Scil SciPost Phys. 10, 026 (2021)

On quantum separation of variables
beyond fundamental representations

Jean Michel Maillet* and Giuliano Niccoli’

Univ Lyon, Ens de Lyon, Univ Claude Bernard Lyon 1, CNRS,
Laboratoire de Physique, UMR 5672, F-69342 Lyon, France

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

Abstract

We describe the extension, beyond fundamental representations of the Yang-Baxter al-
gebra, of our new construction of separation of variables bases for quantum integrable
lattice models. The key idea underlying our approach is to use the commuting con-
served charges of the quantum integrable models to generate bases in which their spec-
tral problem is separated, i.e. in which the wave functions are factorized in terms of
specific solutions of a functional equation. For the so-called "non-fundamental" models
we construct two different types of SoV bases. The first is given from the fundamental
quantum Lax operator having isomorphic auxiliary and quantum spaces and that can be
obtained by fusion of the original quantum Lax operator. The construction essentially
follows the one we used previously for fundamental models and allows us to derive the
simplicity and diagonalizability of the transfer matrix spectrum. Then, starting from the
original quantum Lax operator and using the full tower of the fused transfer matrices,
we introduce a second type of SoV bases for which the proof of the separation of the
transfer matrix spectrum is naturally derived. We show that, under some special choice,
this second type of SoV bases coincides with the one associated to Sklyanin’s approach.
Moreover, we derive the finite difference type (quantum spectral curve) functional equa-
tion and the set of its solutions defining the complete transfer matrix spectrum. This
is explicitly implemented for the integrable quantum models associated to the higher
spin representations of the general quasi-periodic Y(gl,) Yang-Baxter algebra. Our SoV
approach also leads to the construction of a Q-operator in terms of the fused transfer
matrices. Finally, we show that the Q-operator family can be equivalently used as the
family of commuting conserved charges enabling to construct our SoV bases.
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1 Introduction

In this article we continue the development of our approach [1-3] to generate the separation
of variables (SoV) complete characterization of the spectrum of quantum integrable lattice
models. We use the framework of the quantum inverse scattering method [4-12] and its
associated Yang-Baxter algebra. Let us stress that in this context, the quantum version of the
separation of variables has been pioneered by E. K. Sklyanin in a series of beautiful seminal
works [13-18]. The main motivation to develop this new paradigm was to overcome several
difficulties in applying the algebraic Bethe ansatz (ABA) in several important cases like the
open Toda chain, in particular linked to the absence of an obvious reference state, see e.g. [13].
More conceptually, it was also designed to have a resolution scheme at the quantum level
that would be the analog of the standard Hamilton-Jacobi method in classical Hamiltonian
mechanics, see e.g. [19]. In particular, the main feature of the SoV method is that it is not an
ansatz. As such, it leads to the possibility to find the complete characterization of the spectrum
of quantum integrable models, this completeness question being in general a difficult task
within the ABA method, see e.g. [20,21].

The key ingredient of Sklyanin’s approach is the construction, from the generators of the
Yang-Baxter algebra, of two operator families B(A) and A(A), depending on a complex spectral
parameter A € C, and satisfying the following properties. The B-family must be a commut-
ing family of simultaneously diagonalizable operators having simple spectrum. The separate
variables are then given by the complete set of commuting operators Y, such that B(Y,) = 0.
Their common eigenbasis defines the SoV basis. The A-family forms also a continuous set of
commuting operators, with simple spectrum, which, thanks to their commutation relations
with the B-family stemming from the Yang-Baxter algebra, define the shift operators over the
spectrum of the separate variables. Moreover, the A-family and the transfer matrices of the
model satisfy over the spectrum of the separate variables closed characteristic equations (the
analog of the Hamilton-Jacobi equations), the so-called quantum spectral curve equation that
characterizes the spectrum of the given model.

This beautiful Sklyanin’s picture for the construction of the SoV basis therefore requires
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the proper identification of the operator families B(A) and A(A) and the proof that they indeed
satisfy all the outlined required properties. Sklyanin has proposed how to construct these
operator families for a large class of models associated to the representation of the 6-vertex
Yang-Baxter algebra and even for the higher rank cases. Since then, this method has been
successfully implemented, and in some cases partially generalized, to achieve the complete
spectrum characterization of several classes of integrable quantum models mainly associated
to different representations of the 6-vertex and 8-vertex Yang-Baxter algebras and reflection
algebras as well as to their dynamical deformations [22-56]. Despite its many successes, this
construction does not seem however to be completely universal; in particular, some difficulties
arise already for the proper identification of the A operator family for the fundamental repre-
sentations of the higher rank Yang-Baxter algebras, see e.g. [1], although there was recently
progresses to identify the proper B operator, its spectrum, and how it can be used to obtain
some eigenstates of the transfer matrix, see [57-59], however still insufficient to realize the
full SoV program.

This motivated us to look for a different way for constructing the SoV basis that would not
rely on finding such two families of operators A and B. The new idea underlying our approach
is to use the action of a well chosen set of commuting conserved charges on some generic
co-vector to generate an Hilbert space basis in which their spectral problem is separated. In
all the models we considered so far [1-3] this set is generated by the transfer matrix itself
and provides effectively an SoV basis in which its spectrum can be characterize completely.
In particular in such a basis the eigenvectors of the transfer matrix have coordinates given by
the products of the corresponding transfer matrices eigenvalues. Hence, the resolution of the
spectral problem determines not only the eigenvalues but also gives an algebraic construction
of the corresponding eigenvectors in this SoV basis, which is a quite remarkable feature. It is
to be emphasized that, in our approach, the SoV basis is directly generated by the quantum
symmetries of the considered integrable model. Of course, such a program requires the proof of
two main non-trivial steps. First, by using an appropriate set of commuting conserved charges
we have to show that we can indeed construct a basis of the given space of the representation
of the Yang-Baxter algebra. Second, we need to prove that their spectral problem is indeed
separated in this basis. It means that all the wavefunctions should have a factorized form in
terms of a well defined class of solutions of an appropriate functional equation (the quantum
spectral curve equation). This amounts in fact to get the action of the transfer matrix in this
basis which is itself given in terms of the transfer matrix action on the generating co-vector.
It turns out that this is equivalent to identify the structure constants of the associative and
commutative algebra of the conserved charges generated by the transfer matrices. Again, in
all cases we have considered, these structure constants can be computed from the set of fusion
relations satisfied by the transfer matrix and the associated quantum determinant evaluated
in some specific points that in fact determines the separate variables.

In our previous articles [ 1-3], we have considered quantum integrable lattice models as-
sociated to fundamental representations of the Yang-Baxter algebra Y(gl,,) and Uy(gl,) for
arbitrary integer n > 2. In particular, in our first paper [1] we have presented how our new
approach to construct the SoV bases for integrable quantum models associated to the funda-
mental representations of Y (gl,,) with the most general quasi-periodic boundary conditions,
and for some simple generalizations of them. Then, we have used it to obtain the explicit
and complete characterization of the transfer matrix spectrum first for the cases of Y (gl,) and
Uy(sl,) and then for Y(gl3). In our second paper these results on the complete transfer matrix
spectrum have been extended to the case Y(gl,), for any integer n > 2 while in our third
article, we have obtained similar results for the U,(gl,) case. In our two first papers for the
fundamental representations of Y(gl,,), n = 2, we have identified a natural choice of the set
of the commuting conserved charges and as well characterized the generating co-vector to be
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used as starting point to generate our SoV basis. This has been motivated by the consequent
simplicity of the proof that this system of co-vectors forms indeed a basis of the Hilbert space
and that the spectrum of the transfer matrix is indeed separated in such a basis. The results are
the introduction of the so-called quantum spectral curve and the exact characterization of the
set of its solutions which generates the complete transfer matrix spectrum associating to any
solution exactly one nonzero eigenvector up to trivial normalisation. These results allow also
to point out how the SoV basis in our construction can be equivalently obtained by the action of
the Baxter’s Q-operator family [ 60-82] satisfying with the transfer matrices the quantum spec-
tral curve equation. In our first paper [ 1] we have also shown that, under some specific choice
of the co-vector, our SoV basis coincides with Sklyanin’s SoV basis, when Sklyanin’s approach
applies, for integrable quantum models associated to rank one Yang-Baxter algebra. Based on
our analysis of the Y(gl3) case, we also conjectured (and verified on small size chains) that
the same should hold for the higher rank cases as well, the recent analysis [57-59] confirming
such a statement for Y (gl,,).

The aim of the present article is to show how our method works in cases going beyond the
fundamental representations. Our interest in this situation, besides broadening the application
of our method, is to understand and explain how our SoV construction works when we have at
our disposal a richer structure of commuting conserved charges. As the current paper is mainly
addressed to explain these features, we have chosen to consider the simplest example in this
class, namely quantum integrable models associated to the higher spin representations of the
rational 6-vertex Yang-Baxter algebra, i.e. Y(gl,). In doing so we also solve the case associated
to the most general quasi-periodic boundary conditions!. Completely similar results can be
derived for others compact non-fundamental representations, as for example the higher spin
and cyclic representations of the trigonometric 6-vertex Yang-Baxter algebra or their higher
rank cases as it will be described in future publications.

In this paper we first implement, for these higher-spin representations of the rational 6-
vertex Yang-Baxter algebra, Sklyanin’s construction for the SoV basis for the most general
quasi-periodic integrable boundary conditions. This construction leads to generate the eigen-
basis of the twisted B-family of commuting operators, or some simple generalization of it, and
to prove that it is diagonalizable and simple spectrum for these higher spin representations.

Then, we show that our SoV construction presented in the fundamental representation
in [1] can be indeed naturally extended to the compact non-fundamental representations.
This is first done by substituting in the SoV basis construction the transfer matrix, i.e. the one
associated to the trace over the two-dimensional auxiliary space, by the fundamental transfer
matrix, i.e. the one associated to the trace over the auxiliary space isomorphic to the one
of the local quantum spaces. We give the proof that the SoV basis construction can in this
framework be derived following a method very similar to the one used for fundamental rep-
resentations. One direct consequence of this SoV basis construction is then the simplicity and
diagonalizability of the transfer matrix.

Then a second SoV basis construction is presented using the full tower of higher fused
transfer matrices. This construction appears to be very natural as the action of the transfer
matrix in this basis is easily computed just using the fusion relations. In particular, it allows
to prove that the transfer matrix spectral problem is indeed separated in this basis. In fact,
we then derive the quantum spectral curve equation and uniquely determine the set of its
solutions that characterize the complete spectrum of the transfer matrices. We further show
that our second SoV basis indeed coincides with Sklyanin’s one once we chose the generating
co-vector in an appropriate way.

Finally, we show that the quantum spectral curve equation together with the diagonaliz-

Indeed, only the case associated to the anti-periodic boundary conditions was solved previously in [44].
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ability and the simple spectrum character of the transfer matrix family allow us to characterize
the Q-operator family in terms of the elements of the monodromy matrix, and in particular in
terms of the set of fused transfer matrices themselves. This result also allows us to rewrite our
second SoV basis as the action of the Q-operator family on some new generating co-vector, i.e.
to use the Q-operator family as the set of commuting conserved charges generating our SoV
basis. The striking effect in using the basis generated by the Q-operator is that the action of the
transfer matrix on this SoV basis is directly given as an explicit linear action thanks to the T-Q
equation. Hence it realizes the key feature of the the Frobenius method described in [1], here
generalized to the transfer matrix, to have a basis for which the linear action of the transfer
matrix on it is just given by the characteristic equation (here the T-Q equation) determining
its spectrum.

It is worth to comment that on the basis of all our current results for both fundamental
and non-fundamental compact representations of the Yang-Baxter algebra our SoV construc-
tion based on the use of the Q-operator family as the generating set of commuting conserved
charges always lead to the same natural choice of the SoV basis induced by the fusion of
transfer matrices.

Clearly in order to use directly the Q-operator family to generate SoV bases for others inte-
grable quantum lattice models all the following fundamental elements have to be accessible:
first we need to have an SoV independent characterization of the Q-operator family; second
we have to design some criteria to identify appropriate generating co-vectors (as starting point
of our SoV construction) as well as the exact subset of commuting conserved charges in the
Q-operator family (i.e. the spectrum of the separate variables); third a proof that the set of
co-vectors generated is indeed a basis; fourth that the transfer matrix spectrum is indeed sep-
arated in this basis.

In fact, it is important to stress that in our current construction it is indeed the structure
of the transfer matrix fusion relations and the fact that they simplify for special choices of
the spectral parameters that allows us to naturally select the subset of commuting conserved
charges to be used to generate the SoV basis. Furthermore, these fusion relations determine
the structure constants of the commutative (associative) algebra of conserved charges gener-
ated by the transfer matrices.

The present paper is organized in five sections. In section 2, we recall the higher spin
representations of the rational rank one Yang-Baxter algebra and the fused transfer matrix
general properties. In section 3, we present Sklyanin’s type SoV basis construction giving an
explicit representation of its co-vectors. In section 4, we present our SoV basis construction and
the consequent complete characterization of the transfer matrix spectrum. In subsection 4.1,
this is done producing an SoV basis which is the natural generalization of those generated in the
case of the fundamental representations in [1-3]. In subsection 4.2, we present a second SoV
basis on which the action of the transfer matrix is easily computed by using the fusion relations.
This new basis is shown there to coincide with Sklyanin’s one under a proper choice of the
generating co-vector. Finally, in subsection 5.1 we prove the reformulation of the discrete SoV
complete spectrum characterization in terms the so-called quantum spectral curve equation.
This last result allows us to determine the Q-operator in subsection 5.2 while we use it to
reconstruct our second SoV basis in subsection 5.3. Finally, in the Conclusion we discuss, on
general ground, the relations between the different SoV bases presented in this paper.
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2 The quasi-periodic Y (gl,) higher spin representations

Let us recall that the first studies of the integrable higher spin quantum Heisenberg chains have
been developed in [83-95]. The next two subsections are used to recall the higher spin repre-
sentations of the rank one rational Yang-Baxter algebra and the properties of the fused transfer
matrices which will be used in the next sections to develop our analysis in the framework of
the separation of variables.

2.1 Higher spin representations

The generators of the si(2) algebra:
[S%,8F]=+S*, [S*,§7]= 25, 2.1
admit the following spin-s, representation:
0 x,(1)

S% = diag(s,,s, —1,...,—s,), St= (S_)t = - - , (2.2)
Xn(2s,)
0

where x,(j) = v/j(2s, + 1 — j), in a spin-s, representation associated the linear space V%n) ~
C?n*1 with 25, € Z”°. Then, the following Lax operator:

W2)pqy— [ A+n(1/2+8%) ns, M) o 1 (25,)
fon (M= ( nS, A+n(1/2=87) ) < End(Vy @ v, 23)

n)

associated to each local quantum space Vrfzs , satisfies the following Yang-Baxter algebra:

Rix( = L3> OOLG 7 () = L5 = ()L (MR 1a(A — ), (2.4)

associated to the rational 6-vertex R-matrix:

A+ 0 O 0
LOD(A) =Rep(1) = 8 f} ;) 8 cEnd(VV @ v\V). (2.5)
0 0 0 A+n
The scalar Yang-Baxter equation:
R (A)K Ky = KpK Rgp(R), (2.6)

is satisfied by any K € End(C?), which defines the gl, invariance of the rational 6-vertex R-
matrix. We can then introduce the monodromy matrix associated to a quantum lattice model

with N sites, twist K, and carrying at each site n € {1, ..., N} a representation Vn(zs"):
(K) (K)
Dy [ A®QR) BOQ)
MO (A) —( C(K)UL) D(K)()L) (0]

= KoLV (A — ) - LV (A~ 1) € End(VV ® H), 2.7)

where we have defined H = ®,'>|:1Vn(25”) and the &, are the inhomogeneity parameters. In the
following we will assume these parameters to be in generic positions, namely &; # &;(modn)

6
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whenever i # j. In the following, we will denote by k; and k, the eigenvalues of such 2 x 2
twist matrix K that we assume to be distinct and non zero (more general cases could be consid-
ered however). This monodromy matrix satisfies also the same rational 6-vertex Yang-Baxter
algebra:

Rip(A =MD M () = MED MR, (A — 1) € End(v O e Vi @ 1), (2.8)
which implies that the transfer matrix:
TEDQ) = tro MV (W)], (2.9)
is a one-parameter family of commuting operators and that the quantum determinant:
A1) = qdetMI (1) = AB(R)DE(A — 1) - BEI(A)CEI(A —n) (2.10)
is a central element of the Yang-Baxter algebra of the following form:

A1) = qdetM V(1) = detK qdetM{ (1), qdetM{D(1) = a()d(A—n),  (2.11)

where Mgll)(l) is the monodromy matrix associated to the 2 x 2 identity twist matrix K = Iy,

and
N

N
a)=[[(A—&; +smm),  dw=[[(A—¢&; —s.m), (2.12)

n=1 n=1

and we have used the notation A* = A+n/2. With these notations the quantum determinant is
given by A%K )(A) = kykya(A)d(A—n). Moreover we will use the following shorthand notations
for the shifted inhomogeneities:

g = £ 4 (s, — k), (2.13)

with h,, € {0, ...,2s,} for all the n € {1, ..., N}. Hence, we get:
N N
a) =] [(A—&®) and d) =] [(1—&). (2.14)
n=1 n=1

2.2 Fusion relations for higher spin transfer matrices

The fusion procedure was first developed in [84] for the case of the rational 6-vertex repre-
sentations of the type analyzed here and later in [92] for the trigonometric ones.
Let us define the following symmetric and antisymmetric projectors:

1
:l: T
Prm =1 > (1) Py, (2.15)

' nes,

where P, is the permutation operator:
Pr(vi® - ®Vy)=Vy1)®  ®Vy(m), VV1 @@V, €Q7,V, (2.16)

with P;” = I. Note that in our current representations, we have that V, ~ C? and the P;f m s
a rank m + 1 projector, so that,

V+

1..m

=P (& V,)~CmH 2.17)
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is an (m + 1)-dimensional vector space. Then, we can define the following higher transfer
matrices:

TED) =ty MED(1) €End(H) YA€ C,a ez, (2.18)
where we have defined the higher spin monodromy matrices by:
MEDGy =Pt MKV 4 (a=1)n) - MED Q4+ MEDQ)PF € End(V;  ®H), (2.19)
for which the following identity holds:
M2 () = KM, (), (2.20)

with
KO =Pl Ky ---KPy  €End(V}' ). 2.21)

These transfer matrices define commuting families of operators satisfying for any values of A
and u and positive integers [, m € N*:

[TEOQ), T« M w]=0 (2.22)
satisfying the fusion relations:
TEED) = TOQA + 1) TEDR) — A + 1) TEIED ), (2.23)
where for simplicity we used the following notations:
TOM) =TED) and TEOQ)=1. (2.24)

Furthermore, we also set TXID(1) = 0 for any [ < 0. These fusion relations define uniquely
any higher spin transfer matrix TEID(Q) in terms of the transfer matrix T¥)(1). Moreover, it
is possible to write an explicit determinant formula that solves the hierarchy of fusion relations
as follows.

Proposition 2.1. Let D;(T®(Q)) be the following tridiagonal [ x [ matrix:

D(T®Q)) =
TOA+1-1)n) —kja(A+({1—1)n) 0... 0
—kod(A+([1=2)n) TOA+1-2)n) —kja(A+(I—2)n) 0... :
0... 0
: ...0 —kyd(A+7) TOX+1) —kja(A+1n)
0... .. ...0 —kod(A) TER)
(2.25)
then:
TEID(R) = dletDl(T(K)(A)). (2.26)

Proof. The proof can be done by an elementary induction. Indeed the formula trivially holds
for I =1 and for [ = 2 it reduces to the fusion relation defining TE2(Q):

TEPR) = TOA+mTOR) - AW@R+m)THO) (2.27)
= TOA+TON) -k kya(A +n)d(X)TEOR)
= det Do (T®()).

8
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Let us now suppose the formula is true up to some integer [ > 2. Then making the expansion
of det;,; D1 (T (1)) with respect to its first column we get:

det Dy, (TCO(2)) = TEOVA + 1) det D (THOA)) + kpd (A + (1 = )n) det T (A),  (2.28)
+

where the [ x [-matrix I3(A) is given by:

—kja(A+1n) | 0 ...

A = “ . 2.2

Then expanding det; I;(A) by its first row and applying the induction hypothesis for [ and
[—1 we get:

det Dy, (TEO(A)) = TOQ + IMTEDR) —kikpa(d +1)d (A + (L = D) THDQ), @2.30)
+

hence,
(zifltDl“(T(K)(A)) =TEOR 4+ 1 TEDR) — A%K)(A + ) TEIED ()
=T, 2.31)
which completes the proof. O

From this determinant representation of the fused transfer matrices it is easy to derive
another fusion relation by expanding now the corresponding determinant by its last column
instead of its first one. Repeating the above steps we get:

TEEDR) = TOQTEOR + 1) — ALQA + ) TED + 27). (2.32)

In fact, these two fusion relations (2.23) and (2.32) are two particular cases of more general
fusion relations that can be derived thanks to the determinant of a tridiagonal matrix form of
the level [ fused transfer matrix T& “)(A) given by (2.26).

Proposition 2.2. For any [ > 0 and any j such that 0 < j < 1, the fused transfer matrix TKID(2)
has the following decomposition:

T(Kll)(k) — T(KU)(A +(1 —j)n)T(K”_j)(A)
—A%Q+ (1= HmTED A+ (1= j + D TEDR). (2.33)

Proof. The relation follows from the general relation (A.3) for the determinant of a tridiagonal
matrix in terms of its sub-determinants that we describe in Appendix A. Applying this relation
to (2.26), we get:

TEO@Q) =TED@ + (1 = HmTED@+ (1= + D)) TE(QR)
—AOQ+ (1= j+ TED A+ (1= j + 2 TED ()
—A%Q+ (1= HmTEDA+ (1= j + D) TETD(R). (2.34)
Then, using the elementary fusion relation (2.32) for TXID(A + (1 —j)n):
TEDA+ = HMTEDA+ A —j+1)m) = TEDA+ (1= j)m)

+AOQ+ A= j+ 1mTE DA+ (1 —j +2)n)
(2.35)

we can get rid of the term containing TXI=2)(A + (1 —j + 2)1), and obtain the desired result.
Note that (2.33)can also be proven by direct induction. O

9
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In the characterization of the transfer matrix spectrum we will use the following property:

Proposition 2.3. The transfer matrix T¥)(A) is a degree N polynomial in A with central asymp-
totics:
lim ANT®) = troK,, (2.36)
A— 00

and it satisfies the following system of N equations:

TERZsH D (gls)y = det Dy, 11(TO(ESD)) =0, Vne{l,..,N}, (2.37)

where, D25n+1(T(K)(7L)) is the (2s, + 1) x (2s,, + 1) tridiagonal matrix defined in (2.25).

Proof. The computation of the asymptotics is easily derived from the known asymptotics of the
elements of the R-matrix Rglnlzs")(k) EEnd(Va(l) ® Vb(zs”)). Moreover, it can be shown from [84]

that the polynomials T&I2:+1(1) admit the central zeroes £'**). Then the system of equations
satisfied by the transfer matrix is just a direct consequence of the fusion relations for the
transfer matrices resolved in (2.26) and of the emerging central zeroes above discussed. [

For definiteness we will call "fundamental” the transfer matrices TI%<), namely whenever
the fusion index is such that on the site a the quantum and auxiliary spaces are isomorphic.
In particular, in the case where all values of spins s, are equal to some chosen s, such a funda-
mental transfer matrix is obtained from the product of fundamental R-matrices R,

Notice that, starting from the fact that £ nan) is a central zero of TKIZ:+1)(2), an elemen-
tary recursion, with the help of the fusion relations (2.23) and (2.32), can be used to prove
that indeed the fused transfer matrix TK2:+D(Q), for I > 1 admits the set of central zeroes

gZS”), v ?S"”‘”. This property also follows directly from representation theory for higher
spin R-matrices [84]. The existence of these central zeroes identities implies some interesting
particular fusion relations that we will use in our construction of the SoV bases. We summarize

them in the following proposition.

Proposition 2.4. For any a = 1,...,N and any j = 0,1,....,2s,; we have the following higher
fusion relations in the well chosen shifted inhomogeneity points:

j—1
T(KIZSa)(ggZSa)) T(K|J)(€EIJ—1)) = T(Klzsa_])(gt(lzsa)) l_[ A%K)(ggk)). (2.38)
k=0

Proof. The relation is obviously true for j = 0 and reduces to the standard fusion relation for

j =1 when evaluated in A = & 225“) using the fact that T |25ﬂ+1)(55123“)) = 0 due to the above
central zero property as & ffsﬂ) = & —s47m. Then the relation can be easily proven by induction
on j using again the standard fusion relation evaluated in the shifted inhomogeneities. Note
that we can also prove this relation by applying recursively (2.33) for | = 2s, + 1 and varying
valuesof jat A =¢& ((125‘1). O

Let us finally comment that if the original 2 x 2 twist matrix K is diagonalizable, simple
and invertible then the same is true for all the fused twist matrices. In particular, given the
distinct nonzero eigenvalues k; and k, of such 2 x 2 twist matrix K then the fused twist matrix
K@ has the following simple spectrum kj, = k‘11+1_h kg_l forall h € {1,...,a + 1}, for any fixed
a € N*. Note that here and in the following we use a shorter notation to represent the spaces

. . . . . 2 . . 2
in the fused twist matrices, i.e. we can write K,(l *) thanks to the isomorphism Vn( ) v

..... 2s,
Finally, let us remark that the following commutation relations hold:
(1,2s,) (250)7 — (2s,)
(Lo, " (A), Ko ® K, =] =0 € End(V, ® V,*"’), Vae{l,..,N} (2.39)
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and so we have also:

[IMP(1),Ky® K]=0€End(Vy ®H), Vae(l,..,N}, (2.40)

where:
K=eN K% eEnd(H). (2.41)

3 Sklyanin’s type construction of the SoV basis

Let us first show how Sklyanin’s approach to separation of variables (SoV) [13-18] works for
the T®)-spectral problem in representations for which the commutative family of operators
BX)(A) (or C¥I)(Q)) is diagonalizable and with simple spectrum. As already explained in our
previous paper for the case of fundamental representation such a statement can be extended
by using the gl, invariance. In order to do so we have to use the following remark that given

K= ( ‘; Z ) + al,,, € End(C?), (3.1)

either it satisfies the condition b # 0 (or ¢ # 0) directly or there exists a W) € End(C?) such
that:

k= (W) kw® = ( . ; . b ? 0 ) (3.2)

so that we can state the following:

Theorem 3.1. If the inhomogeneities {1, ..., En} € C N satisfy the conditions:

EaFEp modn Va#be{l,.., N}, (3.3)
and the twist matrix
K # alyy, € End(C?), (3.4)

for any a € C, i.e. K is not proportional to the identity, then the T®)-spectral problem admits
Sklyanin’s like separate variable representations. More in detail:
@) If b # 0 (or ¢ # 0) then BE)(A) (or CKI(Q)) is diagonalizable and with simple spectrum
and the quantum separate variables are generated by the B¥-operator (or C¥-operator) zeroes.
b) If b =0, defined:
Wi =N W) e End(H), (3.5)

then

= 00 -1
B(K)(A)ztrVH[Wa(K)( 1 0) (w®) “MB)]
a

= WBOw 1, (3.6)

is diagonalizable and with simple spectrum and the quantum separate variables are generated by
the B&)-operator zeroes.
c) If c =0 then

CO) = frva[Wa(K)( o o ) (W), M)

= W COWL, (3.7)

is diagonalizable and with simple spectrum and the quantum separate variables are generated by
the CE)-operator zeroes.
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In the next subsection we construct explicitly the B&)-eigenbasis and é(K)-eigenbasis, the
construction for C®)-eigenbasis and CX)-eigenbasis can be similarly derived, in this way giving
a constructive proof of the above theorem.

3.1 Construction of the SoV representation in BX)-eigenbasis

Let
(o|=eN_ (0,n|, (3.8)

where we have defined for any value of n the following 2s,, + 1-co-vectors (local left references
states):
(0, Tll = (1,0,..., 0)23n+1’ (39)

and let us denote by k; and k, the eigenvalues of K € End(C?), then:

Theorem 3.2. a) If the conditions in (3.3) are verified and K € End(C?) is any 2 x 2 matrix
not proportional to the identity, invertible? and satisfying the condition b # 0, then the set of
co-vectors (h|gx = (hy, ..., hn|sk, defined by:

[ AW
(hlsx = (0 (3.10)
’ l_!kno kpa(z%)’

where h, € {0,...,2s,} for all the n € {1,...,N} and:
ghn) = £= 4 (s, — ko), (3.11)

defines a co-vector BE)-eigenbasis of H:

(hlsiBOM) = O (W) {hlst, (3.12)
with the distinct eigenvalues:
N
dO)=b[ [(A-E™) and h=(hy,... hy). (3.13)
n=1
Moreover it holds:
N g(hb)
(Al A = Z Wkla(g(h N(hlsT, (3.14)
a=1 b#a ga ¢ g
N A— g(hb)
(hlsDOM) = | | e d €S Rl T, (3.15)
a=1 b#a ga “ = gb

where®:
<h1, ceey ha, ceey thsk’T: = <h1, ceey ha + 1, ceey thsk, (3.16)

while, the action of C¥)(Q) is uniquely defined by the quantum determinant relation.

2We have introduced this requirement only to make easier the comparison with Theorem 4.2. In fact, the
statement of the theorem holds also for non-invertible twist matrices, it is enough to remove the eigenvalue k;
from the definition of the co-vectors (3.10) and (3.17).

3By convention the co-vectors (h,...,hy|sx having an h; outside the set {0, ...,2s;} are identically zero, which
is of course compatible with the above actions of the operators A¥)(1) and D®)(1), thanks to a(§*+)) = 0 and

d(E) =o0.
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b) If (3.3) is verified and K € End(C?) is any 2 x 2 matrix not proportional to the identity,
invertible and such that b = 0, then the co-vectors @s P = (hy, ..., thSk’ defined by:

A(K) (kn)
(nl, = (o|]_[]_[ (g(k)) (3.17)
n=1k,=0 kl (5 )
ha=1 X (k) £ (Kn)
= <0|W,le_[ 1 AT (3.18)

n=1 k.m0 kpa(ES%™)

define a co-vector é(K)-eigenbasis of H:

R(K) _ 4
(hl, B = d, (D(hl,, (3.19)
where: .
dr(lK)(’\)Ei’l_[(’\—gﬁh“)) and h=(hy,...,hy). (3.20)
n=1
Moreover it holds:
N g(hb)
AK) = (he)
(Rl  ATIR) = Z;l_[ o (h)k1a(£ )k, TE, (3.21)
_g(hb)
DB = (ha)
@SkD A = ;D (ha) _ (h)kzd(§ )(l T,. (3.22)

Proof. The proof that the co-vectors (3.12) are eigenco-vectors of B®&)(A) with the above de-
fined eigenvalues is standard, see e.g. [44], it uses just the Yang-Baxter commutation relations
and the fact that the left reference co-vector is a B)-eigenco-vector. Indeed, it holds

AB) = aAL)+bC(A), BE(L)=aB(A)+bD(R), (3.23)
CBER) = cAA)+dC), DB(A)=cB(A)+dD(), (3.24)

and
(0JA(A) = a(A){(0], (0ID(A)=d(A){(0l, (0|B(A)=0, (0|C(A)#0. (3.25)

Then the proof that the operators AK)(1) and D¥)(1) have the given representation in the
B®)_eigenco-vectors is once again a direct consequence of the Yang-Baxter commutation rela-
tions. Finally, note that the above construction generates

N
dy =] J2s.+ 1), (3.26)
n=

i.e. the dimension of the representation, B)-eigenco-vectors which are independent and so
form a basis as soon as they are all nonzero as they are associated to different eigenvalues of
BU(A). This last statement can be for example shown by constructing the B&)-eigenvectors
and proving that the action of a B¥)-eigenco-vector on the B®)-eigenvector associated to the
same eigenvalue is nonzero. We omit this steps as they can be done following exactly the same
lines described in the case of the anti-periodic boundary conditions [44].

If the condition b = 0 is satisfied, then the above results allow similarly to show that the
one parameter operator family BX)(1) is diagonalizable with simple spectrum and they allow
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to derive its left eigenbasis. Then the same statements hold for the one parameter operator
family B¥)(1) defining the SoV basis for b = 0, it being similar to B¥)(1):

N hn_]- K kn
ABEE)y

(h| = (0] s (3.27)
sk n=1 k,=0 kya(E5)
where: ©
R(K) — 4K
@SkB 1) =d, (A)@Sk. (3.28)
O

4 New SoV bases and complete spectrum characterization

In this section we construct two different SoV bases from two natural sets of conserved charges
of the considered models using the method developed in [1]. Moreover, we show how these
SoV bases indeed separate the quantum spectral problem for the transfer matrix. We have
already presented such a procedure [1, 2] in the case of models associated to fundamental
representations of the rational Yang-Baxter algebra. Here we explain how this procedure can
be developed for non-fundamental representations, using as an example higher spin represen-
tations of the rational gl, Yang-Baxter algebra.

In subsection 4.1, we introduce a first set of SoV co-vectors generated from the transfer
matrices obtained from the fundamental Lax operators, i.e., the Lax operators for which the
auxiliary space is isomorphic to its local quantum space at some site n. They are obtained by
fusion from the original Lax operator having an auxiliary space in the spin-1/2 representation.
In this case the proof that these conserved charges generate a basis of the Hilbert space is
given following the same main steps used for the fundamental representations in [1]. This SoV
basis is quite natural in this respect and it allows to prove also the simplicity of the transfer
matrix spectrum and derive its complete characterization. In subsection 4.2, we then introduce
another SoV basis constructed from the full tower of fused transfer matrices, which we argue
to be the most natural with respect to the action of the transfer matrix that becomes explicitly
linear in that basis thanks to the fusion rules satisfied by the quantum spectral invariants.
There, we prove also that under some special choice of the generating co-vector this SoV basis
coincides with Sklyanin’s SoV basis presented in the previous section.

4.1 Afirst SoV basis construction and the associated spectrum characterization

The following proposition holds:

Proposition 4.1. The following set of co-vectors, obtained from the action of the fundamental
transfer matrices TKI25n)( ggzsn_l))

N
f byl = (@] J(TEZD(EE D)) i, € {0, ..., 25,},a € {1,..., N} (4.1)

n=1

defines a co-vector basis of H for almost any choice of the co-vector (2| and of the inhomogeneity
parameters {&, ...,y } under the condition (3.3) and the requirement K € End(C?) diagonaliz-
able, simple and invertible. In particular, we can chose the following tensor product form for the

co-vector
N

(= Q) (w,l, (4.2)

n=1
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where (w,| is any local co-vector of V,fzs") such that the set of 2s, + 1 co-vectors

(wnl [KEDT™ for hy, €10, ..., 25,}, 4.3)

form a co-vector basis of Vn(zs”) for any n € {1,...,N}. Moreover, under the same conditions, the
transfer matrix T¥)(Q) is diagonalizable with simple spectrum.

Proof. This is a corollary of the general Propositions 2.4 and 2.5 of our previous paper [1].
Indeed, the proof proceeds along the lines as in these propositions once we observe that the
fused, fundamental, R-matrices satisfy the following identity [84]:

RE)(—(s —1/2)n) = P,y € End(V®) @ V), -9

where P, € End(Va(ZS) ® Vb(zs)) is the permutation operator for these spaces, hence leading
to the following representation (the Lax operator being essentially proportional to the corre-
sponding R-matrix in the same tensor product of representations):
_ 25|25 - 25,12 _
T(Klan)(gl(qZSn 1)) — YR( 55|25 1)(51(123,1 1) gn—l) .. Rglls | 51)(§£125n 1) _ 51)K,(123”)

nn—1

2"12 - 2nzn+ -
XREllf] | sN)(65125n 1)_§N)_“R( 5125 1)(55123,1 1)_§n+1), (4.5)

nn+1

for some non-zero constant y. Moreover the leading asymptotic of any R-matrices R&Z,;”mm) (A)
is proportional to the identity. Then, the existence of each (w,| is implied by the fact that the
matrices K,(lzs”) are all diagonalizable with simple spectrum. O

Remark 1: It is worth to point out that we have proven our proposition only in the case
in which the twist matrix K € End(C?) has not only simple spectrum but is in addition di-
agonalizable and invertible. These requirements in the case of fundamental representations
are not needed, here they are imposed to get that the fused twist matrices keep the simple
spectrum nature which allows us to use the general Propositions 2.4 of our first paper [1]. Itis
then interesting to point out that in the next subsection 4.2 the SoV basis will be constructed
in our approach using the commuting conserved charges without imposing these additional
constraints, but just asking the simplicity of its spectrum which for a 2 x 2 matrix is equivalent
to ask that it isn’t proportional to the identity.

Remark 2: As explained in our previous papers once the SoV basis is constructed, by
using the action of the quantum spectral invariants on some given generating co-vector, then
the transfer matrix fusion equations allow for the full characterization of the transfer matrix
spectrum. Indeed, the transfer matrix satisfies the property given in Proposition 2.3. It is
interesting to point out that the Proposition 2.3 can be also derived as consequence of the SoV
characterization of the transfer matrix spectrum. Indeed, in Sklyanin’s framework, one can
prove that any transfer matrix eigenvalue has to satisfy the discrete system of equations (4.8)
written bellow by computing the action of the transfer matrix on the generic eigenvector in the
SoV representation, as it was done in the anti-periodic case in [44]. Then, the Proposition 2.3
holds for any diagonalizable and simple spectrum twist matrix; indeed by Proposition 4.1 the
transfer matrix share the same properties and then it satisfies the system of equations (2.37).
Now it is enough to observe that the determinants on the L.h.s. of (2.37) are polynomials in
the elements of the twist matrix to derive that (2.37) has to hold for any twist matrix as it
holds for almost any value of its elements.

Here, instead, we use the Proposition 2.3 to prove that any solution to this system of
equations indeed generates an eigenvalue and eigenvector in our SoV basis. Indeed, let us

define the function: ©
N A= gb

ga(k) = l_[

—_—, (4.6)
0 0
b#a,b=1 £§ )—55,)
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then we can state the following:

Theorem 4.1. Under the same conditions allowing to define the SoV basis (4.1), the spectrum of
TE(Q) coincides with the set of polynomials:

N N
Yrm = {t(?t) :t(A)=trK l_[(l— 5510)) +Zga(A)Xa, V{Xl, ...,XN} € Dt } s 4.7)

a=1 a=1

where Dy is the set of N-tuples {x, ..., xy} solutions to the following system of N equations:

det D=0, Vne{l,..N} 4.8)

each of which is a degree 2s,, + 1 polynomial equation in the N unknowns {xy, ..., xy} for any
fixed n. Here, we have defined:

Dt’nz
( (@) —ka(E®) 0... 0 0 \
—kod(ED)  t(ED)  —kja(EW)... 0 0
0 -
: 0... —kod(EP)  t(EPTY) ke (P
0 0... 0 —kyd(E@y (gl }

(4.9)

Furthermore, for any t(A) € 1w the following factorized wavefunction in the SoV co-vector

basis*:
N

Ry hylt) =]_[(

n=1

hy
(%etDEZTf"H’ZS“H)) , (4.10)
et

n

characterizes the associated unique eigenvector |t), up-to an overall normalization that we have

fixed by (Q|t) = 1.

Proof. From the Proposition 2.3 it follows that any eigenvalue t(A) € X« is indeed a degree
N polynomial in A with central asymptotics (2.36) and solutions of the system (2.37) as a
consequence of the fusion equations.

We have now to prove the reverse statement that any solution of this system of equa-
tions {x1,...,xn} € Dy« indeed define through the polynomial interpolation formula (4.7) a
transfer matrix eigenvalue. The very existence of the SoV basis, for almost any value of the
inhomogeneities, has as a direct consequence that the spectrum of all transfer matrices T2s)
is simple. All these fused transfer matrices being polynomials in the transfer matrix it implies
(otherwise we get an immediate contradiction) that T®)(1) has simple spectrum and it is di-
agonalizable. Indeed, the Proposition 2.5 of our first paper [1] applies here too. So that there
exists dy, y different eigenvalues t(1) € Xtw, i.e. a number equal to the dimension of the
representation.

It is easy now to remark that, as the theorem states, (4.8) is a system of N polynomial equa-
tions in the N unknowns {x,<\} of degree 2s,,+1 for any n € {1, ..., N}. Then, by the Theorem
of Bezout [96], we can distinguish two cases: i. the N polynomials of degree 2s,, + 1 in the N

“Here, we are using the notation Dflnj )

column j from the matrix D, .

to represent the 2s, x 2s, matrix obtained by removing the line i and the
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variables {x1,...,xN}, defining the system, have common components, i.e. one or more com-
mon roots, then the system admits infinite number of solutions {x1, ..., xy}. ii. these N polyno-
mials do not contain common components, then the system admits a finite number of solutions
{x1,...,xn} which counted with their multiplicity coincides with dy, ;. As we have already

shown that to any t(A) € Ztw it is uniquely associated a solution {x,<n = t(iz(BN)} € Dy,
then we can state that the system (4.8) admits at least d;  distinct solutions. Then, once the
condition of no common components is satisfied, we derive that the system admits exactly d; ,
distinct solutions and each one is associated to a transfer matrix eigenvalue, which complete
the equivalence proof.

So we are left with the proof of this condition of no common components. In order to
prove this statement it is enough to show it for some special value of the twist eigenvalues
to imply its validity for almost any value of these parameters, as the polynomials defining the
system are polynomial in the twist parameters too. Let us here consider the case k; # 0 and
ko, = 0, then the system of equations reads:

2s,
[T =0 vne{1,..,N}. (4.11)

h=0

Now taking into account that by definition t(A) is a degree N polynomial in A and that it holds:
M £ 0 yhe{o,...,25,}, k €{0, ..., 25, n#me {1,..,N}, (4.12)

by the condition (3.3), then we have that a solution to the system can be realized iff for any

n € {1,...,N} there exists a unique h,, € {0, ...,2s,} such that t(g,ﬁh")) =0, or equivalently:

N
tn(A) =k | J2 — @), 4.13)

n=1

So we have that the system has exactly d; , distinct solutions, defined by fixing the d; ; distinct
N-upla h = {h,,...,hN} with h, € {0, ...,2s,}, n = 1,...,N, in this way implying the condition
of no common components.

Finally, by definition of the SoV basis for any t(A) € L1« the uniquely associated eigen-
vector has the factorized wavefunctions:

N
_ hy,
flhs e hyley = (@0 E@)™, (4.14)
n=1

where the polynomial t (1) is the eigenvalue of the fused transfer matrix TX*")(1) uniquely
defined in terms of the t(A) € X1« by the use of the fusion equations. Then the statement of
the theorem follows observing that the following identities:

(@) (E25D) = et pEntL2ntl) (4.15)
Sn ’

are direct consequences of the resolution of the fusion relations (2.25), the definition (4.1)
and the fact that
Dy, 41 (TH(EFNe) = Dy 41) (4.16)

together with Dy, ;(T®(A)HLHD = p (TE(A + 1)) and g@n) = @)

17


https://scipost.org
https://scipost.org/SciPostPhys.10.2.026

Scil SciPost Phys. 10, 026 (2021)

4.2 The natural SoV basis and the associated spectrum characterization

Here we show that there exists a different choice of the SoV basis for which the action of the
transfer matrix becomes very simple as a consequence of the fusion relations and in particular
of the Proposition 2.3.

Theorem 4.2. The set consisting of the co-vectors

h 2Sn-l-(K|23n—h )(g(zsn))
(hy, ... hy] = { s|]_[ BT 4 Vh, €{0,...,25,},a€{1,...N}  (4.17)

defines a co-vector basis of H for almost any choice of the co-vector (S| and of the inhomogeneity
parameters {1, ..., En} satisfying (3.3) under the condition K € End(C?) not proportional to the
identity and invertible>. Moreover, denoting {(O| = (0...,0| the co-vector {(hy, ..., hy/| of this basis
when all h; = 0, we also have, using the higher fusion relation (2.38):

N T K]y, )(g(hn—l))

(hy,....hy| = (O] o Vha €10,...25.},a € {1,...,N}. (4.18)
n=1 k l_[k 5 )
Furthermore, we have:
a) if b # 0, fixing
(S| = (hy =251, ..., Ay = 2515 (4.19)

meaning also that (O| = (0|, then our SoV basis coincides with Sklyanin’s type SoV basis, i.e. it
holds:
(h]_, veey hN |Sk = (hl, ...,th th S {O, veey ZSn}, ne {1, ceey N}. (4.20)

b) if b =0, fixing
(Sl = <h1 = 251,...,hN = ZSlek, (4.21)

then our SoV basis coincides with Sklyanin’s type SoV basis, i.e. it holds:
(hq, ""thsk = (hy,...,hy| Vh,€{0,...,2s,},ne{1,...,N}. (4.22)

Proof. Let us remark that the determinant of the dy, ; x d(, } matrix whose columns are the
elements of the co-vectors (4.17) in the natural basis is a polynomial of order at most dj; ,
in the components of the co-vector (S|. So that it is enough to prove that this determinant is
nonzero for a special choice of (S| to show that it is nonzero for almost any choice of (S|. So
to prove the theorem it is enough to prove that the statements a) and b) hold.

Let us first observe that, by using the quantum determinant condition, we have the follow-
ing rewriting of Sklyanin’s type SoV basis:

25, k)
D(K) ( n
(hy, .., Anls = 5|l_[ %), (4.23)
n=1k,=h,+1 A(&n " ks
and - )
) i}
n D(K) k,
(hy,....h I ] LWQ. (4.24)

ne1 kst A(ES )y

So let us prove now the statement a). The proof is done by induction, in fact it holds if h; = 2s;
for all the i € {1,...,N}, by the given choice of the co-vector (S|. So we assume that our

>t is worth mentioning that the construction of the SoV basis both in Sklyanin’s framework and in our cur-
rent one can be developed also for non-invertible simple twist matrices. However, we use here this additional
requirement just to present a simpler form of the theorem and its proof.
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statement holds for any N-upla {h;<y} such that h; > i_ll- > 1 for some fixed N-upla {hy, ..., iy}
and then we prove that it holds for the N-upla {h;,...,h, —1,...,hy} for any n € {1, ...,N}. In
order to do so, we expand the following co-vector:

_ k(}_l”_(1+25”))T(K|2sn+1_}_ln)(g(zsn))
(hy,.shy—1, .. ohn| = (Ry, oo By = 25, By |2 -

23n nd(g(zsn k))
k(}_ln_(1+25n))

(hl,...,h —25 k)
25, (g2 )

X (T(K)(gglhn))T(Klzsn_hn)(gglzsn)) _A%K)(gg‘lhn))T(Klzsn_(hn+1))(€£125n))), (4‘25)

where for any i € {1,..., N}\{n} we have fixed h; > h; > 1, which by definition implies:

_ _ T(K)(g(’_ln))
<h1> '“:hn - 1, ...,th = (hlz eeey hna ,th(h—)rl
d(gn " )kZ
NGRS i
sy + 1, Ayl 4.26
a4
Then the induction hypothesis implies that it holds:
_ _ T(K)(g(h"))
(hl, ceey hn - 1, eeey th = <h1, ...,hn, eeey hN |Sk(’-l—)n
d(&n ")k
AWO(E™) _
hi, ... hy + 1, Anlsk- (4.27)

(P

Now by definition of the transfer matrix and Sklyanin’s type SoV basis we have that it holds:

<h1, ceey ]tlru '*'JhN|Sk = (hIJ eeey }_ln - 1> "'JhN|Sk

D(K)(g(}—l"+1))A(K)(£(E"))

+(hy,... by + 1, ... Anlsk (4.28)
KZd(E ) (E)
So that by using the quantum determinant identity:
AYQ) = DB@A—nAL Q) —BXOA—n)CO(2) (4.29)
it holds:
_ D) (h,+1) AK) (hy)
(hi, sy + 1, . hnlsk 2(5 3 +1)) ((f) )
kyd(En )d(€ )
= (hy, ... hy +1,..., hnlsk (4.30)
' kzd(g(h +”)cz(a(h y
being

B(K)(g(}_ln‘*‘l))c(K)(g(iln))
k(e acE™)

(hy, .y g+ 1, .0 Ay sk =0, (4.31)
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by definition of Sklyanin’s type SoV basis. So that replacing these results in (4.27) we get our
identity:

(hy,...hy—1,...hn| = (e, oo by — 1, . Anlsko (4.32)

for any h; > h; > 1 with i € {1,..., N}\{n}, which proves the induction. Note that the second
representation, using (0| as starting co-vector, can be either proven directly using the higher
fusion relation (2.38) or again along a similar proof as above using recursively the standard
fusion relations. In the case b), following the same proof of case a) for the transfer matrices

(Kll)()t) 1T(K|l)(A)W (4.33)

we show the identities:

N k(h 25n)T(K|25n—h )(g(zsn))

<h1, ceey hN| kWK = (hl = 231, veey hN = 28N|SkW 25—y 1) (25— (434)
n=1 k=0 d(gn )
for any h,, € {0, ...,2s,} and n € {1, ..., N} from which our statement easily follows. O

As we have anticipated before this is the natural SoV basis as the action of the transfer
matrix on it is easily derived by the fusion identities. Indeed, we have the following:

Proposition 4.2. The transfer matrix TE(Q) has the following separate action on the SoV basis
co-vectors:

(hr, e A TEED) = Ky a(EE YRy, oy + 1, o iy + o d () (o By — 1, gl

(4.35)
Proof. Let us compute:
K)( x(hy
by definition it can be rewritten as:
) k(h ZSH)T(K|2$n—h )( (zsn))
(1, by = 25,0 : T gy, (4.37)

l—[25n (h, +1)d(€(25”_k))
now we can use the fusion relations to rewrite the following operator product:

(4.38)
so that using the L.h.s. we get:
(h1, ..., AN TEO(ET)
(h +1=25,) (K| 25,—(h,+1)) ( £(250)
, TS &)
= (R, Fry = 25, 00, B kg a(E0) 22—
n_(hn+2) (2Sn k)
0 di&; ™ ™)
(h —1-25,) (K |2s,—(h,—1)) ¢ £(251)
A T2
+ (hla sy hn = 2sn7 hN|k2d(g(h )) (g ) (439)

an—hn d(g(ZSn—k))
from which our statement follows by the definition of the SoV basis. Again here, we could also

start from the second representation having (O| as starting co-vector, and get from there the
same result. O

20


https://scipost.org
https://scipost.org/SciPostPhys.10.2.026

Scil SciPost Phys. 10, 026 (2021)

From the above proposition, we get the following characterization of the transfer matrix
spectrum in our new SoV basis. Clearly the discrete characterization of the transfer matrix
eigenvalues is independent of the chosen SoV basis so it coincides with the one we have given
in the theorem of the previous section. Of course what changes is the characterization of the
transfer matrix eigenvectors in the new SoV basis; indeed, it holds:

Theorem 4.3. Let us assume K € End(C?) not proportional to the identity and invertible, then
for almost any value of the inhomogeneities T&)(A) has simple spectrum, is diagonalizable and
the set of its eigenvalues Y1« coincides with the set of degree N polynomials (4.7). For any
t(A) € Tt the associated unique (up-to normalization fixed by (S|t) = 1) eigenvector |t) has
the following factorized wavefunction in the SoV co-vector basis:

N k(zhn_zsn) t(ZS”_h”)(ggsn))

(ool =] |

2s,—(hp+1 25,—k)
net [0t (g3

where t(Znha) (g 5125“)) is the eigenvalue of the fused transfer matrix T2 h)(& 5125“)) associated to
the eigenvector |t).

(4.40)

Proof. The proof can be done along the same lines as in the theorem of the previous section.
It is however interesting to point out that in the current SoV basis the direct action of the
transfer matrix allows to provide a simple and alternative proof of the fact that any solution
{x1,...,xn} € D7) defines a transfer matrix eigenvalue through the polynomial interpolation
formula (4.7). Indeed, the following identity:

(hy, s AN TR (EBD) 1) = ¢(EB) Ry, ..., hylt), VR, €10,.., 25, n € {1,..,N},  (4.41)

is trivially deduced from the definition (4.40) of the state |t) and the previous proposition on
the action of the transfer matrix on the SoV basis. Then the above results together with the
asymptotics of the polynomials (4.7) imply our statement. O

5 Q-operator and quantum spectral curve

5.1 The quantum spectral curve

A functional equation which provides an equivalent characterization of the SoV discrete char-
acterization of the spectrum we derived above, the so-called quantum spectral curve, is given
here. In the case at hand it is a second order Baxter difference equation.

Theorem 5.1. Let the twist matrix K € End(C?) be such that® ky # ko, k; # 0, ky # 0 and the
inhomogeneities {£1, ..., En} € CN satisfy the condition (3.3). Then an entire function t(A) is an
element of Lt iff there exists a unique polynomial:

M N
QM) =] [(A=2), withM <N;=2> s, (5.1)

a=1 n=1

such that A, # EEJZS”) for any (a,b) € {1,..., M} x {1,...,N}, satisfying the following quantum
spectral curve functional equation:

kfa(R)a(h—nQ (A —2n) —kia(W)t(A—nQ (A —n) + A%(A)Q, (M) =0.  (5.2)

6Note that the reformulation in terms of functional equations indeed hold also for the cases (k, = 0, k, # 0)
and (k; =0,k, #0). Note that for these cases both the spectrum of the transfer matrix and of the associated
Q-functions are explicitly known, see the proof of this theorem.
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Equivalently, shifting A by 1 and dividing by common factor polynomials, it can be written as:

t(A)Q:(A) = k1a(A)Q (A —n) + kad(A)Q, (A + 7). (5.3)

Up to an overall normalization the associated transfer matrix eigenvector |t) admits the following
rewriting in the left SoV basis:

N
(hy, oty = [ JQe(E®). (5.4)
n=1

Proof. Let us start proving that the quantum spectral curve equation admits at most one poly-
nomial solution Q,(A) for a given function t(A). Indeed, if we assume the existence of two
such polynomial solutions P(A) and Q(A), it holds:

kia(A)P(A —n) + kad(MP(A +1) _ k1a(M)QA —n) +kad(M)Q(A + 1)

P() Q) 52
which can be rewritten
kya(A) Wpqo(A) = kod(A) Wpa(A + ). (5.6)
Wpq(A) is the quantum Wronskian of these two solutions:
Wpo(A) =Q(A)P(A—n)—P(A)Q(A —n). (5.7)

Taking into account that the zeroes of d(A) coincides with those of a(A) shifted by 2s,m for
any n € {1, ..., N} it follows:

N 2s,—1

Weo(W) =wpoW[ [ [ J(2—&U), (5.8)

n=1 h,=0

where wp(4) is a polynomial in A which moreover has to satisfy the following quasi-periodicity
condition:

Being k; # k, this implies” wpo(1) =0.

Let us now assume the existence of Q,(A) satisfying with t(A) the functional equation (5.2),
then it follows that t(A) is a polynomial of degree N with leading coefficient ty, satisfying
the equation:

k2 —k; tyyq +detK =0, (5.10)

which imposes ty,; =trK = k; +k,. It is now easy to verify that particularizing the functional
equation in the points A = & gh") +n, for any h,, € {0, ..., 2s,}, then the condition Q,(& 5125”)) #0
implies that t(A) satisfies the equation (4.8) for any fixed n € {1, ..., N} which together with
its asymptotic behavior implies that t(A) is a transfer matrix eigenvalue.

The reverse statement is proven now. Let us assume that t(A) is a transfer matrix eigen-
value then we can show the existence of the polynomial Q,(A) of the form (5.1) satisfying
the required functional equation. On the L.h.s. of the equation there is a polynomial in A of
maximal degree 2N + M, with M < N, so that in order to prove that the functional equation
is satisfied we have to show that it is zero in 2N + N, + 1 different points. First, at infinity,
thanks to (5.10), the leading coefficient of this polynomial is zero as t(A) is a transfer matrix

’It is enough to compare the leading coefficients of the polynomial expansion to deduce that the equation is
never satisfied for any nonzero polynomial.
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eigenvalue. It is easy to remark that in the N points & ((123“), for any a € {1, ..., N}, the functional

equation is automatically satisfied. Finally, it is satisfied in the N + N, points §,gh“) for any
h, €{—1,...,2s,—1} and a € {1, ..., N} if the homogeneous system:

Q. () 0
Q. (M) ;
D,| : = : VYne{l,.., N} (5.11)
(25,) :
Q(i ) (25,+1) 0 (25,+1)

is satisfied. As a consequence of the fact that t(A) is an eigenvalue we have:

Zgiﬁrtl D.,=0 VYnef{l,..,N}, (5.12)

so that the previous system is equivalent (for example) to the system of the last 2s,, equations

which can be resolved in terms of Q,(§ (25")) as it follows:
Qu(EM) = QIQ (), Vh, €10,...,25,— 1}, (5.13)
where we define Q(ZS”) =1 and the others, due to the tridiagonal form of the matrix D, ,, are

defined in a unique way recursively by:
I G L e 0
t,n -
kod(E3™) kod (€7
QY = ¢(£2) /kyd (EZ). (5.15)

, Yh,e{1,...,2s,— 1}, (5.14)

Due to the tridiagonal form of the matrix D, , these recursion relations can be solved explicitly
in terms of the transfer matrix eigenvalues in a very simple way as:

k_hn t(hn)(g(zs”))
(2s,—K)y’
k o A&

hence leading to the result (5.4) by direct comparison with (4.40) with the convention that
t((A) = t(A). The proof can be done by an elementary induction. Indeed, the formula holds
for h, = 1 from the relation (5.15). Suppose the formula is true up to a value l € {1,...,2s,—2}
then let us prove it for [ + 1. By using (5.14) and then applying the induction hypothesis for [
and [ — 1, we have:

QW) = (5.16)

t(g(zsn—l))(Q(zsn—l) k1 (g(an—l))Q(an—(l 1))
ked (£77) ked(E77)
k lt(g(zs"_l))t(l)(g(zs”)) k,a (g(zsn—l))d(g(zsn—l'ﬂ))k;(l—l)t(l—l)(ggzsn))
kad (€5 [T d(E" ™)
k (Hl){t(é(zs“_l))t(”(g(zs”)) A(K)(5(25"_1))t(l_l)(gglzs"))}

Q(Zs —(l+1))

(5.17)
25—k
[Tieo dEZ™)
Then, using (2.23) at the point A = &, (260) , taking into account the fact that &, (@sn1) = (25”)+l
we get:
t(gﬁan—l))t(l)(ggZSn)) _ A%K)(ggZSH—l))t(l—l)(ggZSH)) — t(l+1)(§’(125”)), (5.18)
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hence leading to the formula:

k_(l+1)t(l+l)(€(25n))

[Tod(& ™)
which proves the induction hypothesis and hence (5.16) for any h,, € {1,...,2s, — 1}.

Q(ZS n—l=1) _

(5.19)

Therefore, the existence of the polynomial Q,(A) of the form (5.1) which satisfies with (1)
the quantum spectral curve equation is reduced to the proof of the existence of a polynomial of
maximal degree N, that interpolates the values (5.13) in the Qt(igh”)) for any h, € {0,...,2s,}
and n € {1,...,N}. From the form (5.1), we can use the following interpolation formula in the
N, points 5,(1}1”) for h, € {1,...,2s,} and n € {1,...,N} and in an additional point {:

254 2sp, 5(kb) N 25 —E(kb)

Q(A)—ZZ 5 1_[1_[ 5”” (kb)Q(E(h)H]_“_[ (k)Q(C) (5.20)

a=1h,=18a " —C b=1k,=1 b=1k,=1 C
(b,kp)#(a,hg)

where ( is an arbitrary value different of gﬁhn) for any h, € {1,...,2s,} and n € {1,...,N}.
Imposing now that Q,(A) satisfies (5.13) for any h, € {1,...,2s,} and n € {1, ..., N}, we get:

2sp, A— g(kb) (h ) 2sy, g(kb)
Q (l)_zqta Z (h ) l_[l_[ (h) (kb) l_[l_[ )th: (5 21)
ho=1Sa b=1ky=1 Sa " —&p b=1ky=1 G —
(b kb)#(a hq)
where we have introduced the notations:
90 =Qu(0), Are =Q(EPW) Yae(l,..,N}, (5.22)

and where the values Q( a) are given in terms of the transfer matrix eigenvalues by (5.16).
Hence, the polynomial Q, (JL) constructed from such an interpolation formula indeed takes the
values Qt(?;'gh“)) in the points A = Egh“) for h, € {1,...,2s,} and a € {1,..., N}. Therefore what
remains to be proven is that there exits a choice of the values q, 4, for a € {1, ..., N}, such that
the polynomial Q,(A) constructed by (5.21) indeed takes the values Q,(& 510)) in the points & 510)
that were not used in the interpolation formula (5.21). So imposing these conditions indeed
constitutes N constraints on the possible values of the q, ,, for a € {1,..,N}. So that we
are left with the system of N equations obtained by imposing that the interpolation formula
(5.21) indeed satisfies the equations (5.13) in the points h, = 0 for n € {1,...,N}. This is an
homogeneous linear system of N equations in N + 1 unknowns, the q, , for any a € {0,...,N},
or equivalently an inhomogeneous system of N equations in the N unknowns, the q, , for any
a € {1,...,N} in terms of the normalization q o:

25c 5(0) (k )

N N
Z[Cét)]ab de,b = l_[ l—[ (k ) q¢,05 (523)
b=1

c=1k.=1 C gc

where the N x N matrix [Cg)]ab has the following elements

® 0 b EO—g Moo O gl

0 _

[C ‘ lab = —5abQ Z o) (hy) (k)
18,7 —C c=1k=1 &,

(c,ke)#(b,hy)

Q™). Va,be{1,...,N},

(5.24)
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where the coefficients Q( ») with hy € {0,...,2s,}, for any b € {1,...,N}, are given from the
transfer matrix elgenvalues by (5.16) as the solution to the linear system (5.11). The linear
system (5.23) admits always one nonzero solution which produces one polynomial Q,(A) sat-
isfying the functional equation (5.2) with t(A). This and the uniqueness of the polynomial
solution implies that dety [Cét)] is nonzero and finite for almost any choice of {. Then, for any
given choice of q, o # 0, there exists one and only one nontrivial solution (q; 1,...,q, ) of the
system (5.23), which is given by Cramer’s rule:

dety[C{7())]

T VieLo Ny, (5.25)
detN[Cg ]

qt,j = Ae,0

with matrices Cét)( j) defined by

25y, 5(0) g(kb)

(t) (t)
(€ (DN]ap = (1 =5[] 5,”]_[ ﬂ R N (5.26)
b=lky=1 $—E&,
foralla,b € {1,...,N}. Let us now prove that the following conditions hold:
dety[C{(D]#0 Vi {1,...N}, (5.27)

for almost any values of the parameters. Let us consider the case k; = 0 then the transfer
matrix reduces to k,D(A), which coincides with B¥)(1) for K = k,0;, whose diagonalizability
and spectrum simplicity follows for example by Theorem 3.2. The spectrum explicitly reads:

N N
(T = ko [ [(A— W) Yh={hy,... .k} € @0, 25,}. (5.28)

n=1

In this special case we can solve explicitly in the class of the polynomial solutions the quantum
spectral curve equation which reads:

t(A)Q:(A) —kad(A)Q (A +m) =0. (5.29)
Indeed, the polynomial
-1
Q fa-0iar0)(A) = l_[ l_[(l g, (5.30)
n=1k,=1

it is easily checked to satisfy the above functional equation (5.29) with tﬁkl:o’kﬁéo)(k) for any

fixedh e ®r':l:1 {0,...,2s,}. Moreover, it is the only solution to the above equation for any fixed
h. This follows by the general proof of uniqueness, given above by the quantum Wronskian
argument, or by rederiving it directly in this special case. Indeed, any polynomial solution of
(5.29) has to have the factorized form:

Q Ga-ota70) () = POQ G -0sary (1), (5.31)

for some polynomial P(A) which has to satisfy then the equation:
P(A)—P(A+n)=0, (5.32)
which is only possible for P(1) constant. Let us observe that all our polynomials Qtﬁklzo’kz*o) 1)

are indeed of degree M < N, = 222‘21 Sp, SO that for any fixed h we can interpolate them
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in N; + 1 points according to the interpolation formula (5.20). Moreover, as the couple
t}(lklzo’k#o)(k) and Qt}(lklzo,kﬁo) (A) satisfies the functional equation (5.29) then they satisfy also

the homogeneous system of equations (5.11) or equivalently the system (5.13) with (5.14)
and (5.15), for k; = 0. This means that the interpolation formula (5.21) also holds for our
polynomial Qt(klzo,k#o)()\) and so imposing the condition (5.13) for any h, = 0, we get the

h
linear system (5.23), which is satisfied for:

qt](lk1=0,kz#0),0 = Qt}(lk1=o,k2#o)(o #0, qt](lk1=0,kz#0)’a = Qtl(lk1=o,k2¢o)(€gzs“)) #0Vae{l,.., N}
(5.33)
This in turn implies that (5.27) is satisfied for k; = 0,k, # 0, being detN[Cét)] nonzero by
the uniqueness of the polynomial solution. Now we have just to observe that the transfer
matrix eigenvalues are algebraic functions in the parameter k; so the same is true for the
determinants detN[Cét)] and detN[Cét)( j)] for any j € {1,...,N}. Then, by using the Lemma
B.1 of our article [2], we can argue that being these determinant nonzero at k; = 0 for any
transfer matrix eigenvalue this implies that this must be true for almost any values of the
parameters.
Finally, let us note that Q,(A) being a non zero (by construction) polynomial of maximal
know degree, its highest coefficient can always be normalized to unity as required. O

5.2 Reconstruction of the Q-operator

On the basis of the results derived in the SoV framework we can present a reconstruction of
the Q-operator in terms of the (fused) transfer matrices, more precisely it holds:

Corollary 5.1. Let us assume that the twist matrix K € End(C?) is such that ky # ko, k; # 0,
ko # 0. Then the polynomial family of commuting operators of maximal degree N constructed
from the fused transfer matrices:

dety [T + T )] N 23— g0

Q) = : [T %

() k)’
detN[CéTK) b=1k=16— 5()

(5.34)

is well defined for any fixed value® of { and for almost any values of {&;<n} and of {kj<a}, where
we have defined:

(T(K)) ©) 25b C N 2s. g(O) g() N
[T oy = =645 Q0 , + Z o Gl (k)QTU{)’b Va,be{1,...,N},
18, —C c=1k=1 &,
(e k)£,
(5.35)

with:

® T(K|2$ —h)(g(zsa))

T® g k(Zsa ) l—lzsa (h+1) d(g(Zsa k))’

Vhe{l,...,2s,},ae{1,...,N}, (5.36)

We can fix for example { = £ for any fixed a € {1,...,N}.
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®)
and TéT ‘ )(A) is the following rank one matrix:

001 ]_[]_[(5@ gl

c=1 k=1
h
2 A=,

2.

= EW - 0EP - O, T P -5
(c,k.)#(b,h)

Va,be{l,...,N}. (5.37)

Then the family Q(A) is a Q-operator family, namely it satisfies, together with the transfer matrix
T&) and the quantum determinant ASIK), the quantum spectral curve equation at operator level:

a(MQA—2m) — FAWTEOA-nQA—m + A% =0, (5.38)

and for any a € {1,...,N} Q(& (25")) are invertible operators.

Proof. We have shown in the previous theorem that a unique polynomial Q,(1) of the form
(5.1) satisfies the quantum spectral curve equation for any fixed t(A) eigenvalue of the trans-
fer matrix T¥)(1). Then by using the reconstruction of Q,(A) in the points & Elzs“) for any
a €{1,...,N} and its interpolation formula (5.21) it is easy to prove that the following deter-
minant representation holds:

dety[C (t)+T(t)(A)] N 25 5 _ g(k)

[T

Q (A)_ >
‘ dety C(t)] b=1k=1 % — g(k)

(5.39)

where we have replaced any transfer matrix T&)(& <) by its eigenvalue t(&,) in the above
defined matrices. Now as a corollary of Proposition 2.5 of our first paper [1], we know that
the transfer matrix T(K)(A) is diagonalizable and with simple spectrum for almost any value
of the parameters {£._ © nJ and {kj<,} for the twist matrix K diagonalizable and with simple
spectrum. The polynomlal operator family Q(A) can be then uniquely defined by its action on
the eigenbasis of the transfer matrix as it follows:

Q)It) =£)Q.(A), (5.40)

for any t(A) eigenvalue and uniquely (up to normalization) associated eigenvector |t) of the
transfer matrix T&)(A). It is then evident that this operator family satisfies by definition the
quantum spectral curve equation with the transfer matrices, that it admits the given deter-
minant representation in terms of the transfer matrix T&)(A) and that it is invertible in the

points {& 512;’\} }. O

5.3 On the general role of the Q-operator as SoV basis generator

The known results on SoV in the literature and, in particular, our general construction of the
SoV bases allows to show that for a large class of integrable quantum models associated to finite
dimensional representation of the Yang-Baxter, reflection algebra or dynamical generalization
of them, the transfer matrix (or some simple extension of it) defines a diagonalizable and
simple spectrum one parameter family of commuting operators. Moreover, for the same class
of models we know for a fixed normalization of the eigenvectors that the corresponding wave
functions admit the following factorized form:

N
(oo hiylt) =] [QED), Yh,e{1,...,d .} ae{1,...,N} (5.41)

a=1
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for a quantum space of dimension ]_[2|:1 d,, where Q,(A) is the eigenvalue of the Q-operator

Q(A) associated to the given transfer matrix eigenvalue and the & Eﬁa) is the spectrum of the
quantum separate variables Y, satisfying:

(Ry, . il Y = EMI(Ry, . by, Vae{l,...,N}. (5.42)

Once we combine the diagonalizability and simplicity of the transfer matrix spectrum and the
SoV representation of the transfer matrix eigenco-vectors then it is clear that the following
statement holds:

There exists a co-vector (L| such that:

N
(hys el = (LI] [QESD), Vh, €{1,....d}ae{1,... N} (5.43)

a=1

indeed:

N N
(L] JQEdle) =] T Lle), Vheel,....d}ae{l,...,N},  (5.44)
a=1

a=1

clearly the definition of (L| is fixed up to the choice of the normalization of all the transfer
matrix eigenvectors. These observations naturally lead to the idea that we are able to construct
an SoV basis once the Q-operator is known. There is anyhow an important comments we have
to make, i.e. some further informations are indeed required beyond the knowledge of the
Q-operator. In particular, the right choice of the vector (L| which has to satisfy the condition:

(LIt) #0 (5.45)

for |t) any transfer matrix eigenvector and even more importantly we have to have a criterion
to chose the spectrum of the separate variables. In our SoV construction there are indeed the
fusion relations and the fact that they are simplified for some specific choice of the values of the
spectral parameter to guide us to the proper choice of the spectrum of the quantum separate
variables.

In the non-fundamental representations we considered in this article, we can now make
the above description of the SoV basis construction using the Q-operator. In particular, we
have the following:

Corollary 5.2. Let us assume that the twist matrix K € End(C?) is such that ky # ko, k; # 0,
ko # 0, then for almost any choice of (L| the set of co-vectors defined in (5.43) defines an SoV
co-vector basis which coincides, thanks to equations 5.13 and 5.16, with that defined in Theorem
4.2, once we fix:

N
(L= (sI] [Qlg@m). (5.46)
n=1
Moreover, the set of co-vectors (5.43) coincides with Sklyanin’s SoV basis under the choices of (S|
described in Theorem 4.2.

Let us look now at the linear action of the transfer matrix on the basis (5.43) generated by
the Q-operator. It follows directly from the T —Q relation that gives the product T¥)(1)Q(A)
as a linear combination of Q(A + 7)) and Q(A — 1), more precisely we get:

TEOERNQ(ETD) = kya(EBN)Q(ET) — 1) + kyd (EBN)Q(ET) + ). (5.47)
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Now taking into account & flh“) Fn==¢& E}‘“i” it leads directly to the following explicit linear
action on the SoV basis (5.43) as:

(Ry, oo, AN TEI(EB)) = kg (D) Ry, oo by + 1, s By ] + ko d(EP) Ry, oo by — 1, By,

(5.48)
which coincides with (4.35). It should be noted here that whenever the index h,, reaches the
value O or 2s,, the corresponding coefficient vanishes ensuring that the action never goes out
of the basis. Namely it can be easily verified that a(& 5125”)) = 0 and similarly d(& EIO)) =0. It
is then sufficient to get the explicit action of T¥)(1) to use its expression following from the
interpolation formula for the operator T¥)(1) in the points gﬁhn) forn =1,...,N. Hence the
role of the T — Q equation is both to give the T-spectrum characterization and at the same
time the closure relation leading to its explicit linear action on the SoV basis generated by
the Q-operator. This is very similar to the Frobenius scheme that we advocated in [1], here
with the T —Q-equation playing the natural role of the characteristic equation for the transfer
matrix.

A last remark about the construction of the SoV basis starting from the Q-operator should
be outlined. For several integrable quantum models it is in fact the construction of the SoV
basis and the corresponding characterization of the transfer matrix spectrum that allow for
the explicit construction of the Q-operator, as we have explained in this article.

6 Conclusion

In the present paper we have shown how to construct different SoV bases for the integrable
models associated to higher spin representations of the Y (gl,) algebra. Here, we would like to
comment on some general picture relating these SoV bases. In our scheme developed first in
[1] an SoV basis of such a model is characterized by a chosen reference co-vector (L|, satisfying
the condition (5.45), and a set of commuting conserved charges Tghi), withi =1,...,N and
h; =0,...,2s;, such that the set of co-vectors:

N
(W [T =1, oyl = 1(hl, (6.1)
i=1

forms a basis of the Hilbert space dual * of the model at hand. Moreover, the conserved
charges are obtained from some transfer matrix of the model, stemming from the Yang-Baxter
algebra, and satisfy a set of low-degree algebraic equations determining their common spec-
trum. In the cases examined in this paper, these are given by the fusion relations for the tower
of fused transfer matrices and define a system of N polynomial equations of order 2s + 1 in
N unknowns, if all s; =s. The low degree of these algebraic equations determining the spec-
trum of the transfer matrix (and also its action on the constructed SoV basis) in comparison to
the dimension of the Hilbert space ((2s + 1)V in the case here considered) is the hallmark of
integrability. Indeed, in general, the degree of the characteristic polynomial of an operator is
equal to the dimension of the Hilbert space; the very fact that there exists lower degree equa-
tions giving the spectrum is directly related to the Yang-Baxter algebra structure underlying
the integrability properties of the considered models.

Now, suppose we have an SoV basis as described above; what freedom do we have for
constructing different SoV bases? There are two obvious ways to do so:

(i) Change the reference co-vector {L| for another co-vector, say (L|.
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(ii) Change the set of commuting conserved charges Tghi) to a new set, say 'T'Eki).

Let us stress that in the second case, while changing the set of commuting conserved
charges, we need to insure that again the spectrum of the transfer matrix is given by low
degree (in the above described way) algebraic equations that also play the role of closure re-
lations for the action of the transfer matrix on the new basis. In the present paper we have
been giving examples of the two above ways, and even of combined effects of the two. Before
commenting directly on the examples given in the present paper, let us examine on general
grounds these two possibilities more closely.

Let us first suppose that we have two different reference states (L| and (L| for which the
set of co-vectors (6.1) forms a basis of H* and such that the set of co-vectors defined by:

N
(@] ], 6.2)

is also a basis of #*. Then we can infer that the change of basis between the two sets is given
by the action of an invertible operator, say T, ;, that is a conserved charge commuting with

the transfer matrix. Indeed, (6.1) being a basis, there exist coefficients I, such that:

(L= r(hll,. (6.3)
h
Hence, defining the conserved charge:
TL,i = Z ZhTh > (6.4)
h
with Ty =T, Tgh"), we get:
Lll_[T(h) Lll_[T(h) T.i- (6.5)

Hence any change of SoV basis obtained by changing the reference co-vector (L|, is generated
by the action of some conserved charge commuting with the transfer matrix.

Let us remark, moreover, that the invertibility of the charge T, ; is the necessary and
sufficient condition to guarantee that (L| satisfies the condition (5.45), once (L| satisfies it,
being

(Llt) =t, 1 (L]t), (6.6)
where t; ; is the eigenvalue of the charge T ; on the generic transfer matrix eigenvector |t).

For both the type of SoV bases here introduced, we have been able to identify explicitly both
reference co-vectors satisfying (6.3) and the set of charges Tghi). Then, we can explicitly write

the condition on (L| to be a proper reference co-vector as a condition on its decomposition in
these explicit SoV bases. That is, it must holds:

N
det Zil(ll)l_[(T(KIan)(EgZSH—l)))hn #0, (6.7)
h n=1

where i}(ll) are the coefficients defined in (6.3) taking as original SoV-basis the first one associ-

ated to the choice of (Q| given in (4.2). Similarly, it must holds:

h 25nT(K|ZSn—h )(g(zsn))

det Zz@)]_[ =
n=1

- #0, (6.8)
Hd(E)
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where T}(lz) are the coefficients defined in (6.3) taking as original SoV-basis the second one as-
sociated to the choice of (S| given in (4.19) or (4.21). Then, in agreement with our finding
in Proposition (4.1) and in Theorem (4.2), we confirm that almost any choice of the co-vector
(L| defines a proper reference co-vector satisfying the condition (5.45).

Let us now consider the second procedure, namely let us suppose we have two SoV bases
sharing the same reference co-vector (L| but associated to two different sets of commuting
conserved charges, T}, and 'T'k. Then it means that each of these sets of commuting conserved
charges are both bases of the vector space C1 of operators commuting with the transfer matrix
T(A) of the model considered. Due to simple spectrum property of the transfer matrix, that
follows from the existence of such an SoV basis, the dimension of the vector space Ct is equal
to the dimension of the Hilbert space on which these operators are acting upon. Hence, there
exists a matrix My, i defining the corresponding change of basis such that:

Ty = Z TaMp ., (6.9)
h
which also gives the change of basis in H* as we also have:

(LT =4(kl = ZT(thh,k- (6.10)
b

Note that the change of basis matrix My, i also gives the linear decomposition of the commuting

conserved charges 'T'k on the first set Ty,. In that respect, one cannot pickup an arbitrary
invertible matrix My, and expect that it will be defining a new SoV basis; indeed, the size of
this matrix being the dimension of the Hilbert space, one should further insure that the new
set of commuting conserved charges generated by the formulae (6.10) still satisfy a system
of algebraic equations of low degree in the above defined sense generating their spectrum,
namely involving a number of terms much less than the dimension of the Hilbert space.

Finally, let us stress that in practice, we can have both effects (i) and (ii) when going
from one SoV basis to another one. In fact one example of this combined effect is our second
construction of the SoV basis for arbitrary spin representations given respectively in (4.17) and
(4.18). In that case the two bases are just identical via the change of both the set of conserved
charges used and also a change of the reference co-vector. The change of basis between our
first construction (4.1), using the fundamental transfer matrices and the second construction
using either the tower of the fused transfer matrices or the Q-operator, is more involved, but
both construction can be obtained through determinant formulae giving the fused transfer
matrices in terms of the original transfer matrix T (1), and hence can be related using the
fusion relations. The main advantage of our second construction over our first construction is
that the action of the transfer matrix T¥D(1) becomes very simple, namely explicitly linear,
to be compared to its action on the first SoV basis (4.1) which is more involved. In fact it is
only in the second SoV basis that the action of the original transfer matrix TXM(1) on the
SoV basis is given by the same algebraic relation that also characterizes its spectrum, i.e., by
the TQ-equation. Hence, it appears clearly that the most "natural" SoV bases are the ones for
which this situation is realized. And for models associated to higher-spin representations of the
Y (gly) quantum algebra, we have shown in (5.43) that they are obtained through commuting
conserved charges generated by the Baxter Q-operator, here, explicitly constructed in terms of
the fused transfer matrices in Corollary 5.1.
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A Appendix

Let us define the following general tridiagonal matrix 7;\](1’N) :

a, bl 0
LN) _ | &
TN = o : (A1)
i . bya
0 CN—1 AN

and let us denote by A](\}’N) its determinant. Expanding this determinant by its column j, we
have: : o )
(LN) _ 1,j=1) , G+1L,N 1) (2)
AN = ajAJ._l AN—j - bj_le)N—l - CjeN_l . (AZ)

Then we can expand the two determinants @1(\1111 and 61(\]111 respectively along their rows j—1

and j respectively, to get in both cases a sum of two contributions, one being zero and the
other being a product of two determinants of tridiagonal matrices of the above form to get:

(LN) _ (1,j=1) , G+L,N) (1,j=2) , G+1L,N) (1,j=1) 5 G+2,N)
AN = ajAj—l AN—j — bj—lcj—lAj—Z AN—j — bJC]A]—l AN—j—l , (AB)

hence leading to a relation expressing the determinant of the tridiagonal matrix 7;\,(1’N), namely

A](\}’N), in terms of determinants of some of its sub-tridiagonal matrices. Taking the particular
case where j = N, and with the obvious conventions that the coefficients b; and c;, for j <0
or for j > N are identically zero, while the corresponding a; are equal to one if j <0 or j > N,
we get back to the traditional recursion relation for determinants of tridiagonal matrices:

AJ(VLN) = aNAz(vl’_A{_l) - bN—1CN—1A§vl’_A£_2)' (A4)
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