On the properties of the correlation functions of the
sl 1-invariant model

Dissertation

To obtain the degree
Doctor rerum naturalium - physics
submitted by
Henrik JURGENS

November 2023

RN
i
S\

BERGISCHE
UNIVERSITAT
WUPPERTAL

A\

T\\
s

/I

N
J

\
R
II'!\,I

Fakultat fur Mathematik und Naturwissenschaften



Contents
1. Introduction

2. Recent results and the basic idea

2.1. Theslycase . . . . . ... ... .. ... ....
2.2. Theslycase . . . .. ... ... ... ......

3. General definitions

3.1. Cartandata . . . . . . . . . . ... ... ...

3.2. The Yangian Y(g) and the quantum affine algebra Uy(g) . . . .. ... ..

3.3. Graphical notation . . . . ... ... ... ...
3.4. The rational R-matrix of type A,, . . . . . . ..

3.5. The dual modules and crossing symmetry . . . .

3.6. The reduced density matrix of the rational sl,,,-invariant model . . . . . .

4. The construction for sl,

4.1. The construction of the residues and the projector identity . . . . . . . ..

4.2. T-systems and the Snail Operator Xj, . . . . . .

5. The construction for higher rank

5.1. Projector identities and the construction of the residues for sl3 . . . . . . .

5.2. Extended T-systems and the Snail Operator X,
6. Conclusion
Appendix A
Literature

Acknowledgement

11
11
11
16
18
18
22

27
27
32

36
36
43

54

57

60

66



1 Introduction 1

1. Introduction

Statistical mechanics focuses on understanding the macroscopic properties of many-body
systems. These are encoded in the so-called correlation functions. Particularly, they
are employed in the linear response theory or "Kubo theory' [71] which describes the
linear response of a system with respect to small external perturbations. However, for an
arbitrary system, determining the correlation functions is almost impossible, even in the

thermodynamic limit! where boundary effects are neglected.

Most of the time, certain idealised models are considered as an approximation. For
instance, if the effective interaction is short-ranged, one can assume only nearest neighbour
interactions as a simplification. Though, this is usually not enough to calculate the prop-
erties of the system exactly. Of course, there are several other methods to approximate
the thermodynamic behaviour of the system. However, these methods mostly neglect
long-range correlations. Therefore, they tend to fail in describing the system accurately,

especially in the vicinity of critical points.

Another idea is to simplify the structure, or rather the topology, of the system until it
becomes exactly solvable. In the case of quantum models, one of the simplest and probably
most popular examples is the band model in solid state physics, where the system is reduced
to an effective one particle problem. However, there are many one-dimensional exactly
solvable quantum many-body systems such as the Heisenberg model [50], a one-dimensional
chain of spins with nearest neighbour exchange interaction. In practical applications, it
can be used to approximate systems with an effective one-dimensional structure. For
instance copper-pyrimidine-dinitrate or copper-benzoate are specific examples that have
been studied [44].

The first exact approach to the isotropic Heisenberg model goes back to Bethe 1931,
where he derived a system of coupled non-linear equations for rapidities that parametrise
the energy spectrum and the eigenvectors of the Hamiltonian [9]. However, against his
expectations, he didn’t succeed in generalising his method for higher dimensions. Today,
his method is known as the Bethe ansatz, representing one of the fundamental tools for
analysing exactly solvable many-particle systems. This is also because of the correspon-
dence of one-dimensional quantum chains and two-dimensional classical vertex models
which was established in terms of different mappings due to Suzuki and Trotter [87] [82,83].
Specifically, an example of the "Trotter formula" for the statistical operator of the SU(n)

Spin chain will be used in Section 3.6.

Separately from Bethe’s work, Onsager solved the two-dimensional Ising model in 1944

using the so-called star-triangle equation [78]. Later, a similar relation was recovered

!The size of the system is sent to infinity while the particle density is kept constant.
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for the Boltzmann-weights of the eight-vertex-model by Baxter, who discovered that it
implies the commutativity of a one-parameter family of transfer matrices [4—6]. The same
relation was discovered by C. N. Yang as a consistency equation for the factorization of
the one-dimensional N-particle quantum scattering problem with delta potential into two

particle scattering processes [91].

The Yang-Baxter-equation (YBE) for the R-matrices emerged as a fundamental struc-
ture in quantum integrable models and led to the development of the algebraic Bethe
ansatz [37]. Moreover, quantum groups were introduced as a mathematical structure
that can be used for construction of new solutions of the YBE [33], [53]. In the represen-
tation theory of Yangians and quantum affine algebras, R-matrices play the role of the
intertwiners between the so-called evaluation representations. Additionally, the theory of
quantum groups provides a connection to different parts of mathematics such as knot the-

ory and the representation theory of algebraic groups of non-zero characteristic [29] (cf. [1]).

As there is no general solution to the Bethe ansatz equations, the eigenvalues and
eigenvectors of the Heisenberg Hamiltonian are not known explicitly and the canonical
partition function can therefore not be obtained directly. Consequently, several more
sophisticated methods were developed, such as the thermodynamic Bethe ansatz (TBA)
due to Yang and Yang, Gaudin and Takahashi [92] [42] [84], along with a quantum transfer
matrix approach by Klimper [63,64]. These methods specifically target the analysis
of the partition function in the thermodynamic limit and its behaviour at finite, non-

zero temperature, as it is impossible to achieve zero-temperature conditions experimentally.

Though, when we want to know more about the local properties of the system, we
have to consider general correlations. We regard the partition function as the ’zero-point
function’ and use it to normalize the (reduced) density matrix. The first non-trivial result
is due to Takahashi [85], who evaluated the ground state correlators of length m = 3
of the Heisenberg-model in terms of the value of the Riemann zeta function ((3). For
general length m, another approach to the correlation functions of the Heisenberg model 2
in the thermodynamic limit was presented fifteen years later by Jimbo, Miki, Miwa and
Nakayashiki [73] within the framework of the representation theory of quantum affine
algebras.

Based on Baxter’s corner-transfer matrix method, their results are obtained in terms of
multiple integrals by calculating the correlation functions of a more general inhomogeneous
XXZ-model through traces of products of vertex operators that depend on respective
spectral parameters. The original correlators are then recovered by taking the homogeneous
limit. For the inhomogeneous model, the correlators vary with the spectral parameters as

the vacuum does.

ZPrecisely, the ground state correlation functions in the anti-ferroelectric (massive or rather gapped)
regime.
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Generally, it is explained in the book by Jimbo and Miwa [54] that their construction
provides a physical solution of the so-called quantum-Knizhnik—Zamolodchikov equation
(qKZ) in the sense that the correlation functions of the inhomogeneous model are obtained
by specialising half of the spectral parameters appropriately. The corresponding equation
for the inhomogeneous correlation functions was later called reduced quantum-Knizhnik—
Zamolodchikov equation (rqKZ) [15,18]. Moreover, the connection to the qKZ equation
led to a generalisation of the multiple integral representation for the critical regime [54],

as well as the derivation of a multiple-integral representation for the gapless regime [55].

Initially, the Knizhnik—Zamolodchikov equation (KZ) emerged within the context of
conformal field theory, when Knizhnik and Zamolodchikov discovered a linear differential
equation for the n-point correlation functions of the primary fields of the Wess—Zumino—
Witten models [66]. The correlation functions of two-dimensional conformal field theories
generally fulfil a system of linear partial differential equations [7] which reduce to the KZ
equation due to the affine Kac-Moody algebra symmetry of the Wess—Zumino—Witten
models.

Remarkably, the correlation functions are completely determined by the KZ equation
and the crossing symmetry for the 4-point functions. For the form factors of integrable two
dimensional quantum field theories, Smirnov derived functional equations of difference type
in 1987 [61]. Furthermore, he could find an integral equation for the soliton form-factors
of the Sine-Gordon model [80]. Shortly after, Frenkel and Reshetikhin introduced an
analogon of the KZ equation for quantum affine algebras [40].

From the point of view of representation theory, this functional equation of difference
type at level 0 corresponds to Smirnov’s equations, while the construction for the inhomo-

geneous XXZ-model mentioned earlier corresponds to the level —4 (cf. [15]).

An independent derivation of the multiple integral representation for the inhomogeneous
correlation functions of the XXZ-model was attained by Kitanine, Maillet and Terras [62]
through the algebraic Bethe ansatz. Their result includes an external magnetic field and

validates the result in [55] for the critical regime.

The multiple integrals were explicitly calculated for the XXX spin chain with no external
fields by Boos and Korepin up to the length m = 4 [22]. Interestingly, the correlation
functions were written in terms of sums of zeta functions evaluated at odd positive integer

arguments, with rational coefficients [23,24].

In 2004, Boos, Jimbo, Miwa, Smirnov and Takeyama succeeded to construct the
inhomogeneous density operator of length m of the XXX spin chain in its ground state [15].
More precisely, they derived a recursion for the inhomogeneous density operator based on
its fundamental properties and the rqKZ equation. Anyhow, the solution to this recursion

was presented shortly after and could even be generalised to the XXZ and XYZ spin
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chains [16-18]. The result expresses the inhomogeneous density operator of length m in
terms of a single 2-point function and operators whose entries are rational functions of the
spectral parameters. These are obtained in a purely algebraic way that doesn’t involve the
physical parameters of the model. Therefore, the 2-point function can be interpreted as the
'physical part’, whereas the operators are regarded the ’algebraic part’ of the construction.
However, in the case of the XXZ spin chain, two 2-point functions are required.

The fact that all correlations can be expressed in terms of a few transcendental functions
is called factorisation of the correlation functions. Indeed, it can be shown that the multiple
integral representations factorise. For a small number of integrations it was shown in the
papers [22] [12,13]. Subsequently, due to similar findings regarding finite temperature
and external magnetic fields [47] [46] [48], along with the factorisation of the multiple
integrals for the XXZ spin chain [12] [19] [13], the conjecture that the algebraic part is
generally independent of the physical parameters was formulated. Most remarkably, the
latter could be described by a basis of fermionic operators established in papers [19,20] by
Boos, Jimbo, Miwa, Smirnov and Takeyama.

For the XXZ spin chain, they demonstrated that the correlation functions with external
magnetic field and finite temperature can be expressed through two functions: A 1-point
function and a specific 2-point function [56]. A description of these functions in terms of

integral equations was derived by Boos and Géhmann [10].

Remarkably, the algebraic part seems to be quite general and it can be used to describe
the correlation functions even before taking the thermodynamic limit [32] [1]. Recently, it
has been found applicable even in calculating thermal form factors [49]. With its growing
range of applications, the question of classifying the algebraic structure represented by
the fermionic basis becomes increasingly important. Yet, it is unclear to what extend the
fermionic basis can be applied and it has to be checked in each specific case.

So far, the fermionic basis is established for the basic models related to U, (sly). This
leads to the question of whether or how it extends to other symmetries. Arguably, the

next in complexity are the models related to U,(sl,) and their rational counterparts.

For the rational sl,, models, the R-matrix is proportional to the S-matrix of the SU(N)
Gross—Neveu model, which is an interesting quantum field theory by itself [45] [89,90,93-95]
[3]. The correlation functions of relativistic quantum field theories can be studied starting
from solutions of a set of functional equations known as the "form factor axioms’ [8] [67] [80].
As in the sl case, we may expect that a continuum limit of the rational sl,, vertex models
can be described by the SU(N) Gross—Neveu model. Therefore, extending the fermionic
basis to the rational sl, models would also shed new light on the problem of calculating

correlation functions of the SU(N) Gross—Neveu model.

For the Uq(s:[n) models, the vertex operators were constructed and multiple integral

representation were obtained in the massive regime in the papers [70] [41] [68]. However,
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the formulas are quite extensive and provided only up to normalization, yielding explicit
results only for the one-point function [70].

In 2018, the first explicit results for the correlators of the rational sls-invariant funda-
mental exchange model for up to m = 3 lattice sites were obtained in the papers [14] [79]
using a novel higher rank generalisation of the rqKZ equation. It was also mentioned
in [14] that a direct extension of the fermionic structure wasn’t obvious. Therefore, they
returned to the original idea that led to its discovery, the construction of solutions of the
rqKZ equation. One year later, a generalisation of the rqKZ equation for general untwisted
quantum affine algebras was presented [65]. Following the logic in [14] and using this
result for the rqKZ equation for higher rank, the question about a generalisation of the

2004 construction [15] for higher rank naturally arises.

Therefore, the overall goal of this dissertation is to present an ansatz of generalising the
construction of the recursion relations for the correlation functions of the XXX spin chain

by Boos, Jimbo, Miwa, Smirnov and Takeyama in 2004 [15] for rank n > 1.
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Structure of the dissertation

As T recently published the results of my research in a paper together with my supervisor
Hermann Boos [21], the plan for my dissertation is to provide an extended version of it

where certain things are explained in more detail. Thus, I will keep the structure as follows.

In Section 2 I give a more detailed introduction to the 2004 paper [15] and comment on

more recent results regarding the sls case and the questions that appear for higher rank.

In Section 3 I introduce the notation and outline the essential definitions that form the
foundation of this dissertation. I explain how my graphical notation is understood and
introduce the main object of interest, the reduced density matrix, denoted as D, which

serves to encode all possible correlation functions.

In Section 4 I review the construction of the paper [15] in my notation and explain how
the operator X can be understood from a representation-theoretical point of view. I use
my graphical notation to visualize the construction as well as the operator X3 This is
done to prepare my ansatz for the generalization to higher rank presented in Section 5
and familiarize the reader with my graphical notation.

In Section 4.1 I explain the basic construction of the operator X}, and demonstrate how
it can be used to calculate the residues of the density matrix of length m in terms of the
density matrix of length m —2. 1 then highlight its reliance on one crucial projector identity
for the reduced density matrix, which can be derived from its fundamental properties. In
doing so, I prepare the generalisation to higher rank in Section 5.1.

In Section 4.2 T explain how T-systems play the main role in proving that only the
Kirillov—Reshetikhin module W}, contributes to the operator Xj;. This covers the rank
1 case of the generalisation presented in Section 5.2. Additionally, I clarify that this is
the main reason one can represent the operator X as a transfer matrix over an auxiliary

space of ’fractional dimension’ A € C.

In Section 5 I present my ansatz for the generalisation of the construction in [15] and
visualize it graphically. I explain my definition of the Snail Operator X, for rank n € N and
show how it naturally generalizes the operator X}, in [15] from a representation-theoretical
point of view.

In Section 5.1 I show two new projector identities and explain how they can be used
for the calculation of the residues in the case of sl3 (rank 2). I explain how one of them
naturally generalizes the projector identity for sl; and write down a first definition for the
Snail Operator Xj. I point out that the second identity can only be used for calculating

the residues in the case of sl3 and discuss possible solutions for higher rank.

3referred to as the Snail Operator X}, in my notation
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In Section 5.2 I review the extended T-systems introduced in the paper [74] and show
how they can be applied to analyse the representations that contribute to the Snail
Operator Xj. As we shall see, the result for sl, naturally generalises as certain minimal

snake modules play the role of the Kirillov—Reshetikhin modules for sl5.

In Section 6, I provide a summary of my results, outline the next steps to be taken, and

revisit the challenges emerging for rank n > 1 and, in particular, n > 2.
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2. Recent results and the basic idea

As described in the introduction, a recursion formula for the correlation functions of the
sly-invariant fundamental exchange model (the XXX spin chain) in the thermodynamic
limit was proven by Boos, Jimbo, Miwa, Smirnov and Takeyama in 2004 [15]. This was
due to the structure of the correlators of an inhomogeneous model as functions of their

inhomogeneity parameters. In particular, they satisfy the so-called rqKZ equation.

In the case of sly explicit results of Kliimper and Ribeiro [79] and Boos, Nirov and
Hutsalyuk [14] for the density matrix of up to operator length three were derived in 2018.

Moreover, a version of the rqKZ equation for sl3 is used in both cases.

In 2019, Klimper, Nirov and Razumov presented functional equations of the form of the
rqKZ equation in the case when the R-matrix is defined in terms of an arbitrary untwisted
quantum affine algebra. Notably, due to the fact that the first fundamental representation
does in general not coincide with its dual, two successive steps are needed to obtain a

closed form of the rqKZ equation [65].

Thus, the question of whether the construction in [15] can be generalised for higher rank
naturally arises. In particular, how and if relations for all the residues of the inhomogeneous
density operator can be obtained using the higher rank generalisation of the rqKZ equation
in [65]. Secondary, if it is possible to generalise the operator X}, in [15] which was used to
prove the recursion relations for the density operator. At last, if similar recursion relations

can be proven.

The following Sections 2.1, 2.2, 3-5 and the Appendix A are similar to Sections 1.1, 1.2,
2-4 and the Appendix of the paper [21] where I recently published the results of my research
together with my supervisor Hermann Boos. However, I will add some explanations and

references to clarify certain aspects.

2.1. The sl, case

Let’s consider the Hamiltonian Hxxx = % > (0;60';6+1 + U;JU?H + UJZ-JJZ-H) of the rational
sly-invariant model which corresponds to the gapless case ¢ — 1, A = % of the
Heisenberg XXZ spin chain. Here, the o; are the Pauli matrices acting on the j-th site of
the form o; = 194D @ o ® 1977 where 1 is the identity operator and we assume a
chain of length 2L for instance. It can be obtained as the logarithmic derivative of the

row to row transfer matrix

tra (Ra,—L+1(>\)Ra,—L+2()‘> e Ra,L()\>> )
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where R € End(V ® V) is the rational R-matrix acting on the local Hilbert spaces V = C.
One can now consider a more general inhomogeneous chain generated by the transfer
matrix

try (Ra—2+1(A) - Rao(A) Ra 1 (A — A1) - Ran (A — Ap) Rams1(A) -+ - R (M)

)

which is still exactly solvable. The correlation functions of this model in the thermodynamic
limit are obtained in terms of multiple integrals from the vertex operator approach for
the gapped (massive) regime by analytic continuation. Factorisation of these multiple
integrals into products of single integrals was proven in the papers [22] [23]. However, the
construction introduced in 2004 in the paper [15] provides another way of describing the
correlation functions, i.e., the (reduced) density matrix. In particular, the conjecture

(D1, Aty s A2 = (0|(E, % )1 -+ (B, “™)in|0) =

€1...€m m

=S TTwOh = A) SO A (2.1)

where w(\) is a single transcendental function and the functions f(\, ..., \,,) are rational
was proven. This is due to a recursion relation where the correlation functions are presented
in terms of a transfer matrix over an auxiliary space of 'fractional dimension’. It is an
analytic continuation of an operator X, with respect to k.* For the homogeneous limit,
values of the (-function at odd integers appear as the coefficients in the Taylor series of
w (cf. [15]). This result was generalised for the XXZ spin chain and further led to the
fermionic structure of the correlation functions described in the series of papers "Hidden
Grassmann structure in the XXZ-model" ( [19], [20], etc.).

2.2. The sl; case

Let’s consider more generally the Hamiltonian H™ ™) = 3, P; ;,; [88] [81] of the rational
sl 1-invariant model (the SU(n + 1) spin chain), where P; ;;; is the permutation operator
acting on the j-th and (j + 1)-th sites and local Hilbert spaces V = C"*1,

As before, it can be obtained as the logarithmic derivative of the row to row transfer

matrix

tro (Ra,—141(A)Ra—r+2(A) - Ra,(N))
where R € End(V ® V) is the rational R-matrix acting on the local Hilbert spaces
V = C™"1. Similarly, one can consider the inhomogeneous chain generated by the transfer
matrix

try (Ra—1+1(A) -+ - Rao(A)Ra1 (A — A1) - R (A — M) Rayms1(A) -+ - Ran.(N)) -

)

The correlation functions of this model in the thermodynamic limit can again be obtained

in terms of multiple integrals by the vertex-operator approach for the massive regime by

4In our notation we also call this operator the *Snail Operator’.
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taking the limit ¢ — 1 [70] [41] [68].> Though, it is not known whether a factorisation
property similar to (2.1) does exist. As for now, not much is known about the correlation
functions.

Nevertheless, the rqKZ equation could be generalised for the sl3 case and an attempt to
explicitly solve it led to the first explicit results for the short range correlation functions

of up to operator length three [14], [79].

Since the construction for sly is mainly based on the rqKZ equation and some fusion
relations,® there is hope for it to have a sl; generalisation as well. Especially the operator
Xk in [15] seems to have a promising generalisation. This will be explained in more detail
later. Regardless, we still don’t know whether all the other properties of the operator X}
can be generalised and if there is a way to prove a recursion relation for the correlation

functions just like in the case of sls.

5In fact, this is not proven to our knowledge and we can only suspect that this limit can be taken in
analogy to the sly case.

Sresulting in projector identities for the reduced density matrix
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3. General definitions

As the definitions we employ are scattered across various papers, we have chosen to collect
the important definitions in this section. In addition, we fix our graphical notation as there
are different conventions in the literature. Moreover, we introduce crossing transforms with
a slight shift in the spectral parameter different from what can be found in the literature.
This is because the spectral and the loop parameters of the corresponding fundamental

representations can easily be identified like this.

3.1. Cartan data

Let g be a finite-dimensional simple Lie algebra of rank n over C and let h be a Cartan
subalgebra of g. We normalize the invariant inner product (-,-) on g such that the square
length of the maximal root equals 2. Furthermore, we identify b and h* through h +— (-, h).
Let I = {1,...,n} and let {a;};cr be the set of simple roots with the corresponding simple
coroots {a; };er and fundamental weights {w; };e;. Let A = (a;;) denote the Cartan matrix
and let d;, i = 1,...,n, be the relatively prime integers such that B = (b;;) = (d;a;;) is

symmetric. We have
2<04z'706j> = aij(%;%% 2<Oéz‘,wj> = 62‘,j<ai7ai>a bz’j = dv<04z'704j>7 (3-1)

where dV is the maximal number of edges connecting two nodes in the Dynkin diagram of g.
At last we denote the (positive) weight and root lattice by P (P*) and @ (Q7), respectively.
We have that P (PT) and @ (QT) are the Z-span (Zsg-span) of the fundamental weights
and simple roots, respectively. Then we have a partial order < on P in which A < X iff
N —=Xe@Qt. If a € Q, define the root space

0o = {z € g|[h,z] = a(h)xfor allh € h}.

We set A == {a € Q|a # 0, go # 0} the set of roots of g and AT := ANQT (resp.
A~ = —A") the set of positive (resp. negative roots). Then we have A = AT IT A~.

3.2. The Yangian Y (g) and the quantum affine algebra U,(g)

Since we will work with finite-dimensional representations of the Yangian Y'(g) for the
SU(n) spin chain and the rational sl,; vertex model throughout the entire dissertation,
we shall recap its second Drinfeld realization. As we will also consider finite-dimensional
(type 1) representations of the quantum affine algebra U,(g) later, it is helpful to write
down its second Drinfeld realization as well. This is also because of the description of the
finite dimensional representation theory in terms of g-characters or, equivalently, Drinfeld
polynomials, which we will use. We refer to the book [29] and the paper [28], where almost

all the information can be found.
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Definition 3.1 (the second Drinfeld realization of the Yangian). The second Dm'nfeld
realization of the Yangian Y (g) is the associative algebra with generators Xi., H,

R 7,7

1,...,n, r € N and defining relations

[H;, Hjs] =0,
[H;p, X)) = +da;; X5,

3,8
[Hz r+17X ] [Hz rvX]is-H] :E*diaij<Hi,eri75 +in75Hi,r)7

(X X

7,77

) ] = (Sz ]H'L r+s»

(XL X = (X, XS] = izdmxixf + XEXE),

+ + + - _
Z [Xi,rg(l)v [Xi,rg(z)v SRR [Xi,rg(m) ) Xj,s] o H =0,
O‘ES’m
for all sequences of non-negative integers ry,...,rm, where m = 1 — a;; and Sy, is the

symmetric group of degree m. ©

The Hopf structure is given in terms of the generators z, J(z), for x € g, by

Ar)=z@1+1®,

() = J(@) ® 1418 J(@) + e ©1,1),

where c is the eigenvalue of the Casimir element ¢t € U(g) in the adjoint representation of
g, also regarded as an element ¢ € U(g)®? in the second equality (cf. [29] Chapter 12.1).

The isomorphism ¢ between the two realizations of Y (g) is given by

o(H;) =d; " H;p, ¢(J(H;)) = d; "Hi 1 + o(vy),
W(Xii) = Xi:f:m SO(J(Xz‘i)) = Xi:f:l + Sp(wft),

where

1 d;
v==3 ﬁ (B, o) (X5 X5 + X5 XE) — —H?,
45, di 2

1
= Z 5 (1X; th]XngX;F[Xf,XgE])—Zd,»(XinJrHin).
€A+

Let us also recap that this Hopf algebra has a one-parameter group of automorphisms
Ta, @ € C. It is one of the main reasons for its importance as it allows us to define a
one parameter family of modules to any given module by adjoining different parameters
a € C by 7, i.e., pulling back by 7,. The proof of the following proposition is given in [29]
(Proposition 12.1.5).
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Proposition 3.2 (the Hopf algebra automorphism 7,). There is a one-parameter group

of Hopf algebra automorphisms 1, of Y(g), a € C, given by

Ta(Hiy) = ZT: <7“> a" °H;s, Ta(Xi:E,,) = i (7“) aT_SXfS. (3.2)

s=0 \¥ s=0 \%
O]

Thus, if V' is any Y (g) module, it is convenient to write V() for the pullback of V' by

T

Remark 3.3. If g is of type A, one has in addition an evaluation homomorphism ev, :
Y(g) — U(g) for all a € C such that the composition U(g) <= Y(g) —= U(g) is the
identity map (cf. [29] Proposition 12.1.15). A representation defined through the pullback

by ev, is then called an evaluation representation. If V' is any representation of g, we have
mev,(V) =1ev, (V) =1 ,evo(V) for all a,be C

in this case. We may therefore write V(X) == evi(V') such that V() = 75 (V') by identifying
V' with ev{(V') as a representation of the Yangian. Finally, we should emphasize that ev, is
just an algebra homomorphism, not a Hopf algebra homomorphism. We will see that pulling
back by ev, doesn’t commute with taking duals, i.e., *(evi(V)) # evi(V*) # (evi(V))*.
This will be discussed in Section 3.5 in detail. In fact, we will see that the (shifted) dual
module V®(X) that we use corresponds to the module evi(V*) in the cases when we have

an evaluation homomorphism. ©

For the definition of the ¢-deformed case, we assume that g € C is not a root of unity

and use the definitions

= T B = Bt ()] = e

for the g-number, ¢-factorial and g-binomial, respectively.

Definition 3.4 (the second Drinfeld realization of U,(g)). Let g be the untwisted affine Lie
algebra associated to g. The second Drinfeld realization of the quantum affine algebra U,(g)

is the associative algebra with generators C*Y2 K, M, X5, i=1,...,n, r € Z\{0},

i 1,87

s € Z and defining relations

Icilcfl — /C;llCl _ 17 Cl/2671/2 _ 17

)

C*F2 are central,
[Kia ICJ] = [ICiaHj,r] =0,

1 cr—-c—r
[Hi,Tv Hj,s] = 6r,—s;[raij]Qi7_17

i — d;

KXEKT = ¢ Xt

J’/r 7 .]?/r7
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1
[Hiﬂ», in] = j:;[ra/l]]%c¥‘7'|/2)(i

J,r+s?

+ + *aij y4+ p+ _ Faij 44t + +
Xi,rJrl‘)(j,s — 4 Xj,in,rH =g Xi,er,sH - Xj,erlXi,r
(r—s)/2p+ _ —(r=s)/2p—
BV N L Al
i,y “vgsl T Y] —1
9 — 4q;
m m
+ + + pt + N L
gs: kz:()( 1) [k‘| /Yi’r"(l) X;’Td(k)xj’s‘)qmd(k+l) Xi’TU(m) =0, 7& J5
oCOm R= qi
for all sequences of non-negative integers r1,...,ry, where m =1 — a;;, ¢; = q% and the

elements @fr are determined by equating coefficients of powers of u in the formal power

series
Sl o
Pt =3 of, ut =Kl exp (i(ql- -4 "> ’Hz-,isuis> NG
r=0 s=1

Again, the Hopf algebra structure is only given in terms of the (chevalley) generators
Xt X;, Kyand K; ', i=0,...,n, of Uy(g) by

AXN =X Ki+10 X, AJ(X]) =X, @1+ K '© X,
Sq(Ki> - Kz'_la Sq(X;r) - _X;rKi_la Sq(Xz'_) - _KiXi_7

() = 1, e(X]) = (X)) =0.

It is mapped onto the Drinfeld generators by a C(g)-algebra isomorphism f. Let 6 =
>t mia; be the highest root of g, set gy = ¢; if 6 is Weyl group conjugate to o, and set
Ko =TI, K;"". Suppose that the root vector )_(j of g is expressed in terms of the simple

root vectors as

Xi = MNX XXX

117 127 ('

for some \ € C. Define maps wi* : U,(§) — U,(3) by

+ oyt +1 1~F1l p+

]

Then, the isomorphism f is defined on generators by

f(Ko) =CKy", f(K) =K f(X)=X5, i=1,...,n,
F(X) =y, - -wi_k(Xjfl)lC;l, f(Xg) = ACowyl - - - wi (X)),
where 11 € C(q) is determined by the condition (cf. [29] p. 393)

. Ky— Kt
[Xo, Xl = —2.
do — 4y
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Remark 3.5. If A is the generalised Cartan matriz of g, then § = L(A)" which can be
defined as the 1-dimensional central extension of the loop algebra L(g) = C[t,t '] ®cg, i.e.,
g=L(g) ®Cc. We refer to L(A) by §, which is obtained from g by adjoining an element
d that acts as a derivation. Thus we have § = g ® Cd = L(g) ® Cc @ Cd. The difference is
that the simple roots in the Cartan subalgebra of g are linear dependent, whereas d removes
the degeneracy for . As a consequence, U,(§) may be obtained from U,(g) by introducing

additional generators D' and relations

DD =D 'D=1
D%i,rp_l = qTHi,ra [D7IC7,] = [D,C] = 07
DX D' =q X,

We emphasize this fact, because the notation in the literature can be confusing. Our
definitions are in agreement with the definitions of Kac [58], Carter [25], the book of Chari
and Pressley on quantum groups [29] and the paper of Nirov and Razumov [77]. ®

Remark 3.6 (type 1). A representation V' of U,(g) is said to be of type 1, if the K; act
semisimply with eigenvalues which are integer powers of ¢ and C acts as the identity. In fact,
these are representations of the quotient of U,(g) by the ideal generated by C'Y/? — 1, which
is the quantum loop algebra U,(L(g)). Conversely, any finite dimensional representation
can be obtained by twisting with certain algebra automorphisms (cf. [29] Prop. 12.2.3).
Thus, we can only consider finite dimensional (type 1) representations of U,(L(g)) as
stated above. ©

Similar to the Yangian one has a one-parameter group of automorphisms 7,, a € C*, of
Uy(§) given by
Ta(Xiﬁ) = aTXij;, To(His) = a*H; s, Ta(lCiﬂ) = ICEH, Ta(Cilﬂ) = C*1/2, (3.3)
If g is of type A there is also an evaluation homomorphism ev,, a € C, due to Jimbo
(1986). Though, for n > 2 it takes values in U,(gl, ) instead of U,(sl,+1). Nevertheless,
regarding a finite dimensional type 1 representation of U, (sl,+1) as a type 1 representation
of U,(gl,,41), the pullback by ev, is well defined and again called evaluation representation
(cf. [29] 12.2.C). Furthermore, it can be stated that every finite-dimensional irreducible
type 1 representation of U, (5~[n+1) is isomorphic to a subquotient of a tensor product of
evaluation representations (cf. [29] Corr. 12.2.14).
To close this part, we cite the last remark in Chapter 12.2 in [29], which explains the

similarity between the representation theory of the Yangians and quantum loop algebras.

Remark 3.7. The close similarity of the representation theory of the Yangians and
quantum loop algebras can be described by an observation due to Drinfeld (1987) (see [35]
at the end of Section 6). Let Uy(L(g)) be the algebra generated by the elements H;,, X7,
fori=1,...,n, r € Z with defining relations as in Definition 3.4, but with q replaced by
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e, K; by eh™io and C1/2 by 1. Let ¢ be the map Uy(L(g)) 2=% U(L(g)) “=% U(g) and
A be the C[[h]]-subalgebra of U,(L(g)) @cry C((h)) generated by Uy(L(g)) and h™" ker(p).
Then, A/JhA=Y(g). ®

Moreover, there is a general theorem which gives an equivalence of categories between
finite dimensional representations of Yangians and of quantum affine algebras described
in [43].

3.3. Graphical notation

Let V be a n + 1 dimensional complex vector space. We represent V' graphically by an
oriented line. An operator O € End(V) is associated with a symbol, for instance a point,
on the line. Let [v) € V and A, B € End(V), then A - B|v) is depicted in Figure 1.

A ®
° ° > VD>

Figure 1: The product A - B of two operators acting on the vector |v).

We can interpret V' as a fundamental representation of the Yangian Y (sl,+1) by using
the evaluation homomorphism ev, : Y (g) — U(g) and defining V =V (a) = eviV 7 (see
Remark 3.3) where V' is the fundamental representation of g to the fundamental weight
wy. Of course, any other fundamental weight w;, i = 1,...,n, can be taken equivalently.®
Using the automorphism 7, (see Proposition 3.2) we can define a family of (fundamental)
representations with spectral parameter A € C with it, i.e. V(A) := 75(V) the pullback
of V' by 7). This can be done for any g, but in general we don’t have an evaluation
homomorphism. A representation V' of g can still be lifted, but the ambiguity of defining
an origin (such as the pullback ev{(V) = V(0) of V at 0 € C) remains (see [29] Thm.
12.5.3). Thus, we may identify the rational R-matrix (my ) @ my(w)(R) = R(A —p) €
End(V(A\) ® V(p)) with any positively oriented vertex between such oriented lines with
spectral parameters A and pu, respectively, where R is the (pseudo-)universal R-matrix
of the Yangian Y (g). Note that the orientation of the vertex is naturally induced by the

orientation of the lines (c.f. Figure 2).

A

R(-p) = A >
}A

Figure 2: The rational R-matrix.

"We use the sign = when we want to clarify that different notations refer to the same object.
8But the dimension of V can be different when i # 1, n.
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More generally, if V and W are arbitrary Y (g)-modules, we may represent them by
different lines and identify (my @7y )(R) = Ryw with any positive oriented vertex between
them. We thus obtain the Yang-Baxter equation (YBE) Ryv Ryw Rvw = Rvw Ruw Ruv
for arbitrary Y (g)-modules U, V and W. It is depicted in Figure 3.

Figure 3: The Yang-Baxter equation (YBE).

Let us also introduce the singlet, which we can use to connect a fundamental represen-
tation V; (black) with it’s dual (antifundamental) representation Vi (blue).” We denote it
by a cross. It is depicted in Figure 4 in the top left, whereas its dual vector is depicted in
the bottom left. Considering the tensor products between them, we obtain (n + 1)131’7i
and (n +1)P, (second and third picture from the left in Figure 4), where P/ 7 and Pp,
are the projectors onto the singlet in V; ® V1 and V1 ® V;, respectively.’ The third and
fourth picture in Figure 4 show (n 4+ 1)P 7P, and (n + 1)Pp Py 1, where in this case Py

is the permutation operator V, @ V, - V, ® V,: a®b— b® a.

RN NEY

Figure 4: The graphical representation of the singlet and its dual as well as the
different (tensor) products between them. These describe the projector
P~ onto the singlet up to the action of the permutation operator P.

To this end, let us remark that we use hooks to connect the opposite ends of a line (cf.
Section 3.6). It should be clear that a closed loop canonically corresponds to taking the
trace in the corresponding space - "a (closed) line with no open ends corresponds to a

constant".

90f course, a singlet in the tensor product of any representation with its dual can be used in this way.
10T his also fixes the normalization of the singlet.
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3.4. The rational R-matrix of type A,

Let g be the finite-dimensional simple Lie algebra of type A,, over C (i.e. g = sl,,1(C)) and
denote by I ={1,...,n} the set of vertices in its Dynkin diagram. Let w; (i € I) be the
set of fundamental weights and P = Z{w; : ¢ € I} be the (fundamental) weight lattice (as
in Section 3.1). We use the Khoroshkin-Tolstoy formula [11] [86] for the (pseudo-)universal
R-matrix of U,(§) and take the rational limit ¢ — 1 to define the rational R-matrix for

two fundamental representations V() and V' (u) with fundamental weight wy as in [14].

Definition 3.8 (the rational R-matrix). We obtain the rational R-matriz R(A — u) €
End(V(A) @ V(1))

_ (29— — 2
RO = LA P ) =—F((_"33)F(gi +)) (3.4)

where 1 is the identity and P is the permutation operator (P(a ®b) = b® a) by identifying
V(A) and V(i) as representations of U(g) <= Y(g). ®

In this sense, we may therefore just write V' instead of V() and in particular R €
End(V ® V'), whenever the spectral parameters of the corresponding lines are clear from
the context. Of course, since V() ® V(p) is an irreducible Y (g)-module for general A and
p, this definition coincides with the direct definition above through the (pseudo-)universal
R-matrix of the Yangian up to a scalar factor. To be more precise, let us close this part

with the following Remark on the scalar prefactor p(A).

Remark 3.9. The scalar prefactor p(X\) satisfies the functional relations

PN =1 ppln 1= 3) = S (35)

As stated above and in [1]], it can be regarded as a quasi-classical or rational limit ¢ — 1 of

the Khoroshkin—Tolstoy formula [11]. Alternatively, it can be obtained using the algebraic
structure of the Yangian double of sl,.1 [59] [60]. ®

3.5. The dual modules and crossing symmetry

To understand the explanations in the next two sections, it is essential to provide a good
understanding of the dual module V* (and *V') of V| where V' is assumed to be either
a representation of Y(g) or U,(g). So let A be either Y(g) or U,(g) and V be a finite
dimensional (type 1) representation of A. Since V' is a left module, the dual space V* is
obviously a right module. It can be made into a left module in two ways via the antipode S
as follows. We define the dual module V* to be the left module with the module operation
of a € A given by
(av|w) = (v|S(a)w), veV* weV,

where (-|-) is the dual pairing. For the other dual module *V we simply replace S
by S~ (cf. [77] for the case of U,(§)). Since the antipode S is an anti-automorphism
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of A, so is S7t. Thus V* and *V are left modules and we call V* and *V the dual
modules. Since the 7, given by (3.2) and (3.3) are Hopf algebra automorphisms, they
commute with the action of the antipode S, i.e. So7, = 7, 05. We can therefore
just write V*(A) = 7{(V*) = (7x(V)* = (V(N))* (and *V(A)). Now let R be the
(pseudo-)universal R-matrix of A.M Using (S ® id)(R) = R~! and the transposition map
t : End(V) — End(V*) defined for M € End(V) by

(M'v|w) = (v|Mw), veV* weV,
we come to the equation

(M) @ Ty () (R) = (Tva) @ Tyw)(R™HH, (3.6)

where t; = t ® id. Equations of the form (3.6) that include R, R~! and the transpositions
ty =t®1orty; =1®t are called crossing relations. They are obtained by using either
(S®id)(R) =R or (id®S™')(R) = R~! and the definition of the dual modules (cf. [77]).

However, in the case when A is the Yangian, g is of type A,, and V a representation
of g,'? there is another unique way to define a dual representation of V(\) = ev}(V).
Since the antipode of g ' is its own inverse, there is only one dual representation V*
of g and we can define V®()) = evi(V*). Note that this definition is different from
the definition above since ev, is not a Hopf algebra homomorphism. Using the relation
ev, 0S5 = Soev, ¢, where ¢ is the eigenvalue of the Casimir element of g 4'in the adjoint
representation, we find the relation VE(\) = V*(A — %) = *V(X 4 21), where we have
used that ¢ =2(n+ 1) for g = L(A,) = sl,.1.

On one side, for g = sly we have V* = V and therefore V#(\) = V(\) compared
to V*(A) 2 V(A +1) (and *V(A) = V(A —1)). On the other side, the square of the
antipode and 7, are related through S* = 7¢ in general. Thus we have V##(\) = V()),
V(A 2 V(A4 5) and V(X)) = V(A — §) for the double duals. Similarly, in the case
when A is the quantum affine algebra U,(g), we have S? = 7,c 0 Ad,« (cf. [77] Equation
(2.59)), where z = 2v7!(p), p = X1, w; and v is the isomorphism from g to g* by the
standard invariant bilinear form and therefore V**(\) = V(A¢°) and *V () = V(Ag™9).
If g = sly, we have V*(\) =& V(A¢?) (and *V(A\) = V(Mg ?)). Note that the spectral
parameters of the Yangian are additive, whereas the spectral parameters of the quantum
affine algebras are multiplicative in our definition. Hence, we can write down the following

Definition.

1 As the Yangian and the quantum affine algebras are not quasitriangular [29].

120f course, any representation of the Yangian is naturally a representation of g <= Y (g).

138(z) = —x, for all € g. To be precise, it extends to U(g). In situations where this is not important,
we will simply write g by abusing the fact that g < U (g) and the universal property of the universal
enveloping algebra.

141t is defined through the standard invariant bilinear form on g.
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Definition 3.10. Let V' be a finite dimensional (type 1) representation of Y (g) (respectively
U,(8)). Then, we denote by V® the unique dual representation of g <= Y (g) (respectively
Uy(g) < U,(g)) such that V¥ 2V as a representation of A. As we have seen above, it
is V=1 (V*) = T%*(*V) (respectively V® = T;,C/Q(V*) = T;Cﬂ(*V)). ®

4

Remark 3.11. In fact, from the point of view of the finite-dimensional representation
theory, V and V® are characterized by the loop weights with corresponding loop parameters
and their Drinfeld polynomials have the same roots (see [29] ch. 12). ®

Using this definition, we can define the crossing transforms of the R-matrix as follows.

Definition 3.12 (the crossing transforms). Let V' be a finite dimensional (type 1) rep-
resentation of Y (g) (respectively U,(g)). Let R be the (pseudo-)universal R-matriz of
Y(g) (respectively Uy(g)). Let R(A, ) = (my ) @ my))(R). Then we define the crossing

transforms of R as
R®(/\|,u) = (7TV®()\) & WV(N))(R) and R®®(/\|M) = (7TV()\) X 7TV®(,u))<R)' (37)
In the case of the Yangian we have

R®()\|,u) = R®(/\ — ,u) = (7TV®()\) ® WV(M))(R) = (71'\/()\_2) & WV(M))(R_I)tl and
R (Ap) = R¥ (X — p) = (my(n © mve ) (R) = (v © Ty (use)) (R,

In the quantum affine case we get

R®()\|,u) = R®(/\/[L) = (7?\/@()\) & Wv(u))('R) = (7TV(>\q7c/2) ® Wv(#))(R_l)tl and
RE () = B (M) = (myiy @ 7o) (R) = (myiy @ Ty (R 6

Note that there are only two crossing transforms in this case since V®® = V.

Definition 3.13 (charge conjugation operator). Let V' be an irreducible finite dimensional
(type 1) representation of Y (g) (respectively U,(g)). Let e;, i =0,...,m, be an ordered
basis of V' such that e; is a weight vector of weight \; > \;y1. Then we define the charge
conjugation operator C' = C~* € End(V) by mapping e; to e,_;, i.e. reversing the order
of the basis. For instance if V' is the fist fundamental representation and g of type A, the
highest weight vector ey of weight wy is mapped to the lowest weight vector e, of weight

—wn and vice versa. On its dual space V* the dual basis ef =: €' ((e}|e;) = 0% *°) of weight

—Xi < —Aiy1 is mapped to eX_, =¢e"' 1 =0,...,n. Then we have again an ordered basis
g = Cel = e ., = e" ' such that ey is the highest and €, is the lowest weight vector of

weight w,, and —wy, respectively. However, by abuse of notation we will use the same

symbol C in any case. ®

155 is the dual map or dual pairing as above.
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Finally, we can define the (rational) R-matrix acting on the tensor product of fundamental
and antifundamental representations of sl,; < Y(sl,,) using its crossing transforms

and the charge conjugation operator.

Definition 3.14 (R-matrix for fundamental and antifundamental representations). Let
g :=sl,11 and V be the fundamental representation of g with highest weight wy. Taking
into account the fact that highest weight vectors are mapped to lowest weight vectors for
the dual representations, we use the charge conjugation operator C' to define the R-matrix
acting on the tensor products of fundamental and antifundamental representations via its

crossing transforms (Definition 8.12) similar to [14], i.e. a change of basis.’®

n+1

ROV = (10 C)R* (N1 00 = (1 C) (R(—)\ _

)>t2 (1®C™") and

RO = (Co DR M(C @) = (C o) (R-A- "1

))tl C'®l1). ©

Using this definition and the explicit form of the rational R-matrix in Definition 3.4, we

get the expression

RO = P ((A+”;1)1_é®é):3(x>, (3.8)

where p(A) = p(A + 257 C'is the morphism from either V@ V* - Cor C = V* @V
obtained from C by the natural isomorphism ~. As for C', by abuse of notation, we use
the same symbol C for the morphisms from V* @ V — C and C — V ® V* such that
C®C e End(V ®V*) or End(V*® V). Note that R and R can’t be equal as operators,
since they act on different spaces, but the operators 1 (identity) and C @ C are defined
on either V ® V* or V* ® V as explained.!” Note also that the spectral parameters are
slightly shifted compared to [14].

Remark 3.15. In the following, when V is a fundamental representation with highest
weight wy, we will correspondingly write V instead of V® to keep the notation short.
Moreover, we will use a bar to index antifundamental spaces. Let’s assume for instance
that the R-matriz acts on fundamental spaces indexed by 1 and 2, i.e. R = Ry5. Then
we write R = Ry3 and R = éig. This fits to our graphical notation for the singlet in
Section 3.3, however, when we talk about representations of the Yangian Y (sl,), we should
emphasize that these singlets only exist in the tensor products V(A) @ V(A + *£L) and
VA QV(N+ ”T“) Having this in mind, we can justify omitting spectral parameters and

mostly treat singlets similar to the singlets in the Lie algebra sl,,.

16Note that we take the same definition as in [14] here, such that a change of sign of the spectral parameter
corresponds to choosing the opposite coproduct for the Hopf algebra structure. In practice this is not a
problem as long as we stick to one definition. We refer the reader to the book [29] for the details.

1"Precisely speaking, we use the fact that the maps 1 and C are functors on appropriate categories
such that R()\) and R()\) are given in terms of the same (endo)functors, but evaluated on different
objects.



3 (eneral definitions 22

3.6. The reduced density matrix of the rational sl -invariant model

Using the rational R-matrix (3.4) and our graphical notation, we can define the partition
function of the rational sl 1-invariant model and its reduced density matrix D.

Let the rational sl,, | vertex model be defined on a lattice of the size L x M. As we
are interested in the thermodynamic limit when L, M — oo, we may consider periodic
boundary conditions and an even number of horizontal lines M = 2N, i.e. our model is
defined on the square lattice with vertices on the torus Ty oy = Z/L x Z/2N.

We can now define the partition function of the model by giving every horizontal
and vertical line of the lattice an orientation and a spectral parameter, i.e. we fix the
representation V() corresponding to a line by making use of our graphical notation defined
above. Then, the partition function is graphically represented by the lattice itself with
oriented horizontal and vertical lines and corresponding spectral parameters. Let’s now
fix one orientation for the vertical lines, let’s say "up', and introduce a staggering for the
orientation of the horizontal lines. This is useful for the definition of temperature and the
correspondence to the density operator p = exp(—Hp /T) of the SU(n + 1) spin chain with
periodic boundary conditions (p.b.c.) in the limit N — oo. To be more precise, we define
the monodromy matrices T,.12.. 1(A; (14:)F) = Rop(A — pz) -+ - Rao(A — p2) Raa (X — p11)
and Ta;l,z,...,L()\; (Hz)f) = (Ta;l,Q,...,L)_l()\; (Mz)f) = Rl,a(#l - )\)RQ,a(Mz - )\) s RL,a(ML —)\)
and leave away the second set of lower indices whenever it is clear from the context (see

Figure 5).

'I:,L<7L|gm>§)=a;7‘T T T T R

Ta ) = < T T T T .

ML M4 Mz M

Figure 5: The monodromy matrices T, (\; (11;)%) and To(X; () F).

Then, the row to row transfer matrices ¢ and ¢ are defined through the traces of the
monodromy matrices t(; (1:)7) = tra(Tu(X; (1:)7)) and €(X; (3)7) = tra(Ta(A; ()7))
over the auxiliary space a. This is how the spaces corresponding to the horizontal lines are
called, whereas the spaces corresponding to vertical lines are called the quantum space.

Setting the parameters u;, ¢ = 1,..., L, of the vertical lines to zero and the parameters for
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the N horizontal lines pointing towards the right (resp. left) to % (resp. —%) we have

exv (-11) = i (1 (- 53 )7 <2€V>>N

in operator norm on the space V®L, where H}, is the Hamiltonian of the SU(n + 1) spin
chain of length L with p.b.c. and 8 = 1/T the inverse temperature.'® In this case we omit
writing the dependence on the u; = 0,7 =1,..., L. The partition function of the model is
depicted in Figure 6, where we introduce hooks to show that a line forms a closed loop,

i.e. we take the trace over the corresponding space.

# A A A

-
Z/V (/Z/V ............................ >

Z/V-;' ——————— >

Figure 6: The partition function of the L x 2NN staggered vertex model.

It is the trace over the spaces 1,..., L of the product of the transfer matrices

Zion () =ty [(t <—£V) i <£V>>N] |

Note that in the limit N — oo we obtain the partition function of the SU(n + 1) spin
chain Z.,(f) = try__plexp(—SHL)].

181t is called the "Trotter formula" for the statistical operator. When n = 1 we have Hy, = Hx**X | the
Hamiltonian of the XXX spin chain.
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Definition 3.16. Let N > m < L and consider the observables O € End(V®™). We define
the inhomogeneous (reduced) density matriz Dy, (pi1, .. ., i) € (End(VE™))* by

Do -+ ) (0) = ZszlN(ﬁ)

g g !
Ol,...,m <t <_2]V;Mm7"‘7ula0)"'70> 13 <2N7Mmuyl$1,07=0>> ] ’ (39>

where we identify O € End(V®™) with Oy, € End(V®L) by

X

tri .1

End(V®™) <25 End(VE) : O+ Oy, = O @ 1907™),

and 1 € End(V') is the identity operator. ©

Remark 3.17. Using the periodicity, it should be clear that every observable O € End(V®F)
that acts non trivially only on a segment VE™ of length m < L can be identified with
an element O € End(V®™). In this sense, we have a morphism D which represents the

(inhomogeneous) density matriz for every m € N via

End(V®) & End(VE) : O 0y, =018 v E <.
It is the unique morphism defined on the direct limit @End(V®m).19
We write D =: @Dm,go and call it the (inhomogeneous) reduced density matriz.
We should also emphasize that it is well defined in the inhomogeneous case only because
of the translational invariance of the R-matriz.?! We will later call it the left-right reduction
property of D,,. By abuse of notation, we will sometimes use the term ’reduced density

matriz’ when referring to D,, or correlation functions in general. ®

Remark 3.18. Note that we choose the numbering of the parameters p;, 1 = 1,...,m,
from right to left as in [1}]. This is of course a matter of taste but it may be easier to
have a corresponding notation. We also choose the numbering of the spaces according
to the parameters from right to left. However, setting the parameters p;, i = 1,...,m,
to zero we obtain the reduced density matriz D,, of the L x 2N staggered vertex model
with temperature T (cf. Figure 7). Furthermore, by abuse of notation we may also write
Dy (1, .oy i) @0 any of the limits N — oo, L — oo, T — 0 and call it the (generalised)

reduced density matriz of the rational sl,, invariant model. ®

Let us now provide a way to derive the reduced qKZ equations on the infinite lattice
(L, N — o0). We put the upper index (0) if we refer to the usual density matrix D,, = D)
and introduce an additional density matrix D{)) where the vertical line with parameter i

is replaced by an antifundamental line with the same parameter. It is depicted in Figure

YPrecisely speaking, we should replace End(V®™) with End(V®%) for all m > L in the case when L is
kept finite.

20We will oftentimes omit writing the dependence on the spectral parameters to keep the notation short.

211.e. the R-matrix is of difference type.
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8. In the finite lattice case, we obtain the difference equations derived in the Appendix

of [14]. They are given by

DO (Bj, 2y - -+ | Bry -5 B Bry - -+, Bw) (A%z ,,,,, (Bl fm) (Xi,z,...,m)) =
Dn}b)(ﬂj - 71-2#1’“2’ ces 7,Um‘51a cee aﬁN?Bb S ,BN) (XT,Z,...,m> and (3-10)
Dn}b)(_ja/% e HmlBr B B 7BN) (A%p ,,,,, m(6j|ﬂ2> ce fhm) (le)) -
D= "% st B B ) (Ko ) (3.11)

in general, where the N horizontal lines pointing towards the left have the spectral
parameters (3;, j = 1,..., N, and the N horizontal lines pointing towards the right** are
replaced by antifundamental lines with parameters B_j = %1 — B; pointing towards the left
by means of the crossing symmetry (Section 3.5). Setting 5; to % we come back to the
density matrices D and DM for the temperature T = % with homogeneous horizontal
parameters as defined above. Taking the limits 7" — 0 and N, L — oo carefully, we
obtain true difference equations usually referred to as the reduced qKZ equation (cf. [65]
and [14]).2% A precise definition of the operators A and A® is given in the Appendix A.

For the discussion of the limits we refer to the paper [14].

A A A A A A
Z/V-4 < ﬂ >
Zin
1 < >
A
.. NV
D ( )_4—)( /AW\. /A'W\.—4 fAZ /A‘f
m/A'fl...}/Am - Z
A A A A
B
2y LN >
\ v \ \ v \
™ m—1 2 1 L m+1
Figure 7: The reduced density matrix D,, = DY of the L x 2N staggered vertex
model.
22with spectral parameters —3;, j =1,..., N,

23In this situation, we normalize our R-matrix by the partition function per lattice site. Consequently, we
have Zpx2n(0) = 1 as stated in the introduction.
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A A A A A A
Z/V.4 < >
Bin
41 = >
Biv

D:'L)(/M,...,/Am):;—«,)( Mo, /A'm-'i '//‘z M

\ 4

! ! v \

m m-4 2 :1 L m+4

Figure 8: The reduced density matrix D'V of the L x 2N staggered vertex model.
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4. The construction for sl

Now, having introduced our graphical notation and established our interest in the reduced
density matrix, we are in a position to review the construction in the paper [15]. Tt is
based on the fact that the density matrix D,, satisfies a certain difference equation in
the infinite lattice limit, the reduced quantum Knizhnik-Zamolodchikov (rqKZ) equation.

Furthermore, the reduced density matrix D satisfies a list of properties [54].

4.1. The construction of the residues and the projector identity

We write the indices 1,..., m whenever we need to clarify the corresponding spaces for D,
ie. Dy =D .

Proposition 4.1. The functional D,, % possesses the following properties:
1. D,, is invariant under the action of sls.

2. D,, satisfies the R-matriz relations

Dl,...,i—i—l,i,...,m()\la s 7/\i+17 )\i7 teey >\m) =
Ri+1,i<)\i+1,i)Dl,.‘.,m()\la R )\m)Ri,i+l<)\i,i+1)'

3. Dy, has the left-right reduction property

trl(Dl,...,m()\ly ey )\m)) = DQ,...,m(/\2> ey >\m)
trm(Dl,...,m()\b BRI )\m)) = Dl,...,m—l()\la BRI Am—l)
for allm € N, where Dy m-1(A1, ..., A1) =1 form = 1.

4. The rqKZ equation

Dl,...,m(>\1 - 1, )\27 ey )\m) — AI,I\Z,..‘,m<)\1‘)\27 PN 7)‘m)(Di,2,...,m<)\17 )\27 PN 7)\m))

5. D1 m(A, ..., Ap) is meromorphic in Ay, . .., Ay, with at most simple poles at \;—\; €

Z\{0, £1}.

6. Forall) <6 < 7:

. 1
)\}lgloo Dy Ay Am) = 511D2,...7m()\27 ce Am)s
A1ESs

where S5 == {\ € C|§ < |arg(\)| <7 —d}. ©

24Using the transposition isomorphism End(V®™)* = End(V®™) we identify D,, : End(V®™) — C for
any m € N (cf. Definition 3.16) with an element in End(V®™).
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To keep the notation short we omit the indices 2,...,m and write Az ;(Ai|X2, ..., An)
instead of Agqj5 _n(A1|A2, ..., Ap) from now on. Aj;(Ai|As, ..., Ap) is given by either
Ag{%()\l\)\z, ey Am) O Agi()\ﬂ)\g, ..., Am) in the Appendix A. It simplifies in the case of
sly because the fundamental and antifundamental representations are isomorphic (V' = V).
Ay 1(A1]Ag, ..., Ap) is depicted in Figure 9, where the cross on the bottom right stands for
the operator —2P P~ with P~ being the projector onto the singlet in V3(A1) ® V(A — 1).
Identifying V' ()\;) and V(A\; — 1) as representations of U(g) <= Y (g) as above, we have
—2PP~ = 2P, which is how we define any other vertex with a cross that doesn’t

interchange the spectral parameters of the horizontal and vertical line.?

Aﬁ

Figure 9: The graphical representation of the operator A, 1 which appears in the
rqKZ equation (Property 4 above).

The analytic Properties 5 and 6 in Proposition 4.1 are obtained from an integral formula
constructed in [54] and [69]. They are derived in the Appendix B of [15].

Remark 4.2.

« Due to p(N)p(—=A) = 1 and p(A — 1)p(X) = =525 the coefficients in 2 and 4 in
Proposition 4.1 are rational.

o D1 m(A1,..o M) is translational invariant

o Di (A1, M) fulfils the spin conservation rule
[Dl .... m()\lu . ,)\m)]iiz = 0 Zf ml(e) 7é ma (E),

where the components of D are given by

[Dl 7777 m(>\17 Cee )\m)]él...ém = D1 m()\la RN Am) ((Eelgl)l e (Ee Em)m> s

€1...6m L
E_ % =e., ® e and my(e) is the number of €;, i =1,...,m, with ¢ = 1.

e 1 - 0in Proposition 4.1 determine D,, completely (see [15]).

25In other words it doesn’t change the orientation of the outgoing lines.
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7. From 2, 3, 4 and b, the analyticity of D,, at A\ = Xo, in Proposition 4.1, we obtain

P1_2D1 2 m()\ - ]_, )\, ey )\n) = P1_2_D377m(>\37 ey An)7

ghyaany

where (P)? = P is the projector onto the singlet. ©

As D,, is meromorphic in A\; with at most simple poles, it is completely determined by

its residues and asymptotic behaviour. Using the rqKZ equation repeatedly, a relation of

the form
Al,j£§?k+1)D1""’m(A1’ ] /\m) =
wAig) g R
Ald:ri?k+l) {:Fl - )\%7JX ()\17 Y )\m) (Dm_Q()\Q’ A 7A]) . e 7)\m)) (4-1>

for the residues of Dy, (A1,..., Am) is proven in [15], where f‘lj(_’\i/\li’jj)z[l’ﬂ(/\l, cey Am) 8
a single meromorphic function.?® Furthermore, the asymptotics of D,, were calculated
such that a reduction relation for the reduced density matrix could be obtained using
Liouville’s theorem. Let us derive Equation (4.1) in our notation. Using the R-matrix
relations 2 in Proposition 4.1 we can suppose 7 = 2. Then, by applying the rqKZ equation
4 in Proposition 4.1 repeatedly, Dy (A —k — 1, Ag, ..., A;y) can be expressed in terms

of several A’s with shifted arguments acting on Dy (A1 — 1, Ag, ..., Apy)

Di Oy ) = Dio m—(E+1),Masei ) =
Sy DA An) = 168 DagnOa = (R4 1), Az A

)\fg§\2{AI;7b()\1 — ]{7’)\2, cey >\m) s Aa,t‘z()\l — 1’)\2, cey )\m)Da72’...,m()\1 — 1, )\2, e )\m)},
(4.2)

where the indices are a = b =1 if k is even and @ = 1 = b when k is odd setting I1:=1
Finally, one uses the projector identity 7 in Remark 4.2 to see that D3 (s, .., Ay) can
be pulled out of the residue as it doesn’t depend on A5 =@ Ay — Ay. This is only possible,
because the residue of A,5(A1 — 1A, ..., Am) at Ay = Ay contains the projector P, just

at the right position, i.e., we can apply the projector identity 7 in Remark 4.2. We obtain
es  Di (A, ) =
)\1:/\1;—(k+1) 1oom(1 )
)\I‘e%\ {Al_),b()‘l — k‘|>\2, ey )\m) tet Aa,a(/\l — 1|>\2, ey )\n)}D3,...,m(/\37 ey )\m)
1=A2

and see that the product AfSSAZ{AE’bO\l — kAo Am) - Aga(N — 1 Ae, ..o, )} s one
(quite unhandy) expression for the operator X; which we call ’Snail Operator’. Suppose
for simplicity k& = 2, then we apply the rqKZ equation two times (Figure 10). Taking the
residue at A\ = Ao, Ri2(A\ — Ay — 1) in the red circle (Figure 10) reduces to 2P, up to a

scalar prefactor.

26We use the short hand notation \;; := \; — ;.
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Figure 10: Applying the rqKZ equation two times.

As a consequence, we can apply the projector identity 7 in Remark 4.2 to obtain the

result in Figure 1

1727

where we have split the operator 2P}, into the tensor product of a

singlet in V; ® V5 (a cross with two ingoing lines) and its dual in V}* ® V5 (a cross with

two outgoing lines), respectively.?® The operator in the box with the dashed red line

(multiplied by the scalar prefactor) is the Snail Operator for sly and k& = 2 loops.

Figure 11:

A A A A

: d

< >

71 > Az
N
A A Ny My Ny A
A A A
< >

vV vV vV vV vV

The Snail Operator with two loops (k = 2). Note that it is only defined
in terms of the limit A\; — Ay — 1 of (A} — Ay + 1) times Figure 10.

Due to the fact that we have projectors in the last two loops and the spectral parameters

of successive lines differ by exactly one, the Snail Operator can be further simplified by

applying identities similar to the identities in Figure 12. Note that we omit the prefactor

of the R-matrix in this figure, i.e. taking the numerical R-matrix () := A + P instead of

R()\). The arguments of the r’s are written next to the vertices.

2"To be precise, Figure 11 has to be understood as the limit A\; = Ay — 1 of (A — A2 + 1) times Figure 10.
28The sly case of the definition in Section 3.3
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Figure 12: Two identities for the numerical R-matrix r(\) = X + P.

In general, it was shown in [15] that the & loops of the Snail Operator fuse to a single
irreducible representation of the Yangian, the Kirillov—Reshetikhin module Wj. As a
representation of sly it is just the irreducible spin-k/2 representation. This was proven
in a combinatoric way. As we are going to investigate the generalisation for higher rank,
we shall explain the algebraic structure behind this in the next subsection. However, the
projector identity 7 in Remark 4.2 is the key identity which was used to reduce D,, to
D,,_o such that it can be pulled out of the residue. Therefore, let us try to understand
it graphically. After applying the first part of the rqKZ equation once, we set \; = Ay,
use the fact that R(0) = P (Figure 13 inside the red circles) and use the YBE to pull the

second line out to the left (long green arrows in Figure 13).

A A . A A A A A A A . A A A A .. A

A

A
\Y
A
\Y

»
WO

o, g N3 7L><7L—4 T, Pl Nz AN A

el | b
JJ\IJJ\V v\...v\]\l \...v

Figure 13: After applying the rqKZ equation once, the second vertical line is pulled
out towards the left along the long green arrows using the YBE. For the
first line, the two projectors P~ are split up into the tensor product of
two singlets, respectively (Figure 14 on the left).

A

v
\ 4

After that, we split up the two operators 2P~ (the two crosses in Figure 13) into the
tensor product of a singlet and its dual. The result is shown in Figure 14 on the left.
Finally, the singlet and its dual on the straight lines cancel out, as they are now considered

as mappings from V* to V and V to V*, respectively.? Of course, they correspond to the

29This is only well defined because of the analyticity of D,, at A\ = Aa.
30The singlet is considered as a mapping from *V to V in this case. In general it relates either *V and V
or V* and V. Similarly for its dual.
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different ways of interpreting the charge conjugation operator C', having the isomorphism
V 2V for sly in mind. Using the left-right reduction, Property 3 in Proposition 4.1, we
obtain the result on the right in Figure 14.

A A A | A A A A A A A A .. A

A
\Y
A

A
\
A

A

o, g Az A N - o, oA Nz A A

RS IR

‘JJJJ :N...\ JJJ \...v

Figure 14: The two singlets on the vertical line cancel. Then, by applying the
left-right reduction (Property 3) for the two additional vertical lines,
the result on the right is obtained.

v

>
A

4.2. T-systems and the Snail Operator X

Let us now turn back to the discussion of the Snail Operator X, in the special case of sls.
As the general case will be described in Section 5.2 in complete detail, we intend to provide
a first explanation of the quite surprising simplification that was proven in [15]. It can be
stated in the following way: "In the tensor product of the £ fundamental representations
that appear in the Snail Operator with & loops, all but one irreducible representation cancel
out.The Kirillov—Reshetikhin module W}, which is the spin-k/2 irreducible representation
of sly <= Y (sly)."

As was discussed in Section 3.3, where we introduced our graphical notation, every
line is associated with a fundamental representation of the Yangian Y(sly). Drawing
the Snail Operator in a slightly less compact way by not splitting up the projector P~
we can propose that it has k closed loops (Figure 15). Again, since the R-matrix R(\)
has a simple pole at A = 1, Figure 15 is only understood in terms of the residue at
A1 = A2 — k — 1. As above, we multiply it by the scalar prefactor obtained from R(\)
in the limit A — —1. However, we explain how Figure 15 can be made into a precise
definition in a moment. The fundamental representations of the successive lines (loops) in
the Snail Operator are obtained by pulling back the spin-1/2 fundamental representation
V =V of sl, by evy_y, L =1,..., k. It is called the spin-1/2 evaluation representation
V(X = 1) to the loop parameter a = A — [ € C. Generally, we define the spin-k/2
evaluation representation V*)(a) of Y (sly) to the loop parameter a € C as the pullback of
V® by ev, (V®(a) = evi V®) where V¥ is the spin-k/2 irreducible representation of
sly. Tt is closely related to the definition of the Kirillov—Reshetikhin module W %) (a). We



4 The construction for sl 33

have W™ (a) .= V™ (a+ 1(k—1)). Therefore, V = VO -1) = WON-1),1=1,... K,

are the fundamental representations of the successive lines.

A n-4
n-4 n-2 n-2

L

Figure 15: The Snail Operator with k& loops depicted in two equivalent ways. Note
that is only understood in terms of the residue at A :== Ay = \y + k + 1.

Looking at the right side in Figure 15, we use the identity A; = try, (AaPai), A €
End(V}), to write the Snail Operator as the residue at A = Ay of the product of the

monodromy matrices

Ta,;2,3,...,2m—1()\ —l; A9, A3, 7)\m) =
tra{Ta;Q,?),...,m()\ - lv )\27 )‘37 HR )\m)Ta;mel,meZ,...,m+1 (>\ - la )\27 )‘37 HLI )\m>Ra,al(O)}

multiplied by the operator

— k - - . .. - -
m27a1,--~7ak,1 =2 Pal,ZPag,al Pak,ak,lpl,ozk

and contracted over the spaces 2, aq,...,a,. Note that we used the projector identity
(P, 2)* = P, 5 to be able to introduce the operator 93 and the identity P, q, = Raq,(0) to
define the monodromy matrices nicely in terms of a product of R-matrices. In fact, the
operator 98 turns out to be the projector onto the Kirillov-Reshetikhin module W ®)())
in the tensor product of the spaces aq, ..., a; times the singlet in the tensor product of
two spin 1 representations built from the spaces V; @ V| and V5 ® V5 when acting on the
R-matrices on the vertical line with spectral parameter A\.3! Here, we identified V; ® V;
with V; ® Vi* = End(V;) using the dual of the singlet in V;* ® (V1)* and similarly for V5.
Let us explain the representation theory behind this.

In the category of finite dimensional representations of the Yangian Y (sly) we consider
tensor products of the fundamental (evaluation) representations. Now, the main observation
is due to Chari and Pressley (1991) (cf. [28] Proposition 4.9) for U,(sly), which can be
translated for Y (sly) using the equivalence of representations for Yangians and quantum

affine algebras explained at the end of Section 3.2. The statement is as follows.

313 itself has rank 2, but it is further reduced to k + 1 due to the fusion properties of the R-matrices.
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Proposition 4.3 (special position). The tensor product V = W® (a) @ WO (b) of
Kirillov-Reshetikhin modules has a unique proper subrepresentation W iff there is a
0 < p < min{k, 1} such thatb—a =1+ (% —p+ 1). In this case the modules W®*)(a)

and W(l)(b) are said to be in spectal position. We have the short exact sequence
W — WH® (a) @ WO(b) — V/W,
where the composition factors W and V/W are irreducible. They are given as follows.
1. Ifb—a=k—p+1, we have

W= WEP ) @ WEP (b +p),
VIW2We e+ k—p+ 1)@ WETPH (G — f4p—1). (4.3)

As a representation of sls,

W a2 1/ (k+=2p) D / (k+i=2p—2) DD V/ (Im=nl)

2. Ifb—a=—l+p—1, we have

W2 Web(q - k) @ W=+t (p),
V/W = WP (a4 p) @ WP (b). (4.4)

As a representation of sls,

W V(k-i-l) D V(k-i-l—?) DD V(m+n—2p+2). ®

Using this proposition, we see that neighbouring lines in the Snail Operator are in
special position with respect to each other. As we can forget about the spectral parameter
of any trivial representation C = W (a) = W we can write the short exact sequence

between two successive lines as
WO WO - 1)@ W) = WO - 1).

Considering a partition of unity with the respective projectors onto the composition factors
in the Snail Operator, the projector onto W cancels out. It can easily be checked by
using the identities in Figure 12. Now, writing only the irreducible composition factors of
the possible short exact sequences in Proposition 4.3, we get equations in the Grothendieck
ring, the T-systems. Usually it is referred to the case when k = [, where we have the
T-system [72]

WEX = DWW = [WEDO = DIWE D] + 1, (4.5)
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which is oftentimes written in terms of transfer matrices with the respective representations

in the auxiliary space [52]. Using this equation, one can derive the T-system 32

WON=K)WHN=-k+1)]=[WHEDN-E)]+ WEDN-k+2)], (4.6)

which appears in the Snail Operator in its successive lines. In fact, it was proven that the
second component (in Equation (4.6)) cancels out in every step, similar to the case k =1
above [15]. Therefore, only the Kirillov-Reshetikhin module W®*) remains in the Snail

Operator with k loops.

Furthermore, it is possible to analytically continue the definition of the operator X

with respect to k € C. This is done in the paper [15] by defining a trace function
Tr, : U(sly) ® Clz] — Clz]
such that we have for any non negative integer k
Trp1(A) = trywm 7% (A) (4 € U(sly)).

The analytical continuation is then defined roughly by replacing the R-matrices in the
definition above by L-operators and applying the trace function. The exact details are
described in the paper [15]. Since it is defined through a separate algebraic construction,
we stop our review here and comment on it later when we discuss the higher rank case.
Anyhow, the generalisation we present is not of Kirillov—Reshetikhin type for higher rank.

In fact, we will see that it is a certain minimal snake module [74].

32Equivalently, we can choose [ = 1 in proposition 4.3.
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5. The construction for higher rank

Having outlined the construction in the sly (rank 1) case, we are now prepared to discuss
our generalization to higher rank. For the basic construction we focus especially on the sl;3
(rank 2) case, as we can use the results of the paper [14] to explain how some residues can
already be calculated. At the end of Section 5.1, we discuss the difficulties that emerge
for rank n > 2. Nevertheless, the representation-theoretical explanation in Section 5.2

concerning the Snail Operator Xj covers the general (rank n) case.

5.1. Projector identities and the construction of the residues for sl

Let us start with the generalisation of the properties of the reduced density matrix D.

Properties 5.1. Analogous to the sly case, D,, = D1, fulfills the following properties.

.....

1. D,, is invariant under the action of sl,,1.

2. The R-matriz relations

Dl ..... i+1,4,..., m()\la"'7)\i+17>\i7"'7)\m):
RiJrl,i()\iJrl,i)Dl ..... m(>\17 ) An)Ri,iJrl()\i,iJrl)'

3. The left-right reduction property

n+1
D%Q) ..... m()\l - 9 7)\27 a>\m) =
A Ol AR) (D1 (A, Aay o A)) o=
tri(Rim(A — Am) - - Rio(A1 — A2) Do (A1, Agy ooy A)
(n+ 1)P1}R21()\2 = A1) Ry (Am — A1), (5.1)
n+1
D1,2 ..... m()\l_TvA%”'a)\m) -
Ag?;|2 77777 e, A (DY) (A A) =
601 (R (M = Am) - Ria(h = A2) DY) (A, Aay oo, )
(n+ VP Rarh = M) Bt (n = ). (52)

In contrast to the sly case, the fundamental and the antifundamental representation
are not isomorphic. This has the consequence that the rqKZ equation splits into two

parts. Combining them, we obtain a closed equation for D,, of difference type. ®
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To keep the notation short we omit the indices 2,...,m and write A&)(Al\)\g, ce Am)
respectively A%?i()\ﬂ)\g, ..oy Ap) from now on. Agf%()\ll)\z, .oy Am) and A%(Aﬂ/\g, cey Am)
are depicted in Figure 16, where the crosses in the bottom right stand for the operator
(n+ 1)PP~ as explained in Section 3.3.

-V e |
-t 1t Tt
- 4 4
| |

>

A(ﬂ)

A

A
|

Figure 16: The graphical representation of the operators Agl% and A% which appear
in the first and the second part of the rqKZ equation Property 4.

|-
-
1e
s

A complete derivation of the rqKZ equation in the general case of an untwisted quantum
affine algebra is given in the paper [65]. Of course, this does not directly cover the case of
the Yangian, but it can be seen as a limiting case as explained in Remark 3.7. In terms of

representation theory it is explained in [43].

Remark 5.2.

o Duetop(N)p(—=A) =1 and p(N)p(n+1—-X) = —% the coefficients in Propertys

2 and 4 are rational.

o D1 m(A,..., An) is translationally invariant

Dl,...,m()\l + U, ... 7)\m + U) = Dl,...,m<)\17 RN 7)\m)

o Di (A1, Am) fulfils the colour conservation rule

[Dy,..m(A, ... ,Am)]gl“'gm =0 ¢ Jke{l,....n} mg(e) # my(€)

€1...€m

where the components of D are given by

Dy, AT = Dy s A) (B ™)1 (B, ™))

€1...€m
E_ % =e, ®e" and my(e) is the number of €, i =1,...,m, with ¢, = k. ®

Similarly, we have a conjecture for the analytic properties of D (see below). We expect
that they can be proven in the same way as for the sly case, using integral formulas
obtained from the vertex operator approach in the massive regime and considering the
limit ¢ — 1. Generally, one could use the results in the papers [70] [41] [68]. For now, we

will assume them to be correct and leave a complete proof open to future work.
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Conjecture 5.3. The analytic properties of D are as follows.

5. Di,.. . 18 meromorphic in Ay, ..., A, with at most simple poles
at >\z - )\j S Z\{O, ﬂ:l, R ,:l:’I’L}

6. VO < ) < T
li D ()\ A ) = 1,.D ()\ A )
1m Ce Ce
AL 1,...m\N\1, sy \m n 1 14872, m\N\2, sy Am )y
A ESs

where S5 = {\ € C|0 < |arg(\)| <7 —4d}. ®

Looking at the results in the paper [14], we can verify that they are satisfied in the case

of sl for the one, two, and three site density matrix (m < 3).

Finally, we need an analogue of the projector identity 7 in Remark 4.2 which was the key
identity to be able to decouple the Snail Operator from the density matrix. Fortunately,
it naturally generalises to higher rank as follows. When considering the tensor product
of two (anti)fundamental representations, a singlet can only be produced when a pair of
fundamental and antifundamental representations is tensored. Therefore, we have to start
with D™ in the general case. Looking at D, we can at best hope for identities that include

projectors which appear in the tensor product of two fundamental representations of s, .
Corollary 5.4.

7. Using again the Properties 2, 3, 4 and the analyticity of D,, at A\ = Ao, we obtain

n+1

_a
PLDYS A= =5

1 ,2,..,m

,)\, ceey )\n> = P{QD?),...,m()\iS? R )\TL)7

where (P)? = Py, is the projector onto the singlet. ©

The derivation is done in the same way as for sl,. Let us explain it again anyway. After
applying the first part of the rqKZ equation once, we set \; = \2,3 use the fact that
R(0) = P (Figure 17 inside the red circles) and apply the YBE repeatedly to pull the
second line out to the left (long green arrows in Figure 17). After that, we split up the
two operators 2P~ (the two crosses in Figure 17) into the tensor product of a singlet and
its dual. The result is shown in Figure 18 on the left. Finally, the singlet and its dual on
the straight lines cancel out as they are now considered as mappings from V* to V and V'
to V*, respectively.®* Of course, they correspond to the different ways of interpreting the
charge conjugation operator C'. Using the left-right reduction (Property 3), we obtain the
result at the right in Figure 18. However, in general we only obtain this projector identity
for DM,

33This is only well defined because of the analyticity of D,, at A\ = A.
34To be precise, the singlet is considered a mapping from *V to V in this case. In general it relates either
*Vand V or V* and V. Similarly for its dual.



5 The construction for higher rank 39

A

A

A
!
A
\

I
"y

P, Mg N3 7L><'L-"‘—24 T, Mo Ny AN -

A
7 AN S
\

v

—
v

V \I \I v Y v AY V v V V
Figure 17: After applying the first part of the rqKZ equation, the second vertical
line is pulled out towards the left along the long green arrows using

the YBE. For the first line, the two projectors P~ are split up into the
tensor product of two singlets, respectively (Figure 18 on the left).
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Figure 18: The two singlets on the vertical line cancel. Then, by applying the
left-right reduction (Property 3) for the two closed vertical lines, the
result on the right is obtained.
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For now, let us close the generalisation of the properties of D (and D). We will return

to this problem in a moment.

The idea for the generalisation of the sly construction remains the same. Since D;
is meromorphic in Ay, ..., A\, with at most simple poles at \; — \; € Z\{0,£1,...,£n},
it is completely determined by its residues and asymptotic behaviour. Using the R-matrix
relations (Property 2), we can assume ¢ = 1, j = 2 and k positive without loss of generality.
In fact, looking at the residue of the operator Agi()\ﬂ)g, ceAm) at Ay = Ag — ”T“, we
obtain the projector P, onto the singlet as before. This means that we can calculate the
residues of Dy (A1, A2, ..., Am) at Ay = Ao —k(n+1), k =1,2,..., in the exact same way
as for sly. We explain it again anyway, as this is the case when we have to apply the rqKZ
equation 2k — 1 times (i.e. 2k — 1 loops). Starting with Dy (A —k(n+ 1), Aoy ..., A\p),
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we apply the rqKZ equation, Property 4, 2k — 1 times

res Dl,...,m(>\17 . ,)\m) = Tres D1 2

ghyaany

m(>\1 —k(n—l— 1),)\2,...,/\m) =

A1=X2—k(n+1) A1=A2
n+1 n+1
Afgiz{Ag?}(Al — 2k =)=, An) AT (N — (2 - 2) P A
n+1 n+1
AP — e An)DY) (- A A} (5.3)

Now, we use projector identity 7 in Corollary 5.4 to see that we can pull D3 ,,(As, ..., Am)
out of the residue as it doesn’t depend on A5 =@ A\; — Ay. This is only possible, because
the residue of A%)()\l —1|A2, ..., Am) at Ay = Ao contains the projector P, just at the
right position. We obtain

res Dl,...,m(>\la RN 7)\m) = XZk—lD?),...,m()\?n ey )\m) (54)

)\1:)\27(k+1)

and see that the product

- n+1
Xopq = AESAQ{,AQ?}(AI =2k = D)=~y )X
n+1 n+1
x A\ — (2k - 2) 5 Moy Am) - AP (O — 5 e )}

can be used as a first definition of the Snail Operator X}, for higher rank. Suppose for
simplicity k& = 2, then we apply the rqKZ equation three times (Figure 19).

A A .. A A A4 . A A ... A A\ A ... A
: = : 4
< > < >
A
v N Ng-enr)
> =
= A ﬂu .. A A
Po, Ty N3 Np Ag-2emd) A A A NNy N3z Mg g2l
\ 4
A A ... A 4 A A ... A A
< : < »
vV AY V AY V V AY AY v AY v \J \ AY

Figure 19: Applying the rqKZ equations 3 times.

Taking the residue at A\ = A, éig(}\l — Xy — ™) in the red circle (Figure 19) reduces

to 2P;, up to a scalar prefactor. As a consequence, we can apply the projector identity

7 in Corollary 5.4 to obtain the result in Figure 20.>®* Where we have split the operator

35To be precise, Figure 20 has to be understood as the limit A\; — Ay — ”7“ of (A1 — A2 + "TH) times
Figure 19 as in the sl; case.
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2Py, into the tensor product of a singlet in Vi®V, (a cross with two ingoing lines) and its
dual in (V1)* ® V5 (a cross with two outgoing lines), respectively (cf. Section 3.3). The
operator in the box with the dashed red line (multiplied by the scalar prefactor) is the

Snail Operator with three loops.

A A ... A A .. A

v v v v v

Figure 20: The Snail Operator with three loops. Note that it is only defined in
terms of the limit \; — Ao — ”T“ of (A — A2+ "TH) times Figure 19.
Due to the fact that we have projectors in the last two loops of the Snail Operator and
the spectral parameters of successive lines differ by exactly ”T“, the Snail Operator can
be further simplified by applying identities similar to Figure 21. Note that we omit the
prefactor of the R-matrix in this Figure, i.e., taking the numerical R-matrices r(A\) = A+ P
and 7 = (A + 21 — C ® C) = 7 instead of R()\), R(\) and }:2()\) The arguments of the

r’s are written next to the vertices.

3 4

Figure 21: Identities for the numerical R-matrices in analogy to the sly case.

Moreover, we claim that the k loops of the Snail Operator X, again fuse to a single

irreducible representation of the Yangian Y (sl,,1), the minimal snake module which we
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call S®). However, as a representation of sl,,1, S® will not be irreducible anymore if
n > 2. Before we give a detailed definition of snake modules [74] and the minimal snake
module S®)| let us come back to the discussion of the pole structure of D, ., in the

remaining cases.

We consider the residue of the density matrix Dy, at Ay = a—k(n+1)=0,1=1,...,n.
Using the fact that Dy, has no poles at Ay — Xy € {0, £1,...,£n} (Property 5) and the
properties of the prefactors of R()\) and R(\) (respectively }:E()\)), it is easy to see that the
density matrix cannot have poles at A\ = Ay — k(n+ 1) — [ for [ = 2,...,n (see Appendix
A). Thus, only the case [ = 1 remains for discussion. The idea is the same as in the case
[ = 0. We apply the rqKZ equation to reduce Dy, (A —k(n+1) —1,Xg,..., \yp) to a
product of AM’s and A®)’s acting on Dy m(M1 =1 A0 A)

D1,2,...,m()\1 — k(n + 1) — 1, )\2, Ce ,)\m) =
n—+1 n—+1
— 1Ay, ) AN (N = (2k - 2)

)

es (AP (A — (26— 1) —1Agy e Agn) -
1=A2 ’

AV O =1y A DO = 1 A, M) )

At Ay = Ay we have a simple pole as long as limy, 5, D12 (A1 — 1, Ao, ..., A\) # 0.
Taking the residue at A\; = A9, R12(A; — Ay — 1) reduces to the projector onto the second
fundamental representation with fundamental weight w, up to a scalar prefactor. In the
case of sly there is no fundamental weight wy and we observe that it is exactly the projector
onto the singlet.?® This is clear by the isomorphy of the fundamental and antifundamental
representation (or self-duality of representations) for sly. Therefore, everything goes
completely analogous to the case [ = 0 (cf. Section 4). However, in the case of sl the
fundamental representation with fundamental weight ws is exactly the antifundamental

representation. Thus, we expected to find the projector identity

1

Ris(=1)Dyo X = 1,7, .., A) = 2D (0 — 5

9 Y Agy oo Am) Ly, (5.5)
where F\, is a map from V; ® Vs to V7 (fusion’) and F? is a map from V7 to Vi ®
Vs (‘defusion’) such that Fil’QFEZ = Rija(—1). Since Rjy(—1) is proportional to the
projector onto Vi C V; ® Vs, the decomposition into F| 11 5, and Fil 2 is unique if we demand
Fil’2 = (FEQ)t, the transpose of Flig. Thus, the projector identity Equation (5.5) reduces
Do m(A—1,)\ ..., ) to D% _____ (A= 3,A3,...,An). Then, the idea is to apply the

rqKZ equation (Property 4) to D%lgm()\ — %, A3, ..., Am) One more time to recover the

usual density matrix Dy 3 (A4 1, A3, ..., Ap) of length m — 1 as follows

RlZ(_1>D1,2,...,m()\ LA )\m) =
F%QA(D ()\ + 1’)\37 ey >\m) (D1,3,...,m()\ + 17 )\37 R Am)) F11,2' (56)

1,1)3,...,m

36Up to a minus sign, which can be absorbed into the prefactor.
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Now, as D13 m(A+1,A3,...,\,) doesn’t have a pole at A = 0 37, we can pull it out of
the residue as in the case [ = 0. Using Mathematica and the results in the papers [14]
and [79], we could verify this identity for m < 3 and reproduce the first few residues in
this situation in the described way. However, in general when the rank is greater than
two, wo is just the second fundamental representation and we can only hope to find an

identity which reduces the first two fundamental lines of Dyo (A — 1, ..., \p) to a
1
5.
This will be clear from the discussion of the extended T-systems in the next section. The

line associated with the second fundamental representation and spectral parameter A —

corresponding Young tableaux for the tensor product of two fundamental representations

of sl,,.1 are depicted in Figure 22.

e[]=[]o
¥, 243,
i,

Figure 22: Decomposition of the tensor product of two fundamental representations
of sl into its irreducible components in terms of Young tableaux.

From this point, it is unclear for us how to come back to Dy3 (A +1,A3,...,Ay) in
general. It seems that additional information is needed when the rank n is greater than
2. Note that this problem has already been observed in the paper [79], and a solution
was presented by introducing two possible generalisations of the physical density operator.
However, yet we do not know if there is a similar construction to describe the residues

corresponding to the case [ = 1 above.

5.2. Extended T-systems and the Snail Operator X,

Let us now return to the case [ = 0 and the discussion of the Snail Operator X in the
general case. The idea is similar to the sl case and the short exact sequences that appear
are almost analogue. However, it turns out that the representations we have to deal with
are not the higher rank Kirillov—Reshetikhin modules, but specific modules known as
snake modules. These were initially introduced by Mukhin and Young in 2012 [74] for
the quantum affine algebras of type A and B. Of course, they also apply to the Yangians
by means of the equivalence of categories between finite dimensional representations of
Yangians and of quantum affine algebras stated in [43]. Clearly, our specific focus remains
on the type A, in this dissertation, i.e., Y (sl,;1). We draw the Snail Operator in two
equivalent ways as shown in Figure 23. Since the R-matrix é(A) has a simple pole at

A = 2L Figure 23 is only understood in terms of the residue at A := Ay = Ay — k(n + 1).
n+1
R
However, we explain how Figure 23 can be made into a precise definition regardless. We

As above, we multiply it by the scalar prefactor obtained from R(\) in the limit A\ — —

37as long as the other spectral parameters are in general position in the sense of Property 5 in Conjecture
5.3
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remind the reader that every black line is associated with a fundamental representation,
whereas any blue line is associated with an antifundamental representation, of the Yangian
Y (sl,41). As explained in Sections 3.3 and 3.5, they can be obtained by pulling back
the fundamental (respectively antifundamental) representation V = Vl(l) (respectively
V = V) of sl,,; to the fundamental weight w; (respectively w,) by the evaluation
homomorphism ev,, where a € C is the spectral parameter associated to the corresponding
line. We write ev,* (V") = VP(a) and ev,* (V1) = V(a). Moreover, we define
the evaluation representations of the sl, | representations Vi(k) with highest weight kw;,
i=1,...,n, as Vi(k)(a) = evj;(\/;»(k)). They are related to the higher rank Kirillov—
Reshetikhin modules via Wi(k)(a) = Vi(k)(a + 1(k—1)), where Wl(k)(a) = W®(a) recovers
the definition for sly in Section 4.2. The fundamental representations of the successive
lines are therefore given by W{V(A —I(n+1) + %), I =1,... k, and W\ =1i(n+1)),
I=1,...,k—1.

-
n-%d TL-n+1) )
/st | =
[ | 4 || |V
it _ rrett
N Ak = A A A oy, Moy Nz N N-kiwd)

Figure 23: The Snail Operator with 2k — 1 loops is depicted in two equivalent ways.

Note that this picture is only understood in terms of the residue at
A= /\1 :/\g—k(n+1>

Looking at the right side of Figure 23, we use the identity A; = try, (AaPai), A €
End(V}), to write the Snail Operator Xy 1 as the residue at A = \y of the alternating

product of the monodromy matrices

- n+1

7%21,1;2,3,...,2771—1(/\ - (2l - 1)?; A2y Az >‘m) =
_ 1

tra{Tazg,.m(3 = (20 = )™= 20, X, A X

n+1
X T&;2m71,2m72...,m+1()\ - (2l - 1)77 A2, Az, )\m)sz,&gl,l (0)} l=1,... kK,

and

7-0421;2,3,...,2m71()\ - l(n + 1); A2, A3y ey )\m) =
tI‘a{Ta;g;g’m’m()\ — l(n + 1), >\2, >\3, ey )\m) X
m+1(/\ - l(n + 1), )\2, )\37 ceey )‘m)Ra,agl(O)} = ]., cee ,I{Z - 1,

X Tyom—1,2m—2

,,,,,
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multiplied by the operator

) k—1p— p— - -
m2701,m702k71,1 = (n + 1)2 1P5¢1,2Pa2,o71 A P

Qok—1,02k—2" 1,02K—1

and contracted over the spaces 2, a1, as, a3, ..., Qop_o, Aop_1.

Note that we used the projector identity (]354_1’2)2 = P, » to be able to introduce the
operator B, and the identity P, o, = Ra,a,(0) = Raa,(0) to define the monodromy matrices
nicely in terms of a product of R-matrices. Moreover, for the monodromy matrices with
index a, we replace the primary fundamental (black) line, associated with the auxiliary
space indexed by a in their original definition (see Section 3.6), with an anti-fundamental

(blue) line corresponding to the index a.

As in the sly case, we expect that P is a projector on some subrepresentation in the
tensor product of the spaces oy, ag, s, ..., aop_9, Qop_1 times the supposed singlet in the
tensor product of two adjoint representations built from the spaces Vi ® V; and Vo ® V,
when acting on the R-matrices on the vertical line with spectral parameter \.>® Here, we
again identify V; ® V; with V; ® V;* & End(V;) using the dual of the singlet in V;* ® (V)*
and similarly for V5. Moreover, adding a fundamental monodromy matrix in the alternating
product above,? it should be clear that one can in principle also consider an even number
of loops for the definition of the Snail Operator Xo. Using Mathematica, we checked this
projection property for the Snail Operator with 2, 3 and 4 loops in the case of sl3, where
the dimension of the corresponding space is reduced to 8, 21 and 55, respectively. Indeed,
these are the dimensions of the corresponding minimal snake modules S?), ng) and S{4)
discussed below, respectively.

Therefore, we are interested in the irreducible composition factors in the tensor product
of fundamental and antifundamental representations of the Yangian Y (sl,1). Though,
in contrast to the sly case, the representation theory for rank (n > 2) is fairly different.
The irreducible representations of the Yangian Y (sl,,1) are not necessary irreducible as
representations of sl,,; anymore. However, for any representation of sl,,,; we still obtain
representations of the Yangian of the same (Lie algebra) weight using ev,. For any other
type symmetries where no evaluation homomorphism is present, even this property doesn’t
hold. In this case one can consider minimal affinizations (MA) among all the possible
affinizations.*® Luckily, the fundamental modules always have only one, up to equivalence,
i.e. isomorphy as a representation of g, (minimal) affinization (see [30] Section 6 for further
details).

However, in order to understand the irreducible composition factors in the tensor prod-
ucts of the fundamental (evaluation) representations of the Yangian Y (sl,,1), we need to

dig deeper into the representation theory. We intend to give a short review of the paper [74]

380 itself has rank (n 4+ 1)?*~! but it is further reduced due to the fusion properties of the R-matrices.
39%.e. [ runs from 1 to k in both cases,
40A representation of Y'(g) that has the representation of g as a proper g-subrepresentation.
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of Mukhin and Young and explain how their extended T-systems naturally generalise the
rank 1 case explained above. As the paper [74] is about the quantum affine algebras, we
may later use the equivalence of categories between finite dimensional representations of
Yangians and of quantum affine algebras (cf. [43]) to come back to the Yangians. We shall
also refer the reader to the papers [52], [38], [30], [28] and the books [25], [29], where the

proofs and some basic definitions can be found.

We restrict ourselves to the category C of finite dimensional U, (g)-modules of type 1. As
explained in Remark 3.6, we can equivalently consider the category of finite dimensional
(type 1) representations of the quantum loop algebra U,(L(g)). Therefore, C'/? =1 and
the H;, and K; mutually commute.*! As a consequence, we can write any object V € C
as a direct sum of common generalised eigenspaces for the action of the K; and H,;,, the
so-called loop- or [-weight-spaces of V.

The eigenvalues are given in the following Proposition (cf. [38] Prop. 2.4).

Proposition 5.5 (I-weight). The eigenvalues of the H;, (r > 0) in an l-weight-space W
of V are always of the form

m<q - qil) r=1 s=1

M (i(alr)m - i(bzsyn) Qi bir € C*. (57)

They completely determine the eigenvalues of H;, (r < 0) and IC; on W. The collection of
eigenvalues (5.7) is called the l-weight of W. ®

Definition 5.6 (q-character). Define the q-character of V' as a Laurent polynomial with
positive integer coefficients in some indeterminates Y;, (i € I, a € C*) which encode the
decomposition of V' into l-weight-spaces.

The collection of eigenvalues (5.7) is encoded by the Laurent monomial

ki l;
11 (v 1) 59
iel \r=1 s=1
and the coefficient of it in the q-character of V is the dimension of W. We equivalently
say that the monomial (5.8) is the l-weight of W. Moreover, define ) = Z[Y;fll]ig;aecx
and let P C Y be the multiplicative abelian subgroup of all monomials. Then P is in
bijection with the set of all l-weights and x,(V') € Y denotes the q-character of V € C. ®

Remark 5.7. Certainly, the notion of the Y;, can be interpreted as a short hand notation
for the Drinfeld polynomial P;(u) = 1 — ua. We will recall some of their properties in
terms of the Y, , in a moment. However, we shall refer the reader to the results of Chari
and Pressley [29], [28], [30], [31] in the case of quantum affine algebras and the result of
Drinfeld [34] for the Yangians. In particular, for each i € I and a € C* we can define
an irreducible representation V,, (a) = V(PY) to the highest weight PV, which is the

41Since U, (g) is a Hopf algebra, C is an abelian monoidal category.
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I-tuple of polynomials P;(u) =1 —ua and Pj(u) =1, Vj # i. Anyhow, we prefer to define
everything in terms of the Y; o as in [38], [39], [52] and [7}] and call them the fundamental
[-weights. ©

The properties of the g-character x, and the relation to the usual character x of the
corresponding U, (g)-module are summarized in the following Theorem (cf. [38] Theorem
2.2 and [39] Section 3).

Theorem 5.8 (properties of x,).
1. x4 is an injective ring-homomorphism from the Grothendieck ring Rep(U,(g)) to V.

2. For any finite-dimensional representation V' of U,(g), we have
Xe(V) € Zo [V Nicraecx (= Vs ).

3. Let x : Rep(U,(g)) — Z[e*i)ier be the U,(g)-character homomorphism, let wt : ) —
Z[e*icr be the homomorphism 4* defined by Y;,' +— e and let res: Rep(U,(g)) —
Rep(U,(g)) be the restriction homomorphism. Then the diagram

Rep(Uy(§)) —— Z[YE et aecx

h

Rep(Uy(g)) —— Z[e* ier

TES

commutes (i.e. x4(V') reduces to x(V') on the subalgebra U,(g) < U,(g)).

4. Rep(Uy(8)) is a commutative ring which is isomorphic to Z[t; o|icr.aecx , where t; , is
the class of V,,,(a). 4% ®

As for the representation theory of g (or rather U,(g)), we can introduce the notion of
dominant and highest (I-)weights for U,(g). It can be stated in the following way (cf. [29]
and [30]).

Definition 5.9 (dominant and highest [-weights).

1. For each j € I, a monomial m = [l;crqccx Y;u;“ € P is said to be j-dominant
(resp. j-anti-dominant) < uj, > 0 (resp. uj, <0) for all a € C*. It is said to be
(anti-)dominant if it is j(-anti)-dominant for all j € I. We denote by Pt C P the

set of dominant monomials.

2. Let P(V) == {m € P : m is a monomial of x,(V)} C P and let m € P(V) be
dominant, then a vector |m) € V,,\{0} is called a highest l-weight vector with highest
l-weight m, if X;f.\m) =0 for alli € I,r € Z and |m) is a simultaneous eigenvector
for the IC; and H; . V is called a highest l-weight representation with highest l-weight
m, iV = Uy(@)m). ©

“Zinduced by the homomorphism of abelian groups wt : P — P, Y, , — w;
BV, (a) = Vi(l)(a) when g is of of type A.
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Now, we can state the following Theorem analogy to the theorem of the highest weight.
Theorem 5.10 (theorem of the highest I-weight).

1. Let m € Pt be dominant, then there is a unique finite-dimensional simple module,
denoted L(m) that is highest l-weight with highest l-weight m.

2. Conversely, every finite dimensional irreducible U,(g)-module is of the form L(m)
for some m € PT. ®

In addition, we should add the following Definition.
Definition 5.11 (special, thin, prime, real).

1. A module V € C is said to be special (resp. anti-special), if x,(V') has exactly one

dominant (resp. anti-dominant) monomial, or rather, l-weight.
2. It is called thin, if no l-weight space of V' has dimension greater than one.

3.V is said to be prime, if it is not isomorphic to a tensor product of two nontrivial

U,(8)-modules.
4.V is called real, if V@V is simple. ®

As P is an ’affine’ analogue of the weight lattice, we can also introduce an ’affine’
analogue of the root-lattice. Let’s also assume that g is single laced for simplicity (see e.g.

in [74] Section 2.3 for the general case).

Definition 5.12 (the ’affine’ root lattice). Fori € I, a € C* and A = (a;;) the Cartan

matriz define
Ai,a = Y;,an;,aq’l I | ijfl(;ja (59>
J#

then wt(A; o) = i, i.e. A;q can be viewed as an ’affine’ simple root.

Let Q be the subgroup of P generated by the A;q, i € I, a € C*, and let QF be the
monoid generated by Afal, 1€1,a€C*. Then Q can be viewed as the ’affine’ root lattice
and Q (Q~) the sets of positive (negative) ’affine’ simple roots. ©

The ’affine’ weight lattice P and the ’affine’ root lattice Q are compatible with the usual

weight lattice P and root lattice @) as follows.
Corollary 5.13 (partial order).
1. There is a partial order < on P such that m < m' iff m'm= € QF.

2. The partial order on P is compatible with the partial order on P in the sense

m<m = wtm < wtm'.

3. For allm*™ € P™ we have P(L(m™)) CcmT™ Q™. ®
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Therefore, we can conclude that x,(L(m)) =m (1 + 3, Mp>, where the M, are mono-

mials in the variables A; ).

Let us now focus on symmetries of type A, where we have an evaluation homomorphism.
We refer the reader to the original paper [74] for the discussion of type B.

We recap some facts for the case g = sly in terms of [-weights (see [28]). Due to
Jimbo’s homomorphism ev, : U,(sly) — U,(sly), we can get type 1 spin k/2 evaluation
representations V*)(a) by pulling back with ev, as explained in Section 3.2. Then, V¥ (a)
is a highest l-weight representation with highest l-weight Y, s—1Ygn—s - Y1 = Si(a),
called g-string. Let V = V®(a) ® V®(b) and 0 < p < min{k,(} be an integer. Then V
is irreducible iff b/a # ¢=*=2P) In this case, Sp(a) and Sy(b) are said to be in general
position. Otherwise Sy(a) and S;(b) are in special position and V = V¥ (a) @ VD (b) has
a unique proper submodule (c.f. Proposition 4.3). In addition, every finite dimensional
simple U, (5~[2)—module is isomorphic to a tensor product of evaluation representations. The
module W% (a) := V#) (agF~1) is called Kirillov-Reshetikhin module.

Coming back to the general case, we have seen above (Theorem 5.8 Property 4) that the
Grothendieck ring of C is the polynomial ring over Z in the classes [V, (a)] (i € I, a € C*)
of fundamental modules. Then, Kirillov-Reshetikhin modules (KR) are defined as follows.

Definition 5.14 (Kirillov-Reshetikhin module). Let i € I and a € C*. The Kirillov-
Reshetikhin module Wi(k)(a) is defined in terms of Theorem 5.10 by

W (a) := L(S}(ag" ™)),

where the g-string Si.(a) is defined as Sj(a) =Y,

z,aqk_l

4 44
i,aqh—3 }{L"aq—lﬁ-l RO

Note that we have Wt(VVZ-(k)(a)) = kw,;. Therefore, in type A, it is given by evaluation
representation Vi(k)(aqkfl) = evzqk,l(l/g(k)).‘lf’ In particular, I/Vi(l)(a) coincides with the

fundamental module V,,, (a). Using this definition, the classes [W.(k)(a)] in Y satisfy the

1

T-system

W @I (ag”)]) = WD @)W ag”)] + TT W (aq)).  (5.10)

a;j=—1

It generalises the T-system (4.5) and is sometimes referred to as ‘the T-system’ [72] [76] [51].
In fact, it can be used to calculate the class [VVi(k)(a)] inductively as a polynomial in the
classes of fundamental modules [V,,(a)], i € I, a € C* (cf. [52]). In physics, this system
of equations is usually written in terms of transfer matrices with corresponding auxiliary
spaces.’® However, the Kirillov-Reshetikhin modules and the T-system only cover a small

part of the prime irreducible modules for rank n > 2. In type A, they cover exactly

441t is obtained from the ¢ string Sy (ag"') above by mapping Y, — Y; ot

45Using the equivalence of categories between finite dimensional representations of Yangians and of
quantum affine algebras, we see that this definition, in fact, coincides with the definition for the Yangian
case given at the beginning of this section.

46" The product in Rep(U,(§)) describes traces of tensor products."
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the evaluation representations of representations of U,(sl,) which have a rectangular
Young tableau. In particular, the tensor product of fundamental and antifundamental
representations in the Snail Operator is not included. Moreover, this product contains
prime simple composition factors which are not evaluation representations. Thus, in order
to understand this tensor product of fundamental and antifundamental representations,
one has to define more general modules. Luckily, this is already done by Mukhin and
Young in the paper [75], where they introduce the so-called Snake modules to describe
certain (prime) simple modules. In fact, it turns out that they cover all the prime simple
objects in C (cf. [52] Conjecture 13.2 and [306]).

The Snake modules in type A are defined as follows. Define subsets X = {(i, k) €
IXZ:i—k=1 mod 2} and W:={(4,k): (i,k—1) € X} C I xZ. We fix a € C* and

only work with representations whose ¢-characters lie in the subring Z[Y;Ek](@k)ex c .

Indeed, these form a subcategory Cz of C closed under taking tensor products. Conversely,
every simple object S in C can be written as a tensor product Si(a;) ® - - - ® Sk(ay) for
some simple objects S, ..., Sy € Cz and % € C\¢*”, here S(a) is the pullback of S by
7. € AutU,(g) (see [52] 3.6 and 3.7 and [261 for the proof). By abuse of notation, we set
Yiage = Yip, Aiagr = Aiges ZIY3 i mexr = Yz and ZIAT i mew = Qz.

Definition 5.15 (snake position, snakes and snake modules). Let (i, k) € X.

1. A point (i', k') € X is said to be in snake position with respect to (i,k) iff
Ko k> i —i|+2.

a) The point (i, k') is in minimal snake position to (i,k) iff k' — k is equal to

the lower bound.

b) We say that (i', k') € X is in prime snake position with respect to (i, k) iff
min{i' +i,n+1—i—d} >k —k>|i' —i|+2.

2. A finite sequence (i, k) (1 <t < M € N) of points in X is a snake iff for all
2 <t <M, (i, k) is in snake position with respect to (iz_1,ki—1).

a) It is a minimal (resp. prime) snake iff any two successive points are in

minimal (resp. prime) snake position to each other.

3. The simple module L(m) is called a (minimal/prime) snake module iff m =

12, Y, x, for some (minimal/prime) snake (iy, k¢)1<i<pr- ©
One can now proof the following Properties (cf. [75], [74], [27]).
Theorem 5.16 (snake modules).
1. Snake modules are special, anti-special and thin.
2. A snake module is prime iff its snake is prime.

3. Prime snake modules are real.
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4. If a snake module is not prime then it is isomorphic to a tensor product of prime

snake modules defined uniquely up to permutation. ©

Thus, prime snake modules are prime, special, anti-special, thin, and real and any
snake module decomposes into a tensor product of prime snakes. We claim that these are
exactly the building blocks that we were looking for to solve our problem of finding the
irreducible composition factors in our tensor product of fundamental and antifundamental
representations above. Indeed, we can use the main result of Mukhin and Young [74],
which is the existence of a short exact sequence called the extended T-system. To write it

down in a nice way, it is helpful to add the following Definition.
Definition 5.17 (neighbouring points and neighbouring snakes).

1. For any two successive points (i, k) and (i', k') define the neighbouring points by

giwr _ JQUH k47 =R 3G b= £ 8)) ks
ik T
0 fei=k! —i!

ez (GE +K+i—k),3({' +F —i+k))) kN+1—isk-N-147
ik T

0 E+N+1—i=k/—N—1+¢.

2. For any prime snake (iy, ki)1<i<p we define its neighbouring snakes

X=Xy k)rcrens @AY =Y (i, k), .oy, by concatenating its neighbouring points. ©
Now, the extended T-system is stated as follows (cf. [74] Theorem 4.1).

Theorem 5.18 (the extended T-system). Let (i¢, ki) € X, 1 <t < M, be a prime snake
of length M > 2. Let X and Y be its neighbouring snakes. Then we have the following
relation in the Grothendieck ring Rep(U,(g)).

(M) [ (M) = o (M) (I

L( H Kt,’%) ( H th,kzt)
(i,k)eX (4,k)eY

where the summands on the right hand side are classes of irreducible modules, i.e.

+ : (5.11)

M-1 M M-1
L < I Y HY%t,k:t> =L ( I1 Y. kt> ® L (H Yi, kt>
t=2 t=1

t=2 t=1

(H Yie [] thk:t>gL( 11 )/it,kt)@)L( 11 Yit,kt)-
( ( (

1,k)eX (3,k)eY i,k)eX 1,k)eY

To demonstrate how it works, a simple example of the extended T-system for a minimal
snake of length 5 in A, is depicted in Figure 24 below. Note that in the case of KR
modules, i.e., when the minimal snake is a straight line, the theorem reduces to the

standard T-system.
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Figure 24: A simple example of the extended T-system for a minimal snake
(it, kt)1<t<5 in Ay. It is a short exact sequence of snake modules defined
by the minimal snake, its neighbouring snakes and the snakes obtained
from it by omitting the first or the last element.

We are now in the position to analyse the tensor product of fundamental and antifun-
damental lines in the Snail Operator. Using the equivalence of categories between finite
dimensional representations of Yangians and of quantum affine algebras explained at the
end of Section 3.2, we note that everything can be defined in exactly the same way. We
take A € C fixed and set Yi,M% =Y, as well as Az‘,/\+§ =: A, by abuse of notation. We
note that the loop variables of the successive lines in the Snail Operator are in minimal

snake position. Using the extended T-system, we can now prove the following assertions.

Theorem 5.19 (Snake and Snail). The tensor product

k

E+n+1
WJ(\fl()m)(/\ + ) W(l)m—H (A+ L

2

k+1l(n+1)

)@ @ Wiy (A + ——

), (5.12)

k € Z, of l+1 many antifundamental and fundamental representations has Fibonacci(l + 1)

many composition factors, one of which is the minimal snake module

S+ (A+k

2 H YN (t4m) htt(ns1)), K € Z, (5.13)

t=0

1 , .
where N(t) = {ni o - In particular, we can prove the existence of short exact sequences

of the form

SO~ TS~ (- )™ (st - 1
PSSP0 - -2 s

which we may also call extended T-systems. ©
The proof of the theorem is given in the Appendix A. We state the following conjecture.

Conjecture 5.20 (Snake in the Snail). The extended T-systems (5.14) (m odd) appear in

the successive lines of the Snail Operator and the component corresponding to [Sm+1 (A—
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(I 4 2))] cancels out, i.e. the Snail Operator X, can be defined through a single

irreducible representation of the Yangian just like in the sly case. The minimal snake

module SV (A — (k —1)21). ©

We checked the first few steps of this conjecture in Mathematica. So n = 2 and up to
k = 4 loops as explained above. Moreover, we can also set n = 3,4, ... in the program,
but the calculational effort grows rapidly. However, a general proof might be done by
induction and considering a corresponding partition of unity. We haven’t analysed the
projectors yet, but a proof should be possible in the future. Let us emphasize again, that
the Snail Operator X only applies to our problem when the number of loops k is odd.
This was discussed in Section 5.1. We should also say that it is possible to calculate the
g-character of the minimal snake module S*) using the path description and Theorem
6.5 in [74]. Moreover, we can analyse S as a representation of sl,,; and calculate the
Young tableaux of all its irreducible subrepresentations. At last, we remark that snake
modules can be seen as part of a cluster algebra. Thus, the extended T-systems can be
understood as explicit cluster relations. We have seen that it can be helpful to understand

these kind of relations.
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6. Conclusion

The derivation of recursion relations for the correlation functions of the sly-invariant
fundamental exchange model in the thermodynamic limit by Boos, Jimbo, Miwa, Smirnov
and Takeyama in 2004 [15] marked the starting point of a long story that ultimately led to
the discovery of the fermionic basis for the correlators of the XXX and XXZ spin chains.
Motivated by this discovery and its extensions to scenarios involving finite magnetic field,
temperature, finite size, and even thermal form factors, the question about a generalisa-
tion to higher rank emerged. As a direct generalisation of the fermionic basis was not
immediately evident (cf. [14]), the idea for the ansatz presented in this dissertation is
similar to the original construction in [15]. The latter is primarily based on the so-called
rqKZ equation and a crucial projector identity derived using the fundamental properties

of the generalised reduced density matrix, denoted as D.

Precisely speaking, since the generalized reduced density matrix D is meromorphic in its
spectral parameters with at most simple poles, it is completely determined by its residues
and the asymptotic behaviour. Fortunately, as the asymptotic behaviour was known from
the multiple integral formulas that were obtained earlier by the vertex operator approach
(see [54]), it is enough to know all the residues?”. These, however, are determined by the
rqKZ equation and the projector identity in terms of the density matrix of length m — 2.
Moreover, an operator Xy, (for the residue at \;; = —(k + 1)) that acts on the density
matrix of length m — 2 is defined through this relation. In my notation, it is the operator
X which T call *Snail Operator’ (cf. Section 4.1).

However, the discovery of the fermionic basis is mostly due to the surprisingly nice
properties of the operator X, proven [15] in complete detail. Most importantly, it is
completely determined by a single irreducible spin-k/2 representation of the Yangian
Y (sl2), the Kirillov-Reshetikhin module (KR), denoted by Wj. Here, I decided to shed
light on this property from a representation-theoretical point of view and describe it in
terms of short exact sequences called T-systems. This was done, in particular, to prepare
the analysis of the Snail Operator for higher rank, discussed in Section 5.2. Additionally,
the surprising fact that it is possible to analytically continue the operator Xj with respect

to k using a certain trace function (cf. Section 4.2) was briefly discussed.

As the higher rank generalization of the rqKZ equation derived in [14] and [65] splits
into two parts (cf. Property 4 Section 5.1), an additional density operator must be
introduced where one vertical line is replaced by an antifundamental line. Using the
R-matrix symmetry of the density operator, the first fundamental line is replaced by an
antifundamental line without loss of generality and called DM (cf. Section 3.6). Now, the

idea is the same as for sl,. By applying the generalised properties of the reduced density

4Thy means of Liouville’s theorem in complex analysis
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matrix, I have introduced two novel projector identities — one which is analogous to the
sly case and one entirely new. Consequently, this leads to the division of the residues into
two disjoint sets. The first set of residues can be calculated in terms of the density matrix
of length m — 2 as previously described, allowing for the definition of a generalised Snail
Operator, denoted as Xy, for rank n € N.

However, the remaining residues can only be calculated in the case of sl3 in terms of
the density matrix of length m — 1. This is because the new identity produces a line
corresponding to a fundamental representation with fundamental weight ws, which is the
antifundamental representation only for sl3, i.e., it doesn’t close in general. Anyway, in
the case of sl3, I used the density operator D) and the second part of the rqKZ equation
to show a closed identity for D. In general, another solution has to be found. One idea
is to produce an antifundamental line (and thus a closed relation for D) by constraining
the spectral parameters of n — 2 additional vertical lines such that they are in special
position with respect to the others. Moreover, already in the sl3 case, a third vertical line
in special position is necessary to produce a singlet and thus n — 1 lines in general. In
this case, a closed relation that relates the density operator of length m to the density
operator of length m — (n + 1) is expected. Another idea that doesn’t fix additional
parameters is presented in the paper [79] by introducing two possible generalisations
of the physical density operator. However, the construction of a Snail Operator that
describes all residues remains unclear in both cases. Nevertheless, in the case of sl3, the
described identities can be used to calculate the residues of the density matrix of length
m in terms of the density matrix of length m — 2 and m — 1. I have verified this in
Mathematica using the explicit results of Klimper and Ribeiro [79] and Boos, Hutsalyuk
and Nirov [14] for the reduced density matrix of up to operator length three (cf. Section 5.1).

Returning to the case analogous to sly, I used the extended T-systems introduced by
Mukhin and Young in 2012 [74] to illustrate how the short exact sequences that appeared
in my representation-theoretical description of the Snail Operator for sl extend to rank
n € N. For this extension, a certain minimal snake module takes the role of the KR module
for n > 1. Moreover, it is a prime irreducible module as before and it reduces to the KR
module W}, when n is set equal to 1. The statement that all but this irreducible snake
module cancel in the Snail Operator is formulated in Conjecture 5.20. However, when the
rank n is greater than 1, it is irreducible only when considered a representation of the
Yangian Y (sl,,). As a representation of g < Y (g) it is generally characterized by more than
one Young tableau. An inductive construction of the projectors is necessary to establish a
general proof. To this end, I explained how the path description in the paper [74] can be
used to compute the Young tableaux of all irreducible sl,, subrepresentations (cf. Section
5.2).

Moreover, a generalisation of the algebraic construction described in [15] and, in par-

ticular, the question about the definition of the Snail Operator in terms of a generalised
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trace function, are interesting questions that have to be answered towards a higher rank

generalisation of the fermionic basis.

In the future, it might also be interesting to investigate vertex models where repre-
sentations other than fundamental representations are considered on the edges. In the
situation of sly the spin 1 case has been considered in [57] and [2]. Of course, even the
consideration of symmetries different from type A is possible. Certainly, for the calcu-
lation of residues of the reduced density matrix, we have seen that additional projector
relations are necessary whenever the representation is not self-dual. Conversely, when
the representation is self-dual, the rqKZ equation reduces to a single equation as both
parts are identical in this scenario. Hence, we expect to be able to define a Snail Operator
that describes all residues as in the situation for sl,. For instance, this would be the case

when n is odd and we take fundamental representations of sl,,, 1 of fundamental weight w nit.

Bringing it all together, we have seen that the Snail Operator can naturally be generalised
for higher rank. However, as the fundamental representation is not self-dual when the
rank n is greater than 1, the necessity to derive additional projector identities became
apparent. I investigated this problem and presented a solution for the calculation of the
residues in the situation of sl3. Nonetheless, due to the separation of the rqKZ equation
into two "dual" parts, only half of the residues is determined by the Snail Operator. On
one side, the Snail Operator is still an interesting object, and its properties seem to
naturally generalise. Moreover, we expect that further investigation will lead to a better
understanding of the solutions of the rqKZ equation and possibly provide one way to
generalise the fermionic basis. On the other side, finding a nice description of the remaining
residues is another interesting task towards the overall goal of proving recursion relations
for the reduced density matrix. As a starting point, I explained a few ideas that can lead
to a ’Snail Operator’-like description. Certainly, these ideas require further investigation
and a complete solution is not yet evident. Conclusively, even if we fail to describe the
remaining residues nicely in the general case, there is at least hope to find a generalisation

of the fermionic basis to the self-dual models, where this ambiguity is absent.
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Appendix A

Let the action of the density matrices D and D™ be defined as

DY) O An) (K1) = trra o (DS O An) X)) »

where on the right hand side D is understood as an element of End(V®™) via the
transposition isomorphism (End(V®™)* = End(V®™)). Then, one can write the two part

reduced qKZ equation as

n+1
b4 m(Al—T,)\Q,...,)\m):A%Q ..... A Am) (D (A, Agy o A)) =

,,,,, m()\la )\27 ) >\m) X

n+1
D1 77777 m<)\1 - ?7 )‘27 7)\m) = A§Qi|2 ,,,,, m()\lp\% 7)\m) (D%%?’m()\l? )\27 SR Am)) =
011 (Ripn(\ = Am) - Riz(h = A2) DY) (A, Aa, oy A) X

x(n+1)PiRyi(ha = M) -+ Roi(Am = 1)), (A2)

where (P1_i)2 = P[; is the projector onto the singlet in the tensor product V' & V of the

fundamental and antifundamental representation of sl,,.

Proof of the pole structure of D,,. We use the rqKZ equation to calculate D; (A1 —
k(n+1)—1,X,..., ), k € N, 1 =0,1,...,n, in terms of a product of R-matrices

m(A1 =1 A2, .o, Ap). We assume that the parameters Az, ..., \,, are in general

.....

position (in the sense of Property 5 Conjecture 5.3) and therefore just write out the

R-matrices that depend on the difference \; — A

res Dy

8 Dinn = k(n 1) =LA, M) =

= 1
res tri[... Rig(A — Ay — k(n+ 1) + nr —1

A1=A2

= n—+1
...tI’ﬂ...Riz()\l —)\2 - —l)tl"l[...ng()\l —)\2 —l)Dl ,,,,, m()\l —l,)\z,...,)\m)
— n—+1
Ror(My — A+ 1) .. Ry Ao — A + +0)...]...
_ 1
o RaOa =M+ (k= 1)+ 1) 40 Ry o = M+ k(n+1) = 224y ),

m(AM =LAy, ..o ), L=0,1,...,n, has no poles at A\; = Ay due to Property 5

.....

Conjecture 5.3, the pole at Ay = Ay is completely determined from the prefactors of the
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R-matrices. Writing them out, we obtain

i 1 1 1
jE[lAm—j(nH)—z'A12_(j_1)(n+1)—z'Alg_(j_1)<n+1)_z+1'
1
De—G-Dn+1)—1-1

which has a simple pole at A\jo(= Ay — A2) = 0iff [ =0 or [ = 1. Thus, the density matrix
Di..m(A1, A2, ..., Ay) has no poles at Ay = Ay —k(n+1) — [ for [ =2,...,n and at most
simple poles for [ =0, 1. m

Proof of Theorem 5.19. To proof the first part of the theorem, we use the g-characters of
the fundamental modules Wl(l)(a) = L(Y1o) and WY (a) = L(Y;4). They are very easy
to obtain by using the path formula (6.3) in Theorem 6.5 of [74]. Namely,

n—1

Xe Wi (@) = Yig + Yy + 3 ViewaYid, (A.3)
k=1
n—1

Xq(WT(Ll)(a’)) = Yl,_n1+1 + Yoo+ Y, Yk:—ll,n—i-l—kyk,n-i—l—(k-i-l)' (A.4)
k=1

Using the multiplicativity of the g-character Theorem 5.8, we can easily calculate the

g-character of the tensor product

k+n+1
2

k+1l(n+1)

k

)@ ® Wiy (A + (A5)

Assume m is odd, then the product is of the form

(Yl,_lirnH + Yn,k Tt )(Yl,k+n+1 + Yn_,kl+2(n+l) +... )(Yl,_klﬁ(nﬂ) + Yn,k+2(n+1) +o. )

(Y143 + Yn_,k1+4(n+1) o)

where we omitted all the non dominant monomials in every bracket that can’t multiply
to dominant monomials due the shift in the second index (i.e. the spectral parameter).
We want to count the number of dominant monomials. Fortunately, this is an easy
combinatoric task. Starting from the left, we choose one of the two l-weights in the first
bracket. If we choose the anti-dominant one, we have to choose the dominant one in the
next factor if we want to multiply to a dominant monomial, otherwise we still have the
free choice for the next factor as soon as it is not the last. We pick one of the two options
and look at the next factor if possible. Obviously, the situation is the exact same. Thus,
the problem of finding the number of dominant monomials in the g-character is equivalent
to the number of options to partition [ + 1 objects into boxes of size m < 2. The solution

to this problem is

> ! (A0

k=0
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which is equal to the (I + 1)th Fibonacci number Fibonacci(l 4+ 1). The argument for m
even works the exact same way. Thus, the number of irreducible composition factors is
smaller or equal to Fibonacci(l + 1). Moreover, all the dominant monomials obtained in
this way are the dominant monomials of certain snake modules. Due to Theorem 5.16
we know that these are isomorphic to the tensor product of minimal snakes. Now, let’s
assume that we have an irreducible composition Factor of the tensor product (A.5). Then,
it has to be of the form L(m) where m is one of the dominant monomials in the g-character
of (A.5). As we have seen, L(m) is a snake module. Thus, since snake modules are special,
it contains only one dominant monomial. Subtracting the ¢g-character of L(m) from the
g-character in the tensor product (A.5), the g-character of the other composition factor
contains all the Fibonacci(l 4+ 1) — 1 remaining dominant monomials. Therefore, by in-

duction, we conclude that there must be exactly Fibonacci(l+ 1) many composition factors.

For the second part of the theorem we have to prove the existence of a short exact

sequence of the form

n+1 (1+1) n+1

(St OISO+ =50 = [S0d ]+ (5737 (A +2

)l; (A7)

where we omitted the term [ “TH

since it can be absorbed into the spectral parameter. We
prove the existence by induction over [. The case [ =1 is clear as it is one of the simplest
cases (M = 2) of the extended T-system (Theorem 5.18). Thus, we only need to prove the

step [ — 1 — [. By the eztended T-system (Theorem 5.18) we have

n+1
2

<Z><A+”‘2H

S

m

NISY A (A)] = [SEEYOISED (A + ) + 1. (A.8)

We multiply the induction hypothesis by [S{)(X + %4+)] and obtain

SPLOISEI A+ TS0+ ) =
SUAISY A+ 0] + 8520+ 22T s+ Tty (4

PEIN L SEO + 2 S ( ) 1=

(SO + 88520+ 2T D[St 0+ ), (A9)

where we applied equation (A.8) to both terms on the left hand side. This is the desired
equation multiplied by [S¢ (X 4+ 21)]. As the Grothendieck ring is an integral domain,
(A.9) proves the second part of the theorem. ]
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