let us recall here the form of
the Bethe Ansatz equations [3,134-136]:

kiQa(Aj)a(A;) = kod(2;)Q2(A; + m), (3.36)
kaQa(uj +mQ1(uj — 1) = —ksQa(u; —MQ1 (1)), (3.37)
where . y
M =] Ja-1), QW =]]*r—u (3.38)
=1 m=1

and the Bethe Ansatz form of the transfer matrix eigenvalue

t1(A{A <} Anem }) = A1 (A) — Ap (L) — A5(Q), (3.39)
defined by
A—
M) = alm%, (3.40)
_ Q1(A—1)Qy(A+1n)
Ay(A) = ay(R) OO (3.41)
)’_
As(2) = agm%, (3.42)
where
a;(A) = kya(Q), (3.43)
) _ 8 _ 4y, (3.4
ko ks
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It is worth to observe that being

Q:(A—n)
t1 (A A< b Aunem }) = kla(A)lQTx)n —d(}) (kz

Q1 (A —1)Q2(A+1n) Tk Qz(k—ﬂ))

Q1 (M)Qy(R) Q)
(3.45)

under the following pair-wise distinct conditions

M F Ay Uy F Ug, g F Ay YIFEmMELL, .., L}, p#qe{l,..,M}, (3.46)

it follows that the function t;(A[{2A;<;}, {ur<y}) has only apparent simple poles in the A</
and U<y - The regularity of t1(A[{A;<; }, {un<m}) for A = A< is implied by the Bethe equa-
tion (3.36) while the regularity of t1(A|{A;<. }, {up<m}) for A = u;<p is implied by the Bethe
equation (3.37). Hence?? t1(A{A;<1}, {un<m}) is @ polynomial of degree N with the correct
asymptotic for a transfer matrix eigenvalue, i.e. it holds:

Alggo AN t1 (A A <} {tnam}) = ki — (kg + k). (3.47)

So that the above ansatz is indeed consistent with the analytic properties enjoyed by the trans-
fer matrix eigenvalues. Now, we show that the Bethe ansatz solutions are complete as a corol-
lary of the completeness of the derived quantum spectral curve in the SoV framework, for the
class of representations considered in this section. More precisely it holds the next

Corollary 3.1. Let us consider the class of fundamental representations of the gly,-graded Yang-
Baxter algebra associated to non-invertible but simple spectrum K twist matrices, with eigenvalues
satisfying (3.13). Then, for almost any values of the inhomogeneities, t;(A) is an eigenvalue of

the transfer matrix T(lK)(AIn) iff. there exists a solution {{A;<p},{un<m}} to the Bethe Ansatz
equations (3.36) and (3.37) such that t1(A) = t1(A{Aj<1}, {un<m}), ie. t1(A) has the Bethe
Ansatz form (3.45) associated to the solutions {A;<;}, {up<m}. Moreover, for any t1(A) € Ty
the associated Bethe Ansatz solution {{kjs 1} {un<m}} is unique and satisfies the admissibility
conditions:

{Aj<i} <&ty {unem} N{E U {E en + 0} = 0. (3.48)

Proof. This corollary directly follows from our previous theorem. The proof is done pointing
out the consequences of the special form of the fusion equations for these representations
associated to these non-invertible twists. In particular, from the fusion equations (3.33) and
(3.34), which have to be satisfied by all the transfer matrix eigenvalues, we derive the following
equation on the second transfer matrix eigenvalues only:

(P )P, +m=o. (3.49)

Being by definition tgf()(l) a degree 2N polynomial in A, zero in the points £, — 7 for any
a €{1,...,,N}, it follows that a solution to (3.49) can be obtained iff for any a € {1, ..., N} there
exists a unique h, € {—1,0} such that:

) N
(o0 (A) = koks | J(A— &, +m)(2— g0, (3.50)

a=1

So we have that the system (3.49) has exactly 2N distinct solutions associated to the 2N dis-
tinct N-uplet h = {h;<,<N} in {—1,0}N. Now for any fixed h € {—1,0}N we can define a
permutation 7, € Sy and a non-negative integer my, < N such that:

hnh(a) =0, Vae{l,.., mh} and hnh(a) =-—1, Yae {mh +1,...,N} (3.51)

#20ne should also ask for some condition like {t,<y } N {&;<n} = @ from which the Bethe equation (3.36) implies
{An<r} N{E <y} =0 unless k, = 0.
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It is easy to remark now that fixed h € {—1,0}N then (3.33), fora € {1, ..., my,}, and (3.34) are
satisfied iff it holds:

(K)(gﬂh(a)) 0, Yae{l,..,my}. (3.52)

Indeed, if this is not the case for a given b € {1, ..., my,}, then (3.34) implies t (5 h, (b) n)=0

which is not compatible with our choice of t(K)(k) So, for any fixed h € {O,—l}N, we have
that the eigenvalues of the transfer matrix have the following form:

Mp
(0N =D 2= Em), (3.53)
a=1

where t (A) is a degree N —my, polynomlal in A, and the function ¢, (1) associated by the

quantum spectral curve to the eigenvalue t (A) has the form:

L) =@aM| [A =&y — 1), (3.54)

a=1

where ¢, ,(4) is of degree M—my, < M polynomial in A. Then, simplifying common prefactors,
the quantum spectral curve rewrite as it follows:

_(R _ - _ koks - _
DaMP() = adpA—GenA+ 1)+ Z2d(Dn(A =), (355
where we have defined: \
d)= [ A—&nw) (3.56)
a=my+1
So, once we chose @ = —k,, we get the following representation of the transfer matrix eigen-
value:
ky dy(A — A+1n)+kydy(A A—
(K)(A) _ l—[u £ ) 2 dh(A = 1)@ n(A +n) + kadn(A) P n( n) (3.57)

P, n(A)

It is now trivial to verify that this coincides with the Bethe ansatz form (3.45) for k; = 0, once

we fix:
NE9)

(K)
( “‘)(A) = dy(M), Q( “‘)(A) = G, n(A). (3.58)

(0 (0
Clearly by definition Qg 1’h)()t) and Qg 1’h)()t) are solutions of the Bethe Ansatz equations
(3.36) and (3.37) and their roots satisfy the conditions (3.48). O

Remark 3.4. Tt is worth to point out that the above set of Bethe Ansatz solutions indeed satisfies
also the pair-wise distinct conditions (3.46). Indeed, from the proof of the previous corollary,
we know that for any fixed h € {—1,0}N, there are 2N~™ eigenvalues of the transfer matrix
of the form (3.57) associated to as many polynomials ¢, ,(A) of degree M < N—my, in A. For
any fixed h € {—1,0}N, these are solutions to (3.37) which coincide with the system of Bethe
Ansatz equations associated to an inhomogeneous XXX spin 1/2 quantum chain with N —my,
quantum sites, with inhomogeneities £ ; () for a € {my, +1, ..., N} and parameter —7. Then, to
these Bethe Ansatz solutions apply the results of the paper [248] which implies the pair-wise
distinct conditions

Uy # tg, Y p#qe{l,...,M}, (3.59)

which together with the already proven (3.48) imply in particular (3.46).
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4 Separation of variables basis for inhomogeneous Hubbard
model

4.1 The inhomogeneous Hubbard model

The 141 dimensional Hubbard model is integrable in the quantum inverse scattering approach
with respect to the Shastry’s R-matrix, which contains as a special case the Lax operator of the
Hubbard model [120-122]. In order to introduce them let us start defining the following
functions:

h(A,n) :sinh2h(A,n) = % sin2A, A(A) = —icotg(2A) cosh(2h(A, 7)), 4.1)

here, we use the notation ) = —2iU with the parameter U, the coupling of the Hubbard model,
as it plays a similar role as the parameter 7 in the XXX model from the point of view of the
Bethe equations. In the following we omit the 1 dependence in h(A,n) if not required. Then
the Shastry’s R-matrix reads:

Ryp34(Alu) = 112(h(l))-’34(h(ﬂ))ﬁ12,34(l|H)I12(—h(l))134(_h(ﬂ)), (4.2)
where
A ) = sin(A —u) y y
12.34(Alu) = Ry 5(A—u)Ry 4(A—u)—————— tanh(h(A) + h(u))R 3(A+u)o; Ry 4(A+u)oy,
sin(A + u)
(4.3)
and
cosA O 0 0
0 sinA 1 0
Ry p(A) = 0 1 snA 0 € End(V, ® V), (4.4)
0 0 0 cosA
where V, =V, = C2? and we have defined:
I 5(h) = coshh/2+ o) ® o) sinhh/2 = exp(c? o) h/2), (4.5)

which satisfies the Yang-Baxter equation:

Ry g(Alu)RA c(AE)RE ¢ (u|E) =Rp c(UIEIRAC(AIE)Ry p(Alu) €EEnd(V, @ V3 ® V),  (4.6)

where we have used the capital Latin letters to represent a couple of integers, for example
A=(1,2), B=(3,4), C =(5,6), meaning that:

V=V @V, =CH V=30V, =CH Vo=V ®V, =C*. 4.7)
This R-matrix satisfies the following properties:
Rup(A|A) =Py 3P, 4, (4.8)

where P, ; are the permutation operators on the two-dimensional spaces V; = V; = C?, more-
over, it holds:

Lyp(A) Lyp(=2)
Ryp(A|0) = ———, Ru3(0|A)=———= .
A 5(24|0) coshh(A)’ A5(0[A) coshh(A)’ (4.9)
where L, (1) is the Lax operator for the homogeneous Hubbard model:
Lpg(A) = I12(h(A))R; 5(A)Ry 4(A)I15(h(A)). (4.10)
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We have the following unitarity property:

Ry s (AR 4(I2) = cos%(A — p)(cos? (A — ) — cos®(A + ) tanh(h(A) —h(w))),  (4.11)

and crossing unitarity relations:

R, (Alu) o< o] ® 03 R (A —nlu)oy ® a3, (4.12)
R, (Alw) o< o ® o Ry (Alu+n)oy @ o). (4.13)

This R-matrix satisfies the following symmetry properties, i.e. scalar Yang-Baxter equation:
Ry p(A|lu)KyKp = KgKuRy p(Alu) € End(V, ® V), (4.14)

where K € End (V = (C4) is any 4 x 4 matrix of the form:

@ 00 0 @ 00 0
_ 0B 0 O 008 O
K(az a, ﬂ: Y) - 6(1,1 0 0 y 0 + 5(1;2 0 Y 0 0
0 0 0 By/a 00 0 Byla
Pr &l (4.15)
0 00 a 0 00 a
0O B 0O 0O 0B 0
Tousl o0 o0y 0 |T%4| o 4y 0 0 |
By/a 0 0 O By/a 0 0 O

where a, 8 and y are generic complex values. Note that K(1,a,f3,y) is simple for generic

different values of a, 3, y satisfying fy/a # a, 8, y. Being {a, By/a,/By,—+/ /3}/} the eigen-
values of K(2,a, f3,y), then K(2, a, 8,7) is simple for generic nonzero values of a, 3,y satis-

fying By # a®. Being {ﬁ,y, VB ,—\/ﬁy} the eigenvalues of K(3,a, 3,7), then K(3,a, 3,7)

is simple for generic different and nonzero values of 3,y. The matrix K(4, a, 8, y) is instead

degenerate being {\/ By,—+/ [3)/} its eigenvalues.
We can define the following monodromy matrix:

MO(2) = KaRap (MEN) - Raa, (AIE1) € End(Vy ® ), (4.16)
where # = ®r'>|:1 Va, Va, = C*. Then the transfer matrix:
T = tr,MO(), (4.17)
defines a one-parameter family of commuting operators.

4.2 Our SoV covector basis

The general Proposition 2.4 and 2.5 of [1] for the construction of the SoV covector basis and
the diagonalizability and simplicity of the transfer matrix spectrum can be adapted to the
inhomogeneous Hubbard model. Let us denote with K;(a, a, 8,7) the diagonal form of the
matrix K(a, a, 5,7) and Wy the invertible matrix defining the change of basis to it:

K = WxK;Wel, (4.18)

clearly Wy is the identity for a = 1, then the following theorem holds:
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Theorem 4.1. For almost any choice of the inhomogeneities under the condition (2.81) and of the
twist matrix K(a, a, B,7), for a = 1,2, 3, the Hubbard transfer matrix T® () is diagonalizable
and with simple spectrum and the following set of covectors:

N
(hy, sl = (SI] [T for any {h, ... hn} € {0,1,2,3)°N, (4.19)

n=1

forms a covector basis of 5, for almost any choice of (S|. In particular, we can take the state (S|
of the following tensor product form:

N N
(SI=Cx,y,2,WaTyyt, Ty = Q) Wi, (4.20)
a=1 a=1

simply asking x y zw # 0.

Proof. We have just to remark that also in this case the following identity holds:

TOE) =R a, (Enl€nt) - Ra 4, (EnlEDKA Ry 4y (EnlEN) -+ Ra ., (EnlEpi). (4.21)

Let us now point out that ¢ is an algebraic function of order two in 1 and e*. Then the
determinant of the matrix whose rows are the elements of these covectors in the elementary

.....

nant is nonzero for a specific value of 1 one can prove that it is nonzero for almost any value of
7 and of the others parameters, i.e. the inhomogeneities satisfying (2.81) and the parameters
a, B,y of the twist matrix, for a = 1,2,3. We can study for example the case n = 0. In this
case h(A, n) has the following two different determinations:

h(A,m=0)=0,in/2 modir. (4.22)

Note that in both the cases, we have that it holds:
tanh(h(A,0) + h(u,0)) =0, (4.23)
so that the Shastry’s R-matrix reduces to the tensor product of two XX R-matrix, i.e. it holds:

Ra=(1,2),8=(3,4)(A ) =0 = R13(A — )Ry 4(A — ). (4.24)

In turn this implies that:

)L—l}IIiloo e_lARAE(l,z),BE(BA)(MU)n:O = (/D y,gy,, (4.25)
so that we can repeat the same type of proof of the general Proposition 2.4 of [1] to show
that for a covector (S|, of the above tensor product form, the determinant of the full matrix
factorizes in the product of the determinants of 4 x 4 matrices which are nonzero due to the
simplicity of the spectrum of the matrix K. This already implies the w-simplicity of the transfer
matrix T®)(A) then in the case n = 0 we can prove the non-orthogonality condition:

(t]t) #0, (4.26)

for any transfer matrix eigenvector by the same argument developed in general Proposition 2.5
of [1], which implies the diagonalizability and simplicity of the transfer matrix spectrum for
1 = 0 and so for almost any value of n and of the others parameters of the representation. [
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Let us briefly comment about the consequences of the existence of such a basis. The first
important point to stress is that whenever we have an eigenvalue for the transfer matrix, we
can write the corresponding eigenvector in the above basis. It means that if we compute a set
of solutions to the Nested Bethe Ansatz equations we can immediately write the transfer matrix
eigenvalue and hence the corresponding eigenvector; in particular it will be a true eigenvector
as soon as it is non zero. This could be of great use in practice when dealing with finite chains
with a number of sites greater than the values accessible by direct diagonalization. In partic-
ular, scalar products and form factors could become accessible, at least numerically, from this
procedure. For using the above basis on a more fundamental, analytical level, one needs to
obtain the complete set of fusion relations that lead to the full closure relations enabling to
compute the action of the transfer matrix in the SoV basis (see the discussion on this point
given in [1,159]). This should lead to the full characterization of the spectrum. These fu-
sion relations being rather involved for the Hubbard model, due in particular to the intricate
dependence on spectral parameters [132], we will come back to this question in a future pub-
lication. Let us nevertheless anticipate that the results obtained for the gl | 4 case will be of
direct importance when dealing with the Hubbard model.
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A Compatibility of SoV and Bethe Ansatz framework

In this appendix, we verify how the results obtained in the Nested Algebraic and Analytic Bethe
Ansatz framework for the gl;|, Yang-Baxter superalgebra are compatible with the conjectured
spectrum characterization in the SoV basis. This analysis is done in the fundamental represen-
tations of the gl;, Yang-Baxter superalgebra associated to generic diagonalizable and simple
spectrum twist matrices.

A.1 Compatibility conditions for higher transfer matrix eigenvalues

Here we use the Bethe Ansatz form (3.39) of the transfer matrix eigenvalues together with the
Bethe ansatz equations (3.36) and (3.37) to describe the eigenvalues of the higher transfer
matrices in order to verify that they satisfy both the null out-boundary (3.7) and the inner-
boundary (3.4) conditions. Under these hypothesis, we get the following lemma:

Lemma A.1. The eigenvalues of the higher transfer matrices admit the following representation
in terms of the A;(A) functions:

to(A) = Ay (A) (ke t1(A + 1) + kskyd(A))/ kg (A1)
=AMA) (A (A + 1) — Ax(A+ 1) — As(A + 1) + kskad(A) /kq), (A.2)

and
tn+1(),) == A]_(A,)tn(k + 7]) Vn > 2. (A.B)

Proof. We have already observed that due to the Corollary 2.1 the eigenvalues of the higher
transfer matrices admit the interpolation formulae (2.108) in terms of the transfer matrix
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eigenvalue t;(A). Equivalently, given t;(A) an eigenvalue of the transfer matrix then those of
the higher transfer matrices are of the form

n—1

() =] [dA+rnE,Q) Yn>2, (A.4)
r=1

where t,(A) are degree N polynomials in A, fixed uniquely by the recursive equations:

t2(€a) = tl(ga)tl(ga + n), (AS)
tn+1(€a) = tl(ga)tn(ga + 7)), (A6)

and the known asymptotics:
lim ANE(A) =T, = K2 (kg —ka)(ky —ky), Vn=2. (A7)

So to prove the above Bethe Ansatz form for the higher transfer matrix eigenvalues we have
just to verify these conditions. Concerning the asymptotic behaviour, from the r.h.s. of formula
(A.1) and (A.3) we get:

ki(ky — ks —ka) +ksky = (k; —k3)(ky —kz) (A.8)
= ((strK)2 + (ster)) /2= Tg?z, (A.9)

and
im ANE () = k2 TS, = TH) (A.10)

so they are satisfied. So we are left with the proof of the fusion properties. It is easy to remark
that by the definition of the A;(A) it follows that the t,(A) indeed factorize the coefficients
]_['r:i d(A+ rn), for n > 2. Let us now show that

QA —n)
Q:(1)

is indeed a degree N polynomial in A. This is the case iff the residues of this expression in the
zeroes of Q(A) are vanishing, namely iff the following identities hold:

() = (kyt1(A + 1) + kskod(A)), (A.11)

kgk
tl(lj+n)=—%d(7tj)for any je{1,..,L}, (A.12)
1

and this is the case thanks to the Bethe equation (3.36) in A; being:

Q2(4))
j
Similarly, we have that
?n(k) =k Mrtvn—l(a' +m) (A.14)
Q:(1)
=k2 Q=) (A +(n—2)n) (A.15)

(A +(n—-3)n)
) Q1(7L—7))
' QA+ (n—2)n)

which is a degree N polynomial in A due to the identity (3.36).

(kit;(A+ A+ (n—1)1) + kskod(A + (R —2)n)),  (A.16)
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So to show that the t,(A) satisfy the characterization of the higher eigenvalues, we have
just to verify that their values in the inhomogeneities agree with (A.5) and (A.6). Indeed, it
holds:

t5(Eq) = A (E)(kit1(Eq + 1) + kskad(E4)) /Ky

=M (E)t(Eg+m) (A.17)
= tl(ga)tl(ga + T)),
where in the last line we have used the Bethe Ansatz form of t;(A) and similarly:
tn+1(<§a) = Al(ga)tn(ga + T)) = tl(ga)tn(ga + 77) (A18)
O

Here we have explicitly rewritten the eigenvalues form in Bethe Ansatz approach for the

higher transfer matrix TH(K)(A), by using the fusion we can easily derive those of the others.
Now we are interested in showing that these expressions for the higher eigenvalues indeed
imply the null out-boundary (3.7) and the inner-boundary (3.4) conditions. Indeed, we have
the following lemma:

Lemma A.2. Let us take a Bethe equation solution and associate to it the t1(A) of the form
(3.45), then the higher functions tr(l"‘)(k) generated from t,(A) by the fusion equations, i.e. by
using (2.57), (2.58), (2.82) and (2.83), satisfy the null out-boundary condition (3.7) and the
inner-boundary (3.4).

Proof. By using the result of the previous lemma it is easy to show the following null conditions
are satisfied:
t? (A)=0, Yn=0, (A.19)

3+n

indeed, the condition (A.3) implies:
A (A) = t340(A)/ tayn(A+m), Vn=0, (A.20)
so that, in particular, it holds:

t34n(A) = (torn (W) t1 (A + M))(t24n(A +m)), V=1, (A.21)

or equivalently:
ton(MNtorn(A+1) = tar, (Mt (A +m), Vn>1, (A.22)

which by the fusion equations implies the above null conditions. Similarly, we can derive all
the other null out-boundary conditions (3.7).
Let us now show the inner-boundary condition, from the formula (A.1) we can write:

to(4)
AMA)= ) (A.23)
BT () + ksked (W) Ky
and so ke ( (L
t t +
t4(A) = 162(A)t5( n) ’ (A.24)
which is equivalent to our closure relation:
(k1t1(A + 1) + kskad(A))t3(A) = kyt2(A)t2(A + 1), (A.25)
and taking into account the fusion equation:
(P +n) = PSP A+ ) — e, + )P, (A.26)
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we are led to the required identity:

kskad (D)D) = ky t P (A + 7). (A.27)
O

It should be noted that all these relations can be proven in a pure algebraic way using
the general constructions of T and Q operators and the various relations they satisfy, as given
in [246, 247,249, 250]. Hence the computations presented here, although quite instructive
could be considered merely as consistency checks.

A.2 On the relation between SoV and Nested Algebraic Bethe Ansatz

Let us consider the fundamental representation of the gl;|, Yang-Baxter superalgebra associ-
ated to generic values of the inhomogeneities {,<\}, satisfying the condition (2.81), and of
the eigenvalues k;, k, and ks of a simple and diagonalizable twist matrix K. Note that in this
case the transfer matrix is similar to the transfer matrix associated to a diagonal twist with
entries the eigenvalues k;, ky and ky of K to which Nested Algebraic Bethe Ansatz (NABA)
directly applies. Therefore, the following discussion on the connection between the SoV de-
scription and the NABA can be directly addressed in this diagonal case.

Let us recall that in the NABA framework, given a solution {{2;<;}, {ur<y}} of the Bethe
Ansatz equations (3.36) and (3.37) satisfying the pair-wise distinct conditions (3.46), then the
associated Bethe Ansatz vector |t ?lng},{uhSM}> is proven to satisfy the identity

(x) (NABA) __1,(NABA) '
T1 (k)lt{lst}’{MhsMﬂ - |t{lng}»{MhsM}) tl (A’|{A‘]SL}3 {.U’th}); (A28)
with t;(A[{A;<1}, {un<n}) defined in (3.39), so that it is a transfer matrix eigenvector as soon
as it is proven to be nonzero. Then, such a Bethe Ansatz vector has in our SoV basis the
following characterization:

N

(NABA) _ hn (NABA)

(hl’ e hN | t{AjSL}:{PLhSM}> - l_! tl (énl{AjSL}’ {MhSM})(Slt{AjSL}’{HhSM}L (A.29)
n=

for any h,, € {0,1,2} and n € {0,...,N}. Note that also in the SoV basis the condition that
this Bethe vector is nonzero still remains to be verified. This is the case even for the special
representations considered in subsection 3.2. Indeed, we have shown that the specific set of
solutions to the Bethe Ansatz equations (3.36) and (3.37) introduced in subsection 3.2.2 is
complete and the associated eigenvalues t1(A|{A<; }, {un<p}) and eigenvectors |t(50v) )

{AjSL}s{UhSM}
have the form (3.45) and (3.29), i.e.

N

h

(ha e hnle) =] T El A <) tnsud), (A.30)
a a n=1

eigenvectors known to be nonzero by the characterization of the transfer matrix eigenvalues
for which there exists at least one N-uplet hy, ..., hy leading to a nonzero value of the above
SoV wave-function. Nevertheless, this a priori does not allow us to rule out the possibility that:

(NABA) _
|t{2‘jSL}s{UhSM}> =0, (A.31)

(NABA)
{Ang},{thM}
Relying on some already existing results in the literature, we want to present a reasoning

that allows to argue that the completeness of the Bethe Ansatz in the SoV framework, for the

as we have still to verify that (S|t ) is nonzero.
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special representations of subsection 3.2, indeed implies the completeness for the NABA spec-
trum description. The reasoning goes as follows. In [1,159] we have shown in general that the
SoV characterization of the transfer matrix eigenvectors allows for an Algebraic Bethe Ansatz
rewriting on a well defined reference state, see for example section 5 of [159]. Adapting to the
current fundamental gl;-representation associated the twist matrix K’ = —K and n’ = —1) the
analysis of [163], it can be argued?® that the B-operator defined in our SoV basis indeed coin-
cides with the one defined by Sklyanin [25]. Then by adapting the results presented in [165],
one can deduce that these SoV eigenvectors rewritten in an Algebraic Bethe Ansatz form, in
terms of the Sklyanin B-operator, in turn coincide (up to nonzero normalization) with Nested
Algebraic Bethe Ansatz vectors, associated to the same Bethe Ansatz solutions. If implemented
with all details this reasoning shows the completeness of the Nested Algebraic Bethe Ansatz
as a consequence of the completeness of the SoV characterization derived in subsection 3.2.2
for the fundamental representations associated to non-invertible but simple spectrum K twist
matrices, with eigenvalues satisfying (3.13).

It is also worth to comment that once the NABA completeness is derived for these special
representations, it can be derived for general gl -representations by adapting to them the
proof given in [248] for the gl, fundamental representations associated to general diagonaliz-
able twist. Indeed, one of the main ideas of the proof in [248] is that for a special value of the
twist parameter, one can characterize the set of isolated Bethe Ansatz solutions that produce
nonzero Bethe vectors, and which is proven to be complete. Then, the results on the com-
pleteness of Bethe Ansatz solutions by the SoV approach, derived in subsection 3.2.2, and the
above argument on the NABA completeness for these gl;,-representations associated to the
twist matrices K can be as well the starting point for the proof of completeness by deformation
w.r.t. the twist parameters like in [248]. Finally, let us add that relations with [204] would be
interesting to explore.

B Verification of the Conjecture for the general twists up to 3 sites

Here, we make a verification of our conjecture on the form of the closure relations for the gen-
eral twisted representation of the gl ,| , Yang-Baxter superalgebra, in the case .# = 1 and
A =2 for small chain representations, i.e. for a chain having up to N = 3 sites. The verifica-
tion is done in the following way, we impose the closure relation (3.6) in N pairwise different
values®* of A to the polynomials (2.107) and (2.108) for n = 1, 2. This determines a system of
N polynomial equations of order 4 in the N unknowns which are the values of the polynomial
(2.107) in the inhomogeneities. We solve this system of equations by Mathematica and we
select the solutions which generate polynomials (2.108) which satisfy the null out-boundary
conditions 3.7. Our analysis shows that it is enough to impose 3.7 for n = m = 0 to select
the correct solutions which generate exactly the N different eigenvalues of the diagonalizable
and simple spectrum transfer matrix T®)(1), obtained by diagonalizing it exactly with Mathe-
matica. For N = 1, 2 the results of both the approaches are analytic and we present them here
for the interesting N = 2 case. While for N = 3 we have verified our statements for different
values of the parameters, i.e. the inhomogeneity parameters and the three eigenvalues of the
twist matrix.

We put £; = 0 without loss of generality to shorten the expressions while leaving free
all the others parameters &,, kq,k,, k3 and 1. Then the solution of the system of equations
obtained by (3.6) plus the null out-boundary conditions (3.7) for n = m = 0 leads to the
following 22 distinct solutions for the values of the polynomial (2.107) respectively in A = &,

ZNote that we have proven this statement for a chain with a small number of quantum sites in [1].
Z*Note that any value can be taken if different from the transfer matrix common zeros.
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and A =&, =0:

{kin(n + &), kyn(n—E&L)},

{kon(n—&5),
{ksn(n—&,),

ey + k)82 — 3/ 4k ka2 + (kg —ky)2E2),

NI:

Ky + k)85 + 4/ 4k kon? + (kg —ky)2E2),

NI:

NI:

ey + k)& + o/ kikn? + (kg —ks)2E2),

NI:

(
(
(ky + ks)E5 — 3/ 4kykan? + (ky — kg)2E2),
(
(

NI:

Jey + k35 — o/ 4leakan? + (e — k3)2E2),

3

= (kg +k3)E — \/4k2k37)2 + (kg — k3)2€§),

L3
L3
L3
L2
L2
L2

\V]

5 (U + ka)E5 =/ 4heoksn® + (ko — k€3 }
(

(B.1)
—kyn(n+&5)}, (B.2)
—ksn(n+&,)}, (B.3)

5 (U + ko)Ea + y/akaka? + (ky — kz)zag)} :

(B.4)

5 (G + ko)Ez =4k kon® + (ky — k63 }

(B.5)

5 (k1 k)Ez +/Akikam? + (ks — ks )°3) }

(B.6)

5 (U + k2o = y/akiks? + (ks — ks 223 }

(B.7)

(s + k) + 4/ 4kokesm? + (s — ks 23 }

(B.8

B.9)

The values at the points £, and £; = 0 and the asymptotic limit allows to reconstruct
the polynomials (2.107). The polynomials constructed in this way can be directly verified to
coincide with the eigenvalues of T®)(1), whose expressions are obtained by diagonalizing

T(A) exactly with Mathematica:

(strK)A? + (2nk; — (strK)E,)A + kyn(n — &), (B.10)
(strK)A? + (2mky — (strK)E5 ) A — kyn(n + £5), (B.11)
(strK)A? + (2nks — (strK)E5)A — kyn(n + £5), (B.12)
(StrK)A2 + ((ky + ko)n — (strK)E, ) A + = ( —(ky +ky)Er — y/4kikom? + (ky —k,2E2),  (B.13)
(strK)A? + ((ky + k) — (strK)E5) A + ( (ky +kp)Es + /4y kyn? + (ky —kp)2E2),  (B.14)
(strK)A? + ((ky + ks)n — (strK)E,) A + g (—ky +ks)Es — y/4kikgn? + (ky — ks 2E2),  (B.15)
(strK)A2 + ((ky + ka)n — (strK)E)A + g (—(ky + k3)E, + /4kikgn? + (ky —k3)283),  (B.16)
(strK)A2 + ((ky + k3)n — (strK)E)A + g (—Cky + ks)Es — /4hokgn? + (ky — ks )2E2),  (B.17)
(strK)A2 + ((ky + ka)n — (strK)E)A + g (—Cky + ks)Es + /4kokgn? + (ky —k5)2E2). (B.18)

C

Derivation of the inner-boundary condition

One may use the coderivative formalism introduced in [246] and developed in [247] to derive
the inner-boundary condition. The coderivative formalism allows to construct the transfer
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matrices associated to a given irreducible representation on the auxiliary space by acting on
the associated character evaluated at the twist matrix. For a rectangular Young tableau (a, b),
we have in our notation

T W) = (A& +nb)e...@ (A— &y +nb) 1,7 (). (1)

Let us take g = diag(x4,...,X_4,¥1,...,Y ) a diagonal twist. For k > 1, the characters of
the rectangular representations (a, b) which saturate an arm of the fat hook write [196]

£ (g (nx )nm ) 2

i=1 j=1
N
25 = ]_[( —y;)F ]_[(xl (C.3)
i=1 j=1
thus the following relation holds for all k > 1
250(8) = (1) sdet(g) ¢ (g), (C.4)
where sdet(g) is the superdeterminant of g defined by
x,
sdet(g) = f;l L (C.5)
i=1Yj
Acting on it with the coderivative D, we have
d . :
D)= 1M ey @ (sderted ) 15Vt )| €6)
1
o,
=(— 1)k‘/‘/sdet(g)ke —® ((1 +k str(¢ - e))x(“ﬂ+k)(e¢'eg))‘ (C.7)
’a ¢! ¢=0

1

= (—1)*"sdet(g)* (D;((’/Hk) + ke; % ® (str(d) e))((/ﬂJrk)(g))’(p:O) (C.8)

1

= (—1)*"sdet(g)*(k + D) (). (C.9)

Now, acting with (l— &1+ T)IA)) ®...® ()\— EnT+ nf)) on (C.4), and putting g = K, we thus
have

TODIO(2) = (1) sdet(®)* TGO + k). (C.10)

Putting k = 1, and reintroducing the trivial zeros to recover the Téa)’(K)(A) matrices, we obtain
(2.54).
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