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Introduction

The theory of integrable systems enlightens deep relationships between formal algebraic struc-
tures and mathematical properties of exactly solvable physical models, both at the classical
and the quantum level. If the search for symmetries (in particular the ones described by Lie
algebras) has always been an essential tool for the study of any physical theory or model, in the
context of integrable systems it becomes something even more relevant: most of the develop-
ments of this branch of mathematical physics are in some sense related to generalizations of the
very same concept of symmetry. Among these generalizations, the theory of Lie superalgebras
stands out as a particularly powerful and fertile one.

The aim of this work is to use Lie superalgebras as an algebraic tool to build and solve
integrable quantum spin chains. The appearance of these one-dimensional models dates back
almost 80 years, and their prototype is the X X X chain, first introduced by Heisenberg in 1928
[1] as an attempt to elaborate a model for the ferromagnetic transition. This celebrated model
can be described as a linear array of spin 1/2 particles with uniform exchange interactions
between nearest neighbours. In 1931, H. Bethe [2] presented a method for obtaining its exact
spectrum. In his solution, the eigenvectors of the chain are built in terms of quasi—particle
whose rapidities satisfy a set of algebraic equations (Bethe equations). A relevant feature of
the Bethe approach is that the eigenstates are naturally characterized by a set of quantum
numbers that can be used to classify them according to specific physical properties.

This approach, known today as Bethe Ansatz, has been used later as the main tool for the
construction of the spectrum of innumerable one-dimensional quantum integrable systems, that
are known to be solvable by means of some generalization of the Bethe Ansatz (coordinate,
algebraic, functional, nested, etc.). The method has thus been expanded far beyond the ad
hoc calculation tool it was in its first appearance, and integrable spin chains appear today in a
huge variety of domains, from condensed matter physics to quantum optics, particle physics and
string theory. Integrable vertex models, reaction—diffusion models and 1 4+ 1 dimensional field
theories can be related to spin chains by means of suitable transformations or limit procedures.
A striking mathematical richness corresponds to this variety of physical applications: many
algebraic tools used to build and solve integrable spin chains are today widely used in connection
with knots theory, non—-commutative geometry or quantum groups (whose introduction has
been partially motivated by the study of spin chains).

From the integrability point of view these models share a common feature: the existence of a
generating function (the transfer matrix ¢(u)), depending on a complex parameter, from which
the Hamiltonians describing the interaction can be derived as elements of a set of commuting
operators (thus simultaneously diagonalizable). This is essentially due to the fact that transfer
matrices commute at different values of the spectral parameter wu:

[t(u),t(v)] =0.

As a consequence, the coefficients of the u—series expansion of t(u) are commuting operators
and can be used to build the hamiltonian. In practice, the diagonalization of t(u) allows the
simultaneous calculation of the spectrum of all these operators.

The particular Bethe Ansatz approach we deal with in this work is the so—called analytical
Bethe Ansatz. This variant of the Bethe Ansatz was developed in [3, 4, 5, 6] for closed spin
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1.1 Yangians and the quantum inverse scattering method 4

chains and in [7, 8] for open chains, and it originates from the observation that the Bethe
equations for the X X X Heisenberg chain are analyticity conditions for the eigenvalues of the
transfer matrix ¢(u).

The next relevant observation for our purposes is that if the generators of a symmetry
algebra commute with ¢(u), all the spin chains generated by the transfer matrix will share the
same symmetry.

In an attempt to generalize the algebro—analytic approach devoleped in [9], we have fixed our
attention on supersymmetric spin chains, i.e. such that their transfer matrices commute with all
the generators of a superalgebra of the gl(m|n) series. This is indeed the most general possible
choice: it simultaneously deals with bosonic and fermionic degrees of freedom, and other finite—
dimensional algebras and superalgebras can be obtained as sub—(super)algebras of gi(m|n) (in
a similar way the B,, C, and D,, algebras can be obtained as A,, subalgebras). On the other
hand, even the first non—trivial case — gl(1]|2) — is the symmetry algebra of a surprisingly rich
integrable model as the supersymmetric ¢ — J model, whose well-known diagonalization by
means of the Bethe Ansatz we expect to recover as a subcase of our approach.

Now then, the main goals of our research program can be summarized as follows:

1. is it possible to write the Bethe equations for all the spin chains with gl(m|n) symmetry
as analiticity conditions for the transfer matrices that generate them?

2. how should these Bethe equations be modified when dealing with supersymmetric open
spin chains?

The key point allowing a global treatment of all the gl(m|n) supersymmetric spin chains —
independent from the representation chosen for the spin variables — is that their integrability
only relies on the algebraic structure underlying the construction of the transfer matrix (the
so called Yangian of gl(m|n)), that closely resembles its non supersymmetric counterpart. The
present introduction is correspondigly organized in two parts: in the next section, the main
ideas of this algebraic treatment of integrable spin chains and of the (non supersymmetric)
quantum inverse scattering method are very briefly summarized in the next section. We then
recall a few fundamental definitions and results about the theory of Lie superalgebras we shall
use throughout this work. The contents and results of this thesis will then be described in the
last section of the introduction.

1.1 Yangians and the quantum inverse scattering method

In the theory of quantum integrable systems, Lie algebras and superalgebras naturally appear
as the ones entailing the physical operators of the problem. Starting e.g. from a family of com-
muting operators {Hy}, one can embed the commuting algebra spanned by these observables
into a bigger Lie algebra, in such a way that the Hilbert space of the system states becomes a
representation of this algebra. It is then possible to find the eigenvalues of the { H,} by purely
algebraic means.

A relevant feature of the quantum inverse scattering method is that the involved algebras
are not finite—dimensional algebras, and are not even, generally speaking, Lie algebras. In their
place, one considers the algebras spanned by the generators T;;(u), with 1 <4,j < N, u being
a complex parameter called the spectral parameter. Gathering the generators in an N x N
matrix, their commutation relations are defined by the equation

R(u —v)Th(u)Ta(v) = To(v)Ti(u)R(u — v), (1.1)

with the entries of the numerical matrix R(u) play the role of a set of generalized constant
structures. As a compatibility condition, they should satisfy the Yang—Baxter equation :

R12(U — 'U)Rl;g(u)Rgg(’U) = RQg(’U)ng(’LL)ng(U — 'U) .
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Any solution of the above equation defines the quadratic algebra Tx through equation(1.1). The
representations of 7z can then be interpreted as a quantum integrable system whose Hilbert
space is the module of the 7y representation, and whose commuting integrals of motion are the
elements of the maximal commutative subalgebra ¢(u) C 7g. The main aim of the quantum
inverse scattering method is then to find the spectrum and the eigenvectors of this family.
According to Sklyanin [10], one can summarize the steps of the quantum inverse scattering
method as follows:

1. find the R matrix by solving the Yang—Baxter equation;

2. identify a representation of 7g;

3. calculate the spectrum of t(u);

4. calculate the correlation functions and other quantities of physical interest.

The first solutions to the Yang—Baxter equation have been found by empirical methods, until,
with the work of Drinfeld [11], an axiomatic approach to the QISM based on Hopf algebras was
introduced, whose main tool is a class of quasi-triangular Hopf algebras Y (g), parametrized
by the simple Lie algebras g, and called Yangians by Drinfeld himself in honor of C. N. Yang
who found a particular solution to the Yang—Baxter equation [12].

The Yangians, that we shall introduce in chapter 2, form a remarkable family of quantum
groups related to rational solutions of the quantum Yang—Baxter equation . For each Lie alge-
bra g, the corresponding Yangian Y (g) is defined as a deformation of the universal enveloping
algebra U(glu]) for the loop algebra g[u].

In this work, we are going to focus our attention on the third step of the above summary
(finding the spectrum of ¢(u)), using supersymmetric generalizations of the Yangians as our
main algebraic tool.

1.2 Lie superalgebras

In the exposition and the notation of this section, summarizing some results about classical
Lie superalgebras, we essentially follow [13], [14] and the comprehensive review [15].

Definition 1.1 (Z2 graded vector space) A vector space V is called Zy—graded if it can be
decomposed into the direct sum of two subspaces V = V5 @ Vy. On the homogeneous elements
x €V (i.e. those having zero projection onto one of these subspaces) one can define a degree
function [z] (also called grading or gradation) with values in Zsg:

[Z‘]:O, iffEGVG,
[z]=1, ifxelf.

FElements of O (resp. 1) degree are called even (resp. odd) elements.

Definition 1.2 (Superalgebra) Let A be an algebra over a field K of characteristic 0 (usu-
ally K =R or K = C) with internal composition laws + and -, and set Zy = Z/(2Z) = {0,1}.
A is called a superalgebra or Zo graded algebra if it can be written as the direct sum of two
spaces
A=Az Ay

such that

Aﬁ'A@CAa, Aa'ATCAT, AT‘ATCAﬁ.
The elements a € Ay are called even, or of degree [a] = 0, while the elements a € Ay are called
odd, or of degree [a] = 1.
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Definition 1.3 (Lie superalgebra) A Lie superalgebra is a superalgebra A = Az & At en-
dowed with a product [,] satisfying the following axioms:

1. Zo—gradation:

[Ai, Aj] C Ay
2. graded—antisymmetry:
[ai s a;] = —=(=1)1* )] [a; ,a;]
3. generalized Jacobi identity:
[ai s [y, ar]] = lai, a5], ar] + (=19 [0 a; , 0]

fori,j€Zy={0,1} and a; € A;.

Notice that Az — called the bosonic or even part of A — is a Lie algebra whose Lie bracket
coincides with the restriction of [,] to its elements, and that A1, while not a Lie algebra in itself,
is an Ag module thanks to the Z, gradation of [,]. The even subalgebra of any Lie superalgebra
can therefore be represented on its odd part. It follows that each simple Lie superalgebra falls
into one of two general families: for the classical Lie superalgebras the representation of the
even subalgebra on the odd part is completely reducible, while for the Cartan type superalgebras
such a property does not hold. Among the classical superalgebras, one naturally separates the
basic series from the strange ones, obtaining the following classification:

1. four so called basic series, denoted A(m|n), B(m|n), C(n), D(m|n), that are in many
ways like the A,—D,, series of Lie algebras;

2. two exceptional Lie superalgebras F(4) and G(3), respectively 40-dimensional and 31—
dimensional;

3. a one—parameter family of 17-dimensional superalgebras D(2|1, «).
They are a—deformations of D(2|1);

4. two infinite families (the strange series) respectively denoted P(n) and Q(n).

The following diagram resumes the classification.

Simple
Lie superalgebras

Classical Cartan type
Lie superalgebras superalgebras

Basic

Lie superalgebras Strange series

A(mn), B(m|n),
C(n),D(m|n)

Exceptional

D(2|1, ) Lie superalgebras
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In the present work we shall only deal with the A(m|n)-D(m|n) series, whose main definitions
and properties we will now briefly recall.

I. The gl(m|n) superalgebra

In this section we define the Lie superalgebras of the basic type as matriz superalgebras, while
more formal equivalent definitions will be given later, together with the needed supercommuta-
tion relations. We thus start introducing the set EndV of linear transformations of a Zs graded
vector space (definition 1.1) V' = V5 & Vi of dimension m+n, dim Vg = m, dim Vg =n. EndV
being an associative superalgebra with respect to the composition of maps o, it is natural to
define the bracket [,] by the graded commutator

[a,b)=aob—(—1)lpoq.

One defines gl(m|n) as the Lie superalgebra obtained endowing EndV with the above bracket.
The role played by gl(m|n) in Lie superalgebras theory is in many ways the same as that
of gl(n) in Lie algebras theory. Assume now that ei,...,em, €mitl,---;Emin is a basis of
V' that is the union of bases of V5 and Vi, ie. [e;] = 0 for i = 1,...,m and [e;] = 1 for
i=m+1,...,m+n. It is then useful to attach the grading to the indices 1, i.e.

M:{O’lgigm (1.2)

1, m+1<i<m+n.

Such a basis is called homogeneous. In this basis an operator X € gl(m|n) can be represented
in the form of block matrices with complex elements:

X:(g g), (1.3)

where A € gl(m) and D € gl(n), while B and C are respectively m x n and n x m complex
matrices. All even elements are of the form

X:(S‘ g) X]=0,

X—(B g) X]=1. (1.4)

The even part of gl(m|n) is thus seen to be isomorphic to the direct sum of gl(m) and gi(n),
while the gl(m|n)-module gl(m|n)7, whose elements are the matrices of the form (1.4), is
isomorphic to gl(m) @ gl(n). We can define a basis for gl(m|n) taking as generators the
elements

and all odd elements read:

(‘:ij, 1<, 5<m+n,
with grading defined through (1.2)
€3] = li] + [1],
and satisfying the following supercommutation relations:

(i > Ert] = OnEit — (_1)([i]+[j])([k]+[l])5ilgkj. (1.5)
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Finally, one can show that the value of the supertrace, defined as the functional in gl(m|n):

m—+n

strX=trA—trD= Z (—DM X
k=1
does not depend on the choice of the basis.
II. Lie superalgebras A(m|n)
The property of the supertrace
str(la,b]) =0

implies that the subalgebra
sl(m|n) = {X € gl(m|n) | str X =0}

is a 1-codimensional ideal of gl(m|n), whose Z2 grading induces the same grading on sl(m|n).
The Lie superalgebra sl(n|n) contains a 1-dimensional ideal consisting of scalar matrices A 1o,
A € C. The unitary superalgebra A(m|n) is thus defined as

A(m|n) = sl(m+1jn+1), m,n >0,
A(m|m) = sl(m + 1lm + 1)/A lapmya, m > 0.

A(m|n) can be realized as a matrix superalgebra by taking matrices of the form

A B
(e )

satisfying the supertracelessness condition:

m4+n
strX=trA—trD= Z (-DM X =0.
k=1

Thus A(m|n) has dimension (m +n)? — 1 and rank m +n — 1 for m # n, and its even part is
sl(m) @ sl(n) ® u(l).
II1. Lie superalgebras B(m|n), C(n), D(m|n)

The Lie superalgebras containing the orthogonal and symplectic algebras are defined as the
ones preserving the bilinear forms on V', dim V' = m + 2n, whose block diagonal matrix read

Here, 1,, and 1,, denote identity matrices of the corresponding dimension. Thus, the basic series
B(m]n), C(n) and D(m|n) can be defined as the gl(m|n) sub-superalgebras whose elements,
written in the form (1.3), satisfy the following constraints:

At =4, D'J=—-JD, B=_C'J,
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where ! denotes the usual transposition and the matrix J is given by

0 1,
(5%

These so called orthosymplectic Lie superalgebras osp(m|2n) fall into three series

B(m|n) = osp(2m + 1|2n), m>0,n>0;
D(mn) = osp(2m|2n), m>2,n>0;
C(n+1) = osp(2]2n), n>1.

The even part of B(m|n) is given by so(2m+1) @ sp(2n), while its odd part is the (2m+1, 2n)—
dimensional representation of the even part; it has rank m+n and dimension 2(m+n)?+m+3n.
The superalgebra C(n + 1) has as even part the so(2) @ sp(2n) Lie algebra and as odd part
two copies of the fundamental representation of sp(2n). Its rank is n + 1, and its dimension
2n2 +5n+ 1. Finally, the even part of D(m|n) is so(2m) @ sp(2n), whose (2m, 2n)-dimensional
representation gives the odd part; it has rank m + n and dimension 2(m + n)? — m + n.

1.3 Outline of the thesis

The present thesis consists of a short introduction and five chapters. In the following we briefly
summarize their contents. Each chapter is preceded by a more detalied synopsis, including the
main bibliographical references.

e Chapter 2. The Yangian of gl(m|n). This chapter is entirely devoted to a self-
contained presentation of the graded Yangian of the general Lie superalgebra gl(m|n).
All of the algebraic structures (reflection algebra, twisted Yangians, etc.) from which we
derive and solve integrable spin chains are later introduced as subalgebras of Y (m/n).

We begin the chapter establishing our notation and recalling the construction of the
fundamental solutions of the graded Yang—Baxter equation. Then, the main definitions
and properties of Y (m|n) and its highest weight representations are summarized. The
class of irreducible representations known as evaluation representations will be described.

While almost all the results of the second chapter are well known, some new calculations
are contained in its sections 4 and 5: namely, we study the action of T~!(u) on highest
weight representations — a key point in order to gain valuable information about the
values assumed by the central element of Y (m|n) (the so—called quantum Berezinian) on
evaluation representations.

e Chapter 3. Closed spin chains. The third chapter connects the algebraic setting de-
scribed in chapter 2 with the graded version of the quantum inverse scattering method,
describing how monodromy and transfer matrices leading to periodic spin chains can be
sistematically built, exploiting the Hopf structure, by means of super Yangian represen-
tations. The symmetry superalgebra characterizing these transfer matrices (and all the
hamiltonians they generate) will also be described. At the same time, the basic ideas of
the analytical Bethe Ansatz are discussed. These can be summarized as follows:

1. the representations theory of Y (m|n) supplies us with a natural pseudovacuum
eigenvector v of the transfer matrix. The action of the monodromy matrix 7 (u)
on vT, and the corresponding transfer matrix eigenvalue Ag(u), can be explicitly
calculated.
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2. It is then assumed that all the eigenvalues of the transfer matrix can be obtained
by properly “dressing” the pseudovacuum eigenvalue with rational functions of the
spectral parameter.

3. From the properties satisfied by the eigenvalues, one deduces a number of constraints
that the form of the dressing functions should satisfy. In doing so, a set of quantum
numbers labelling the eigenvalues is introduced. These are to be related to the Bethe
roots in the last step of the analytical Bethe Ansatz.

4. The Bethe equations are obtained as analyticity conditions on the eigenvalues.

In the remaining part of the chapter, we sistematically apply this approach to the obtained
transfer matrices. Several specific examples are discussed. Thanks to the purely algebraic
nature of our approach, our results are valid for any Dynkin diagram and for any highest
weight representation of gl(m|n). The novelty of the content of chapter 3 consists in the
full generality of the approach, but the resulting Bethe equations were actually already
known, or at least conjectured, in several cases (see the synopsis preceding the chapter
for bibliographical details).

e Chapter 4. Open spin chains. In the fourth chapter, the analytical Bethe Ansatz
approach is extended to the case of supersymmetric open spin chains. In this kind of
models, the first and last sites of the spin chain do not interact, and the corresponding
term in the hamiltonian is replaced by some non—trivial boundary condition, described
by numerical matrices K. As a consequence, the symmetry of the resulting models is
reduced to some sub-superalgebra of the corresponding periodic chain symmetry. In
order to preserve the integrability, one should redefine the monodromy matrix of the spin
chain as follows:

B(u) = T* (w)K (w)T~ (),

where, roughly speaking, 7" (u) represents a spin-wave propagating towards the bound-
ary, and T~ (u) represents the reflected wave. The numerical matrix K (u) entails the
effect of the boundary on the reflection, and should satisfy consistency conditions (the
so—called reflection equations) of the generic abstract form RKRK = KRKR.

Two main classes of integrable boundary conditions are considered, corresponding to
different kinds of reflection equations. For historical reasons they are known in litera-
ture as soliton preserving (SP) and soliton non-preserving (SNP) boundary conditions.
The integrability of these boundary conditions relies on the properties of two different
subalgebras of the graded Yangian:

1. the so—called graded reflection algebra for the SP case;
2. the twisted super Yangian for the SNP case.

A discussion of the algebraic properties of the graded reflection algebras and of the
twisted super Yangian is followed by the application of the analytical Bethe Ansatz to
the corresponding transfer matrices. As in chapter 3, the general form of the Bethe
equations is obtained as analyticity condition for the eigenvalues of the transfer matrix.
Most of the results presented here are original. The results concerning the SP boundary
conditions are already published in [16], while the dressing hypothesis and the Bethe
equations for the SNP case are not.

e Chapter 5. Fused s/(1|2) models. A particular feature of the representation the-
ory of Lie superalgebras of the sl(m|n) series is the existence of families of irreducible
typical representations, labelled by a complex parameter b, that cannot be obtained as
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components of tensor products of lower dimensional representations. The usual fusion
method used to solve spin chains corresponding to higher—dimensional representations of
ordinary Lie algebras such as sl(n) cannot be applied to these cases.

Nevertheless, it is still possible to obtain the Bethe equations corresponding to typical
representations as analyticity conditions for the eigenvalues of the transfer matrix. This
suggests the possibility of extending the analytical Bethe Ansatz approach to deal with
these cases. This chapter is less general and systematic than the previous ones, and
represents a first step in this direction. It is devoted to the study of the fusion procedure
for the rank 2 superalgebra si(1]2). We discuss the advantages and drawbacks of our
approach, and recover some known results about si(1]2) closed fused models. A short
section is also devoted to the fusion procedure for open si(1]2) spin chains.

e Chapter 6. Integrability from coalgebra symmetry: an osp(1]2) chain. The
last chapter describes, through a single detailed example, the coalgebraic approach to
the problem of the integrability of quantum spin chains. This set of techniques was
originally formulated for classical integrable systems, and has been later generalized to
the quantum case. In this concluding chapter we show how to apply it to supersymmetric
models whose coalgebra symmetry can be described in terms of rank one superalgebras.
We discuss the case of osp(1]2) and of its g—deformation, building a set of commuting
Gaudin—like hamiltonians related to the Casimir of this Lie superalgebra, and explicitly
finding their spectrum and eigenvectors.

Although not directly related to the mainstream of the quantum inverse scattering
method, the integration algorithm we describe shows some similarity with the algebraic
Bethe Ansatz: in particular the eigenvectors of the hamiltonians are obtained by repeated
application of raising operators to a suitable reference state, and this procedure intro-
duces a set of quantum numbers satisfying quantization rules related to the representation
theory of osp(1]2).

Despite these similarities, we shall show that the class of models that are solvable through
the coalgebraic approach are very different (and quite less general) from the ones we
obtained in the previous part of the thesis. We thus conclude the chapter with an
explicit comparison of the two approaches, analizing their advantages and drawbacks, and
emphasizing their differences. The results collected in this chapter are already published
in [17].



2

The Yangian of gl(m|n)

In this chapter we present the algebraic notions that we shall use throughout this work. In
the first section, the main results about the well-known generalization of the Yang-Baxter
equation to the graded case (see for instance [18, 19, 20],) will be briefly summarized, and the
notation fixed. The solutions to the graded Yang—Baxter equation that we shall use in our
approach will be discussed. These will provide a natural starting point for the presentation of
the graded Yangian Y (m|n), that will be the object of the remaining part of the chapter.

Excellent and comprehensive surveys of Yangians and twisted Yangians (to be introduced
in chapter 4) from the algebraic point of view are, for instance, [21] and [22].

The defining relations of the graded Yangian [23] can be written in form of a single ternary
(or RTT) relation satisfied by the matrix of the generators, exactly as in the non—graded case.
As already mentioned in the introduction, this relation originates from the quantum inverse
scattering theory (see [24, 25, 26]), and has a rich and extensive background.

The Yangians were primarily regarded as a tool to build rational solutions of the Yang—
Baxter equation. Conversely, the ternary relation was used in [27] for studying quantum groups.
Moreover, the Hopf structure of the Yangian can also be described in matrix form.

The graded Yangian, first introduced in [23], generalizes these structures to the supersym-
metric case, providing a natural mathematical formulation for the graded quantum inverse
scattering theory and for all Bethe Ansatz approaches to supersymmetric integrable models.

We shall describe the supercommutation relations, the Hopf structure, and some relevant
morphism of the graded Yangian in section 2.2, devoting section 2.3 to summarize few facts,
first established in [28], about the highest weight and evaluation representations of Y (m|n),
that we shall use to build integrable systems.

In sections 2.4 and 2.5 a brief but self-contained description of the center of the graded
Yangian will be given, focusing on the more relevant features from the quantum inverse scat-
tering point of view. To this end, we shall also remind some facts about quantum determinants
and the center of the non—graded Yangian Y (n).

A specific example of some features of the graded Yangian in the case of Y (1]2) concludes
the chapter.

As a general rule, most of this chapter results will be given without proof (but with bibli-
ographical references pointing to the original articles). Detailed proofs will be presented only
when new results or calculations are concerned.

2.1 Yang—Baxter equation

The present section is devoted to fix the notation and to review some preliminaries on the
R—matrix formalism and the Yang—Baxter equation in the case of graded vector spaces. In this
framework, one deals with multiple tensor products of the form

cmin & ...®Cm‘”, (2.1)

12
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each factor being the graded vector space whose even (resp. odd) subspace is C™ (resp. C"):
€™My =cm,
(cmlmr=cr.

We can act on each factor of the tensor product (2.1) with a copy of the Lie superalge-
bra End C™ ", hereafter called the auxiliary space. We will denote with e;; the elementary
End(C™™) matrices, which have 1 in position (4, ), and with e; the C™!™ vectors which have
1 in position i. Their Zs gradation is defined through (1.2) as:

leij] = [i] +[j] and [e] = [i].

We shall use the so—called Leningrad notation, allowing us to distinguish among the operators
acting on the different copies of C™": for an operator A € End C™™ and an integer number
k=1,2,... we set

A =120 @ A@19¢=D ¢ (BndC™™)®F | 1<i<k. (2.2)

If A€ (EndC™™)®2 then for any i, j such that 1 <i,j < k and i # j, we denote by A;; the
operator in (End C™™)®* which acts as A on the i-th and j-th copies, and as 1 on all other
copies. That is, writing A in the basis spanned by the ey,

A= Z Aabcd €ab & €ed Aabcd eC = Aij = Z Aabcd (eab)i(ecd)j 5
a,b,c,d a,b,c,d

where, according to (2.2), . 4
(eap)i = 107D @ eqp @ 18¢71)

Remark 2.1 When the copies of the auziliary space on which an operator acts are specified
by indices as in the example above, we will often omit the tensor product sign, writing, e.g.,
Ay B3 instead of AR 1® B.

If we write the components of two operators A and B in the e;; basis as a;; and b;5, i.e.
A= Zaii €ij , B = Z bij €ij » (2.3)
i, ,J
the components of their tensor product in the e;; ® ey basis are given by a;;bk, i.e.

A® B = Z aijbkl €ij ® e .
1,5,k,1

We shall also use the following notation for the components of a tensor product:
(A® B)ij ki = a;j by -

Both C™"™ and End C™™ are Z,-graded spaces, with Z,-grade
Nm+n ad {0, 1}
: . ) 2.4
1 S 2 (2.4

where N, 1, = {1,2,...,m + n}, so that the tensor product ® will always be graded, according
to the following definition.
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Definition 2.2 Let A and A’ be two superalgebras with multiplications pa and pa . The
tensor product between their elements is called graded if the induced A ® A" multiplication

p:(AA ARA) - A A

is given by: ,
uX XY oY)=(-1)F M (X, Y) @ pa (XY,

for XY e A, X',Y' € A, X' and Y being homogeneous elements.

Accordingly we have, for the elementary matrices e;;:
(eia ® exp)(€a; @ ept) = (—1)([”]*[’“])([“”“])6“ ® ex -

Thus, if A, B, C, D € EndC™", the following formula for the multiplication of their tensor
products holds:

[(A® B)(C® D)],; 1 = ZAmcajBkabl(_1)([b]+[k})([a]+[j]) ) (2.5)
a,b

The action of the operators on vectors is also graded: acting with an operator A ® B of the
form (2.3) on a vector
Cm\n ®Cm|n >¢= Zfrser ®es,

T8

the result is:

(A ® B)g — Z (_1)[j]([k]+[l])§jl aijbkl (ei ® ek) .
i,7,k,l

Remark 2.3 The form of the right hand side of the above equation suggests a possible re-
definition of the k-fold tensor product, widely used in literature (e.g. in [28, 29]), and given

by

A= Qiyjyiggorinin (Cirjs ® Cinjy @+ ® €iy5,) —

A= ()ZrsensiBl @D g 5 i (€agy @ €igy © - @ €45,

This convention automatically takes care of the gradation of the tensor product when multi-
plying several operators like in eq.(2.5). For this reason it is very useful in computer—assisted
calculations, since matriz products reduce, through this mapping, to the usual (non—graded)
ones. Nevertheless, it is much more heavy in analytical calculations, so that we shall avoid
throughout this work the redefinition A — A.

Having established the notation, we will now give the basic definitions and properties con-
nected with the graded Yang—Baxter equation. As in the non—graded case, this equation
involves tensor products of three so—called auziliary spaces Vi, Vo, V3. We shall begin for
simplicity with the case of three identical auxiliary spaces V3 = Vo = V3, all coinciding
with EndC™": they can be considered as three copies of the fundamental representation
of gl(m|n). We will then briefly examine the slightly different case of two identical auxil-
iary spaces Vi = Vo = EndC™", and an arbitrary representation of gl(m|n) in V3. More
complicated cases, obtained through the so—called fusion procedure, will be introduced later.

Definition 2.4 (Graded YBE) By graded Yang-Baxter on equation is meant the following
equation
R12(U - ’U)ng(u)Rgg(U) = Rgg(v)ng(U)ng(u — U) (26)

for the linear operator R(u) € (End C™")®2,
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The graded Yang—Baxter equation appears formally identical to its non—graded counterpart,
the only difference being the gradation of the tensor product, since both sides of eq.(2.6) are
elements of (End (Cm|”)®3. By projecting it on the matrix element e;; ® ex; ® €y, We obtain:

(=) D GG EH DD R (4 — 0) Ry jorey (1) Ryt s (0) =
= (=)D R (D D+ D D) o

X Rickey oy (V) Riiy iy s (W) Ry j g1 (w — v), (2.7)

where the sum over repeated indices i1, k1, 71 from 1 to m+n is implied. Written in this form,
eq.(2.6) can be considered a functional equation for the set of functions R;; x;(u) of a complex
parameter u, depending on four indices ¢,5,k,l running from 1 to m +n.

A solution R(u) to the graded Yang—Baxter equation will be called an R-matrix, and the
complex variable u will be called the spectral parameter. The R-matrices we shall be interested
in throughout this work will always obey the following properties:

1. they will be even matrices, i.e. all non—zero elements of R(u) shall be of 0 degree:
Rijp(u) #0 = [i] +[j] + [k] + [I] = 0;
2. they will be invariant relative to the supergroup GL(m|n), i.e. such that
[A1As, Ri2(u)] =0, VA e GL(m|n). (2.8)
The restriction to even solutions of the Yang—Baxter equation leads to the following simplifi-
cation of eq.(2.7):
(_1)[711]([’f]-Hl])-Hj]([161]+[l])R“,1)kk1 (w — V) Riy jrr (W) Ricy1,my s (V) =
= (_1)[i]([k]+[k1])Rkk1,T7’1 (v)Riil»Tls(u)Riljykll(u - v) )

while the invariance condition allows to easily find a solution to eq.(2.6). There are a total of
two operators in End C™" ® End C™" that are invariant in the sense of (2.8) [19]: the identity
operator 1 ® 1 and the graded permutation operator

m-+n

Py = Z (—DVei; @ ¢ (2.9)

i,j=1
whose action on the basis vectors and matrices reads:

Piy(ei@e;) = (1) e; @e,
Pra(es; @ en) Pra = (=)D ¢ g,

Remark 2.5 The permutation operator obeys the relation PZ, = 1®1, so that it is symmetric:
Py = P1a Pia Pig = Pya.

The simplest solution to the graded Yang-Baxter equation is then obtained [19] as a proper
linear combination of these operators:

h
Rop(u) =1— ;Pab, (2.10)

as can be checked by direct calculation. The following transformations obviously leave (2.6)
invariant:
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1. multiplication of R(u) by an arbitrary scalar function f(u);

2. similiarity transformations through a nondegenerate operator A € End C™™:
R(u) = (A® A)R(u)(A® A)~".

In particular, multiplication by scalar functions allows one to build solutions to the graded
Yang-Baxter equation with different normalizations, while, for solutions with the property
(2.8), the latter transformation is a symmetry of the R-matrix itself.

Definition 2.6 (Regularity) A graded Yang-Baxter equation solution will be called reqular
if there exists ug € C such that R(ug) is proportional to the permutation operator:

R(up) x P.

Remark 2.7 Let us note that there also exists another system of notation where, instead of
the operator R, the operator R is used, differing from R by a multiplication by the permutation
operator P:

Rab(u) = PabRab(u) .

In this case, the graded Yang—Baxter equation reads

1@ Ru—)(Ru)@1)(1® Rv)) = (R(v)®1)1® Ru))(R(u—v)®1).

In this notation, the property of reqularity writes

R(ug) o< 1.

Let us now summarize in a proposition the most important properties of the fundamental
solution (2.10) of the Yang-Baxter equation.

Proposition 2.8 The R—matriz (2.10) satisfies the following properties:

1. Unitarity:
Rap(u) Roa(—u) = ¢(u)lap

where
Equivalently, we can write R, (u) = ﬁRab(—u);

2. Symmetry:
Rba(u) == PabRab(u)Pab == R,t;i,tb (U) = Rab(u) 5

3. Crossing unitarity :

—1 o _ L ta(y m—n)))
(R )" = o (R hm =)™

4. GL(m|n) invariance:

[Aa Ay, Rap(u)] =0, A e GL(m|n).
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Finally, one can obtain a reqular solution R(u) to the Yang—Baxzter equation from the funda-
mental one (2.10), by multiplying it by —u:

Rap(u) = —uRgp(u) = Rap(0) = hPup. (2.11)
As in the case of gl(n), it is not difficult to write down a solution to the Yang-Baxter equation
Ri2(u — v)Ry3(u) Re3(v) = Ras(v)Ris(u)Ria(u — v) (2.12)
in the case of Vi = Vo = End C™" and Vs an arbitrary representation 7 of gl(m|n):
gl(m|n) — Vs,
Eij = (&) -

Proposition 2.9 Given any representation 7 of gl(m|n), the R—matriz

m—+n
Rag(u) =1- % Z (_1)[k](€kl)a(ﬂ'(€lk))3a a = 1,2,

ki=1
solves the Yang-Baxter equation (2.12) with Ris(u) coinciding with the fundamental solution
(2.10).

Proof: Multiplying both sides of (2.12) by uv(u—wv) and expanding in u and v, cubic, quadratic
and zero degree terms in the spectral parameters trivially simplifies. The linear terms lead to
the equation

3 () ey @ ey @ {7T<gji)7r(glk) _ (_1)<m+m)([k]+[z])ﬂ(glk)ﬂ(gji)} -
i,k
= Z(—l)ml e ® ﬂ(gji) Pi5 — Pio Z(—l)[j]l e ® 7'((5]“) .
() )
Picking up the matrix elements in the auxiliary spaces V; and V5 and using the fact that 7 is
a representation, we see that the resulting condition on V3 reads

7 (€5 Er)) = Sipm(Egr) — (1) TN 5,7 (£4,)

coinciding with the supercommutation relations of gl(m|n). Thus, no new condition arises on
the representations . |

2.2  Yangian of gl(m|n)

Definition 2.10 The Yangian of gl(m|n), hereafter denoted with Yy (m|n), is the graded asso-
ciative algebra with unity 1y, and Zo—graded generators Téf), k>0,1<a,b<m+n satisfying
the following supercommutation rules:

min(k,l)—1
7 1] = (-l bl N (g gy g ) - (2)

ab "¢
p=0

where Tég) = daply. The gradation of the generators is given by

T3] = [a] + 0], Va,b.
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We will mainly work in the so—called distinguished Zs-grade defined by

[i]:{o’ L=ism, (2.14)

1, m+1<:<m+n.

However, our results will be valid (unless explicitly specified) for different grading too, such as
the symmetric Zo-grade, defined for even n:

<1< <1<
[Z.]:{O, 1<i<n/2 and m+4+n/2+1<i<m+n, (2.15)

1, n/24+1<i<m+mn/2.

The name of these grading refers to the sl(m|n) Dynkin diagram (and simple roots) they are
associated to, see below.

We will now gather the elements of Y5(m|n) in an (m + n)-dimensional square matrix,
depending on a formal parameter u € C, to be identified later with the spectral parameter ap-
pearing in the gl(m|n) invariant R-matrix. The resulting element of V(m|n)[u~!]® End C™"
will be denoted with T'(u). Following the strategy and the terminology of the quantum inverse
scattering method, the (copies of the) Yangian Vi (m|n) will then be referred to as the quantum
space(s), while End C™" will be identified with the auziliary space.

Let v € C be a formal variable. We define

m+n hk *) hk m+n
Tw) = > i Tw ew=2 1z T =3 T ea.
a,b=1k>0 k>0 a,b

The above matrix is an even degree element of Yy (m|n)[u='] ® EndC™"™. For any positive
integer k we shall work on algebras of the form

Vu(m|n)[u™'] @ EndC™" @ --- EndC™™ (2.16)

with k copies of End C™™. For any a € {1,...,k} we denote by T, (u) the matrix T'(u) which
acts on the a—th copy of EndC™™. That is, T'(u) is an element of the algebra (2.16) of the
form

To(w)= Y Tl - @10e; 1@ - ®1.
i,j=1
The following proposition establishes the relation between the quantum inverse scattering
method and the Yangian.

Proposition 2.11 The supercommutation relations (2.13) defining the Yangian Yi(m|n) can
be equivalently written:

ng(u — U) T1 (u) TQ(U) = TQ(’U) T1 (u) ng(u — ’U) 5 (2.17)
where Ria(w) is the R-matriz (2.10).

By repeated application of the fundamental exchange relation (2.17), the product T4 (u1) T2 (u2)T5(us)
can be transformed into T5(ug)T2(u2)Ti(u1) in two different ways: either along the scheme
(123) — (213) — (231) — (321) or (123) — (132) — (312) — (321), the former correspond-

ing to left multiplication by Ri3R13R23, and the latter to left multiplication by Ra3R13R12,
according to the following graphical interpretation:
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Ts(us)  Ta(uz)  Ti(ua) Ts(us)  To(ug)  Ti(uy)
Rag
Ri3 = s
Ri2 T3
T (’U,l) T (UQ) T3 (’u,g) g4 (ul) T (U’2) 15 (U3)

where each line corresponds to an auxiliary space and R—matrices act at each crossing,
intertwining two T matrices. Within the graded version of the quantum inverse scattering
method, the graded Yang Baxter equation arises as the condition on the R-matrix (2.10)
under the assumption that these two alternative paths give the same results.

Projecting the equivalent defining relations (2.17), called RTT relations, on the matrix
element e;; ® ey gives us the supercommutation relations for the elements of the 7T'(u) matrix:

—1)lallbl+a][c]+[?][c]
[Tab(u) aTcd(’U)} = ( 1) h (ch(u) Tad(v) - ch(U) Tad(u)) .

u—v

The above supercommutation relations show that there exist various subalgebras of Vy(m/|n).
In particular, the following ones will play an important role in what follows:

1. the Yangian YV (m) is the even subalgebra generated by {T,p(u) |1 < a,b < m};

2. the Yangian YV_j(n) is the even subalgebra with generators {Tpp(u) |m+1 < a,b < n}.
The usual Yangian Vy(n) is obtained through the replacement & — —fi in equation (2.17).
Notice that altough both V5(m) and Y_x(n) are even subalgebras, together they do not
form a subalgebra of Vi (m|n).

3. the Yangian Y5(1|1) is the subsuperalgebra with generators
{Tm,m+1<u) va+17M(u) 7Tm,m(u) aTm+17m+1(u>}-

4. the gl(m|n) superalgebra is generated by {(—1)[a] Té;) la,b=1,...,m+ n} This can
be seen by taking k = [ = 1 in the supercommutation relations (2.13). The existence of a

gl(m|n) subsuperalgebra will be a key point when reconstructing the symmetry algebra
of the integrable models we will build using the Yangian structure.

The map we introduce in the next definition is related to the last point above.
Definition 2.12 (Evaluation map) The evaluation map
Y(mln) — U(gl(mn)),

ev: (2.18)

Tij(u) = 8i5 — (=)VILE;,
defines an algebra homomorphism from the Yangian to the universal enveloping algebra of
gl(m|n).
Remark 2.13 The graded algebras Yr(m|n), h € C—{0}, are all isomorphic: an isomorphism
Vr(m|n) — Yu(mln) can be defined by

h/
Tig(u) = Ty(u)

The algebra Yo(m|n) is a graded commutative one.
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According to the above remark, the deformation parameter A is irrelevant, provided it is not
zero, hence it is in general set to 1 for algebraic studies. However, in the context of spin chain
models, it is set to —i, so that we keep it free to encompass these two choices. At the same
time, we will simplify the notation V(m|n) to Y(m|n), dropping the 7, except when different
choices of its value are needed in the same calculation.

Straightforward checks show that the following proposition holds.

Proposition 2.14 The Yangian Yy, , is a Za graded Hopf algebra. The coalgebraic structures
are given by the following maps:

e Coproduct
Y(m|n) —  Y(m|n) ® Y(m|n)

A
Tij(u)  — A(Ty(u) = 00" Tin(u) @ Ti;(u)
o Counit
Y(mln) — C
€:
Tij(u) = 6
o Antipode

Y(mln) — Y(mln)
Ty(w) — T ).

The most relevant object for the construction of integrable spin chains from Yangian is the
coproduct A. Gathering the generators into matrices, it rewrites

A (T(uw)) = T(w)&T (u) € Y(mln) ® Y(mln) @ End(C™!").

It is then easy to check that A is a graded algebra morphism of Y(m|n) to Y(m|n) ® Y(m|n),
by simply showing that A(T(u)) satisfies the fundamental relation (2.17). In doing so, one
uses the fact that elements belonging to different copies of the Yangian (i.e. different quantum
spaces) supercommute among themselves. As we will see in the following section, this is related
to the so called wltralocality of the quantum integrable systems we will build using coproducts
of T(u) as monodromy matrices!. It is important to notice that A is a coassociative map:

AW — (AN D gid) A = (ido AND)A |

whose N-th iteration A®Y) on the (4, j)—th matrix element are explicitly given by the following
expression:

m—+n

AN(T ) = > Tiky () @ Ty (0) @ -+ @ Thoye_on, (1) @ Ty y5(w).

k1yeeokn—1=1
Remark 2.15 The coproduct A is not cocommutative.
Let us also notice that the following map
sign : T'(u) — T(—u)

defines an involutive antiautomorphisms of Y(m|n). The next proposition lists a few Y(m|n)
automorphisms that will be used in what follows.

LAn example of a supersymmetric model whose integrability entirely relies on the coproduct structure is
given in appendix .
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Proposition 2.16 The following mappings define automorphisms of the graded algebra Y (m|n):

1. The shift in u:
0a:T(u)— T(u+a), a€eC.

2. The multiplication by a formal power series:
g T(w) — f)T (),

where
fw) =1+ fiv"" + fru= + ... € Clu™"].

More explicitly,
71 Tl_(jl) + f16; 7@ Ti(jz) + flﬂ(jl) + f20i5, etc.

ij ij
3. Composition of the inversion with the sign map:

invg : T'(u) — T (—u).

4. x—morphism:

m+n
T(u) = T*(u) = (T (w)" = Y Tiyp(u) eap
a,b=1
where the graded transposition  is defined as
m—+n . ] m-+n
at =S¥ ot gy e = 55 ) e 219
i,j=1 t,5=1

that is (A?),; = (=)Ll 4,

ij =
Proof: We only prove the last point, due to its relevance in our approach. Multiplying both
sides of the fundamental exchange relation (2.17) by T, *(v), and transposing it in the second
auxiliary space, we first get

Ry (u—v)T;5 (v)T1(u) = Ty (u)T5 (0) Rig(u —v). (2.20)
Repeating the same steps for T7(u) and the first auxiliary space, we get
R1Y? (u— )Ty (w)T3 (v) = T3 (v) T} (u) Ry (u — ).
The proof ends noticing that the R—matrix is symmetric under graded transposition
Riy?(u) = Riz(u).
]

The exchange relations between T'(u) and T*(v) can be read off from equation (2.20), and
are given by

T30 Tute)] = UM (5 o S i, o7 )
u—7v 1
m—+n
EILDY (—1)[“][j]TJj(U)Taz(v)) .
a=1

The following facts are easy corollaries of proposition 2.16:
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e For 7: EndC™" — EndC™" an arbitrary antiautomorphism of the graded algebra
EndC™" the composed map
Tosign: T(u) — T7(—u)

defines an automorphism of Y(m|n). In what follows, two different kinds of 7 antiauto-
morphisms will be used: the supertransposition defined above and, when dealing with
the twisted super—Yangian, the generalized transposition (see chapter 4);

e the antipode S (see proposition 2.14), acting on the T'(u) matrix as an inversion, can be
written in the following way:

S = inv osign : T'(u) — T~ *(u).

e we can endow Y(m|n) with different coproduct structures by simply composing A with
the shift automorphism: defining

A(al,az) = (U(M ® Uaz) oA,

and ) N1
AR =N o) o (AT @id)oA,
we obtain
Y(mln) — Y(mln)®N
AN
a T(u) = T(u—a)®T(u—a2)®...0T(u—an),
where a = (a1, as,...,ay) € CV.

Before discussing some well known facts about the representation theory of the super Yan-
gian, let us remind here the validity of the Poincaré-Birkhoff-Witt theorem for Y(m|n), first
established in [28]

Proposition 2.17 For any given ordering of the generators ﬂ(jk), 1<4,j<m+n, k>0, the

ordered products of the Ti(jk) containing no second and higher order powers of the odd generators
form a basis of Y(m|n).

2.3 Representations

Definition 2.18 (Highest weights) A Y(m|n) module V is said to be a highest weight mod-
ule if there exists vT € V such that

W ot = M (w) v u u ! a=1,..m+n
{ Taa( ) + )‘a( ) ) /\(l( ) € C[ ]’ v 1’ ’ ™ (221)

Top(u)vT =0, 1<b<a<m+n

The vector AN(u) = (A1(w), ..., Asn(w)) is the highest weight of V, and vt a highest weight
vector.

The following results about representations of Y (m|n) have been proved in [28].

Proposition 2.19 Any finite-dimensional irreducible representation of Y(m|n) admits a unique
highest weight vector (up to normalization).
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Proposition 2.20 An irreducible representation with highest weight \(u) is finite-dimensional
if and only if

- Cl<a<min ad agm, @ _ Pu(
1

Amt (U) B Pern(u) ’

where all P,(u), called Drinfel’d polynomials, are monic polynomials.

(2.22)

Among the finite-dimensional highest weight representations, there is a class of particular
interest, constructed from the evaluation map (2.18). This class of representations allows to
extend any gl(m|n) module to the superalgebra J(m|n), and it will provide us with the main
tool for building integrable models with gi(m|n) symmetry.

Definition 2.21 (Evaluation representation) An evaluation representation evy, is a mor-
phism from the super-Yangian Y (m|n) to a highest weight irreducible representation m, of
gl(m|n), obtained as the composition of the evaluation map (2.18) with m,,:

€Uy, = T, O €.
Its action on the Yangian generators reads

Y(m|n) — m,
evr,
Tij(u) = evn, (Ty;(w) = 655 — (=) 2w, (&), 1<i,j<m+n.

The highest weight p(u) = (p1(u), ..., hm4n(u)) of the representation ev,, can be immediately
read from the definition, and it is given by:

4 h
pi(u) = 1= (=M p; =, I<i<m+n,
u

where 1 = (p1, ..., fim+n) is the highest weight of the representation 7,. Expanding evr, (Ti;(u))
in powers of /i/u, one can see that

evr, (T5)) = (DM mu(€j0).
evr,, (Tz(zr)) =0 for r>1.

By composing it with the shift automorphism of the Yangian we can always make an evalua-
tion representation depend on a parameter a € C, thus obtaining a one—parameter family of
representations:

‘ h
evy (Tij(u)) = 6i5 — (—1) 7, (&) — 1<i<m+n. (2.23)
Remark 2.22 When taking an evaluation representation of the fundamental exchange relation
(2.17), we recover the Yang Baxter equation (2.12) for the case EndC™" = Vi = Vy # V.
This means that

R(ernJTu)(u) = evg, (T'(u))

always supplies a solution to the Yang—Baxter equation . For example, the Yang—Baxter equa-
tion (2.6) and its solution (2.10) are obtained choosing 7, to be the fundamental representation,
whose highest weight is p = (1,0,...,0).
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2.4 Relations for T !(u)

A necessary step in our approach to the construction of integrable spin chains is to build
the supercommutation relations for the elements of T~ (u), as well as the eigenvalues on the
highest weight vector v of its diagonal elements T,;kl (u). This is essentially due to the following
circumstances:

e In the case of open spin chains, the monodromy matrix explicitly contains 771 (u).

e The definition of the central element of Y(m|n), the so called quantum Berezinian, in-
volves, as we will see, the elements of T~!(u). Even in the case of closed spin chains, part
of the information needed to find the spectrum of our models will rely on the properties
of the quantum Berezinian. We will need to know its action (and therefore the action of
T~1(u)) on irreducible representations.

In this section we will first prove that v* is an highest weight vector for T~!(u). Working
for simplicity in the distinguished Dynkin diagram case, we will then obtain a formula for the
eigenvalues of its diagonal elements on v*.

Let us first remark that the construction of T—!(u) involves taking inverses in the quantum
as well as in the auxiliary space, i.e. we can say that 7~ !(u) is defined by the following relation

T(u)T (u) =1y, (2.24)

where 1y is the unity of Y(m|n), and I = 3", exr € End C™™ is the identity in the auxiliary
space. For this reason, it is important to clearly distuinguish between the inverse of an element
of T(u) (i.e. the result, if well defined, of an inversion in the quantum space only), and an
element of the inverse of T'(u). We will therefore adopt the following notation:

,I;/](U) = (T_I(U))ij .

Equation (2.24) is understood as a power series in u ™!, so that we can reconstruct the generators

(k)

T;E,k) from the generators T ,’, according to the following formula:

ab
m+nk—1
/(k k ' (e—
Ty =1 = > Y LEPTY. (2.25)
c=1 p=1

Proposition 2.23 The elements of T'(u) and T~ (u) satisfy the following supercommutation
relations:

_1)[Kl] A o
[T;(u), T (v)] = % ;::1 (51'1(—1)[]6“1“[2””] Tra(v) Ty (u) — 65 Tip(w) Tal@)) .
(2.26)
— 1) [ l1+ ] (k] + (K] [5]
(1) Thy(w)] =~ () T o) - T () T (227)

Proof: Starting from the RTT relation (2.17), and using the antiautomorphism property of S,
we easily get:

Ty (v) Ria(u — v) Ty (u) = Ty (u) Ria(u —v) Ty ' (v),

Riz(v—u) Ty H(u) Ty () = Ty M () Ty ' (u) Raa(v — w).

By projecting the above relations on the matrix element e;; ® ey, we get equations (2.26) and
(2.27). ]
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Expanding eq.(2.26) in powers of u~! and v~!, one gets the supercommutation relations
/(k)
between the T,;":

m-Tn

p
[ 287 = (0 Y S (- M 1 T )
1

+

r=0 a

(2.28)

Proposition 2.24 Let v be a highest weight vector of the super-Yangian. Then, vT is also
a highest weight vector for T~ (u):

T® oyt =0, i>j, k>0

(2.29)
+ _ . .
T;(u)vt =0, i>j,
and
T/ b = N®) ot | k>0
(2.30)
Tji(u) vt = Xj(u) v,
where 1,7 =1,...,m+n, )\/(k) € C, and, setting )\;(0) =1 for all i, we can write

R SN 1
MW—ZUm € Clu™"].

k>0

Proof: To prove the proposition, we make a recursion on k. By means of eq.(2.25) it is easy to

see that (2.29) and (2.30) are true for k = 1. Suppose now that we have for a given s > 0 and

1(k
some scalars )\Z—( )

TM ot =0 for i>1,0<k<s
T/®) yt = )\;(k) vt o for 0<k<s, (2.31)

Applying (2.25) for k = s and 4 > [ on v™, one gets

l

I s—1
Til(S) + Ti/c(s—p)Tc(p) +_ [ 7/(s=P) } +_
' ;; )y z;pz:l v
l s—2 l
= Z(_l)[a}sz[ 7/(s=p=1) T(p)} vt (2.32)
a=1 p=1 =1

where to get the last equality, we have used (2.28). Iterating r times (with 2 < r < s — 1) this
calculation we are led to :

s—r—1

T/ ot = Ay, Z Bsr,pZ[ T TP v
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where A; , and Bs ., are some resummation numbers. Taking r = s — 1 gives (2.29) for n = s,
which is thus proven for all n. Finally, applying (2.25) for n = s and i = [ on v™, we have:

s—1
Ti/i(S) ot = 7)\1(8) ot~ Z )\;(s—p))\l(p) ot
1—1
SIS (I X ) o
c=1
1—1 i—1
e [czp(z['““ 7] -5 [ aet]) o
c=1

a=1

Again, iterating as in eq. (2.32), we see that only scalar terms acting on v+ will survive in the
right hand side. This proves the property. [

After having proved that v* is the highest weight vector for the inverse of the T'(u) matrix,
we need to compute the eigenvalues of T};(u) on it. Our objective is to find an expression for
the X, (u) in terms of the A;(u) only. An application of the evaluation map will then allow
us to express everything in terms of the Drinfel’d polynomials in an arbitrary representation.
However, before writing such an expression for the A’(u), it is necessary to introduce the graded
analogue of the quantum contraction, and to resume few well-known facts about the center of
Y(mn).

2.5 Quantum contraction
The starting point is to define the following operator
Q12 = Pj3,
where ‘e denotes the supertransposition in the a—th auxiliary space. Since
Q%2 = (m—n)Q12,

one can see that ()12 is proportional, in the m # n case, to a projector, while it squares to zero
in the m = n case. Let us define, in the m # n case, the normalized projector

A 1
Qr2=—"—"Q12.
m-—n
By applying it to the basis vectors vy = ex ® e;, one can see that ng projects C™I" @ C™In
onto the one—dimensional subspace spanned by the vector £ = Zi(—l)m e; ®e;:

Qra vk = 01, €.

We can write Q12 and ng in terms of the regular R—matrix R defined in equation (2.11) as

follows:
m-+n

RE(0) =hQi2 =hP3=h Z +Hillle, @ e .

i,j=1
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Remark 2.25 Due to the properties of the supertransposition, and unlike the permutation
operator, the Q12 projector is not symmetric; instead, one has

m—+n
. N 1 1 qrs N 1
Q21 = P12 Q12 Pio = — nplté = 3 (-1)ley; @ ey # Qrz = — nPf; .

m—-n =
7,7=1

The proof of the following proposition was first done in [23].

Proposition 2.26 There exists an element Z(u) € Y(m|n), called the quantum contraction of
T(u), such that

T5(w)Ti(u+ h(m—n)) Qr2 = Q2 Th(u+ A(m — n)) Ty (u) = Z(u) Q12 . (2.33)
Z(u) is a central element of Y(m|n), i.e.
Z(uw) Tij(u) = Tij(u) Z(u), 1<i,j<m+n.

Using the above proposition, we can now extend the crossing relation for the R—matrix (2.10)
to the Yangian level, and use the result in our quest for the eigenvalues of 7" (u) on the highest
weight vector.

Proposition 2.27 The T(u) matriz satisfies the following crossing relation:
T*(u) = Z(u) T (u + h(m —n)) L. (2.34)
Proof: Multiplying both sides of the second equality in relation (2.33) with T3 (u)~!, we get
Quz T (u + hlm — m)) = Z(u) Qua T3 (u) ™.
Transposing in the auxiliary space 2 and multiplying both sides by P2, we get

(T* ()™ = % T(u+ h(m —n)), (2.35)

which is equivalent to 2.34. [

Remark 2.28 In the fundamental representation, where the matriz T(u) reduces to the fun-
damental solution 2.10 of the Yang—Baxter equation, relation (2.34) reduces to the crossing
unitarity relation satisfied by the R matrix, see proposition 2.8, showing that in the fundamen-
tal representation

The above results generalize to the graded case the analogous formulas holding in Y(n). In
particular, for the even subalgebras Yy (m) and Y_p(n) of Y(m|n) we have:

(T = W T et ), (2.30)

<T<m)(u)t>*1 — M) T (y — him) (2.37)

for some scalar functions z("™) (u) and z(_”g (u). Remarkably, they are related to the quantum
determinants of Y(m) and Y(n) through the following formulas, whose graded counterparts we
will introduce later:

qdet (™) (u — h)
~ qdetTm)(u)

2™ (1) (2.38)
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2 (w) = qdet T (u + 1)
R qdet T ()

Let us remind here that qdet 7'(u) is the central element of Y(n):

(2.39)

Definition 2.29 (Quantum determinant) The quantum determinant of the matriz T (u)
generating Y(n) is the formal series

qdet T(u) =1 +dyu™ ' +dou™2 +--- € Y(n)[u™ ],
such that
ATi(uw) - Th(u—hn—=1)) =T,(u—hn—-1)) - - Ti(u)A, = qdet T(u) A, ,

where A,, is the antisymmetrizer of (EndC")®", i.e. the one dimensional projector projecting
(EndC™)®"™ onto the subspace spanned by

5 = Z sgn (0)60(1) Q- €o(n) -
oES,

The definition of the quantum determinant in the case n = 2 first appeared in [31]. The basic
ideas and formulas associated with the quantum determinant for an arbitrary n are contained
in the survey paper [25].

Proposition 2.30 qdet T'(u) lies in the center of Y(n). That is, all of its coefficients are
central elements.

The values of this central element on highest weight representations can be computed applying

the following formulas on v*:
qdet T(u) = Z sgn(o) Toy1 () - - - Tomyn(u — R(n — 1))
oESR
= Z sgn(o) Tip1y(u —h(n —1)) - Thon) (u) . (2.40)
o€Sn

The result for the subalgebras we are interested in are then

qdet T (w) = A(u—hm—1))-Apn(u),
adet T () = A (u+h(n — 1)) AP (),

where )\;n)(u) = Am+;(w), 7 = 1,...,n. Substitution of the above formulas into (2.38) and

(2.39) allows us to find the values of the scalar functions z("™ (u) and z(_”g on highest weight
representations:

A(u—ham) - Ay (u— h)
M(u—hA(m—1)) - Ap(u)’
A (w4 ) - A (w4 B)

S = | |
o )‘:(Ln)(u +h(n—1))--- )\%n)(u) (2.42)

2™ (1) (2.41)

We are now in position to find an expression for the eigenvalues of the diagonal elements
of T'(w). This is done in the following
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Proposition 2.31 Let A (u) be the eigenvalue of T}, (u) on v*:

T (w) vt = N (u) v, k=1,...,m+n.
We have
A1 (uth)-Ag—1(uth(k—1)) o
/ Al(u)~-)\:(u+h(k—1)) ) k=1,...,m,
N (u) = (2.43)

Z(’LL) A1 (uth(2m—k))--- A 4n (u+h(m—n+1))

Nk TR MR A (e R(m=n)) k=m+1,....m+n.

Proof: In order to find the first m diagonal entries of 77 (u), we start writing

D T ()T (w) vt = v
<k
Taking i,k < m we can rewrite the above equation, in the distinguished grade, as follows
Z Ti(jm) (u)Tjp,(w) v* = i 0™ i,k <m,
J<k

where T(™) (u) represents as usual the matrix collecting the generators of the even Y(m) sub-
algebra of Y(m|n). We can then consider this as an identity in Y(m|n)[u~!] ® End(C™), and
we can act on the left with 7"0™ (u) = (7™ (u))~!, obtaining

Tt =T @', kj=1,.,m. (2.44)

Let us stress that in (2.44), Ty;(u) is the entry (k, j) of the inverse of the (m +n) x (m +n)

matrix T'(u), while T,ggm) (u) is the entry (k, j) of the inverse of the m x m matrix T (u). In
particular, we get the relation

Thp(u) vt = ,fm)(u)v+, k=1,...m

where the )\;(m) (u) are the eigenvalues on vt of T,g(km)(u). It has been shown in [21, 53, 9] that
these eigenvalues can be written as
A (w4 ) - AT (u+ Rk — 1))

A () A (et h(k— 1)) (2.45)

N ) =
which leads to the first line of eq. (2.43).
For the last n diagonal entries of T”(u) we start writing in block form the relation
T (u) (Tt(u))_1 vt =0T,

setting

t _ T(m) (u)t F u) t —1 _ A(U) 0
T (u) = ( G(u) Tir;i)(u)t ) R T (U) vt = < N D(u) ) v*:

where * denotes a complicated matrix with elements in the Yangian whose exact expression is
not relevant in the proof. We then read from the lower right block

D(u)vt = (T(%) (u)t>71 vt (2.46)
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The Lh.s. of this equation is computed via the crossing relation (2.34) which implies, for & > m,

t -1 _ 1
Dkfmjcfm(u) vt = (T (u))kk vt = Z(u— h(m —n))

Tl (u—h(m —n))vt.

The right hand side of the above equation is computed via eq. (2.36). Comparing the left and
right hand sides leads to

Ne(w) = 2w+ a(m —n)) ZW) A (u+hm)  k=m+1,...,m+n, (2.47)
(n)

where the )\;C(n)(u) are the eigenvalues on v™ of diagonal elements of the T,/ (u) matrix. Ap-
plying eq. (2.45) to the Y_p(n) subalgebra, we can write these eigenvalues as

_ A= h) N (= A1)
A () -+ A (= h(l = 1))

A () =1,...,n.

Inserting the value (2.42) of z(_”}.z in eq. (2.47) we find the second line of eq. (2.43). |

In a finite dimensional irreducible representation, where relations (2.22) hold, we can rewrite
eq. (2.43) in the following form:

1 k=1 Pi(uth(l+1)) .
A1 (u) Hl:l le(u+hl) ) k= 17"’7m7
A (1) =
Z(u) m4n—1 P (ut+h(2m—1)) .
st Lisk Bearemeny s k=m+1l... m+n.

Remark 2.32 Since the diagonal elements of T~ (u) are all even elements, the graded trans-
position does not affect them. As a consequence, formulas (2.43) also give the eigenvalue of
T*(u) on the highest weight vector v*.

We will now define the quantum Berezinian, and review a few of its properties that we
shall use in this work. We will first make use of it in order to express the quantum contraction
Z(u) in terms of the A (u), thus improving our expression (2.43). The quantum Berezinian,
defined by Nazarov [23], plays a similar role in the study of the graded Yangian Y (m|n) as the
quantum determinant does for the case of the Yangian Y(n).

Definition 2.33 The quantum Berezinian is the following power series with coefficients in the
Yangian:

Ber(u) = Z sgn(o) Toy1(u+ h(m —n —1)) - Toym (u — hn)
ogESm
X Z Sgn(T) T';:Jr‘r(l) ,m+1(u - hn) T T:1+T(n) ,m-+n (U’ - h) . (248)
TES,

Referring to eq.(2.40), one can immediately recognize that
Ber(u) = qdet TU™ (u + h(m — n — 1)) qdet T (u — hin) . (2.49)

The following proposition has been proven in [23]. A completely different proof, based on
a triangular decomposition of the graded Yangian, has been given in [32].

Proposition 2.34 The coefficients of the quantum Berezinian (2.48) are central in Y(m|n),
i.e.:
Tij(u)Ber(u) = Ber(u)T;;(u),  1<i,j<m+n.

They are related to the Liouwville contraction through the identity
Ber(u) Z(u) = Ber(u+h). (2.50)
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Remark 2.35 In [25], it was also conjectured that the coefficients of the quantum Berezinian
generate the center of Y (m|n). This conjecture has eventually been proven in a recent pa-
per [33]. However relevant from the algebraic point of view, we shall not make use of this
supplementary information in what follows.

Eq.(2.50), relating the central elements of Y(m|n), can be considered as the graded counterpart
of equation (2.42). Thanks to the above proposition, we can deduce the value of the quantum
Berezinian on any representation of highest weight A(u) by simply acting with it on the highest
weight vector v+, and applying formula (2.48). Taking into account that

* + _
T (u)v™ =0
for i > j, we get

m m—+n
Ber(u H (u—bn+h(1-1)) [ M@w-htm+n-1+1)), (2.51)
=1 l=m+1

where the Aj(u), l =m+1,...,m+n are given in eq. (2.43). Substitution of this expression in
the identity (2.50) yields the following expression for Z(u):

m m—+n
Ber u—f—h H Aie( u—l—hk: H )\)\lu—l—th—l)) (2.52)
— l

Z
(u) = " Ber(u) k(u+ h(k +hA2m —1+4+1))"
Inserting now this expression into eq. (2.43), one obtains:
Corollary 2.36 The eigenvalues of the diagonal elements of T~'(u) on vt are given by

V2 Ni(u o+ hey)

Ny (u) = :
TT) s M+ hep1)

E=1,....m+n. (2.53)

where we set ¢; = Zk (=DE =1, m +n, and ¢p = 0.

Remark 2.37 Using formulas (2.51) and (2.53), one can eliminate the X).(u) from the value
of the quantum Berezinian, obtaining the more symmetric expression

m m—+n
1
B h —_ 2.54
er( |:| k(u+ hcg_q lil IH N+ ha) (2.54)

The value of the quantum contraction (2.52) reads

m+n Al (u + hcl)
m+n )\l(u + hey— 1)

Z(u) =

In what follows, we shall need a different expression for Ber(u), also proved in [23]:
Proposition 2.38

Ber '(u) = Z sgn(o) T;(l)l(u +ha(m—1))--- :(m)m(u) X (2.55)
cESm

X Z Sgn m+7'(1) m+1(u + h( n)) T Tm+7—(n) ,m+n(u + h(m - 1)) :
TESH
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Remark 2.39 Applying eq.(2.55) to the highest weight vector vt we obtain

m-+n

B A h
er( 1;[ ’u+th 1) EIH e

in agreement with (2.54).
Applying to both factors of expression (2.49) for the quantum Berezinian the known identity

(holding in Yi(n))
qdet T(u)A, = Tp(u — i(n —1))--- Ty (u)A,, (2.56)

where A,, is the normalized antisymmetrizer in the tensor space End(C™)®™, we can write

Ber(u)Ap Ay, = TS (w—hn) - T (wt h(m —n = D)TEE (w4 B - T (ut Wn) A Ay

m—+n

where we have set / = —h in the second quantum determinant. The A,, and A, antisym-
metrizers are both one-dimensional projectors respectively acting on the tensor product of m
and n copies of the auxiliary space, and can be written in terms of the R matrices defining

Y(m) and Y (n):
An=(Riz- Rim)  Rotm,  Rij=RU(wi—wy), wi—uip1=h,
while
Ap = (R/m+1,m+2 to {rn—s—l,m—i—n) "'R;n+n—1,m+nv R;'j = Rz(‘?)ﬁ/ (ui—uj), Ui —Uj41 = n.

For any given integer N, Ay projects the N—fold tensor product of auxiliary spaces CV onto
the one-dimensional subspace generated by the vector

£E= Z sgn(o)eq(1) @ -+ @ ex(n) -

oESN

Writing now 7™ (u) = 1T (w)10™ and T*™) (u) = 1M T*(u)I™, where

I = Z Cii 5

i,[i]=0

I = Z €ii 5

i,li]=1
: m\®@m n\®n
and setting IL,,, = (I")"™" ® (I")™", we get

Ber(u)AmAn = ppTm(u—hn)---Ti(u+h(m —n —1)) x
XDy —h) - T (u—hn)Ay A, .

m—+n

The same steps applied to eq. (2.55) lead to the following equation.

Ber '(w)AnA, = T (u+h(m—1))--T{(u) x
XTpan(u+h(m—1)) -+ Tpp1(u+ A(lm —n))An A, .

The above expressions can be considered as the graded counterparts of eq. (2.56): both
relations act on a number of copies of the auxiliary space equal to the dimension of the Yangian
and relate a (m+n)—fold tensor product of T matrices to a central element by means of suitable
one-dimensional projectors. We will apply this kind of projection in the generalized fusion
procedure, a key step in finding the spectrum of our integrable models.

Before moving on, let us give an illustrative example in which the results obtained in this
section are applied to the simple case of Y(1|2), and discussed in full detail.
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Example 2.40 Let us take m = 1, n = 2 with the distinguished grading

] = 0, i=1,
1, 1=2,3,
and let us consider two different representations w¢ and 74 of gl(1]2): the fundamental three—
dimensional one, simply given by
ﬂ'f(&j):eijEEnd(Cl‘Z, 1<14,5 <3,

and the following four—dimensional representation:

774(gij):Eij 6EndC2|27 ].SZ,]S?),
where
3 -1 0 V2
2 0 0 0
Ell - 2 E22 = _1 E12 = 0 1
1 0 0 0
V2 0 0 0 0
0 -1 0 1 |l V2 0
Es = Eo3 = 0 Eo = 0 0
0 1 0
0 -1
0 0 -1
Es3 = N Es3p = 1 0 Es3 = 0
0 -1 0 0
The module of the representation 74 is the graded vector space C?2, with grading [1] = [4] =

0, [2] = [3] = 1. We build an evaluation representation for the Yangian Y(1|2) using the
representation mwy:

7T o h o
As already noticed, the evaluation of T'(u) supplies us with a representation of Y(1|2) as well as

with a new solution of the Yang—Baxter equation for the case of two different auxiliary space.
Explicitly, it reads

3
2 -2
2 -2
1 -1 1
V2 1
Ay h 0
T(u)=T (u)—lf; 1 1 1 ,
0
V2 1
-1 -1 1
0
0

where we only wrote the diagonal and the non—zero off-diagonal entries. Thus, we have a
three—dimensional auziliary space, coinciding with the fundamental representation of gl(1|2),
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while the quantum space has to be identified with the four—dimensional representation 4. The
highest weight vector vt for this representation of Y(1|2) is given by

2|2
eC?,

OO O

whose highest weight is A(u) = u~(u—3h,u—h,u—h), on which T(u) act as a lower—triangular
matriz. In order to build the quantum Berezinian in this representation, and to show that it is
indeed a central element for Y(1|2) (i.e. proportional to the identity) we shall first construct
T*(u). This can be easily accomplished by noticing that T*) =0 for k > 1 and that

(T<1>)2 _ 37

and using formula (2.25):

m\" k h ; h
! (u) = 6i; —Dk (= (W) =5, — W =5, + (- ——_E,,
T/, (u) 5w+k§>0:< 1) <u) (7)) =8y = — T = 8 + (DI —— .

We then see, as stated in proposition 2.24, that vt is a highest weight vector for T=1(u). A
straightforward check shows that the eigenvalues of T~ (u) are in agreement with (2.53):

, I
Al(u)*m*f—gh’

roy . M(u+h) u—2h
Aa(u) = /\1(u1)/\2(u+h) " u—3h’
() = A(u+h)Xo(u)  u—2h

C M(wAe(u+h)Az(u)  uw—3h°

We are now able to deduce an expression for T*(u), by supertransposing T~ (u) in the auziliary
space:

3
T*(u) = Z (_1)[i][j]+[i]eij ® Tfi(U%
i,j=1
i.e. 5
55 (u) = 6; + (—1)HV] Y- 3hEij .

The quantum Berezinian of Y(1|2) is given by
Ber(u) = Tuy (u — 2h) [Tg2(u BT (u— R — T2 (u — 20) T (u — h)} .
Both factors in the above expression are diagonal elements of the quantum space, the term in

square brackets being equal to

u—3h
u—>bh

T (u = 2R) Tz (u — h) = Tgp(u = 20) Tos(u — h) = e
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Notice that this element of the quantum space commutes with the even subspace Y(2): as
can be seen from the above expression, it is in fact the quantum determinant of Y (2) written
in the direct sum of two one—dimensional and one two—dimensional representation of Y(2).
Multiplication by T11(u — 2h) gives

u — 3h
BGT(U) = (u — 2h> 1y(1|2) ,

as in formula (2.51). An analogous calculation starting from eq.(2.38) leads to

Be’l“_l(u) = Tl*l (u) [ng(u — h)ng(u) — T32(u — h)ng(u)} = (Z : §Z> 1y(1|2) .

The value of the quantum contraction Z(u) in this representation can be read off from relation
(2.52):

(u — 2h)? 1
(u—h)(u—3n) Y12

A straightforward calculation allows to check the crossing relation:

Z(u) =

Z(u+ )T u) =T (u+h).
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Closed spin chains

The Hopf structure of the graded Yangian allows one to build a periodic N—site monodromy
matrix satisfying the same exchange relations as the matrix of the generators of Y (m|n),
and the subsequent derivation of quantum commuting hamiltonians. At the same time, the
properties of Y (m|n) provide also relevant information about the symmetry of the resulting
integrable models.

In this chapter, we will study the spectrum and Bethe Ansatz equations associated to these
periodic chains, presenting the analytical Bethe Ansatz solution to the problem of finding the
spectrum of the related transfer matrices. Our treatment of the problem will be global, i.e.
the results will be valid for all m and n and for any Dynkin diagram, as well as independent
on the chosen Y (m|n) representation. Our aim is to generalize to the superalgebra case the
algebraic approach developed in [9].

Sections 3.1, 3.2 and 3.3 deal with the construction of spin chains from the graded Yangian
structures, and their aim is to prove their integrability and to describe their symmetry proper-
ties. The analytical Bethe Ansatz will be fully discussed in section 3.4, while the main results
of the chapter (the Bethe equations) are presented in section 3.5 for the distinguished grada-
tion and in section 3.6 for the remaining Dynkin diagrams, with special attention payed to the
symmetric one. Six examples are worked out in section 3.7, including new integrable systems
together with well-known ones (e.g., the celebrated supersymmetric t—J model [36, 37]) whose
solution we recover in our approach.

Closed spin chains based on gl(m|n) superalgebras in the distinguished Dynkin diagram
were studied in [19] and [56], while in [34] the Bethe equations for closed chains in the funda-
mental representation, but for any Dynkin diagram, were deduced using the Baxter Q—operator.
In a recent paper [35], an elegant and quite general approach based on Hirota equation was
proposed. Some results of this chapter are thus already known from different approaches.
Nevertheless, we present detailed proofs of all relevant steps to illustrate our method, that
represents a new and systematic treatment of the problem. We will extend it to open chains
with general boundary conditions in the next chapter.

3.1 Monodromy and transfer matrices

The starting point for the construction of supersymmetric integrable spin chains consists,
exactly as in the non—graded case, in defining suitable monodromy and transfer matrices. These
objects can be naturally defined exploiting the algebraic structures of Y(m|n) we described in
the previous chapter. This will not only ensure integrability by prescribing fully general recipes
for the construction of commuting transfer matrices, but also allow us to classify the integrable
models generated by these transfer matrices by means of their symmetry properties.

For any given positive integer N (which shall correspond to the number of sites in the
chain), the monodromy matrix is defined as

T(u) = AN (T(u) = T(w)ST(0)® - - - @T(u) € End(C™™) @ Y(mn)®V (3.1)

where the coproduct A®Y) can assume one of the different forms defined in the previous chapter.
The application of an evaluation map on each term of this tensor product provides the ‘usual’

36
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monodromy matrix: the different sites correspond to the terms in the tensor product (quantum
spaces), and the evaluation map defines the ‘spin’ (the representation) carried by the site.
Taking different representations of the super-Yangian allows to construct various type of closed
super-spin chain models.

Remark 3.1 We will sometimes need to refer to the individual copies of the quantum space:
to this end we shall write
THE (W), 1<k<N,

for the k—th copy of the Yangian Y(m|n) in eq.(8.1). Lower indices shall always refer to the
auziliary space End C™™. Using this notation, the elements of the monodromy matrix (5.1)
would read:

m—+n m4n

1] N o
Z Z Tz[k1 klkz( u) - T,£N] ¥ (w), 1<i,j<m+n. (3.2)
ki=1  kn_1=1

Remark 3.2 The coproduct AN) being a graded algebra homomorphism
AM 2 Y(mln) — Y(m|n)=N

the monodromy matriz (3.1) satisfies the RTT relation (2.17) with the same fundamental R—
matriz (2.10):
Ria(u = v)T1(w)Ta(v) = T2(0) Ta(w) Ria(u — v) - (3-3)

The validity of the above equation relies on the fact that the different copies of the Yangian
appearing in the monodromy matrix supercommute:

T (), TV (w)| =0,  i#j.

The meaning of the above condition, sometimes referred to as the ultralocality condition, is
that local operators belonging to different sites of the chain always correspond to compatible
observables.

As a consequence of relation (3.3) several properties of T'(u) also apply to the monodromy
matrix. In particular, the first order of the expansion of 7 (u) in powers of u~*

k
T(u) = ;) (2) 70

generate a global gl(m|n) superalgebra, whose generators are the sum of the corresponding
local gl(m|n) superalgebras acting on the individual copies of Y(m|n):

7 EN: 7l @)
i (zg) ) I<i,j<m+n,
=1
o 70 _ T(l) T(l) ® 7
QN-1 N—2 QN-—1

A straightforward calculation shows that the set {(—1)["}7;51) |1 <i,5 < m+ n} satisfy the
supercommutation relations of gl(m|n).

Remark 3.3 To avoid confusion with the single site generators we shall refer to this global
gl(m|n) as gI™) (m|n), even tough they are obviously isomorphic superalgebras.
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In principle, the transfer matrices for our spin chains could be defined in terms of the trace:

t(u) = Z Zii(u) (34)

as well as the supertrace
m—+n

st(u) = Y (=) Tii(u) (35)

i=1

of the monodromy matrix. This is due to the following proposition.

Proposition 3.4 Both the trace and the supertrace of the monodromy matriz generate com-
mutative families of operators, i.e.:

[t(u),t(v)]=0 and [st(u),st(v)]=0.
Proof: As a consequence of the RT'T relation (3.3), we get

1
((u—wv)
We can now take the trace or the supertrace in both auxiliary spaces of the above relation,

and the fact that Ry2(u) is an even numerical matrix allows to use ciclicity in both cases, thus
ending the proof. ™

T (u)Ta(v) = Ria(v — w)T3(0)Ti () Ria(u — v).

It is important to remark that the two transfer matrices ¢(u) and st(u) do not commute
with each other, so that the observable families they generate will differ. Further, they will
have different symmetry algebras. The next proposition describes the symmetry of the transfer
matrices (3.4) and (3.5).

Proposition 3.5 For all m and n the following relations hold:

[X,st(u)] =0, X € gi™ (m|n), (3.6)
(X, t(w)] =0, X eg™Mm)og™N(n). (3.7)

Proof: Expanding eq.(3.3) in powers of v~1 and taking the v° term, one obtains
[Ti'(“)ka(zl)} = —(-)PHEEHEIE (7, (w)da — Taa(u)di;) -

Taking the supertrace in the first auxiliary space, one immediately gets (3.6), while taking the
trace results in

(7, 7] = ()P = (1)) T (w)

The above expression vanishes if and only if £ and [ are both even or odd indices, so that
eq.(3.7) holds. ]

According to this result, the supertrace enjoys a full global gl(m|n) invariance, while the
trace is only gl(m) @ gl(n) invariant: it is then reasonable to think that the models associated
to st(u) are more relevant than the ones associated to ¢(u) for the construction of super-spin
chain models. We will nevertheless present the Bethe Anstaz for both transfer matrices. Note
however that the construction of open spin chain models is possible for the supertrace only,
emphasizing the difference between ¢(u) and st(u).
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Remark 3.6 It is possible to slightly generalize the form of the transfer matrices 3.4 and 3.5,
multiplying the monodromy matriz by an invertible numerical K+ matriz before taking the

(super)trace:
m—+n

st(u) = Y (DK Ti(u),

kyi=1
Proposition 3.4 will still hold, thanks to the GL(m|n) invariance of the R—matriz:
(KK R(w)] =0.
The transfer matrices st(u) will still commute at different values of the spectral parameter:
[st(u), st(v)] =0,

but the symmetry algebra of the resulting family of commuting observables will be reduced with
respect to the one described in proposition 3.5. Although the generalization of our results to
this case is straightforward, we shall not make use of these so—called quasiperiodical boundary
conditions in our study of closed spin chains, and fully general boundary conditions will be
discussed in the case of open spin chains only.

3.2 Pseudovacuum

As in the case of the algebraic Bethe Ansatz, for the study of each different (either closed or
open) spin chain it is necessary to find an eigenvector of the transfer matrix, the so—called
pseudovacuum, such that the monodromy matrix act on it in a simple way (usually, one tries
to satisfy upper or lower triangularity conditions). The representation theory of Y(mn) allows
one to easily construct a pseudovacuum starting from a Y (m|n) highest weight vector.

Proposition 3.7 Suppose Vi,...,Vy are highest weight modules for Y(m|n), with highest
weight vectors vy, ..., vy and weights N (u), ... AV (u). Then the vector

’U+:U1®"'®’UN (38)

is a highest weight vector for the representation of the N —sites monodromy matriz (3.1) on the
tensor product Vi @ -+ - ® Vn:

Tij(w)ot =0, 1<j<i<m+n,
N

Tk (u) vt = <H)\E€l](u)> vt = Ap(u) v, 1<k<m+n. (3.9)
=1

Proof: Acting on v* with the monodromy matrix (3.2) we see that the only surviving terms

are those with
1<k <ks1<j, 1<I<N-2.

Taking the equalities in the above relation, one gets (3.9). [

Since the action of the monodromy matrix on the pseudovacuum is upper triangular

A1 (uw) * e %
T(u)vt = 0 Ax(u) vt
0 ... ' Agn (1)

vT is an eigenvector of the transfer matrices (3.4) and (3.5), with the following eigenvalues:
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1. for the trace case:

m+n m+n N [l]
Ao(u) = Y~ Ae(w) = Y TTA(w);
k=1 k=1 I=1

2. for the supertrace:

st(u) vt = Ag(u) v,

m—+n m—+n N
Ao(w) = 3" (=) () = 3 ()W T A ().
k=1 k=1 =1

We will work with representations of the monodromy matrix that are obtained as tensor prod-
ucts of evaluation representations for the individual sites of the chain: using evaluation repre-
sentations ev,, (2.23) for 1 <i < N,

evz (T(u)) = (v, @ -+ @ evny ) (T(u)) = evr, (T(u)) @ - @ evny (T'(u)) - (3.10)
Starting from the above expressions, and if the highest weights of the ev,, are
h i

)\Ej](u)zl_(_l)[k’] uk s ]_SZSN,

u — a;

we easily get the highest weight of the representation of 7 (u):

N
h )
= (T; + = 1— (=)l g+ k=1,...
evz (T (w)) v H( (-1) u—aiﬂk v, yee,m AN,
while for the transfer matrices:
m+n N h []
. + _ _1)[x _1)[¥] @ +
evs (st(10) 0" = 3 (DM T (14 (0¥ Ll ) o,
k=1 i=1
m—4+n []
= (t + = 1 1)Lkl 1) ot
oty k_1zl:[1(+( ) U —a; !

3.3 Normalization

Since our objective for this chapter is to write down the Bethe equations for gl(m/|n) invariant
spin chains as analyticity conditions for the eigenvalues of the transfer matrix, it is important,
before moving on, to choose a suitable normalization for the monodromy matrix. Noticing
that in an evaluation representation ev® the entries of the matrix (u — a)T'(u) are analytical
in the spectral parameter, we will use for the local and monodromy matrices the following
normalizations:

T () = (u—a;) T (w),  and T(w) v [[(u—a)T(u), (3.11)

i=1

that ensure analyticity of their entries. The transfer matrix will be accordingly normalized.
With the normalization (3.11) the highest weights in the ev,, representations read:

N
)\Ez](u) =u—a; — (=1)" hug] and  Ag(u) = H (u —a; — (=) hug]) . (3.12)

i=1
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Nevertheless, let us stress that the above calculation only relies on the existence of a highest
weight vector, and thus remains valid for infinite dimensional (highest weight) representations.
When the representations are finite dimensional, it is possible to rewrite Ag(u) in terms of
Drinfel’d polynomials. In this case, we will see that the Bethe Ansatz equations depend on the
representation only through the Drinfel’d polynomials.

3.4 Dressing hypothesis

Having determined the form of the pseudovacuum eigenvalue we assume now the following
form for the general transfer matrix eigenvalues:

m—+n

Aw) = Z)\k(u)zzlk,l(u)7 (3.13)
k=1
m-4+n

Aw) = D (=D)M(u) Ap_1(u). (3.14)
k=1

The functions A;(u) and A;(u), 0 < i < m+n — 1, are called dressing function.

Remark 3.8 Tuking A;(u) = 1 and A;(u) = 1 for all i, we recover the eigenvalue of the
transfer matrices on the pseudovacuum.

This so called dressing hypothesis relies on several known results:

e in the gl(1|2) and gl(2|2) cases, the algebraic Bethe Ansatz leads to (3.13) and (3.14)
[41, 65];

e it is a well-established hypothesis for the non graded cases [9], that can be considered
the n = 0 subcase in our approach;

e it is supported by partial results on gl(m|n) spin chains eigenvectors, as well as numerical
evidence for the case of small N;

e a posteriori, the dressing hypothesis leads to the correct Bethe Ansatz equations, known
in some cases from other approaches [35].

The aim of the remaining part of this section is to find and implement, by means of algebraic
methods, enough constraints upon the spectrum of our transfer matrices, thus determining the
form of the dressing functions. The outline of our approach goes as follows:

1. the R matrix and monodromy matrix (as well as the supercommutation relations of
Y(m|n)) being written in terms of rational functions of the spectral parameter «, one
assumes that the A;(u) are also rational functions for all [;

2. analyticity requirements imposed on the spectrum imply that, whenever a dressing func-
tion A;(u) has a pole, there must be one and only one dressing function Ay (u), with

I #1', with a pole at the same position. We further assume that A;(u) (resp. A;(u)) has
common poles with A;1q(u) (resp. Ajx1(u)) only;

3. the poles of the dressing functions will be assumed simple: the relation between A4;(u) and
Aj41(u) poles is then the simplest one which ensures the analyticity of the eigenvalues;

4. information about the number of factors in the aforementioned rational functions will
be extracted by comparing two different expressions for the asymptotic expansion of the
transfer matrix ;
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5. the generalized fusion provides relations among the dressing functions.
Requirements 1. and 2. above fix the following form for the dressing functions:

) (1+1) 1
MO GO MO s

=TT 5 T~

j=1 Y= W;" =1 j

The following equivalent form, in which the dressing functions attached to the even and odd
pseudavacuum eigenvalues acquire different denominators, will turn out to be more convenient:

M® (l) MUY (14+1)
u— u—
0" I 0<i<m
u— u hl U — u(lﬂ) ==t 7 ’
A (u) — j=1 j=1 2
l MO w— 04(»1) M(z+1) w— ﬂ(»H_l)

I1

J , m<Il<m+n;
=1 u—u;l)—hm+h% H

=1 u— uglﬂ) —hm+ hHTl
(3.15)

the shifts in the denominators can always be eliminated through a redefinition of the ull.

In the above expressions for the dressing functions it is assumed that M(©) = pf(m+n) = (.
while the values of the integers M), I = 1,...,m +n — 1 are to be determined by means of
asymptotic expansion (point 4. above) and are related, from the physical point of view, to the
conserved gl™) (m|n) charges of the chain as we will show below. In particular, they must be
kept free in order that the spectrum of the transfer matrix can be generated by varying their
values. The next step consists in finding constraints to determine ! j ) and B in terms of u;l).
This is achieved by means of a generalized fusion procedure, requiring the introduction of a
transfer matrix built from the T (u) generators. The fact that * as defined in proposition 2.16
is an isomporphism of Y(m|n) allows to define another transfer matrix

st*(u) = strT™(u)
obeying
[st*(u),st™(v)] =0.

The supercommutation relations for T'(u) and T*(v) show that it commutes with st(u):

[st(u) , st™(v)] =

so that we can consider the dressing of st*(u) simultaneously with the one of st(u):

m+n

A (w) = Y (=DFIN () AR (u) (3.16)

k=1

where T7, (u) vt = Aj(u)v". The following form for the 7*(u) dressing functions will be
assumed:

M® *(1) M+ (14+1)
I I ., 0<l<m,
sy 4 a1 v S h(m ) G w5
l MO _ (1) M+ " 5’f(l+1)
H% H *(l+]1) o msl<min.
j=1 U —u hy =1 u—u; — it

The next proposition will allow us to find the needed relations between the u§k)

parameters in the numerators of the dressing functions.

and the free
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Proposition 3.9 The dressing functions A;(u) and Af(u), 0 < ¢ < m+n — 1, satisfy the
following constraints:

m—1 m+n—1
IT Arxu+nen) [ Ailuw—her+hm) =1, (3.17)
k=0 k=m
m—1 m—+n—1
IT Aru+her) ] Ax(u—her+hm) =1, (3.18)
k=0 k=m

where the ¢ integers, k =1,...,m+ n, are defined as in corollary 2.36, and cq = 0.

Proof: Let A,,, A, and II,,),, be the one-dimensional graded projectors defined in the previous
chapter, acting on m + n auxiliary spaces Vi, ..., V4, and denote

TT" =Tp(u—hn)---T1(u+h(m—n—1))T>

m+n(u —h)-- Tnt+1(u —hn).
Then, from the following relation
TT* = Ber(u)AmAn + (1 =110 ) TT " A A + TT*(1 — A Ay), (3.19)
we deduce, by taking the supertrace in the spaces 1,...,m + n, that
st(u—hn)---st(u+h(m—n—1))st*(u—h) - st*(u— Ain) = (—=1)"Ber(u) + st]gl)(u) ,

where the so called fused transfer matrix st]gl)(u) is given by

st () = stry man [(1 = o) TT A Ay + TT*(1 — ApAy)] -

(
f
Then, acting with relation (3.19) on any (st(u) and st*(u)) eigenvector v with eigenvalues A(u),
A*(u), one obtains

Alu—=hn)---Alu+ha(m —n—1)A"(u—h)---A"(u—hn) =

m m-+n
= )" [[ M= hn—k+1) J[ MN@+hm+n—1+1)+ A0 (@), (3.20)
k=1 l=m+1

where A%l)(u)v = st]gl)(u)v and we have used eq. (2.51). Let us remark that this relation

shows that v is also an eigenvector of st%l)(u). Using the postulated expression (3.14) for the

eigenvalues and picking the term proportional to

m m—+n
[ eu=nhm—k+1) J] Mu+htm+n—1+1)
k=1 l=m+1

in eq. (3.20), we deduce the first constraint between the dressing functions, namely
Ao(u—hn) - Ap_1(u+h(m—n—1))A; (u—hn)--- Ay, _(u—h)=1. (3.21)

By shifting u in the above relation we get (3.17). An analogous calculation proves the second
constraint: we start setting

T'T = T}y (u+ h(m — 1)) - T/ () Ty (4 hm — 1)) - - Ty (1 + il — )
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and supertracing in all auxiliary spaces the identity

T'T = Ber ' (w)AmAp + (1 = W) T'T A A + T'T(1 - A Ay, (3.22)
we get
st*(u+ h(m = 1))+ st*(w)st(u+ h(m = 1)) -~ st(u+ h(m — n)) = (=1)"Ber™(u) + st;" (u)

where st]gz) (u) = str1.mgn [(1 = )T T A Ap + T'T (1 — Ay Ay)]. Acting again with the
above equation on v, one obtains

A (u+ B(m — 1)) - A*(w)A(w + h(m — 1)) - A(u + h(m — n)) =

m m—+n
= ()" [N +nm—1) JT Mlu+nEm—1)+ A2 W), (3.23)
=1 I=m+1

where A§2)(u) v = tg) (u)v and eq. (2.54) has been used. Picking up the term proportional

to Aj(u + A(m — 1)) H;i‘:nnﬂ Ai(u+ Rh(2m — 1)), we get the second constraint on the dressing
functions:

Af(u+h(m—1))--- A5 (WA (u+hm—1)) - Apin—1(u+h(m—n)) =1,

i.e., after the shift u — u — i(m — 1), eq.(3.18). |

In order to satisfy our constraints on the dressing function eq.(3.17) and eq.(3.18), we
adopt the simplest non-trivial choices for the parameters ozg-k), ﬂj(-k), oz;(k), ﬁ;(k)

the values of the M*) parameters free. In the case of the constraint (3.17), the simplest choice
corresponds to set:

, that leaves

&) _ k) D
o’ = u; —|—§<k‘+2>7

6](_k+1) _ u§k+1) n g(k _),

forall jand k=0,...,m —1, and

k) _ x(k) P
o = —|—§(k—|-2)7
B = D 5(k=1),

for all j and k =m,...m +n — 1, together with

Hm) = lm) hm ,

u] J

in such a way that the dressing functions acquire the form

(k) k (k+1) k41 _
4 M u—ug)—h—k'Q"QM u—u§-+)—h—k21
v o= ]I

k() ! ! w — FtD gl

j=1 Jj=1 J 2

ol
Il
=
3
|
[t

ufUEk) — ﬁg

M* *(k) k2 MO *(k+1) k—1
w—u; " — h%E u—u; - h55=

i) = ] .

#(k) k
j=1 u—u;  —hg

o~
Il
3
3
+
3
|

J
H *(k+1) k+1
j=1 u — U/] — FLT
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and cancelations occur between dressing functions labeled by consecutive indices in expression
(3.21). To satisfy this second constraint we set

(k) _ (k) k
;" =u; —|—h(m—§—l),

ﬂ§k+1) _ u§k+1) +hm— "1y

fork=m,...,m+n—1, and

s(k) _ w(k) k

ﬂ;(k+1) - U;(k+1) + h(m - 7) 9
for k=0,...,m — 1, so that

M® w— u§-k) _5 (m _k 1) ML w— u(k+1) _5 (m k=1

Ap(u) = 2 J 2. m<k<m+n,
SRS L R it R | G
MR _ "f(k) _h ok 1 M (k+1) _ >(%(]chl) _p k=1
AZ(U) = H i (k) (m : & ) H : ui(k+1) (m k—20—1) s 0<k<m.
j=1 0 U —h(m—§) =1 U —h( - 5=

Again, it is seen that
*( L) u( L)
j -

j — hm.

u

Remark 3.10 Relations (3.17) and (5.18) also hold when the Aj(u), Ajf(u) functions are
replaced with Aj(u), Aj(u), thus leading to the same form for the dressing functions appearing
in the eigenvalues (3.13) and (3.14).

Remark 3.11 Using the cj, integers introduced in proposition 4.7, one can write a single
expression for the dressing functions:

(k) (k+1)
a2 T = B e (B MY (o - ()R)
k(u) = H ~ ® _ =& _,(kt1) R ’

) % () %
M® ) %(Qm — Cpp1 — (=11 M® uj(k-H) _ %(Qm —cpo1)

AZ(U) = H J . - )
i1 u—uj(k) —B2m - ) i u—uj(k+1) —B2m - cpp)

for0 <k <m+n—1. We will see that these expressions generalize to the case of Dynkin
diagrams different from the distinguished one.

Remark 3.12 As we have seen in section 3.1, the generators of the global finite—dimensional
gl™N)(m|n) superalgebra commute with the transfer matriz st(u). It is now possible to relate
the integers Mk =1,...,m+n — 1 appearing in the A(u) dressing to the eigenvalues of
the Cartan generators of gl™)(m|n). This can be done by in the following way. Taking first
the asymptotic expansions u — oo in the expression (3.14) for A(u) for an N sites chain (and
taking for simplicity an evaluation representation with eigenvalues (3.12) where all a,, = 0),

one gets
m—+n

Au) ~ ¥ (m = n) + 6V R ((CD)FAD - MY 4 i B)
k=1
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where we set \p(u) = uN + h)\,(cl)uNfl +0 (uN72), ie.

N
1 l
A=

=1

On the other hand, the same expansion performed on the transfer matriz st(u) leads to

m+n N
st(u) ~ u™N (m —n) +u¥ 1 Z h (Z 5}[:]) )
k=1 =1
where Zl]il 5,[6” = Zl]\;l(—l)[k]’lﬁé)[n] is the k-th diagonal generator of the global gl'™) (m|n)
symmetry algebra of the chain. Starting then from a transfer matrix eigenvector with eigenvalue
(5.14), it is reasonable to assume that

hi = (D)X — prCe=) g

where hy is the eigenvalue of the diagonal generator Zl]\il 5,[6”, Writing the Cartan generators

of gl(m|n) as sp, = (—1)F&, — (=1)FHUE 1, one gets

Spv = (2M(k) = M= D B (_1)[k+1lA§j+>1) v.

As in the non graded case, the values of the M) are then related to the conserved charges of
the global symmetry of the chain.

3.5 Bethe equations

We have found in the previous section that A;(u) = A;(u), and that they have the form

MO 0) 142 MU (I1+1) -1
u—w —h u—u,  —hE

H H (+1) _ hlJrTl

O] l
k1 u—w —hg o gl u—uy

o ) i
PRI il SRkt ) Ry y R AL R

o sl —h - d) w5

0<li<m,

Al (u)

, m<l<m-+n,

with the convention M(©) = M(m+7) = 0. Substitution of the above equations into (3.14) and

(3.14) gives the eigenvalues of the transfer matrices st(u) and () in terms of the set of Bethe
r00ts ug), l=1,....m+mn, k=1,...,M®* The Bethe equations will be now obtained as
analyticity conditions for the eigenvalues A(u) and A(u): one imposes that the their residues
atu:ugk)—i—hg for1 <j<M® 0<Fk<m,and atu:u§k)+h(m—g) for 1 <j < M®),
m < k <m+n —1, all vanish. It is useful to introduce the following rational function:

u—ht
ek(u):u—&-hz'
2

(3.24)

The Bethe equations naturally fall into three different sets, two of them corresponding to
cancelation of poles inside the gl(m) and gl(n) terms of the transfer matrix, and one to the
cancelation of the poles at u = u;m) + h 7, leading to a gl(1]|1)-like set of Bethe equations

connecting the two even subalgebras. Let us then impose Res A(u)|u7u(k>+ﬁck = 0, with j
—u(Myhe

running from 1 to M*) in the three subcases:
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1. 1<k<m:
ME=1) Mk M+
A ( ) 4 hk 5)
(k) (k—1) (k) (k) (k+1) k .
Hefl(uj — ) Hez(uj —ul He 1( u ) = W’
=1 I1#j ket ( u; o+ 5)
2. m<k<m+n:
ME=1) M) M+ (k) k
i w0+l = )
k k—1 k k k k—+1 k
Hh(lé )_ul( )) H 2_2(u§ )_ul( ) He ( ( + )) 2k :
=1 1£j N+ 1( +ﬁ( 5))
3. k=m:
Mm=1) M(m+1D) (m) m
— m m )\m+1(u- + hi)
H e_l(ugm) B ugm 1)) H el(ug‘ ) ’U,,g +1)) =+ (rJn) 2 .
e )\m(uj +h)

In the last equation, the + sign (resp. — sign) corresponds to the A(u) Bethe Ansatz equations
(resp. A(u) Bethe Ansatz equations).

Remark 3.13 One recognizes, in the indices of the e functions appearing in the left hand side
of the Bethe equations, the entries of the sl(m|n) Cartan matriz. In the next section we shall
see how this feature is preserved for different choices of the Dynkin diagram.

Remark 3.14 The left hand sides of the Bethe equations only depend on the chosen super-
algebra, while the Yangian representations spanned by the spin chain only play a role in the
right hand sides. When these representations are finite dimensional, the right-hand side can
be re-expressed in terms of Drinfel’d polynomials. For instance, for the first set of BAFEs, one
gets

AWl 4 nd Pi(ul) + nt Al
i @ 2? = ((ZJ) "23 where  P;(u) = H Pi[k] (u), (3.25)
Ait1(u;” +hg)  Pi(u;’ +h5) f—1

Pi[k] (u) being the Drinfel’d polynomials for each site.

3.6 Bethe equations for arbitrary Dynkin diagrams

As already mentioned, up to now we have worked with the distinguished Dynkin diagram and
its associated gradation. However, several Dynkin diagrams can be used to describe the same
superalgebra, leading to inequivalent Dynkin diagram, and thus to different presentations of
the Bethe equations. For each of the grading (i.e. for each inequivalent Dynkin diagram), one
can apply the above procedure to determine the form of the dressing functions. This has been
noticed in [54] for open super-spin chains in the fundamental representation of si(m|n). We
generalize it for arbitrary super-spin chains. The dressing functions keep essentially the same
structure, with the following rules.

The inequivalent Dynkin diagrams of the sl(m|n) superalgebras contain only bosonic root
of same square length ("white dots”), normalized to 2, and isotropic fermionic roots (”grey
dots”), which square to zero. A given diagram is completely characterized by the p-uple of
integers 0 < n; < ... < n, < m+n labelling the positions of the grey dots of the diagram:

O—O0 - O—@&—0 - -0—= O O

1 2 ny np ny,+1 m+n—1
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where the total number of (grey and white) dots is m + n — 1. Formally, we define ng =0
and n,41 = m+n although there is actually no root at these positions. Such a diagram defined
by the p-uple (n;)i=1.., corresponds to the superalgebra sl(m|n) with

m:Zni—Zni and n:Zni—Zni. (3.26)

i odd i even i even i odd
i<p+1 i<p+1 i<p+1 i<p+1

Accordingly, the Zs-grading is defined by

=20 e (0P = (0, for met 1< <men, 0<k<men.
(3.27)
[f] = 0 for 1<j<m
U] = for mi+1<j<no
[j]] = 0 for ma+1<j<mg
1] = # for n,+1<j<m+n

For each of these gradings, one can compute a new value for the parameters

k
ck:Z(—l)U], k=1,....,m+n.

j=1

Then, the dressing functions will keep the form given in remark 3.11, but with now the above
value for the parameters c,. Computing the residues for A(u) with these new dressing functions,
leads to the following general recipe for the Bethe equations

m4n—1 M®) (£) h
Ae(u;” + 2 ¢p)
0 k YACH 7
(1= (D)%) T TT et (@ —uf?) = 2,
k=1  j=1 Aev1(u;” + 5 o)

i=1,..., MY, 1<l<m+4n—1. (3.28)

where (ay, ay) is the scalar product of the simple roots, numbered as they are ordered by
the chosen Dynkin diagram. Explicitly, in sl(m|n), denoting «; the simple roots, that we
label according to their position j = 1,...,m + n in the Dynkin diagram, their norm is given
by (aj,a;) = (=1)U12 for the bosonic ‘white’ roots and by (aj,a;) = 0 for the fermionic
‘grey’ roots. Moreover, the scalar products between different simple roots are all zero but for
the simple roots which are linked in the Dynkin diagram. Linked roots have scalar product
(g, ajy1) = —(=1)*+1, For more informations on the construction of simple roots and Dynkin
diagrams for superagebras, see e.g. [15]. The above formula generalizes the Bethe equations
given in the previous section to any Dynkin diagram: the indices of the e rational functions
can still be identified as the corresponding Cartan matrix entries, as specified in remark 3.13.
It should be clear that, since the different presentations (i.e. Dynkin diagrams) describe the
same superalgebra and the same representations on the chain, the spectrum will be identical,
although the dressing functions and the BAE look different. As an important example, let us
fully discuss the case of the so—called symmetric Dynkin diagram.

Example 3.15 In the case of sl(m|2n), there exists a symmetric Dynkin diagram with two
isotropic fermionic simple roots in positions n and m + n:

O O— @0 O—— QOO
n

m+4+n
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We give here the explicit expression for the dressing functions and Bethe Ansatz equations for
this diagram. The corresponding gradation of the indices is

] = 0, 1<i<n and m4+n+1<i<m+2n,
11, n+1<i<m+n,

implying the following values of the ¢ parameters:

k, k<n,
k=< 2n—k, n<k<m+n, (3.29)
k—=2m, m4+n<k<m+2n.

This choice of the grading implies that the elements of T™ (u) (resp. T®*™ (u)) generate now a
YV_n(m) (resp. Yr(2n)) bosonic subalgebra. As a consequence, the expressions for the quantum
Berezinian and its inverse are modified as follows:

Ber(u) = qdet T?™ (v — B(m — 2n + 1)) qdet T*™ (u — hm) , (3.30)
Ber™(u) = qdet T*®™ (u + i(2n — 1)) qdet T™ (u — Ii(m — 2n)). (3.31)

To determine its value on an highest weight vector v we rewrite the quantum Berezinian for
the symmetric Dynkin diagram case as

Ber(u) = Z sgn (0)To1y,1(w — h(m —2n 4 1)) - - To () n(u — h(m —n)) x
oc€Say
X Tm+0(n+l),m+n+1(u —h(m—-n+1))--- Tm+o(2n),m+2n(u — hm) x
X Z sgn (T)T:+T(1),n+1(u - hm) e T:L(—i-T(m),n-&-m (U - h) )
TESm
obtaining:
n m+n m+2n
Ber(u) vt = H)\l(u—h(m—l—i—l)) H A (u—h(m—14+n+1)) H A(u—h(2m—=1+1))v
=1 l=n+1 l=m+n+1

In the same way we can compute the constant value of Ber~1(u) on the v module. Since

Ber™'(u) = > sgn(o)Trqy (u+h(2n—1))-- Tk, . (u+ hn) x
o€San
X T7jl+a(n+l)7m+n+1(u + h(’I’L - 1)) U :1+U(2n)7m+2n (u) X
X Z sgn (T)Tn+7(1),n+l(u - h(m - 2”)) T Tn+‘r(m)7n+m(u + h(2n - 1)) )
TESm
we get
n m+n m—+2n
Ber Hu)vt = HAZ‘(u—i—h(Zn—Z)) H A(u+h(2n—1+n)) H A (u+h(m+2n—10)) vt .
=1 l=n+1 l=m+n+1

The steps leading to the constraints on dressing functions can now be repeated as in the dis-
tuinguished Dynkin diagram case, taking into account the different form of the value of the
quantum Berezinian: in particular, one can show that the constraints (3.17) and (3.18) are to
be replaced with:

Ag(u) -+ Ap—a(u+h(n = 1)) A7 (uw) - Ajy g (w4 i(m = 1)) %
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X Ampan(t+ ) - Ampon_(u+h(2n — 1)) =1, (3.32)

and
Aj(u+h(2n—1))--- A7 _J(u+hn)Ap(u+h2n—1)) - Apgn_1(u+ A(2n —m)) x

XAy L (u4h(n—=1))--- Ay o (u)=1. (3.33)
Both these constraints are satisfied by the dressing functions of remark 3.11. As a general rule,
at each fermionic root two dressing functions A and A* meet, and the u( )
satisfy an additional relation® of the form uj( ) = g-k) — hm. We are now in position to write

the Bethe Ansatz equations for the symmetric Dynkin diagram, requiring the transfer matriz
eigenvalue

parameters must

m+2n

Aw)= 3 (DM A (w)Ae(w)

k=1

to have vanishing residues at u = ug-l) + %Cl forl=1,....m+2n—1andj=1,..., MY, The
Bethe Ansatz equations take the form:

I.1<k<nandm+n+1<k<m-+2n:

Ar(E=1) " ) Vi) o o M D) (k (k+1 Aegr (u ()—i—ﬁc)
He_l(uj )—ul ) Heg(u§ —ul( He_ ) _ ))— ) ;
-1 14j Ak(u;” + Ber)
2. k=mn:
M= M (D) n
(n) (n 1) (n+1) An+1(U; ( )4_@”).
H 271(@6]- H er(u; — )= —(n) :
1=1 An(u;™ + Ln)
3 n<k<m-+n:
=D i) Mk+D) k) . n
Ak1(u;” + gex)
k k—1 k k k k+1 k+1(u
TTer® — =) e a® — uf®) H° ®) 0y " ;
=1 14j Ak(u;” + Ber)
4. k=m-+n:
M(mtn=1) M (mtntl)

(m+n)
(m+n) (m+n—1) (m+n)_ (m4n+1)y )\m+n+1( +3 ( m))
H 2! ) H €-1 (uj W ) - (m+n)

for j running from 1 to M*) in each case.

1In the distinguished Dynkin diagram case there is only one fermionic root, corresponding to the uj(m)

§m> — hm relation obtained in the previous section.
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3.7 Examples

In this section we discuss the application of our approach to few examples. We will replace the
h parameter with the imaginary unit —i, as it is customary in dealing with spin chains. Let us
stress that, altough in the examples the energies will look identical (up to additive constants),
the spectrum and the Hamiltonians are indeed different. In fact, the energies are function of
the Bethe roots, which obey different Bethe Ansatz equations, specified by the representations
entering the spin chain. Our first examples will deal with general situations to which our
approach applies. They are to be considered universal, in the sense that the values of m and n
will not be specified (except sometimes for the condition m # n): the properties of the resulting
spectra and Hamiltonians will only rely on the general form of the Bethe equations. The last,
more detailed, example will be related to the particular choice of the symmetry superalgebra

gl(1]2).

Example 3.16 (Fundamental representation of gl(m|n)) Our first ezample deals with the
basic situation in which the local operators acting on each site of a N—spin chain are written in
the fundamental representation, which we shall denote w¢. This leads to the usual and widely
studied super—spin chains. In our approach, the monodromy matriz with normalization (3.11)
for this case is obtained by means of the simplest evaluation representation:

eUr; @ - @ evr, (Tij(u))
where _
evr, (Tij(u)) = udi;1 — h(=1)lej; .
The highest weight of the fundamental representation is uy = (1,0,...,0), and the eigenvalues

of Trr(u) read:
) — w4+ k=1, -
=1 k41 (3:54)

Notice that the free complex parameters appearing in the evaluation representation have all
been set equal to zero. Hence, up to the normalization, the local T (u) coincide with the
fundamental solution to the Yang—Baxter equation, so that we shall simply denote them with
R(u):

T(u) =u—hP = R(u).

The monodromy and transfer matrices read:

To(u) = Ra1(u)Raa(u) - - Ron (u) (3.35)
m-+n

st(u) = stroTo(u) = > (=) T (u) . (3.36)
k=1

the index a referring to the auziliary space. R(u) being a regular solution of the Yang—Baxter
equation :
Rab(o) = _hPabv

we can build a spin chain in the usual way. Since

the well-known formula

(3.37)
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leads to

H=Y"Py, (339)

with the periodical boundary condition
Po1 = Py

arising as a natural consequence of the ciclicity of the supertrace. The operator Py, permutes
the m + n configurations between the sites a and b, picking up a minus sign when both of the
permuted configurations are fermionic. The Bethe equations establishing the analiticity of the
supertrace eigenvalue

MM w—uD i
Aw) = (w+ )N [ —F—2

M('rrL+'rL—1) (m+n71)  rme—n—1
N H U — Uy +i (=)

(m+n—=1) | . (m-n+tl
=1 U +i ()

are obtained plugging the eigenvalues (3.34) into the general Bethe equations of section 3.5.
The results are:

N

M M3 (1) i
H ¢ (1) (1) H - (1) éQ)) ( ) f) , j< M(l),
#j U T2
Mk=1) MR N[(k+1)
11 3—1(“5@ —uy ) 11 ez(uﬁ-k — H e_1( (k) —ut)y =1, j<M®),
=1 12
Mm—1) M (m+1)
H 8_1(U§m) (m 1) H e (m) ("H‘l)) 17 1 S] < M(m)’

where the second set of Bethe equations holds for 1 < k < m + n, with k % m. The energies
corresponding to the Hamiltonian (3.38) can be calculated by taking the logarithmic derivative
of A(u) and evaluating it at u =0, and are given by:

MD

1
ENZ(I) 1’

4

where ugl) are the Bethe roots satisfying the above Bethe equations.

Remark 3.17 In the above example, the Bethe equations are written assuming that m # 1,
otherwise the first and third set of equations would be in conflict: in that case, the first set of
equations has to be eliminated, and the right hand side of the third set should be replaced with

u§1) + J
MO

We shall return on this case later, when dealing in full detail with the case of gl(1]2).

N

N[ [N

Example 3.18 (Fundamental representation, one inhomogeneity) A slightly more gen-
eral case is obtained from the previous one by taking a, = a # 0 in the evaluation representation
correpsonding to the site p, leaving ar, = 0 for k # p. The effect of this inhomogeneity is to
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modify the hamiltonian (3.38) (which is still obtained as a logarithmic derivative of st(u)) as
follows:

N
1 . .
H= Z Prp—1+ a2+ 1 (azppflvpﬂ + Ppr1p —aPpi1p1Ppp1 +iaPpp 1 Ppr1p-1) -
k#ﬁéﬂ
The translational symmetry of the chain is broken, and mext nearest neighbour terms appear

around the inhomogeneity. The second and third sets of Bethe equations are as in erample
3.16, while the right hand side of the first set gets modified as follows:

.\ -1

M® M® 1) i 1, i
1 1 1 2 uj tgtafu;"+3 .
H QQ(U()*U§)) H e_l(u(-)—u§ )): ]1 2 ]1 2 , ng(l).
] J ( ) i ( ) o
U] =1 ujt g A\t =g
while the energies become
M

a

E=N-— - .
: 1

a+1 =1 (u§ ))2 %

Example 3.19 (Impurity) Another case to which our formalism easily applies is the super—
spin chain with one site (the so—called impurity) in a representation different from the others.
The easiest case is again the spin chain where all sites are in the fundamental representation
except for the p—th, associated to the highest weight ,uLp], k=1,...,m+n. The transfer for
the N —site spin chain with one impurity can be written as

st(u) = stq (Ra,n(u) -+ Rap—1(t) Tap() Rapi1(u) -+ Raa(u))

Top(u) being the local matriz in the auxiliary space a acting on the p—th quantum space. Its
associated hamiltonian is

N

H = Z Pk7k+1 + Z'T‘p_—i-ll,p(o) + Pp—l7p+1Tp_,;—1(O>TP+1,P(O) .
k#pp—1

It is worth noticing that in this situation all but the p—th quantum spaces are isomorphic to
the auxiliary space (the fundamental representation): hence, the local matrices Tyy,(u), k # p,

and their inverses, are well-defined, and coincide with Typ(u) and T, ' (u). The spectrum of
the hamiltonian (3.19) is given by

) ML
E=(N—-1)+i

_ (3.39)
= )2+

The eigenvalues of the diagonal entries of the monodromy matriz appearing in the Bethe equa-
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tions are as follows:

1 i 1 i 1 i\ V-1
Mg 5w —§ i <“§ )+2>
1 i 1 i . 1 i )
)\2(/[14;)_5) ué)—g—wgp] ug»)—é
k k) . ;
)\k(ug ) _ z%) ug ) _ zg zu%’]
W by 0 gk g LSE<m
Aer1(uy ' —ig)  up —i5 =i,
A (0™ — %) w™ i i,
)‘m(UEm) ZZL) ug'm) iy — Zﬂgn] ’
Ak (ug-k) im+i%) ugk) im+i% + z,ugf]
A ke mTlsk<mdtn,
Mer(u; ™’ —im+ig)  uy —imtig — iy

and the Bethe roots uél), < MW in eq.(3.39) satisfy the Bethe equations of section 3.5, with
right hand sides given by the above ratios.

Example 3.20 (Alternating spin chain) In alternating spin chains (see e.g. [55] for a
non—graded example), the spins belong alternatively to two different representations. As a
particular example, one can take an even number of sites N for the chain, and let the spins in
the even sites be in the fundamental representation, while the spins in the odd sites are in a
different one. The transfer matrix for such a chain will then be given by

st(u) = strg (Te1(u) Re2(uw) - Ton—1(u) Ren(w)) ; (3.40)

here the auxiliary space a is m + n dimensional, and the matrices acting on the even sites
correspond to fundamental representations (thus coinciding with the R matriz), while the ones
acting on the odd sites are in a non—fundamental representation and are denoted by T(u).
From the transfer matriz (3.40) one gets a local hamiltonian:
N/2
H = ZTQ_;gl_z)gk_l(O) (Z + sz—Q,szzk—z,Qk—l(O)) .
k=1

Denoting with ux, k = 1,...,m + n the weights of the representation on the odd sites, and
pr(w) = u 4 i(=1)F ., one gets for the eigenvalues:

(w+ )2 (N2, k=1
)\k(u) = y
uN/2 g (u)N/? l<k<m+n.

where we set a, = 0 for all k. This leads to the spectrum
M
g XN (1_M'1(0)> -y v
20 mO) i w2+

Choosing e.g. the adjoint representation for the odd sites, i.e. building a chain with highest

weight ugk] = §;1 for even k, and ,ugk] = 0;1 + 0i myn for odd k, one gets the following form for
the eigenvalues
(uti)" k=1,
Me(u) =< ulV l<k<m+n,
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where we set a; = 0 for all i. The Bethe equations for 1 < k < m remain as in the fundamental
representation case, while the equations for m < k < m +n — 1 are modified as follows:

ME=D M ACHD
» ot k k k k1
H el(u§ : —ug )) H 6*2(u§' ) _“§ )) H 31(“;‘ ) —ué - )) =
=1 1) et
1 ,m<k<m+n-—1,

= (3.41)

N/2
(el(ugk)—im;")> ,k=m+n-1,

with 1 < j < M®),

Example 3.21 (Supersymmetric ¢-J model) The most basic supersymmetric spin chain
that has been proposed as a model for high—temperature superconductivity is the celebrated t-J
model [36, 37, 38]

N N
1
H; ;= —tZP Z (C;rz’o_CjJrl,a + C;rl_s_l’acj,g) P+ JZ (Sj St — 4njnj+1> , (3.42)
j=1

Jj=1  o=T,

where P is the projector on the subspace of non—doubly occupied states. In our approach
we recover its hamiltonian and spectrum at the supersymmetric point, as the fundamental
representation case of gl(1|2) (see example 3.16). It is indeed well known [39, 40] that, for
J = 2t = 2, the hamiltonian (3.42) becomes globally gl(1|2) invariant, and it is possible to
rewrite it in terms of the graded permutation operator (up to an irrelevant shift):

N
Py =N-2N.—=) Pjjn, (3.43)
j=1
where N, is the number of fermions in the chain (a conserved charge®, since [H,N,] = 0).

Hence, since there are three possible configurations for each site:

$1=10), ga=I1)=cll0), gs=Il)=cl0),
with

[p2] = [p3] =1, (3.44)

we can identify the Hamiltonian of the supersymmetric t-J model (3.43) with the fundamental
graded chain of example 3.16 in the case of m = 1, n = 2, i.e. for the following normalized
transfer matrix:

st(u) = stro T, (u) = stry (T(P] (u)--- TN (u)) ,

where
U — he[lkl] he[le] hegkl]
TF (u) = Rax(u) = —he[lkz] u+ he[;é] heg;] . (3.45)
—he[lg] —hegg] u+ hegg]

2The conserved gl(1|2) charges of the t-J model can be identified, e.g., with the number of fermions and the
third component of the total spin S3.
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Realizing the gl(1|2) generators in terms of canonical Fermi operators satisfying the anticom-
mutation relations

{cly1¢ior}t = 01000,
and of the number operator n; , = cjﬁaciﬂ for electrons with spin o on site i, the local matriz

(3.45) writes:

L—npp =gy —cl(l—ng)) —cl (1 —nky)
TH@w) =u—h| (1 =nk ek —Nk,1 e er
(1 = nk,p)ck,y cf 1oL —Nk,|

Since the case m = 1 was not included in example 3.16 (see remark 3.17), we explicitly write
down the Bethe equations for this case:

M® 1) (2, o,y
H“j — Uy +2:<U;(g)+2> i< MM
1 2 i 1 3 ’ — ’

j:1U§) ul(c) 2 “l(c)_i
MM (2) 1) M® (2) (2 _ .

w;” =y +%Huj i S Lo @
e o W e o =" =4
j=1 Uj k 2 j=1 %5 k

Due to our choice of the basis vectors and gradation (3.44), the pseudovacuum is the following
eigenstate of the hamiltonian:

The eigenvalues of the Cartan generators of the global gl(N)(1\2) symmetry generators on the
pseudovacuum can be read off from the asymptotic expansion u ~ oo of the diagonal entries of
the T (u) matriz, and are given by:

N
N k
eV w) = el |w) = Nw) |
k=1
N
N k
esy) w) =3 e |w) =0,
k=1
N
N k
efy) [w) =D el |w) =0.

=~
Il
-

We can now identify the values of MY and M3 with the number of excitations of the chain
with respect to the pseudovacuum, i.e. with the values of the conserved charges of the hamilto-
nian (3.43) on an eigenvector |v). Having in mind remark 3.12, we see that
N
e o) = (N = M) o) .
N
e [v) = (MO~ M®) o) .
N
ess [v) = MP o) |

with the condition
M@ < M
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It is then easy to realize that MY has to be identified with the number of fermions N, in the
eigenstate |v), and M3 with the total number of down spins Ny, so that the value of the third
component of the total spin is simpliy

1
S3=M()—M(2>.
2
After rewriting the Bethe equations as

N (D) (@) i i\ Y
ru —w + 5 () 44
H-5——=5—) k=N
j=1U; T T3 U 32
N. U§-2)—U1(cl)+% B N, u§-2)—u§€2)+i .
Ho—o— -l 5—o— s Ny,
vy =y =g phug ) =

we recognize the "generic Bethe equations” of Essler and Korepin. In their paper [41], they
show they are equivalent to the original Schlottman and Lai formulation of the Bethe equations
for the t-J model [37, 38]. The energy reads:

N, )
E=Y ——— —N,
b=1 (Uz(cl))Q +

Ll

usually rewritten as
N

E = fQZcoskg + 2N, — N,
=1
through the parametrization u&l) = %cot ke.
Example 3.22 (Fundamental-adjoint alternating spin chain: the si(1|2) case) As a sec-
ond specific example, we specialize the situation of example 3.20 to the case of sl(1]2).
We choose the fundamental representation for the even sites of the chain, and the adjoint
for the odd ones, i.e. following expressions for the local matrices

Ra2j(u) = ulg2j +i(eq - e25), j=1,...,
Tooi+1(uw) =ulgojr1 +i(eq - Eaj11), j=0,...,——1,

where e and £ respectively denote the sl(1|2) generators in the fundamental and adjoint repre-
sentations. We choose the following basis for the fundamental representation

1 00 00 0 010
e1r=10 1 0 ea=|0 1 0 es=10 0
00 2 00 -1 000
0 1 000 000
es=|0 0 0 es=|0 0 1 e=|1 00
000 000 000
000 000
er=10 0 0 es=| 00 0 |,
100 010
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with grading

[e1] = [e2] = [e5] = [es]
[e3] = [ea] = [es] = [e7]

The matriz elements of the generators in the adjoint representation are given by:

(€)jx = Ciik

0,
1.

Cijx being the structure constants of sl(1|2). The inner product - is defined, as usual, in terms
of the invariant, nondegenerate bilinear form K,z on sl(1|2):

A -B= Z DB AL Ag,

where
i 0 0 0 0 0O O
0 -2 0 0 0 00 0
0 0 0 0 0 10 0
0 0 0 0 0 01 0
RKag=str(eacs) =| o o o o 0 0 0 -1
0 0 -1 0 0 00 0
0 0 0 -1 0 00 0
0 0 0 0 —-100 0

Thus, the sl(1]2) inner product reads
1
e-£E=2e1 & — 56252 +e3&—egést+eslr—erEy—esés —egls.

Insertion of the above expressions into eq.(3.40) yields the transfer matriz for this model.
The Hamiltonian involves nearest-neighbour and next-nearest-neighbour interaction terms and
reads:

N/2
(2
H= Z H(j)+1 + Z H )1 FRESE (3.46)
j=1,j even j=1,j odd
where )
2
HJ( J)'H =€ & — (e &), (3.47)

H](2)1JJ+1 =—(ej_1-&){(ej—1-&) — 1} (ej_1-ej41)(ej-1-E&)) . (3.48)
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Open spin chains

A relevant developement of the quantum inverse scattering theory was the introduction and
solution of integrable systems on the finite interval with non—periodical boundary conditions
on each end. Many efforts have been devoted to this issue, based on the pioneering approach of
Sklyanin [58], and in the present chapter our aim is to build exactly solvable supersymmetric
spin chains with non—trivial boundary conditions, and to sistematically apply to them the
analytical Bethe Ansatz machinery presented in the previous chapter.

The spin chains we will be considering here are characterized by their reflection matrices
K. These are numerical matrices obeying quadratic consistency equations with the R—-matrix,
with the generic abstract form RKRK = KRKR. These so—called quaternary relations, or
reflection equations, first appeared in [57] and [58] in connection with integrable systems,
while the algebraic structures related to them were discussed for instance in [53, 22]. Here we
shall introduce the graded counterpart to these so called reflection algebras as subalgebras of
Y (mn), as done in [53] for the Y (n) case. This approach will allow us to apply several results
of the previous chapter to the new situation of non periodical boundary conditions.

In [53], deep analogies were noted relating the (non graded) reflection algebras to the
twisted Yangians introduced in [48] (see also [21] for a detailed exposition). These are, roughly
speaking, subalgebras of the Yangian related to o(n) and sp(2n) (osp(m|2n) in the graded case)
in the same way as Y (n) is related with gl(n) (gl(m|n) for the supersymmetric case): one writes
the defining relations of the twisted Yangian in matrix form as a quaternary relation depending
on a spectral parameter, and the first order expansion in i/u of the generators will turn out to
be isomorphic to osp(m|2n). We shall show how the reflection equations defining the twisted
super Yangian lead, for non—trivial choices of the reflection matrix K, to a class of integrable
boundary conditions different from the ones obtained from the reflection superalgebra.

The chapter is correspondingly divided in two main parts: in the first one, from section 4.1
to section 4.8, the reflection superalgebra is introduced as a subalgebra of Y (m|n), and the
corresponding monodromy and transfer matrices are described. As we shall see, the symmetry
of the resulting integrable models will not be, however, the full reflection superalgebra but
some subalgebra of it, unless K is chosen to be proportional to the identity matrix.

In the remaining part of the chapter, the twisted super Yangian Y% (m|n) and the related
commuting quantum transfer matrices are described. The Bethe equations for any representa-
tion and for any Dynkin diagram are derived through analytical Bethe Ansatz in the reflection
algebra case, generalizing the results obtained in [54] to the case of arbitrary representations.
The results obtained for the twisted super Yangian are less general, since we shall restrict
ourselves to the most natural presentation of Y%¢(m|n), i.e. the symmetric Dynkin diagram,
and to diagonal boundary matrices.

Most of the results of this chapter are original. Open spin chains based on gl(1|2) have
been studied in detail in e.g. [68] and [64], while the sl(m|n) case with diagonal K matrix, and
with spins in the fundamental representation (but for any type of Dynkin diagram) has been
done in [54]. The representation theory of the twisted super Yangian (with K = 1) is studied
in [42], and non-graded integrable spin chains built from Y% (n) are considered in [43]

59
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4.1 The reflection algebra

Definition 4.1 (Reflection superalgebra) The reflection superalgebra B(m|n) is the graded
associative algebra with unity lg, and Zo—graded generators B(b), kEk>0,1<ab<m+n.
We set B<(1b) = OapBal, where

6 = +17 €1§a§£27
@ -1, 1<a<ty,lba<a<m+n,

L1 and £y being integer numbers characterizing the superalgebra. Introducing the even element
of B(m|n)[u~'] ® EndC™":

m+n hk m+n
=Y S B =3 B = Y B ewr
a,b=1k>0 k>0 a,b

where u € C is a formal variable, the defining relations of B(m|n) are given by
ng(u — ’U) Bl (u) Rgl(u + ’U) BQ('U) = Bg(v) ng(u + U) Bl (u) Rgl(u — ’U) R (41)

where R(u) is the fundamental solution (2.10) to the graded Yang-Baxter equation, together
with ~ B
B(u)B(—u) = 151. (4.2)

Remark 4.2 According to the above definition of the graded reflection algebra, which follows
the non—graded one given in [53], the notation B(m|n) should also contain the labels {1 and
£y we omit them for simplicity.

Relation (4.1) corresponds to the original definition of the non—graded reflection algebra given
by Sklyanin [58]. The unitarity relation (4.2), although absent from Sklyanin’s formulation,
allows one to show that B(m|n) is a subalgebra of the graded Yangian Y (m|n), and admits a
simple interpretation in terms of unitarity conditions on the reflection matrices as we shall see
below. Projecting the defining relation (4.1) on the auxiliary space matrix element e;; ® ey,
the supercommutation relations among the Bij (u) generators are obtained:

- - —1ynGak) g , - -
Byt Buw)] = LM (B w)Ba(w) - Byt )le(u))
m+n m-+n
+ u+v( [J](SijBw - (= )n(17]’k)5 ZBk“ B ())

m+n

m—+n
_ ’U2 zJ( Z Bka B Z Bka(U)Bal(U)) , (4.3)

where

n(i, g, k) = [i][4] + [i] [k] + [4][k] -
In the following chapters we shall deal with a class of particular realizations of B(m|n), defined
by means of so—called reflection matrices K (u). These are numerical matrices that will describe,
as we shall see, the boundary conditions for open spin chains. They are solutions to the so—
called reflection equation:

ng(u — ’U) Ky (u) Rgl(u + 11) KQ(’U,) = K2(U) ng(u + U) K (u) Rgl(u — ’U) . (44)
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Proposition 4.3 The matrix
B(u) = T(u)K (u)T~*(—u), (4.5)

where T'(u) generates the Yangian Y(m|n), and K(u) satisfies the reflection equation (4.4),
obeys the defining relation of B(m|n).

Proof: By definition of B(u), we have

Ri2(u — v)By(u)Ra1(u + v) B2 (v) =

= Rig(u — )Ty (u) K1 (u) Ty (—u) Ry (u + v) Ta(v) Ko (v) Ty (—v) . (4.6)
From the exchange relations (2.17) of Y(m|n) we find

T (—u) Ro1 (u 4 v)To(v) = To(v)Roy (u + )T H(—u), (4.7)
and, since the fact that K—matrices are numerical ones implies
[Ti(uw), K;(v)],  i#7,
we can rewrite (4.6) as follows:
Ria(u — 0)T1 (u)To(v) K1 () Rya (u 4 v) Ko (v) T H(—u) Tyt (—v) .

Using now the exchange relations together with the reflection equation (4.4), we bring the
above expression to the form

To(v)T1(u) Ko (v)Rya(u + v) K (u)T{l(—v)Tfl(fU)ng(u —v),
that, thanks to eq.(4.7), coincides with
Bs(v)Ra1(u+ v) By (u)Ri2(u — v)Roy (u + v) .

In [53], it is shown that the mapping
¢ B(u) — B(u)

is indeed an embedding of B(m|n) into Y(m|n). Hereafter we will simply write the generators
of B(mIn) as B;;(u), identifying the reflection superalgebra with its realization (4.5). By
rewriting the suppercommutation relations (4.3) in terms of the matrix elements of T'(u) and
K (u), one can see that B(m|n) is a subalgebra of Y(m|n). Furhter, the following property
holds:

Proposition 4.4 The reflection algebra generated by B(u) is a Hopf coideal of Y(m|n), i.e.
A(B) CY(mln)®B.
Proof: The coproduct A is a superalgebra homomorphism, so that
A (B(u)) = A(T(w) K(wA (T~ (~u)) .
Writing in components the above relation, we see that

m—+n
A (By(u) = Y (=) WHIDVEHDT, ()T (—u) © Bu(u),
l,k=1

proving the proposition. [
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4.2 Solutions to the reflection equation

As we have said, in the framework of open spin chains, the matrix K(u) will be related to the
boundary conditions and to the symmetry of the model. Hence, a relevant task in this context
is to classify the solution to the reflection equation (4.4). As far as the super Yangian of gl(m|n)
is concerned, this classification has been completed in [54]. In the following proposition we
summarize the results, referring to the original work for more details.

Proposition 4.5 Any invertible solution of the soliton preserving reflection equation (4.4)
takes the form K(u) =U (E + %]I) U~1 where either

1. E is diagonal and E? =1 (diagonalizable solutions)

2. E is strictly triangular and E?> = 0 (non-diagonalizable solutions)

The matriz U is an element of the group GL(m) x GL(n); £ is a free parameter, and the
classification is done up to multiplication by a function of the spectral parameter.

In this work, we will restrict to the case of diagonalizable solutions. The possible matrices E
are then labeled by the integers ¢; and {5, 0 < /7 < ¢ < m + n, which count the number of
—1 on the diagonal of E:

E =diag(-1,...,-1,1,...,1,—1,...,—1) = diag (61, ..., 0m+in) -
—_— —— —
41 627€1 erTLfZQ

In the following, we will choose the normalization of the resulting reflection matrix in such a
way that its entries are analytical:

K(u)=diag(§ —u,...,E —u,u+&, ..., u+&E—u,..., & —u). (4.8)

£, terms Lo —{1terms

Let us stress that the diagonalization matrix U being constant, it is sufficient to consider
diagonal K (u) matrices: the other cases are recovered by a conjugation T'(u) — U~ T(u)U
on each site of the chain, which does not affect the reflection algebra, nor the transfer matrix.
However, the algebraic structure of 8 does depend on the choice for K (u), through the labels
{1 and 5. A particular consequence, relevant for the study of the symmetry of spin chains, of
this feature is discussed in the following proposition:
1

0,+0;
superalgebra of B(m|n) isomorphic to one of the following finite—dimensional superalgebras:

Proposition 4.6 For (i,5) such that 6; = 0;, the generators (—1)l Bg) span a sub-

1. gl(m —L1|ly —m) ® gl(l1lm +n — Ls), for &1 <m <l
2. gl(ly — £1) @ gl(m|n — Lo + £71), for m < 1 < Ly
3. gl(la — £1) @ gl(m — by + 1]n), for {1 < ls < m.

Proof: Expanding relation (4.5) in powers of 4!, and picking up the term corresponding to
BY, we find

17
1 6 1
B = — 20+ (0 + )T .

Taking into account that the set {(71)[i]1ﬂi(]-1)| 1 <i,j < m+ n} generates a gl(m|n) sub-
superalgebra of the Yangian, the proof ends with an enumeration of the different possible
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choices for ¢; and ¢5, and the gl(m|n) subalgebras they lead to. ]

We present now a construction of highest weight representations of the reflection superalge-
bras based on the super-Yangian, and sharing the same highest weight vector. This construction
will be used later on to build open spin chains. However, a complete classification, similar to
the one done in [53] for reflection algebras based on the Yangian )Y (n), remains to be done.

Proposition 4.7 The vector v is a highest weight vector for the representations of the reflec-
tion algebra obtained from the representation (2.21) of Y(m|n). In particular, one has:

By (u)v =0, 1<l<k<m+n, (4.9)

2u
_ — <k< .
Bkk(u)v— 5 o ( ))\k( v E g7 u v, 1<k<m+n, (4 10)

where ¢, = 2521(_1)[a] and

gk(u) = (f—i—u—thl), Zf 0y <k‘§£2, (411)
(g—u—h(c&—%)% if lp<k<m+n,
a(w) = (~1)ip 2kl (tu) (4.12)

(2u — heg)(2u — heg—1)
Proof: We start writing, for k > [,

Bii(u ZT]C] u) Tj(—u)v = Zij<u) [Tkj(u)aTg{z(—“)] v. (413)
From the commutation relations, we find for a <1 < k
n
i) o)) 0 = (D30 S Tun(w) Ty (4.14)
Considering the case a = [, we see that the Lh.s. of (4.14) vanishes, so that
Z ka Tbl ) v = 0 .

Hence the right hand side of eq. (4.13) also vanishes, proving (4.9).
We now turn to the case [ = k, i.e. to the eigenvalues of By (u) on v. We start defining

Z w) Tro(u)v  and  Wy( ZTm u) Tri(—u) v

The supercommutation relations applied to these definitions imply

fa(u) = M*ilﬁca_l <2U)\ ( v — hz [k]\I/k >

, (4.15)
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fora=1,...,m+n. Since f1(u) = ¥i(u) = A\ (u)Aj(—u)v, the system (4.15) has a unique
solution f,(u) = ¥,(u), so we can rewrite the expression of f,(u) as

(1 — % ca1> Fa(u) = Mo ()N, (—u) v — % i(—l)[k]fk(u) : (4.16)

k=1

Eq.(4.16) is a triangular linear system in the unknowns f,(u) whose unique solution can be
written as:

YORTRTIN S VO NPV UL G S
2u |

filu) = v =
i) lf—cj 1 = (1—%cl)(lf—cl 1) lf—cj 1 T
(4.17)
Using this expression it is now clear that for j < ¢; we can write:
2u(€ — w)X; (w) X (—u) -
Bjj(u)v = (gfu)fj(u) = ( 2U_Jhcj_1j — (gfu);ak(u) V.
For /1 < j < {5 we have
Bjj(u)v = (€+u)fj(u) - 2u2m u) Ty (—u) v
= (E4u—hey)fj(u) + nz (4.18)

where to get the last equality we have used supercommutation relations on Tjx(u)T};(—u).
Using now eq. (4.17), we get

4y

4y
B ()P fe(u) = (2u = heg,) Y ar(u)v
k=1

k=1

Substituting the above equation in eq. (4.18), we get the required result.
An analogous calculation for the j > 5 case leads to (4.11). ]

4.3 Monodromy and transfer matrices

We shall now build the monodromy matrix for open spin chain models, exploiting the algebraic
properties of the reflection algebra. The monodromy matrix on the auxiliary space a for an
N-—site open chain with boundary matrix K(u) is defined as follows:

Ba(u) = AMN(By(u)) = AN(T, (1)) Kqa(u) ANN(T,H (—u)), (4.19)
- B(w) = (T(w) ® - © T(w) K(u) (T~ (~u) @ - & T~} (—u)) . (4.20)

The monodromy matrix for a specific model is again obtained taking evaluation representations
on each factor of the tensor product (4.20). Using the notation introduced in remark 3.1, the
matrix elements of B(u) read:

N /[N
Byw= Y > St n ) K T ()T (),

k1yeonk(n—1) Jise-nd(v—1) kil
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for 1 < 4,5 < m + n. Thanks to the ultralocality
[B[k] W), BUw)| =0, k£
and to the homomorphism property of the coproduct, it obeys
Rap(tug — up)Ba(tg) Rpa(ta + up)By(up) = By(up) Rap (e + up) Ba(ta) Rpa(ua — up) . (4.21)

The transfer matrix associated with the monodromy (4.19) is defined as:

m—+n

b(u) = str (K (u) B(w) = > (-)M K} (u) By (u) (4.22)

k=1

where the left boundary matrix K (u) has been introduced. In order to preserve integrability,
a sufficient condition is that K+ (u) satisfy a dual reflection equation, as we will show in the
next proposition.

Proposition 4.8 If KT (u) satisfies the dual reflection equation:

Ris(—u+v) Ki (u)' Ryy(—u—v+h(m—n)) K (v)! =
K (v)" Ria(—u—v+h(m —n)) K (v)" Roi(—u+v), (4.23)

the transfer matriz (4.22) generates a family of commuting observables

Proof: The proof is an application to graded case of the original Sklyanin’s argument ([58]):
one starts writing

b(u)b(v)

stry { K5 (w)By(u) } stry { K3 (v)Ba(v)} =
stri s {Ki ()" K5 (v)BY* (w)Ba(v)} .

We now insert the identity

1
mRié(—“ —v+h(m—n)) R"(u+v) = 1y2,

where p(u) = —u(u + A(m — n)), in the expression for b(u)b(v), bringing it to the form

olut o) stri2 { (K ()" Ria(—u — v + A(m — 7”L))K2+(v)t?]t2 [B1(u)Ri2(u + v)Bg(v)]tl} =

1 tit
= ——_str {K+ut1R —u—v+A(m—n))KS(v)2]"7?
eyt {0 ol (m — ) K (0]

where to get the right hand side the ciclicity property of the supertrace has been used. Inserting
now Ris(v — u)Riz2(u —v) = {(u — v)1l;2 after the term in square brackets, and using the

shorthand notation

By (u)Ria(u + U)BQ(U)} :

u+:u—|—v7

U =u—v,
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we obtain

tita

b(u)b(v) o< strig { [ng(—lf)Kf'(u)tlng(—u+ + h(m — n))KS'(v)ﬂ
X ng(uf)[j’l(u)ng(qu)Bg(v)} .

It remains to apply eq.(4.21) and the dual reflection equation satisfied by K (u) to reverse
the order of factors in the above expression and repeat the whole chain of transformations in
reverse order. In the end one arrives to b(v)b(u), showing that [b(u),b(v)] = 0. |

The classification of the left boundary matrices K+ (u) can now be deduced from proposition
4.5, by simply observing that the solutions of eq.(4.4) are in one to one correspondence with the
ones of the dual reflection equation. Indeed, if K (u) obeys the one, then K(—u + %(m — n))*
will satisfy the other. As a consequence, following the notation of proposition 4.5, we shall

write ,
K+(u):U( s )U’ v

for some new complex parameter &, and matrices U’ and E’. We further assume that the
matrix K+ (u) commutes with K~ (v). Then, all the matrices K*(u) are diagonalizable by
conjugation with the same matrix U independent on the spectral parameter. Thus, we can
assume that K+ (u) is also diagonal and analytic:

Kt (u) =diag (¢ —u,....& —uw,u+&,...,u+&,& —u,....,& —u). (4.24)
M o,

In order to get analytical entries for the transfer matrix, thus allowing the analytical Bethe
Ansatz treatment, we adopt the representation (3.10) and the normalization (3.11) for T'(u)
and 7 (u), and define:

m—+n

N
11 (u +ai — her + (= )[’“]ME])) : (4.25)

k=1 i=1

and R
B(u) = d(u)B(u) . (4.26)

As can be checked by means of eq.(2.43), the normalized transfer matrix

b(u) = str <K+(u)g(u)>

in such a representation is analytical in wu; in particular, as we will see in section 4.5 its
eigenvalues on the pseudo—vacuum v™ are analytical.

4.4 Symmetry of the transfer matrix

As we did in the previous chapter for the closed chain case, we now turn to determine the
symmetry of the model whose transfer matrix is given by (4.22). For simplicity, we assume in
what follows that £ < m and 5 > m.

Proposition 4.9 We consider the transfer matriz b(u) describing open spin chain models with
boundary conditions given by K(u) and K™ (u), see eq. (4.8) and (4.24), with ¢1,¢; < m and
O, 05 > m. Let

m; = min({;,¢;) and 9M; = max(¢;, 1), ji=12.

Jr%g Jr% g
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Then, b(u) admits a gl(my|m +n —mz) ® G @ gl(m — Iy |My —m) symmetry, where

gl(My —my) @ gl(Ma —myz), if (my,ma) = (1,02) or (my,my) = (£ ,43),
g =
gl(MM — my My — ma) otherwise.

Proof: Supertracing in the first auxiliary space the supercommutation relations (4.3), and
expanding them in u and v, one reads, from the v' order term

[b(w) BY | = =By (w) (5 (u) = K55 (w) (0 + 6,) (4:27)

Using the expression of ijl ) computed in proposition 4.6, it is seen that Ti(jl) commutes with
b(u) when 6; = 0; (otherwise the left hand side of eq.(4.27)identically vanishes) and, at the
same time, K (u) = K;}(u) (i.e. 0 = 07). The proof ends with an enumeration of the cases
satisfying the above conditions. ]

4.5 Pseudovacuum

The pseudovacuum vector is built in the same way as in the closed chain case, by taking N—
fold tensor product of the highest weight vectors vy,...vx for the local T (u), ... TV (u)
appearing in the monodromy matrix:

’U+:v1®v2®~~®v1\/.

This naturally leads to an highest weight vector for the normalized monodromy matrix g(u),
thanks to the homomorphism property of A(N):

l?ij(u)v’L =0, 1<j<i<m+n,

Bir(u) vt = mp(u) v, 1<k<m+n, (4.28)
for some scalar functions ng(u), & = 1,...,m + n, whose values are calculated in the next
proposition.

+

Proposition 4.10 The eigenvalues of the diagonal entries of g(u) on the pseudovacuum v
are given, for 1 <k <m-+mn, by

2u

R + _
By (u) v = 2u — hcg—1

k—1
g (u) Be(w) vt — Z gj(u) aj(u) vt (4.29)

where
2u B (u)
(2u — heg) (2u — heg—1)

the gx.(u)’s are the boundary—dependent functions defined in proposition 4.7 and

k—1 m+n
ﬁk(u) = <H )\l(—u + hcﬂ) )\k(u) ( H )\l(—u + hcl_1)> . (4.30)

=1 l=k+1

ap(u) = ()" n

Proof: A straightforward calculation, based on eq.2.43, gives the expression (4.30) for the
normalized products Ay (u)\j,(—u). The proof is then identical to the one of proposition 4.7. m
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Remark 4.11 The functions Bi(u) are determined by the representations on the chain, while
the gi.(u) only depend on the boundary matriz K~ (u).

Remark 4.12 As in the closed spin chain case, the global Ay (u)’s in expression (4.30) are the
products of the corresponding local eigenvalues:

N
)\k(u):HAEj](u), E=1,....m+mn.
i=1

As an easy corollary, we obtain the eigenvalue of b(u) on the pseudovacuum, that will be used
as the starting point for our dressing hypothesis.

Corollary 4.13 The highest weight vector v is an eigenvector ofg(u):

m+n
b(u) v = > (~DUKS () Bjj(u) v = Ao(u) v,
j=1
with eigenvalue
m+n )
Ao(u) = Y (=1 y;(u) B;(u).
j=1
The functions ~y;(u), j =1,...,m+n, depend only on the boundary matriz:

) 2ul2u = h(m —n))
75 (u) = (2u — hej_1)(2u — hej)

Kjj(u) K (u). (4.31)

Remark 4.14 It is important to notice that, despite the presence of poles in the v;(u) at the
values u =hcy /2, 1 =1,...,m+n—1, the pseudovacuum eigenvalue Ao(u) is analytical in the
spectral parameter. Explicitly, the residues of Ag(u) read:

Res Ao(u)|u=ﬁ%, =hcalag—m+n) [ﬂz (Zcz) = Bis1 (ch)] ;

but the term in square brackets vanishes, because eq.(4.30) implies

h h
5l<26l):/6l+1(20l)a l:177m+n_1

4.6 Dressing functions for the open chain

The starting hypothesis of the analytical Bethe Ansatz is that all the eigenvalues of b(u) can

be written
m+n

A(w) = D (1B () B (u) A1 (u) (4.32)

k=1

with v (u) and S (u) given by (4.72) and (4.30) respectively, and dressing functions Ag(u)
to be determined. Guided by the results of the previous chapter, taking into account that
exchange relations for the reflection algebra generators always involve both R(u — v) and
R(u +v), and having in mind the algebraic Bethe Ansatz construction for the transfer matrix
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eigenvectors, we conclude that that the corresponding eigenvalues consist of terms of the form
f(u—uj)f(u+u;). Hence, we assume the following form for the dressing functions in (4.32):

(k) k k
M " — j( ) w— wj(_ )
Ar(u) = H — . ® _ & u® _n
Sl U= Uy =50 Uty 5 Ck
(k+1) i 1
M uia§k+) u7ﬂ§k+)
x H G+ h +D)  h ;
j=1 U — Uy — 5 Cktl UT U — 5 Ck+1

where, as usual, M(©) = AM("+7) = 1 by convention. The parameters vj(»k), w§k), ozg»k) and ﬂ;k)
can be determined taking into account that the vanishing of the residues of A(u) at u = gck
implies

h h

Ak,l(ick) = Ak(gck), for 1<k<m-n-1. (4.33)

The simplest non—trivial way to satisfy the constraint (4.33) is to set

k k h
UJ( = ug '+ 5 (Ck+1 + (71)[’“*11) ,
h
wy(‘k) = —ng) 3 (Ck+1 + (—1)[’”1}) ,
and
k k h
Oé.g ) = ug ) + 5 (Ck—l — (fl)[k]) ,
h
5)@) = _ugk) - (qu _ (_1)[k]) ’
for k=1,...,m+4n and j < M®*). The resulting dressing functions read:
M(k) (
Ap(u) = H ;L (C:+1 + (= )[k+1]) U+ u g (Ck+1 +( [k+1])
j=1 —u;)—gck u—i—u() %
ﬁm (k+1) 721 (Ck _ (_1)[k+1]> uw+ u(k+1 ( 1)[]”1})
X
u§k+1) —lep quu(1c+ ) %Ck—o—l

4.7 Bethe equations

The Bethe equations for open spin chains are again obtained as analyticity conditions for the
transfer matrix eigenvalue A(u). As we have done for the closed spin chain case, let us impose
that the residues of A(u) at

h
u:ugk)+§ck, k<m+4n-1, j<M®,
all vanish. The dressing functions are chosen in such a way that cancelations of poles only
happen between consecutive dressing functions: let us assume, for the present moment, that
we are in the distinguished Dynkin diagram case, and separately treat the three sets of Bethe
equations as in the previous chapter.
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L.1<k<m:
M) M AR+
k) k: k: k k k
HQQ(“;‘ — HeQ ") ) IT TIe- )_“z( +T))e_1(u§. ) Ty =
I#j T=%1 =1

B + ﬁk) el + Bk)
Brop1 () + Bk) ypgr (ul) + 2k)

2. k=m:

Mm+D Mm=1

H ¢ (m) ul(m—i-l)) ( (m)+ (m+1) H e 1 (m) l(nz—l))eil(u;m)_’_ul(m—l)) _
=1

_ Pm(u <M’+ﬁm> You (W™ + Bm)
B (™ + m)vmu( D)

b

3. m<k<m+n-1:

M® M*) MR+
Hefz(u;k _“z He ) k +u(k H H e1 (u (k) kJr'r)) N ;k)+ul(l+7')):
l#n T=+1 j=1

B (") +hm— By (a4 hm — k)

= . (4.34)

ﬁkﬂ( ) 4 hm — 9 7k+1(u§-k) + hm — Lk)

for j running from 1 to M®*) in each case.

Remark 4.15 As in the closed case, the left hand side of the Bethe equations only depends
on the choice of the algebra, while the right hand side explicitly depends on the choice of the
representation (through the B (u)’s functions, eq. (4.30)) and on the reflection matrix (through
the vy (u)’s functions, eq. (4.72)).

4.8 Bethe equations for arbitrary Dynkin diagrams

We turn now to the calculation of the spectrum and Bethe equations of open super-spin chains
for other Dynkin diagrams. The rules will be the same as the ones given for the closed case (see
section 3.6). The functions 7, (u) have a form similar to (4.72), with a change of increasing or
decreasing behaviour of the poles each time a grey (fermionic) root is met, due to the change
in the definition of the Zs-grading, and thus in the parameters cy.

The Bethe Ansatz equations read, for ¢ =1,...,m+n—1landi=1,..., M®

m+n—1 M) £) h )

© k) © (k) Be(u;” +5cr)  milun’ + Ler)

€ Clagan) (U —U; ) Cagapn (U Fuy) = ;
,El T:I PR e Beea(u? + B er) m(uﬁum

where €, = (1 — (—=1)¥{ay, ay)), as in the closed spin chain case. As an example, we specialize
the above formulas to the symmetric Dynkin diagram case.

Example 4.16 In order to treat the symmetric Dynkin diagram case, we redefine n — 2n,
ordering the indices as customary:

= 0, 1<i<n and m4+n+1<i<m+2n,
11, n+l<i<m+n. ’
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i.€e.
k, k<n,
k=X 2n—k, n<k<m+n,
k—2m, m+n<k<m-+2n.
The ~ functions are in this case:

u(u + ﬁ(m72n) )

Yi(u) = :
(u+ "5 1))(u +4)
h(m—2n))

=1,...,n,

u(u +

y(u) = (u + PCnTED () | ACnl) l=n+1,....m+n,

(U+ h(m— 271))
Yi(u) = — , l=m+n+1,...,m+2n,
(u + h(l— 22m 1))(U + h(l 22m))

and the Bethe equations, obtained imposing the analiticity of A(u) at the points u = u,, ) +he /2,
for1<k<M® andl=1,...,m~+2n—1 are:

1.1<l<nandm+n<l<m-+n:
M+

MWD MWD
TT e — o) T ex® +u®) T T e — ) ey () + ul) =
j#k j=1 T==%1 j=1

51(% Cl) ’Yl(ugl)-i- scr)

5l+1( k. %Cl) "Yl+1(U;(€) + 561)

Mn—1) M (1)

H - (”) (” 1)) ,1(u§€n) +u§n_1)) Hel(u](:b) 7u§"+1)) ( (n) +u(n-i-l))
_ 54<M+ i) Tl + &n)

B (™ + 5n) Yoir (u”) + )

S n<l<m-+n:
MM MWD A+

H eo(uy,” — H €2 “k +U H Hel l+T))e1(u,(€l) +u§-l+T)) =

j#k T=%1 j=1
_ Bl(ug) + hin — %l) 'yl(ugf) + hn — B1)
ﬁz+1(ul(€l) + hn — 21) 71+1(Uk + hn — 21)

4. l=m+mn:

M- M<z+1>
H ¢ (u(l (l 1)) ( H e 1 (l) _
j=1

u§z+1))e_ (u (l)+u(l+1)) _

Biu +2n—m))  mud + 2m—m»

B (
Bipr () + E(n —m)) 1 () + 2(n —m))
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Example 4.17 (Open chain, fundamental representation) As a first example of how our
approach applies to open spin chains, let us discuss in some detail the well-known case of the
fundamental representation, illustrating the main differences with the closed chain case. In this
example, and in the next one, we will suppose that the grading is such that ¢ # 0 for k # 0.
In the case of distuinguished Dynkin diagram, this amounts to choose m > n. We start taking
an evaluation representation

€Ur, (T[k](u)) = R(u), k=1,...,N

on N quantum spaces. Having in mind that R~ (u) oc R(—u), we build the monodromy matriz
on the auziliary space a as

Bu(u) = Ra1(u) -+ Ran (u) Ko (u) Ran (—u) -+ Raa (—u)

with the usual (diagonal) right-boundary matriz. The transfer matriz is given by the supertrace
of B(u), dressed with a diagonal left-boundary matriz K+ (u):

b(u) = strq (K} (u)Ba(u)) ,
and it commutes with the following local hamiltonian:
N ) .
i i dK (u)
H = Pir1+ —=K§N(0O) — ——=str, | —2—
2 Pt K 0) = ggatr ("

where p = m — n. With respect to the closed chain case, the interaction term between the
first and the N —th site disappeared, being replaced by an interaction of the N—th site with the
boundary matriz K (u). The hamiltonian (4.35) is proportional to the derivative of the transfer

matriz at u = 0:
1 db(u)
C2iE¢p du
M

N BN (—icm—1)  E+E  1—p 1
E=8=>—it j - — R IPEE
"2 Z Ak Ciena) 26 ]

, (4.35)
u=0

u=0
The energy spectrum is given by:

where we used the shorthand notation = (31(0). Introducing the boundary dependent function:
K/ (u)Ko(u)

Ol = B (Ko ()

1<k<m+n,

and the notation

eo(u,v) =ep(u —v)eg(u+v),
we can write the Bethe equations for the open chain in the fundamental representation in the
following compact form:

M M2 u(l) + i 2N
(1) (1) 5 1) 2y _ J 2 (1 : (1)
eo(U; e_q(u; ", u = - —+ < MY
H ] ZZIII l( J 14 ) <’LL(1) +;> Ql( 2) J
M(m 1 Mm+D)
~ m m— ~ m m m .m . m
[T ™™ ) T a@d™ ™) = Quef™ +ig),  j<M™,
(=1 =1
ME=1) MR M (kD)

H El(u§k)7u§k71)> H E72(u§k)7u§k)) H él(u;k)7u§k+l)) _ Qk( (k) 4 5%) < M®
=1 =1 =1

the last equation holding for 1 <k <m+n—1, k # m.
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Example 4.18 (The open alternating spin chain) We define the transfer matriz for a
2N —site open alternating chain as:

b(u) = strq [K"'(u) To1(uw)Rg2(u) - Ty an—1(u) Ry on (u) K(u)

—1 -1 -1 —1
Ra,2N(_u)Ta,2N—1(_u) T Ra,z(_u)Ta,1 (_U)] .
Here the matrices acting on the even sites are in the fundamental representation, coinciding
again with R(u), and the ones for the non—fundamental are denoted with T'(u) and act on the

odd sites of the chain. The boundary matriz K (u) is as in eq. (4.8). A local Hamiltonian can
be obtained by taking the derivative of b(u):

1 d
= —b
&pdu™
where we wrote p = m — n, while & and & carachterize the left and right boundary matrices
K(u) and K (u) respectively, as in the previous example. One shows that

1 1 dK+
H = EK;l(oH%stra (;u(“))

l

+ 2 Z (il + Tog—2,2k—1(0) Por—2,2k) Tz_kl,g,gkq (0).
k=2

)

u=0

+ % st { (i1 + T,,1(0) Pa2) Ta_,ll(o)}

u=0

The energy spectrum is then given by:

m+n—1 m+n )\(—ch . M
E = AN (1 S A V)
IB <+ Z ZIAZ( ) 5J:1 1)2+%
A+ E L—p
T T

where § = 31(0). For the distuinguished Dynkin diagram case, and choosing the adjoint repre-
sentation for the odd sites, the Bethe equations read:

M@ M@
-1 (1 - 1) (2
IT &) T eaw,uf®) =
j=1 j=1
1 1 1 7
f(e_lw,i)ﬂ)e_ @ +9) a@) Qi -2), k<MD,
M® M )
4T l Vi (3
:l_[e2 uk ) j H H U’k ) §+)) (ul(q))Qf(ugg)_ig)v kSM(Z)v
j=1 T=%1
for1 <l <my
M (mt1) Mm—1) .
~ m m m m— m 1 m

[T @™ I ™ o) = Quw™ —gm), k<M,
j=1 j=1

M® M

- 0 @ - W) (bt ¢ 0 4
[Teoul) T TI a@™) = —e @) Qe - 2em-0),  k<M®,
=1

T=%1 j=1
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form <{<m+n-—1, and, finally

M® iG]
04T
Heguk,u H H uk,§+))
T=+1 j=1
¢ N ‘ o 1
= f(e_1<u,i>f5p>e W+ 20) () Quuana () — Hp 1)),

In the above equations, we set
Ky (u)K(u)
Kl (W) Kot (u)

according to the chosen boundary matriz.

Qe(u) =

, 1<k<m+n,

4.9 The twisted super Yangian

We shall now introduce another subalgebra of the super Yangian, that, unlike the reflection
algebra, can only be defined in the Y (m|2n) case. This so called twisted super Yangian
Y%:2(m|2n) will allow us to treat open spin chains with soliton non preserving boundary
conditions. As we shall see, from the symmetry point of view this corresponds to passing
from open chains whose superalgebra symmetries belong to the A(m|n) series (see proposition
4.9), to models with osp(m|2n) symmetry. We shall restrict ourselves, throughout the whole
section, to the case of symmetric Dynkin diagram, and therefore suppose n is an even integer.
We begin defining an antiautomorphism of End C™™) | the so called generalized transposition.

Definition 4.19 (Generalized transposition) Given a square matriz A € End C™", its
generalized transposed matriz At is given by:

Aty = (—1)l®+Dg g B with 6, = +1,
a=m+n+1—a for a=1,...,m+n. (4.36)

The generalized transposition satisfies
(AB)! = B' A", (4.37)

and the @ are such that [@] = [a] for the symmetric Dynkin diagram. If we demand the
generalized transposition to be of order 2 !, i.e. (A%)! = A, we get the constraint:

(-1, 05 = 0y = +1.
Introducing the matrix
Vab = 0,30, a,b=1,...m+n,
one can write the action of ¢ as the usual supertransposition 7" followed by a conjugation with
: At=v-1ATV .
The action of the generalized transposition on the R matrix reads:

h

.5 h .
Rip(u) = Rio(u) = RY3(u) = 1= ~Qua =1 - —Pj3,

and the following relation holds
P12Q12P12 = 0pQ12 . (4.38)

INotice that the usual super transposition T' is only of order 2 up to the grade of its elements. One has
(AT) = (-Dl+bla,;.




4.9 The twisted super Yangian 75
Remark 4.20 Notice that the Q12 defined above, while still proportional to a one dimensional
projector, is not equivalent to the one used in chapter 2, due to the different definitions of ®.
We then define on Y(m|n):
T(u) =Y Tap(u)Eap = Y  Tup(—u—hp)El, , (4.39)
a,b a,b

leading to the following morphism for the super Yangian generators:

{ 7 Y(mln) — Y(m|n)

Top (1) > (T (1)) = Tp(t) = (~ D) ABDG,0, T (—u— hp). (4.40)

Proposition 4.21 The 7 morphism defined by (4.40) is a superalgebra automorphism for
Y(min) .

Proof: We first apply the transposition ¢; and the operation (u,v) — (—u — hp, —v — hp) on
the spectral parameters in eq.(2.17) to get

7[T1(u)] Riy(—u + 0)Ta(~v — hip) = To(—v — hp) R™ (—u + )7 [T1(u)] -

Then we exchange the parameters u < v, and apply the permutation P(-)P on both sides of
the above equation (taking into account that PQP = 6@, see eq.(4.38)):

7 [To(v)] Riy(u — 0)Ti(—u — fip) = Ty (—u — fip) Riy(u — v)7 [Ta(v)] .
A second application of ¢ concludes the proof:
Ria(u— o)1 [Ty (w)] 7 [T2(v)] = 7 [T2(v)] 7 [T1 (w)] Ri2(u — v) .
]

The next step is the definition of numerical matrices, which we shall call K matrices in
analogy with the reflection algebra case, which are solution to the soliton non—preserving
reflection equation:

R12 (u - U)Kl (U)ng (U + U)KQ (U) = KQ (U)Elz(u + ’U)Kl (u)ng(u - ’U) . (441)
Its solution has been classified in [54], according to the following

Proposition 4.22 Any invertible solution of the soliton non—preserving reflection equation
(4.41) is (up to a multiplication by a scalar function) a constant matriz such that K* = eK,
where € = £1.

Proof: Writing everything in terms of Pio and @12, and taking the part of eq.(4.41) which is
symmetric in the exchange u < v, one gets:

K1 (u)Q12K2(v) + Ka(u)Q12K1(v) = Ka(v)Q12K1(u) + K1 (v)Q12K2(u) -
Transposing the above equation in the first auxiliary space, and eliminating P;o, we have
K (u)Ka2(v) + K1 (u) K3 (v) = Ki(v) K3 (u) + K (v) K2 (u),

showing that the dependance of the K matrices on the spectral parameter is multiplicative
only:
K(u) = f(u)K, (4.42)
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where K is now a numerical matrix. Inserting eq.(4.42) into eq.(4.41), we get the result. m
In what follows, we will restrict ourselves to the case of diagonal K matrices
K =diag((1,--- ,Cmtn) s with (¢ = e,

and (x Z0for k=1,... ,m+n in order to ensure the invertibility of K. Notice that when m
is odd, this condition forces € = +1, because

Cm+2n+1 = 8Cm+2n+l .

We now define

m—+n m—+n

S(u) = T@K @ [Tw)] = 3 Sw(@Fam=1+ 3 S = o s,

a,b=1 a,b=1n>0

where K (u) is a solution to the soliton non—preserving reflection equation (4.41). The entries
of S(u) read:

m—+n

Z Toe ()G Tig(—u — hp) By (—1)1 I+ (4.43)

Proposition 4.23 S(u) obeys the following relations:
Ria(u —v)S1(u) Riy(—u —v = hip)S2(v) = Sa(v) Riy(—u — v — hip)Si(u)Ria(u —v),  (4.44)

h

7 [S(u)] = eS(u) - Om

(S(—u— fip) — S(u)) . (4.45)

Proof: Eq.(4.44) is a direct consequence of eq.(4.41), together with the fact that 7 is an au-
tomorphism of Y(m|n). The second relation can be checked by direct calculation: inserting
eq.(4.43) in

Stp(—u — hp) = Spz(—u — hp)haby(—1)lI Y

one gets

m—+n

Sty(—u — hp) = Z Ts(—u — p) Ce Tae (1) 0202040, (— 1)1+ D+l (141

Using now (z = £(, together with (—1)1%6,60z = 6y and exchanging the order of the T factors
in the above equation, one has:

m—+n

Shy(—u—hp) =260 > ¢ 91,95(Tac(u):r&(—u — hp)(—1)lIl)
c=1
= [Ta(—u = hp)  Tue(w)] (—1)[a][”]+[a][c]+[c]) 7

and eq.(4.45) follows using the supercommutation relations. [

Equations (4.44) and (4.45) uniquely define, for even values of n, the twisted super Yangian
as the subalgebra Y% (m|n) C Y (m|n) whose generators are the matrix elements of S;;(u).
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Remark 4.24 The supercommutation relations satisfied by the S;;j(u) generators can be read
off from eq.(4.44), and are given by:

[S1(u),Sa(v)] = " ﬁ " (P1251 (u)S2(v) — Sa(v)Sy (u)Pu)
h
o T (51 ()@1252(0) = S2(0) Q1251 (w) (4.46)
2
+ n (P1251(w)Q1252(v) — S2(v)Q1251 (u) Pr2) ,

(u—v)(u+ v+ hp)

or equivalently, after projection on the matriz element eqp ® ecq:

_1)n(al,[®],[c])
[Sab(u) ) Scd(v)] = % (Scb(u)sad(v) - Scb(U)Sad(u))
h(—l)[“] [c]+[b][c]

BT e ((_1)[a][c]ebHESaE(u)SEd(U) - (_1)[b][d]edQEScE(’U)SEb(U))

B2(—1)lel+lallc+ Bl
(u—v)(u+ v+ hp)

0.0 (Sca(u)Sgd(v) - Scf(v)Sgd(u)> . (4.47)

Proposition 4.25 When K = 1 (and in that case € = +1), the twisted super Yangian
Y%+ (m|n) contains osp(m|n) as Lie subsuperalgebra. It is generated by

$O = 7V — (—1)E g, 0,7 1 <ab<mn.

Proof: Multiplying the above supercommutation relations by (v — v)(u + v + hip), and picking
up the term proportional to u/v in their expansion, one gets

[siV. 87| = [$57, P = Qua] - (4.48)

Performing the same expansion on the symmetry relation 4.45, one has
SO = g (4.49)
Equations (4.48) and (4.49) are just the defining relations of the osp(m|n) superalgebra.  ®
We shall now briefly present some algebraic results that will be useful in the following

sections, and then proceed to define the monodromy matrix associated with the twisted super
Yangian.

4.10 Quantum contraction and Sklyanin determinant for Y%:¢(m|n)

Following the same steps that lead to the quantum contraction of Y (m|n), one can define a
quantum contraction z(u) for the twisted super Yangian case.

Proposition 4.26 There exists an element z(v) € Y% (m|n), called the quantum contraction
of S(u), such that

Q1287 ' (—v = hp + i(m — n))R12(2v + hp — h(m — n))Sa(v) =
= Sy(v)Ri2(2v + fip — (m —n))SyH(—v — hp + i(m — n))Q12 = 2(v) Q12. (4.50)
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Proof: Taking into account that

R (u—v) ~ R(v —u),
(Riy(w) ™ = Riy(—u — A(m — n)),

the defining relation (4.44) can be rewritten as follows:

$2(0) Ras(v — ) Sy (w) Riy(u + v+ hp — hi(m — n))
= RS (u+v+hp— h(m —n))S;T (u)Ria(v — u)Sa(v). (4.51)
Equation (4.50) is then obtained as the residue of (4.51) at u = —v — Aip + A(m — n). ]

Generalizing the proof given in [51] for the non graded case, it is possible to show that z(u)
is a central element of the twisted super Yangian, i.e.

2(u)Sij(v) = Sij(v)z(u) l<uj<m+n.
Observe now that from the crossing relation

1
(u+ B(m —n))

TH(u)™! = 7 T (u+ h(m —n))*

it follows that

1 m4n

1
Z(—u—hp+ h(m —n)) > (MO, =T (—u = hip 4+ h(m — )T ().

Sk_kl (u) =

c=1

Starting from the above relation, and using the shorthand notation —u — hp + hi(m —n) = u*,
one can build the expression of Sklkl (u):

m4+n
—1y o L e+ g gL =1, sy =1
Sﬁ (u) = Z(u*) cz:; (1) eceﬁaTEk (u )TcE (u).

After commuting the T" matrices in the above equation, one can recognise that, on the highest
weight vector v+ of T'(u), the following useful relation holds:

_ ~ Z(u) eloh 1 .
S (W) = Z(u*)g <1+ 2u+hp—oh(m—n)> S (u) 0"

Ooh
2u+hp —h(m —n
We now remind the definition and properties of the central element of the non—graded twisted
Yangian Y?%¢(N). By means of this so-—called Sklyanin determinant we shall build a central
element of Y%¢(m|n) and use it in a generalized fusion procedure similar to the one adopted,
starting from the quantum Berezinian, in chapter 3.

) S (u)vt . (4.52)

Definition 4.27 (Sklyanin determinant) The Sklyanin determinant of the matriz S(u)
generating Y92 (N) is the formal series

sdet S(u) =14+ cu™ +epu 2+ € YO N)[u™!]

such that
S<aN.‘.a1>(u)AN = ANS<aN,,,a1>(’LL)AN = sdet S(u) AN 5
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where Ay is the antisymmetrizer of ((CN)®N,

Stan-any(W) = | ] San(wr)Raiar_, (—ur — un—1 — hip) -+ Raa, (—ug — w1 — hip) | Say (ua) |
2<k<N

and up, =u—h(k —1).

Proposition 4.28 sdet S(u) lies in the center of Y%<(N). That is, all its coefficients are
central elements. Moreover, it satisfies the following relation
sdet S(u) = sdet K (u) qdet T'(u) qdet T(—u — h(p — N + 1)),
v 9u — (e + 1)[N/2h+ h+ h
sdet K (u) = (G- (n 25 362—[:\[/)%71/_‘_]711 h: P

Here [N/2] denotes the integer part of N/2.

In order to write down an expression for a non-trivial central element of Y%¢(m|n), we start
introducing the matrix
§*(u) = T*(u) K* T* (—u — )
where T*(u) = T~ (u)!, and p’ = p — h(m — n).
Proposition 4.29 S*(u) obeys the following relations:
Riz(u—v) ST (w) Ry (—u — v — hp')S5(v) = S5 (v) Riy(—u — v — hp') ST (u) Riz(u — v), (4.53)

h005

k(0 /t: * U=
S*(—u —hp')* =eS*(u) S0t hy

(S*(—u—hp') — S*(u)) . (4.54)
Proof: To prove eq.(4.53) and (4.54), one proceeds as in the proof of proposition 4.23, taking
into account that K* = e K ! statisfies the same soliton non preserving reflection equation as
K. [ ]

Remark 4.30 The crossing relation for the T matriz shows that S*(u) is proportional to
S™H—u — hp'):

S*(u) = %Z(u)Tt(u—s—ﬁ(m—n))_lK_lT_l(—u—hp—l—h(m—n)):
. %Z(U)S_l(—u—hp+h(m—n)).

Introducing now the usual restriction of S*(w) and S(u) to their even subalgebras:
§*(m) () = 10 §* () 1™ |
S (4) = 10 8§ (u)I™ |
we can prove the following
Proposition 4.31 The products of Sklyanin determinants
sdet §*(™) (4, — hn + h) sdet ST (1) € Y0 (m|n) (4.55)

and
sdet S (u — h(m — n)) sdet S*™ (u + h(n — 1)) € Y%<(m|n) (4.56)

are central elements of Y% (m|n).
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Proof: We shall prove the proposition by showing that (4.55) can be rewritten in terms of the
quantum Berezinian. Using proposition 4.28, and remembering that, in the symmetric Dynkin
diagram case, T*("™) (u) generates a Y_j(m) subalgebra, we can write

sdet S*™) (4 — hn + h) sdet S (u) =

= 0 () qdet T*™) (u — hin + h) qdet T*(m)t(fu +hn —h— hp') x

x €M (u) qdet T™ (u) qdet T(")t(—u — hp), (4.57)

where
1 2(u — hn+ k) + (6o + 1)[m/2]h — h+ hyp’
Cnyr- Gy 2(u — hn+ h) + 2h[m/2] — h+ hp' ’
2u — (Boe +1)5h+ h+ hp
2u — hn + h+ hp'

€ (u) =

£ () =G Calmrgrr o Gntn

Referring to the definition (3.30) of the quantum Berezinian in the symmetric Dynkin diagram
case, and taking into account the relation, holding in Y (V),

qdet T*(—u) = qdet T(—u — AN + h),
we can identify the right hand side of eq.(4.57) with
0 (w) €™ (u) Ber(u + h(m — n + 1)) Ber(—u — hp + hm) .
An analogous calculation starting from (4.56) leads to
sdet SU™ (u — hi(m — n)) sdet S*™ (u + I(n — 1)) =

= €0 (u) ) (u) Ber ™ (u) Ber ™ (u— ' — hn — 1)),

proving the proposition. ]

4.11 Monodromy and transfer matrices

The monodromy matrix used to construct an N—site open spin chain with soliton non—preserving
boundary conditions takes the following form:

S(u) = AN (S(u)) = (T(u) ® - © T(w)) K (u)(T(u) ® - © T(u)) (4.58)
which is an element of End(C™") @ (Y(m|n))®", obeying
Riz(u — v)S1(u)Ri2(u + v)S2(v) = So(v)Ri2(u + v)S1 (u) Ria(u — v), (4.59)
and whose a, b element reads
Saw(w) =Y Y Yo Tar (W) Ty a(w) G Ty (w) - Ty p(w).
U krpeesk(n—1) d15d(N—1)
In the soliton non—preserving case the tansfer matrix becomes

m-+n

() = str (S(w) = 3 (~1)MSpe(w) (460)

k=1
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satisfying a crossing relation deduced from eq.(4.45):

2ue + h(pe — o)
2U+h(p790)

s(u) = s(—u—h). (4.61)

The normalization of s(u) that leads to the analyticity of its entries in an evaluation represen-
tation is obtained defining

N
Hu—an (—u+hp—ay)
and

S(u) = n(w)S(u),  &(u) = str (S(u)) .

The analyticity of the eigenvalues of this normalized transfer matrix on the pseudovacuum
vector will be shown in the next section. More general transfer matrices for the soliton non
preserving spin chains can be built introducing non-trivial left boundary matrices K (u):

s(u) = stro K (u)Sa(u). (4.62)

The following proposition, establishing which form the K+ (u) matrix may have in order to
preserve the integrability, can be proven by direct calculation:

Proposition 4.32 The transfer matrices with non—trivial left boundary conditions (4.62) com-
mute for different values of the spectral parameters

[s(u),s(v)] =0, (4.63)
if the following reflection equation is satisfied by the left boundary matriz:
Ris(v—u)K{ (u)' Ry (u+v+hp) Ky (v) = K (v)'Rig(u+v+hp) K (u) Ria(v—u). (4.64)

Observe that KT (u) = 1, leading to the transfer matrix (4.60), K*(u) = KT = K, and
KT = K~! are solutions to the above reflection equation.

4.12 Symmetry of the transfer matrix

In this section we show that, when special boundary conditions are considered, the generators
SL(L})) commute with the transfer matrix of the system. To this end, let us start noting that the
supercommutation relations (4.46) imply

[S§” 752(11)} = Py (51 (v) Ko — K152(U)) + K1Q1252(v) — S2(v)Q12K1

i.e., projecting on the matrix element e,; ® e.q,

[Sai) ,Sea(v )} (-1 )n([a s[0],[e]) (C SepSaq(v) — §a5ad5cb(v))

_(_1)[a][C]+[b][C] ((—1)[a][c]Ca9b965aESgd(U) _ (—1)[b][d]Cb9d9a5d55ca(v)) )
By adding the terms corresponding to the supertrace, we obtain

m-+n

[55)5)] = 32 (=11 [SG), Seelw)] =

c=1
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= (G = ¢a) (Sa(v) = (=)IPIH0,0,55:(v)) = (G = Ca) (Sub(v) = S3y(v) - (4.65)

From the above relation, it is seen that for a generic K matrix, the elements Sg},) do not
commute with the transfer matrix. However, there are special choices of the right boundary
matrix KT such that commutativity holds, but the right and left boundary matrices have to
be appropriately tuned. For instance, when K+ = K !, it is easy to show that

[Séi)’s(v)}zov 1<a,b<m+n.

For a given choice of the boundary matrices, eq.(4.65) entails the necessary information about
the symmetry of the chain. The situation for the corresponding non—graded chains is discussed
in [43, 94].

4.13 Pseudovacuum

As in the previous cases, one has to firstly find a particular eigenvector for the transfer matrix
5(u). Tt is easy to check that the pseudovacuum vector v can be built, in the usual way, by
taking tensor products of the highest weight vectors v1,...,uy of the representations appearing
in the monodromy matrix:

VT =01 Qv @ Quy . (4.66)

The following proposition describes the triangular action of the monodromy matrix on the
pseudovacuum.

Proposition 4.33 The vector (4.66) satisfies the relations:

Spi(u)vt =0, 1<i<k<m+n, (4.67)
Ceog(u) vt k< mtndl
S (u) vt = (4.68)
QUif’hp (ak(u)(Qu + hp —ehby) + O'E(U)Eﬁgo) v, k> miptl
where
o (u) = A (u) Az (—u — hp), k=1,....,m+n. (4.69)

Proof: From the definition of S(u), and since k& > [ = | > k, one immediately gets (4.67).
The equalities (4.68) are then obtained using (4.67) and applying once the supercommutation
relations to S(u). |

Notice that eq.(4.69) implies
or(u) = op(—u — hp). (4.70)

The eigenvalue of §(u) on the pseudovacuum, the starting point of the dressing hypothesis, is
obtained as a corollary of the above proposition.

Corollary 4.34 The pseudovacuum v™ is an eigenvector of the normalized transfer matriz

m+n

s(u)vt = Z (—1)[k]8kk(u) vt = Ag(u)vt,
k=1
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where
m—+n

Ao(u) = Y (=1)Mgp(w)ay(u) .

k=1
Here the gi(u), k=1,...,m+n are the following boundary dependent functions:

2u+h(p+0o) +n+t1
C “ Qquphp 0 ] k < n ;L I
ge(u) =< G, for odd m and k= miptl (4.71)
2uth(p—boe) +n+1
C “ 271-‘1’3}1,006 9 k > m ;L .

while the ok (u) functions (4.69) depend on the chosen representation and are given, in the
normalized evaluation representation, by

N

or(u) = [J(u = ar = (1)) (—u = ar + hp — (=)Wl
=1

Let us stress that in obtaining eq.(4.71) the symmetric grading has been used.

Remark 4.35 Although each gi(u), k # (m +n +1)/2, has a pole at v = —hp/2, Ao(u) is
still analytical at that value, thanks to eq.(4.70) which implies o, (—hp/2) = ox(—hp/2).

Remark 4.36 The functions gi(u) satisfy the following crossing relation:

2ue + h(pe — bp)
2u + h(p — 90)

gr(u) = gz(—u — hp). (4.72)

Let us now introduce the analogous formulas for the monodromy matrix associated to S~ (u).
In order to deal with analytical entries, we first choose the following normalization for ™! (u):

m—+n

Sw) = [ on(u+her_1) S (w).

k=1
One can then prove the following

Proposition 4.37 The eigenvalues of the diagonal entries ofS(u) on the highest weight vector
vt are given by:

1 5 1
Lowyot, k<,
Su(w)v" = 2uthp—h( Y—ch®
uthp—h(m—n)—chbo 1 5 _ chBy 1 + mAn+1
( 2u+hp—h(m—n) Ck Ok(u) + 2u+hp— ho(m n) (k (u)) v, k > D) )
where

m—+n

Halu—f—hcl H o(u+ hep—q) .

l=k+1

Proof: A direct calculation, using the supercommutation relations and taking into account
eq.(4.52), and the following useful relations:




4.13 Pseudovacuum 84

m—+n m+n
I ox(u* + her) = ] on(u+ hexs). (4.73)
k=1 k=1

A useful consequence of proposition 4.37 is that the eigenvalue of §(u) on the highest weight
vector can be explicitly calculated:

m-+n m—+n
ot =3 (DHSw vt = 3 ()" g (w)ai(w) v (4.74)
k=1 k=1
where ) .
gr(u) = = gr(u — §(m —n)),
k

and the gx(u) functions are as in eq.(4.71). Again, one can generalize the structure of the
transfer matrix to include non trivial left boundary matrices:

5(u) = stro K (u)S,(u) . (4.75)

The following generalization of proposition 4.32 establishes the compatibility of s(u) and 5(u)
as observables:

Proposition 4.38 The transfer matrices with non—trivial left boundary conditions (4.62),
(4.75) all commute for different values of the spectral parameters

[s(u) , s(v)] = [5(u) , s(v)] = [5(u) , 5(v)] = 0, (4.76)
if the following reflection equations are satisfied by the boundary matrices:

Riz(v = w)K{ (u)' Riy(u+ v+ hp) Ky (v)' = Ky (v)'Riy(u+v+hp)K{ (w) Ria(v — ),
Ris(u = 0)K{ (u)'Riy(u* —0)Kf (v)" = K (0)'Riy(u” —0)Ky (u) Rz (u —v),
Ry (u—v*) K (u)! Ria(u — v — RK) K (v)* K (v)'Rig(u—v — hIC)KT(u)tRb(u —v"),

where v* = —v — hp+ hi(m —n) and K =m —n.

In analogy with eq.(4.74), one can show that vT is also an eigenvector for the transfer matrix
s*(u) built from S*(u):

m+n m-+n
s*(w) ot = > (=D)MSE (@) ot = > (=) Mg (w)oi(u),
k=1 k=1
where
or(u) = Mg (u)Ag(—u — hp + h(m —n))
and 2u+h(p' +e6o)
u+h(p +e m+n+1
Cik 2u+thp’ . ’ k< 2 )
g (u) = C%’ k= m+2n+1 ,
2uthi(p’—6o) m4n+1
& uthy I
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Finally, the scalar value of the products of quantum Berezinians appearing in proposition 4.31
can be calculated by acting with them on the pseudovacuum vector v*. This leads to the
following expressions:

Ber(u+ h(m —n+ 1)) Ber(—u — hp + him) = (4.77)
n/2 m4n/2 m4+n

=[[oi(w—hn+n) ] of(w—mn+nl—n/2)) [[ o1(u—h(m—n)+hl),
=1 l=n/2+1 l=m+n/2+1

Ber~'(u) Ber '(—u — hp' — h(n — 1)) = (4.78)
n/2 m+n/2 m+n

= Hal*(u—l—f'm—hl) H oi(u+ hn — h(l —n/2)) H of (u+h(m+n-—1)).
=1 l=n/2+1 l=m+n/2+1

4.14 Dressing functions

In analogy with the closed chains and with the open chains based on the reflection algebra,
the starting hypothesis is that all the eigenvalues of §(u) can be written as

m+n

Aw) = > (-)Mgy(w)or(u) A1 (u) , (4.79)
k=1

gr(u) and ok (u) being respectively given by (4.71) and (4.69) and dressing functions Ag(u)
to be determined. As in the reflection algebra case, we assume the dressing functions to be
rational functions of the form:

(k) k k
4 M U — vj( ) U — w; )
w(u) = H ® & ®  n
=1 U—U; " =5 C UtU; " — 5 Ck
(k+1) k+1 k+1
M u—a§»+) u—ﬂ§+)
X H
(k+1) (k+1) & ’
j=1 U/—’U/] — §Ck+1 U+Uj — §Ck+1

for 1 < k < m + n, with MO = prim+n) — 0. We now look for algebraic constraints on the

eigenvalue (4.79), in order to fix the relation between the parameters vj(-k), w§k), a§-k) and BJ(-k)

and the u§k). To this end (and unlike the reflection algebra case), it is not enough to impose
the cancelation of the residues of A(u) at the pole of the boundary functions gy (u), u = —%p.
A first constraint comes from the crossing relations (4.61) satisfied by the transfer matrix.
Taking into account eq.(4.70) and eq.(4.72), one sees that

Aa(u) = Ap_,(~u— hp). (4.80)

and this latter relation is sufficient to prove that the residue of A(u) at u = —% p vanishes. The
constraint (4.80) shows that the integers number M®) |k =1,...,m+n— 1, should satisfy

the folding relation
ME) — pplmtn—Fk)

The algebraic origin of this condition can be retraced in the fact that only half of the Car-
tan generators of sl(m|n) survive after imposing soliton non preserving boundary conditions
through equation (4.44). For instance, in the case of K proportional to the identity, these are
exactly the generators of the osp(m|n) superalgebra. In order to further constrain the dressing
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functions, we use a generalization of the fusion procedure adopted in chapter 3 for the closed
spin chain case. Proposition 4.38 and remark 4.30 show that

[s"(u),s(v)] =0,
so that we can consider the dressing of s*(u) together with the one of s(u):

m+n

A ) = 3 (~) Wi (wot (u) Af_y (u). (4.81)

k=1
For the Aj(u) dressing functions, the following form will be assumed:

M® u— o ® w—w'®
j

Ap(u) = ’
]1;[1 u— u;(k) —Lm—c) u+t u;(k) — L 2m—¢)
MR+ " a;(k—i—l) " — 6;(k+1)
X
*(k *(k ’
i1 u— uj( ) _ Bm—cpy1) ut uj( T _ B2m — cpya)

for 1 < k < m+mn. We shall now show that the above dressing functions satisfy two constraints
analogous to the ones obtained in the closed chain case for the symmetric Dynkin diagram.
Let Ay, Ay and IL,, |, be the usual projectors acting on m + n auxiliary spaces Vi, ..., Viyyn,

and denote
88* = S<m+n,...,m+1> (U)S?m1> (u — hn + h) B

and
m j—1 m+n k—1
Rw) =[] B +ur+ho) [T T B ur+w+ho),
j=2i=1 k=m+2Il=m+1
where

ug =u—+hm—hk—1),
up, =u—hn+hk.

Starting from the following decomposition

R(u) SS™ = I, R(u) S§* A Ay +
+ (1= Iyn)R(u)SS* Ay Ay + R(u) SS™ (1 — A Ay) (4.82)

and taking the supertrace of both sides over all the auxiliary spaces Vi, ..., V10, We get, after
some calculation

y(u)s(u—hn—+h) - s(u)s*(u—hn+ham)---s"(u—hn+h) =
= r(u) €™ (w)e™ (u) Ber(u + h(m — n + 1)) Ber(—u — hp + hm) + s;(u) (4.83)
where the following notations have been introduced:

n—1 m+n—1

_ 2u + hp — 2L + 2h
7(u) = H 2u + hp — 2h0 + R

2u — 2hn + hp' + 2h(L — n) + 2R
2u — 2hn+ hp! + 2R(L —n) + |

{=1

" 2u — 2hn + hp + 2R 2u — 2hin + hp' + 2R
2u—2hn + hp+ h 2u—2hn+hm+hpo +h) "’

{=n+1
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and

(w) = 2u+hp — h(3—00)% + 1\ [2u—2hn+hp' + h(3 —00)[ %] — R
= 2u+ hp — A(n — 1) 2u — 2hn + hp! + hm — I '

The fused transfer matrix ss(u) is given by
sp(u) = str [(1 — Iy ) R(u)SS* A Ay + R(u) S§*(1 — A Ay)]

and the matrix R(u) has been introduced in the process to ensure that the left hand side of
relation (4.82) is a function of the transfer matrices s(u) and s*(u). Acting now with relation
(4.83) on any s(u) and s*(u) eigenvector v with eigenvalues A(u) and A*(u), and taking into
account eq.(4.77), one obtains:

m(u)f(’;y)((z))f(")(u)A(u —hn+h)--Au)A"(w—~An+hm)--- A" (u—hn+h)v=
n/2 m+n/2 m+n

= [Jow—nn+n) [] of(w—hn+hl—-n/2) [] orw—nh(m—n)+h)v+
=1 I=n/2+1 l=m+n/2+1

+ Aj(u)v. (4.84)

Let us remark that this equation shows that v is also an eigenvector of ss(u). Using the
postulated expressions for the transfer matrix eigenvalues (4.79) and (4.81), and picking up
the term proportional to the product of quantum Berezinians in eq.(4.84), we deduce the
following constraint on the dressing functions:

Ag(u) -+ Ay (u+ B3 — 1) A (u) + Ay (u - Blm — 1) x

><Am+%(u+hg)~~-Am+n_1(u+h(n— 1)) =1. (4.85)
An analogous calculation starting from the decomposition of
S*S = Szkarn _____ mH)(u +h(n —1))Sim..1)(u — h(m —n))

provides us with a second constraint:

Aj(uth(n —1)) - A% (u+ h%) As(uth(n—1)) - Apys 1 (u+h(n —m)) x

><A:n+%(u+h(g 1)) Al () =1. (4.86)

Imposing the constraints (4.85) and (4.86), the dressing functions become, for k < [Z242] —1:

(*)
A B M~ ug-k) —Beppr — (—D)EHIE g 4 u;k) — Bepgq — (-1
w(w) = 1 ® & ® _n

j=1 U — Uj 5Ck u—i—uj 5Ck
M D k+1 n h k41 I h
y H u— ug ) Bep + (—1)kHE gy 4 ug» ) Bep + (—1)k+1lE
k+1) & k1 5 )
j=1 U — U§ — 5Ck+1 u+ u§ ) - 3Ck+1
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where in evaluating c;, = 3., (—1)!!l the symmetric gradation has to be used. Let us now set
n = 2v. When m = 24, one has the following particular form for A, 1 (u):

Mt (ev=1)  h(v—p—1) (ntv=1) _ h(r—p-1)

U+ U -
Apyv—1(u) = J 2 .
iz jljl w— u(lt+u—1) _ M u+ u(u-s—u 1) M
M(u+u) (H+V) A(v—p+2) (u4v) R(v—p+2)
! S SR Sl S
(u+u) h(uz—u) u+u(ﬁ+y) ﬁ(yz_u)
X ’ '
u— u;#+u) + W u—+ u;,quu) + w

while, when m = 2p 4 1, we have the following particular form for A4, (u):

M Btv) (p+v) _ h(rv—p—2) (p+v) _ h(v—p—2)
IR | (e it st S
i w— u;ﬂ"r”) _ h(V;H) w4+ U(XH'V) h(l’;ﬂ)
w—u (/t+V) + ﬁ(vfuf2+2p) u+u(“+”) + M= M;2+2P)
X
w— (;HrV)Jr h(v— u+2p) u+u§“+”)+ (V*g+2p)

The remaining dressing functions are determined by the condition 4.80.

Remark 4.39 Notice that when m = 2u, and p = p—v, one has to modify the form of (4.87).
Indeed, in that case, the second productory in (4.87) is a square, which has to be omitted. This
leads to the simpler form

(utv=1) _ h(r—p—1)

(ntv—1) -1 A(rv—pu—1
M u — Bt hlv=p )u—i—u] - z

A +u—1(u) = J 2
iz gll w— u;#+u—1) _ M w4 u(u+u—1) _ M
. M(ﬁ’ W) Bemt) i) )
u§u+u) _ M U+ u§u+u) _ M

4.15 Bethe Equations

In what follows we will simultaneously treat the cases of even and odd m, writing n = 2v,
and denoting with 4 the integer part of Z. We shall also write Q;(u) = K" (u)K; (u)o;(u) for
l=1,...,m+n, and

én(uav)_en(u_v) ( +1))

Imposing A(u) to be analytical at u = ul(l) + %, I < MW, one gets the first set of Bethe
equations for the soliton non preserving open spin chains:

M M@
)

(1)
. U+
TT & o, ul) He (1 4,2) Q2(yy .
j=1

SIS

RS

Analyticity at u = ul(k) + %k, where kK = 2,...,v — 1, implies:

MR M+

H éfz( (k) H H (k)7 ;k'*'f))
j=1

T=+1 j=1
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(k) , h
‘%“(w +2@, I=1,..., M~
Qx (ul(k) + gk)

while for u = u(y) + 1/ one gets

M@ =1
~ v v+1 ~ v v—1
[T o) T auf? e ™) =
j=1 j=1
W) | h
v u,  + sV
:QH(Z 2), I=1,... M®.
0 ()

Analyticity at u = ul(k) + hv — 7k where k =v+1,...,u+ v — 1, implies:

M) ME+T)

~ k k k+T1
[T e T1 T a7 -
j=1 =41 j=1

- QkH( Y 4w Bk)
- Qr (()+hu hk)

1=1,...,M®.

Finally, to impose the vanishing of the residues of A(u) at u = ul(lH_y) + %(1/ — ), we have to

separately treat the even and odd m cases, and, when m = 2u, the p = yu — v subcase. For
m=2u, p# u— v, one has

M (ptr—1) M(quV)
5 (HJFV #+V 1) (pt+v) (#+V)
[T en ™™ ) T ea (™™, ™)
j=1 J#l
Mptrv—1)

M (rtv)

X H él(ul(,u-‘ru)Jrh(V )+hp, (ptv— 1) Hé_z(ul(u+u)+h(y 1) + hp, (;H—V))

Qe (" + 5 )
Quan ("™ + (v — )

When m = 2u, p = p — v, the above equation reduces to

Mptrv—1)

(u+v) (u+v) h
H [él(ul(u—i-u) (u+v—1) ]2MH e (u+u (u+u)) Qu+u+1( a + §(V — 1)) )
o1 " E Quin (uf"™ + (v — )

For m = 2p 4 1, one has:

M (ptr=1) M (rtv)
H El(ul(”+u),u§”+yfl)) H é,g(ul(“+u),u§-“+y)) El(ul(“+u) + h(v — p) + hp, §“+V))
j=1 j=1

 Qurn " + 5 — )

Quav (W) 4+ By — )
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Fused sl(1|2) models

The generality of our approach to the analytical Bethe Ansatz resides in the fact that the con-
struction of the pseudovacuum with its eigenvalue and of the dressing functions is independent
on the choice of the superalgebra and of the Dynkin diagram. As we have seen, the monodromy
matrices are built as representations of the Yangian )Y (m|n), so that any representation can
be used for the quantum space, thus allowing a simultaneous treatment of integrable transfer
matrices with gl(m|n) symmetry and with arbitrary spins.

The main drawback is that the auxiliary spaces we use always have the same dimension for
a given superalgebra. In other words, the local matrices entering in the monodromy are al-
ways solution to the Yang Baxter equation on tensor products of an arbitrary representation
of gl(m|n) with the fundamental one. Since the supertrace of the monodromy matrix is taken
on the auxiliary space, the transfer matrix acts on the quantum space only, and carries the
arbitrary representation. However, most of the models solvable by algebraic Bethe Ansatz
stem from regular solution of the Yang—Baxter equation: in our approach this situation is only
allowed for the fundamental gl(m|n) representation case, because the auxiliary and quantum
spaces are generally of different dimension. Thus, several known results about the construc-
tion of commuting observables from transfer matrices cannot be directly applied to our transfer
matrices. In particular, the commonly used recipe

H x % In st(u)

will generally not lead to local and nearest—neighbour interaction hamiltonians. It is therefore
natural to investigate whether the analytical Bethe Ansatz approach can be extended to tackle
the case of different auxiliary spaces. In this chapter we will present some possible generaliza-
tions of our approach to supersymmetric integrable models arising from more general solutions
of the Yang-Baxter equation. We shall however restrict our task to the simplest non—trivial
case of sl(1]2) invariant models. In the first section we briefly recall the fundamental elements
of the representation theory of sl(1|2) that we shall use in our approach,

5.1 Definitions and notations

In order to work with a simple superalgebra, we first restrict ourselves from ¢i(1]2) to si(1/|2),
by taking the quotient of gi(1]|2) with its central element 11 + a2 + E33. We can then define
sl(1|2) as the superalgebra of 3 x 3 matrices with zero supertrace. Following the notation of
[30], we shall write the sl(1|2) generators as {B,S%, 57,5~ VT, V=, W W~}, obeying the

90
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following supercommutation relations:

(B,S%] = [B,S*] =0,

[§3,8%] =+£8%, [sT,57]|=28%, (5.1)
(5%, VE] = [s*, W] =0,

[(S=,.VvF] =vE,  [$E,WF|=W*

(B, VE] = %Vi, (B, WF] = —%Wi,

(53, vE] = %vi . [sBwE] = %Wi : (5.2)

{(vtovoi={wt,w}=o,
(v w*} =+8%, {VZ¥ WF}=-8°£B.

The even subalgebra of si(1]2) is a sl(2) ® u(1) Lie algebra, with S3, S* generating the si(2)
isospin and B generating the u(1) hypercharge. The odd part of sl(1|2) contains two isospin
% tensors of su(2): V*, with hypercharge %, and W with hypercharge —%. sl(1]2) has a
quadratic Casimir:

1
Cy=DB?— 5 — S (VWE+ WV WV —vEwe)

where S? is the s/(2) Casimir, and a cubic one, C3, whose expression we shall not need. There
are two types of representations for most superalgebras. The typical ones are irreducible, and
are similar to the usual representations of Lie algebras. The values of the Casimirs, for a
given typical representation, are unique to the representation, so that they can be classified
according to the Casimir eigenvalues. The atypical representations, on the other hand, have
no counterpart in the ordinary Lie algebra representations, and the Casimir for two different
atypical representations can take the same values.

The representation theory of si(1|2) has been studied in [30]: they are carachterized by the pair
of labels [b, j], where j is a non—negative integer or half-integer, and b an arbitrary complex
number. The representations [b, j] with b # +j are typical and their dimension is 85, while the
representations [£7, j], sometimes referred to as [j]+ and [j] are atypical and their dimension is
45+ 1. In the typical representations [b, j] the Casimir operators have eigenvalues Co = j2 — b2,
Cs = b (j% — b?), while they are identically zero in the atypical representations.

The typical representation [b, j] decomposes, under the even part sl(2) @& u(1), as

[b,7] = Dj(b) © Dj_1/2(b—=1/2) @ D;_q1,5(b+1/2)® D;_1(b), j=>1,

where D,(b) stands for the representation of sl(2) ® u(1) with isospin j and hypercharge b.
The case j = 1/2 reduces to

[b,1/2] = Dy /2(b) ® Do(b—1/2) @ Do(b+1/2).
The irreducible atypical representations [+7, j| decompose under the even part as

[+7.4] = D;(j) ® Dj_1,2(j +1/2),
[—7,J] = Dj(=j) © Dj_1/2(—j — 1/2).
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The fundamental 3—dimensional representation of sl(1|2) is the atypical representation [1/2,1/2].
We shall write it as follows:

1 00 00 0 0 -1 0
B=|[0 3 0 =10 1 0 V=10 00
00 2 o0 -1 0 0 0
00 1 000 000
Vi=|0 0 0 St=(0 01 Wt={10 0
000 000 000
000 000
100 010

i.e. with the j =1/2, b = 1/2 isospin multiplet in the lower right block, and the j =0, b =1
singlet in the upper left entry!'. This amounts to choose the basis vectors as

1 0 0
(bl = O ) ¢2 = 1 ) (b& = O ) (53)
0 0 1

with fermionic ¢2 and ¢3, i.e. [d)ﬂ = O7 [d)g] = [(bg,] =1.
We shall write down the explicit form of other representations when needed in the following
sections. For the moment, let us recall here the decomposition formula for tensor product of
atypical [+7, j] representations:
2j—1
(1, 31] ® [j2, g2 = [/, J] @ [J+1/2,J —1/2— k], (5.4)
k=0

where J = j; + jo and j = min(j1, ja).

5.2 Fused R matrices

We begin writing the fundamental analytical solution to the graded Yang—Baxter equation in
the case of si(1|2) as
R(u) =u— hP, (5.5)
with
P(¢; @ ¢;) = (—1)l*dl%)(¢; @ ¢;).
It is easy to show that R(u) can be written in a graded symmetric way in terms of tensor
products of the representations of the generators:

R(u) = (u+h)1®1-2hB®B+2hS®S
—h(VTeWr—VIeW —W eV +W oV, (5.6)

I Notice that the conventions of [30] and [65] differ by a sign in the definition of V' ~. The diagonal elements
of gl(1]|2) in the canonical basis can be reobtained as

ej1 =2B—1,
622:1734*53,
es3=1—B—53.



5.2 Fused R matrices 93

or
Rij(u) = (’LL + h)lij —2hB; Bj +2hS; - Sj —h (‘/;7 W;r + ‘/jiVVZ-Jr + W;V;—+ + Wf‘/;r) s

where )
S;-S; = SE’S? + 5(5;5{ +S{S;r)

is the sl(2) scalar product. We shall now consider the so called fused solution to the Yang—
Baxter equation , i.e. solutions obtained through projections onto invariant subspaces of mul-
tiple tensor products of the fundamental solution (5.6) with itself. We shall first use this
procedure to fuse the quantum spaces, recovering the Yang—Baxter equation solutions with
fundamental auxiliary space introduced in proposition 2.9. These R matrices will then be
fused again, this time in the auxiliary space, obtaining regular solutions of the Yang-Baxter
equation with isomorphic auxiliary and quantum space in non—fundamental representations.
The first step in order to build the R matrix corresponding to different representation is to
notice that R(u) becomes proportional to a projector at the special values of the spectral
parameter u = th:

% R(+h) = :Fgu L P) = $hPE,
where
(PH)? = P*.
The projectors P and P~ are orthogonal and form a complete set:
PTP~ =0, Pt+P =1.

This is a fully general feature of any fundamental gl(m|n) solution, and corresponds to the
decomposition of the tensor product of two fundamental representations into the direct sum
of the graded symmetric and antisymmetric representations. In the case of si(1[2), P and
P~ respectively project on the 4—dimensional and the 5-dimensional invariant subspaces of
[1/2,1/2] ® [1/2,1/2], according to the decomposition of the tensor product of two atypical

representations (5.4):
11 11 3 1
S S R A ) e

We can identify the resulting si(1]2) representations by means of their basis vectors, that are
obtained acting with P* on the basis vectors of [1/2,1/2] ® [1/2,1/2]. One gets:

X1 = ¢1 ® ¢y

X2 = %(% ® h2 + 2 ® P1)

272

X3 %@51 ® ¢3 + Pp3 @ ¢1)

Xa = %(¢2®¢3*¢3®¢2),
which is a graded symmetric representation, i.e.
PX1:X2, Zil,,4

Notice that the gradation of the x vectors is derived from the one chosen for the ¢;, and is
given by
Dal=[al =0,  []=[sl=1. (5.8)
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The other invariant subspace has the following basis:

Y1 = %(% ® ¢2 — P2 @ ¢1)
g = %((ﬁl ® ¢3 — P3 ® ¢1)
[L,1] = ¢ 3= ® ¢o (5.9)

Py = %(¢2®¢3+¢3®¢2)

Y5 = 3 @ ¢3.

which is a graded antisymmetric atypical representation:
Py, = =y, i=1,...,5.

Let us write the generators of sl(1]2) in the [, 1] representation, using (5.7) as basis vectors:

2 0 0 —v2
3 1
5 5 0 0
B: 2 3 SBZ 2 1 V7:
2 3 0 -1
1 0 0 0
V2 0 0 0 0
0 -1 0 1 V2 0
+ + _ +
V= s 0 0 W= 0 0
0 1 0
0
_ - 0 0
"=l oo 5= 10
0 -1 0
For the five-dimensional (atypical) representation [1,1], they read:
P o B
3 —1 0 -1 0
B= 1 S = 1 V- =
1 0
1 -1
01 O 0 1
0.0 V2 0 0
vt = 5t = 0 V2 0 W= Vv2 0
0 0 V2 0 1
0 0 0 0 0
0 0
1 0
w-=|"0 o0 5 = 0o 0 o0 |,
1 0 V2 0 0
0 V2 0 V2 0

where the horizontal and vertical lines separate the isospin 1/2, hypercharge 3/2 and isospin
1, hypercharge 1 representations of the even sector.
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5.2.1 R matriz for [1/2,1/2] ® [3/2,1/2]

We already know from proposition 2.9 how to write down a solution of the Yang-Baxter equa-
tion having [1/2,1/2] as auxiliary space and [3/2,1/2] as quantum space. Let us now show
how the same solution can be obtained through fusion.

According to eq.(5.4), the tensor product of the second and third quantum spaces in the expres-
sion Rgp(u+uo)Rac(u—1ug), where Ryp(u) is the R—matrix (5.6), will carry the representations
[3/2,1/2] and [1,1]. The latter representation can be projected out by means of P,. We then
seek a solution of the form

Ra(bc) (u> = Rap(u + U’O)Rac(u - UO)P;; ) (510)
to the fused Yang—Baxter equation :
RlQ(U — 'U)Rl(34) (U)R2(34) (U) = R2(34) (’U)Rl(34) (u)ng(u — 'U) s (511)

where the notation (34) stands for the tensor product of the spaces 3 and 4, considered as a
single quantum space. Using the fact that PT oc R(—h), it is easy to show that a solution is
obtained taking ug = fi/2. Eq.(5.11) is then a plain consequence of the relation:

Py Rap(u + 1/2)Roc(u — R/2) P =0, (5.12)

sometimes referred to as ’triangularity condition’: its algebraic meaning is that the representa-
tions [3/2,1/2] and [1, 1] are not mixed in the fused space. Thus, choosing for the 9-dimensional
fused space (23) the union of the bases (5.7) and (5.9), the matrix

Rebe)(4) = Rap(u+ 1/2)Roc(u — 1/2) P,

in block form is upper triangular:
R1 *
Ra(bc) (u) =

0 Ry

Our R-matrix with fundamental auxiliary space and [3/2,1/2] quantum space is then simply
the restriction of R, (u) to its invariant [3/2,1/2] subspace. Explicitly, it reads:

I

(MY

Nl
Nl
Nl

Rl () = <u h> Py {u+hh(P12+P13) Pis

2 2
where the identity Py, PucP;. = PP, has been used.

5.2.2 R matriz for [1/2,1/2] ® [1,1]

The R matrix intertwining the fundamental with the [1, 1] atypical representation can be built
following the same steps as in the previous subsection: one seeks a solution to the fused Yang—
Baxter equation (5.11) of the form:

Ropey(u) = Rap(u 4 ug) Rac(u — ug) P,
and the triangularity condition complementary to eq.(5.12):
Pyt Rap(u + ug) Rac(u — ug) Py, =0
yields ug = —#i/2. The resulting R matrix is then
h

11 h
Rl3:3].01] (u) = (u + 2) Pos {u -5 h(Pia+ P13)| Pas -
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5.2.3 Fusion in the auxiliary space

Formally, one can use a different fused Yang—Baxter equation in which the spaces to be fused
are interpreted as the auxiliary ones:

R(12)3(U - ’U)R(12)4(’LL)R34(U) = R34(U)R(12)4(U)R(12)3(u - ’U) . (513)

Following the same steps as in the case of fused quantum space, we can build two solutions to
the above equation, respectively acting on [3/2,1/2] ® [1/2,1/2] and [1,1] ® [1/2,1/2].

Proposition 5.1 The fused R matrices

R (15)3(uw) = P Riz(u — h/2) Ras(u+ h/2)Pis (5.14)
R(_12)3(u) = P1_2 R13(u + h/Q)Rgg(u — h/Q)Pl_Z s (515)

solve eq.(5.13).

Proof: Let us first check the proposition for the solution 5.14. Noticing that the Yang-Baxter
equation, together with the fact that (P*)? = (PT), imply

R (19)3(w) = Ras(u+ h/2)Riz(u — h/2)Pihy = PiyRuz(u — h/2)Ros(u + 1/2)
we can rewrite the left hand side of eq.(5.13) as
,PIBR13(U -V — h/2)R14(u — h/2)R23(u — v+ h/Q)R24(u + h/2)R34(’U)’PE .

Applying twice the Yang—Baxter equation to bring Rs4(v) on the right and inserting again the
projectors where needed, we get the right hand side of (5.13). The proof for the R matrix
(5.15) goes the same. m

The solutions described in the above proposition coincide with their counterparts of the
previous subsection, but the roles of quantum and auxiliary spaces are exchanged. For future
reference, and to understand how these solutions act on the tensor product of representations,
let us write them explicitly.

e The solution with auxiliary space [3/2,1/2] is of dimension 12 and reads:

h

, -1 -1
9 R h 0 1
(v’ =) —n(u=3) 7 . )
-1 0 -1
-1
1 -1 0
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the blocks being elements of the fundamental representation. Writing it in terms of the
generators acting on spaces ¢ and j, we have

R (u) = (u2— h—z) Lij+2h(u— E)r
(] 4 1] 2 1]
where

1
rij = Lij + Bi B; = 8i -8 + 5 (Vi WS+ Viwr + WV WiV

e The solution with auxiliary space [1, 1] is of dimension 15 and reads:

_ h h n 9 K2 h
Rig)s(w) = (u+3)[u =5 = WP+ Pag)| Py = (u* = ) = h(u+ 5) %
1
—1 _\/5
0 —1 -1
1
—1 0 -1
-1 ,ﬂ
-2 0
X -2
0 -2
—1 —1 0
—1 —1
1 —V2
—/z 0
,\/ﬁ 0
—2

Writing again everything in terms of the sl(1]|2) generators on spaces ¢ and j, we get

Ro(u) = (a2 — o)1+ 2h(u+
ij(u)—(u _Z) ij—f' (u+§)r”

Remark 5.2 Being second degree polynomials in the spectral parameter, all the solutions ob-
tained up to now through fusion coincide with the ones obtained in proposition 2.9 only up to
multiplication by a scalar function (and a shift in u). We shall later sistematically factorize
these functions to get solutions that are linear in the spectral parameter.

5.2.4 R matriz for [3/2,1/2] ® [3/2,1/2]

Iterating the fusion procedure we can now build the R—matrix intertwining two [% , %] repre-

sentations. This R matrix will be a regular one, and we shall use it in the following section to
build a transfer matrix to which we shall apply a generalization of our analytical Bethe Ansatz
approach. It is obtained multiplying two R matrices of the [%, %] ® [% , %] type, and projecting

the result of this ’scattering’ on the [% , %] representation by means of PT:

R(12)(34) (1) = Py Ry (3a)(u — B/2) Rozay (u + h/2) P . (5.16)

A straightforward calculation based on eq.(5.13) shows that the R-matrix thus obtained sat-
isfies a Yang—Baxter equation of the following form:

R12y(34) (v — v) R(12)(56) (W) R(34)(56) (V) = R(34)(56) (V) R(12)(56) (W) R(12)(34) (u — v) . (5.17)
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Remark 5.3 One could define the fused R matriz as a product of [3,3] @ (3, 3] matrices:
R(12)(34)(U> = P?ZR(lz):s(U + h/Q)R(12)4(u - h/Q)P:;; :
A straightforward calculation shows that R12y(34)(u) = R(lg)(34) (u).

In order to get an expression of R(1)(34)(u) in terms of the generators in the [% , %] represen-
tation we start writing it explicitly as:

Rii2)30)(w) = u(u — h) [u(u+ h) — hu(Pis + Pis + Pas + Payg) + B2 (P1aPas + PisPas) | P15 Ps, -
Remark 5.4 The above expression implies that the following identities hold:

Rsay12) (1) = Ra1ys)(u) = Rz (u),

showing that the R matriz is symmetric under the exchange of fused spaces as well as under
the permutation of indices in each fused space. These symmetry relations will be useful in the
next section, when dealing with the fused reflection equation.

Let us first consider the Pi3 + P14 + Pa3 + Py term in the expression above. By acting with it
on the x; ® x; basis vectors, it is not difficult to see that the following relations holds on the
[2,4]®[2, 1] representation:

Pig+ Piy+ Pog+ Poy =C — 4, (5.18)
where

C=2B®B-2S@S—-VIoW +V @Wt-WwWreV +W gV*. (5.19)

Using relation (5.18) we now seek to write the term PyqPs3 + Pi3Po4 in terms of C. To this
end, we start writing

(C—4)? = (Pizg+Piy+ Poz+ Py) =
= 44 2(P14Pa3 + Pi3Psy) + Pi3Piy + PiaPi3 + Pa3Poy + PoyPag +
+Pi3Po3 + PasPis + PiaPay + Pay Py .

Observe now that, on the [% , %] ® [% , %] representation, one can rewrite the above expression
as
(C —4)* =4+ 2(P14Pas + PisPas) + 2(Pi3 + Pia + Paz + Poy)

since
Py PoaPl Pl = PoaPL P,

We thus arrive to write:

1
Py4Pss + P3Py = 5(12 —5C +10, (5.20)

and we can express the R matrix in terms of the generators as a polynomial in the product
(5.19):

2
R(12)30)(w) = u(u — h) | (u® + 5hu + 10A*) — h(u + 5R)C + %02 . (5.21)
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5.2.5 R matriz for [1,1] ® [1,1]

Following the same lines as in the previous section, we can build the R—matrix for the [1,1] ®
[1,1] representation starting with

R12)(34)(u) = PaRyaay(u + h/2) Rygzgy(u — h/2)Py, .
The result is
R(lg)(34) (u) = u(u+h) [u(u —h) — hu(P13 + Piy + Pos + P24) + hQ(P13P24 + P23P14)] PiaPsa

or, after expressing everything in terms of (5.19):

h2
Ri2yay(u) = u(u+ ) | (u® + 3hu + 21%) — (u+ 3R)C + 302 : (5.22)

5.3 Models from fusion

Thanks to the fused Yang—Baxter equation (5.16), it is possible to build commuting transfer
matrices with using the set of fused R matrices just obtained. A key point is that, since the
auxiliary and quantum spaces coincide in (5.21) and (5.22), they can be rewritten as regular
solutions. We shall discuss the resulting models in the following two subsections.

5.3.1 Four dimensional representation

Let us first consider the [3/2,1/2] ®[3/2,1/2] case: since the term P4 Pa3 + Py3 Py acts on the
basis vectors as a graded permutation

1 ar
§(P14P23 + P13Pay)(xi ® xj) = (—1)[Z]ij ® Xi

we get a regular Yang—Baxter solution by removing a global factor 2 u(u—h) from the R matrix
(5.22):

_ 15 5 h 2
(u) = FU +§ﬁu75u6’+h P.

The N-sites monodromy and transfer matrices are built as usual:
To(u) = Ra1(u)Raz(u) - Ran (u)

st(u) = stra T, (u),

192

RI3:3

and thanks to the regularity, we know that the hamiltonian

d
H= "
T nt(u)

u=0

can be written as
N

H = Z Pj’j+1R;’,j+1(O) )

j=1
subject to the periodical boundary condition N + 1 = 1. Substituting in the Hamiltonian the
expression of R'(u), we get

N
H=Y Hjj1, Hjju1=Pi11(6-Cij).
j=1
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We thus see that the local Hamiltonian H; ;i1 does not reduce to a graded permutation.
Thanks to the fact that eq.(5.20) implies:

PC=4P+C -4,
it is possible to rewrite the Hamiltonian, up to an irrelevant shift, as
Hjj+1 = Pjjt1 = Cjjy- (5.23)

In order to write down a correlated electrons Hamiltonian starting from the above interaction
term, let us now choose the following interpretation for our basis vectors: at a given chain site
J there are four possible electronic states, described by canonical Fermi operators c¢; , and c})a
satisfying the anticommutation relations given by {c;-r’(7 ,Cjr} = 0ij0or, where 1 < 4,5 < N
and 0,7 =T, |:

0), 1), =ch 10y, [1),=cl j0), [11),=cl cf o).

)

We choose to identify them according to the gradation (5.8):

|0) = x1, IT) = x2, 1) =x3, IT1) = x4- (5.24)

31
272
follows: we denote by n;, = c}ﬁgcjﬁ the number operator for electrons with spin ¢ on site j,

and we write n; = nj; +n; . The bosonic operators B, 5%, ST, S~ read

We can now realize the generators of the sl(1]|2) superalgebra in the | ] representation as

1 1
B:2—§n, S+:c]%cl, S_:cIcT, 53:§(nT—nl),

while the fermionic operators are given by
Vo= e = V2(L=n)er, W =ngel +V2(1-n))ef,
V= —nic; +V2(1 —ny)ey, W~ :fnTcIJr\@(lfnT)cl.

By means of these realization of the generators in terms of fermionic operators, the graded
permutation can be written as:

1
Py = -28;-S;+ 5(“1 —1)(n; —1) - ch,ac;r,—acmjcfmj
1 1 1 1
+ Z(noz - 5)(71—0,1 - 5) + Z(”o,j - 5)(”—0,3‘ - 5)

o

+ Z(l —Ngi — na,j)(cl‘:gcj,a + Cj‘,gci,a) )

o

while the C;; term becomes:

1
Cij = 8+ni+nj+§nmj—2si~sj

+ Z (2 — (2 + \/5)(77,(,’1‘ + no-,j) + (3 + Qﬂ)ng’ing,j) (CI’JCJ"U + C},a.ci’o') .
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By putting the above expressions into eq.(5.23), and removing the constant terms, we arrive
at the following expression for our Hamiltonian:

H = - Z (Cz,acjﬁ—"_cj',aciﬂ) - Z c'ir,ac;'r,facmjc*mj
,(4:3) o, (6.3)
+ (1+v2) Z (n—0; +n_0;) (c}:gcj,g + c}ygci’a)
,(4:3)
(L V22D nginoy(cf eio+ ¢ i)

o, (i,5)

1 1 3
+ Z(noz - 5)(”—04’ - 5) + 3 ;(”z +n;),
o, 1]

where (i, j) denotes the sum over nearest-neighbour sites. The hamiltonian (5.23) can thus
be viewed as an extended Hubbard model with aditional nearest—neighbour interaction terms:
the second one is a pair-hopping term, while the third and fourth are so—called bond—charge
interaction terms. We shall write the Bethe equations and the eigenvalues for a generalization
of this model in the following section.

5.4 Typical representations with b # %

In the previous section we built all possible R matrices intertwining the components of the
tensor product of the fundamental representation of sli(1]|2) with itself. A very natural gen-
eralization of the integrable models we obtained from these fused R matrices would be to
substitute the typical [3/2,1/2] with the [b, 1/2] representation as single-site space of states
in the hamiltonian (5.23). This would amount to add a free parameter in the hamiltonian,
endowing it with an internal degree of freedom that preserves integrability. It turns out, how-
ever, that the fusion procedure does not allow to build the R matrix intertwining [b, 1/2] and
[b',1/2] representations: in other words, [3/2,1/2] is the only four dimensional representations
that can be obtained from tensor product of the fundamental representation. Although it is
possible to build the R matrix we need projecting the universal R matrix on [b,1/2] (see e.g.
[65],[67]), in this section we shall take an euristic approach, and try to directly solve the graded
Yang—Baxter equation. We firstly guess the following form for our R—matrix

Rap(u) = (aqu? + ashu + B2as) + (Bihu + h2B2)Cap, + B2y Pap

where P is the usual graded permutation of 4-dimensional auxiliary spaces, and C is given by
the value of

C=2B®B-2S®@S—-VI@W +V W —-WreV +W oV,
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where both factors of the tensor product are in the [b, 1] representation of s/(1|2), i.e. the sl(2)

generators are as in the [3/2,1/2] case, while the u(1) generator and the fermions read:

b+ 3 0 —\/b+3

B— b , v-_| 0 0
1 0 - _%
b—1
2 0 0
b+ 1 0 Y
1
vt = 0 —\/b—3 W+ = otz 0
0 0
b—1 0
Wo=1 /b+1 0
0 —\/b—3

We then seek for the values of the parameters {a;, s, a3, 01, 02,7} such that Yang-Baxter
equation (5.17) is satisfied. In order to get a local Hamiltonian, we need a regular solution of
Yang-Baxter equation, and we choose R(0) = h2P. Up to a rescaling of the spectral parameter
u, there is no loss of generalization in setting 5, = 1. We thus get:

Rap(u) = (ayu + aoh)u + hu Cyy + h2 Py .

Inserting the above expression in the Yang—Baxter equation, we get after some calculation the
following constraints on the parameters:

1 1

= (b+=2)0b-=

o = (bt )b-3),
1 1

= 20b+2)b-—2)-1

0 (b+ 50— 5) 1,
leading to the following regular solution of the Yang—Baxter equation:
1 1
R(u) = [(b+ §)(b— 5)(u—2h) — hlu + huC + h*P. (5.25)

Remark 5.5 When b =3/2, the R matriz (5.25) can be mapped in the known solution (5.21)
by means of the spectral parameter redefinition v — —u/2.

The realization of the si(1]|2) generators in terms of Fermi operators changes according to the

chosen value of b; the bosonic operators read:
1 1 _ 1
B:b+§f§n, S+:CJ{CL, S :CICT, 53:5(7”7711),

with unmodified sl(2) sector, while the fermionic operators are given by

1 1 1 1
- — + | i
1% *_\/b_inlCT_Wb*‘i(l_”i)cT’ %% f\/b—§nlcT+\/b+§(l—nl)cT,
1 1 1 1
+ / / -__./ T / i
VT =— b_inTCl—’_ b+§(1—TLT)Cl, W—=-— b_inTcl—’_ b+§(1_nT)Ci'
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The Hamiltonian is modified as follows:
- 1
= ZH]}jJrl ; Hjj+1 = Pjjn {2 <b2 - 4> +1- Cj,j+1:| :

In order to write it as a linear combination of the Casimir and of the permutation, we use the
following formulas, holding for all values of b # :i:%:

1 22 -1 41 1
P:2(b2—4>+1— ( 1)t C+ c?,

(> - 1)

1 1
PC = 2(2—=)P-2(p*-=).
c=c+ (b 4) (b 4)

As for the b = % case, we get

and

Hj 1= P01 —Cjjtr, (5.26)

but it has to be stressed that the expression of the Casimir in terms of the Fermi operators will
now contain an additional free parameter related to the choice of b, so that, after removing all
constant terms we get a generalized version of our correlated electrons hamiltonian (5.23):

— E E Tooor ) .
H = —t G acj ot Cj oG, 0' - Ci 0Ci,—5C0,jC—0,j
o, (i,9) j

+ (t+/tt+1)) Z (n,m— + n,o,j) (cz,acj,g + c}vaci’a)
o,(i,7)

1
- StV D> ngin_oj(cl cio+clcio)

m(l}j)

LD SUMEETCES. (Z nit ;)

0,1

where we wrote t = b — %

5.5 Bethe equations and eigenvalues

In this section we seek to find the Bethe equations and the spectrum of the models obtained
from fused transfer matrices. This requires a generalization of our analytical Bethe Ansatz
approach to the case of non fundamental auxiliary space. Let us state again the problem for
the [b, 1/2] representation: with our solutions to the fused Yang—Baxter equations, it is possible
to write two different transfer matrices:

t[b’%](u) — St?"a {Rt[;l7%]7[b7%](u)R([1%2,%] ’[b’%](u) .. R(%\}%]’[b’%}(u)} , (527)
and o b 11 b L b1 1p .1 b,1],b,4
t[b’f](u) = str, {Rl[llﬂu 2 (U)RLQ’QH 2 (u) - -~R£A’,§]’[ 75](“)} : (5.28)

Both ¢ and # act on [b, %} as a quantum space, but the auxiliary space in eq.(5.27) is the
fundamental representation, while it is [b, 2] for the transfer matrix (5.28). The advantage
of having the quantum space coincide with the auxiliary is that one can easily get a local

Hamiltonian (as we have done in the previous section) thanks to the fact that the matrix
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Rlb:31.b.3] ig o regular solution of Yang—Baxter equation. On the other hand, the fact that in
eq.(5.27) the auxiliary space is the fundamental representation, allows our tratment through
generalized fusion and dressing functions. The key point is now that, thanks to the following
Yang—Baxter equation:

11 1

RUA03 ) pEALE 3] ) g 31031 ) plb 3103 ) 310 ] ) g3 B,y

we are ensured that
[t(u),t(v)] =0. (5.29)

Since it is clear that [t(u) ,t(v)] = 0, we can build our Hamiltonian from #(u) (so that it is local)
and exctrat the commuting observables from ¢(u) diagonalizing it in the usual way, and getting
the Bethe Ansatz equations through analytical Bethe Ansatz. From the previous chapters, we
know that result is the following set of Bethe equations:

M) @) h W &
H UZD u?z) ;21 - Al(u’&) - i) ) k<MW, (5.30)
=i u —w g Al £ 5)

& €))
Ma u§2) _ ugﬁl) _ g M@ u§2) _ uf) +h )\z(ug)) .
H 2 O H 2) %) = @ k<MY, (5.31)
ot vy e g iy —ws = he As(wy)

holding for any value of b appearing in the right hand side. The only problem left is that the
eigenvalues of H cannot be exctracted from ¢(u), so that some other procedure is needed.
We shall proceed in two steps:

1. we first solve the case b = %, when the transfer matrices are built from fusion, and satisfy
so called fusion relations; the knowledge of the Bethe equations (5.30) and (5.31) will
allow us to identify the eigenvalue of the transfer matrix;

2. we then tackle the generic b case, that will be solved by means of a minimal generalization.

We start obtaining a well-known functional relation satisfied by the [3/2,1/2] and [1, 1] fused
transfer matrices. Starting from the R matrix for the tensor product of the fundamental
with the [3/2,3/2] representation (subsection 5.2.1) we can build the R matrices acting on
[3/2,3/2] ®[3/2,3/2] and [1,1] ® [3/2,3/2] through fusion in the auxiliary space:

h h 31
Ry3a)(u — 5)32(34)(11 + §)P1+2 = Rb2l(w),

h h,
R34y (u+ 5)32(34)@ - 5)7)12 = RV (u).

In the above equations, the representations specified in the right hand sides refer to the auxiliary
space while the quantum space is the graded symmetric representation [%, %] They obviously
imply the analogous conditions for the monodromy matrices for spin chains with IV sites:

h h 1
Ti(u = 5)Ta(u+ 5)Plh =T (w),

h h

Ti(u+ 5)75(U - 5)7);2 =TH ().

Setting a; = 0 for all sites, the eigenvalues on the pseudovacuum of the diagonal entries of the
monodromy matrices appearing in the right hand side can be read from the expression of the
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corresponding fused R matrices and are given by

T ) = =W =B T ) = (et 1) (20
Ty () = u (u—h)Y T ) = (u+ W)Y (u—28)"
Tog ¥ (u) = N (u— )" 7oy (w) = ™ (u+ )Y
78 ) = w¥(w+ m)Y T w) = w ()Y

Ty V(w) = u¥ (u+ H)N .

The relation between the eigenvalues of the fused transfer matrices can now be read taking
the supertrace of both the equations above on a common eigenvector v and adding the results
together, taking into account the completeness relation satisfied by the P+ projectors:

Aw- DA+ D)

5 AZ 3l (w) + A () (5.32)

From the dressing hypothesis, we can write the left hand side of eq.(5.32) for a N-site chain
as:

M (1) M® 1 M® (2 _ 3
N u—u; N Uy u—u = 5h
(u —2h) HTFL—U H ) hH (2) _h
M® (2) A MM )
—I— 5 N +h
N oy 2
H —ox 4 (u— h) H D
J T2 J
M ) M® @ _n M (2) 3
N u—u;" +h u—u; =g N U — +35h
ERCAR Y Sl | G Sl U | ey
J J J J 2 J

We can collect the eigenvalues on the pseudovacuum, rewriting the left hand side of (5.32) as
M(u+n)NBu) + (u-— Zh)N(u + h)NC’(u) +u® (u— FL)ND(u) + (u— Qh)N(u - h)NF(u) ,

where, in particular,

M® (1) M® 1 M@ (2 _ 3 (2, 3
B(u):Hu_uj +h+H u—u; Hu—uj —§hu—uj +§h
_ NES Lo, W _pt LR AP €N

i Uy i UTYy i Uy 2 U U 2

MOy D M D 3 M(Z)u—u(2)+%h

=
+
St
S
\
x
\
Y
St
<
\
<
=2
+
St
S
\
c
+
OIS [ NS

and

By inspection of the expression of the right hand side of eq.(5.32) when acting on the pseudo-
vacuum we can see that the D(u) and F(u) terms should belong to the Al%:2](u) cigenvalue,
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while C'(u) should belong to Al (u). The B(u) term, on the other hand, can be in princi-
ple part of both eigenvalues. To pick up the two contributions, we note that D(u) and F(u)
(i.e. the part of (5.32) already identified with Al2:2](u)) have poles at u = ugl), ugl) + h for
¢ <MD and uf) + 2 for £ < M@, and that the Bethe equations (5.30) and (5.31) already
lead to vanishing residues at the last two of these. If the same Bethe equations must lead to
analyticity of Al2:2)(u) at u = uél), the first term of B(u) must be included.

Collecting the various terms, we can express the eigenvalue of the transfer matrix with fused
auxiliary space as:

M (1) M (1)
. N N u—u;’ +h N N u-— th
=1 3 j=1
<1> (1) M<2> (2) 3
1 2
1u—u§) b u_ug‘)_%
M<1> (1) L RM® @D
N J 2
(u— H NO) H _.@ _ (5.33)

jo1 U — U 3

W k)/—\

We now generahze this formula to the b # 3 case, assuming that A[b’%](u) keep the same
structure as Al%: 2]( ), but with the pseudovacuum eigenvalues replaced with the ones obtained

from the R matrix (5.25):

b,1] 2 1 1
A ) = [u—(b— 5)h] [u—h(b+§)] :
1
[b, 4] 1
Ay 2 (u) = 5 lu[ufh(bff)],
b — ; 2
[5,1] 2 1
Az 2 (u) = 5 lu[u—h(b—f)],
b — ; 2
[b,3]
AP w) = o rutu )
and with shifted dressing functions:
M (1) M (1)
1 1 U — U + a1 b,1] N u—u;’ +oq
B = ) T g+ (0P ) [T
jl;llu— - —I—ﬁl jl:[lu—u§-1)+ﬁz
— U
’ Jlufu(l)JrﬂlJlufu(Z)Jrél
MW (1) M3 (2) NP

[b,1] N u—u; +a U — U

- W) I] 11 (5.34)
j=1 u—u J +ﬁ2 j=1 u—u J +(51

The shift parameters 3;, 7; and §; can now be determined imposing that the analyticity con-

ditions for Al»2](u) are again the Bethe equations (5.30) and (5.31), with right hand sides
evaluated in a quantum space carrying the typical representation (b, %)

The results are:
1 1
ﬁ1=—3h+h(b+§), 52:—2h+h(b+§),
v = —3h+ hb, o = —h+hb, 01 = —2h+hb,



5.6 Fusion for open chains 107

correctly reproducing the eigenvalue (5.33) in the b — 3/2 limit. The value of «; cannot be
determined by analyticity requests (except that it should be such that a; — A when b — 3/2),
since it appears in a global factor.

5.6 Fusion for open chains

The aim of this section is to define integrability conditions for the open counterpart of the
fused model of sections 5.3.1. Since the auxiliary space does not coincide with the fundamental
representation, the left and right boundary matrices K~ (u) and KT (u) shall satisfy fused
reflection equations in order to preserve integrability. We will show how the fusion procedure
we presented in the previous sections can be applied to the boundary matrices of chapter 4,
naturally leading to solutions of the fused reflection equations. The results we obtained are
fully general, but they will mainly be applied to the typical four dimensional representation of
sl(1]2).

The first step is again to evaluate the reflection equation at his degeneration points (i.e. to
choose the spectral parameters in such a way that the R matrix becomes a projector). Setting
v=u=thin (4.4), one gets

P K1 (u)Ri2(2u + ) Ko (u + h) = Ko(u + h)Ri2(2u + h) Ky (u) Py,
P1_2 Kl (u)ng(Qu — h)KQ(U — ﬁ) = KQ(U — h)R12(2U — h)Kl (U) P1_2 ,

impliying the triangularity conditions

'PE Kl (u)R12(2u + h)KQ(U + h)’PfQ = O,
Py K1 (u)Ri2(2u — ) Ko (u — h)Py, = 0.

To each solution K(u) of the reflection equation, we can thus associate the fused boundary
matrix

h h
K2y (u) = Py Kq(u — ) Raa(2u) Ka(u+ 3) P, (5.35)
that will satisfy the following generalized reflection equation:
R1(23) (’LL — ’U)Kl (U)R(Qg)l(u + ’U)K(Qg) (’U) = K(23) (U)R(gg)l(u + ’U)K] (U)R1(23) (U — ’U) . (536)
Using the above exchange relation, it is not difficult to prove the following
Proposition 5.6 The boundary matriz (5.35) satisfies the following fused reflection equations:
R12)34)(u — v) K(12)(w) R(3ay(12) (u + v) K(34) (v) =
= K(34)(v) R(34)(12) (u + v) K(12) (u) R(12)(34) (u — ), (5.37)
with the fused matriz R12y(s4)(u) defined as in section 5.2.

Proof: For the sake of brevity, we omit the arguments of the R and K matrices as well as the
projectors PT acting on both sides of the equation. After trivial transformations, the left hand
side of eq.(5.37) reads:

Ry(34) K1 Ry(34) R12 R(34)1 K2 R(34)2 K (34) -
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Owing to eq.(5.36) and to the fused Yang—Baxter equation we can write down the following
chain of transformations, leading to the right hand side of eq.(5.37) and proving the proposition:

Ry 34y K1 R(34y1 R12Ro34) K2 R(34)2 K (34) =
= Ry34) K1 R(34)1 R12 K (34) R(34)2 Ko Ro(34) =
= Ry(34) K1 R(34)1 K (34) R12 R (342 K2 Ro(34) =
= K34)R34)1 K1 R34y R12R(34)2 Ko Ro(34) =
= K(34)R34)1 K1 R(34)2 R12 Ry (34) Ko Ro(34) =
= K(34)R34)1 R(32)2 K (12) R1(34) R2(34) -

The monodromy matrices corresponding to open spin chains also depend on the inverse
of the local T matrices. We thus need an expression for the inverse? of the fused matrix
R(12)(34)(u). A straightforward calculation shows that

h? 9
Ry(23)(u) Ry(23)(—u) = (“2 - Z) (“2 - 1712) P33 s

and that
R12)(34) () Ri12)(34) (—u) x PioP4; .
The above unitarity relations for the fused R matrices allow to define a monodromy matrix
B(ap) with fused auxiliary space (ab) for a N-site chain in the usual way:
Biap) (1) = Tap) () K (ap) (1) T (—1) (5.38)
where
Tab(u) = Rab)(crdy) () B(ab) (cado) (1) -+~ Riav) (endn) (1) -

The quantum space is then identified with the tensor product of the spaces denoted with (cidy),
k=1,...,N. The following corollary of proposition 5.6 will allow us to build integrable systems
with fused boundary matrices.

Corollary 5.7 The monodromy matriz (5.38) satisfies the defining relation of the reflection
algebra on fused spaces. As a consequence, the transfer matriz

b(u) = Str(ab)B(ab) (u)
generates a family of commuting observables:

[b(u) ,b(v)] = 0.

2By inverse of a fused R matrix, we mean the inverse of its restriction to the invariant subspace of the
projectors PE.
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Integrability from coalgebra symmetry: an
0sp(1]|2) spin chain

In this chapter, exposing the results of our work [17], we briefly discuss a different algebraic
approach to integrable spin chains, based on a general procedure to construct and solve long—
range spin chains with coalgebra symmetry in the case of rank 1 algebras or superalgebras.
As a particular example, we consider a Gaudin model related to the g-deformed superalgebra
Uq(0sp(1]2)), and present an exact solution to that system diagonalizing a complete set of
commuting observables.

The aim is to emphasize the advantages and the drawbacks of the analytical Bethe Ansatz
approach proposed in the previous chapters by comparing it to another general construction of
integrable systems. We shall first describe the model and its solution, and then discuss some
analogies of the proposed solution with the Bethe Ansatz. At the same time we shall compare
the general features of the models solvable through the coalgebraic approach with the ones
built from Yangians.

6.1 Integrability from coalgebras

The Gaudin model, introduced by M. Gaudin in 1976, is a quantum mechanical system involv-
ing long—range spin interaction [76, 77].

In [78] it was solved in the framework of the algebraic Bethe Ansatz. It was also shown
there that the model is governed by a Yang-Baxter algebra, called the Gaudin algebra, with
commutation relations linear in the generators and determined by a classical r-matrix. It is to
be stressed that this features are present in the model despite its quantum mechanical nature.
In fact the Gaudin model is one of a large class of models, with such an algebraic nature, so
that its study becomes an important issue.

Let us recall that the superalgebra extension of the Gaudin algebra, and of the related
r—matrix structure, has been worked out in some remarkable papers (see for instance [79,
80]) where the Gaudin model related to orthosymplectic Lie superalgebra osp(1]2) has been
constructed and solved through a brilliant generalization of the Bethe-Ansatz.

It is known that this algebraic richness and robustness allows one to use it as a testing
ground for many ideas such as the Bethe Ansatz and the general procedure of separation of
variables.

Among these approaches, the coalgebraic one was introduced in a series of papers [81, 82, 83,
84]. A general and constructive connection between coalgebras and integrability can be stated
as follows: given any coalgebra (g, A) with Casimir element C, each of its representations gives
rise to a family of completely integrable Hamiltonians H("™) m = 1,...,N with an arbitrary
number N of degrees of freedom.

Endowing this coalgebra with a suitable additional structure (either a Poisson bracket or
a non—commutative product on g), both classical and quantum mechanical systems can be
obtained from the same (g, A). It is important to emphasize that the validity of this general
procedure by no means depends on the explicit form of A (i.e., on whether the coalgebra (g, A)
is deformed or not).

109
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In this framework a particular class of coalgebras that can be used to construct systemati-
cally integrable systems are the so—called g¢-algebras [85]. The feature of such systems will be
that they are integrable deformations of the ones obtained applying the same method to the
corresponding non-deformed coalgebra.

We briefly recall here a general construction of completely integrable quantum systems
associated with Lie (rank-1) superalgebras based on a coalgebraic approach [86]. Applying the
method to higher ranks (super)algebras it is still possible to obtain commuting observables but
completeness is by no means guaranteed [87].

Let us consider a Lie superalgebra g with Casimir C' € U(g), and a co-associative linear
mapping A : U(g) — U(g) ® U(g) (denoted as coproduct) such that A is a Lie homomorphism:

[A(a), A(b)] = A([a, b)), Ya,belUl(g).

The coassociativity property allows one to construct from A in an unambiguous way subsequent
homomorphisms

AP =A AP U(g) = U@ AN U(g) = Ug)®N.

Thus, we can associate to our superalgebra, (or better co-superalgebra) a quantum integrable
system with N degrees of freedom, whose Hamiltonian is an arbitrary function of the N-th
coproduct of the generators and the remaining N — 1 integrals of motion are provided by
A (C), m=2,...,N.

In [88, 89] it has been shown how to associate to a Lie-Hopf superalgebra a quantum
integrable system and how to extend this procedure to g-superalgebras. In fact, g-superalgebras
are obtained by Lie-Hopf superalgebras through a process of deformation that preserve their
Lie—Hopf structure. It is therefore possible to associate to g-superalgebras integrable systems
that are deformed version of the ones associated to the original superalgebra.

We will consider an integrable g-deformation of the Lie superalgebra osp(1]2) in order to
obtain a Gaudin model with U, (0sp(1]2)) symmetry.

6.2 A ¢-deformation of U(osp(1]2))

The quantum superalgebra U, (osp(1]2)) [90, 91] as a deformation of the universal enveloping
algebra of the Lie superalgebra osp(1|2) is generated by three elements FE, F, H, with gradation

H=0 and [E] = [F] = 1. The ¢-deformed commutation relations between the generators are:
¢ —q "

In the following we will also need the operators F2 and E? fulfilling the commutation relations
[FQ,E] — <qH+1/2 i q—H—1/2> F,

[EQ,F] - <qH71/2 +q—H+1/2) E,

q2H+1/2 _ q—2H—1/2
[E2,F?] =K? —k g + (" —¢MEF,
[H,E?] =2 E?,
[H,Fﬂ = _2F27
where
1

g2 +q1/2
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The center of U,(osp(1|2)) is spanned by the g-deformed Casimir element (provided that g is
not a root of the unity [92]):

H-1/2 | —H+1/2\ 2
q +4q _ _
Cw= (T ) P e EE 6

We now endow U, (osp(1|2)) with a coalgebra structure. This can be done assigning the fol-
lowing g-deformed coproduct:

AJH)=H®1+1® H,
AJ(BE)=E®q% +q % QF, (6.3)
A(F)=F®q* +q 7 @F

which establish a superalgebra homomorphism:

(A, (H), Ay (F)] = — A, (F).
For the sake of completeness we give the corresponding antipode and counit,
c(H)=eB)=eF)=0, e¢)=1,
o(B)=—qB, o(F)=-q'F, o(H)=-H, o) =q"",

obtaining a Hopf superalgebra.
The coproducts (6.3) can be extended to the N-th order by means of the coassociativity
property as in the non deformed case, taking into account that

Ay(q") =q" @ q".

Explicitly,
N
N _
ANM(H) =) Hi,
i=1

N
AE(N)(E) = ZEZ q% PO sgn(i—j)H;
i=1

N
AM(F) = Z F, g3 Somasenli=i)H;
=1

Remark 6.1 In the limit ¢ — 1 the above deformed supercommutation relations obviously
reduce to well-known supercommutation relations of the Lie superalgebra osp(1|2). Let us recall
that osp(1|2) has dimension five and rank one; the supercommutation relations between its
generators are
[E,F]=H, [H,E]|=E, [H,F]=F.
[E,E] = 2E?, [F,F] = 2F?,

[E% F| = —F, [F?,E]=F,
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[H, E?] = 2F?, [H,F?] = —2F?% [F? F?| = H.

We see that the operators H, E%, F? generate the Lie algebra sI(2). The above supercommuta-
tion relations define H, E%, F? as the bosonic generators, and E,F as the fermionic ones, i.e.
[H] = [E?] = [F?] = 0 and [F] = [E] = 1. This gradation can naturally be extended to the
deformed enveloping superalgebra Uy (osp(1]2)), since

[ab] = [a] + [b], mod 2 Va,b e U, (osp(1]2)), (6.4)

and [¢f] = 0.
In the same limit ¢ — 1, definitions (6.3) also reduce to the non—deformed coproducts for
the superalgebra osp(1|2), which we will denote with A.

6.3 Exact solution of a U,(osp(1|2)) Gaudin model

Now we have all we need to construct a Gaudin model with U, (osp(1|2)) symmetry in the
coalgebra setting.

We consider the N commuting observables {C()(¢)} N

n=1°
[C(m)(Q)vc(n)(q)] =0, Ym,n=1,..,N,
where
Cm(q) = A I[C(q) =

A((Im) (qul/Q) + A((]m) (q7H+1/2)
q—q*

2

— k2AIM(E?) Alm(F?) +

q

= AL (@) = AL (¢ AL () AG(E).

Hereafter we parametrize the deformation parameter with z = Ingq.
A “physical” Gaudin Hamiltonian for the N-bodies system can be choosen as the N-th

order deformed coproduct of the Casimir A((ZN) [C(2)], namely
sinh? [z (A((IN)(H) -1

)
sinh”z

Hy = ﬂ — k2 AN (E?) AN (F?) +

~2cosh [z (Agm (H) — 1)} AN (E) AN (F). (6.5)

This Hamiltonian can be written in any representation of the deformed superalgebra U, (0osp(1]2)).
While it’s always possible to choose a particular one, we will work in the general case of spin
j representation (with integer or half-integer j). Further generalization can be obtained by
allowing site-dependent representations (ji,...,7n5). However, for the sake of simplicity, we
will not deal with this more general case in this chapter.

A complete set of independent commuting observables is provided by

{AgN)(H), CO(),. .., c<N>(z)} . (6.6)
We can write the Hamiltonian (6.5) in the following form:

sinh? |z ZZV: H;—3 N a =
[ ( 1 2)} _ 2 Z 1 Mj ¢ &1 — 2 cosh [z (ZHZ—1>1 Zni¢j7
i=1

)
sinh”z i,k =1 i.j=1

H:
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where - o . o
n; = B; g2 2= 58n =0 ¢; = F, q2 2i=1%82(—)H;

Notice that the interaction involves more than two sites: this non-local feature is a peculiar

property of g—deformed models.

We will show that the common eigenstates of the family of observables (6.6) take the form
k—my
xSy - 0,0) = [ANUE) ] (i, s, 0,0), (6.7)

where ¥, (my, Sm,;...;0,0) is an element of the basis spanning the kernel of the lowering oper-

ator AEJS"” (F). These elements can be obtained through the recursive formula:

:|6m7i

om
Sm, —1 i
Ve (i, s -30,0) = 3 ai(2) [Ag V() (B, ) e (miors $my_y3---30,0), (6.8)
=0

where §m = m; —m;_; and {a;(2)}2", denotes a set of suitable coefficients. Since in each rep-
resentation of U, (osp(1]2)) we have E**! = 0, j being the spin of the choosen representation,
the sum in formula (6.8) will have at most 45 4+ 1 terms, so that dm < 4j. If we consider the
pseudo—vacuum state

$,(0,0) =] - |) € Ker (Ag“(F)) . Vk=1,...,N, (6.9)

we recognize that m; stands for the total number of excitations with respect to 1.(0,0) and
Sm, indicates the number of the last excited site (counting from the left).

Proposition 6.2 The states (6.8) are annihilated by A,(IS"”)(F) if and only if

(=1)™~*sinh [z (1 +ém — i — 3)] —sinh [z (7

—3)]
(—D%sinh [z (j+3)] +sinh [z (i —5+2)] (6.10)

@it1(2) _ (_1)i+1e§(7+5m*2)
;(z)

1=0,...,0m — 1, where T is the eigenvalue of A((;m’)(H).

Proof: A straightforward computation. Notice that it may be useful the following expression
—1)F 1kt 1 1
FEb 4+ (—1yptpip = ST BT L gk coan [ (B4 hiz(H- -
+(=1) 2sinh z cosh § (=1)%cosh |z + 2 +oosh 2 2 ’

holding for all £ € N. The above formula is a plain consequence of the supercommutation
relations (6.1).

[
Up to a normalization constant, proposition 6.2 determines all coefficients «;(z) with i =
1,...,0m.
Proposition 6.3 The states (6.7) are eigenvectors of the set (6.6), namely
C™ () 0. (kymy, Smys -5 0,0) = 1(2) @z (ky My, Sy - - -, 0,0), (6.11)
with eigenvalues l,, given by
. sinh? [z (pz — %)] ’ (6.12)

sinh? »
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where p, is the eigenvalue of Aén) (H) on the state 1,(i,s;,...), and the value of i < 1 is
selected by the condition

Smy; <N < Sy, Smi, =N+ 1. (6.13)

Proof: Notice that

k—m
O™ (2) .k, 11, Sy s - ., 0,0) = {A(N)(E)] l

Ch(Z) w(mla Smys .- ,07 O)a

since [C(h)(z),AgN)(E)] =0foralln=1,..,N.

If n > s,,, we readily get (6.11-6.12) since ¥, (my, Sm,, - .., 0,0) is in Ker A((In) (F). Otherwise,
if n < s,,,, we can note that

om ( 1) dm—1 X
2. ) [y m)] (B, =0,
=0
so that we can act with C(2) on ¥, (m;_1,8m,_,,-.-,0,0). By iteration we will arrive to a

value of ¢ such that condition (6.13) holds and to a function ,(, s;, . .. ) which fixes the value
of p, and so the eigenvalue (6.12). This proves the proposition.

Remark 6.4 We stress the fact that our approach has a simple algebraic interpretation. In-

deed, each eigenstate p,(k,my, Sm,,-..,0,0) has to be a basis vector of the tensor product
representation
qeoN NI
[DU)} =P, (6.14)
1=0

where DY) denotes the representation of each site and {cgjy)} is the set of Clebsch—Gordan
coefficients.  Our method constructs first the lowest weiglit vectors ¥.(my, Smy,-..,0,0) for
each Dy, taking account thatl = Nj—my and then allows us to complete the basis with suitable
raising operators.

Thanks to the Schur’s Lemma the eigenvalues of the family (6.6) are the values taken by
the Casimir (6.2) on each D;. Furthermore the coefficients {c( 1 )} are related to the spectrum
degeneracies; in fact the number of eigenstates of the Hamzltoman (6.5) that belong to the the
energy eigenvalue corresponding to the representation Dy is given by

93(‘,1) = c (4l +1),
being the factor 41 + 1 the degeneracy of each D;. This latter term could be removed by an
external field, while the first one remains.
6.3.1 Theq— 1 limit

We now obtain some known results [86] on the Gaudin model with osp(1]|2) symmetry consid-
ering the limit ¢ — 1.
The family of N commuting observables is {C(™}N_;

[c<m>7c(n>} -0, Vm,n=1,.., N,
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where
cm = A (C) = [A(’")(H)r ) [AW(E?),A(’") (FQ)] - [AW)(E),A(T")(F)} .

A “physical“ non—deformed Gaudin Hamiltonian for the N-bodies system can be choosen as
the N-th order coproduct of the Casimir A(Y) (C), namely

N
H=> HiHj—2(E]F} +FE}) - (E; F; — F, Ej). (6.15)
i#£]
Up to a term proportional to the identity, (6.15) corresponds to the limit z — 0 of the Hamil-
tonian (6.5), i.e. lim,_,o Hy = H+1/4. A complete set of independent commuting observables
is provided by
{0, ¢®,..., ¢} (6.16)

Taking the limit z — 0 in the definition of the states (6.7-6.8-6.9) (i.e. replacing A, with A)
we obtain the following results:

Proposition 6.5 The states Y(my, sy, . ..,0,0) are annihilated by A=) (F) if and only if
a1 2=+ 0m—i—3) —1—27

o (1)1 (1+4))+2i+1—-45 (6.17)
where T is the eigenvalue of ACm)(H).
Proposition 6.6 The states ¢(k,my, Sm,,...,0,0) are eigenvectors of the set (6.16), namely
C™ ok, my, Smys -+ 0,0) = Ly @(k,my, Sy, - . -, 0,0), (6.18)
with eigenvalues I, given by
ln:(p—i+1)(p—i)+i, (6.19)

where p is the eigenvalue of A™ (H) on the state (i, si, ... ), and the value of i <1 is selected
by the condition
Sm; <1< Sy Smi, =N+ 1. (6.20)

6.3.2 Uy(osp(1]2)) Gaudin model with j =1/2

Here we consider the particular case of the fundamental representation, namely the spin j = 1/2
one (1 < dm < 2). This case greatly simplify calculations, allowing a meaningful understanding
of the results we have presented in the previous section.

Proposition 6.2 becomes the following one.

Proposition 6.7 The states (6.8) with 0m = 1 are annihilated by Aésml)(F) if and only if

_ _ 2 (r—1)sinh(z 7)
ap(z) =1, ay(z) = e? Teinhz

The states (6.8) with dm = 2 are annihilated by Aff””)(F) if and only if

= cosh [z (7’ + %)}
cosh (%) ’

_sinh(z 7) cosh [z ( + %)]

-
sinh z cosh (%) ’

as(z) = €*

ap(z) =1, ay(z) = —e

where T =my_1 — sy, + 1.
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On the other hand proposition 6.3 reduces to
Proposition 6.8 The states (6.7) are eigenvectors of the set (6.6), namely
C™ () 0. (kymy, Smys -5 0,0) = L,(2) @z (k, My, Sy - - -, 0,0),
with eigenvalues 1, (z) given by

sinh? [z (n — i+ %)]

l =
n(2) sinh? 2

)

where the value of i <1 is selected by the condition

Sm; << Sy, Smp =N+ 1

iti)

In this case it is also possible to determine explicitly the degeneracies of the spectrum.
These obviously correspond to those of the spin 1 case of the original sl(2) Gaudin model.
Namely, (6.14) now reads:

N
®N 2
[p@)] - PN,
5
=0

and the following result can be proved by means of the character identity.

Proposition 6.9 The total number of eigenstates p(k, my, Sm,,-..,0,0) with m; = N/2 —1 is
given by
o )
(N) Z N 2k —1 Z N 2k —1+1
cy ) = — .
wl L= \2k -1 k c~ \2k—1+1 k+1

6.4 The coalgebraic and the Yangian based approaches: a short comparison

We now summarize some features of the long-range systems that can be obtained through the
coalgebraic approach (among which the above Gaudin model is only an example), and compare
them with the class of models we have obtained in this thesis using the structure of Yangians.

o Symmetry

From the symmetry point of view, complete integrability through the coalgebraic ap-
proach is established for rank one superalgebras only. Moreover, complete reducibility of
tensor product representations is needed, thus forcing in practice the choice of osp(1|2)
as symmetry algebra. Partial results are available for higher rank (super)algebras of the
sl(n) and osp(1|2n) series, but the situation is in striking contrast with the full gener-
ality of the Yangian based approach, where any gl(m|n) superalgebra can be made the
symmetry of the transfer matrix.

e Boundaries
In the coalgebraic approach, each site interacts in the same way with all other sites, so
that it is not possible to identify the first and last sites of the chain. This rules out the
possibility of intriducing non—trivial boundary conditions.

e Inhomogeneities
At the same time, at least in the ¢g—deformed case, it is still unclear whether the intro-
duction of a spectral parameter dependence is possible without destroying integrability.
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In particular, and in contrast with the Yangian case, it is still not possible to introduce
inhomegeneity parameters in the chain.

This point and the one above can be summarized by saying that, in the class of models
built from coalgebras, each site is equivalent to the others. The peculiar mean—field dy-
namics (and the definition of the related cluster variables, see [93] for a detailed discussion
of the classical case) that characterizes these models is, in particular, a straightforward
consequence of this fact.

e Long range vs nearest neighbour interaction
The Yangian based models usually display nearest neighbour interactions, at least in the
fundamental representation. As a general rule, the range of the interaction changes by
changing the representation (usually increasing with its dimension). On the other hand,
the coalgebraic apprach always leads to long range interaction for both the hamiltonian
and the commuting observables, regardless of the chosen representation.

e Figenvectors
The algebraic construction of the spectrum and eigenvectors of the coalgebraic systems
is reduced to a representation theory problem: no Bethe Ansatz equations are needed.
Equations (6.10) and (6.17) can be considered as quantization rules for the quantum
numbers labelling the eigenstates of the hamiltonian.



7

Conclusions and open perspectives

We list here the results obtained in the present thesis, together with some related open prob-
lems.

e We have presented a general and systematic approach to the construction of integrable
transfer matrices with gl(m|n) symmetry, based on the graded Yangian Y (mn). Inte-
grable spin chains or correlated electrons models can be generated with the usual methods
from these transfer matrices, and they share a global gl(m|n) supersymmetry with the
transfer matrices they are built from. The key point allowing a unified treatment of
all these models — regardless of the choice of m and n, as well as of the representation
chosen for the spin variables — is that their integrability only relies on the algebraic struc-
ture underlying the construction of the transfer matrix, that closely resemble their non
supersymmetric counterparts.

e In order to solve the obtained integrable models, we have developed a graded variant of
the analytical Bethe Ansatz approach, in which the spectrum is built by properly “dress-
ing” a reference eigenvalue Ag(u) (whose eigenvector is the so—called pseudovacuum)
of the transfer matrix with rational functions depending on a set of generalized quan-
tum numbers, related to the Bethe roots and to the conserved charges of the model. The
Bethe equations are then obtained requiring the cancelation of the poles of these “dressed
eigenvalues”. The results are again independent on the representation, thus allowing the
explicit calculation of the spectrum for several kinds of models, ranging from the well-
known cases of spin chains where all sites carry the fundamental representation (e.g.,
the t—J model), to more complicated situations including alternating spin chains, chains
with impurities etc. A particularity of superalgebras (that usual algebras do not share)
is the existence of different Dynkin diagrams for the same superalgebra. This leads to
different presentations of the spectrum of the same transfer matrix, hence to different
Bethe equations. Our approach is also universal in the sense that it applies to all Dynkin
diagrams of the considered superalgebra.

e There is in principle a huge amount of physical hamiltonians that could fit in our ap-
proach: some of them are presented in this work (with a particular focus on the simplest
case of gl(1]2)), but there is still room for searching interesting cases that can be solved
through analytical Bethe Ansatz. The general formulation of a dressing hypothesis for
fused models based on typical representations could be an important generalization of
our approach, allowing the treatment of integrable spin chains with additional free pa-
rameters.

e We generalized our treatment to open supersymmetric spin chains, finding again the
spectrum and the Bethe equations. In order to extend the analytical Bethe Ansatz to
these integrable systems, we studied the reflection superalgebra and the twisted Yan-
gian as the most natural subalgebras of Y (m|n) related to reflection equations. Thus,
after identifying the possible integrable boundary conditions as solutions to the reflection
equations, we proved that the same pseudovacuum vector as in the closed case is still
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an eigenstate of the transfer matrices, both for the reflection algebra and for the twisted
super Yangian case. By means of a suitably modified version of the dressing hypothesis,
the spectrum of the transfer matrices has been calculated, together with the correspond-
ing Bethe equations. It is worth noticing that, somewhat unexpectedly, the presence of
poles in the boundary matrix makes the treatment of the reflection algebra case easier
than the closed chain treatment. From the algebraic point of view, some new results
about the representations of the reflection superalgebra are presented here for he first
time, although a complete classification of the irreducible representations remains to be
done.

e In the graded reflection algebra case, we have exploited the algebraic structures to classify
the commuting transfer matrices on the basis of their symmetry superalgebras (that,
unlike the closed chain case, explicitly depend on the choice of the boundary matrices),
in order to shed light on the common physical properties of the hamiltonians that can
be generated through them.

e For the twisted Yangian case, the situation is still incomplete: the only boundary ma-
trices we considered in this work are diagonal ones, and a classification of the possible
symmetries remains to be done. A promising approach to this problem that could pos-
sibly be extended to the superalgebra case is the one presented in the recent work [94].
This generalization is under current investigation.

e Another natural developement of our results is the generalization to the trigonometric
case. This has been accomplished for the non—graded case in the recent paper [95], where
the analytical Bethe Ansatz approach has been succesfully applied to closed and open
spin chains derived from the algebra U,(gl(n)).

e The problem of the construction of the eigenvectors of our transfer matrices is, as a mat-
ter of fact, completely left out by our approach. A remarkable amount of information
about the excitations of the system in the thermodynamic limit can be extracted from
the Bethe equations solely!, but the calculation of very relevant quantities as the corre-
lation functions needs the knowledge of the eigenvectors as prerequisite. The ultimate
goal is thus the formulation of a universal algebraic Bethe Ansatz method for deriving
the eigenvectors for any irreducible representation of Y (n) and Y (m|n). Such a process
will exclusively rely on the exchange relations emerging from the Yang—Baxter or reflec-
tion equation. No results in this direction, of the greatest mathematical and physical
relevance, are known at the present moment, and the beforehand knowledge of the Bethe
equations that our approach provides could be of great help in such a project.

IMoreover, in the thermodynamic limit, it is not necessary to actually solve the Bethe equations, that can
be transformed into linear integral equations for the density of the solutions, see e.g. [96].
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