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Introduzione

Negli ultimi decenni la teoria delle algebre di Lie ha trovato ampie ap-
plicazioni in numerosi campi della fisica. In questa tesi vengono presen-
tate alcune relazioni fra gruppi quantici e modelli reticolari. In partico-
lare, si mostra come associare un modello vertex ad una rappresentazione di
un’algebra inviluppante quantizzata affine e si osserva che, specializzando il
parametro quantistico ad una radice dell’unita, si vengono a creare speciali

simmetrie.

Il principale oggetto di studio ¢ Ug(g), l'algebra inviluppante univer-
sale quantizzata associata all’algebra di Kac-Moody g. Specializzando il
parametro quantistico ¢ ad una radice dispari dell’unita si ottiene una copia
dell’algebra inviluppante non deformata standard Ul(g).

Si considera poi una rappresentazione di Uy(g) su uno spazio vettoriale
V. Lo spazio V puo essere interpretato da un punto di vista fisico come uno
spazio di stati ma, come sara piti chiaro in seguito, per definire ’azione di un
modello vertex ¢ necessario agire su una catena di spazi, vale a dire, a livello
matematico, sul prodotto tensoriale di L copie di V' e pertanto é necessario
estendere la rappresentazione data su V' ad una rappresentazione su V&, A
tal fine si munisce Uy(g) della struttura di algebra di Hopf e si utilizza la
comoltiplicazione.

Si osserva cosi una prima simmetria tra 1’azione di U(g) su V% e I'operatore
di shift sullo stesso spazio; questo risultato, descritto in primo luogo da un

punto di vista puramente matematico, viene in un secondo momento inter-
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pretato come l'invarianza traslazionale del modello vertex associato a Uq(g).

Il passo successivo consiste nell’associare un modello vertex ad una rapp-
resentazione di valutazione dell’algebra quantizzata affine Uy(g). Questo pro-
cesso si compone a sua volta di due parti. La prima parte é la costruzione di
una R-matrice R(u) € End(V ® V') a partire dalla R-matrice universale R di
Uq(g) e per una data famiglia di rappresentazioni di valutazione parametriz-
zate da u. Ug(g) munito di R ¢ un’algebra quasi-triangolare. Utilizzando
questa particolare struttura si dimostra che R(u) risolve I'equazione di Yang-
Baxter quantistica e che la R-matrice permutata Z(u) commuta con l’azione
di Uy(g). Nella seconda parte, di natura essenzialmente fisica, si esplicita la
relazione tra funzione di partizione e matrice di trasferimento di un modello
vertex rettangolare, suggerendo cosi una caratterizzazione del modello basata
sulla R-matrice R(u). Essendo R(u) una soluzione dell’equazione di Yang-
Baxter quantistica si puo inoltre dimostrare che il modello cosi costruito
¢ integrabile. Si mostra infine che la sua matrice di trasferimento commuta
con 'azione dell’algebra inviluppante non deformata U(g) costruita all’inizio.
Questo risultato si basa sull’invarianza traslazionale e sull’invarianza rispetto
all’ope-ratore di boost; quest’ultima viene ottenuta usando 'invarianza della

R-matrice permutata rispetto a Uy(g).

Il campo base utilizzato durante tutta la tesi sara C.



Introduction

In the last decades the theory of Lie algebras has found large application
to various fields of physics. In this thesis we present some relations between
quantum universal enveloping algebras and lattice models. In particular we
want to associate a vertex model to a representation of an affine quantum
enveloping algebra and show that special symmetries arise when specializing

the quantum parameter at a root of unity.

We start studying Uq(g), the quantum universal enveloping algebra as-
sociated to the Kac-Moody algebra g. Specializing the quantum parameter
q at an odd root of unity one can then construct a copy of the classical non
deformed enveloping algebra U(g).

We then consider a representation of U,(g) over a vector space V. The
space V' can be physically interpreted as a space of states but, as it will be
clear later, in order to define an action of a vertex model it is necessary to act
over a chain of spaces, which is, mathematically speaking, the tensor product
of L copies of V, i.e., it is necessary to extend the given representation on
V to a representation on V®L. To this purpose we endow U,(g) of a Hopf
algebra structure and make use of its comultiplication.

This allows us to discover a first symmetry between the action of U(g)
over V®L and the shift operator over the same space; this result, which is
first described from a completely mathematical point of view, will be later
physically interpreted as the translational invariance of the vertex model as-

sociated to Uqy(g).
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The next step is to associate a vertex model to an evaluation represen-
tation of the affine quantum algebra U,(g). This process is divided into
two parts. The first part is the mathematical construction of an R-matrix
R(u) € End(V ® V) starting from the universal R-matrix R of U,(g) and
for a given family of evaluation representations parametrized by u. U,(g)
endowed with R is in particular a braided bialgebra. Using this particular
structure one can prove that R(u) solves the quantum Yang-Baxter equa-
tion and that the permuted R-matrix % (u) commutes with the action of the
affine quantum group. The second part, more physically flavoured, shows the
relation between the partition function and the transfer matrix of a rectan-
gular vertex model, suggesting a characterization of the model based on the
R-matrix R(u). Being R(u) a solution of the quantum Yang-Baxter equation
we can also prove that the so obtained model is integrable.

We finally show that the model, or better its transfer matrix, commutes
with the action of the non deformed enveloping algebra U(g) constructed at
the beginning. This result is based on the translational invariance and on
the invariance with respect to the boost operator which is shown using the

quantum group invariance of the permuted R-matrix.

Throughout the text the base field will be C.



Chapter 1

Quantum universal enveloping

algebras

1.1 Preliminary results and notation

In this first chapter we briefly recall the main definitions concerning Kac-
Moody algebras, with particular attention to affine algebras. Definitions and
notation introduced here will be used throughout the thesis. All the material

of this section can be found in [10].

Definition 1.1. Let n € IN and A = (a;j)1<ij<n be a square matrix with

integral entries. The matrix A is said to be a generalized Cartan matriz if:
1. az =2for 1 <i<n;
2. a;; <0if i # j;
3. a;; = 0 if and only if aj;; = 0.

If there exists an invertible diagonal matrix D, such that DA is a symmetric

matrix, A is called symmetrizable.

Definition 1.2. Let A = (a;;) be a generalized Cartan matrix of order n. A

realization of A is a triple (b, IT, IIV) such that:

1



1. Quantum universal enveloping algebras

e h) is a C-vector space of dimension 2n — rk(A);

o Il ={a,...,a,} C h* is a set of linearly independent elements;
o IIV={ay,..,a)} Cbisaset of linearly independent elements;
o aj(e)) =a; for 1 <i,j<n.

Remark 1. There exists at least one realization of every generalized Cartan

matrix. This realization is unique up to isomorphism.

Definition 1.3. Let A be a generalized Cartan matrix of order n and (b, I, TI")
a realization of A. The Kac-Moody algebra g(A) associated to A, is the Lie
algebra over C with generators e;, f;, for ¢ = 1,...,n, and b satisfying the

following relations:
1. [h,W] =0 for h,h' € b;
2. [h,e)] = a;(h)e; for h e h,i=1,....,n;

3. [h, fi] = —ay(h)fi for h e hi=1,..,n;

=

e, f;] = dijay for 1 <, j < mn;
5. adii_a”(ej) =0for 1 <i,7<nandi#j;
6. ad;i_aij(fj) =0for1<i,7<nandi#j.
h is called the Cartan subalgebra of g(A).
When there is no matter of confusion we will denote the Kac-Moody algebra
g(A) simply by g.
Remark 2. The Kac-Moody algebra associated to a Cartan matrix A does not

depend on the realization chosen but only on the matrix A; algebras obtained

using two different realizations can in fact be proven to be isomorphic.

Remark 3. Let A be a symmetrizable generalized Cartan matrix. It is pos-
sible to define an invariant nondegenerate symmetric bilinear form on g(A)
whose restriction to its Cartan subalgebra b is nondegenerate too. We can

so define a nondegenerate bilinear form on h*.
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Kac-Moody algebras g(A) can be classified on the basis of the properties of

the Cartan matrix A; in particular three possible cases may occur:

e if A is a positive definite matrix then the associated Kac-Moody algebra

is of finite type (i.e., it is a finite dimensional Lie algebra);

e if A is a positive semidefinite matrix then the associated Kac-Moody

algebra is of affine type;

e if A is an indefinite matrix then the associated Kac-Moody algebra is

of indefinite type.

Definition 1.4. A generalized Cartan matrix A is said to be decomposable
if there exists a proper non empty subset I C {1,...,n} such that a;; = 0 if
ic€landj¢Tori¢landjel. Itisindecomposable otherwise.

Remark 4. If g(A) is of finite type then A is always symmetrizable. If fur-

thermore A is indecomposable then g(A) is simple.

An important subclass of affine algebras, called "nontwisted” affine algebras,
can be concretely constructed in terms of underlying simple finite dimensional
Lie algebras. Let us briefly recall this construction to which we will refer as
affinisation.

Let E; be a simple Lie algebra of dimension n and consider the so-called loop
algebra L g = Clt,t '@ g. This is not yet an affine algebra. If [, ]3 denotes
the Lie bracket in E, this can be extended to a Lie bracket on & E by setting

[Pow,Q®yl,s=PQ®z,yls for PQeC[t "] andz,y€g.

Now we extend the loop algebra adding a central element ¢, i.e. we define
g = ZLg®Cc. In order to extend the Lie bracket to § we recall that it
is always possible to define an invariant symmetric non degenerate bilinear
form over E], let us denote it by (,). Then, for P,Q € C[t,t7'], z,y € a and
A€ C, we set

[Pez,Qeyly=[Per,Qay|,s+ Res(P'Q)(z,y)c

[P®x+ Ae,clyg =0



1. Quantum universal enveloping algebras

where Res : C[t,t™'] — C is the residue of the Laurent polynomial (in 0).
Finally we extend g with a derivation element d so that we get g := g®Cd,
and we define the bracket on g in the following way:

la,blg = [a,b]g for a,b € g;

[d, c] = 0;

[d,P®a]=t% @z for PeClt,t '] and z € a.

In the literature the term Kac-Moody affine algebra is referred both to g
and to g. In this thesis we will mainly deal with g so we will name it affine
algebra; the difference between the two algebras consists in the dimension of
their Cartan subalgebras, which in the case of g is bigger and allows to define
a non degenerate inner product. As we already pointed out, the Kac-Moody
affine algebras constructed in this way are not all the possible affine algebras,
but only a part of them. The Cartan matrix of g (or better of g) has order
n + 1 and contains the Cartan matrix of E( as a submatrix, so it is natural to

call it extended Cartan matriz.

Given a Kac-Moody algebra g, we will denote by U(g) its universal enveloping
algebra. Let us recall the definition of the evaluation representation for U(g).
Every representation 7y of U (5) over a C-vector space V' can be extended
to a representation of U(g) using the evaluation homomorphism p,,a € C*,
defined by

Pa - U(g) - U(a)
" Q@ — a"r formGZ,xEE;

c— 0

The map my o p, is a representation of U(g) called evaluation representation.
In particular we point out that the evaluation morphism can not be naturally
extended to U(g) so it is not possible to associate in this way a representa-
tion of U(g) to a representation of U(§). In fact, if we suppose there is an

extension, for P € C[t,t™] and = € g, we get:
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[peld), pa(P2)] = pul(d, Pa)) = pa(tL2) = aP'(a)a

but

[Pa(d); pa(P)] = [pa(d), P(a)a] = P(a)[pa(d), 7]

so P(a)[pa(d),x] = aP'(a)x.

Assuming = # 0 and P(a) # 0 we then have that % does not depend on
P, which is absurd.

1.2 Definition and general properties of U(g)

The main mathematical object studied in this thesis is the quantum uni-
versal enveloping algebra associated with an arbitrary symmetrizable Kac-
Moody algebra. This is a deformation of the classical universal enveloping
algebra, obtained by introducing in its defining relations the quantum pa-
rameter ¢ € C. This algebra is sometimes named also quantum group, even if
the term is a little more general and does not denote this definition uniquely.
The notion of quantum group was introduced by V. G. Drinfeld during the
International Congress of Mathematicians in 1986 in Berkeley and it refers
also to additional structures of this algebra that will be presented later (the
quasi-triangular structure).

We begin defining this algebra through a presentation.

Definition 1.5. Let A = (a;j)1<i j<n be a symmetrizable generalized Cartan

matrix and g the associated Kac-Moody algebra. Let ¢ be a complex variable

(aj,24)

and define for «a; simple root of g, ¢; := ¢ 2z , (,) being the invariant

bilinear form on h* introduced in Remark 3. Then U,(g) is the associative
Q(q)-algebra generated by the elements e;, f;, K;, K; ', i =1,...,n with the

following relations considered for i, = 1,...,n:

7
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1. Quantum universal enveloping algebras

2. )
K, — K
[6ia f]] 51] —11
q; — g,
3.
1= 1 — aos
—1)" ij n, '1*(11‘]‘*71 _
iy 1] e =0
n=0 qi
1—a;; 1
n — Q5 n l—a;j—n
(—1) [ j} il =0
n=0 n qi
Remark 5. 1. Definition 1.5 makes use of the so-called g-integers, in par-

ticular of the g-binomial coefficient. The precise definition and some

basic but useful properties can be found in the appendix.

2. Relations 1. and 2. are the quantum deformations of the classical Weyl
(Chevalley) relations while relations 3. are the so-called quantum Serre

relations.

3. Let a be a real root of a nontwisted affine algebra g; we define the
length of & by I(e) = (o, @)2. There are only two possible lengths
for the roots of g, so, choosing by convention that for the short roots

(v, ) = 2 and remembering that for two roots @ and 3 we have that

the ratio % gets one of these values 1, 2, 3, %, %,

that, if o is a short root ¢; = ¢ and if «; is a long root ¢; = ¢2, ¢°.

it follows immediately

4. If A is indecomposable let D = (dy, ..., d,) be the invertible diagonal
matrix such that DA is a symmetric matrix. D is determined up to
a scalar factor and we can choose D such that its diagonal elements
d; are positive and coprime integers. We can then define the ¢; in an

alternative but equivalent way, i.e. we can set ¢; = ¢%.

We now focus on the difference between the quantum affine algebra Ug(g)
and the algebra U, (g).



1.2 Definition and general properties of U,(g)

Definition 1.6. Let A = (a;j)1<; j<n be the Cartan matrix of a finite dimen-
sional simple Lie algebra S and A" = (a;;)o<i j<n the extended Cartan matrix
of rank n. Then Ug(g) is defined as in Definition 1.5 (i.e., with generators
e, fis KZ-il for i = 0,...,n and the usual quantum relations), while the alge-
bra Ug(g) is its extension obtained considering the generators d,e;, f;, KiﬂEl

for ¢ = 0, ...,n with the usual relations and
[da Ki] =0 [d, 62‘] = 04,06 [d7 fi] = 5i,0fi

It is also possible to give a presentation of Uy(g) (and Uy(g)) as an extension

of a loop algebra with a central element and a derivation element ([1]).

We shall now introduce some important relations among the elements of a

quantum universal enveloping algebra.

Lemma 1.2.1. Letn € N. We have

n n— KiQil_n - Ki_lqzn_l
e, fi'] = [n]%’fi ! 1
qi — q;

n n— Kiq?_l _ Ki_l il_n
e, fi] = [n]%ei ! -1
qi — q;

Proof. We prove the first relation by induction on n.
If n =1 it is true by definition.
Now let us suppose it is true for n and let us show it for n + 1.

Remembering that K;f; = ¢; % f;K; we have
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e, [IY] =efifi— f1 e

-1

K, —K
= flreifi + [n], f1" 4, ql fi— [ e

qi— ql

1 K'*K-ﬁl 1K —n_ KT 1 n—1 1
ZfinJr@mLffq:_TflJr[]fn MTf e
T

K K 1 q?*q;n iq;lfniKiflq:L+l
f’L ( 1 + i —1 i —1
qi—4q; qi—q; qi—q;

S i (Ki(qz-—q{1+(q?—q{”)qfl_")—K{1(qi—q{1+(Q? )q?“))

4i—q; 9i—q;
_ fzn quz K—l 2n+1 Kiqi_zn_l+Ki_lqi_l

ai—aq; ' ai—aq; '

—n— 1— 1 — 1)—1

_ fzn (q;”lfqi n 1)(Kz‘qi (n+ )7Ki 1q£n+ ) )

ai—q; " %i—a;

K, —(n+1) K 1 ("7'+1)
= [+ 1], s
qi— qz
The second relation can be proved in an analogous way. O

Definition 1.7. Let e;, f; and ¢; be as in Deﬁnition 1.5 and let r € IN*. We

will call divided powers the formal elements e ) and f ") defined as follows:

el = 7‘?;' (1.1)
1= %q, (1.2)

Lemma 1.2.2. Let n € IN. We have:

n 2 r—
[e?,fi"]=2m 'HKq K

=1 qi B qi

from which we immediately obtain the relation

e ) — me D nHqu '_Zf‘ g
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Proof. The proof is by induction on n using Lemma 1.2.1. Computations are
very long so we give only a sketch.

If n =1 it is obviously true because we get the usual relation.

Now let us suppose it is true for n and let us show it for n + 1.

We have:
1 1 1 ntl
e frY = el frfi — fr et

=e;flel fi + ei[e?» fin]fi - finﬂe?ﬂ
= frer 4 e, fllerfi + edler, [ f; — frtentt

= [Pl fil + lei, f1€) fi + eiler, £
Now it is possible to complete the proof using the inductive hypothesis and

Lemma 1.2.1. ]

Lemma 1.2.3. We recall the higher order Serre relations introduced by Lusztig
(see [15]). Let n > 1,m > —a;;n and s € IN.
Then

—Nagj

eﬁ’”)eg”) = Z Cm_k(qi)el(k)e?)egm_k) (1.3)
k=0

where the coefficient function is

m+ta;;n—1
s —s(l+1—a;jn—m)+1 | S
Cy(q) = Z (1) +l+1qi (I+1-aij )+ L}
qi

=0

1.2.1 Evaluation representations of quantum affine al-

gebras

In this paragraph we try to extend the notion of evaluation representation

of U(g), introduced in Section 1.1, to the quantum case.
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We start introducing the automorphism D, u € C, given by

D, : Uq(@) - Uq(ﬁ)
6i,0u

e +— e

fi e %o

K K

€;

We note that D, is the identity on all the generators, except for ey and fo.

It is immediate to prove that we indeed defined an algebras automorphism,

or in other words, that the defining relations of U,(g) are preserved.

Indeed we have, for example,

D, (Kie;K; ') = Du(g;" ej) = ;" e’ove; = Kie’"e; Kt = Dy (K;) Dy(e;) Du(K;)

and ) )
Ki— K. Ki— K[ T T
Dy([ei, f;]) = Du(bij——=2r) = 0jj——= = [es, f5] = [e"0%e;, e 700" f}]

4—q; RAPTRE

= [Du(es), Du(f])]

Let now p : Uy(g) — Uq(a) be an algebra homomorphism such that for

1=1,...,n

ple;) = e;;
p(fi) = fi
p(K;) = K7

The morphism p, = po D, is called evaluation homomorphism for U,(g), and
every representation 7y of Uq(a) over a C-vector space V can be naturally
extended to a representation of U,(g) by my op,. The problem of this method
is the construction of the map p, in fact it exists only for g = sl, (see [1],]5]).
For this reason we will introduce an analogue of the evaluation representa-
tions for general quantum affine algebras.

To this purpose we need to recall the definition of highest weight module.

Definition 1.8. A U,(g)-module is a highest weight module if there exists
vy € V such that Uy(g).vx =V, e;.un = 0 and K;.v) € Cuv,.
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Definition 1.9. A finite dimensional representation py of U,(g) over V is
said to be an evaluation representation if all its irreducible U, ( 3)-subrepresen-

tations are highest weight representations.

Thanks to the automorphism D, we can then naturally define a family of

evaluation representations.

Definition 1.10. Let py : U,(g) — End(V) be an evaluation representa-
tion. Then py () := py oD, is a family of evaluation representations of U,(g),
depending on the complex parameter u, which will be denoted by V'(u). Dif-
ferent representations are connected by the action of the automorphism D,,,

in fact for x € Uq(g) we have py (ui0)(2) = pr(w)(Do(2)).

We finally recall a result about the level of a representation which will be

used later.

Definition 1.11. Given a representation of an affine Kac-Moody algebra (or
(quantum) affine enveloping algebra), if the central element ¢, considering a
loop algebra presentation, acts as the multiplication by the scalar k, then the

representation is said to be of level k.

Proposition 1.2.4. Fvery finite dimensional representation of the quantum
affine algebra Uy(g) has level 0 (for a proof see [1]).

1.3 The restricted specialization of U,(g)

In this section the concept of specialization of U,(g) will be introduced in
order to describe a particular specialization which will play a fundamental
role in the following section. The idea behind the notion of specialization of
U,(g) is to construct an algebra starting from U,(g) and "specializing" the
quantum parameter ¢ at a particular non-zero complex value.

The first complication in this process is that U,(g) is a Q(g)-algebra and so

there can be problems with the existence of the rational functions when ¢
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specializes to a complex value (the denominator can be 0). To bypass this

difficulty we introduce the concept of integral form of U,(g).

Definition 1.12. An integral form of U,(g) is a Z[q, ¢~ ']-subalgebra Uz, ,1/(g)

such that the natural map

UZ[q,q*](g) Qz[q,q-1] Q(q) — Uy()

is an isomorphism of Q(¢)-algebras.
In other words we can say that the Q(g)-algebra obtained from Uz, ,-1)(g)
with an extension of scalars (to Q(q)) is U,(g).

Now we can define a specialization starting from the integral form.

Definition 1.13. Let Uy, ,-1)(g) be an integral form of U,(g) and let € € C*.
A specialization of U,(g) is

Us(g) = UZ[q,q‘l] ®zlq,g-1] A

with the homomorphism Z[q,¢"!] — A, ¢ +— & and where A can be
C,Zle, 7] or Q(e).

Now we define the Z[q, g~!]-subalgebra we will use, but we will not prove that
it is an integral form. Using this integral form we will construct a particular

specialization, called the restricted specialization.

Proposition 1.3.1. Let U%;q_l](g) be the Z[q, q~*]-subalgebra of U,(g) gen-

erated by the elements eE”, fi(T), K; and Kfl for1<i<nandr>1.
Then Uée[fm,l](g) is an integral form of U,(g).

Notation 1. For c € Z,, s € N and ¢ = 1, ..., n we introduce the notation:

[KZ’ C:| ﬁ KiquJrlfr o K;lqulfc
qi

- - (1.4
§ r=1 qlT — 4

Notation 2. For N € IN we set

N,._{ N if N odd

2 if N even
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Definition 1.14. Let € € C*.

We define the so-called restricted specialization of U,(g) as follows

UE(8) = Upfyg)(8) ©zig o) QLe)

Remark 6. When specializing ¢ to a root of unity of order N relations (1.1),
(1.2) and (1.4) have no more meaning for » > N’, because the denominator
goes to 0. We can anyway rewrite them bringing the denominator to the left
(r)

side in order to avoid this problem, so, for example, 1.1 becomes [r],!e;”” = e]
and so on.

It follows immediately that, in U™(g), eN' = 0 and f" = 0.

Specializing the rewriting of 1.4 for ¢ = 0 we get also K2V " =1, indeed we
have K;q; " = K; 'q¢/™", so K? = qf(l_r) and K2V = qu/(l_T) =1.

We finally remark that K7 is central, because KNe; = ¢ “e; KN = e; KN

and KN f; = ¢, KN = iKY

7

1.4 From U,(g) to U(g)

In this section we will show how to construct the non deformed enveloping
algebra U(g) as a quotient (of a subalgebra) of the restricted specialisation

of U,(g) at a root of unity.

Before stating the main theorem, we present some technical results that will
be used in its proof.

The following lemma can be proved by induction on r for fixed c.

Lemma 1.4.1. In Uy(g) the following relation holds:
Kz; —C c(r—s) | € +s—1 sz 0
= —1)%¢; K? 1.5
o } > (o[ ] [_] (1.5

i 0<s<r

forc € NT and r € IN.

In the following remarks we will study the particular values of the g-binomial
coefficients appearing in relation (1.5) when ¢ = 1 and c is a multiple of
N'.
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Remark 7. Let p€ N,1 <1< N’ —1 and ¢ = 1. Then we have:

N'+1 —pN'—1 -
[p]\/vl—f'l]qliqg7 i _Qip o pN/qg_qili pN’
/ = ] ] =4 T34
[]Qi q; — q; q; — q;

Furthermore, for a generic parameter ¢, we have:

PNy _ @ =™ @ - (@) .
[N @ =g g =g “

Note that, if ¢ = 1, then [p]qN’ _ pqu’(pfl)

Remark 8. If ¢V =1, for t € N* and s € N, we have

1 if s=0
{0 if1<s<N —1

gV VY g = N

[N’t+ 5 — 1]
%

S

For s =0, [N/é_l}q, = 1 by definition.

If1<s< N —1then

[N’t +s— 1}  [INt4s—1],,! [Nt [Nt + 1], [Nt +s—1],

. P Y A P W 1 PO P | P

because [N't],, = 0 and the other ¢g-integer are all non zero.
In a similar way we proceed for the case s = N’ but the result is completely

different. Thanks to Remark 7 we have

[N’t—&-N’—l} _ [N't+N'—1]g,!
N ai  [N']g![N"i—1]g;!
_[N'#]g, [N"t41]g; ... [N't+N'—1]4,
[N'lg; [1]g; -+ [N'=1]g
[N't4+1]q, ... [N"t+N'—1]q,

= [ty Mg, [N'—1]q,
_ tqi]\/’(t—l)q;V/(N’—l)t
_ tq;V’(N’t—l)

where the first three equalities hold for a generic parameter ¢ while the last

two hold under the hypothesis ¢"V = 1.
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We now consider Lusztig’s formula given in Lemma 1.2.3 with m = N'(1—a;;)

and n = N’. In this case the coefficient function Cs(q;) becomes:

N'—1
Cylq) = Z (_1>s+l+1q;s(l+lf]v/)+l E] (1.6)
qi

1=0
In particular we are interested in the values it gets adding the hypothesis
N
qg' =1.

Lemma 1.4.2. If ¢V =1 the coefficient function becomes

) (—1)5+1qf(N,_1) if s=0 (mod N’)
s\qi) ‘=
0 otherwise

Proof. We note that, if s =0 (mod N') and 0 < < N, then the ¢g-binomial

coefficient appearing in formula (1.6) is 0. In fact, if we set s = N't we have

{N’t} B L A\ L
q

l Nt =10, @ —q b INt—1,0,!
so, all the summands in the definition of Cs(g;) are 0, except for [ = 0 and
we get the result.

If s #0 (mod N’) the situation is not so easy. We begin by noticing that, if
s=rN'+k, 1 <k < N’, then the binomial coefficient [‘?] ., can be simplified

ﬂ _Ja, i<k
l, 1o ifl >k

where we use that [rN’ +t],, = ¢/V'[t],, for 1 <t < k and that [rN’],, = 0.

We can then write the coefficient function as

as follows:

Colq) = Zf 0(_1)rN'+k+z+1qf(rN’+k)(l+1—N’)+lqu'z m
S 1 o 7 1 l q
rN’ —rN'4rN'2 —k —k(I+1-N")+l 1k
:(_1) N+1qi N'+rN leo(_l)k—&-lqi ( ) [l]qi

In order to complete the proof it is now enough to show that

k
S ()it A m =0
qi

=0
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If k =1 we have (=1)¢¥ 4+ ¢Vt =0
In general for £ > 1 the formula can be split using the g-Pascal identity
(A.0.4-(4)) so we get

o (— 1)t MR

T L TS D DT ) o
b (—1)g RN ]k ek Yn, =

b (g RN ] SR et N ]

Finally we need a relation involving the divided powers.

Remark 9. Let s € N, s > 0.
We have

e el NN N () INTGY v

e. g g g d €

‘ [N/S]Qi! [N/]q'!s [N/S]Qi! [N/]Qi!s [le]q‘! ’

(3

Furthermore using Remark 7 and under the hypothesis ¢ = 1 we can write:

Mg _ s [Nt [1g;[2]g; - [N']g
[N's]g;t Hp:l [N'plg;! HP:1 [N'(p—1)+1]q; [N'(p—1)+2]g;---[N'Plq;
N (p—1)Ig;!

— H [l]qi[Q}qi-"[Nl_l]qi
p=1 [N'(p—1)+1]; [N'(p—1)+2]g, ...[N' (p—1)+N'—1], [p]qN/

(51
N'z(p 1) nrzelsl)

_le p =& s!

So we obtain the following relation:

N2 s(s—1)

SN Gt s
(2 S! 7

We are now ready to state (and prove) Theorem 1.4.3 about the construction

of the non deformed enveloping algebra U(g).

Theorem 1.4.3. Let ¢ € C* be a root of unity of order N, N > 2. Let
Ul(g) be the subalgebra of the restricted specialization UI**(g) generated by
the elements eEN/), fi(N,) for1 <i<mn. If N is odd (hence N = N'), then the
quotient U!(g) of Ul(g) by the ideal generated by K; — 1 is isomorphic to the

non deformed enveloping algebra U(g).
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Proof. The proof of this theorem consists in verifying the relations defining

the non deformed enveloping algebra.

Using Lemma 1.2.2 we get immediately

(N) (N _ N p(N'=0) (N'=D) ppl - Kigl =K 'qp !
[ei 7fi ] = 2.1=1 fz € H?‘:l qr—q; "
. N’ p(N'=1) (N'=1)[K;;0 _ [K0
= l:1fi €; [ l :|qi_ [N’]qi

because in the quotient for 1 <1 < N’ we have [K;;O}q_ =0.
K;;0 '
N/

hi of U(g), and indeed we will show that this is the case by calculating their

The formal elements [ }q_ are then supposed to play the role of the elements
adjoint action.
: . K;;0 K;;0 _ :
First of all the relation [[ v } . [ I } | = 0 follows from the commutation
qi qi
relations between the K;’s.

We now need to show that
K0 v (N)
[[ ] e ] = aije; (1.7)
N/ o J

We have:
Ki;0 (N) K00 vy vy [ K50 Ny, | Kis N'ag; K;; 0
[|: N/ } 165 ]: { N/ } € ¢ N/ =6 ( N/ o= N/ )
qi q; qi q; q;

We will now rewrite the difference of formal elements ([K’]]\\,[: ‘”-7'] — [Ij\ifio] )
qi qi

in the specialization and then we will pass to the quotient.

Thanks to Lemma 1.4.1 we have:

K;; N'a; s —Nag(N'—s) | —N'ajj +s—1 s| K30
e, = 3 e P T e 0]
qi 0<s<N’ qi qi

Now, Remark 8 allows to reduce the summation to the terms for s = 0 and

s = N’ hence we have:

i

lKi;N/aij:| _ ~N"a;; |:Ki;0
qi

/ "(=N'aij=1) 1N’
i + ()N (—ai)g) TNV
N’ N’ Li
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The difference of formal elements, passing to the quotient by the ideal gen-
erated by K; — 1, is then

K'L; N/a,i‘ Kw O —N’2aij KZ? O ! N’ —N’aij—l
] I o I R e L R
qi i a4

so finally we get

K;;0 N —N"a;; K;; 0 ; N'(—N'az;—1 N
5] =@ =05+ ¥ ag e
qi qi
(1.8)
Being IV odd (so N = N') (g " = D[], + ()Y ayg TV

reduces to a;; because ¢ = 1 so (1.7) is satisfied.
In a similar way it is proved the relation for the fl-(Nl)7S.

Now we want to show that the Serre relations hold; in order to do this, in
the following computations we will use Lusztig’s formula (1.3) with m =
N'(1—a;) andn=N'.

In this case the formula becomes

—N'a;;
N'(1—a;j) N’ k) (N’ N'(1—a;;)—k)
00 S 0L a1,
k=0

with
N'—1 <
Cula) = 3 (-1 eig
=0 l qi
Now we will evaluate formula (1.9) for ¢" = 1.
Thanks to Lemma 1.4.2 we can use the substitution k£ = N'n for some n € IN

(the other coefficients are 0) in order to get:

—N'a;; k) (N') (N'(1—a;j)—k
D k=0 CN/(l_aij)_k(Qi)e( )65' )e( (tmew)=h) _

Z;ig CNl(l_aij—n) (qi)egN’n)6§N’)€§N’(1—aij—n) —
;izg(_l)N’(lfairn)Hq;\’ (1—ai;—n)(N *1)62('1\7’”)6;1\”)62('1\7 (1—aij—n))

(N’(l—aij))e(N’) _
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Now we apply Remark 9 to finish the computation:

(GEN/))I_GU e;N/) _

(I1—ai)! —ai; N'(1—az;—n)+1 N (1—ai;—n)(N'-1)
N2 —aij(1—a;;) n=0 (_]'> ( i) q; '
g 2
‘ (1—a;;—n)(—a;;—n)+n(n—1)
w2 (i ey (1.10)

i (e(,N,))neg_N/)(ez(_N,))lfaij*n —

)

n!(1—a;;—n)!
;izog (_1)N/(1_aij_n)+lq;\ﬂ(1_aij_n)(N/_l)qi_an2(1_aij_n) (1—7;11'3')

(G(N/))HG(N/)(G(N/))lfaij*n
i J i

We recall that the Serre relation of the non deformed enveloping algebra (up
to a factor £1) is

1—a;;

1—a;; —ai;—n
> e (1 el = (111)
n

n=0

Being NV odd (—1)N/(l_a”_n)“qM(l_%_n)(N,_l)Q»_nNa(l_%_n) reduces to

K3 K

(—1)(1=aii =)+ hecause ¢ = 1 so relation (1.11) is satisfied.

A completely analogous computation allows to show the same result also for
N/)7

the Serre relation involving the fi( S. ]
Remark 10. We would like to point out that, in general, if N is even, relations
(1.8) and (1.10) do not reduce to the correct ones. In particular as for relation
(1.8) we note that

1. If N is even and N’ is odd the relation is not satisfied.
2. If N is even and N’ is even several situations may occur, for example:

o if ¢V " = —1 for all i (which happens if g is simply-laced, i.e. all

the real roots have the same length, or for some particular non

—N2a,
simply-laced algebras) we get exactly a;; because g, NTaii _ 1 50
N'+1 -N’

the coefficient reduces to (—1) a;jq; =

e if there exists 4 such that ¢ = 1 the relation is not satisfied.
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As for relation (1.10) we note that:

1. If N is even and N’ is odd then the coefficient reduces to (—1)"+1(1—ai=n)+1
if ¢ = —1 and to (—1)1=2 M+ if ¢N" = 1, so in general the Serre
relation is not satisfied and depends on the parity of the elements of

the Cartan matrix. The condition is verified for example in the case of
the affine algebra Agl).

2. If N is even and N’ is even there are two possibilities:

e if ¢V = —1 for all i an easy computation shows that we get the

correct coefficient;

e if there exists 7 such that ¢¥' = 1 the relation is no more satisfied.

1.5 Shift-invariance of the non-deformed envelop-
ing algebra U(g)

In this section we will show that the action of U(g) over the L-fold tensor
product of a vector space V' commutes with the action of the shift operator.

Let us first give the definition of the so-called shift operator.

Definition 1.15. Let V be a vector space and L € IN™.
The operator P defined by:
p.vel . yel
(v1, V9, ..., vp) — (Vg, ..., v, V1)

is called shift operator.

The first step in order to prove the shift invariance of U(g) is to extend a
given representation of U,(g) over a C-vector space V to a representation
over the L-fold tensor product V®E. Then, if we consider the restriction of
this representation to the algebra U(g) constructed in the previous section we

can prove that the two actions commute. The representation of the algebra
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over V®L can not be obtained by the tensor product of the given represen-
tation L times because this would not be an algebra homomorphism. We
can, however, obtain it in a natural way endowing U,(g) with a Hopf algebra
structure (in fact it is enough to have a bialgebra structure) and using the
coproduct, which is an algebra homomorphism in order to associate an ele-
ment of U,(g)®" to an element of U,(g). We will describe this construction

in detail.

1.5.1 Hopf algebra structure of U,(g)

In this subsection we want to endow U, (g) with a Hopf algebra structure,

so let us first recall the definition of Hopf algebra.

Definition 1.16. Let H be a vector space over the field IK. Consider two
linear maps A: H — H® H and ¢ : H — K.
If the following diagrams commute we say that A is coassociative (first dia-

gram) and counital (second diagram).

H— 2 SHeoH

b e

HoH2YgoHoH

KeHZY o HY S HoK

\ A ~

H
Under these hypothesis the triple (H, A, ¢) is said to be a coalgebra, the map

A is called comultiplication and the map € counit.

Definition 1.17. Let H be a vector space over the field K.
Suppose that H is endowed with an algebra structure given by the mul-
tiplication p and the unit n and with a coalgebra structure given by the

comultiplication A and the counit .
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If the two structures are compatible, i.e. A and e are morphism of algebras,

then (H, pu,n, A, ¢) is a bialgebra.

Definition 1.18. Let (H, u,n, A, ) be a bialgebra.

An endomorphism S : H — H is called an antipode for H if
Sxid=1id*S =noc

where the convolution * of two bialgebra endomorphisms f and ¢ is defined

by: frxg:=po(f®@g)oA

Definition 1.19. A bialgebra (H, u,n, A, ¢) endowed with an antipode S is
called Hopf algebra and it is denoted by (H, u,n, A, €,5).

It is possible to endow U, (g) with various comultiplication maps and antipo-
dal maps in order to obtain a Hopf algebra structure. The more convenient
maps for our computations are introduced in the following proposition and
in order to define them it is necessary to think of U,(g) as a subalgebra of
a bigger algebra U, (g) generated by e, f;, Kf %, K with the usual relations
and such that

1 (K;?)? =K

2. [K?,K?] =0;

l
K2 f]

o
=
S

The two set of relations are compatible and in fact redundant.
Proposition 1.5.1. The algebra U/(g) endowed with:

1. the comultiplication AUy (g) — Uy(g) ®Ui(g)
A(Kf) K2 ® K2

(i) =e,@K, : + K2 ® e

A(fi) = fz®K2+K2®fz

Al) =11

>
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2. the cloum't e:Uy(g) — Q(q)
e(K7)=1 ele)=¢(fi)=0

3. the am‘zpode S U’( ) — Ué(g)

S(K?) = K, *
S(e) = —q; e
S(fi) = —qfi

is a Hopf algebra.
Before starting the proof of the proposition we present a useful lemma.

Lemma 1.5.2. For n € N we have:

k=0

Proof. The proof is an application of the q binomial formula A.0.5.
We can write A(e}!) = A(ez) = (e ®K : +K2 ® e;)".

7,

-

Now we note that (K2 ® e;)(e; ® K, ) K2ez Qe K, ?
= q,eJ(2 R K, Te, = =@, K, )(K2 ®e;) therefore, by Proposition A.0.5,

we get:

_1 1 _ _k n—k
(@K ? + K @e)" =3 oq " ] (b K *)(K; 7 @€l
n—k
= i [}, T K e

(2 (2

n—k Ch(nk)
_Zk 0 m k(n g ]'CKi 7 ®y, H k)ei 'K

7

= k=0 [Z] @ sz’T ® e?%Ki_g

Proof of Proposition 1.5.1. The proof consists in verifying the defining prop-
erties of a Hopf algebra. We begin by checking that the comultiplication is

coassociative.
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On the generators we have:
1 1
(1d ® A)A(K )= K2 ®K2 Q@ K? = (A®id)A(K}?)
1 1 1 _1 1 1
(id @ A)A(e;) = e; ® K| 2 ® K, 2 +K®@eK, *+ K@ K? Qe
= (A ®@id)A(e;)
([d@A)A(fi) = fio K P @K, * + K? @ io K; * + K} @ KF @ f;
= (A ®id)A(f;)
Obviously the counitary property is verified.
To prove the compatibility between the algebra and the coalgebra structure
we have to show that A can be extended to an algebra homomorphism. In
particular this means that the relations of the algebra must be satisfied. We
have immediately
A(KE), A(KQ)] = [K? @ KP KP @ KP| = [K7 KP] @ [KP, K] =0
A(K, )A(K-*E) =K?K

7 (2

A(K;

J (2
and in a similar way we have A(K?)A(f)A(K; 2) = q; “"A(f;)

Furthermore

[Afe:), A =

M\»—‘N

JA(e))AK;

)

TNl

_1 1
6Z®K2+K2®ez7f] K2+K2®f]]

:ezaf]®[1(2K 2+K2 [ez,f]]
= 52"(Ki_K—il‘ ® Ki_l +K; ® Ki_Kjl )
- ij(Qi—qfl N qz-—qfl )

-5 A(K)-AK )

T g g T

It remains to prove that A preserves the Serre relations.
Applying A to the first relation it becomes

1—a;;

2 (1 [1 _kaijl in(ei)kA(ej)A(ei)la”k

k=0

Using Lemma 1.5.2 we get

D) D e R B
i —k—s

1— g

(ef-KiT @K, e @K, + K, P @)€K, 7 ®e TR
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This can be written as

l-ay k 1-a4- - k 1—a;; — k
bl N AN R R

where

1— aij—k—s

t 1
b % 1-aij—k—
Ql—eK2e] K, ° ®eéF tKiQszei 7

and
1-a;;—k—s

k—t 1
L tre e ez st kt 3 1azrk8 2
2y =K, Kj e K, Qe 'K, eje; K.

7

Now we show that

ki 1—CLz‘j k’ 1—aij—k Q —0 (112)
k qi t q; § q; 1 .

k=0 t=0 s=0

Mi

First of all we note that €2; can be written in a more compact way thanks to
1 _1 aij
the relation K?e; K, * = g;?

i
2ig (b7t -l—s(k—t)—%(l—aij—k—s)—t(l—a,i‘7

1— a;j —t—s

[un

O =gq 2 S)ete K, 2 ®el_a“_t_sK_t+TsK_2
1=4g; 3€i i i J
Ifweset m=1—a;; —t—sand p=k —t we get
ij
pa;; 1
+(1—a;;—m—t p—— m—p)—t(m—p) 1—a;;—m—t m—14a;; 1-—%5
0 =gq? (1= ) ( ( eleje; " K2 ®eMK, K2
_ —p(m—=1)— YU m—tm ¢ l—a;j—m—t -5 m -m—1+a;; %
=4 €i€j K @€' K, K;

hence (1.12) becomes

e S (CapH ] P, [
m=0 t=0 p=0 ptt lg Lt Jgll—aj;—m—t
1

gi
a;j

_p(m_l) _Tm_tm t 1- Qj5—M— t 2 m m—l—&-aij -3

q; q; eje;e; K, m Kj

Now we note that the product of g-binomials can be written as follows:

|:1—6Li]} |:p—|—t:| |:1—Clij—p—t:| . |;l—&w:| |:m+t:| {m}
p+t qi ¢ qi 1_aij_m_t qi_ m—I—t qi ¢ qi p qi

thus we get:

B O e (S s
7a—m tm t -

l1—a;;—m—t m1+a
2 e, K2®e§”Ki VK

A 1]

l
2
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e m m p(m—1)
Now, thanks to Proposition A.0.6, we have that » " (—1)? [p] qz =0
for m > 0, so in this case the coefficient is always 0. It remains only to prove

that we get 0 also for m = 0; in this case we have

1

1—a;; tl—a;; t l—aij—t —1+4a;; -3
t=0 (‘1)[ t”]qiez‘ejei ® K, K;

which is 0 because on the left of the tensor product we have exactly the Serre
relation.

In a completely analogous way one can prove that

=’ Simo Lo (DT L, [T, 2 =0

By sumlar computations one can show that the relation involving the f;’s
is preserved, hence we conclude that A is an algebra homomorphism. It is
quite immediate to prove that € is a morphism of algebras and also to show
that the antipodal map S is an antihomomorphism. Let us make the explicit

computation only for two relations.

We have
S(lew fil) = SC=im) = “i= 7t = [fuei] = S(F)S(er) = S(e)S(f:)
and

J

1 (lz ( 1)k[ ka ]qls ek 6] 1— a”-_k) _
1 azJ( 1)k[ ka ]qlS 1 az;*kS(GJ)S(ei)k .
1 az ( 1)k[ ka ]qi( 1 2— aij g —(2— a”)el aj—k &

6]6 =
1 a”( 1)1 a”_t[11(121175}%(_1)2_&“4_( —am)e €j€1 aij—t _

o 1 ] eegel ™ 0

J
(2

Now we only need to prove the properties of convolution of the antipode, in
particular we need to prove that S % id = id xS = 1 o € where 7 is the unity
of the algebra. On the generators we have:

(S id) () = SUKHEG = 1=n(1) = n(e(K,})
(Sxid)(e;) = S(er) K; = + S(K; ) = —q{leiKi_% + Ki_%ei = ( remembering
that K%eK_ = q;€;

(S*zd)(f,) S(fK, 2 + S(K, %)f —qi fiK; : + K, 2fZ = 0 remembering

1

that K7 K, ? = g7\,
The proof is the same for id x .S.

—

[N
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We can thus conclude that (U'(g), u,n, A, g,S) is a Hopf algebra. ]

Remark 11. In the following we will always refer to U,(g) as a Hopf algebra
and we will consider its representations, although due to the given defini-
tion, this is a little improper and we should formally work with U;(g). This
enlargement can be avoided by defining a different comultiplication (and
consequently a different antipodal map). A more classical definition for the
comultiplication, which does not require any extension of Uy(g), is:

A Uy(g) — Uy(g) @ Uy(g)

AK) =K &K, Al)=1x1

Ale)=e, @K +1®e¢;, A(f)=fiol+K '®f

This possible structure of Hopf algebra has been introduced only for com-

pleteness and it will never be used in the thesis.

1.5.2 From a representation over V to a representation

over V&L

We can now use the Hopf algebra structure of Uy(g), in particular its
comultiplication, in order to extend a representation of Uy(g) over a vector

space V to a representation over V&F.

Definition 1.20. Consider the Hopf algebra U,(g). For each L > 2 we define
recursively the algebra homomorphism A®) : U, (g) — U,(g)®* by:

AL = (A@id,_o)AE™Y  with A® = A

Notation 3. We now introduce Sweedler notation which we will use through-
out the thesis. Consider the coalgebra (H, A, ¢) and let x € H. The element
A(z) € H® H is usually written as follows:

Alw) = 2 @2

In order to simplify the notation we remove the subscript and agree to write

Az) = Z W ® @
(z)
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Using this notation, the coassociativity of A (i.e. the commutativity of the

first diagram in Definition 1.16) is expressed by the following equality:
Z(Z (2D @ (2@ g2® = Z$(1)®(Z (2D (2@)@) (1.13)
() (2 (z) (z(2)

By convention, we identify both sides of (1.13) with

()

When there is no matter of confusion, we will write simply >~ 2V @2? @16),
This process can be generalized to A®), L € N, L > 2 for which we have the
following equality:

AD (z) = Z Ve . @l Vesd,

Now let us consider a representation (U,(g), py) over V. Using the Sweedler
notation, we can define the following representation over V®I:

for v @ vy ® ... @ vy, € VL and x € U, (g)

2. (@ ®..Q0v) =AP(2).(1@V®..QvL)
=Y @W®.. .02 (1®..0vL)
= > pv(@W)(01) ®@ ... @ py (P (v)

In order to describe the action of the generators of the non deformed algebra

over V®L we prove a preliminary result about the action of e;, f; and K.
Lemma 1.5.3. Let L IN,L > 2. In Uq(g)®L, for1 <n <L we set:

e Kiln)=1®.01® K ®1®..1;

n-th place

1 1 1
e Ein) =K®.0K® e ®K'**®2.0K

n-th place

1 1 _1 1
e Filn) =K}®.0K?® fi ®K *®.0K,:"*.

n-th place

Then we have:
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o AU(K) =K, =[]._, Ki(n);
o AW(e;)=E;=3"_  Ei(n);

o AD(f)=F, = Zﬁ:l Fi(n).

Proof. The first relation is immediate because A(K;) = K; ® K;. The second
is easily obtained by induction on L > 2; if L = 2 it is clearly true by
definition of comultiplication. Assuming it is true for L — 1 we have

AP (e;) = (A®idy2) AT D(e;) = (A®id ) 3,7, Ei(n) = Ale)o K, 2@
QK Y Ei(n) = SE, Ein)

The third relation can be proved in the same way. O

The following proposition can be proved by induction on L using Lemma
1.5.2:

Proposition 1.5.4. The following relation holds:

N—nj—nj_y

L
A(L)(GZ(N)) _ Ez‘(N) _ Z ®€§nl*”l71)[(i 3

0=no<ni..<np=N I=1

for Le N, L >2 and N € N.

A similar formula describes the action of the fi(N)’s.

1.5.3 Shift-invariance

In this subsection we will prove the invariance of U(g) with respect to the
shift operator. Before stating this result we introduce two technical lemmas

which will be used in its proof.
Lemma 1.5.5. Let LeIN, L >2, ne N, 1<n<L. We have:

PE,(1)P™' = E(L) [/ K;7'(j) if n=1

)

1

2. PEP™' = E;K;(L) + E{(L)(K; " — 1)K;(L)
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Proof. The first relation is immediate: let v, ® v, ® ... ® v, € VL. Forn > 1
we have:

PE( VP (0 @uy®...0u1) = P(K2vL®K2v1® R, 10..QK, ? vL 1) =
K VR ... Qev, 1®...0K, 2v,_1 ® K? UL—Ei(n—l)Ki(L)

The case n = 1 follows from similar computations.

We will now deduce the second relation from the first.

PE,P™' =Y  PE(n)P!
=S T E(n)Ki(L) + E(L) 175 K7'(5)
= EKi(L) + E/(L) [175 K;7'(j) — Ei(L)Ki(L)
= E;Ki(L) + Ei(L )(HL L KON ETHL) - DE(L)
)+ (K

= BiKi(L) + E{(L) (K — )Ei(L)

We shall now extend Lemma 1.5.5 to the powers of E;:

Lemma 1.5.6. Let m € INT.
We have

n—1
PEP = ZEm "B (L)"g " [m] KD [Tl K =)
n
i =0

where the product is meant to be equal to 1 if n = 0.

Proof. The proof is by induction on m > 1. If m = 1, we get formula 2. in
Lemma 1.5.5.

Let us now suppose that it is true for m and let us prove it for m + 1.

PE" P~ = PEMPTIPEP!

= (S B E(L) gV (0] K (D) T (4 K = 1)
(E,;Ki(L) + Ey(L) (K~ 1)K1(L))
(1.14)
Note that

(K, ' = 1)E;(j) = K; ' Ei(j) — Ei(j) = Ei(j)(g; *K; " — 1) hence
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(7K = 1D)E() = Ei(j)(q, "V ET = 1)
From this we get:
n—1 n—1 n
[[@*5 " -VE =E (" E " - 1) = B ][ K = 1) (1.15)
1=0 1=0 =1
Besides, we have:
Ki(L)"E; = (Ei(1) + ... + Ei(L — 1))K;(L)™ + g™ Ei(L) K; (L)™
= EG(L)™ + (g7 — 1) Ei(L)K;(L)™
(1.16)
and
E(L)"E; = ¢;"E;E;(L)" + E;(L)"*'(1 — ¢") (1.17)
Now, applying (1.15), (1.16) and (1.17) to (1.14) we get
PEerlP—l —
S B E (L) V[ BKG(L)™ 4 (2™ — 1) Ei( L) KG(L)™ K (L)
Hl:l( ZQZKi - 1)"‘
m m—mn ’I’L n{(m-— m m n — —~ —1
Zn:O Ei E +1 ( ) [n]qlq 1>KZ(L) i Hl:l(qi QIKZ' 1) -
Sy BT E(L) By O[] B (L) Hl (6K = 1)+
znzoE:” "E(L) g (g2 = 1)L Tl R Dt
Sy Bl E (L) ”“” G m“(K ~ DI (@K = 1) =
e B BUL) B! ™ P[] K L) T (6K — 1)
oo BB (L) ”“” 1], me ~ DE(D)™ T (4 K - 1) =
S BT (L g ] K () T (R - D
m m—n n n{m-— m m -1
Sy BT E(L)H (1 - g2 ”Mq L
S gy ), @R = DR T (6 R = 1) =
Sy BT B (L) gy m iKi<L>m+1 T (g 2K = 1)+
m—n n m 2n\ nim— m m n —2l - —1
anoEi E;(L) H(Qz’ Kz q; )qi( I)LJ Ki(L) i Hl:l(qi 2lKi —1)

i
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m+1)—n n,nm n m n =20 —1
Yo B (L [, K™ L (6K =1
Zm—f—l .m+1 ( ) ( QmK _ 2("_1))q(n_1)(m_1) [nnjl} qui(L>m+1

n=1 7 z 7

R ) =

EPURG(LY Y 4 B(L) gV KL T (6 K — 1)+
Sy BT B L) g TR (L) TS g T = 1)
where in the last equality we set

m

M — —_n—m m m T n—
Fr:ql’{ ] (7K, = 1) +¢; “{ } (@ K, — 22
q; i

n n—lq

Note that, using Pascal identity (Proposition A.0.4-4), we get:

T :[qﬂn] qun_f_anm-‘rl[ } qz ]K—l_[qﬂm +qlnm+1|: } qZQn 2]

= g [7], +aILm) ;Kfl — g (7], + L) )
_ [m-i—l] qi(Ki_l o 1)

n

So finally we obtain the formula for m + 1

m+1 n—1
m -n n, nm m+ 1 m —2l 7~ —
LR KN AR | (T !
qi

n
n=0 =0

and the proof is completed.

We can now present the theorem about the shift-invariance of U(g).

Theorem 1.5.7. Let (U,(g),pv) be a representation of Uy(g) over V' such
that, when specializing q at an odd N-th root of unity €, we have py(K;) =
Lpv(eN) = pv(fN) = 0. Estend py to a representation of Uy(g) over V&L
as shown in the previous paragraph. Then the shift operator P : VO — V&L
commutes with the action of the algebra U(g), obtained by specializing U,(g)

at € as described in Section 1.4.

Proof. In order to prove the theorem it is enough to prove the statement for

the generators of the algebra, i.e. to show that:

1 [P, A®([K))] = 0
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2. [P,EM] =0
3. [P, FM) =0

where we recall that E; = AW (e;), F; = AW(f;). For the first relation the
problem reduces to show that PK;P~' = K, and this is clearly true due to
the form of the K,’s calculated in Lemma 1.5.3.

Let us now compute PE™) P~! using Lemma 1.5.6:

n

= SN BN (L) g YTV (DY T (67 K - 1)

PENPT = s Sano BN B [ KDV TS (07 K = 1)

Now we note that specializing q at € and passing to the quotient with respect
to the ideal generated by K; — 1 each summand contains a zero factor with
the exception of n = 0 because in this case it yields 1 by definition, so the
sum reduces exactly to PEl-(N)P_1 = El-(N) and the invariance is proved.

Completely analogous computations show the invariance of the Fi(N)’s.

1.6 R-matrix and Yang-Baxter equation

In the first part of this section we present some results of the theory of
Hopf algebras so that in the second part we can apply these propositions to
the special case of quantum groups, which we showed to be endowed with
this structure.

Throughout this section H will denote the Hopf algebra (H, u,n, A, ¢, S).
Definition 1.21. The Hopf algebra H is said:

o commutative if p(a ® b) = p(b ® a) Ya,b € H

o cocommutative if A(a) =70 A(a) := A%(a) Vaec H
where 7 is the flip operator 7: H® H - HQ H,71(a®b) =b®a

In general, Hopf algebras are not either commutative or cocommutative;
an example of this is evidently given by quantum groups. We introduce now

another property, which relates A and A in a weaker way.
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Definition 1.22. The Hopf algebra H is said almost cocommutative if there
exists an invertible element R € H ® H such that

A%(a) = RA(a)R™! (1.18)
for all @ € H.
We arrive now to the main definition of the section.

Definition 1.23. An almost cocommutative Hopf algebra (H, u, n, A, e, S, R)

is said quasi-triangular (or braided) if the following two properties hold:
(A®idy)(R) = RizRos (1.19)

(idg @ A)(R) = RizRis (1.20)

where, if R =) .a; ®b;, Rio =) ,0;,9b;®1, Ri3 =) ,a, ®1®b; and
Rys=>.1®a;®;.

In this case R is called universal R-matriz.

If, in addition, Ry := 7(R) = R™!, H is said triangular.

Proposition 1.6.1. Let H be a quasi-triangular Hopf algebra with universal

R-matrix R. Then R is a solution of the classical Yang-Baxter equation:
RiaRi3Ro3 = RozRi3Rio

Proof. Let R =Y. a; ® b;. We have

RisR13R23 = Ri2(A®idy)(R) by equation (1.19)
= Rio(>°, R"'AP(a;)R®b;)  due to the almost cocommutativity
= (A? ®idg)(R)Ria
= (1 ®idy)(A®idg)(R)Rio
= (1T ®idy)(R13Re3) R12 by equation (1.19)
= RoszRi3R12
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Proposition 1.6.2. Let H be a quasi-triangular Hopf algebra with universal
R-matriz R. Then (e ® idg)(R) = 1 = (idyg ® €)(R). In particular, if the

antipode is invertible, then:
1. (H,pu,n, A% e, S71 7(R)) is a quasi-triangular algebra
2. (S®idy)(R) =R "' = (idg ® S™')(R)
3. (S®9)(R)=R

Proof. The relation (¢ ® idg)(R) = 1 can be proved using (1.19).

We recall that due to the counity property of Hopf algebras we have (¢ ®
idg)A = idy.

Then R = (e ® idg ® idy)(A ® idg)(R) = (¢ ® idy ® idg)(Ri3Re3) =
(e®idy)(R)e(1)R = (e ®idy)(R)R

In an analogous way, using (1.20), one can prove the second equality.

In order to prove 1. we have to show that the properties defining a quasi-
triangular algebra are verified. We begin by showing that (H, u,n, A, &, S™1)
is a Hopf algebra: in order to prove the coassociativity we note that

(A? ® idp ) A% = 1i3(idg @ A)A = 13(A ® idy)A = (idy @ A%P)AP

The counity and the compatibility between the algebra and coalgebra struc-
tures are evident.

We now need to verify the property of the antipodal map S. Since S is an an-
timorphism of algebras we immediately have S~ xidg = u(S™! ®idy)A® =
S7u(S ® idg)A = S7'pe = pe Furthermore:

o for x € H, (A?)?(z) = TA%(z) = T(RA(z)R) = T(R)A?(x)T(R)
o (A?®idy)(T(R)) = Ti3(idg ® A)(R) = 1i3(R13R12) = Ti3(R13)T23(Ra3)
L] (idH®AOp) (T(R)) = 7'13(A®ZdH)(R) = 7'13(R13R23) = 7'13(R13)7'12(R12)

This concludes the proof of 1.
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In order to prove relation 2. we recall that (S *idy) = ne.
We have:

(1 ® id)(S ® idy ® idy)(A @ id)(R) = (ne @ id)(R) =1 ® 1

but also

= (S ®@idy)(R)R

So, finally we get 1 ® 1 = (S ®idy)(R)R

This equality in the quasi-triangular algebra constructed in 1. can be written
as follows

(S'®idg)(T(R)) = 7(R™') hence applying the flip operator to both sides,
we get immediately (idg @ S71)(R) = R™!

In order to prove relation 3. we note that

(5@ S5)(R)

(idg @ S)(S @ idy)(R)
(idg @ S)(R™)

(idgr ® S)(idg @ S7')(R)
(idy ® idy)(R)

R

]

We now give the definition of R-matrix and quantum Yang-Baxter equation.
These concepts are strictly related to the Hopf algebra theory that we intro-

duced and will be immediately related also to the quantum groups theory.

Definition 1.24. Let V' be a vector space and R € End(V ®@ V).

The quantum Yang-Baxter equation is
RiaR13Re3 = RozR13 Rz

A solution R of the quantum Yang-Baxter equation is called R-matrix.
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The notation has a meaning analogous to that already introduced in Propo-
sition 1.6.1; in this case, however, the elements appearing in both sides of
the equation lie in End(V®3) so, for example, we have that Ry3 = idy ® R

and so on.

We recall from the introduction that our final purpose is to show a particular
symmetry between vertex models and quantum groups when the quantum
parameter is specialized at a root of unity. In order to show this symmetry
we have, of course, to relate quantum groups and vertex models: this will be
done using the R-matrix and the quantum Yang-Baxter equation. In the last
part of this section we will show how to associate a solution of the quantum
Yang-Baxter equation to a representation of the affine quantum universal
enveloping algebra Uy(g). In the following chapter we will finally construct

a vertex model for a given R-matrix.

We will consider in particular evaluation representations of affine quantum
enveloping algebras as defined in Subsection 1.2.1, so, in the following, E; will
be a simple finite dimensional Lie algebra with Cartan matrix A of rank n, g
its affinisation with Cartan matrix A" and g the extension with a derivation

element.

The construction is based on the fact that Uy(g) is not only a Hopf alge-
bra, but a quasi-triangular Hopf algebra, i.e. it admits a universal R-matrix.
This result was first proved by Drinfeld in [4] (see also [3]), where the term
quantum groups was introduced to refer to all these structures of quantum
enveloping algebras, and an explicit computation of the universal R-matrix
for quantum untwisted affine Lie algebras can be found in [12]. In fact uni-
versal R-matrices have been explicitly calculated for all the members of the
classical series and for some exceptional algebras. Furthermore for U,(g) the
universal R-matrix is uniquely determined up to a scalar factor (see 7], [13]).
The idea is now to "specialize" to a R-matrix using an evaluation representa-
tion. This process is not immediate and it is based on the particular structure

of the universal R-matrix R € Uq(§)®2. We consider only finite dimensional
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representations, so, Proposition 1.2.4 assures that the central element acts
as 0. Now the explicit expression of R reveals that, for these representations,
R is no more dependent on the derivation element, so, removing this factor,
it is possible to define the truncated R-matrix R and consider this as the

universal R-matrix of Ug(g).

Proposition 1.6.3. Let R be the universal R-matriz associated to Uy(g), pv
an evaluation representation and py(,y the family of evaluation representa-

tions given in Definition 1.10.
We set

R(u) == (pvw) @ pv)(R) = (pv @ py(—w)(R) € End(V @ V)

and
Ay = (pvw) @ py) o A
Then for all a € Uy(g) the intertwining property is satisfied:

AY(a)R(u) = R(u)Au(a)

Remark 12. The equality appearing in the definition of R(u) holds due to
the homogeneity properties of R, but it does not hold in general.

Proof. The proof immediately follows from the definitions of R(u) and A,
and relation (1.18). We have:

Ar(a)R(u) =

O

Theorem 1.6.4. R(u) is a R-matriz, i.e. it satisfies the following quantum

Yang-Baxter equation:

ng(U)ng(U + ?J)Rgg(’l)) = Rgg ('U)ng(u + ’U)ng(u).
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Proof. Let R=)",a; ® ;.
We note that

(Au X ZdEnd(V))(Zqu(@) X pV(—v))(R) = ng(u + U)Rgg (U) (121)

Indeed we have:
(Ay @ idpnay))(idu, @ ® pv(-v)(R) =
((pv(w) @ pv) 0 A @ idgnavy) (iduy @ @ pv(—v))(R) =
(Pv(w) @ pv @ py(-v)(A @ idy,@)(R) =
(Pvw) ® pv @ py(—v))(Ri3Ra3) =
Rys(u + v)Rosz(v)

Using formula (1.21) we have immediately

Ris(u)Riz(u+v)Raz(v) = Ria(u)(Ay ® idpnavy) (idu, @) @ pv(-v))(R)
= Ria(u) 2, (R (w) AP (a:) R(uw) @ pv(—v)(bi)))
= (Z AP(a;) ® PV(—v)(bz'))Ru(U)

= (A? ® PV (- v))(R)Rlz(u)
= (T @ idpni(v)) (Au @ py(—v)) (R) R12(u)
= (7 @ idgnav)) (Rag(u + v) Ra3(v)) Rya(u)
= Ro3(v)Ri3(u + v) Ry2(u)

]

We now introduce a permuted version of the R-matrix which will be impor-
tant in the following since, as we will show, it commutes with the action of

the quantum group.

Definition 1.25. Let 7y : V® V — V ® V be the flip operator.
We denote by Z(u) € End(V ® V) the endomorphism defined as follows:

Zu): VoV —VeV
v w i T(R(u)(v® w))

We will refer to Z(u) as the permuted R-matrix.
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Proposition 1.6.5. The endomorphism Z(u) : V(u) @ V. — V @ V(u) is
an isomorphism of representations of Uy(g) hence it is a so-called intertwiner

operator.

Proof. For x € Uy(g) let A(x) =3 2; ®@y;.

Let R be the universal R-matrix of U,(g), R =) _.a; ® ;.

The action of z € Uy(g) over V(u)®V is given by A, (x), while for the repre-
sentation over V ® V' (u), we introduce the notation A, ; = (pv ® pv(w))A(x).

For v,w € V we have

(W) Au(r) (v @w) = 7v|(R(u)Au(2))(v© w)]

= v[(A7 (@) R(w))(v @ w)]

= 1v[((pv(w) @ pv)(A7(2)R))(v © w)]
= 7v[2255 (v (y50:)) (v) @ (pv (;0:)) (w))]
, (pv(%b )(w) @ (pv i (y;a:)(v)

Ayi(z) Pv(bi) ® pvw (@) (w ®v)
A1 () (pv (bi)(w) @ pyw(ai)(v))
= Au1(@)7v (pv(w) (@) (v) @ pv(b;)(w))
Ayq1(x)my (R(u)(v @ w))

Ayi(z)

This proposition can be generalized to a representation over V®%,

Notation 4. For each 0 < L' < L — 1 we set:

AL = (o8 ® pry @ ) AR
Proposition 1.6.6. For allj=1,....L —1, x € U(g), the endomorphism
Riji1(u) VN @..0V(uw)eVi®.0V, —Ve..eV,eV,(u)®..aV
is an isomorphism of representations of Uy(g). In particular we have

AP (@) R340 (1) = By a (WAL, ()
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Proof. The proof follows from Proposition 1.6.5 and the coassociativity of

the comultiplication. In particular we have

AV @) Ry (w) = (07 @ pyiy @ py ) (A @ id®E2).. (A @ idEI72)
(A ®id?L773) (A @id)A(x)Rjj11(u) =

P ' ® PV () @ PE YA ®id®F ). (id @ A @ id®F ) (A @ id®EI73)
(@) R (u) =

R 1) (P © prwy @ pot T TYA @id®E2).(id ® A ® id®E I

(A ®id®h973). A(x) =

R (WAL, ()






Chapter 2
Vertex models

In this second chapter we present a physical application of the previous
results, in particular we associate a vertex model to U,(g) and show that
some symmetries occur between the model and the algebra U(g) obtained by

specializing the quantum parameter ¢ at an odd root of unity.

2.1 Definition

A vertex model is a model of statistical physics obtained considering a
lattice (here we will restrict to 2-dimensional lattices) in every vertex of which
we imagine to have an atom. The idea is to study the thermodynamic energy
of the system starting from the interaction energy of its atoms. In this type
of models the interaction energy of the atoms depends only on the bonds to
the nearest atoms and on eventual external electric or magnetic fields, but
in our analysis we will ignore external fields.

Let us now consider a 2-dimensional lattice, consisting of a M x L array of
atoms. In this situation the interaction energy of every atom depends only on
the four bonds with the atoms to which it is directly connected. A physical
study of this model usually starts by considering a finite lattice and later it
is extended to infinite lattices by a limit operation (M, L — o0), this is an

idea of the so-called passage to the thermodynamic limit.

43
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A configuration (or state) of the model is given by setting a state for every
bond because this implies that the interaction energy of every atom is then
fixed and the model is completely determined. The possible states of the
bonds are restricted to the elements of a finite set {1,...,n}. Sometimes it
is useful to impose also constraints on the possible combination of states of
the bonds of an atom (e.g. in the so-called six vertex model, bonds have 2
possible states but only 6 over the 2* = 16 possible combinations among the
4 bonds of a vertex are possible).

Besides, since we will work with finite lattices, we will also have to fix bound-
ary conditions. We will use periodic boundary condition, so we impose the
opposite bonds of the lattice (i.e. the 2 bonds at the extremities of the same

row or column) to be in the same state.

Let us now introduce the main functions used to study this model in order
to show the connection between U,(g) and vertex models.
The main function associated to a model is the partition function. This
function is very important and characterizes the model because it allows to
calculate all the main thermodynamic variables of the system, such as total
energy, free energy, entropy. The main difficulty in the study of a system is,
in fact, to calculate an analytic form of this function. If this is possible one

says that the model is exactly solvable.

Definition 2.1. The partition function of a vertex model is:

7 — Z e—ﬂa(state)

states

where
o (.= kiT with k£ Bolzmann’s constant and 7T temperature of the system

e c(state) is the total energy of the model in a fixed state, obtained as

the sum of the interaction energy of each atom

Remark 13. We will label i, j, k, [ the 4 bonds of a vertex as in the following
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kl

picture and denote the energy of the vertex by &;;, expressing in this way its

dependence on the bonds.

Figure 2.1: A vertex and its 4 bonds

Note that the summands in the definition of the partition function can be
written in terms of the &}/ in the following way:

6755(state): H e—ﬁgfj: H RZZ

vertices vertices

where we set Rfjl .= ¢ P, The quantities Rf} are called Boltzmann weights.

2.2 Transfer matrix

The purpose of this section is to define the transfer matrix and to show
its relation with the partition function just introduced. The transfer matrix
encodes information about the energy of the model in every allowed configu-
ration. The notation is quite heavy, so we start by considering just the first
row (i.e. a 1 x L model) and later we will extend the argument to the other
TOWS.

Let V' be an n-dimensional vector space with basis {vy,...,v,} and consider
the endomorphism R € End(V ® V') given by

R(’Ui ® Uj) = Z Rfjl’l)k; X v
il

This endomorphism can be expressed by a matrix whose elements are all the
possible Boltzmann weights. Now, we want to express the partition function

in terms of R.
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Figure 2.2: The 1 x L lattice

If we consider a 1 x L lattice with fixed boundary conditions (not necessarily

periodic) and use the notation of Figure 2.2, then the partition function is

Zilm = > RUIRIREE,
ki..kp 1

Now we define another endomorphism 7" € End(V @ V@) whose matrix
elements are the partition functions for one row imposing all the possible
boundary conditions. We remark that we need L+ 1 vector spaces. The first
is called auxiliary space and encodes the information about the boundary
state of the row while the other L are for the boundary of the columns.
The endomorphism will be naturally defined by

T(v;, ®vj, @...Qv;,) =

Sy Zi v @0, ® @, =

Zig,zl,,..,zL,kl..,kL,l REDRP: R Vi @ U @ ... Q@ vy,

t1g1 7 “k1ge” kr_1jL

Now we remark that 7" can be written in terms of R in the following way.
T == ROLROL—l-'-R01 (21)

where we make use of the usual notation and label 0 the auxiliary vector
space.

In fact we have

ROL-~-R02R01 (Ui1 & Uy, XK ...R ’UjL) =
= Ror...Rpo Zkl,ll Rflljlll (Ukl R, QUj, X ... & ij)

— k1l pkala
= ROL...Rog Zkhkz,hh RI'R (Ukl &® (UH ® Uy & Vjs ®...Q UjL)

11J1 " k1j2

=T(vy, @v, ® ... @ vy,)



2.2 Transfer matrix 47

Now we impose the periodicity of the boundary condition on the row (i.e.
i1 = 4}) and define the endomorphism .7 € End(V®%) in the following way:

T (05, ® .. @ujy) = Y (Trp(T)3 " (v, @ .. @ wy,)

Ji-.JL
b
where Try is the partial trace operator applied to the auxiliary space.
7 is called transfer matrix and its elements are the sum, over all the possible
states of the boundary bond of the row (i; = i), of the partition functions

of a 1 x L lattice with fixed boundary states (periodic on the row).

1 2 I3 Ja s 2 i J
Iy ki | ko [ kg kia| Kio| kg | T4
i I I, I3 Iy s |z i IL i
2 2
: | | | | I | | (-
3 - L2 Ly
is 1 2 4 L3 L1 i
Iy Iy
.
i3 I'm-3
Im-2 I'm-2
IM-1 I"M-1
Im I'm

| T PR ER fla e T JL

Figure 2.3: The M x L lattice

The generalization of this process to M rows is quite easy. First of all we
remark that for fixed boundary conditions on the columns the partition func-
tion of a 2 x L lattice with periodic boundary condition on the 2 rows can be
written, using the notation of Figure 2.3 and considering the first two rows,
as

D (T (D)) (Te (D))

lp..10g,
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and this is clearly one of the elements of (Try/(T))%. The other elements are
obtained for all the possible states of the boundary bonds of the columns.
For the case with M rows we simply iterate the process and we obtain that
the partition functions for for periodic boundary condition on the rows and
fixed boundary states on the columns are the elements of 7.

We can now easily impose the condition of periodicity for the boundary of
the columns in order to obtain the classical partition function; it is in fact
enough to evaluate the ordinary trace of 7M.

We proved in this way the following theorem.

Theorem 2.2.1. If Z is the partition function of a 2-dimensional M X L
vertex model with periodic boundary condition and 7 is its transfer matrix,
then

7 = Tryer(TM)

2.3 Vertex models and U,(g)

We can now easily associate a M x L vertex model to every evaluation
representation of a quantum affine enveloping algebra.
Let R(u) € End(V ® V') be the R-matrix associated to an evaluation rep-
resentation of U,(g); we interpret its elements as Boltzmann weights so we

define the transfer matrix of our model as follows:
9(u) = TI'V ROL(U)ROLfl---Rm(u)

following the construction of the previous section.
Theorem 2.2.1 immediately implies that the partition function can be defined

as

7 = Tryer (T (u)™)

The model is therefore completely determined. The dependence of the R-
matrix on the variable u, which is mathematically due to the parametrization
of the automorphism used for the evaluation representation, can be physi-

cally interpreted as a dependence of the Boltzmann weights on an external
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parameter. This helps to understand the physical meaning of the following

definition.

Definition 2.2. Let R(-) € End(V ® V') be an endomorphism depending on
an external parameter. The associated vertex model is integrable if for each

value of the parameters «, § there exists v such that

Riag(7) Riz(a) Ra3(8) = Ras(B) Raz(a) Ria()

Proposition 2.3.1. The vertex model associated to an affine quantum en-

veloping algebra s always integrable.

Proof. The proof immediately follows from Theorem 1.6.4. We have indeed
that Rio(u)Ri3(u+v)Ra3(v) = Ras(v) Riz(u+v)Ria(u) and for every possible
choice of v and u + v we obtain u as their difference, so the condition of

integrability is satisfied. ]

The integrability property will be fundamental for the symmetries we want to
prove. In particular its importance is due to Proposition 2.3.3, which proves
a commutativity property of the transfer matrix.

We first need a lemma.

Lemma 2.3.2. Let R(:) € End(V ® V) be an endomorphism depending on
an external parameter and consider the associated vertex model with transfer
matriz 7 (o) = Try T(a) and T(o) = Rop(a)...Rp (). If the model is
integrable the following equality between elements of End(Vy @ VE @ Vp)
holds:

Roo(7)(idy, @ T())(T'(B) @ idy,) = (To(B) @ idy;, ) (idy, @ T(c)) Rgo(y)

Proof. 1f we set Ty = Ryy...Ro1 and Ty = Rgy... Ry, the relation to prove can
be written as Rgo(7)To(a)To(8) = To(3)T5(cr) Rgo(7)-

Hence we have the following chain of equalities:
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Roo(7)To(a)To(B) =

Roo(v) Ror(a)...Ror (@) Ror(B)... Ro1 (B) =

[Rao () Ror () Ror (8)] Ror—1 (). Ror (@) Ror.—1(83)..Ron (B) =

[Ror(8) Ror () Roo ()] Ror—1()... Ror (@) Ror—1(8)... Roa (B) =
Ror(8)Ror(a)[Roo(7) Ror—1() Rop—1(8)]... Ror (o) Ro—2(B)... Ror (B) =
Ror.(8) Ror () [Ror-1(8) Ror—1 () Roo (V)] Ror (@) Ror—2(8)-.. Ron (B) =
Ror(8)Ror—1(8) Ror (o) Rop—1 () Roo(7)--- Ror () Ror—2(8)... Ro1 (B) =

Ror(B)...Ro1(B) Ror(@)...Ror (o) Roo (7) =
To(8)To(cr) Roo ()

where we use that R;; commutes with Ry; if they act over different spaces
(i.e. @ # k # 1 # j) and the integrability of the model (brackets have been
added to show when the property has been applied). O

Proposition 2.3.3. Consider an integrable vertex model for which R(vy) €
End(V ® V) is invertible for all vy. Then the transfer matrices obtained for

different values of the spectral parameter commute.
(7 (a), 7(B)] =0 Vo,
Proof. From Lemma 2.3.2 we have
(idy, ® T())(T(B) ® idvy) = Roo(7) ™ (To(8) ® idy; ) (idy, @ T(ex)) Roo ()
Evaluating the partial trace Try,gy; we get
Try, (T () Try, (T(8)) = Trvev, (Rao(7)) ™" Try (T(6)) Try, (T()) Trygev, (Rao(7))

Remarking that Try,gv; (Roo(7y)) is a diagonal matrix and so commute, we

finally obtain
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2.4 U(g) invariance of the vertex model

In this section we will finally show the symmetries that arise between a
representation of U, (g) and the associated vertex model when specializing the
quantum parameter at an odd root of unity. In particular we will prove that
the vertex model, expressed trough the transfer matrix, is invariant with
respect to the action of the non deformed enveloping algebra constructed
from U,(g) when specializing ¢ at an odd root of unity.

This idea is formalized in the following theorem.

Theorem 2.4.1. Letﬁ be a simple finite dimensional Lie algebra and let
U,(g) be the associated quantum affine algebra. Let U(g) be the non de-
formed enveloping algebra obtained when specializing q at a root of unity e
of odd order N (see Theorem 1.4.3). Consider an evaluation representation
(U,(8), pv) over a finite dimensional vector space V' such that, when special-
izing the parameter q at &, py(e)N) = pv(fY) = 0 and py(K;) = 1 and extend
it to a representation over VO using the comultiplication of the Hopf algebra
structure of the quantum group. Then the transfer matriz 7 (u) € End(V®E)
of the integrable vertex model associated to the representation py (thanks to

the universal R-matriz of the quantum group) is U(g)-invariant.

Before proving the theorem we state some preliminary results.

Remark 14. For affine quantum groups it is always possible to normalize the
R-matrix so that
lim R(u) =7

u—0

We will work under this assumption.

Lemma 2.4.2. Shift operator and transfer matrixz are linked by the following
relation

7(0) =P

Proof. We recall that .7 (u) = Try, Ror(u)Rop—1(u)...Ro1(u).
Thanks to Remark 14 for u = 0 we have

9(0) = TI'VO TorLToL—1---T01 — Pil
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]

Definition 2.3. The boost operator of the integrable vertex model with
transfer matrix .7 is implicitly defined by

0
o7 () = K, 7 (u)]

Proposition 2.4.3. The boost operator can be explicitly written in terms of
the R-matriz as follows (see [16]):

L
, 0
E=> Y+ L)z Pijr1(w)lu=o
nelN j=1
Proof of Theorem 2.4.1. First of all we note that the adjoint action of the

boost operator allows us to show that
T (u+v) =e BT (u)e™

Indeed we have

die”Kg(u)e”K = —Ke " T (w)eT+e " K T (u)e" " K = —[K, e "% T (u)e’™],
v

hence for v = 0 we get the relation of the definition.

Now we evaluate the relation for u = 0 and apply Lemma 2.4.2. We obtain
T (v) = e K Pl

In order to prove the invariance of the transfer matrix under the action of
U(g) it is therefore enough to show the invariance of the shift and of the
boost operator. In Theorem 1.5.7 we already proved that the action of U(g)
commutes with the shift operator so it remains to show the invariance of the
boost operator.

The explicit expression for K in Proposition 2.4.3 reduces the problem to
show that the permuted R-matrix %;;.(u) is invariant with respect to the
action of U(g). Now Proposition 1.6.6 proves this for j = 1,...,L — 1 and

is still valid for U(g) because the hypothesis on the representation allows to
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define the R-matrix for the specialization. It remains therefore to prove only
the case 7 = L, under the usual condition of periodicity L + 1 = 1.
We start noticing that PZp1(u)P~' = Zr_11.(u).
In fact, for v; ® ... ® vy, € VEE we have
PR (w)P~ vy @ ...0v) = PZ1(u)(vp @v1 @ ... @up_q)
=PY v @n®..0uv_,
=Y ®..0v, V]

=X 101 @ ... 0vL_1 ®UL)
Using this remark, the shift invariance and the case j = L — 1, we have

AR (@) R () =P AL (2) PR (u)

= P (A" () P () PP
= P Y AL () BL-11(u) P
A1 (WAL ()P
< %y r u)P)(P~1AY) () P)
= % (u)A) ()

So we proved that the action of U(g) commutes with the boost operator and

consequently the invariance of the transfer matrix. ]
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Appendix A

g-integers and the g-binomial

formula

We briefly recall the main definitions concerning g-integers.

Definition A.1. Let ¢ € C. For n € IN we set

—-n —n n— n— qn_q—n
g =a "+ ¢+ L+ "+ g 12?

We immediately note that, if ¢ = 1, [n], = n (in this case, of course, we can

not have the last equality because it does not make sense).
Definition A.2. In analogy with the classical definition, we define
1. the g-factorial of n € IN:
{ 0]
[n],!
2. the g-binomial coefficient: for n € IN,0 < k < n,

HRICR s

Proposition A.0.4. Let n,m € N,0 < k <n. We have:

—1
[1][2];...[2)y = W0 gy >

1. [Z]q € Z[q,q7"] and for ¢ =1 we get the usual binomial coefficient;

95
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A. g-integers and the ¢-binomial formula

2 [, =Ll
3. [m+n] =q"m|+ ¢"[n];

4. the g-deformation of the Pascal identity is
=dq +q =dq +q
[k} . ko], k—1], ko, k—1],

Proof. The proof of 2. is immediate, 3. and 4. follow from easy computations

and 1. follows from 3. and 4. using induction on n. O

The following proposition, like in the classical case, can be proved by induc-

tion on n.

Proposition A.0.5. If a,b are such that ba = q*ab then the q-binomial

formula is the following:

(a+b)" Zq ”k){] akprk

q

Proposition A.0.6. Let r € N*. Then

S apf] e

k=0

Proof. Using the g-Pascal identity, if » > 0, we can split the summation in
r—1 —r r— —r r—
r—o(—1)q k[ k } + 3 (=D)Fg Y [k—ﬂq -

TGO I P D/ G D el B AR



Bibliography

1]

2l

3]

4]

[5]

(6]

17l

18]

Chari V., Pressley A.; A guide to quantum groups, Cambridge: Cam-
bridge University Press, 1994

Delius G. W., Gould M. D., Zhang Y.; On the construction of trigono-
metric solutions of the Yang-Baxter equation, Nuclear Physics B, 432
(1994), pp 377-403

Drinfeld V. G.; Almost cocommutative Hopf algebras; (Russian) Algebra
i Analiz, 1, no. 2 (1989), pp 30-46; translation in Leningrad Math. J. 1
(1990), no. 2, pp 321-342

Drinfeld V. G.; Quantum groups, in Proc. ICM Berkeley, 1, 1986, pp
798-820

Etingof P. 1., Frenkel 1., Kirillov A. A. Jr.; Lectures on Representation
Theory and Knizhnik—Zamolodchikov Equations, Mathematical Surveys
and Monographs, 58, American Mathematical Society, 1998

Frenkel I. B., Reshetikhin N. Yu.; Quantum affine algebras and holo-
nomic difference equations, Comm. Math. Phys., 146, 1 (1992), pp 1-60

Jimbo M.; Quantum R-matrix for the generalized Toda system, Comm.
Math. Phys., 102 (1986), pp 537-547

Jimbo M.; A ¢-difference analogue of U(g) and the Yang-Baxter equa-
tion, Letters in mathematical physics, 10 (1985), pp 63-69

57



58

BIBLIOGRAPHY

19]

[10]

[11]

12]

[13]

[14]

[15]

[16]

Jimbo M.; A g-analogue of U(gl(N + 1)), Hecke algebra, and the Yang-
Baxter equation, Letters in mathematical physics, 11, 3 (1986), pp 247-
252

Kac V. G.; Infinite dimensional Lie algebras (3rd edition ed.), New York:
Cambridge University Press, 1994

Kassel C.; Quantum groups, Graduate Texts in Mathematics, 155,
Berlin, New York: Springer-Verlag, 1995

Khoroshkin S. M. and Tolstoy V. N.; The universal R-matrix for quan-
tum nontwisted affine Lie algebras, Functional analysis and its applica-
tions, 26, 1 (1992), pp 69-71

Khoroshkin S. M., Tolstoy V. N.; The uniqueness theorem for the univer-
sal R-matrix, Letters in mathematical physics, 24, 3 (1992), pp 231-244

Korff C. and McCoy B. M.; Loop symmetry of integrable vertex models
at roots of unity, Nuclear Physics B, 618, 3 (2001), pp 551-569

Lusztig G.; Introduction to Quantum Groups, Progress in Mathematics,
Vol. 110, Birkh&user, Basel, 1993

Sogo K. and Wadati M.; Boost Operator and Its Application to Quan-
tum Gelfand-Levitan Equation for Heisenberg-Ising Chain with Spin
One-Half, Progress of Theoretical Physics, 69, 2 (1983), pp 431-450



