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Zusammenfassung

Die Darstellungstheorie von (getwisteten) Schleifen-und Stromalgebren hat in den let-
zen Jahrzenten stark an Attraktivitit gewonnen, z.B. wurden lokale Weylmoduln, De-
mazuremoduln und Kirillov-Reshetikhin-Moduln intensiv untersucht. Die dquivarianten
Funktionenalgebren stellen eine umfangreiche Klasse von Algebren dar, welche die (get-
wisteten) Schleifen-und Stromalgebren verallgemeinern. Wir haben die Definition von
lokalen Weylmoduln fiir dquivariante Funktionenalgebren erweitert, wo g halbeinfach,
X affin vom endlichen Typ und die Gruppe I' eine abelsche Gruppe ist, die frei auf
X operiert. Wir haben eine Verbindung, genauer einen Isomorphismus, zwischen einer
Unterkategorie von Darstellungen von #dquivarianten Funktionenalgebren und deren
ungetwisteten Analoga erzielt. Wir haben ebenfalls gezeigt, dass weitere Eigenschaf-
ten von lokalen Weylmoduln (z.B. deren Charakterisierung durch homologische Eigen-
schaften und eine Tensorprodukt-Eigenschaft) auch fiir dquivariante Funktionenalge-
bren gelten. In dem Fall wo die Operation nicht frei ist, haben wir lokale Weylmoduln
fiir getwistete Stromalgebren untersucht. Wir haben diese mit affinen Demazuremo-
duln identifiziert und eine explizite Konstruktion dieser ausgehend von ungetwisteten
Weylmoduln angegeben, die das Fusionsprodukt verallgemeinert. Mit Hilfe dieser Re-
sultate haben wir somit eine Dimensions und Charakterformel erhalten. Auf der Seite
der Kombinatorischen Darstellungstheorie haben wir eine explizite Realisierung von
Kirillov-Reshetikhin-Kristallen iiber Polytope fiir den affinen Typ A bewiesen. Der
Vorteil dieser Realisierung besteht darin, dass alle Formeln explizit angegeben sind.
Diese Realisierung erlaubt es die Kombinatorik von kristallinen Basen von Kirillov-
Reshetikhin-Moduln zu beschreiben.

Abstract

The representation theory of (twisted) loop and current algebras has gained a lot
of attraction during the last decades, e.g. local Weyl modules, Demazure modules
and Kirillov-Reshetikhin modules were investigated intensively. The equivariant map
algebras are a large class of algebras that are generalizations of (twisted) loop and
current algebras. We have extended the definition of local Weyl modules to the setting
of equivariant map algebras where g is semisimple, X is affine of finite type, and the
group I' is abelian and acts freely on X. We have established a link, particularly an
isomorphism, between certain categories of representations of equivariant map algebras
and their untwisted analogues. We have also shown that other properties of local Weyl
modules (e.g. their characterization by homological properties and a tensor product
property) extend to the more general setting of equivariant map algebras. When the
assumption of freeness does not hold we have investigated local Weyl modules for
twisted current algebras. We have identified them with corresponding affine Demazure
modules and have given an explicit construction from untwisted Weyl modules which
generalize the fusion product. Therefore, we deduce from these results dimension and
character formulas. On the combinatorial representation theory side, we have given an
explicit realization of Kirillov-Reshetikhin crystals for the affine type A via polytopes.
The advantage of this realization is mainly the fact that all formulas are explicit. This
realization allows to describe explicitly the combinatorics of crystal bases of Kirillov-
Reshetikhin modules.
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INTRODUCTION

Lie algebras were orginally introduced by S. Lie as an algebraic structure whose main use
is in studying geometric objects such as Lie groups. The classification of simple finite-
dimensional Lie algebras over C was provided by W. Killing and E. Cartan by the end of the
19th century and found huge applications in mathematical physics. This theory was extended
in 1967 where V.G. Kac and R.V. Moody introduced independently Kac-Moody algebras.
These algebras include all simple finite-dimensional Lie algebras but also many infinite-
dimensional examples. Kac-Moody algebras have applications in many areas of mathematics
and theoretical physics, e.g. group theory, combinatorics, differential equations, invariant
theory and statistical physics. It is thus important to understand their structure. For the
investigation of their structure representation theory plays a crucial role, which is one of
the classical branches of mathematics. It is dedicated to the study of algebraic structures,
e.g. Lie algebras, by representing their elements as linear transformations of vector spaces.
In the last 50 years the research on arbitrary Lie algebras, as affine Lie algebras, quantum
algebras, loop algebras or equivariant map algebras, became a highly competitive field in
mathematics.

This thesis consists of three articles, which are published or will be published soon

I G. Fourier, T. Khandai, D. Kus, A. Savage

Local Weyl modules for equivariant map algebras with free abelian group actions
J. Algebra 350 (2012), 386-404

IT G. Fourier, D. Kus,
Demazure modules and Weyl modules: The twisted current case,
to appear in Transactions of the AMS

III D. Kus,
Realization of affine type A Kirillov-Reshetikhin crystals via polytopes,
submitted to Journal of Combinatorial Theory, Series A

In this thesis we study the category of finite-dimensional representations of certain equi-
variant map algebras. Let X be a scheme and let g be a finite-dimensional semisimple Lie
algebra, both defined over an algebraically closed field k of characteristic zero. Assuming
that a finite group I' is acting on both (X and g) by automorphisms, the equivariant map
algebra 9 = M (X, g)! is the Lie algebra of regular maps X — g which are equivariant
with respect to the action of I'.

A more algebraic definition of these algebras is provided via the identification with fixed point
algebras of the diagonal action of I on (g ® A), where the action of I' on the coordinate ring
A of X is induced by the action of I' on X, i.e. M = (g A)L.

One important class of equivariant map algebras is the class of loop algebras (X = C*,T" =
{1}), playing a significant role in the theory of affine Lie algebras. The classification of their
irreducible finite-dimensional representations is worked out by Chari and Pressley in [5], [11],
[12].

Another class of equivariant map algebras are the current algebras (X = C,I' = {1}), On-
sager algebras and tetrahedon algebras. The irreducible finite-dimensional representations of
the latter two algebras are classified in [15] and [25] respectively. Summarizing the results, it

is shown that all irreducible finite-dimensional representations are evaluation representations.
1



A complete list of irreducible finite-dimensional representations of an arbitrary equivariant
map algebra is provided in [40]. The main result is that any finite-dimensional irreducible
representation is a tensor product of evaluation representations and a one-dimensional rep-
resentation. In particular, not all one-dimensional representations are evaluation represen-
tations.

Since the category of finite-dimensional modules of equivariant map algebras is not semisim-
ple (even the category of finite-dimensional modules of loop algebras is not semisimple), the
set of representations which can be assembled out of the irreducible ones is far from being the
whole list of finite-dimensional representations. Thus, many other classes of representations
can be defined and studied.

For instance local Weyl modules, global Weyl modules, Demazure modules and Kirillov-
Reshetikhin modules were investigated for (twisted) loop algebras. For details we refer to a
serie of papers ([6],[7],[8],[9],[13],[14],[16],[17],[20],[21],[22]).

The local Weyl modules for loop algebras, denoted by W (), are parametrized by finitely
supported functions 1 from X = C* to PT, the set of dominant integral weights for g, and
have the property that any finite-dimensional highest weight module of highest weight
and one-dimensional highest weight space is a quotient of W (). Moreover, they have a
nice tensor product decomposition into “smaller” local Weyl modules supported in a single
point. Furthermore, it was conjectured in [14] that they play an important role in the theory
of quantum affine algebras (q-deformation of the loop algebra), namely that all local Weyl
modules are obtained as ¢ = 1 limits of irreducible finite-dimensional representations of
quantum affine algebras. The above conjecture can be reduced to computing dimensions
and characters for local Weyl modules supported in a single point. Additionaly by using
pull back maps, it is sufficient to compute dimensions and characters of local Weyl modules
supported in zero. The conjecture is proven in the following papers:

e for the Lie algebra sl, by Chari-Pressley in [14]
e for the Lie algebra sl, by Chari-Loktev in [9]

e for simply-laced Lie algebras in [21]

e for non simply-laced Lie algebras in [38].

There are several ways to generalize the notion of local Weyl modules. By replacing C|t, ¢™!]
with a commutative, associative algebra ([7],[17]) one can define local and global Weyl mod-
ules as before and obtain similar properties, but character and dimension formulas are known
only in certain cases.

Another way of generalizing local Weyl modules is to consider twisted current and twisted
loop algebras or more general equivariant map algebras. The local Weyl modules for twisted
loop algebras, also called twisted Weyl modules and denoted by WY (1), are studied in [8],
where dimensions and characters are computed.

The more general setting of generalized Weyl modules for certain equivariant map algebras
are studied in [I]. The initial problem here is, that for the study of representations of arbitrary
equivariant map algebras, one needs new techniques, since past approaches to the study of
representations for twisted loop algebras rely heavily on the representation theory of g. Only
in a few cases one is assured of the existence of a semisimple fixed point subalgebra g' or a
Cartan subalgebra of 9t as in the classical sense. In [I] we develop new techniques for the
study of local Weyl modules and obtain the following results:



We assume that g is semisimple, X is of finite type, I" is abelian, and I" acts freely on X. The
(twisted) loop algebras are still among these equivariant map algebras, while the (twisted)
current algebras violate the freeness condition. It means, up to this point, the results of [I]
do not apply to the twisted current case.

In the case where the action of I' is free, all irreducible finite-dimensional representations of
M(X,g)!' are tensor products of evaluation modules. To be more precise, the map

E"— 8" b QVa(v(w),
=1

is a bijection, where ST denotes the set of isomorphism classes of irreducible finite-dimensional
representations of M (X, g)l and £ is the set of I-invariant finitely supported functions
¥ : X — Pt. The zs are representatives of each orbit in the support of 1, i.e.
Supp ) = {T'zy,--- , Tz, }.

Let F and F' denote the category of finite-dimensional (g® A)-modules and (g A)"-modules
respectively. Let X, be the set of finite subsets x = {zy,- - ,z,} such that I'z; N Tx; = 0.
For x € X,, let Fy (respectively FL) denote the full subcategory of F (respectively F')
consisting of modules with support contained in x (respectively I' - x). Then we have on the
one hand an isomorphism of Lie algebras

(g2 A) /(ge ) = (g2 A)/(g® 1))
for suitable ideals (g®1,) and (g®1,)" respectively and on the other hand (by using the above
isomorphism), we proved that we obtain for each x € X, mutually inverse isomorphisms of

categories
Tx

fl"

Fx

Ux

called twisting and untwisting functors.

These functors allow us to move back and forth between the theory of finite-dimensional
representations of equivariant map algebras (satisfying the aforementioned assumptions)
and the corresponding theory for map algebras. In particular we define the twisted Weyl
modules as follows:

Let V be a finite-dimensional irreducible module for M (X, g)" and let x € X, contain one
point in each I'-orbit in the support of V. Then U,V is an irreducible finite-dimensional
(g ® A)-module, to which is associated an untwisted local Weyl module W (). We then
define the twisted local Weyl module associated to V' to be T, W = WT(¢), and it is shown
that this definition is independent of the choice of x (see [I],[Proposition 3.6]). By using the
above definition, a tensor product decomposition is proven. Moreover, a justification of the
definition is provided by proving a similar characterization of twisted local Weyl modules by
homological properties as in [7]. More precisely, for a maximal weight (g ® A)'-module M
([I] ,[Definition 4.2]) of maximal weight ¢» we have M = Wr(¢) if and only if

Homzr (M, V() = 0 and Exthr (M, Vi(p)) =0V ¢ € E" with ht(p) < ht(w).

The advantage of this characterization is that it can be used as a general definition of local
Weyl modules for arbitrary equivariant map algebras, where the action is not necessarily
free. We recall that the Weyl module conjecture for twisted current algebras is still unsolved



up to this point, since the results of [I] do not apply. This issue is treated particularly in
[IT], where the gap in the computation of dimension and character formulas for local Weyl
modules of twisted current algebras is worked out. The techniques are the following:

Let T" be the finite group of order 2 or 3 of non-trivial diagram automorphism of a simple Lie
algebra g of type A, D, E. The action by automorphisms on X = C is given by multiplication
with &, a primitive 2nd or 3rd root of unity. Denote by P, the set of dominant weights of
the fixed point algebra go. Then we can divide our results into two parts:

Let g be not of type Ay, then for A € P;" we obtain that the graded Weyl modules WT(\)
can be identified with level one Demazure modules and furthermore it is isomorphic to the
associated graded module of the restriction of a local Weyl module for g @ C[t,t7!]. To be
more precise we get the following isomorphisms,

WY(A) =2 D(1,\) and WH(A) 22 gr(W,(N)).

In the second part g is assumed to be of type Ay. Here the Weyl modules are described for
the weights A = A\; + Ay € P;", satisfying the property A(«a)), A\a(«)) € 2Z + 1.
We obtain that the Weyl module is isomorphic to a Demazure module

WY (\) = D(1/2,))

and moreover
WEN) =2 gr(Wa(A) @ WE(A)).

In the case where A(¢’) is even, the dimension and character of the local Weyl modules
remain uncomputed and the identification with Demazure modules fails. The description of
these Weyl modules and Weyl modules for arbitrary equivariant map algebras are therefore
undetermined.

Another powerful tool of studying representations, as irreducible representations, Weyl mod-
ules, Demazure modules and Kirillov-Reshetikhin modules, is Kashiwara’s crystal bases the-
ory, introduced in [30]. Roughly speaking, crystal bases can be viewed as bases at ¢ = 0 and
they contain structures of edge-colored oriented graphs satisfying a set of axioms, called the
crystal graphs. These crystal graphs have certain useful properties, for instance characters
of U,(g)-representations can be computed and the decomposition of tensor products of rep-
resentations into irreducible ones can also be determined from the crystal graphs, to name
just a few. It is thus an important problem to find explicit realizations of crystal graphs.
There are many such realizations of crystal graphs for irreducible representations for U,(g),
combinatorial and geometrical, elaborated during the last decades, by way of example we
refer to ([32],[33],[35],[37]).

Crystal bases for irreducible U, (g) representations (quantum affine algebra) might not always
exist. A certain subclass of these representations, that draw a lot of attraction during the
last decades, are the so called Kirillov-Reshetikhin modules KR(m,w;, a), where i is a node
in the classical Dynkin diagram and m is a positive integer. It was first conjectured in
[26], that KR(m, w;, a) admits a crystal basis and was proven in type AV in [29] and in all
non-exceptional cases in [41],[42]. We denote this crystal by KR™" and call it a Kirillov-
Reshetikhin crystal.

In [ITI] we gave an explicit realization of Kirillov-Reshetikhin crystals for the affine type A
via polytopes. The results were the following:



The polytope introduced in [18] for all dominant integral A, weights A can be understood for
A\ = mw; as a subset of R*™ 1 We denote the intersection of this polytope with ZTHH)
by B™¢ We defined certain maps on B™¢ among others the Kashiwara operators, and
proved that this becomes a classical crystal of type A,,. As a set, we can identify B™! with

certain blocks of height n — ¢ + 1 and width ¢

where the boxes are filled, under some assumptions, with some non-negative integers (see
[III] ,[Definition 2.1}).

Subsequently we have constructed certain local A, isomorphisms on our underlying poly-
tope B™" and proved that the so called Stembridge axioms are satisfied. These axioms
precisely characterize the set of crystals of representations in the class of all crystals. Our
first important result was therefore:

The polytope B™' is as an A, crystal isomorphic to B(mw;) (the one obtained from Kashi-
wara’s crystal bases theory), i.e.

B™" = B(mw;), as {1,---, n}-crystals.

As a consequence we obtain that the classical crystal structure we gave coincide with the
classical KR crytal structure because in [46] it was shown that, as a {1,--- , n}-crystal, KR™"
is isomorphic to B(mw;).

A promotion operator pr on a crystal B of type A, is defined to be a map satisfying several
conditions, namely that pr shifts the content, proé; = €41 opr, pro f; = f;41 o pr for all
je{l,--- ,n—1} and pr"** = id, where é; and fj respectively are the Kashiwara operators.
If the latter condition is not satisfied, but pr is still bijective, the map pr is called a weak
promotion operator (see also [2]). The advantage of such (weak) promotion operators is
that we can associate to a given crystal B of type A, a (weak) affine crystal by setting
fo =pr-to fl opr, and &y ;= pr—toé; opr.

On the set of all semi-standard Young tableaux of rectangle shape, which is a realization of
B(muw;), Schtzenberger defined a promotion operator, called the Schtzenberger’s promotion
operator [45], by using jeu-de-taquin.

In [46] it is shown that the affine crystal constructed from B(mw;) (realized as a set of semi-
standard Young tableaux) using Schtzenberger’s promotion operator is isomorphic to the
Kirillov-Reshetikhin crystal KR™". As a result, it was of strong interest to define a bijective
map on our polytope satisfying the properties of a promotion operator. In ([III],[Section 6])
we defined a map via an algorithm consisting of i steps, and showed that this map satisfies
the conditions for a promotion operator and thus provided an explicit realization of Kirillov-
Reshetikhin crystals for the affine type Ag) via polytopes. The algorithm can be implemented
easily and hence provides a new method to calculate KR crystals with the computer.
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LOCAL WEYL MODULES FOR EQUIVARIANT MAP ALGEBRAS
WITH FREE ABELIAN GROUP ACTIONS

GHISLAIN FOURIER, TANUSREE KHANDAI, DENIZ KUS, AND ALISTAIR SAVAGE

ABSTRACT. Suppose a finite group I' acts on a scheme X and a finite-dimensional Lie
algebra g. The associated equivariant map algebra is the Lie algebra of equivariant regular
maps from X to g. Examples include generalized current algebras and (twisted) multiloop
algebras.

Local Weyl modules play an important role in the theory of finite-dimensional represen-
tations of loop algebras and quantum affine algebras. In the current paper, we extend the
definition of local Weyl modules (previously defined only for generalized current algebras
and twisted loop algebras) to the setting of equivariant map algebras where g is semisimple,
X is affine of finite type, and the group I is abelian and acts freely on X. We do so by defin-
ing twisting and untwisting functors, which are isomorphisms between certain categories of
representations of equivariant map algebras and their untwisted analogues. We also show
that other properties of local Weyl modules (e.g. their characterization by homological prop-
erties and a tensor product property) extend to the more general setting considered in the
current paper.

CONTENTS
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3. Local Weyl modules 19
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INTRODUCTION

Partially because of their importance in the theory of quantum affine Lie algebras, loop alge-
bras g ® C[t, ¢~ '], where g is a semisimple Lie algebra, have been the subject of intense study
over the last two decades. Their representation theory is particularly interesting because
the category of finite-dimensional representations is not semisimple. In [3, 8], it was shown
that the irreducible objects in these categories are highest weight in a suitable sense, and a
classification was given in terms of these highest weights, which are n-tuples of polynomials,
where n is the rank of g. In [9], it was shown that to each such n-tuple of polynomials 7,

2010 Mathematics Subject Classification. 17B10, 17B65.

The first and the third author were partially sponsored by the DFG-Schwerpunktprogramm 1388 “Darstel-
lungstheorie”. The research of the fourth author was supported by a Discovery Grant from the Natural
Sciences and Engineering Research Council of Canada.
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there exists a unique largest highest weight module W (7) of highest weight 7. The modules
W (), called (local) Weyl modules by analogy with the modular representation theory of (the
positive characteristic version of) g, have the property that any finite-dimensional highest
weight module of highest weight 7 is a quotient of W (7).

Weyl modules for loop algebras also play an important role in the representation theory of
quantum affine algebras. In particular, under a natural condition on their highest weight,
the irreducible finite-dimensional representations of quantum affine algebras specialize at
q = 1 to representations of the loop algebras. In this limit, the representations are no longer
irreducible, but are quotients of the corresponding local Weyl module. It was conjectured
(and proved for g = sly) in [9] that all local Weyl modules are obtained as ¢ = 1 limits of
irreducible finite-dimensional modules of quantum affine algebras. In particular, this con-
jecture implies that the local Weyl modules are the classical limits of the standard modules
defined by Nakajima in [15] and further studied by Varagnolo and Vasserot in [19].

In [9], Chari and Pressley defined the global Weyl modules associated to dominant integral
weights of g. These are the largest integrable highest weight modules of the given highest
weight and were conjectured to be free modules for a certain commutative algebra. This
motivated a series of papers [1, 6, 7, 11, 15, 16] on local Weyl modules which computed their
dimension and character, identified them with tensor products of Demazure modules, and
eventually lead to the proof of this conjecture as well as the aforementioned conjecture that
all local Weyl modules are ¢ = 1 limits of irreducible finite-dimensional modules of quantum
affine algebras (for an arbitrary simple g).

In [10], Feigin and Loktev extended the notion of global Weyl modules to the setting of
generalized current algebras g ® A, where A is a commutative associative unital algebra over
the complex numbers. In the case that A is the coordinate ring of an affine variety, they also
extended the definition of local Weyl modules and obtained analogues of some of the results
of [9]. In particular, they proved that these modules are finite-dimensional and that every
local Weyl module is the tensor product of local Weyl modules associated to a single point
(a property which is also true for finite-dimensional irreducible modules).

Motivated by the methods used to study the BGG-category O for semisimple Lie algebras,
a functorial approach to the study of the Weyl modules for generalized current algebras was
adopted in [4]. There it was shown that, via homological properties, one can naturally define
more general Weyl modules for the Lie algebra g ® A, where A is a commutative associative
unital algebra over the complex numbers. This is done by defining the Weyl functor from a
suitable category of modules for a commutative algebra A, (these modules play the role of
highest weight spaces) to the category of integrable modules for g ® A with weights bounded
by a dominant integrable weight A\ of g. Under the condition that A is finitely generated, it
was shown that every local Weyl module is finite-dimensional. Furthermore, the translation
of the universal property of the Weyl module into the language of homological algebra yielded
a simplified proof of the tensor product property.

The algebras mentioned above all are “untwisted”. There are natural twisted versions of
loop algebras, related to the twisted affine Lie algebras. More precisely, the twisted loop
algebras are fixed point subalgebras of untwisted loop algebras g ® C[t,¢!] under the action
of certain finite-order automorphisms. Extending the ideas of [9], local Weyl modules for
the twisted loop algebras were defined and studied in [5], where it was realized that they
can be identified with suitably chosen local Weyl modules for untwisted loop algebras. It
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is thus natural to ask if twisted versions of local Weyl modules exist when one moves from
loop algebras to the more general setting of generalized current algebras.

The twisted analogues of generalized current algebras are equivariant map algebras. Suppose
X = Spec A is an affine scheme and g is a finite-dimensional Lie algebra, both defined over
an algebraically closed field of characteristic zero, and that I' is a finite group acting on both
X (equivalently, on A) and g by automorphisms. Then the equivariant map algebra (g® A)"
is the Lie algebra of equivariant algebraic maps from X to g. In the current paper, we will
assume that g is semisimple, X is of finite type, I' is abelian, and I" acts freely on X. Even
with these restrictions, equivariant map algebras are a large class of Lie algebras that include
the above mentioned examples of (twisted) loop algebras and generalized current algebras
as well as many others.

A complete classification of the irreducible finite-dimensional representations of an equivari-
ant map algebra was given in [18]. Let X, denote the set of finite subsets of X,.¢, the set of
rational points of X, that does not contain two points in the same ['-orbit. For x € X, we
have a surjective evaluation map

€V£ : (g ® A)F — gx - @méx g
r

An evaluation representation is a representation of the form p o evy, where p = &),y 02
for representations p, : g — EndV,, x € x. In the setup of the current paper, the clas-
sification of [18] says that all irreducible finite-dimensional representations are evaluation
representations. We define the support of an irreducible finite-dimensional representation to
be [J(I" - ), where the union is over the x € x such that p, is nontrivial. For an arbitrary
finite-dimensional representation, we define its support to be the union of the supports of
its irreducible constituents. This support depends only on the isomorphism class of the
representation.

For an equivariant map algebra, one is not assured of the existence of a semisimple fixed point
subalgebra g'' or a Cartan subalgebra of (g A)! in the classical sense. Since past approaches
to the study of Weyl modules for twisted loop algebras rely heavily on the representation
theory of g', this is a major obstacle to generalizing such techniques to the more general
setting of equivariant maps algebras. Furthermore, owing to the unavailability of the classical
notion of weights for (g ® A)'-modules, the notion of highest weight modules is not clear in
this context. For these reasons, new techniques are needed.

Let F and F' denote the category of finite-dimensional (g ® A)-modules and (g ® A)'-
modules respectively. For x € X,, let Fy (respectively FL) denote the full subcategory of
F (respectively F') consisting of modules with support contained in x (respectively T - x).
Motivated by [5, 14, 18] we define, for each x € X,, mutually inverse isomorphisms of
categories

Tx

fl“

Fx

Ux

called twisting and untwisting functors (see Theorem 2.10). These functors allow us to move
back and forth at will between the theory of finite-dimensional representations of equivariant
map algebras (satisfying the assumptions of the current paper) and the corresponding theory
for generalized current algebras. In particular, to any irreducible finite-dimensional (g® A)*-
module V', we can associate a twisted local Weyl module as follows. Let x € X, contain one
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point in each I'-orbit in the support of V. Then U,V is an irreducible finite-dimensional
(g® A)-module, to which is associated an (untwisted) local Weyl module W. We then define
the local Weyl module associated to V' to be TxW, and one can show that this definition is
independent of the choice of x (see Proposition 3.6).

Apart from their role in the definition of the twisted local Weyl modules, the twisting and
untwisting functors also allow us to use the characterization of local Weyl modules by homo-
logical properties given in [4] to give a similar characterization of twisted local Weyl modules.
However, some subtlety is involved here. The homological characterization given in [4] in-
volves certain categories of highest weight modules. Since the Cartan subalgebra of g is not
necessarily preserved by the action of the group I'; such methods do not immediately carry
over to the twisted setting. In order to circumvent this problem, we replace the usual order
on weights by another partial order arising from a suitably defined height function on the
weight lattice. Our modified homological characterization is equivalent to the one given in
[4], but has the advantage that it carries over to the twisted versions.

There are several natural questions arising from our treatment of local Weyl modules for
equivariant map algebras. For instance, can one define global Weyl modules (see [4, 9]) and
is there an analogue of the algebra A, defined in [4]7 Can one extend the results of the
current paper to the case where the group I' does not act freely on X7 It would also be
interesting to further examine the relationship between the twisting and untwisting functors
defined here and connections between the representation theory of twisted and untwisted
quantum affine algebras appearing in the literature (see, for example, [12]).

The paper is organized as follows. In Section 1 we recall the definition of equivariant map
algebras and certain results on their finite-dimensional irreducible representations. We intro-
duce the twisting and untwisting functors in Section 2 and prove that they are isomorphisms
of categories. In Section 3 we recall the results on local Weyl modules for generalized current
algebras and then introduce the notion of local Weyl modules for equivariant map algebras.
We also show there that they satisfy a natural tensor product property. Finally, in Section 4
we give a characterization of the local Weyl modules by homological properties.
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were developed. The fourth author would like to thank the Institut de Mathématiques de
Jussieu and the Département de Mathématiques d’Orsay for their hospitality during his
stays there, when some of the writing of the current paper took place.

1. EQUIVARIANT MAP ALGEBRAS AND THEIR IRREDUCIBLE REPRESENTATIONS

In this section, we review the definition of equivariant map algebras and the classification of
their irreducible finite-dimensional representations given in [18]. Let k£ be an algebraically
closed field of characteristic zero and A be unital associative commutative finitely generated
k-algebra. We let X = Spec A, the prime spectrum of A (so X is an affine scheme of
finite type). A point x € X is called a rational point if A/m, = k, where m, is the ideal
corresponding to x. We denote the subset of rational points of X by X,.. Since A is
finitely generated, we have X,,; = maxSpec A. Suppose [ is a finite abelian group acting
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on X (equivalently, on A) and on a semisimple Lie algebra g by automorphisms. Let g ® A
be the Lie k-algebra of regular maps from X to g. This is a Lie algebra under pointwise
multiplication. The equivariant map algebra (g ® A)l' consists of the I'-fixed points of the
canonical (diagonal) action of I' on g ® A. Thus (g ® A)! is the subalgebra of I-equivariant
maps. In the current paper, we are interested in the case that I' acts freely on X, by which we
mean that it acts freely on X,,;. We shall assume this is the case for the entirety of the paper.
Following the usual abuse of notation, we will use the terms ‘module’ and ‘representation’
interchangeably.

Remark 1.1. We could consider the more general case where g is finite-dimensional reduc-
tive. However, then (g® A)" = ([g,9] ® A)' @ (Z(g) ® A)' as Lie algebras, [17, (3.4)], where
g, g] is semisimple and Z(g) is the centre of g (and so (Z(g) ® A)' is an abelian Lie algebra).
The representation theory of (g ® A)l' thus essentially “splits” and so it suffices to consider
the case of g semisimple. See [17] for details.

We denote by X, the set of finite subsets x C X, for which I' -z N T" - 2’ = & for distinct
r,2" € x. For x € X,, we define g* = @, _, g. The evaluation map

evie 1 (8@ A = g%, evi(a) = (a(2))sex,

is a Lie algebra epimorphism [18, Cor. 4.6]. To x € X, and a set {p, : © € x} of (nonzero)
representations p, : g — Endy V,, we associate the evaluation representation evk(p,)sex of
(g @ AL, defined as the composition

r

(9 A" 2% g« 2= Bud, (®,., V)
If all p,,x € x, are irreducible finite-dimensional representations, then this is also an ir-
reducible finite-dimensional representation of (g ® A)', [18, Prop. 4.9]. The support of an
evaluation representation V = @), ., V., abbreviated Supp V, is the union of all I' - z, x € x,
for which p, is not the one-dimensional trivial representation of g.
Fix a triangular decomposition g = n~ @ h & n' and a set of simple roots for g. Let P
and () be the corresponding weight and root lattices respectively, and let PT denote the
set of dominant integral weights. For A € P*, let V()) be the corresponding irreducible
representation of g of highest weight A. In this way we identify the set of isomorphism
classes of irreducible finite-dimensional g-modules with PT.
It is well known that Aut g = Int g x Out g, where Int g is the group of inner automorphisms
of g and Out g is the group of diagram automorphisms of g. The diagram automorphisms
act naturally on P, ), and P". If p is an irreducible representation of g of highest weight
A € P and + is an automorphism of g, then p o y~! is the irreducible representation of g of
highest weight you - A, where vou is the outer part of the automorphism 7 (see [2, VIII,
§7.2, Rem. 1]). So the group I" acts naturally on each PT via the quotient Aut g — Out g.
Let £ denote the set of finitely supported functions v : X, — P and let ' denote the
subset of £ consisting of those functions which are I'-equivariant. Here the support of ¢ € £
is

SUPP¢ = {x S Xrat ’ 2/}(x> 7é 0}
If x € X, and p,, p), are isomorphic representations of g for each x € x, the evaluation

representations evl(p,).cx and evl(p)).ex are isomorphic. Therefore, for x € X, and repre-
sentations p, of g for z € x, we define evL([p;])zex to be the isomorphism class of evL (p.)zex-
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For ¢ € £V, we define ev}, = ev] (¥)(2)).ex, Where x € X, contains one element of each T'-orbit
in Supp¢. By [18, Lem. 4.13], ev}; is independent of the choice of x. If ¢ is the map that is
identically 0 on X, we define ev5 to be the isomorphism class of the trivial representation of
(g® A)F. We say that an evaluation representation is a single orbit evaluation representation
if its isomorphism class is evi for some 1) € £ whose support is contained in a single I'-orbit.
For all of the above notation, we drop the superscript I' when I" = {1}. For instance, for a
finite subset x C X, evx : g ® A — g* is the corresponding evaluation map. Similarly, for
Y € &, evy is the corresponding isomorphism class of representations of g ® A.

Proposition 1.2 ([18, Th. 5.5]). The map
EN =8, Yevy, vell,

is a bijection, where ST denotes the set of isomorphism classes of irreducible finite-dimensional
representations of (g @ A)L. In particular, all irreducible finite-dimensional representations
of (g ® A)'' are evaluation representations.

Remark 1.3. The classification of irreducible finite-dimensional representations given in
[18] is much more general than Proposition 1.2. In particular, it applies in the case that g
is any finite-dimensional Lie algebra, I' is any finite group (i.e. not necessarily abelian), and
the action of I" is arbitrary (i.e. I' need not act freely on X). In this generality, all irreducible
finite-dimensional representations are tensor products of evaluation representations and one-
dimensional representations. However, under the more restrictive assumptions of the current
paper, (g® A)l is a perfect Lie algebra (i.e. [(g® A)', (g@ A)F] = (g® A)') and so (g A)F

has no nontrivial one-dimensional representations, [17, Lem. 6.1].

Definition 1.4 (Notation for irreducibles). For ¢ € E', we let V(1)) denote the correspond-
ing irreducible representation of (g ® A)' (that is, Vr(¢) is some irreducible representation
in the isomorphism class evi). For ¢ € €, we let V(¢) denote the corresponding irreducible
representation of g ® A.

Example 1.5 (Untwisted map algebras). When the group T is trivial, (g ® A)F =g® A is
called an untwisted map algebra, or generalized current algebra. These algebras arise also for
a nontrivial group I" acting trivially on g or on X. In the first case we have (@A)l = g AT,
and in the second (g ® A)' = g' ® A.

Example 1.6 (Multiloop algebras). Fix positive integers n,my,...,m,. Let
F=(,..comm =1, vy =v% V1<i,j<n) ZZ/mZXx - xXZL/m,Z,

and suppose that I' acts on g. Note that this is equivalent to specifying commuting auto-
morphisms o;, i = 1,...,n, of g such that ¢;" =id. For i = 1,...,n, let & be a primitive
m;-th root of unity. Let X = (k*)™ and define an action of I" on X by

Yi * (Zl, Ce ,Zn) = (21, ce >Zi—17§iziazi+1a Ce ,Zn>.
Then
(1.1) M(g,00,...,00,m1,...,my) = (g®A)F

is the multiloop algebra of g relative to (o1,...,0,) and (mq,...,m,).
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Definition 1.7 (g-weights). We can identify g with the subalgebra g ® k C g ® A. In this
way, any (g ® A)-module V' can be viewed as a g-module. We will refer to the weights
of this g-module as the g-weights of V' (assuming V has a weight decomposition, e.g. V' is
finite-dimensional). For a g-weight A, we let V), denote the corresponding weight space of V.

2. TWISTING AND UNTWISTING FUNCTORS

In this section, we define isomorphisms between certain categories of modules for (untwisted)
map algebras g ® A and their equivariant analogues (g ® A)''. This isomorphism will be
our key tool in defining local Weyl modules in the equivariant setting and proving their
characterization via homological properties.

Recall that for a point © € X, m, denotes the corresponding maximal ideal of A. For
N : Xat = N = Z>o with finite support, define

(21) L? = HzGSuppn mz(x)

For a finite subset x C X, we define Iy = I,,, where n(z) = 1 for z € x and n(z) = 0 for
x ¢ x. It is straightforward to check that g ® I,, is an ideal of g ® A and so we have a
generalized evaluation map

evn : g ® A - (g ® A)/(g ® ‘[77) = @mESuppn g ® (A/mg(x)) = @mESuppn(g ® A)/(g ® mg(m)>7

V(@) = Byesuppy (@ + (9.2 m27)).
Let
vy (88 A) = Bresupp (09 4)/ (3 @ m2")
denote the restriction of ev, to (g ® A)''. Clearly

ker evg = (kerev,) N (g@ A =@ge )N (g A" = (g I,)".

Recall that X, is the set of finite subsets of X,,; that do not contain two points in the same
I'-orbit.

Lemma 2.1. If n: Xt — N satisfies Suppn € X, then
(g L) =(g® jn)r, where fn = HCEESuppn HveF my/{;:)_

Proof. Since 1:,7 C I, we have (g ® fn)r C (g®I,)". Suppose a € (g @ I,)'. Then for each
x € Suppn and v € ', we have

ae(@el) Cgol,Cgoml®”) = a=y-acy(goml®)=goml.
Thus
(8@ 1)" C 9@ Myesuppn [ er mlY =g® I,
since the ideals m,., are relatively prime. Thus (g ® I,)" C (g ® I,)'. O

Proposition 2.2. Ifn: X,,s — N satisfies Suppn C X, then the map evg 15 surjective and
hence induces an isomorphism

(g@A) /(g0 )" = (@ A4)/(g@ ).
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Proof. Tt suffices to show that for arbitrary a € g, f € A, z € Supp, there exists a € (g@A)"
such that

a—(a® f)€geml®, aGg@mZ(y)‘v’yGSuppn\{x}.

Let n = maxyesuppy 7(y) and let £ be an n-th root of —1. Since the action of I on X is free,
we can choose f; € A such that

file) =0, fily-z)=E6Vyel,v#1, fily-y) =6V yeTl,yeSuppn\ {z}.
Then f; € m,. So

ffemy, fli(y-z)=—-1Vyel,v#1, fl(y-y)=-1V~yel,yecSuppn)\{z}.
Hence

L+ ffel+mi 1+ €llerpMyall  ser  myy.
yeSuppn\{z}

Recall that for any ideal I of A, the set 1+ [ is closed under multiplication. Thus
A+ fmrel+my L+ )" €ller ™y Il qer mi,,
y€Supp n\{z}
and so, setting fo = f(1+ )", we have
f2 € f + mg7 f2 € nyel—‘,'yyél mz:v H vel m:-y'
y€Supp n\{z}
Define
a=3 7 (@®fo)=3 p(r-a)@(y fo) € (g2 A
Since v - m, = m.,., and I" acts freely on X, we have
y-foem' CmI® Vel y#1.
Thus
atgem=(ef)+tgem!” = f+gom].
We also have
v foeml CmI® Ve, yeSuppn )\ {z},
and so
a€g ®mz(y) Yy € Suppn \ {z}.
O

Let = be the character group of I'. This is an abelian group, whose group operation we will
write additively. Hence, 0 is the character of the trivial one-dimensional representation, and
if an irreducible representation affords the character £, then —¢ is the character of the dual
representation.

If I' acts on an algebra B by automorphisms, it is well-known that B = ®§€E B¢ is a =-
grading, where B is the isotypic component of type &. It follows that (g® A)" can be written
as

(2.2) (02A) = Deez 9 @ A,
since g = P, gc and A = P, A¢ are E-graded and (g¢ ® At = 01if ¢ # —¢ The

decomposition (3) is an algebra =-grading.
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Lemma 2.3 ([17, Lem. 4.4]). Suppose a finite abelian group I acts on a unital associative
commutative k-algebra A (and hence on X = Spec A) by automorphisms. Let A = P,z A¢
be the associated grading on A, where = is the character group of I'. Then the following
conditions are equivalent:

(1) T acts freely on X, and
(2) [Ty Ie, = UM)sor g, for all &y, ... & € 2 and any T-invariant ideal I of A. Here
]SzlﬂAng’l"gEE.
For a Lie algebra L, define L™, n > 1, by
L'=L, L"=[L,L"", n>1.
The following proposition, combined with Proposition 2.2, will allow us to define and deduce

properties of finite-dimensional modules for equivariant map algebras from the corresponding
notions for untwisted map algebras.

Proposition 2.4. Fvery finite-dimensional (g @ A)'-module is annihilated by (g ® I,)" for
some 1 : Xiar — N with Suppn C X,.

Proof. Suppose V is a finite-dimensional (g ® A)"-module annihilated by (g ® I,,)" for some
finitely supported 1 : X;.s — N. By Lemma 2.1, we can find 0’ : X,,; — N with Suppn’ C X,
and (g ® Ly)" C (g® I,,)''. Thus it suffices to prove that every finite-dimensional (g ® A)"-
module is annihilated by some (g ® I,,)".

We first prove by induction that for any ['-invariant ideal I of A,

(2.3) (gD " =(@geI™" ¥Ym>1
The result is trivial for m = 1. Assume it is true for some m > 1. Then
m+1 m
(D)™ =@ D", (g0 D))"
= [(g® N (g® ]m)r] (by the induction hypothesis)
= [@EEE 9 @ I, @765 9r ® (Im)—f}
= eresl06 0] @ L c(I™)—;

= 25,765[957 9] @ (1) ¢, (by Lemma 2.3)
=@z 0@ (™) ¢ (since g is semisimple)
= (g ™"

Thus (4) holds.
Now let V' be a finite-dimensional (g ® A)"-module. Then there exists a filtration

O=WcWc.--CV,=V,

such that V;/V;_; is an irreducible finite-dimensional (g ® A)'-module for 1 < i < n. By
Proposition 1.2, each V;/V;_; is an evaluation module. Let 7; : X;2x — N be the characteristic
function of the support of V;/V;_y. Then (g ® I,,,)" - (Vi/Vi—1) = 0. In other words, (g ®
L)' - Vi C Vi,

Let v =" m; and n = nv. We claim that (g® [,,)' -V = 0. Since I,, = I7", it follows from
(4) that ((g® L,)")" = (g ® I,)". Because I, C I, we have (g ® L)' - V; C V;_; for all
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1 <4 < n. Therefore
(g ) V= (goll))" V=0 O
For functions 7,7 : X, — N with finite support, we write n < ' if n(x) < 7/(z) for all
r € Xia. Clearly
n<n = I,21, = g®1[,29g®I,.
Thus, for n < 7', we have natural projections

@@ A)/(@@Ly) > (@@A4)/(g@1), (@A) /(o) » @24 /(o).
Lemma 2.5. If n,n7' : Xias — N are such that n <7’ and Suppn’ C X, then the diagram

o

(2.4) (@A) /(g L) — (@@ A)/(g® Iy)

i i

(=23

(goA) /(g0 ) —=(g®A4)/(s® I,)

1s commutative, where the horizontal maps are the isomorphisms induced by evaluation as
in Proposition 2.2.

Proof. This is clear from the fact that both compositions in the diagram are induced from
the composition
(@A) > g0Ad—> (g A4)/(g0 1)
O

Suppose V is a finite-dimensional (g ® A)'-module. By Proposition 2.4, there exists a
function 7 : Xpay — N, Suppn C X,, such that (g® I,,)" annihilates V. Therefore the action
of (g ® A)" on V factors through (g ® A)'/(g ® I,,)' and the composition

10 A—>(@eA)/(e0)=(goA) /(g@1,)" — EndV
defines an action of (g ® A) on V. We denote the resulting (g ® A)-module by V.
Lemma 2.6. Suppose V is a finite-dimensional (g @ A)'-module that is annihilated by (g ®

L)Y and (g ® Ly)" for functions n,n' : Xiae — N such that Suppn U Suppn’ C X.. Then
VT =V" as (g @ A)-modules.

Proof. Let 7 = n+n'. It is clear that (g®1,)" annihilates V. Since Supp 7 = Supp nUSupp 7/,
it follows from Lemma 2.5 that the diagram

(@@A)/(g@ L) —=(g®A)" /(g@ I,)"

] b

gRA— (g0 A)/(g0 ) —= (@A) /(g® ;) —=EndV

TS |

(g2 A)/(g® L) — (g A) /(g @ Ly)"

commutes, where the three isomorphisms in the middle are the inverses of the isomorphisms
of Proposition 2.2 induced by evaluation. It follows that V7 = V7 = V" as (g ® A)-
modules. 0

R

1%

R
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Definition 2.7 (Categories F, F', Fy, and F.). Let F and F' be the categories of finite-
dimensional representations of g® A and (g ® A)' respectively. For x € X,, define F, (resp.
FL) to be the full subcategory of F (resp. F') consisting of those representations whose
irreducible constituents all have support contained in x (resp. I' - x).

Definition 2.8 (Twisting functor). We have a natural twisting functor T : F — F' defined

by restricting from g ® A to (g ® A)'. For any x € X,, we have the induced functor
Ty : Fx — FL.

Definition 2.9 (Untwisting functor). Fix x € X,. By Proposition 2.4, every module V' € FL
is annihilated by some (g ® I,,)' with Suppn C x. By Lemma 2.6, the modules V" are
independent of the choice of n. The untwisting functor Uy : Fr — Fy is defined to be the
functor that, on objects, maps V to V7. Now suppose VW € FL and B : V — W is a
morphism in FL. Since FL. is a full subcategory of F', 8 : V — W is a morphism in FT,
which means that it is a homomorphism of (g ® A)F-modules. Choose 7 : X,.s — N with
support contained in x such that (g ® I,,)" annihilates both V' and W. Then the action of
(g® A)" on V and W factors through (g ® A)'/(g ® I,)". By definition, it follows that /3
is also a homomorphism of (g ® A)-modules from V" to W". We define Uy (/) to be this
homomorphism. One easily sees that Uy respects composition of morphisms and hence is a
well-defined functor.

For a I'-invariant subset Y of X.,., let Y1 denote the set of subsets of Y containing exactly
one point from each I'-orbit in Y. For ¢ € £ and x € (Supp ¢)r, define

W(x) if z € x,

. + -
Uyt Xpag = P, ¢x<x)_{0 if © & x.

Theorem 2.10. For x € X,, the twisting and untwisting functors have the following prop-
erties.

(1) The twisting functor T maps the isomorphism class ev,, for ¢y € €, Suppy C X, to
the isomorphism class eviF for Yt € Y, where

¢F(x) = Zryef‘,}/ ) w(’yil ' IL‘), M Xrat-

(2) The untwisting functor Uy maps the isomorphism class evy, ¢ € E'. to the isomor-
phism class evy, .
(3) The functors Ty and Uy are mutually inverse isomorphisms of categories.

Proof. Part (1) follows immediately from the definition of the evaluation representations
given in Section 1.
Now suppose x € X, and V € FL is irreducible and corresponds to 1 € . Let p =
(&,cx Pz) ©evy be the corresponding representation. Then p factors through (g ® A)"'/(g®
L)' and so Uy (V) is the (g ® A)-module given by the composition
=~ ®:c x Pz

00 A = (90 4)/(60 1) = (@0 A)7 /(9@ L)" = g === Ead V.
Since this is precisely the evaluation representation (®w ex ,Oa:) oevy, of g® A, which is in the
isomorphism class ev,, , Part (2) follows.
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Suppose V' € Fx. Then V is annihilated by some g ® I,, and the action of g® A on U, Tk (V)
is given by

[~=3

g0 A—>(goA)/(@e) > @A) /(o) = (@2 A4)/(g®1,) > EndV,

where the two isomorphisms are mutually inverse. Thus UxT« (V) = V. One easily verifies
that U,Tyx is also the identity on morphisms and is therefore the identity functor on Fi.
Similarly, T, U, is the identity functor on FL. This proves Part (3). O

Remark 2.11. Theorem 2.10 allows one to translate any reasonable question in the rep-
resentation theory of finite-dimensional modules for equivariant maps algebras, where I is
abelian and acts freely on X, to a corresponding question for untwisted map algebras (gener-
alized current algebras). For instance, it can be used to reduce the computation of extensions
between irreducible finite-dimensional (g ® A)'-modules to the case of extensions of (g® A)-
modules, which were considered in [13]. In this way, one can give an alternate proof of [17,
Prop. 6.3].

3. LocaL WEYL MODULES

In this section, we define the local Weyl modules for equivariant map algebras. We begin by
reviewing the local Weyl modules for untwisted map algebras.

Fix a triangular decomposition g =n~ & h d n'. Then we have a triangular decomposition
of the untwisted map algebra

gRA=n" A (HeA) o Mn ©A).

Let {e;, hi, fi}ier denote a set of Chevalley generators of g compatible with its triangular
decomposition. In particular, the f; generate n—.

Definition 3.1 (Untwisted local Weyl module). Given ¢ € &, the (untwisted) local Weyl
module W (1)) is the (g® A)-module generated by a nonzero vector wy, satisfying the relations

(3.1) Mt ®A)-w, =0,

(3.2) (fi@ DA+ oy, =0, i€, where A=wty =) _ (z),

(3.3) Q- wy = <Z$€Supp’l/1 w(x)(a(x))) wy, a€h®A

Proposition 3.2. (1) [4, Th. 2] For every ¢ € €, W () is a finite-dimensional (g ® A)-
module.

(2) [4, Prop. 5] Let V' be any finite-dimensional (g ® A)-module generated by a nonzero
element v € V' such that

mMt®A)-v=0 and (h®A) - -v=kv.

Then there exists 1» € £ such that the assignment wy, — v extends to a surjective

homomorphism W () — V of (g ® A)-modules.
For a subset Y C X, let
Iy ={fe€eA| f(zx)=0VzeY}.
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For ¢ € &, we define I, = Igyppy. Note then that I, = I, as in (2) for

1 if 2 € Supp(¥),
0 if x & Supp(v).

Proposition 3.3. (1) [4, Prop. 9] If ¢ € € with wty = X € PT, then
(@ I))- W) =0 VN> Ahy),

n: X — N, nz)= {

where 0 is the highest root for g and hy is the corresponding coroot.

(2) [4, Th. 3] If ¢, € € such that Supp N Supp )’ = &, then

W@ +¢) = W(y) @ W(Y')

as (g ® A)-modules.
(3) [4, Lem. 6] For € €, V(1) is the unique irreducible quotient of W (1) (see Defini-
tion 1.4).

Remark 3.4. In the case that A is the coordinate algebra of an affine algebraic variety,
Proposition 3.2 and parts (1) and (2) of Proposition 3.3 are proven in [10] (Theorems 1, 2,
and 5, and Proposition 7).

We now turn our attention to the equivariant map algebras. For a (g ® A)-module U, let
pu - 9 ® A — End, U be the corresponding representation.

Lemma 3.5. Suppose ) € EY and x € (Supp¥)r. Then, for y €T,

PW@) OV = PW ()
where vy -x ={y-x | x € x}.

Proof. Let W (1x)” be the (g ® A)-module corresponding to the representation pyy () o7y ~".
Recall that we identify g with the subalgebra g®@k of g® A. Thus, via restriction, we can view
W (1) and W (1)) as g-modules. Recall that W (1)) is a finite-dimensional g-module with
wt W) € XA — Qy, where A = 37 4(x). It follows that W (¢x)” is a finite-dimensional
g-module with wt W (i)Y C - A — Q. Furthermore, the 7 - A\ weight space of W ()" is
one-dimensional since the A weight space of W (1)) is one-dimensional.

We also know that W (¢,) has unique irreducible quotient V' (1)5). By the definition of £, we
have that py () -7 = pvy,.0- Thus W(1x)? has unique irreducible quotient V' (¢..x). Let
v € W(1x)" be a nonzero vector of weight v-\ and let U be the smallest (g® A)-submodule of
W (1x)7 containing v. If U # W (1)x)?, then U is contained in the unique maximal submodule
of W (1)x)". But this contradicts the fact that the unique irreducible quotient of W (1)x)” has
a nonzero 7 - A weight space. Therefore U = W (1)x)? and so v is a cyclic vector. It then
follows from Proposition 3.2(2) that W (i) is isomorphic to a quotient of W(¢,.x). By
symmetry, W (1,.x) is also isomorphic to a quotient of W(1x)?. Since these modules are
finite-dimensional, we conclude that W ()" = W (1),.4). O

Proposition 3.6. Suppose 1) € E and x,x" € (Supp ). Then the restriction to (g® A)L-
modules of the Weyl modules W (1by) and W (by) for g @ A are isomorphic (as (g @ A)F-
modules).
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Proof. We first prove the result in the case that the support of ¢ consists of a single I'-orbit.
Suppose x, 2" € Supp . Then there exist a unique v € I' such that ' = v-x. By Lemma 3.5,
we have

PWe) @Y = P,
Since the restriction of the automorphism y~! to (g ® A)l is trivial, it follows immediately

that the restrictions of py(y,) and pw(y, ) to (g ® A)' are isomorphic. The general result
where the support of ¢ is a union of I'-orbits now follows from Proposition 3.3(2). O

Definition 3.7 (Twisted local Weyl module). For ¢ € &', we define Wr(w) to be the
restriction to (g ® A)'-modules of the Weyl module W (i) for g ® A, for some choice
of x € (Supp®)r. In other words, Wr(v) := T(W(¢x)). By Proposition 3.6, Wr(¢)) is
independent of the choice of x (up to isomorphism). We call Wr(v) the (twisted) local Weyl
module of (g ® A)T associated to ).

Lemma 3.8. Fory € £ and x € (Supp ¥)r, we have Uy (Wr(h)) = W (1) and Uy (Vi (1)) =
V().

Proof. By definition, Wr(v) = Tx(W (1x)). Thus, by Theorem 2.10, we have
Ux(Wr(¥)) = UxTx(W (¥x)) = W(thx).
The proof of the second statement is analogous (see the proof of Theorem 2.10(2)). O

Proposition 3.9 (Tensor product property). If 1, € EY have disjoint support, then
Wr(¢ +¢') = Wr(y) @ Wr(¥).

Proof. Choose x € (Supp¢)r and x’ € (Supp¢’)r. Then x N x’ = & and, by Proposi-
tion 3.3(2), we have W (¢ + 9¥l,) = W () ® W(4l,). Since x Ux" € (Supp(¢) + ¢'))r, the
proposition follows after restricting to (g ® A)'-modules. 0

4. CHARACTERIZATION OF LOCAL WEYL MODULES BY HOMOLOGICAL PROPERTIES

In this section, we show that the local Weyl modules are characterized by homological
properties, extending results of [4] to the equivariant setting.
For A € P, write A = > ._, ko, k; € Q, as a linear combination of simple roots, and define

ht A := Zie[ k‘l

Recall the usual partial order on P given by

iel

A>p = A—peQt.

It is clear that
A>p = ht A > htp.

Since I' acts on P* via diagram automorphisms, it preserves the set of positive roots. There-
fore, for ¢ € ', we have 37 htoy(z) =3 .y hte(x) for all x,x’ € (Supp)r.

Definition 4.1 (Height function on £V). Define the height of 1 € E' to be
hty = erXrat ht ¢ (x) for some x € (Supp ¢)r.

By the above discussion, this definition is independent of the choice of x.
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For a finite-dimensional (g® A)"-module M and ¢ € £, let mult,, M denote the multiplicity
of ev}, in M. In other words, mult,, M is the number of (irreducible) composition factors of
M in the isomorphism class ev}.

Definition 4.2 (Maximal weight module). We call a finite-dimensional (g ® A)"-module M
a mazimal weight module of mazimal weight v if multy, M = 1 and, for all ¢ # ¥,

mult, M #0 = htp < ht.
Lemma 4.3. The local Weyl module Wr(1)) is a mazimal weight module of mazimal weight
.

Proof. IfT" = {1}, the result follows from the fact that the g-weights of W (1) lie in wt ¢p — Q™
by Definition 3.1. Suppose now I' # {1} and let ¢» € . Then for any x € (Supp®)r,
we have, by Lemma 3.8, Uy(Wr(v))) = W(¢x). By Proposition 3.3(1), we have that all
constituents of W (1)) have support contained in x. Thus

mult, W(¢x) #0 = V(p) € Fx.
By Theorem 2.10 and Lemma 3.8, we then have
mult, Wr(¢) = mult,, W (1x).
Thus, for ¢ # 1 (hence px # Vx),
mult, Wr(¢) # 0 = mult,, W(yx) #0

— Wt px < Wty
—> htp = ht ox < ht )y = ht,

where the second implication follows again from the fact that the g-weights of W (1) lie in
wt ), — Q1 by Definition 3.1. O

Recall that, for ¢ € £, we have wt¢ = > _ (x). It is clear that wt ¢ is the maximal
g-weight occurring in V'(¢)). We have the following characterization of untwisted local Weyl
modules in terms of homological properties.

Proposition 4.4 ([4, Prop. 8]). Let M be a maximal weight (g ® A)-module of mazimal
weight 1p. Then M = W () if and only if

Homz(M,V(p)) =0 and Extix(M,V(p)) =0
Jor all ¢ € & with wt(V () C (wtp — Q1) \ {wt}.
We want to reformulate this theorem and generalize it to the case of equivariant map algebras.

Theorem 4.5. Let M be a mazimal weight (g @ A)'-module of mazimal weight 1. Then
M = Wr () if and only if

(4.1)  Homypr (M, Vr(p)) =0 and Extir(M,Vr(p)) =0V ¢ € E" with ht(p) < ht(v).

Proof. We first prove the theorem in the case I' = {1}, where it is a slightly modified version
of Proposition 4.4. In this case (g ® A)'' = g® A and Wr(v)) = W (). We first want to
show that W (1)) satisfies

Homz(W(¥),V(p)) =0 and Extz(W(¥),V(e)) =0
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for all ¢ € £ with ht(¢) < ht(¢). Since the group I is trivial, all finite-dimensional (g ® A)-
modules are also g-modules via the identification of g with g® k C g ® A. Thus we have
weight space decompositions as g-modules.

Let A = wt 1. Since ht ¢ < ht 1), we have A ¢ wt(p) — QT and so V (), = 0. Since W (v) is
generated by W (1), this implies Homz(W (1), V(p)) = 0.

Now suppose we have an extension of (g ® A)-modules

(4.2) 0—=V(p) = E—W()—0.

Let wy, be the preimage in E of a maximal weight vector of W (v)). Since A ¢ wt(p) —QT, we
have dim F) = 1, and so w,, is unique up to nonzero scalar multiple. Also, (n* ® A)-w) =0
and so we have an exact sequence

(4.3) 0—U—U@g®A) wy— WH)—0

where U is a g ® A-module with Uy, = 0. Since wt(U(g ® A) - wy) € A — Q*, we have
wt(U) € (A—QT)\ {\}. Thus Proposition 4.4 implies that (11) splits, which in turn implies
that (10) splits. Thus E is the trivial extension. Therefore Ext>(W (), V(¢)) = 0.

On the other hand, suppose M satisfies (9). We claim that M also satisfies the properties
characterizing W (1)) as given in Proposition 4.4. Let ¢ € € with wt(V (p)) € (A—QT)\{A}.
Then wt ¢ < A, hence ht(¢) < ht(¢)). The claim then follows from (9). Hence the theorem
is true for I' = {1}.

Now consider the case of arbitrary I'. Let ¢ € &' with ht(p) < ht(y)). We would first like
to show that

Hompr (Wr(¥), Vo(p)) =0 and  Extr (Wr(1), Vi (p)) = 0.

Let 7 € Homzr (Wr(¢), Vi (¢)) be nonzero. Then 7 is surjective since V() is irreducible,
and so Vp(g) is isomorphic to a quotient of Wr(). By Proposition 2.4 there exists 7,
Suppn C X., such that Wr(¢) (hence also Vi-()) is annihilated by (g®1,,)". Let x = Supp7.
Then

Homzr (Wr(¢), Vi(p)) = Homzr (Wr(¢), Vi (p)).
Now, by Theorem 2.10 and Lemma 3.8, we have
Homzr (Wr(¥), Vr(p)) = Homz, (W (), V (ipx)).-

Since ht ox = ht ¢ < hty) = ht )y, we conclude Homg, (W (), V(¢x)) = 0 since we know
the theorem is true in the untwisted case. Thus 7 = 0 and so Homzr (Wr(¢), Vi (¢)) = 0.
Now let

(4.4) 0= Vr(p) > E—Wr(¢) =0

be an extension of (g ® A)l-modules with ht ¢ < ht. Since E is finite-dimensional, by
Proposition 2.4 there exists 7, Suppn C X,, such that (g ® )" - E = 0. But this implies

(@ I,)" - Wr(¢) =0 and (g&1,)" - Vi(p) =0,

Thus (12) is an exact sequence in FL for x = Suppn and hence, by Theorem 2.10 and
Lemma 3.8,

(4.5) 0= V(px) = UxE — W(y) = 0
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is a short exact sequence in Fy. Since ht o, = ht ¢ < ht ¢ = ht 1)y, (13) splits by the fact
that the theorem is true in the untwisted case. Then Theorem 2.10 implies that (12) splits.
So Extzr (Wr (1), Vo(p)) = 0.

On the other hand, suppose M satisfies (9). We would like to show that M = Wr(¢). Fix
x € (Supp M)r. Then M € FI and so U,M is a module in Fyx. By Theorem 2.10 and
Lemma 3.8, it suffices to show that UxM = W (1x). Since M is a maximal weight module of
maximal weight ¢, we have Supp ¥ C Supp M, hence xN (Supp¢) € (Supp ¢)r and U, M is
a maximal weight module of maximal weight 1. In particular, this implies that the g-weight
space of Uy M of weight wt 1) is one-dimensional.

Let my be a nonzero element of (UxM )yty,. We claim that Uy M is cyclic and generated
by my. Indeed, if this were not the case, then the submodule generated by v, where v is in
a g-complement of U(g® A) - m,, would have an irreducible quotient V' (¢), with ht ¢ < ht
and Supp ¢ C x. Then T, (V(¢)) = Vr(¢") would be an irreducible object of FL. Again by
Theorem 2.10, we would have

Homp, (UxM,V(p)) # 0 = Homyr (M, Vr(e")) #0,

which contradicts (9) since ht " = ht ¢ < ht. By Proposition 3.2(2), UM is a quotient
of W(#x). It remains to show that it is not a proper quotient. We have (UxM), = 0 for all
> A, s0 (nt ® A)-my =0, which implies we have an exact sequence

0=>U—W({y) = UM =0
with U an object of Fy satisfying Uy = 0 and wt(U) C A — Q*. Applying Ty, we have
(4.6) 0— TxU — Wr(v) - M — 0.

Now applying Homzr (—, Vi(¢)), for ¢ € £ with Supp ¢ C x, to the short exact sequence
(14), we obtain the long exact sequence

0 — Homgzr (M, Vr(p)) — Homzr (Wr(¥), Vi(p)) — Homzr (TxU, Vi (¢))
— Extlzr (M, Vi(p)) = - -
By (9), we have
Hom sz (Wi (¢), Vi(p)) = Homer (Wi (¢), Vi(p)) = 0 and
Extyr (M, Vi(p)) = Extir (M, Vo (p)) = 0

when ht ¢ < ht . Thus Homzr (T«U, Vr(p)) = 0, whenever ht ¢ < ht ). Since all irreducible
subquotients Vi (p) of Ty U satisfy Supp ¢ C x and ht ¢ < 9, we have T, U = 0 and hence
U = 0. Thus the theorem follows. OJ

The following corollary is a twisted version of Proposition 3.2(2). Condition (15) below
should be thought of as a twisted analogue of the condition in Proposition 3.2(2) that M is
cyclicly generated by the vector v.

Corollary 4.6. Let M be a maximal weight (g® A)' -module of mazimal weight 1 € EY such
that

(4.7) Homzr (M, V(p)) =0
for all ¢ € EY with ht o < htv. Then M is a quotient of Wr(v).
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Proof. This follows from the proof of Theorem 4.5. OJ
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DEMAZURE MODULES AND WEYL MODULES: THE TWISTED
CURRENT CASE

GHISLAIN FOURIER AND DENIZ KUS

ABSTRACT. We study finite-dimensional respresentations of twisted current algebras and
show that any graded twisted Weyl module is isomorphic to level one Demazure module
for the twisted affine Kac-Moody algebra. Using the tensor product property of Demazure
modules, we obtain, by analyzing the fundamental Weyl modules, dimension and character
formulas. Moreover we prove that graded twisted Weyl modules can be obtained by taking
the associated graded modules of Weyl modules for the loop algebra, which implies that
its dimension and classical character are independent of the support and depend only on
its classical highest weight. These results were known before for untwisted current algebras
and are new for all twisted types.

1. INTRODUCTION

Weyl modules for loop algebras g @ C[t,¢!], where g is a simple complex Lie algebra, have
gained a lot of attraction during the last two decades. Starting with the analysis of finite—
dimensional irreducible modules for quantum affine algebras ([9]), which are highest weight
modules in a certain sense. It was natural to ask for maximal finite-dimensional modules
with these highest weights since contrary to the theory of simple complex Lie algebras, the
category of finite-dimensional modules is not semi-simple. In the same paper it was con-
jectured, that the classical limit ¢ = 1 of these irreducible modules specialize to modules
for the loop algebra satisfying some universal properties, the so called local Weyl modules.
In a series of papers ([1], [6], [8], [15], [24], [25]) the character and dimension of these Weyl
modules were computed. In the proofs, these modules were identified with Weyl modules
for the current algebra g ® C[t]. Using the tensor product property ([9]) and some pullback
maps, the study was reduced to analyzing graded Weyl modules for g ® C[t], where the
grading is induced by the grading of C[t].

One major step in the analysis of the graded Weyl modules is their identification with level
one Demazure modules for simply—laced algebras ([6], [15]). With the tensor product prop-
erty for Demazure modules ([14]) and the computation for fundamental Weyl and Demazure
modules ([6], [14]), the character and dimension formulas were proven. In the non simply—
laced case, Weyl modules admit a filtration by Demazure modules and via this filtration, the
dimension and character formula were proven ([25]). One should mention that these results
can also be deduced from the results in [1], [24], but there is no written proof so far in the
literature.

Local Weyl modules for current and loop algebras can be parametrized by finitely supported
functions from C (resp. C*) to P, the set of dominant integral weights for g. To each func-
tion one can associate a weight, which is the sum of all images, hence in P*. To summarize
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the results above, the dimension and character of a local Weyl module are independent of
the support of the parametrizing function and depend only on its weight. The graded local
Weyl module of weight A is parametrized by the function of weight A with support in the
origin only. We can also reformulate this result in terms of the global Weyl module, which
is a projective module in a certain category and in general infinite-dimensional. The results
on local Weyl modules are equivalent to the statement, that the global Weyl module is a
free module for a certain commutative algebra A.

There are several ways to generalize the notion of local Weyl modules. By replacing Clt, ¢™!]
with a commutative, associative algebra ([4],[12]) one can define local and global Weyl mod-
ules as before, obtain similar tensor product properties, but character and dimension formulas
are known only in certain cases. Even for a case as simply looking as g = sly and Clty, ..., ,]
with n > 4 there is no dimension formula known.

Another way of generalizing local Weyl modules is to look at twisted current and loop alge-
bras. Given a complex simple Lie algebra g and a commutative algebra A (= C[t], C[t, ¢ ]),
both equipped with the action of a finite group I' (I' = Z/mZ) by automorphism, one can
extend this action to g ® A. The fixpoint Lie algebra (g ® A)! is called the twisted cur-
rent algebra (resp. twisted loop algebra). The twisted current algebra is a subalgebra of
the twisted affine Kac-Moody algebra associated to g, while the twisted loop is obtained by
taking the quotient by the central element of the subalgebra without derivation [2].

Local Weyl modules for the twisted loop algebra were introduced and studied in [5]. It was
proven, that every Weyl module is the tensor product of Weyl modules located in a single
point only. So to obtain dimension and character formulas it was sufficient to compute them
for Weyl modules with support in a single point. The main theorem in [5] states that every
Weyl module for the twisted loop algebra is isomorphic to the restriction of a Weyl mod-
ule for the untwisted loop algebra. So all interesting information can be deduced from this
isomorphism. In [16] the aforementioned global Weyl modules will be defined and studied
for twisted loop algebras as well. It will be shown, that the twisted global Weyl module is
a submodule of the untwisted global Weyl module, viewed as a module for the twisted loop
algebra by restriction. The results about twisted local Weyl module translate again into the
freeness of the twisted global Weyl module as a module for a certain commutative algebra
AL

In [13] the notion of local Weyl modules was generalized to certain equivariant map alge-
bras. Given X an affine scheme and g a finite-dimensional Lie algebra, both defined over
an algebraically closed field and ' a finite group acting on X and g by automorphisms,
the equivariant map algebra is the Lie algebra of equivariant maps from X to g. In [13]
several restrictions to this general case were assumed, the group action on X had to be free
and abelian. But under these assumptions, again the tensor product property was proven.
Furthermore it was shown, that every Weyl module for the equivariant map algebra is iso-
morphic to the restriction of a Weyl module for the algebra of maps from X to g.

In this paper we are considering the gap in the computation of dimension and character
formulas for local Weyl modules of twisted current algebras. For twisted and untwisted loop
and current algebras, dimension formulas for all local Weyl modules are known except for
graded local Weyl modules for the twisted current algebra. Let I' be the finite group of
non—-trivial diagram automorphism of a simple Lie algebra g, so I is of order 2 or 3 and g
of type A, D, E. In terms of equivariant map algebras, the affine scheme would be X = C
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and I' = (£), where ¢ is the multiplication by a primitive 2nd or 3rd root of unity. We see
immediately that 0 is a fix point, so the group action is not free. In this setting, the results
of [13] do not apply at the origin.

The goal of this paper is to compute a dimension and character formula for the local Weyl
module located in 0 (the graded local Weyl module) of the twisted current algebra. The
main tool are, as in [15] and [25], Demazure modules.

There are two cases to be considered, the first one is:

Theorem. Let g be not of type Ay and A € P, then the local graded (g ®@ C[t])'-Weyl
module WT'()\) is isomorphic to a Demazure module of level 1.

In the proof we will use the sl, ® C[t] and the (sl3 ® C[t])" cases (proven in [6],[9], resp.
Section 7). A tensor product property for Demazure modules was proven in [14], so to
obtain a character formula for Weyl modules it is sufficient to determine the fundamental
local Weyl modules, as done in Section 5. Concluding we were able to prove an analogous
result to [5], [13], that the dimension of the local Weyl module does not depend on the
support but only on the highest weight.

Theorem. For g not of type Ay and A € By, the local graded (g ® C[t])'-Weyl module is
isomorphic to the associated graded module of the restriction of a local Weyl module for
g @ Clt, t71].

In the second case, we assume that g is of type Ay, then the fixpoint algebra g is of type
B;. Here with our methods, one can only determine the local Weyl module for weights A,
where A(e’) is odd. In this case there is an identification with Demazure modules as before,
so the graded local (g ® C[t])"-Weyl module is isomorphic to a Demazure module of level 1.
Furthermore we are able to show the following:

Theorem. Let A = A\ + Ay € Pyf, where A\p() is odd, and a € C*. Then
W) = gr(Wa (M) @ W (),

where W, (\;) is the local Weyl module for g ® CJt,¢~!], supported in @ with highest weight
Al

In the case where A(«,)") is even the dimension and character of the local Weyl modules
remains uncomputed, the identification with Demazure modules fails. We can state here a
conjecture only

Conjecture. Let X\ € Py, then the graded local Weyl module is isomorphic to the associated
graded module of the restriction of a local Weyl module for g ® C[t,¢™!]. The dimension of
a local Weyl module of highest weight \ is independent of the support of the module.

The structure of the paper is as follows, in Section 2 are basics and notations for affine Kac-
Moody algebras recalled, in Section 3 for twisted current algebras. In Section 4 Demazure and
Weyl modules are defined. In Section 5 we identify Demazure modules with Weyl modules
and determine the “smallest” Weyl modules. In Section 6 we show that every graded Weyl
module of the twisted current algebra can be obtained by taking the associated graded of the
restriction of a untwisted loop module. In Section 7, the case g = sl3 is treated seperately,
since it is used in some of the proofs of the other cases.
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2. THE AFFINE KAC-MOODY ALGEBRAS

2.1. Notation and basic results. In this section we fix the notation and the usual technical
padding. Let g = g(A) be a simple complex Lie algebra of rank [ associated to a Cartan
matrix A of finite type, denote I = {1,...,1}. We fix a Cartan subalgebra b in g and a Borel
subalgebra b O . Denote ® C h* the root system of g, and, corresponding to the choice of
b, let ®* be the set of positive roots and let IT = {«y, ..., @} be the corresponding basis of
D,

For a root 5 € ® let B¥ € b be its coroot. The basis of the dual root system (also called the
coroot system) ®Y C b is denoted I1V = {ay, ..., ) }. The Weyl group W of ® is generated
by the simple reflections s; = s,, associated to the simple roots.

Let P = @li:l Zw; be the weight lattice of g and let Pt = @i:l Z>ow; be the subset of
dominant weights. The group algebra of P is denoted Z[P], we write x = > a,e" (finite
sum, pu € P, a, € Z) for an element in Z[P], where the embedding P — Z[P] is defined by

i — e*. Further we denote by Q = @2:1 Zay; (respectively QT = @i‘:r Z>«;) be the root
(respectively positive root) lattice and let {z:", h;|i € I} be a set of Chevalley generators of
g.

Let g be the affine Kac-Moody algebra (twisted or untwisted) corresponding to the Cartan
matrix A = (ai ;). Note that, if g is a untwisted affine Kac-Moody algebra associated to g:

9=9®cC[t,t7] e Cea Cd.

Here d denotes the derivation d = td% and c is the canonical central element. Recall that the
Lie bracket is defined as

(2@t + Ae+ pd,y @t +ve+nd) = [x,y] " + pny @ " + npmax @ ™ + My, —n (T, y)c.

We assume ’j is arbitrary (possibly twisted) and we fix a Cartan subalgebra H in g and a Borel
subalgebra b D b, II = {ag,...,u} the set of simple roots, II' = {qag, ..., )"} the set of
simple coroots. Denote by d the root system of g go and let ®+ be the subset of positive roots.
We denote by P the weight lattice of g and let P+ be the subset of dominant weights. The
Weyl group W of @ is generated by the simple reflections s; = s,, associated to the simple

roots. Further we fix vectors w = (aq,...,a)" v = (ag,...,q), such that vA=Aw=0.v
and w are here uniquely determind up to scalars. Then it is known that the center of g is
1-dimensional and is spanned by the canonical central element

l
_ E \

1=0
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Define further
!

622@2-0@; 0 =9 — agag

=0
and d € 6 which satisifes the following conditions
a;(d) =0,fori=1,...,1; ap(d) =1.

Clearly the elements ay, ..., ), d form a basis of H We have a non—degenerate symmetric
bilinear form (-,-) on h defined in ([19], Chapter 6)

<04¢V7043V>ZZ—§6LM 1,7 =0,...,¢
(2.1) (af,d) =0 i=1,....¢
<a\0/7d> = ;1_0 <d, d) =0.

o<

This W-invariant form induces a map

~ T h > C
V:hﬁb7 V(h){}?/'_) <hh/>
With the notation as above it follows for : =0, ..., :
Q;
V(O‘z\‘/) A

Let Ag,...,A; be the fundamental weights in ]51, then for ¢ = 1,...,] we have
\%

a;
0

With this we have P = S0 ZA; + 7(5/ag) and P+ = S Zsol; + Z(5 ) ag).

2.2. Realisation of twisted affine algebras. In this paper we are mainly interested in
twisted affine Kac-Moody algebras, which can be realised as fixed point subalgebras of so-
called twisted graph automorphisms. Let g be a finite dimensional simple Lie algebra and
0 : g — g be a graph automorphism of order m. In particular

_J 2, if g of type Ay, Ay_1, Dyyy or Eg
™= s, if g is of type Dy

Let & be a primitive mt root of unity, then it is well-known that there exists a decomposition
of g into eigenspaces. We obtain:

g=00D D gm-1,

whereby g; = {z € glo(z) = &}, j = 0,--- ,m — 1. The fixed point algebra gy is again
a simple complex Lie algebra of type Cj, B;, F, or G5 and the eigenpaces are irreducible
go-modules.

Remark 2.1. Let a be a subalgebra of g such that o(a) = a, then we get a analogue decom-
position
a=apP---Day_1.
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Soif g=n®bhdn_ is a triangular decomposition of g, we obtain
g;=n;®h;E(m);forall0<j<m—1.

Now we can extend o to a automorphism of the corresponding untwisted affine algebra given
by

clr@t)=¢"o(r)@t" forzeg
olc)=¢ o(d)=d.

The twisted affine algebra is realized as the fixed point subalgebra

i1 Poet™ o o @Plgna @™ " V)@ Cen Cd

kEZ keZ

Using the above notation we can conclude
h=ho@ (Ce+Cd) §* = (ho)* & (CS + CAy).

We have the following table, which describes the various possibilities for g, gy, g and the
eigenspaces g1, go.

m|g lgo] @ | @ | g2 |Dynkin diagram of g |
2 A2 Al AgQ) V<4(A)1) / 8%?
2 | An,022 | Bi| A7 |V(@Qw)| / |[ozo—-- —o =0
©0

2 Agl_l,l Z 2 Cl Aé?)—l V(WQ) / ? — 8 — .. _l01<: ?
2

2 | D123 | By | DYy | Viw) |/ |o<«o- —o =0
2

2 | Eg Fy Eé) V(wr) / 0—0—o040—0

3 | D, Gy | DY | Vi(ws) | Vi(ws) o= 0o

We put a “0” on (almost) everything related to g, e.g. denote by ®y C (ho)* the root system
of go. The recently defined element ¢ is the imaginary root in ®* and 6 is the highest short
root, of the root system of g if A is of type ASL, Dl(i)l, EéQ), Df’). In the remaining twisted

cases 0 — a is the highest root of the root system of go. For more details we refer to ([2],[19]).

Remark 2.2. The untwisted Kac-Moody algebras g = g ®¢ Cl[t,t7!] & Cc @ Cd can also be
realised as fixed point algebras for any automorphism of order 1. We have gg = g and the
eigenspaces are the zerospaces. In this case 6 is the highest root of g.
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2.3. The extended affine Weyl group. Now we give a description of the Weyl group W
of the affine Kac-Moody algebra g. The Weyl group is generated by fundamental reflections
S0, - - -, 81, which act on h* by

siA) =XA=MaY)a;, Aeb

Since §(e)) =0 foralli =0,..., 1, the Weyl group W fixes 8. Another well-known description

of the affine Weyl-group is the following. Let W, be the subgroup of W generated by
S1,...,81, i.e. Wy can be identified with the Weyl group of the Lie algebra gg, since W,
operates trivially on (C§ + CAy). Further let

l

(2.3) M = Z Zoy if A symmetric or m > ag
i=1
or
!
(2.4) M = V(Z Zcoy')  otherwise.

i=1
For an element ;o € M let t, be the following endomorphism of the vector space H*:

(2.5) A=\ +bAg+ 78— tu(A) = A+ A(e)u — ((A, ) + %(N, 1A(c))d

Obviously we have t, ot,, = t,,,/, denote t); the abelian group consisting of the elements
t,, € M. Then W is the semidirect product W = Wyxty,.

The extended affine Weyl group Weet is the semidirect product Weat = WD(tL, where L =
v(PL_, Zw)) is the image of the coweight lattice. The action of an element t,, u € L, is

defined as above in (2.5). Let ¥ be the subgroup of Weat stabilizing the dominant Weyl
chamber C:

Y ={oeW|g(C)=C).
Then ¥ provides a complete system of coset representatives of TWeat / /W, So we can write in
fact Wert = Yx V.

The elements o € ¥ are all of the form
0 = Tit—u(w;/) = Tit—wm
where w,’ is a minuscule fundamental coweight. Further, set 7, = wowy;, where wy is the

longest word in W, and wy; is the longest word in W,,, the stabilizer of w; in Wj,.

2.4. Weight space decomposition and roots. Remember that the Borel subalgebra for
the twisted case is given by:

b= ((hhan)ol)e @ (get™) ePmet™ ™) e &P (gn @™ ") eCeaCd.
keNso keN keN

Furthermore we remember that g; is a irreducible go-module for all j, so one can obtain the
following weight space decomposition

9; = @ (8))a

a€(ho)*
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Proposition 2.3. b; = (g;)o; (n-); = @aco, (8)a; 1 = Dacary, (8)as 0 <5 <
m — 1.

Let (®9)s be the set of short roots and (®g); be the set of long roots of gy and ®; = {a €
(ho)*|(g;)a # 0} — {0}, then we get

5 =00 P @)a=b2 P @)a® P (8))a

ac®; ae@j ae@;

whereby dim(g;), = 1 for all & € ®;, hence (gj)1a = (CXaiJ for a € ® and we have the
following table [2]:

g [ g0 | O | @, | Dynkin diagram of gy |
Ao Ay | (Po) U{2a: a € Dy} / o
Ay, 1l >2 | B | (Do) U{2a:a € (Pg)s}t | / 0O—0—:—0=0
Ay, 1>2| ¢ (@y), /| o—o—rmoo
Di,l>3 | B (@o). /| o—o—rmo=o0
Es £ (o), / i A
D, Go (®o)s (®o)s °= 9

3. THE TWISTED CURRENT ALGEBRA €(g)

In this section we will define the twisted current algebra €(g) and certain subalgebras, which
will be needed in the following sections. The main object of this paper will be

¢(@) = DD @ 7).

j=0 k>0

The algebra €(g) can be realized by taking the fixpoints under the group of automorphisms
I restricted to the current algebra, in detail (g ® C[t])'' = €(g), hence it is called the twisted
current algebra.

In order to give an explicit basis of €(g) we use the embedding g; < g forall 0 < j < m—1,
so that we can realize the generators of the weight spaces (g;)+q as elements in g. This is
already described in [2],[5] and [19] if « is a simple root and can be continued to arbitrary
a € Og: Let (ag,- -+, ap,) be a m-element orbit of o on ® and %é € g be root vectors such

that o(xg%) = x%, where j =i+ 1 mod m. Then we obtain

—_

( <§Z)Jx<:7tl(62{)) € (gj)iaﬂf,o7 0 S .] S m — 1.

i

3

Il
=)

In ([2], Chapter 18.4) it is shown that the weight spaces of g; are spanned by such elements
for all m-element orbits (ay,---,an,). So the weight spaces (gj)1o can be described as
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follows: There has to be a root a, such that o}y, = o and

m—1
(3.1) (CXij = C(Z(;(gi)jxaii(a))
We set further
m—1
(3.2) Chay = CY_(E) hoi(a)
i=0

At this point we have adapted our notation while we denote by h, the coroot of a root
o< q)().

Lemma 3.1. Assume g is of type Agll, Dl(i)l, EéQ) or Dig). If a is a long root then we get
an canonical isomorphism
sl ® C[t] 2 (X3, ® ™, hap @ t™|s € N)¢ =1 5ly o ® C[t"]
and if a 1s short we have
sl ®@ Clt] = (X, @™ hey @t™ s e N, 0<j <m— 1)¢ =:sl,®C[t].

Proof. Since the Lie algebra (X, Ojjo, ha0)c is canonically isomorph to sly the first isomorphism
is given by

TR Xy @t

h@t® = hao® ™.
To verify the second isomorphism we define

ot @t |—>X§j®t5, if s=7 modm
h@t° = he; ®t°, if s=j modm

To show that this map is an homomorphism of Lie algebras we need to check
(3.3) (X X)) = haiitia modms [Pagss Xog] = 22X,

i) a,i1+i2 mod m
Since we require o to be a short root, we know that the weight space (g;)1a, 0 < j <
m — 1 is non-zero and therefore we can use the description in (3.1), (3.2) with &, such

that o(a) # a. More than this, a case by case consideration shows ¢’ (a)(c%(a)") = 0 and
ol(@) — o'(@) is not a root for i # j, e.g. in type Dl(i)l we have for an arbitrary short
root a; + -+ 4+ oy of By, that @ = a; + -+ + o and therefore o(a) — @ = a1 — oy is
not a root and o(a)(a¥) = a(o(@)”) = 0. The proof in the other cases is similar. We set
X, = (Z?:Ol(f")jxi(&)), haj = (205 (€) hyia)). The required equations in (3.3) are
now immediate. O

If g is of type AS) we obtain a similar result

Lemma 3.2. Assume g is of type Ag) and a be a long root then we get an canonical
1somorphism

sl @ C[t] = (X, @™ ha; @™ s e N, 0<j <m—1)¢ =8k, ®C[]
and if o is a short root, then we get an canonical isomorphism

¢(AY) ~ (XE @t X5 @™ he;@t™HseN, 0<j <m— L.
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Proof. The proof of the first isomorphism is similar to Lemma 3.1 and to justify the second
isomorphism we will demonstrate how to realize the elements h, ;, X j i X;;1 as elements in
Ag. Let a = a; + - - -+ oy be an arbitrary short root of type B; and a = a; + - - - + o be the
root considered as a root in type Ay, i.e. the restriction to by equals a. It is easy to see that

o(a) # a, o(a) — a is not a root of Ay and continuing o(a)(a¥) = a(o(a)¥) = —1. We set

X2, = (V2at +8al5) € (9))2a
X2ia,1 = [x§7xic(a)] S (gl):l:2a

hayy = 2% (ha + E o (@)

Now, knowing the embedding in Ay, it is straighforward to check the required relations. [J

3.1. Filtration on €(g). The Lie algebra €(g) has a natural grading and an associated
natural filtration F*(€(g)), where F*(€(g)) is defined to be the subspace of g-valued poly-
nomials with degree smaller or equal s. One has an induced filtration also on the enveloping
algebra U(€(g)) and therefore an induced filtration on arbitrary cyclic U(€(g))-modules W
with cyclic vector w. Denote by W the subspace spanned by the vectors of the form g.w,
where g € F*(U(€(g))), and denote the associated graded €(g)-module by gr(V)

gr(W) = @W@/Wi_l, where W_; = 0.

>0

4. DEMAZURE MODULES AND WEYL MODULES

4.1. Definition of Demazure modules. For a dominant weight A € P+ let V(A) be the

irreducible highest weight module of highest weight A. Given an element w € /W, fix a
generator v,y of the line V/(A), ) = Cuya) of h—eigenvectors in V' (A) of weight w(A).

~ -~

Definition 4.1. The U(b)-submodule V,,(A) = U(b).v,) generated by v, ) is called the
Demazure submodule of V(A) associated to w.

Remark 4.2.

1) Since b acts by multiplication with a scalar on vy, the Demazure module V,,(A) is
(A)
a cyclic U(n)-module generated by vy(a).
(2) The modules V,,(A) are finite-dimensional although V' (A) is infinite-dimensional.

To associate more generally to every element cw € Wert = SxW a Demazure module,
recall that elements in ¥ correspond to automorphisms of the Dynkin diagram of g, and
thus define an associated automorphism of g, also denoted o. For a module V' of g let o* (V)
be the module with the twisted action g o v = 67 '(g)v. Then for the irreducible module of
highest weight A € P+ we get o*(V(A)) = V(a(A)).

So for ow € Wert = Sx W we set

(4.1) Vouw(A) = Vouo-1(a(A)).

We are mainly interested in go-stable Demazure modules. For ¢ € Iy we have X jvya) =0
if and only if w(A)(e;") < 0. Consequently we can see that V,,(A) is go-stable if and only if
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w(A) () <0 for all i € Iy. Assume that w(A) = =X+ kA + 49, then V,,(A) is stable under
go if and only if A € P;". We define a set

X ={(\ ki) € Pf x (1/a)Zso x (1/ag)Z | 3N € Pt : wo(A) + kAo +i6 € W(A)},

where wy is the longest word in Wy. Let (A k,i) € X and w € W, such that w(A) =
wo(A) + kAg +i6. Then by the above computation we get the go-stability of the Demazure
module V,,(A) and we denote
Vw(A) = D(k, \)[i].
Remark 4.3.
(1) The go stable Demazure modules are in fact €(g)-modules.
(2) For any A € P+ and i € (1/ag)Z, we have V(A) = V(A + i), as €(g)-modules.
Therefore we get
D(k,\)[i] = D(k, \)[i + n],
which justifies the notation D(k, \) as a €(g)-module.
Remark 4.4. Whenever we speak about D(k, \) we will assume that (A, k) € X. If g is not of
type Ag) (I > 1) the set X is given by X = Byf x Z+xZ and else we have Py xZ-oxZ C X.

4.2. Demazure character formula. Let 3 be a real root of the root system ®. We define
the Demazure operator:

Y -~ e/\ — esﬁ(A)*ﬁ
Dy : Z[P] — Z[P], Dg(e*) = ————5—
1—eh
Lemma 4.5.
(1) For A, ju € P we have:
Ay o) if (), 8Y) > 0
(4.2) Dg(e*) =< 0 if (A, BY)=-1
—eMB M essNB i () BY) < =2
(2) Let x,n € Z[P). If Dy(n) =, then
(4.3) Dg(x - n) =n- (Ds(x))-
Proof. For (1) see ([10], (1.5)—(1.8)) and for (2) see ([14], (2.2)). O

Since D,,(1 —€?) = (1 —¢°) for all i = 0,...,n, (4.3) shows that the ideal I; = {(1 — ¢€°))
is stable under all Demazure operators Dz. Thus we obtain induced operators (we still use
the same notation Dpg)

Dg : ZIP)/Is — Z[P)/I5, €+ I5 s Dg(e*) + Is.
In the following we denote by D;, ¢ = 0,...,n the Demazure operator D,, corresponding

to the simple root «;. Recall that for any reduced decomposition w = s;, ---s; of w € W
the operator D, = D;, --- D; is independent of the choice of the decomposition (see [21],
Corollary 8.2.10). We have the following important theorem:

Theorem 4.6 ([21] Chapter VIII).
Char Vi, (A) = Dy (e™).
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We will need the following elementary proposition:

Proposition 4.7. Let A\Y, Ay be two dominant coweights, and set A\Y = AY + Ay. Then
(1) Di_yy, Di gy = D

)
(2) Dy, Dy =D

—v(ay) W Lvay)wo

[END)

~

4.3. Properties of Demazure modules. Since V,,(A) = U(b) - vy(a), there exists an Ideal

J C U(b), such that V,(A) & U (E) /J. So the Demazure module can be described by
generators and relations, which was done in [23]. We give here a reformulation for the
twisted affine case:

Proposition 4.8 ([23]). Let A € P* and let w be an element of the affine Weyl group

-~

of g. The Demazure module V,,(A) is as a U(b)-module isomorphic to the cyclic module,
generated by v # 0 with respect to the following relations.
For f € ®, 0 <j <m—1 we have:

(X5, @t™ )ty =0 where s >0, kg = maz{0, —(w(A), (6 + (ms + j)8)")}

(X5, ® gmstiyketl y =0 where s > —0j (1. m-1y, kg = maz{0, —(w(A), (=8 + (ms +5)5)")}

(h @ ") v = 6,00, 0w(A)(h)v Vh € b,  where s >0, dov=w(A)(d).v, co=w(A)(c)v
Corollary 4.9. As a module for €(g) the Demazure module D(k, \) is isomorphic to the cyclic
U(€(g))-module generated by a vector v # 0 subject to the following relations:
For f € ®f, 0 < j <m — 1 we have:

n; @tC[t"].v =0
2(ms + j)

(X5, @t™ )ty =0 where s >0, kg =max{0, (A, ") — Wkag}
(h @ t™*) v = §;0050A(h)v Vh € b;, where s >0
Proof. The proof is similar to the one given in ([15] Corollary 1). O

Remark 4.10. Since the defining relations of D(k, \) respect the grading of €(g), D(k, \) is
a graded module.

In [14] it was shown by using the Demazure operator, that D(k, \) decomposes as a g (resp.
go) module into a tensor product of "smaller” Demazure modules. We give here the result
for the twisted affine case:

Theorem 4.11. [14] Let \Y = X} + X + ...+ X/ be a sum of dominant coweights. Then
form >0 we have an isomorphism of go-modules between the Demazure module V_yv(mAg)
and the tensor product of Demazure modules:

V,)\v (mAO) >~ V_)\Y (?TLA()) & V_/\Zv (TTLAO) - ® V,)\y (mAO)

Remark 4.12. This theorem holds for any special vertex k of the twisted affine diagram.
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4.4. Definition of local Weyl modules. The representation theory of twisted current
algebras is particularly interesting because the category of finite-dimensional representation
is not semisimple. It makes sense to ask for the "maximal” finite—dimensional cyclic repre-
sentations in this class, which leads to the definition of local Weyl modules. Please see [4]
or [16] for the explanation of the term ”local” in contrast to the term ”global”.

Let A = 22:1 mw; € By be a dominant integral weight for go. Then we define the local
graded Weyl module W' ()\) in terms of generators and relations:

Definition 4.13. Let A = Zizl mw; be a dominant integral weight for gg. Define W' ()
to be the U(€(g))-module generated by an element wy with the relations:

(4.4) n @PCHwy=0,0<j<m~—1

. ®t '.w,\: 005.0 W) € b;, where s>
4.5 h @ tmet 00050\ (R Vh € b; h 0
(4.6) (X50® 1AMED+Ly, = 0, for all positive roots 3 of go

Remark 4.14. Note that the modules W1 ()) are graded modules since U(€(g)) is graded by
the powers of ¢ and the defining relations are graded, particulary we have

W) = @ W),

SEZ+
where WT'(\)[s] is a go-module by identifying go with go ® 1 C €(g).
4.5. Properties of Weyl modules.

Proposition 4.15.

(1) We have
WF()\) = @ WF()\)M
n€(ho)*

and WY ()\), # 0 only if u € A\ — Qf. Further we get W()\), # 0 if and only if
WEN) iy # 0 for all w € Wh.

(2) As a go module WT(X\) and WT(\)[s] decompose into finite-dimensional irreducible
representations of gg.

(3) Let u be a dominant integral weight, such that A — u is as well dominant integral.
Then there exists a canonical homomorphism WT'(A\) — W () @ WT'(A— 1) mapping
wy to w, @ wy—_,.

Proof. 1t sufficies to show that for every v € W' (\),, the module U(go).v is finite dimensional,
since this proves the non-trivial statements in part (1) and (2). Part (3) is clear from the
defining relations. Given v € W¥()), we obtain U(gg).v = U((n_)o)U(ng).v. From part
(1) we obtain that U(ng).v is finite dimensional. By the PBW-theorem U((n_)o) is spanned
by monomials, so it suffices to show that X, € (n_)o acts nilpotently on v. Assume that
v € U(€(g))w, and the action of (n_)y on €(g), which is given by the Lie bracket is locally
nilpotent. We obtain with

N
_ v _ N _ _\N—
(X0 ® DNy =0, (50" () = 3 () (0G0 0 (50
k=0

=v
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that X, acts nilpotently on v, which finally implies that U(go).v is finite dimensional. [J

Remark 4.16. WT()) is finite-dimensional. This will be an immediate consequence of The-
orem 5.1 and Corollar 7.4.

By definition we obtain some obvious maps between Weyl modules and certain Demazure
modules.

Corollary 4.17. Let A be a dominant integral weight for go. Then for all & € (1/ay)Z~, such
that (), k) € X, the Demazure module D(k, ) is a quotient of the Weyl module WT()\).

Proof. This follows immediately by comparing the relations for the Weyl module in Defini-
tion 4.13 and the relations for the Demazure module in Corollary 4.9. U

In this paper we want to show, that the map between Weyl and Demazure modules is in
fact an isomorphism. This is already known for untwisted current algebras of simply-laced
type ([6],[9],[15]). We recall the result for g = sl here only, since this will be heavily used
throughout this paper.

Theorem 4.18. For g = sly and nw € P, we have an isomorphism of sly @ C[t]-modules
W(nw) = D(1,nw).

5. CONNECTION BETWEEN WEYL MODULES AND DEMAZURE MODULES

In this section we will show, that almost all Weyl modules are isomorphic to certain Demazure
modules, e.g. the map in Corollary 4.17 is in fact an isomorphism.

(2)

i Eéz) or Df’), then we have an isomorphism

Theorem 5.1. Suppose g is of type Agll, D
of €(g)-modules

WE(A) 2 D(1/ag, A).
!
If g is of type Ag) and A = > mw; be a dominant weight, such that my is odd, we have an
i=1

isomorphism of €(g)-modules

WE(\) 2= D(1/al, \).

Proof. By Corollary 4.17 we know already that the Demazure module is a quotient of the
Weyl module. By comparing the defining relations in Corollary 4.9 and in Definition 4.13, we
see that to prove that this map is an isomorphism, it is sufficient to show that the generator
of the Weyl module is subject to the following relations:

ForallOSjSm—l,ﬁE@j:

. 2 ) 1
(5.1) (X5, ® tmstayke Ly = 0, where s > 0, kg = max{0, (\, 3Y) — M—va(\{}.
’ <B7 B> aO
Assume g is not of type Ag), then (5.1) is equivalent to :
(5.2)
— ms+j\kg+1 — — HlaX{O, <)‘7 5\/> - 8}7 if ﬁ 18 long
(Xp,; @)W a0y = 0, where s > 0, ks { max{0, (\, B%) — (ms + §)}, if 8 is short

Let 8 € ®f be a long root and V = U(sly s ® C[t"]).wy € WT(X) be the sly 5 ® C[t™]-
submodule. Further let W ((\, 5¥)w) be the sl ®@C[t]-Weyl module, which is by Theorem 4.18
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isomorphic to the sly ® C[t]-Demazure module D(1, (A, f¥)w). Since w, is a cyclic generator
for V' and satisfies obviously the defining relations of W ((\, 3¥)w) we obtain by Lemma 3.1
a surjective homomorphism:

WA, BYIw) = D(1,(\, BY)w) = V C WE(N).
In particular, w) satisfies the defining relations of D(1, (), 5¥)w), which contain the relation
(2~ @ ) {008 =sk+ , — 0 vs e N,
therefore again by Lemma 3.1 we obtain
(X7y® g ymax(0.08) =81

Now suppose /3 is a short root and consider the sly s@C[t]-submodule V' = U (sly sQC[t]).w) C
WT()N). By the same reasons as above and Lemma 3.1 we get an surjective homomorphism

W((X, B¥)w) = D(1, (A, B¥)w) = V S W (N),

and therefore w, satisfies again the relations of D(1, (), 5¥)w). Using the isomorphism in
Lemma 3.1 we obtain:

(X/gu ® tmerj)max{(],()\,ﬁ\/>,(ms+j)}+1'wA _ 07 Vs € N7 0 S] <m— 17

which proves (5.2).
To prove the theorem it remains to consider the case where g is of type Ag). We have
(A, 1/2,0) € X, in particulary we have D(1/ag,A) = Vig, ,, (Ar). In order to use again
Corollary 4.9 we reformulate (5.1) into
(5.3)

max{0, (\,8Y) — (ms+j)}, if 5 is long
(X5, @™ )ty =0, s >0, kg = max{0, (\, V) — 2(ms + j)}, if (3 is short

max{0, (A, BY) —1/2(ms + 1)}, if f = 2a, « is short

We will prove case by case that the generator of W' ()) satisfies the relations in (5.3). For
long roots the proof is similar to the other cases by using Lemma 3.2. So let 8 be a short
root and (X Ej ® tmsti ’X2iﬁ,1 @ t™ T hg; ® t™ )¢ the Lie algebra which is isomorphic
to G(Ag)) by Lemma 3.2. We consider the submodule U(C(Ag))).u»\ C WT()), which is
trivially a quotient of the AS”-Weyl module WL ((\, 8Y)w). In Section 7 Theorem 7.1 we prove
(independent of Section 1-6) that WT((\, 8¥)w) = D(1/2,(\, B8¥)w). The proof is finished
with the observation, that the defining relations for AgQ)—Demazure module D(1/2, (), 5¥)w)
contain the relations

(X5, @ et maxtO08") =20ms D}y —

(ng [ ® tmerl)max{O,l/Q((/\,B\/>f(ms+1))}+1.,w —0.
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5.1. Fundamental Weyl modules. In the previous section we have seen that Weyl mod-
ules are isomorphic to certain Demazure modules. Since most of the Demazure modules have
a nice tensor product decomposition, see Theorem 4.11, we can transfer this result to most

Weyl modules (only the Ag) case needs more work). Using this decomposition, to compute
the dimension and character of Weyl modules it is enough to describe the gy decomposition
of fundamental Weyl modules W' (w;).

Theorem 5.2. Let wy, -+ ,w; be the fundamental weights in Py. Viewed as a go-module
the fundamental Weyl modules decomposes into the direct sum of irreducible go-modules as
follows:

e if g is of type Ag)
W (wi) 2=V (wi),
W (2w;) =2V (2w;)
e if g is of type Agll
W (w;) = @ V(sjw; + -+ + 8i_owi_o + siw;), where i € {0,1} and i =1 mod 2
sy-tsi=1

e if g is of type Dl(i)l

W (w;) = @ V(sjwi + -+ + sjw;), i #1

Ss1+-+s5;<1

W (w) =V (w)
e if g is of type E(Q)
I/VF (wr) @V Sw)

s<1

I

W (ws)
W (ws)
WF (U.)4

V()@ V()2 DV (wg) @ V(wy)

V(O)@Q ) V( )@4 () V(W2)®3 %) V(W4)@3 ) V(2w1) ) V(wl + (.U4) ) V(w;»,)
@ V 31w1 + 840.}4)

s1+s54<1

e if g is of type Dflg)

I

IIZ

WH(w1) = V(0) & V(w) & V(w2)™

T (wsp) = @ V(sw2)

s<1

Proof. 1f g is of type Azz , or Dz 11 the decomposition rule is immediate from Theorem 5.1

and Theorem 2 in [14]. By same reasons the theorem is true for i = 2 if g is of type Df’) and
for i = 1,4 in type EéQ). For i = 1 one can check t_,,, = wsps2515250 and therefore with the

Demazure character formula we get

D;_,, (e20) = Dy (€% 4 2e%2 + 1) = W (w;) = Vi, (e?) =g, V(0) © V(wy) @ V(ws)®?,
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which proves the claim for type Df).

So it remains to consider the nodes ¢ = 2,3 in type Eéz) and the general case in type Ag?).
In [7] Kirillov-Reshetikhin modules K R(sw;) respectively K R?(sw;) for the twisted version
are defined. By inspecting the defining relations it follows that KR-modules of level 1 (e.g.
s = 1) are precisely fundamental Weyl modules, in particular

W(w;) 2 KR(w;) and W' (w;) =2 KR (w;).

Since the decomposition of KR-modules are known as g respectively go-modules
(see [3],[7],[18] or [20] for instance) we obtain the predicted decomposition for i = 2,3 in
type Eé2) and for the general case in type A(;).

It remains to consider WT'(2uw;), so let (X7 @ ™+ X5

1 ® tms—f—l7 hal,j ® tm5+j‘8 c N’ 0 S
Jj < m — 1)¢ be the Lie algebra which is by Lemma 3.2 isomorphic to Q(Ag)). Then we

obtain a surjective homomorphism
W (2w) — U(E(AP)).way, € WE(2w)).

In Section 7 we will show that the AéQ)—Weyl module W7 (2w) is an irreducible sly-module and
hence (Xg, o ® 1) way, = (X0, 1 @ t).way, = (X5 | @ t).way, = 0. So W(2w,) is isomorphic
to the Kirillov-Reshetikhin module K R?(2w;), hence the decomposition is known by [7]. O

Such a similar decomposition is already known for the untwisted fundamental Weyl modules
W (w;), see [3] or [14] for instance. This fact motivates us to compare the dimension of twisted
and untwisted fundamental Weyl modules. For notational reasons, we have to extend certain
linear functions hy — C to functions on h. So let u € Byf (with u(ay) € 2Zsg if g is of type
Ay). We define the extension, by abuse of notation also denoted by p, on a basis of b by:

V

w(ay) if g is not of type Ay
pu(hi) = 0 if i ¢ Io
(1-— %)u(oﬂ) if g is of type Ay

2

Since there might be a confusion in notation in the Ay and the [-th fundamental weight case
only, we will use this identification in the remaining of the paper without further comment.

Lemma 5.3. Let wy, - ,w; be the fundamental weights in Py". We set e = (1 + 6;;) if g is
of type Ay and € =1 else, then we obtain

dim W (ew;) = dim W (ew;), 1 <4 < L.

Proof. Using Theorem 5.2, Theorem 2 in [14] and Lecture 24 in [17], we obtain the following

straightforward calculations:

o if § is of type A, (g, 00) = (Az, By):

20+1
?

i ¥ ea) = (1) = dim( ) = aim (e

o if § is of type AL |, (g, 90) = (Az_1,C)):

i—1

dim W (w;) = (QD *i (; fl2j> - (2+22]l _ 2) = <22l) = dim W(w)

J=1
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o if § is of type D{2), (g, 80) = (Dis1, By):

20 ifi=1 2, iti=1
io(2041y = s ,
L+ (), i#1 Y20 (pay)s i #1
B dim Vi(w;), if i =1
— | dim(Vy(wi) @ Vg(wia) @ -+ @ Vi(wyp,)), 4 # 1
« if g is of type Eg”. (9. 80) = (Eo, Fu):
dim W' (w;) = 27 = dim V,(w; ) = dim W (w;)
dim W' (wy) = 378 = dim( @) Vy(sawn + sews)) = dim W (wp)

so+sg=1

dim W (w3) = 3732 = dim(V(0) @ Vy(ws)®? @ Vy(wy + we) @ V(ws)) = dim W (w;)
dim W' (wy) = 79 = dim(ED Vy(saws)) = dim W (wy)

s4<1

dimW'(w;) = {

= dim W (w;)

o if g is of type D{”, (g, 90) = (D1, Ga):
dim W (w;) = 29 = dim(V(w;) ® V4(0)) = dim W (w;)
dim W' (wy) = 8 = dim(V(wy)) = dim W (w,)

6. CONNECTION BETWEEN TWISTED AND UNTWISTED WEYL MODULES

In this section we will show that the Weyl modules WT()) can be realized as associated
graded modules of certain untwisted Weyl modules for the loop algebra g ® C[t,t7']. So
consider for a € C* the Lie algebra homomorphism ¢, defined as follows:

0o :9QCt] — g®CJt], zt"—z® (t+a)".

For a g ® C[t]-module W we denote by W, be the module obtained by pulling back W
through ¢,, i.e. * ® t° acts by = ® (t + a)®. Further we denote by W be the module W
considered as a €(g)-module, obtained by the embedding

¢(g) — g C[t].

For the definition of the associated graded modules in the following theorem, we refer to
Section 3.1:

Theorem 6.1. Let A = Zizl miw; be a dominant go-weight. If g is a twisted Kac-Moody
algebra not of type Ag) we get an isomorphism of €(g)-modules:

W) = gr(Wa (V).

If g is of type Ag) and X = A\ + Xg € Py, such that m; and Xo(ey) are odd we get an
isomorphism of €(g)-modules:

W) = gr(Wa(M) @ WH(A)).



44 GHISLAIN FOURIER AND DENIZ KUS

Proof. Let g be not of type Ag), by combining [5] and [13] it follows, that W, (\) is a cyclic
¢(g) module. Therefore the associated graded is again cyclic and it remains to observe, that
the image of the highest weight generator W satisfies for j € {0,...,m — 1} and h; € h; the
relations ‘
(hj @ ™) W =0, (s,4) #(0,0)

(ho ® L)W = A(ho)W.
Thus we obtain a surjective homomorphism
(6.1) WEA) = gr(Wa (M)
In order to compare the dimension of these modules we exploit the tensor product decompo-

sition of W ()) as a go-module by combining Theorem 5.1 and Proposition 4.11. We obtain
the following :

(6.2) WEO) 2 W (W)™ @ - @ W (w)®™ as go-modules.
An analogue decomposition was proven in [15] for untwisted Weyl modules for the current
algebra of a simply-laced simple Lie algebra and is generalized in [25] for the non simply-laced
case. From this it follows immediately
!
dim gr(W, (X)) = dim W (X) = [ (dim W (w;))™.
i=1

Hence by Lemma 5.3 we check that (6.1) is in fact an isomorphism.

From now on, we assume that g is of type AS). Since W, (A1) and WT(),) are cyclic €(g)-
modules it follows with the usual arguments of [13] and the Chinese remainder theorem,
that the tensor product is cyclic as well. Therefore we obtain similar to (6.1) a surjective
homomorphism

(6.3) WE) = gr(Wa(Ar) @ WH(Xs)).
With the aim to compare the dimension on both sides we notice
- l
dim gr(W,(A\1) @ WH(Xg)) = dim W(A;) dim W (\y) = H(dim W (w;)) M@ dim W ().
i=1
Our goal now is to prove the following tensor product decomposition:
(6.4) W) 22 WH(w)®™ @ - @ W w-) "™ @ W (2w) ™ @ W (w),

where m; = 2k — 1 since the proposition is a immediate consequence of (6.4) and Lemma 5.3.
To prove (6.4) we investigate the character of W1 ()). By Theorem 5.1 and Theorem 4.6 we
obtain
Char W' (\) = Char Viots (A) = Dty ., (e™).

Suppose that V' (u) is a irreducible B;-module, such that the coefficient n; is even, whereby
p= 3"\ myw;. The first step will be to show that Char V(i) is stable under the Demazure
operators D;, i = 0,...,l. The character of a finite dimensional gyo-module is stable under the
Weyl group W and hence stable under D;, 1 = 1,...,[. It remains to consider the case i = 0.
Note that ag = 6 —20 = §—6 where 6 = ay+- - -+ is the highest short root of B;. We define
maps Sz : (ho)" = (ho)*, sg(A) = A — /\(«9\/)9 and sg : (ho)* — (ho)*, se(N) = A — A(6Y)6.
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Since 8 = 2(a} + ...+ o ) +a and 0¥ = af + ...+ o + 1oy we get clearly s5 = sq.
Thus v is a weight in V' (p) if and only if sp(v) is a weight. Assume v € (ho)* is a weight,
hence v = p— Qg and therefore (v, o) = (v, (6 —0)V) = (v, —0") € Z. We have proved that
Dy can be defined on Char V(i) and Dy = D_g. We obtain

Dy(Char V(u)) = D_p(Char V() = Char V(u)

In a second step we prove that the characters are the same by using induction on Zi: m; +
(k —1). So if the sum is 1 we have to show

Dwotwi(e/‘l) = Char W' (w; +w;) = 2% Char (Vo (wi) @ Vo (wr)), i < 1

Doy, (™) = Char W' (3w,) = e Char (V, (2w) @ Vg, (wr)).

In other words, we have to figure out the go-module decomposition of W (w;+w;) respectively
WY (3w;). By Lemma 4.15(2) we already know that there exists such a decomposition and
since the modules are finite-dimensional every go-submodule is a direct summand. So our
assignment is to find all highest weight vectors, first beginning with the highest weight vectors
living in W (w;+w;)[1]. Suppose a € @4, such that (X1 ®t).w is a highest weight vector, i.e.
the element is non-zero and the upper triangular part of gy acts by zero. We want to restrict
the choice of a to one possible case. Note that « is of the form a;+- - -+ or 2(oj+- - -+ ),
1 <j <lor of the form a,+- - -+a, respectively a,+- - -+ ag1+2(ag+---+a), p,qg < 1—1.
If « is a short root, we obtain from Lemma 3.2

(6.5) WE((w; +wi, aV)w) — U(XE, @ 7 X5 | @t oy @ 1) e 2 ¢(AP))) .,

whereby W ((w;+w;, a")w) is the Weyl module for type Ag). Soif j > i in the representation
of o as a sum of simple roots we get (w; + w;,@”) = 1. In Section 7 it is shown that
W' (w) is irreducible and therefore (X5, ®t).w = (X5, ; ®t).w = 0. Now assume j < i and
(X441 ®1).w # 0 1s a highest weight vector. Hence 0 = (X;L]_Jr,,,jLai_l,O@l)(X_ et 1 ®
t)w = (X, 1. a1 @1).w, which is a contradiction to (6.3). In almost the same manner one
sees that ()("(O(J,JFWJFC”)’1 ® t).w cant’t be a highest weigth vector. If « is a long root, we get
with Lemma 3.2
W ((w; + wi, aYw) = Ul(sly, ® Clt]).w

whereby W' ((w; + w;, a¥)w) is the Weyl module for the current algebra sly @ C[t]. So if
o = a,+- -+ we obtain again (w; +w;, @) < 1 and therefore (X, ®t).w = 0. Let a be
of the form ay, + -+ + a1 +2(ay +- - -+ ), such that i > p and (X, ®t).w is a non-zero
highest weight vector. Therefore the upper triangular part acts by zero, especially

0= (Xaq+ +ay,0 ® 1)(X++ +a;—1,0 ® 1)(X7 p+tag_14+2(ag++ay),1 ® t)
= (X(—Xi_q-i-“"f'al»o ® 1)(X07@+ Fag-1+2(aq++ayp),1 ® t) - (XOér‘r'“'i‘Oélal ® t>

which is again a contradiction to (6.3). Hence the only possibility to get a highest weight
vector of degree one is to apply (X, ., 1 ®t) on w. Clearly we have by Section 7
(X bt @) w = (X | gn @) w = (X7, 44,0 ®@1%).w =0 for s > 1, because
in (6.5) we have (w; +wy, (o + ... +a;)¥) = 3. Thus one can check that (X, , ., ®t).w

satisfies the relations (4.4), (4.5) in Definition 4.13 and has weight w;_1 + w; with respect to
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bo. Hence the calculations above show on the one hand that (X, , ., ®1t).w is really a
highest weight vector but on the other hand we get more than this, namely a surjective map

W (wim1 +wi) = U(C(AS)) (X tyas @ )-w

Since W (w; 4+ wi)[1] g0 Vao(wict +wi) = U(80) (X5 4pap1 @ ).w we obtain W (w; +w;) =

U(go).w @ U(Q(Ag)))(X;#,,_m?l @ t).w gy Voo (wi + wi) & WH(w;—1 4+ w;) /I, for some ideal
I. Using (6.3) one can check that the ideal is zero and therefore by induction we prove our
claim, because for i = 1 we get

Char (Vigr, (A1) = Vigsgsyoos (A1) = Dy Dy . .. Dy(e™)
= D (e 4 M7 oo g ehimmmar g phiten)
= ¢22Char (Voo (w1 +wp) @ Vo (wy)) = ez Char (Vo (w1) @ Vg (wi))
Exactly the same way one can prove the existence of a surjective map
W (@it + ) = U(€(AR) (X, ® 1)

Furthermore a more simple calculation shows W (3w;)[1] 24, Voo (wi—1 +wi) = U(go) (X5, 1 ®
t).w. Hence W' (3w;) =y, Voo (2w;) ® Vo (w;), which proves finally the initial step. So let

Zi;i m; + (k—1) > 1 and m;, i <l or k — 1 such that one of them is bigger or equal to 1.
Using Proposition 4.7 we get in the first case

Dwot/\fwl (eAl) = Dt—wi Dwotxfwlfwi <€Al)
= Dt—wi(e%AOChar (Vgo(wl)®m1 - ® ‘/vg()(wi)@miil Q- ® ‘/90 (2wl)kil ® VE!O(“”)))
= Char (Vg ()™ @ - @ Voo (i) ™™ @ -+ ® Vo (20)* ) Dy, (e2™ Char (Vi (w1))
= 2" Char (Vi (1) "™ @ -+ @ Vo ()™ @ - @ Vo (260)" ™ @ Vg (w1)).
In the second we obtain

1 _
DW0t2(k71)wz (eAl) - D_t2wl DWOt2(k72)wl (eAl) = D—thl (GQAOChar (‘/90 (2wl)®k ? ® ‘/90 (wl)))
= Char (‘/90 (2wl>®k_2)D—t2wl (G%AUChar (Vgo (wl))) = G%AUChar (‘/90(2wl)®k_1 ® Vao (wl))'

O

As an immediate consequence of Theorem 6.1 and its proof we obtain explicit dimension

formulas for Weyl modules. Such formulas for Weyl modules, as already mentioned, were
previously known for untwisted current algebras (see [6],[15] or [25]).

Corollary 6.2. Let A\ = 22:1 m;w; be a decomposition of a dominant weight \ € By
(1) If g is a twisted affine Kac-Moody algebra not of type AS) (I > 1), then

dim W (A) = [ [ (dim W (w;))™ = [ [ (dim W (w;))™.

i=1 i=1
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(2) If g is of type Ag) and m; = 2k — 1, then

-1

dim W) = | | (dim W (w;))™ (dim W (2w))5 ! dim W (w))

jam

=1
| =

)

1 m; k—1
2™ 21\
() O 2

]

6.1. Constructions from arbitrary local Weyl modules. In the previous section we
investigate the connection between untwisted and twisted Weyl modules. We have seen that
the twisted ones can be realized as associated graded modules of certain untwisted Weyl
modules located in a single point. In this section we generalize this result using untwisted
Weyl modules located in a finite number of points.

Let W1, .- W* be finite-dimensional, graded and cyclic modules with cyclic vectors wy, . . ., wy,
for the current algebra and further let W be a given cyclic graded €(g)-module (possibly
trivial) with cyclic vector w.

Proposition 6.3. Let a; € C*,1 <14 < k be non-zero complex numbers, such that ;" # aj
for i # j, then Wl @ --- @ WE @ W is a cyclic U(€(g))-module, particulary we get

Wi @ - @WkeoW=U((@g).(wew)

Proof. As W' are finite-dimensional and graded, there exists a sufficiently large N; such that
x @ t* acts trivially for s > N;. Thus the ideal J; := g ® (t — a;)"'C[t] acts trivially on W} .
We define n : C* — N, a; — N;, then Suppn do not contain two points in the same I'-orbit
and therefore similar to the proof of Theorem 6.1 we obtain that W_C}l@) e ®W_fk is a cyclic
U(€(g))-module. The rest is a application of the Chinese remainder theorem. O

Remark 6.4. We can consider arbitrary g-modules V(\;),\; € P, 1 <i <k as graded and
cyclic g ® C[t]-modules, where the action is given by

r® f(t)v=f(0)xw, z g, feClt].

Hence if W' = V()\;), it is already shown in [22] or in a more general setting of equivariant
map algebras in [26], that the tensor product in Proposition 6.3 is irreducible. Moreover it
is known that all finite-dimensional irreducible modules are tensor products of evaluation
modules.

In [13] local Weyl modules for equivariant map algebras were defined and a tensor product
property was proven. It was shown that if W* is an untwisted graded Weyl module, then
Wi is an local Weyl module for €(g) supported in the point a;. The tensor product property

gives that W,, (A1) ® - - - ®@ W, (\,) is a local Weyl module for €(g). It was shown that every
local Weyl module of €(g) can be obtained in this way. The following corollary, in Ag) again
the odd-case is considered only, shows that the dimension and gq character is independent
of the support of the local Weyl module.

Corollary 6.5. Let A = A\; + -+ + A, be a decomposition of a dominant weight A € Py into
dominant weights and let ay,...,a, € C* s.t. af" # a]" for i # j.
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(1) If g is a twisted affine Kac-Moody algebra not of type Ag), then we have an isomor-
phism of €(g)-modules:

W) 2 gr(W,, (M) @ -+ @ Wa, (\))

(2) If g is of type Ag) and \;(o)) € 2Z>, for 1 <7 <r —1 and \.(¢)) is odd, then we
get an isomorphism of €(g)-modules:

WFO‘) 2 er(We, (M) @ - @W,, (A1) ® WF(/\T))

Proof. By Proposition 6.3 the right hand side in (1) respectively (2) is cyclic. Hence it
is easy to obtain a surjecive map of €(g)-modules, which is by Theorem 6.1 clearly an
isomorphism. 0

Remark 6.6. As mentioned in the introduction, Weyl modules are defined in [13] in a more
general way, with support in C. And they are parametrized by finitely supported functions
from C to PT. With this corollary we have shown in all cases except the even case in Ag),
that the dimension and gg character of a local Weyl module depends only on its gy maximal
weight and NOT on the support of its parametrizing function. Concluding one might be
able to show that the global Weyl module is a free module for a certain algebra, which might
be part of a forthcoming publication.

Remark 6.7. The same construction of an associated graded module out of finite-dimensional,
graded and cyclic g ® C[t]-modules is defined in [11] and is called the fusion product. In the
twisted case the same construction fails, since for this, one would need a pullback map like
m—1
D (wj@t™ ) € &(g) — Z 7 ® (t+a)™") ¢ ¢(g).
j=0
Therefore we have constructed in our results a55001ated graded €(g)-modules out of modules
coming from g ® CJ[t], which represent an analogue of fusion products.

6.2. Summary of the results. As a conclusion we summarize our results: Let A\ =
miwy + - - - + myw; be a dominant weight of gg and € = 0 if [ is odd and € = 1 else, then

o if g is of type A2 (n is odd)
~ (T o1 ~
W (nw) = gr(W (w1) & WH (W) = Vi, (A1)

e if g is of type Ag) (my is odd)

1 )®ml—1 ®(k—1)

W) 2 gr(W(wr) @ @ W(wi ® W(w) ® W (@) = Vgt o, (A1)

e if g is of type A2l 1

Viots (No), i mqg +3mg+---+ (I —€)my_. is even

T 2\ Wionom o &
W) = gr(W(wr) @ - @W(w) ) Viota o, (A1), else
2)

o if g is of type D,

Viots (No),  if my is even

®mz> ~
T Vet (1), else

®@m1

WE) = gr(W(wr) @ @ W(w)
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e if g is of type EéQ)

®@m1 ®m,

WEQ) = gr(W(wr) @ @ W(w)

e if g is of type Dflg)

1%

l) VWOt)\ (A(J)

1 Xm

WEO) 2 gr(W(wr) @@ W(w)

1%

) & Vit (A0)

7. PROOFS FOR THE TYPE A

In this section our attention is dedicated to the twisted Kac-Moody algebra A§2). In the

previous sections we claim that the results hold already for AgQ), so to complete our work it
misses to verify the follwing main result of this section.

Theorem 7.1. Let n be an odd integer, then the Weyl module W' (nw) is isomorphic to the
Demazure module D(1/2,nw) = Vj Ay).

1t(n—1)w (
7.1. Properties of W' (nw) and minimal powers.
Lemma 7.2. Let 17 be the left ideal in U(Q:(Ag))) generated by w; @t C[t™], (ha,o®t%"), (ha1®

tgr_l), r>1,0<j5<m—1. Then for every k € N there exists a non-zero scalar cy, ¢ € C
such that

(1)

i kel / v (X5, ®t%) mod I, if ks odd
(7.1) (Xao® DT (Xzay ®1)" = { ce(Xoo®t*) mod I, if kis even
)
(7.2) (X2+a,1 ® t)k_l(XQ_a,l ® 1) = (X0, ® t#=1) mod I°

Proof. The first equation is a simple reformulation of Lemma 3.3 (iii) in [5]. We will prove
the second equation by induction. For k = 1 we get trivially ¢ = 1. Suppose that (2) is
already true for all p < k, then

(X1 @) (X @O = (X5, @) (Xgny @) 1 Xopy @ 1) (X0, ®1)
= (X1 ® 1) (Xopy @ ) ( X5y @ 1) + (X @ 1)I(X50y ® 1), for some J € 17

= ——Ci(hao @ ") (X5, ® 1) mod I7
= 26.(X5,, @ ¥ mod I°

a,l

O

Corollary 7.3. Let n € N, such that n = 2k if n is even and n = 2k — 1 if n is odd. Then we
have
(1) (X301 ® t)Fwn =0
©) (Xoo @ tMw, = (X7, @ tF)w, =0, if k is even
(Xoo @ " w, = (X7, @ tF)w, =0, if k is odd
(3) (Xza1 ®1* Hw, =0

a,l
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Proof. Clearly part (2) and (3) are deductions of Lemma 7.2 and part (1). Assume now
(X301 ®@1)"wy, is non-zero element in W (nw)|[k] of weight —2kw if n is even and (—2k —1)w
if n is odd and recall that W1 (nw)[k] is an integrable sly-module, i.e. Proposition 4.15 is
applicable. That means W' (nw)[k]ax, # 0 respectively W (nw)[k](ax11)w # 0, but both are
impossible, which proves part (1). O

Corollary 7.4. For all n € N the modules W' (nw) are finite-dimensional.
Proof. Proposition 4.15 implies that W' (nw), # 0 only if 1 € nw — @ and suppose that
W (nw) @ V()"
MGP+

is the decomposition of WT(nw) into irreducible go-modules. Note that the number of
elements in P;" with the property pu € nw — Qg is finite. The corollary follows if we prove
that dim W' (nw),, < oo, since this implies n, < co. That the dimension can‘t be infinity is
a direct consequence of Corollary 7.3. O

As in the other cases we show that the Weyl modules are in connection with certain associated
graded modules:

Proposition 7.5. Let n € N, such that n = 2k if n is even and n = 2k — 1 if n is odd. Then
we get a surjective map respectively an isomorphism of U (@(Ag)))—modules
= gr(We, (w1) @ -+ @ Wy, (wr)), if n is even

WF
() { =~ or(Wy, (w1) @ -+ @ Wo, , (wi) ® WH(w)), if nis odd

The map is given by w, — w,, ® - @w,, if n is even and w, — w,, @ -  w,, Qu,

k k-1

otherwise.

Remark 7.6. We will proof the isomorphism claimed in the odd case in Section 7.2 and
remind that the surjectivity of the maps in Proposition 7.5 follows by weight reasons.

Corollary 7.7. We obtain,
3%, ifniseven

dim W > 3
m W () { %19 ifnis odd

I
In Corollar 7.3 we proved that we can explicitly specify an integer, such that the elements
with higher powers of t act by zero. In the next we will refute the question, if there exists a
smaller integer with same property. To show this one can use the help of associated graded
modules defined in Section 6 and Proposition 7.5.

Lemma 7.8. Let n € N like in Corollar 7.5. Then we have,

(Xo0 @t w, # 0, (Xo; @ 7 ™Mw, #0, forallr <% if kis even
(Xa() Rt w, # 0, (X, @ t*Hw, #£0, foralr< k“, s < kL if kis odd
(X1 ® tz’”*l)wn £0, ifr<k—1

Before we are in position to prove our main result of this section we will formulate another
necessary proposition:
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Proposition 7.9. Let n € N as in Corollar 7.3, then we have surjective homomorphisms

U(C(AS)) (X5, © t* Dw,, if kis even

Wh((n — 2)w) — { U(G(Agm))(X;o @ t"w, if k is odd

W ((n = 4)w) = U(&(A)) (Xpay ® Yy
Proof. The proof is straightforward with Corollary 7.3. O
7.2. Proof of Theorem 7.1.

Proof. Note that Proposition 7.5 is a direct consequence of Theorem 7.1 and the Demazure
character formula (see Theorem 4.6), since this provides us

dim W' (nw) = dim Vi, (A1) = dim Ve (Ar) = 31312,

We already know by Corollary 4.17 that the Demazure module D(1/2,nw) is a quotient
of the Weyl module W' (nw). So by Corollary 4.9 it remains to show that the following
relations holds:

73 X7 ® t2r max{O,nf4r}+lwn -0

( a,0

(74) (X;l ® t2r+1)max{O,n—Z(?T-i-l)}-‘rlwn -0
(75) (Xz_a,1 ® t2r+1)max{0,k—r—1}+1wn —0.

By Corollary 7.3 we can assume that the maximums are non-zero and further suppose that
(X 0@t )4+, # 0, hence W' (nw) (n—o(n—ar4+1))w[2r(n—4r+1)] # 0. By Proposition 7.9
and Proposition 4.15 (1) we get that

WF(TLCL))(n,Qj)w[Z] =0
for all [ with

(k= 1)+ + (k- j) = jk — 4, if0<j<k

[ > , .
{ (k—l)—|—~~—|—(k’—(n—j)):(n—j)k—%, ifk<j<n
Hence,

jk — 24 ifo<j<k

)

2r(n —4r 4+ 1) < (a=d |
(e e R e A s

with j = (n—4r+ 1), which contradicts 2r < k. Exactly the same argumentation shows also
(7.4) and (7.5) O

Remark 7.10. An inspection of the proof of Theorem 7.1 shows, that the condition, n is odd,
is not needed. Thus the relations (7.3), (7.4), (7.5) holds also in W' (2kw), but it is easy
that they are not enough. For instance in W' (6w) we have already (X, ®#*)?ws = 0, while
relation (7.3) gives (X, ® t*)*ws = 0.
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REALIZATION OF AFFINE TYPE A KIRILLOV-RESHETIKHIN
CRYSTALS VIA POLYTOPES

DENIZ KUS

ABSTRACT. On the polytope defined in [6], associated to any rectangle highest weight, we
define a structure of an type A,-crystal. We show, by using the Stembridge axioms, that this
crystal is isomorphic to the one obtained from Kashiwara’s crystal bases theory. Further we
define on this polytope a bijective map and show that this map satisfies the properties of a
weak promotion operator. This implies in particular that we provide an explicit realization
of Kirillov-Reshetikhin crystals for the affine type AS) via polytopes.

1. INTRODUCTION

Let g be a affine Lie algebra and L(:Z(g) be the corresponding quantum algebra without
derivation. The irreducible representations are classified in [4],[5] in terms of Drinfeld poly-
nomials. A certain subclass of these modules, that gained a lot of attraction during the last
decades, are the so called Kirillov-Reshetikhin modules K R(m,w;,a), where i is a node in
the classical Dynkin diagram and m is a positive integer. One of the main tools for studying
such representations is Kashiwara’s crystal bases theory [12]. This theory was originally
defined for representations for ,(g), however it can be nonetheless defined in the setting of
il;(g) modules, respecting that crystal bases might not always exist. It was first conjectured

in [9], that KR(m,w;,a) admits a crystal bases and this was proven in type AV in [11]
and in all non-exceptional cases in [19],[20]. We denote this crystal by KR™" and call it a
Kirillov-Reshetikhin crystal.

A promotion operator pr on a crystal B of type A, is defined to be a map satisfying several
conditions, namely that pr shifts the content, proeé; = €41 opr, pro f; = f;41 o pr for all
je{l,--- ,n—1} and pr"*!t = id, where é; and f] respectively are the Kashiwara operators.
If the latter condition is not satisfied, but pr is still bijective, then the map pr is called a
weak promotion operator (see also [1]). The advantage of such (weak) promotion oparators
are that we can associate to a given crystal B of type A, a (weak) affine crystal by setting
for=pr~to fiopr, and & := pr—oé& opr.

On the set of all semi-standard Young tableaux of rectangle shape, which is a realization
of B(mw;) the Y,(A,)-crystal associated to the irreducible module of highest weight muw;,
Schiitzenberger defined a promotion operator pr, called the Schiitzenberger’s promotion op-
erator [22], which is the analogue of the cyclic Dynkin diagram automorphism i +— i + 1
mod (n + 1) on the level of crystals, by using jeu-de-taquin. Given a tableaux T over the
alphabet 1 < 2--- <n+ 1, pr(T) is obtained from T' by removing all letters n + 1, adding
one to each entry in the remaining tableaux, using jeu-de-taquin to slide all letters up and

2010 Mathematics Subject Classification. 81R50; 81R10; 05E99.
The author was sponsored by the ”SFB/TR 12 - Symmetries and Universality in Mesoscopic Systems”.
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finally filling the holes with 1’s (see also Section 6). One of the combinatorial descriptions
of KR™ in the affine A type was provided by Schimozono in [23]. It was shown that, as
a {1, ,n}-crystal, KR™" is isomorphic to B(mw;) and the affine crystal constructed from
B(muw;) using Schiitzenberger’s promotion operator is isomorphic to the Kirillov-Reshetikhin
crystal KR™'. The two ways of computing the affine crystal structure, one given by [11] and
the other by [23], are shown to be equivalent in [21]. Another combinatorial model in this
type without using a promotion operator is described in [16]. In this paper, we introduce a
new realization of Kirillov-Reshetikhin crystals of type AP,

In [6] the authors have constructed for all dominant integral A, weights A a polytope in
R™% and a basis of the irreducible A,, module of highest weight A\ and have shown that the
basis elements are parametrized by the integral points. For A = mw; we can understand this
polytope in R¥"~**1) and denote the intersection of this polytope with Zi"_iﬂ) by B™¢. We
define certain maps on B™* and show that this becomes a crystal of type A,. As a set, we
can identify B™" with certain blocks of height n — i + 1 and width i

where the boxes are filled, under some assumptions, with some non-negative integers (see
Definition 2.1). The crystal B™* has no known explicit combinatorial bijection to other
combinatorial models of crystals induced by representations, such as the Young tableaux
model [14] or the set of certain Nakajima monomials [18], which makes an isomorphism
very complicated. Using the realization of crystal bases via Nakajima monomials, we can
construct certain local A, isomorphisms on our underlying polytope B™% and prove that
the so called Stembridge axioms are satisfied. These axioms precisely characterize the set
of crystals of representations in the class of all crystals. Our first important theorem is
therefore the following:

Theorem A. The polytope B™" is as an A, crystal isomorphic to B(muw;).

In order to obtain an (weak) affine crystal structure we define a map pr on B™" which is
given by an algorithm consisting of ¢ steps (see (6.1)), and show that this map satisfies the
conditions for a weak promotion operator. In particular, this implies that this map pr is the
unique promotion operator on B™* 2 B(mw;) and the polytope becomes an affine crystal.
To be more precise, we prove the following main theorem of our paper:

Theorem B. The associated affine crystal B™ using pr is isomorphic to the Kirillov-
Reshetikhin crystal KR™".

Our paper is organized as follows: in Section 2 we fix some notation and present the main
definitions, especially the definition of our polytope. In Section 3 we equip our main object
with a crystal structure. In Section 4 Nakajima monomials are recalled and in Section 5
Theorem A is proven. Finally, in Section 6 the promotion operator is defined by an algorithm
and the corresponding affine crystal is identified with the KR crystal, proving Theorem B.



56 DENIZ KUS

Acknowledgements: The author would like to thank Ghislain Fourier, Jae-Hoon Kwon
and Peter Littelmann for their helpful discussions and Vyjayanthi Chari and the University
of California at Riverside for their hospitality during his stays there, when some of the ideas
of the current paper were developed.

2. NOTATION AND MAIN DEFINITIONS

Let g be a complex affine Lie algebra of rank n and fix a Cartan subalgebra § in g and
a Borelsubalgebra b O . We denote by & C h* the root system of the Lie algebra, and,
corresponding to the choice of b let @1 be the subset of positive roots. Further, we denote by
IT = {ap, - ,a,} the corresponding basis of ® and the basis of the dual root system ®¥ C b
is denoted by ITV = {oy,- -+ ,a)}. Let g=n" @ hdn~ be a Cartan decomposition and for
a given root a € ® let g, be the corresponding root space. For a dominant integral weight
A we denote by V(A) the irreducible g-module with highest weight A. Fix a highest weight
vector vy € V(A), then V(A) = U(n~)vy, where U(n~) denotes the universal enveloping
algebra of n~. For an indetermined element ¢ we denote by ﬂ;(g) be the corresponding
quantum algebra without derivation. The irreducible representations are classified in [4],[5]
in terms of Drinfeld polynomials. One of the major goals in representation theory is to find
nice expressions for the character of objects in the category Of . (see [10]). From the theory
of crystal bases, introduced by Kashiwara in [12], we can compute the character of a given
module M as follows:

chM = 4(B,)e",

whereby (L, B) is the crystal bases of M (see also [10]). From now on let g be the affine Lie
algebra

AV =sl,., ®@CJt,t 7] ® Cc Cd,

with index set I = {0,1,--- ,n} DI ={1,--- ,n}. Note that the classical positive roots are
all of the form

aj=0;+ o+, for 1 <i < j<n.

Further let P = @, ., Zw; be the set of classical integral and P* = €, ; Z,w; be the
set of classical dominant integral weights. In order to realize the crystal graph of the so
called Kirillov-Reshetikhin modules KR(m,w;,a), for i € I,m € Z,, we will define now
the underlying combinatorial model in this paper, which we will denote by B™*. For more
details regarding KR-modules we refer to a series of papers ([2],[3],[7]).

2.1. The polytope B™. In this subsection we will define the set B™*, our main object in
this paper and discuss its combinatorics which is crucial for the realization of KR~crystals.

Definition. Let B™* be the set of all following patterns:
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ay; a2 ; cee | Qi1 | Qg
1541 | Q2541 - -+ |@i—1,i+1| Aj 541
Q1n | G2n e | Qi—1 | Qin

filled with non-negative integers, such that Zle ags) < m for all sequences

(B(),...,B(k), k>1

satisfying the following: 5(1) = au 4, B(k) = au,, and if 5(s) = a,, then the next element in
the sequence is either of the form (s + 1) = ap 441 or f(s+ 1) = api1,.

Example.
110 1/0]0
2111€ B>, but [0]1]3]|¢ B>3.
0|1 110]1
Remark 2.1.1.

(1) For any element in B™* the columns are numbered from 1 to ¢ and the rows are
numbered from ¢ to n.
(2) A sequence

b= (5(1),...,5(k), k=1

satisfying the rule from Definition 2.1 is called a Dyck path. The notion of a Dyck
path occurs already in [6]. We will denote the set of all such paths by D.

(3) In [16], a combinatorial model to describe the KR-crystals is developed. The parametriza-
tion of the edges is given in terms of non-negative integral matrices satisfying certain
conditions based on the classical Robinson-Schensted-Knuth algorithm. These con-
ditions can be translated into the Dyck path rule.

Remark 2.1.2. Note that the name “polytope” is justified, since B™* reflects the integral
points of some polytope in R »—+1).
k
B™ = {(a,,) € RI"HD) Z agsy <m, forallbe D } N Zﬁn_lﬂ).
s=1
What we want to show now is that the set B™* carries an (affine) crystal structure. Moreover,
our goal is to show that this is exactly the crystal graph of the KR-module KR(m, w;, a), i.e.

we have an isomorphism of crystals. The strongest indication that this conjecture might be
true is the following modified result due to [6].

Theorem 2.1.1.
dim V (mw;) = §B™"
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3. CRYSTAL STRUCTURE ON B’

With the purpose to show that we have a crystal structure on B™*, which is induced from
a module we will first chop all necessary conditions of an abstract crystal. Let us start by
giving the definition:

3.1. Abstract crystals.
Definition. Let I be a finite index set and let A = (aij); je; be a generalized Cartan matrix
with the Cartan datum (A,II, 11V, P, PY). A crystal associated with the Cartan datum
(A,TI,IIY, P, PV) is a set B together with the maps wt : B — P, &, f; : B — B U{0}, and
€1, 1 2 B — 7 U{—00} satisfying the following properties for all [ € I:
pi(b) = €e(b) + (o), wt(D))
wt(éb) = wt(b) + oy if b€ B
t(f;b) = wt(b) — oy if fib e B
Gl(élb) = 61(()) —1, g01<é~lb) = g01<b> +1if é,l,b €B
(fib) = e(b) + 1, @u(fib) = wu(b) — 1if fib € B
b =10 if and only if b’ = b for b, € B
(7) if i(b) = —oo for b € B, then fib = &b=0.

Further a crystal B is said to be semiregular if the equalities
e(b) = max{k > 0[eFb £ 0}, ¢;(b) = max{k > 0| fFb # 0}
hold.

Hence our aim is to define the Kashiwara operators fl and ¢;, which will act on the set B™*
for all I € {0,--- ,n}, such that the properties in Definition 3.1 are fulfilled. Furthermore we
will show that B™* becomes a semiregular crystal. Our strategy is as follows: first we are
going to define a classical crystal structure on B™?, which in particular means that we define
the Kashiwara operators for all [ € {1,--- ,n}. Subsequently, we show that this is precisely
the crystal graph of the irreducible module V(mw;) and then we exploit the existence of
Schiitzenberger’s promotion operator to define the Kashiwara operators for the node 0. For
more details regarding the Schiitzenberger promotion operator we refer to [22] or Section 6.

3.2. Crystal Structure on B™¢. As already mentioned, our aim in this section is to define
the maps wt, &, fi, €, ¢, for all [ € I as in the Definition 3.1, such that the properties (1)-(7)
are fulfilled. The classical crystal structure described in [16] is induced by the tensor product
rule, whereby we describe the structure explicitly. So let A be an arbitrary element in B™?,
then we define

(3.1) wt(A) = mw; — Z Ap g Olp.g-

1<p<i,i<q<n

In order to define what the Kashiwara operators are, we need much more spadework. In the
following we define some useful maps and integers, such that these integers will completely
determine the rule at which “place” the action is given. So we define the maps ¢, € :
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Bm™ — ZZO foralll € I by
m— YA — Y i, if =i
A) A)—1 . .
(3.2) p(A) = { SN g T if 1>
Z?:pQ(A) Qry1,5 — Z?:pl,(A)—i-l ag g, ifl <1

Qi g, ifl=1
L(A 1 . .
Z;];E : 5 — Zy 5 ) Al+1,55 if I < z,

whereby

P 7
(34) P =min{l <p <l a1+ ay= max{z a1 + Zaﬂ}}
Jj=1 Jj=p

1<q¢<i

1<q<i

P 7
(3.5) .. (A) = max{1 < p < Zaj7l_1 + Zaﬂ = max{z aji—1+ Zajl}}
Jj=1 Jj=p

i<q<n

q n
(3.6) Pt (A) = max{i < p < n) Z ap; + Z a1, = max{z ap; + Z a+1,5}}
j=i i=a

=t

p n q n
(3.7) dlA)ZInm{i§17§7ﬂ§:GM“%§:aH4g—-g@g{E:GM—FEZGHL&}

j=t J=p J=t J=q
Remark 3.2.1. Note that the integers (3.2)-(3.3) for [ # i and (3.4)-(3.7) depend only on
two given columns or two given rows of A. Therefore one can define these integers for any
given two columns or rows a and b and denote them alternatively by pi(a,b),q+(a,b) and
e(a,b), p(a, b) respectively. For instance we will use in some places the notation ¢_(aj, aj;1)
instead of (3.7), if a; and ajyq is the [-th column and (I 4+ 1)-th column respectively of A,
and e(ay, aj41) instead of (3.3).

The first fact we want to note about these maps is the following lemma:

Lemma 3.2.1. The map ; is uniquely determined by the map €, and conversely the map €
1s uniquely determined by the map ¢;. Particularly we have

pu(A) = e(A) + (o, wt(A)).

Proof. Assume A is an arbitrary element and let p!, (4), pt (A4), ¢ (A), ¢"(A) be the integers
described in (3.4)-(3.7). Since the statement is obvious for [ = ¢ we presume [ # i. Then,

because of
Q+ (4)

Za]ll+ Z a]71—2a311+ Z a]l

j=p", (A) j=d\ (A
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and
d(4)
Z ay; + Z ap41,5 = Z a; + Z 41,5,
j=p" (A) j=i L(4)
it follows that
', (A) ', (A)— P (A) pt(A)-1

(3.8) Z ji-1 — Z aJ,l = Z arj — Z Al+1,5 =

j=p" (A)+1 Jj= J=q" (A)+1 L(A)

Therefore, if [ > i we arrive at

%

J=d".(4) i=q (A)+1 j=p' (A) J=pl (A)+1
Py (A) Pl (A)-1 i i
= Z g — > aju— 0 a1 — Y au) = @A) = (o, wi(A))
=1 j=1 j=1

and if [ < ¢ we obtain again with (3.8)
L(4) ph(A)-

p
= Z a; — Z Aj41,5 = wi(A) — <O‘2/7Wt(A)>-
=i

Thus the map ¢ is already determined by ¢ and conversely as well. 0

For the purpose of constructing an object in the category of crystals we define the Kashi-
wara operators by the following rule: let A be an arbitrary element of B™ filled as in
Definition 2.1, then f;A and & A respectively is defined to be 0 if ;(A) = 0 and ¢,(A) = 0 re-
spectively. Otherwise the image of A under f; and é respectively arises from A by replacing
certain boxes, namely

(3.9)
replace [“| by [a,; + 1], if I =3
fiA =< replace Gyl (A)1-1 by Gyl (A)i—1 — 1|and Gyl (4) by Ayt (4) T 1), ifl>i
replace [a; i (ay| DY [a 0 4y + 1 and [a; g0 a) | DY [ @ pr 4y — 1 1<
(3.10)

replace 1“4 by [a;; — 1], if I =3
eiA = ¢ replace (gl (A)1-1 by Qg (a1 T 1 and Gl ()1 by gl (A)1 — 1, ifl>zq
replace [a; ;i 4y | by | @y g (ay — 1| and [a; 1 g0 4y Py [ Qg g0 ay + 1] T <4

To be more accurate we should denote the Kashiwara operators by ,, f; and ,,é; respectively.
However almost all Kashiwara operators, except ,, f;, are by the next lemma independent of
m. Therefore the notation f; and & respectively is justified. If there is no confusion we will
also denote ,,f; by f;.
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Lemma 3.2.2. Let m,d € Z, and A € B™' N B%, then we have
mfiA= afiA and npi(A) = api(A) for all 1 # 1,
mlA = 46 A and ne(A) = 46/(A) for alll .

Proof. A short investigation of (3.2),(3.3),(3.9) and (3.10) shows that they depend only on
the filling of A with the exception of ; and f;. 0

Remark 3.2.2.
It is not clear, why these operators are well-defined. Particulary we shall show in the next
lemma that the images are always contained in B™*.

Lemma 3.2.3. For alll € I and A € B™" we have fA, A € B™.

Proof. Assume that the element f;A and &A respectively is not contained in B™, then by
definition there exists a Dyck path (8(1),...,8(k)), such that

k
(3.11) D ape >m
s=1
This would be an impossible inequality if [ = ; therefore we suppose that [ > 4, since the
proof for [ < ¢ is similar. By an inspection of the action of the Kashiwara operator f; we can
conclude directly that (3.11) must be of the following form:

k t P (A) k
(3.12) Y ag =) asmtagit Y aut+lt Y ag),
s=1 s=1 j=z s=t+p! (A)—z+3

with an integer z € {1,--- ,i} strictly smaller than p' (A) and some ¢ € {1,--- ,k}. We get

k t Pl (A) k
Z s)>m>zaﬁ(s +Z%l LAy ) T Z aB(s)
s=1 s=1 j=z s:t—i—pfF(A)—Z—&-S

and consequently

Zajz 1+Zajl— Z aji—1 + Z Ajls

—p+ (A)

which is a contradiction to the choice of p +(A). An inspection of the action with €; requires
that (3.11) must be of the form:

k

Zaﬂ 5) = Za/g(s) + Z aji—1+1+a,;+ Z ag(s),

s=1 j=d\.(A) s=t+z—q} (A)+3

with an integer z € {1,--- ,i} strictly greater than ¢! (A). Hence, together with

k

k
Zaﬁ( m>Za5 + Z ajg+ ag (ay-1 + Z as(s),
s=1

i=d} (A) s=t+z—q', (A)+3
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we have again a contradiction to the choice of ¢, (4), namely

Za]l 1+Za]l— Za']l 1+ Z Q1.

j=4" (A)

O

Consequently, we have several well-defined maps which we need so as to prove our main
result of Section 3. Before we state our theorem, we proof the following helpful lemma:

Lemma 3.2.4. Let A be an element in B™¢, then we have
e(A) = max{k > 0|eFA # 0}, ¢(A) = max{k > 0| fFA # 0}.

Proof. As usual we proof only ¢;(A) = max{k > 0|fFA # 0} for | > i because [ = i is
trivial and the proof in the other cases are very similar. We will proceed by induction on
P (A). If p (A) = 1 the proof is obvious so assume that p!, (4) > 1 and let 7 := min{w €

Z.|p, (f"A) < p'.(A)}. Then we obtain by the definition of p! (A) on the one hand

Pl (4) Pl (A)-1
r—1< Z ajyl,l — Z ;1
g=pt (fT A)+ J=p (f] A)

and on the other hand, using the definition of p’, ( f[A), we get

Py (A) Pl (A)-1
rzo ), Ges ), au
j=ply (ff A)+1 J=p' (f7 A)

Hence the above inequality is actually a equality and by the induction hypothesis we can
conclude

p+(fl p+(.ﬁTA)_1
max{k > 0|ffA# 0} =r+ @ (ffA) =r+ Z ai— Y ay=p(A).
j=1

O

Now we are in position to state and to proof one of our main results in this paper, namely:

Theorem 3.2.1. The polytope B™" together with the maps given by (3.1), (3.2), (3.3),
(3.9) and (3.10) becomes an abstract semiregular crystal.

Proof. The idea of the proof is to check step by step the properties (1)-(7) described in
Definition 3.1, whereby (2),(3) and (7) are obvious and (1),(4),(5) and the semiregularity
are obvious with Lemma 3.2.1 and Lemma 3.2.4. Thus it remains to prove the correctness
of condition (6), whereby we verify as usual the statement only for [ > i:

o f{A = A'if and only if A’ = A for A, A’ € B™
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Let p' (A) as in (3.4) and let qﬂr(flA) as in (3.5). The assumption qﬂr(ﬁA) > p (A) gives

¢ (fi4) Pl (A)
Z aji—1+ Z a1 > Z aji—1 + Z Ajils
j=1 fiA) j=p (4)

which is a contradiction to the maximality. The assumption ¢, (f;A) < p\ (A) gives

Q+ fl

Z aji-1 + Z Ggl>zagll+ Z @J,b

j=d\ (fiA)

which is a contradiction to the minimality of p +(A). Now suppose similar as above that
Pl (& A) > ¢, (A), then

ler(élA) Q+(A
> apat Z a1 > Z%z 1+ Z s
J=1 1A) J=¢ (A)

which is a contradiction to the maximality of ¢} (A) and p, (§A) < ¢'.(A) provides analo-
gously

Pl (&14)
RTRND SIFTES SRR o
J=1 J=p' (&1 A) i=4".(A)

which is a contradiction to the maximality. Hence p! (A) = ¢\ (f;A) and ¢ (A) = pl, (&4),
which proves the theorem. 0]

Corollary 3.2.1. The crystal B™" is connected.

Proof. Tt is immediate that for A € B™ with ¢A = 0 for all [ € I, we must have a,, = 0
for all 1 < p < i < ¢q¢ < n. Hence, for arbitrary elements A and B there exists always a
couloured path from A to B. O

4. TENSOR PRODUCTS AND NAKAJIMA MONOMIALS

In this section, we want to recall tensor products of crystals and investigate the action of
Kashiwara operators on tensor products. Furthermore, we want to introduce a crystal, the
set of all Nakajima monomials, such that we can think of B()), where X is a dominant
integral A, weight, as a set of certain monomials. This theory is discovered by Nakajima
[18], and generalized by Kashiwara [13] and will be important in the following sections.

4.1. Tensor product of crystals. Suppose that we have two abstract crystals By, By in
the sense of Definition 3.1, then we can construct a new crystal which is as a set nothing
but B; X B,. This crystal is denoted by B; ® By and the Kashiwara operators are given as
follows:

(]Flbl) X bg, if Sol(bl) > El(bg)

filby @ ba) = {1)1 ® (fiba), if i(b1) < €r(bs)
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_ (€1b1) ® by, if wi(by) > €(by)
by ®by) =
63[( ! ®© 2) {b1 &® (élbg), if Sol(bl) < €l(b2).

Further, one can describe explicitely the maps wt,; and ¢, on By ® By, namely:

Wt(bl X bQ) = Wt(bl) + Wt(bg)

pi(br ® by) = max{y(bs), 01(b1) + u(b2) — €(b2) }
€1(b1 ® be) = max{e;(by),,(b1) + €(b2) — ¢i(b1)}.

A very important point in representation theory is to determine crystal bases for irreducible
modules over quantum algebras. This leads to many combinatorial models, discovered in
a series of papers ([14],[15],[17]). Since this paper has the goal of determining the crystal
graph of KR modules, we will only mention in the following remark how we could compute
crystal bases for V(\) using tensor products of polytopes.

Remark 4.1.1. Remember that we have already a crystal structure on the sets B™¢ for all
1 =1,---,n and by the above considerations also on

Bml’l R ® B

It means we are considering patterns

with the following crystal structure: let us take such a pattern A := (A, -+, A,) and fix
[ € I, then we assign to A a sequence of - ‘s followed by a sequence of +°s

seq(A) = (_’... e T S S R N L ’_|_)
—_— —— —— Y—— — ——
(A1) wi(A1) €1(Az2) wi(Az) €1(An) e1(An)

and cancel out all (+, —)-pairs to obtain the so called ¢-signature
(4.1) f-sgn(A) e (_’... ,—, 7+)_

Using the (-signature (-sgn(A) of A, we can describe the Kashiwara operators. Assume the
left-most + in the ¢-signature corresponds to A; and the right-most — corresponds to A;,
then

ﬁ(AlAQ ‘e An) == Al ‘e Ai—l(flAi)Ai—i-l ‘e An
E(A1Ay . A) = Ay A (EA) A .. A,

Hence we have defined a new crystal, and with Theorem 5.2.1 it is clear from standard
arguments that the connected component of 0 (all boxes filled with 0) is isomorphic to the
crystal B(A).
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4.2. Nakajima monomials. For i € I and n € Z we consider monomials in the variables
Yi(n), i.e. we obtain the set of Nakajima monomials M as follows:

={ H Y;(n)¥™|y;(n) € Z vanish except for finitely many (i,n)}
1€l neZ

With the goal to define the crystal structure on M, we take some integers ¢ = (c; ;)i»; such
that ¢;; + ¢;; = 1. Let now M = [[._; oz Yi(n)¥™ Dbe an arbitrary monomial in M and

l € I, then we set:
= S utm

maX{Z y(k)|n € Z}

k<n

e (M) = max{— Zyl )n € Z}

k>n
and

ny = min{njpi (M) = Y yi(k)

k<n

n! = max{n|e(M Z yi(k

k>n
The Kashiwara operators are defined as follows:

e A ) > 0
&M —= Al(‘né)M, if EZ(M) >0
0, if El(M) = O’
whereby
A(n) = Yi(n)Yi(n + 1) [ [ Yiln + i) @0
i#l
The following two results due to Kashiwara [13] are essential for the process of this paper:

Proposition 4.2.1. With the maps wt, ¢y, €, fi.é, L eI, the set M becomes a semireqular
crystal.

Remark 4.2.1. A priori the crystal structure depends on ¢, hence we will denote this crystal
by M.. But it is easy to see that the isomorphism class of M, does not depend on this
choice. In the literature c is often chosen as

0, ifi >y 0, ifi <y
Ci,j = or Ci,j =
1, else 1, else.

Proposition 4.2.2. Let M be a monomial in M, such that &M = 0 for alll € I. Then the
connected component of M containing M is isomorphic to B(wt(M)).
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5. STEMBRIDGE AXIOMS AND ISOMORPHISM OF CRYSTALS

By using the description of crystal graphs by certain monomials and maps on these, we want
to show that our set B™' satisfies the so called Stembridge axioms stated in [24]. These
axioms give a local characterization of simply-laced crystals which are helpful if one could
not find a global isomorphism. Since we could not find an isomorphism from B™" to the set
of all monomials describing B(mw;), we will identify only certain As-crystals. Let us first
recall a slightly modified result from [24].

5.1. Stembridge axioms. The basic idea of the following proposition is to give a simple
set of local axioms to characterize the set of crystals of representations in the class of all
crystals. In particular, with these axioms one can determine whether or not a crystal is the
crystal of a representation.

Proposition 5.1.1. Let g be a simply-laced Lie algebra and B be a connected crystal graph,
such that the following conditions are satisfied:
(1) If &b is defined, then €;(€;b) > €;(b) and p;(é;b) < ¢;(b) for all j # 1.
(2) If &,¢;b are defined and ¢;(éb) = ¢;(b), then &é;b = &;&b and pi(b) = @i(f;b),
where b = €€jb = €;eb.
(3) If &, ;b are defined and €;(b) — €;(é;b) = €(b) — €1(€;0) = —1, then €E5¢,b = ¢;67¢;b
and Sol(bl) i fi ,) @J(b/) ‘P](flbl> =—1, w}lf”;@ b = ?léj'élb = éjélzéjb'
(4) If fl,fjb are defined and goj(fl ) = ©;(b), then fif;b = fifib and (b)) = (b)),
whereb—flfjb—f]fl ) ) o o
(5) 1f Ju. Fib are defined and o;(6)—;(fib) = @1(B)—u(Fb) = 1, then [if2fib = f [ Fjb
and e(b') — e(&;0') = ¢;(b') —¢;(&b) = —1, where b = fif? fib = f;[2[;b.
Then B is a crystal graph induced by a representation.

5.2. Isomorphism of A, crystals. We want to make full use of the above mentioned result
to prove the following main theorem of this section:

Theorem 5.2.1. We have an isomorphism of crystals
B™" = B(muw;).

Proof. Assume |j —r| = 1, i.e. r = j+ 1 and let A be an arbitrary element in B™".
Since B™' is a connected crystal we cancel all arrows with colour s # j,j + 1 and denote
the remaining (j,j + 1)-connected graph containing A by Z;;i1)(A). We define a map
U Z i+ (A) U {0} — MU {0} by mapping 0 to 0 and B to:

(Vi (i) 2=t [Ty Ya(k) e Ya(k + 1) [Ty Yilk + 1) 70, if j =
Yé(n_l)m—Zizlbs,i HZ:ZYI( ) i,n+i— le(k+1) bi—1,n+i— knk—z}/z( ) binti— k7 lfJ:Z_l

[Ty Yo(R)P Y (k 1)~ [Ty Ya (k)0 Ya(k + 1)~ if j >

([T Ya(R)Pretmtion Yy (ko 1) 7Ptk [T, Yo (k) ovemtior Yy (ke + 1) Towtosik f 4 1 <.
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We are claiming that W is an Ay = sl3(j, 7 + 1) crystal isomorphism. Note that W has the
following properties:

e wt(U(B)) = wt(B)
e p(V(B)) = ¢i(B),e(V(B)) = ¢(B). The proof is a case-by-case consideration, for in-
stance if [ = j > 4, then

T r—1
p(W(B)) = max{) boj1— Y bull <r<i}=@(B),
s=1 s=1

because the maximum occurs at least at r = p', (B).

e U commutes with the Kashiwara operators: by Lemma 3.2.4 and the above computations
we can conclude that ¥ commutes with all fl, ¢; acting by zero on B. So assume le = Band
&,B = B respectively. Our aim is to prove U(B) = A(n')"1U(B), U(B) = Aj(n})¥(B). This
is again a case-by-case consideration, for instance if | = j+1 < ¢ we have nlf =n+i—p (B)

and

‘IJ(B) — H }q(k)i)j+1,n+i7k}/1(k; + 1)*6j,n+ifk H Yé(k.)i?j+2,n+i7k}/2(k + 1)*i7j+1,n+ifk
k=i k=i
= H Yl(k)bjﬂ,nﬂzk H Yl(/{ + 1)*bj,n+i7k H }/'Q(k)bjdrz,njtifk}/é(k 4 1)fbj+1’n+i,k
k:i,k;ﬁnlf k=i k:i,k;ﬁn;

b 1

b. ) — b _
x Yl(?”blf) ”“”’UB)HYQ(nlf) i+2,p! (B) lYg(nlf +1) 3+1.pL (B)
= Y (n})Ya(nl) "' Ya(nl + 1) 7" W(B) = Ay(n)) T U(B).
Hence V¥ is a strict crystal morphism.

e U is bijective: since Z(;;i1)(A) is connected and V¥ is a crystal morphism we get that
Im(V) is connected and contains at least, and therefore by Proposition 4.2.2 one highest
weight monomial, say of weight p. So the image is isomorphic, again by Proposition 4.2.2
to the sl3(j,7 + 1) crystal B(u). Let T € Z(; j1+1)(A) be a highest weight element, such that
&, -+ €,A =T, then the restriction of ¥ to G = {fj, -+~ f.T|51, - ,js € {j,j + 1}} is an
isomorphism. However, we have Z; ;11)(A) = G.

Therefore, we can conclude that A satisfies the Stembridge axioms for all j,r € [ with
|7 — r| = 1, whereby the other relations are easily verified. 0

Summerizing we have defined a set B™* which is by Theorem 3.2.1 a crystal and by Theo-
rem 5.2.1 actually the crystal B(mw;). In the following we want to collect some known facts
about KR-crystals and define the Kashiwara operators fy, €, on our underlying polytope.

6. THE PROMOTION OPERATOR

The existence of KR-crystals of type ALY was shown in [11] and a combinatorial description
was provided in [23] and [16], where the affine crystal structure in the latter work is given
without using the promotion operator. The existence of KR-crystals for non-exceptional
types can be found in [19],[20] and further a combinatorial description is provided in [8].
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Summerizing the results for type Ag), a model for KR-crystals is given by the set of all
semi-standard Young tableuax of shape A = mw; with affine Kashiwara operators

(6.1) fo = pr_l o fl opr, and €y := pr_l o é opr,

whereby pr is the so called Schiitzenbergers’s promotion operator [22], which is the analogue
of the cyclic Dynkin diagram automorphism on the level of crystals. The promotion operator
on the set of all semi-standard Young tableaux over the alphabet 1 < 2--- < n + 1 can be
obtained by using jeu-de-taquin. Particulary let 7' be a Young tableaux, then we get pr(T')
by removing all letters n 4+ 1, adding 1 to each letter in the remaining tableaux, using jeu-
de-taquin to slide all letters up and finally filling the holes with 1’s. Our aim now is to
define the Schiitzenberger promotion operator on our polytope B™¢ to obtain a polytope
realization of these crystals. Before we are in position to define such a map we will first
state an important result due to [1]. For simplicity we write wt(A) = (r1, -+ ,7py1), if
wt(A) = Z;jll rj€;, whereby €, : sl,;1 — C is the projection on the j-th diagonal entry.

Proposition 6.0.1. Let ¥ : B(mw;) — B(mw;) be a map, such that
(1) U shifts the content, which means if wt(A) = (r1, -+ ,7Tns1), then wt(y(A)) =
(Tnt1, 71,000 5 Tn)
(2) W is bijective
(3) Wofj=fi100, Vo, =¢0W forallje{l,---,n—1},
then ¥ = pr.

In particular, using Theorem 5.2.1, this means that it is sufficient to define a map on B™!
satisfying the conditions (1)-(3). The computation of this map, which we will denote already
by pr, will proceed by an algorithm consisting of ¢ steps, where each step will give us a column
of pr(A). We denote by pr(a,s) the entries of pr(A) and by a; and pr(a;) respectively the
j-th column of A and j-th column of pr(A) respectively for 7 = 1,--- i and mostly we
assume the notation explained in Remark 3.2.1. In order to state the algorithm we denote
further by (a;)=' the column obtained from a; by canceling all entries between ¢ and [ — 1.
For instance if a; is the j-th column of some A € B™* we have

(aj)25 = 7 if (lj = .
0

If © = 1, then it is obvious that the map pr defined by

m—=> a,,, ifj=1
pr(ay;) :{ Do J

a -1, else

satisfies the conditions (1)-(3). So for n > i > 2 we will use the following algorithm to
compute pr:

6.1. Algorithm. For given A € B™ we implement the following steps to compute pr(A):
(1) Consider the (i — 1)-th and i-th column of A and compute inductively the integers
i<t <l << l;‘_ll = n, whereby

l;'il = Q—((aifl)ﬂ;:ll, (ai)>l§:1l)
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and where we undestand ;"' =4 — 1. The i-th column of pr(A) is then given by:

6(8.1‘_1, az-), ifr=:1
pT(ai,T) = 6<<aifl)zr7 (ai)ZT)7 ifr—1e€ {liilv e 7li;11—1}
@jr—1, else.

Further define a new column

Qi—1,r + Qg — 6((ai71>>ra (ai)>r)7 if r e {lll;lv ) lz;ll—l}
(62) @y =1 Giin + ain, if r =
i1, else.

(2) With the aim to determine the (¢ — 1)-th column of pr(A) repeat step (1) with the
(i — 2)-th column of A and the new defined column (6.2). Using the integers i < [{™2 <
I5? < -+ <172 = n compute the (i — 2)-th column as in step (1).

(3) Repeat step (2) as long as all columns, except the first one, from pr(A) are known.

(4) The first column of pr(A) is given as follows:

Z;Zl Ajr1 =y 5 opr(a,), ifr>1

pr(as,) = {m Z]:zau ZFQPT(@J,) 1 r

Remark 6.1.1.

(1) A priori it is not clear, why the entries in the first column are non negative integers.
This will be our first step and is proven in Proposition 6.1.1.

(2) As well it is not clear, why the image of pr lies in B™*. With the purpose to prove the
well-definedness of pr we will show first for any A € B™" that proé; A = é;,10pr(A)
holds for j = 1,--- ,n — 1, where the equation can be understood by Lemma 3.2.2 as
a equation independently from the knowledge where pr(A) lives.

Example. i) We pick one element A (see below) in B*? and follow our algorithm. In the
first step we get I3 =3 < [3 = 4 < [2 = 5 which gives us the third column:

1711 ool
2/0/0|~|e|e|0
0/0|0 oo (

A—

=[=]]

The new column is given by LUl So following step two we get again I} =3 < I} =4 <

I3 =5 and hence

11111 o1 o 11
2100/~ e|e|0|~~ 0|20
0/0/0 o 0 e 00
So our last step gives us
0111
pr(4)=11/2]0
21010
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Another example in B*? is described below:

11110 oo |2 o1
0|11~ |e|e|0|~|e
0/0|0 oo ( e 00 21010

[\
@)
—_
[\

e}
e}
$
\)
e}
S

ii) Now we pick an element in B™*, namely

110111
0/1/3]2
1101210

and get I} =5 <3 =6, =4<lB=5<l3=6andl; =4<1j=5<1;=6. The
new columns after the first step and second step respectively are given by

H and respectively.

Thus, step by step we obtain the columns of pr(A

110111 o o003 o0 (03 e 103 01013
0/1/3|2|~|e|e|e|l|~~ | e|e|l|l|~|e|0|1|1|~]1]0|1|1
110210 o002 o o (|2 o102 31102

Proposition 6.1.1. For any A € B™' the first column of pr(A) consists of non-negative
integers and moreover

n %
m — Zpr<a1,r) = Z Qr -
r=1 r=1

Proof. We will prove this statement by induction on i. Assume i =2 and let I} <l <--- <
ltl1 be the integers decribed in the algortihm. The first entry in the first column is exactly

m — g as, —€(aj,ax) =m — E a1, — E ag, > 0,

rll

and the other entries in the first column of pr(A) are either of the form a;j or of the form
app + ayp — e((a;)>%, (ag)>%), for some k. However, by the definition of [} we know that

. . 1 1
—1 2@y + g, which gives us ay ;> e((a;)>!, (a)>!%). Thus

61271]1c +-- Ao lllc+1

all entries in the first column are non negative integers. Now we will show that for all
je{0,--- t; — 1}

ll
n J+1

m—Zpr(aLr) = Z ai, + Z gy — Z priai,)

= 1 1 g1
r=2 r—lj+1 r—lj_H T—l]-+2
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holds and proceed by upward induction on j. The j = 0 case is obvious and assuming that
j > 0 we obtain by using the induction hypothesis

1
l]. n

m — ZPT(CLLT) = Z ai,r + Z A2,y — Z pr(a,)
r=2

r:l]l.71+1 r:l} r:l]lv71+2
I n L+1 n
= § ay + E Ay — E pr(alﬂ“) - § pr(a’lf)
r:l]1;1+l r:l; r:l;71+2 r:l]l+2
n n
=y + E az,r _pr(al,l;ﬂ) - E pr(a,)
1 1
r—lj r—lj+2
1L
Jj+1 n n
- E Qa1 r + E a2y — E pr<a1,r)7
1 1 1
r—ljJrl r—lj+1 r—lj+2

which finishes the induction. According to this we complete the initial step, since

1
Ly n

m — Zp?“(au) = Z ay,r + Z a2y — Z pr(a,) = a1 + A25.
r=2

T:l%171+1 r:l%l r:lt1171+2

Now let 7 > 2 and consider an element B € B™~! constructed as follows. The first (i — 2)-
columns of B are the same as the ones from A and the (i — 1)-th column is precisely the new
obtained column in (6.2), which we get if we apply step (1) of the algorithm to A. In other
words, we erase the i-th column of A and replace the (i — 1)-th column of A by

Qi1+ i — e((@i1)?", ()77, ifre (i )
bifl,r = QGi—1n + Qi p, ifr=n
Ai—1,r, else

and obtain B. One can easily check that B € B™~! where B™" ! is the polytope associated
to the Lie algebra A,,_;. Particulary we claim the following: if we glue the i-th column of
pr(A) to pr(B) the resulting element is again pr(A), i.e.

pr(A) = pr(B)pr(a).
By the definition of the algorithm the claim is obvious for all columns except the first one.

Because of that let b__”l be the transpose of the first column of pr(B) and

be the transpose of the first column of pr(A). We would like to start with the evidence of
b; = a;. We have

i—1
b =m — E Ai—1,5s — E Qs — E PT(as,i)a
s=2

s=1 _gi—1
s=l3

n 7
a; =M — g Qi s — § pT(as,z‘)>
s=1 s=2
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i—1
since the sum over all entries of the (i —1)-th column of B equals to l;:i i1, —I—ZZZIT Qs
However, this implies

=t it
bi — a; = pr(a;;) + Z s — Zai—l,s = pr(ai;) — e(ai_1,a;) = 0.
s=1 s=1
If r > 4 we have
2 ! . o 2T ()27
b, = Z Qs p1 — Zpr(as,r) + {az—“—l ol @0 ,
s=1

2 Ai—1,r—1

7

: ! it >r >r
€ aAd;_ = a; )=
ar = Z As,r—1 — Zpr(asw) = Zasﬂ’—l - Zpr(as,r) - { (( ' 1) ’ ( Z) ) )
s=1 5=2 5=2

s—1 Qjr—1

and thus the difference is once more zero. So by induction we can assume that the first row
of pr(B) consists of non-negative integers, and hence by our claim the first row of pr(A) as
well. Furthermore the sum over the entries in the last row of B coincides with the sum over
the entries in the last row of A and thus

n %
m— Zpr<al,r) = Z Q-
r=1 r=1

O

At this point we take Lemma 3.2.2 and Remark 6.1.1 (2) up and emphasize that the action of
fi on pr(A), A € B™ is on one condition in the sense of the following lemma independent
from the fact where pr(A) lives. We will need this result several times in the remaining
proofs.

Lemma 6.1.1. Suppose that A € B™', pr(A) € B> for some s > m and p; 1(A) # 0, then
mfi acts on pr(A) and therefore ¢ fipr(A) = . fipr(A).

Proof. The sum over all entries in the i-th column of pr(A) equals to the sum over all entries
in the (i — 1)-th column of A and that is why

S pran) + 3 prass) = m— (hios,w(A)) — 1 (4)

=m—p;_1(4) <m.
U

6.2. Main proofs. This section is dedicated to the verification of the conditions (1)-(3).
Initially we remark that the cases j =i — 1 and j = 7 in part (3) of Proposition 6.0.1 will be
considered separately, which is the aim of the next proposition:

Proposition 6.2.1. For j =i — 1,i and all A in B™" we have
pr(€;A) = éjripr(A).
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Proof. We presume j =i — 1 and &;_1 A # 0, since the condition é;_1A = 0 forces ¢;_1(A) =
pr(a;;) = €(pr(A)) = 0. So let Ilj,---,l; be the integers from step (1) if we apply the
algorithm to A and let [{,--- I}, be the integers obtained from step (1) if we apply our
algorithm to €;_1A. If I} = [;, then the algorithm gives us immediately é;pr(A) = pr(é;_1A).
So suppose that l; > [} and let d maximal such that [/, < [;. Then, using the definition of
[y, we get on the one hand [, ; = I, and on the other hand

Qi+ e — L =agp, + @i,

which means that pr(é;_1A) would not change if we skip [/,. By repeating these arguments
we can get rid of all I/, such that [, < I} and consequently we can calculate pr(é;_1A) by using
the sequence I, = ) <l , =1y < --- <1, = [;. To be more accurate we can conclude
eipr(A) = pr(é;_1 A).

Now let j =7 and in that additional separated case we will prove the required equation by
induction on 7. For the initial step we assume that ¢ = 2 and investigate the first two rows
of pr(A) where these are of one of the two following forms:

° €1 (A) [} CLLQ
or with y = a12 + a22 — pr(ass) > a9,

a2 | A22 Y |pr(az,s)

whereas the first case appears if and only if either ¢! (4) > i or ¢* (A) =i and as = pr(azz).
In that case, since €1(A) > a1, we have ¢} (A) = 2 which means among other things that
e3(pr(A)) = 0 if e3(A) = agy = 0. Furthermore, if 6,4 # 0, we actually have ¢' (é;4) > i
provided ¢* (A) > i and ¢* (62A4) = ¢_((a1)”", (ag)>") provided ¢' (A) = i and as s = pr(aszz).
Thus pr(éxA) arises from pr(A) by replacing €;(A) by €;(A) + 1 and as 9 by as2 — 1, which
proves the claim in that case. Otherwise the second case appears and there, because of
azs > priass), we have é,4 # 0, ¢3 (A) = 1 and ¢! (é34) = 4. So the algorthm provides us
the first two rows of pr(ésA):

® 1 ai 2

y — 1|pr(az,s)

where the remaining entries coincide. As a consequence we get in both cases éspr(A) =
pr(é2A) so that we can devote our attention to the induction step by observing the element
B from the proof of Proposition 6.1.1. Suppose first that €;A # 0 and let B,, be the element
obtained by same construction out of é;A. We remember that the connection between pr(A)
and pr(B) was pr(A) = pr(B)pr(a;). By induction we can conclude among other things

Qi—14 + Qiq — e((ai_1)>i, (ai)>i) if q’,_l(A) = q’:l(éZA) = i,
Ai—1,i, else.

i(pr(B)) = et 1(B) = {

The first opportunity forces pr(a;;) = ai—14, pr(aii+1) = e((ai—1)”", (a;)”") < a;; where
the second one forces pr(a;;) = €-1(A) > a1, pr(aii+1) = ai;. Moreover we have
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¢ (pr(A)) € {i,¢'.(pr(B))} and further we claim the following:
(63) G (pr(A)) = ¢ (pr(B)) if and only if ¢ (4) = ¢} (61A) = i
Proof of (6.3): We start by supposing ¢' *(A) = ¢ '(6A) =i and get

€i1(pr(A)) = &(pr(B)) — priaii) + pr(aii) = aig > pr(aiia),
which implies ¢ (pr(A)) # i. For the converse direction let ¢ '(A) = ¢~ *(&A) = i be
incorrect, then another easy estimation

€i(pr(B)) — pr(aii) + priaiip1) = ai-1 — €-1(A) +ai < ag;

implies ¢ (pr(A)) =i and thus (6.3).
Assume firstly that ¢ '(A) = ¢ '(&A) = i which implies B,, = &_1B and that the i-th

row of pr(é;A) coincides with the i-th row of pr(A). According to (6.3) the gluing process
commutes with the Kashiwara action. To be more precise

pr(€A) = pr(Be,)pr(ai) = (éipr(B))pr(a;) = i (pr(B)pr(a;)) = éipapr(A).

Lastly we assume that ¢ '(A) = ¢"'(&A) = i is not fulfilled which implies immedi-
ately that pr(é;A) arises from pr(A) by replacing pr(a;;) by pr(a;;) + 1 and pr(a; 1)
by pr(a;;+1) — 1. After that we finished our proof for all A with ;A # 0, since (6.3)
implies exactly ¢ (pr(A4)) = 4. Although the ideas of the proof of the remaining case
€A = a;; = 0 are similar we will give it nevertheless for completeness. By the reason of
0 = a;i; > e((a;—1)7" (a;)”") we must necessarily have ¢;(B) = a;,_14,pr(a;;) = €_1(A) >
a;—14, pr(a;;+1) = 0 and together with ¢;(pr(B)) — pr(a;;) = a;—1; — €;-1(A) < 0 we find
€i+1(pr(4)) = 0. 0
Hereafter we consider the remaining nodes:

Proposition 6.2.2. The map pr described in the algorithm satisfies the condition
proé; =é;opr forallje{l,--- n—1}.

Proof. By Proposition 6.2.1 it is sufficient to verify the above stated equation for all j <i—1
and j > i, where we start by assuming that j < i — 1 and for simplicity we set ¢ := ¢’ (A).
The basic idea of the proof is to compare permanently pr(A) with pr(é;A) and reduce all
assertions to the following claim:

Claim 1:
i) Let ;A # 0, then there exists an integer z, such that pr(é;A) arises out of pr(A), if we
replace pr(aj;1,:) by priaji1,:) — 1 and pr(ajizz) by pr(ajioz) +1
i) ¢“ (pr(A)) = =
Note that the claim will give us the proposition for all 7 < ¢ — 1, such that €;4 # 0. We

want to emphasize here that in the proof of the claim we will also prove the statement of
Proposition 6.2.2 if €;A # 0 is not satisfied.

Proof of Claim 1: For simplicity we denote by a' = the transpose of the j-th

column of A and by b’ = . the transpose of the (j+ 1)-th column of A. Further we
will denote by ¢! = the transpose of the new column (6.2) which we obtain after
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applying (i — j — 2) steps of our algorithm to A. For instance, if j = i — 2, then c is precisely
the i-th column of A. With the aim to obtain the (j + 2)-th column of pr(A), we apply our
algorithm to the columns b and ¢ and since there is no confusion we omit all superfluous
indices and denote by [y,--- ,l; the integers described in the algorithm and suppose that

l, < q < l.41, where we understand again [y = i — 1. Denote by ( Nt = IZ:- the
transpose of the (j + 2)-th column of pr(A) and by (b’)* the transpose of the

new obtained column after (i —j—1) steps of our algorlthm. Hence these columns, expressed
in terms of the entries of b and c, are of the following form:

bi bz b / b b
+1 | - ls—1 ls ls+1| -+ |bntecn
(') = s=1,-,t—1
Xy, C; o |Clg—1| Tr, (Clg+1] - -+ |Cn—1
() = s=1,---,t—1,
whereby x;, = by, 11 +---+ b, — 41— — -1 and b;s =0b, +c, —x,.

With the goal to prove Claim 1 we need several minor results listed in Claim 1.1.

Claim 1.1.: Let s := m; = ¢_(a,b’),--- ,m, be the integers obtained from the algorithm
if we compare a with b’ and let as before [, < g < l,,1. We presume further that k is either
lry1 lry1—1
(6.4) min{l <k<r| Y b= Y ¢}
r=lp+1 r=lg

or if the minium does not exist we set k = r 4+ 1. Then we have
i) s < ¢ and if s < ¢ then in fact s <4
ii) g € {my,---,m,} and H{z|lx_1 <m, < ¢} =0
iii) €41(pr(A)) = €;(4)
iv) ¢ (pr(A) <la +1
Proof of Claim 1.1.: Suppose s < ¢ in Claim 1.1.(i) is not fulfilled and let [, < s < [,41.

Then by observing the entries of b’ we see that the sum D :=a; +---+as+ b, +---+ b, is
of the following form:

l
D = Zar+pz+lb + Z Cp.
r=lp+1
But
lp+1 n lry1 q n
D<ZaT+Zb D cr<2ar+zb - Z =) arty b,
r=lpt+1 r=lry1 r=1 r=q

where the second last inequality is a consequence of the definition of ¢, particularly Zf;; b, >

Y r—qs1 @r and the last inequality is by the definition of [, ;, namely Zp’”ll +I cp > Z;p:*llrﬂ 21 bp.

Consequently we obtain a contradiction to the definition of s and thus

(6.5) q>s=q(ab)
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Before we start with the proof of the second statement in (i) we would like to emphasize the
following result: for all j € {k,--- ,r}

lrt1 lry1—1
(6.6) > b= > cand b =b, hold.
T:lj+1 T:lj

Let us start by proving the first part of (6.6) by induction, where the initial step is by the
choice of k obvious. So assume that the first part of (6.6) holds for j. Using the definition

of I; we must have ijljﬂ b, — Zi;zle cr < @, for all s > I; and since [j;; is the “place”

where ) °_ L b 2‘:_[1 41 & 18 maximal we have, together with the induction hypothesis,
only one opportumty, namely ;*ll 41 0p = Z,f*ll " ¢,. Hence the first part of (6.6) is proven.

We proved also implicitly the second part which we can see as well as a corollary of the first
part, namely we get for all j € {k,--- r}

lrt+1 lry1—1 lrg1 lrp1—1 L1 ljiy1—1
E b, — E Cp = E b, — E ¢ =0= E b, E Cy
r= l +1 r= lj+1+1 r= l]+1 r= l i+1

which forces b) = b;. Because of (6.6) we verified part (i) of Claim 1.1. since the assumption
lr,_1 < s < q would end in a contradiction, namely in

D<D+ZaT Zb_DJrZaT Zb’ iaT+ib;.
r=1 r=q

r=s+1 r=s+1
As a corollary of Claim 1.1. (i) we obtain that
(67) qc {m17 e 7mp} and ﬁ{x”k—l <My < q} - 07

because if ¢ = s we are done and if not we get with the definition of my and similar
calculations as in the proof of Claim 1.1. (i) that ¢ > my = ¢_((a)”*, (b’)”®) and in the
case of ¢ > mo we have moy < [_;. If ¢ = my we are done and if not we repeat these
arguments until we get (6.7). For the completion of Claim 1.1. it remains to verify (iii) and
(iv), whereas we start with

(6.8) €j+1(pr(A)) = €;(A).
Note that the transpose of the (j + 1)-th column of pr(A) is given by

/ / / /
Zmo | b | oo O] Zme Drnaia] oo | Oy
s=1,--,p—1,
whereby 2, = am 1+ + Amgyy — by g — - — b, 1. Hence any sum

h n
Z pr(aii,r) + Z pr(ajio.),
r=i r=h

for some ¢ < h < n such that m;_1 < h <m; and [, < h <41, is of the form

mj—1 lp+1

(6.9) Za Zb’+Zc— Z b,

r= lp+1+1
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and the expression

h h—1
Z pr(ajs1,) — Z priajta,)

can be written as

m; mj—1
10 IS A WA WS
r=1 r=h r=lp+1
Assume that h is minimal such that (6.9) is maximal, then since b), > by, for all k =4,--- |n
we have
m;—1
) =30 = 3 h- 5 -3
= r=lp+1
m; m;—1
. J i —b if h=1,+1
ST =i+
- Czp+1f1+ ot cpo1— by =y, else
mjfl
S IUED SLEPIE

The second last mequahty is by the reason of ¢y + -+ ¢, -1 <bp+ -+ +by,,,, which is
valid by the definition of [,;1 and h —1 # [,. For the converse direction we investigate (6.10)
with h = l;,_1 + 1, whereby we can presume with (6.7) that ¢ € {my,--- ,m,}, say ¢ = m;,
and l_1 < h <, mj_y < h <m;. In addition we recall from the definition and (6.6) that
b, = by for k =h,--- ,¢—1 and obtain the reverse estimation, which will finish the proof of
Claim 1.1. (iii):

lk—1

€j+1(pr(A >Za7. Zb’ Z C—Zb

r= lk 1+1

:Zq:ar_qz_:br_bi"'_bh—l
r:z ZiflL
:Zar—Zbr:ej(A

With these calculations we get among other things also ¢’ (pr(A)) < l,_; + 1, because
6i1(pr(A)) = S pr(a40.) — S pr(ag4a,) and ¢ (pr(A)) is minimal with this
property.

Now we return to the goal to convince ourselves from Claim 1 and fix some notation for
é;A. Let e;a and e;b respectively be the j-th and (j + 1)-th column respectively of é;A.

A e
We denote by (e;c’)! = %] [5%] the transpose of the (j + 2)-th column of pr(é;A) and
b b
by (e;b')! = €50i] - - b we will denote the transpose of the new obtained column after

applying (i — j — 1) steps of the algorithm to é;A. For the purpose of determining e;c’ we
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compare e;b with ¢ and let n,--- ,n, be the integers defined in the algorithm. Suppose
again that k is as in (6.4). If the minimum does not exist, then the integers do not change,
ie. t =y, ny, =1, for h = 1,--- ¢t and otherwise k is the minimal integer such that
ng # .. A short calculation by using (6.6) shows that the new sequence of integers is given
by ny =1y, - ;g1 = g1, = lry1,-*+ ,Ngyt—r—1 = l; and hence

A | / _
ejc, =cp for h# 1+ 1and e, 1 =¢, . +1

and
ejby, = b, for h #l_1,qand ejb;  =1b,  —1, eb, =b, +1.

le—1
As a next step we compare the columns e;a with e;b’ and determine the sequence of integers
from step (1) of the algorithm, say 7, - ,7,. One can observe similar to (6.5) that
m; = q_(eja, e;b’) < ¢ and as a corollary we obtain again ¢ € {my,--- ,m,}. Accordingly
we have the following situation:

My <Mg < <My Kl <My <o <My, =q <0 <My,
and since by (6.7) there is no 1 < h < p such that l;,_; < m; < g we have
m1<m2<-~-<mj_1Slk_1<q:mj<---<mp.

The integer m,, , in the aforementioned sequence m; < --- < m, has firstly the property
lg—1 <My, , < q and secondly m,_ _, is maximal with this property. Using the definition of
g we obtain

by, A b =, 1t ag— 1

and as a consequence we get with (6.6) that the resulting new obtained column (6.2) does
not change if we skip m,,, ,. Repeating these arguments we can get rid of all integers greater
than [;_; and less than ¢ appearing in the sequence. Now it is obvious to see that we can
replace the integer sequence my, - - - ,m, by m4,--- ,m, if we apply our algorithm to e;a and
e;b’. Thus we get two facts: the first fact is that the new obtained column at which we arrive
by applying the algorithm to e;a and e;b’ is the same as the one if we apply the algorithm
to a and b’. The second fact is that the (j + 1)-th column of pr(é;A) is almost the same as
the (j + 1)-th column of pr(A) except the (lx_; + 1)-th entry is one smaller. Consequently,
we proved part (i) of Claim 1. Now part (ii) of Claim 1 is also proven since (6.8) forces
¢ (pr(A)) > z = l;_1 + 1, because otherwise we get ¢;41(pr(é;A)) = €;11(pr(A)) which is
a contradiction to

ej+1(pr(€;A)) = €;(6;4) = ¢;(A) — 1 = ¢ 1 (pr(4)) — 1.

Consequently we proved our proposition for all 7 < i — 1. From now on we would like to
show

1

(6.11) éir1pr(A) = pr(é;A) for all j > i.
If A is any element in B™" such that ¢,(A) = -+ = ¢;_1(A) = 0, then it is easy to see that
the image under pr is given by
er—1(A), ifs=u,r>1
prians) =Sm—=>"0 a1, ifs=dir=1

Aps—1, else.
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Note that €;A4 = 0 implies €;,1pr(A) = 0 and otherwise, using the Stembridge axioms
which are fulfilled by Theorem 5.2.1 for all elements in B™, we obtain ¢1(¢;A) = -+ =
©;—1(€;A) = 0 and therefore by applying the algorithm to €;A and comparing pr(é;A) with
pr(A) we have é;1pr(A) = pr(é;A). So we proved our proposition for all A, such that
©1(A) =---=p;_1(A) = 0. Now let A be arbitrary and write wt(A) as a linear combination
of simple roots wt(A) = 3. ; kja; € 325, Qay, and define

ht(wt(A)) = > s kj-

Our proof will proceed by induction on [ht(wt(A))], whereby [-] denotes the ceiling function.
If the height is minimal we have the lowest weight element in B™" which satisfies obiously
(6.11). If ¢1(A) = .-+ = p;_1(A) = 0, then we are done by the above considerations
and if not let 1 < | < i — 1 be any integer so that ¢;(A) # 0. By induction we gain
&;1pr(fiA) = pr(&; fiA) and by earlier calculations, together with Lemma 3.2.2, Lemma 6.1.1
and Proposition 6.2.1, we can verify pr(A) = pr(&fid) = épapr(flA) = fiapr(A) =
pr(fiA). Thus, by using the Stembridge axioms, we can finish the proof of (6.11) since

€jr1(pr(A)) = €j+1(fl+1p7”(14)) = €j+1(p7”(fl14)) = €j(ﬁA) = €;(A)

and
fria€isapr(A) = &1 frapr(A) = & apr(fLA) = pr(é; fiA)
= pr(f16;A) = frapr(;A).

At this point we are in position to state our main theorem:

Theorem 6.2.1. The map pr described in the algorithm is Schiitzenberger’s promotion
operator.

Proof. Let A € B™*, then we erase all arrows with colour n and denote by Z1, n—1y(A) the
connected component containing A. Let B be the {1,--- ,n — 1} highest weight element.
Then by an immediate inspection of the definiton we must have b, s = 0 for all (r, s) except
(r,s) = (i,n), which in particular means

m—>b,, iHr=1s=1
pribrs) = {0 else

Thus we have pr(é;, ---é,,A) = pr(B) € B™' with some iy, - i, € {1,---,n—1}. We
claim actually that pr(A) lives in B™* and we will prove this statement by induction on
n := #{i,|i, =i — 1}. Suppose that pr(A) € B?' for some p > m. If n = 0 we obtain by
Lemma 3.2.2

PT(A) = pfz‘s+1 Ttp ﬁ1+1p7"(3) = mfz‘s+1 Tm ﬁ1+1pT(B) € Bm’ia

which proves the initial step. Now we assume that [ = min{l < [ < s|i; = i — 1} and
pr(é;,,, ---&,A) € BP" for some p > m. Then we get

pr(éil—o—l e éisA> - pfil-&-l p ﬁ1+1pr(B) = pJi+l mfiz—r‘rl T m ﬁ1+1pT(B).
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So by the induction hypothesis it is sufficient to prove that

(6'12) pfiz-i—l mfiz—ﬁ—l m fil-i-lpT(B) S Bmﬂ"
but since ¢;_1(é;, - - - €;,A) # 0 we can conclude with Lemma 6.1.1 that (6.12) holds:

pfii1 mfi_i+1 - m fapr(B) = mfi+1 mfi_i41 m fi1pr(B) € B™".
According to that we have the well-definedness of pr, i.e. pr: B™! — B™ The condition
(1) of Proposition 6.0.1 is obviously fulfilled by construction and Proposition 6.1.1 and con-
dition (3) is exactly Proposition 6.2.2 and the following simple calculation: by the reason of
condition (1) of Proposition 6.0.1 and part (1) of Definition 3.1 we can assume without loss
of generality that fjA # 0 and thus

pr(A) = pr(é;f;A) = éjapr(f;A).
So the proof of part (2) of Proposition 6.0.1 will finish our main theorem. Note that for the
bijectivity it is enough to prove the surjectivity. So let A € B™¢ be an arbitrary element
and let B the highest weight element in Z.... ,)(A). Then it is obvious to see that B has
the property b, = 0 if (r,s) # (1,¢) and according to this B has a pre-image, say C. For
instance one can choose C' as follows:

. {o, (r,5) # (i,n)

m—>by,;, ifr=is=n.
Therefore, since B = &;, ---¢&;,A with iy ---is € {2,--- ,n}, we have
A= fi o JuB = fi Jupr(C) = prfio - fiaC):
[

Remark 6.2.1. If we follow the results from [1] we can compute the inverse map of pr by
composing n times pr. In particular

prt = pr.
We would like to finish our paper with drawing a KR-crystal graph of type Agl).
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Example. The KR-crystal B3? of type Ag) looks as follows:
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DISCUSSION

The results presented in this thesis deal in principal with the representation theory of equi-
variant map algebras and combinatorial representation theory, especially crystal theory. It
generalizes many results known before for representations of specific equivariant map alge-
bras as (twisted) loop and (twisted) current algebras and opens a huge area of research in
representation theory.

For instance, one would like to extend the results of local Weyl modules for more general
equivariant map algebras where the action of the finite group I' is not necessarily free. In
the case where g is a simple complex Lie algebra of type A, D, E and I is the finite group of
order 2 or 3 of non-trivial diagram automorphism of g we have seen that we need a different
approach to local Weyl modules. The techniques described in [I] are not applicable. The
main reason therefor is that the isomorphism

o)

(@A) /(@e ) = (@®4)/(g® 1),

which we used in the case where the action of the group I is free, does not hold in general.
In order to provide an example, we consider the Lie algebra of type A, and I' the finite
group of order 2, then there exists no isomorphism as in the above sense because otherwise
we would obtain a 2-dimensional representation of Ay. More precisely, let V(w) be the 2-
dimensional irreducible A; representation. Then we can extend the action of A; on V' (w) to

an Agz) action by letting
sly ® °C[t?] © V (4w) @ tC[t*]

to act by zero. This construction provides an irreducible (sl3 ® C[t])'-module (cf. [40])
which yields a irreducible 2-dimensional representation for As, provided such a Lie algebra
isomorphism exists.

Nevertheless local Weyl modules for the equivariant map algebra associated to these data
can be computed, provided either g is not of type Ay or the weights have to fulfill an “odd”
property (see [II]). They are identified with the corresponding affine Demazure modules and
an explicit construction from untwisted Weyl modules which generalize the fusion product
is given. Therefore dimension and character formulas were computed in [IT].

For the remaining local Weyl modules of type A(;) where the highest weight is “even” we
have a conjecture, namely that the local Weyl modules are isomorphic to associated graded
modules of the restrictions of local Weyl modules for loop algebras. This conjecture would
follow from a dimension argument, which is for the twisted local Weyl module of highest
weight 2k for the twisted Lie algebra Ag) exactly dim WT'(2k) = 3*. A simple case-by-case
calculation proves the conjecture for k = 1,2, 3, 4.

In order to prove the conjecture we can not apply the standard techniques to identify the
module W' (2k) with a Demazure module and use subsequently the Demazure character
formula to compute its dimension. We explain for £k = 2 why such an identification with
Demazure modules is not possible.

Let W be the Weyl group of the twisted Lie algebra and let w be an arbitrary Weyl group
element, i.e. w is of the form w = s;ty,, for some integer p. For an arbitrary dominant
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integral weight A = aAg + bA; we obtain

b
w(A) = (a+ §)Ag — (4ap + 2bp + b)w.

That means that the complete list of Demazure modules of classical highest weight 4w
consists of D(1,4) and D(2,4). Together with the Demazure character formula

ch D(1,4) = D1 Dy(e™?) = ™0 4 0720 (1 4 e71 - e7201  gm301 4 gmdon)

and
ch D(2,4) = Dy(e™1) = "™ (1 4 e 7% 75 4 o7t

we realize that the level one Demazure module is of dimension 6 and the level two Demazure
module is of dimension 5. Thus the twisted local Weyl module is in general not a Demazure
module.

For the untwisted local Weyl modules for non simply-laced algebras it is shown that every
local Weyl module has a Demazure flag [38]. Hence one would expect from these results that
WT(2k) has a Demazure flag, however, again the k = 2 case yields a counterexample.

From that point of view, it is very interesting to investigate these modules for other equivari-
ant map algebras where the action is not free. The results from [II] give us hope to be able
to compute dimensions and characters for other algebras. For instance, another interesting
algebra to look at and to study local Weyl modules is the generalized Onsager algebra. Let
X = C*, g be a simple Lie algebra, and I' = Z/2Z be a group of order 2 generated by 1 and
o. For a set of Chevalley generators {e;, f;, h;} let I' by the standard Chevalley involution
(see [4]), i.e.

ole;) = —fi, o(fi) = —ei, o(hy) = —h;.

Let o act on C* by z — 271, Then, the generalized Onsager algebra O(g), considered by G.
Benkart and M. Lau, is given by

O(g) :== (g C[t])".

The action of I on the variety C* is not free (I'_; = I') and thus the question what local Weyl
modules (dimensions and characters) might be for these algebras is still open. The advantage
of working with the Onsager algebra is mainly the fact that the fixed point subalgebra g is
in almost all cases semi-simple. We have the following table (see, for example, [27, Chapter
X, 5, Tables IT and III)).

’ g \ o \
A 50141
Byl >2 |50, D so;
Cl,l >2 g[l
Dyl > 4|50, P so
Es Cy
E7 A7
Eg Dg
Fy Cs® Ay
G A @A
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The best way to avoid the question whether there exists a semisimple fixed point subalgebra
or not is to use the homological chracterization of local Weyl modules proved in [I] as a
general definition. This way of introducing yields a list of many other open questions:

e Can one describe local Weyl modules via generators and relations?
e Does a tensor product property hold?

e Is the dimension independent of the support of W?

e What does it mean for the global Weyl module?

Beside studying local Weyl modules for equivariant map algebras where the action is not
free, one can look at equivariant map algebras where the target space is an arbitrary finite-
dimensional Lie algebra and Kac-Moody algebra respectively. Even the classification of the
irreducible representations of an equivariant map algebra where g is replaced by an Kac-
Moody algebra is still an open question. For more details we refer to [39]. As a result one
major part of forthcoming work would be to answer these questions satisfactorily.
Kirillov-Reshetikhin modules, a certain subclass of simple finite-dimensional representations
of quantum affine algebras, have been studied extensively due to their application in mathe-
matical physics (cf.[1],[6],[10],[24],]28]). One way of studying their structure is by looking at
the classical limits which can be regarded as graded modules for the current algebra g C[t].
The generalization of these algebras to the setting of equivariant map algebras seems to be
quite challenging, not to mention the computation of graded character formulas. An in-
teresting generalization for multicurrent algebras of these modules is worked out in [3] and
a recursion formula for their graded character formula is provided. Here the multicurrent
algebra can be regarded as a map algebra corresponding to the data X = C" and I" = {1}.
Likewise in combinatorial representation theory Kirillov-Reshetikhin crystals, crystal bases
of KirillovReshetikhin modules have been studied extensively (cf. [23],[34],[41],[42],[43],[44]).
We recall that it was first conjectured in [26] that these modules admit a crystal bases and
this was proven in type A% in [29] and in all non-exceptional cases in [41],[42]. For the affine
type AV a well studied realization of these crystals is given in terms of Young tableaux of
rectangle shape, and the affine crystal structure is defined via a promotion operator by using
jeu-de-taquin.

For nonexceptional affine types, where the KR-crystals are realized by Young tableaux as
classical crystals, the affine crystal structure is given by using so-called £-diagrams ([23],[43]).

For instance in type D the affine crystal structure is
Jo=0ofioo, eg=00e€ 00,

where o is the crystal analogue of the Dynkin automorphism that interchanges the 0 and
1 node. In particular, the map o is defined on +-diagrams, which parametrize the D,,_;
highest weight elements in the KR-crystal (see [43, Definition 4.3]).

For papers dealing with Kirillov-Reshetikhin crystals over twisted affine algebras we refer for
instance to [31],[36].

In the following we collect and discuss several important open questions which will be part
of the forthcoming work in the branch of combinatorial representation theory.

e Can one give a more explicit realization of Kirillov-Reshetikhin crystals for all types
where the existence is proven?
e Can this realization be given in terms of polytopes?
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In our results we showed that for the affine type Ag) the answer is positive. We described a
polytope, such that the subset of integral points is a affine crystal isomorphic to the Kirillov-
Reshetikhin crystal. The answer for all other types is still not known, however for type ctV
a natural candidate for the polytope is given in [19]. The initial problem for type C, is
the fact that the KR-crystals are on the one hand not irreducible anymore and on the other
hand the components appearing in a decomposition into crystals corresponding to irreducible
representations are of the form B(\) for more general A‘s as in the A,, case (for A, we have
only A = mw;). Thus it becomes much more difficult to define Kashiwara’s crystal operators
on the union of C,-polytopes. As a matter of interest we give the decomposition of the
KR-crystal for all other classical types (see [6], [23]).

e For type B,, we have for 1 <i<n

(5]
Bmi — U B(ZO Mii_2jWi—2;)
=

Zj mi_g;=m

and for i =n

(5]
B _ g B(Z0 M —2jWn—2)
p

mn“l’Z] 2mn72j:m

e For type C,:

pr= U B )
Zj mi=m 7=0

'mj:() mod 2,i#j
m;=m mod 2

e For type D,,:
[
Bm’i = U B(Z mi_gjwi_gj) 1<i<n— ]_,

2o Mi—2;=m Jj=0

where wy = 0.
Because of the above decomposition of KR-crystals into classical irreducible crystals corre-
sponding to irreducible representations, a very interesiting question arises:

e Assume that it is possible to realize the KR-crystals as a union of polytopes. Are
these polytopes parametrizing a PBW-type basis of irreducible finite-dimensional
representations?

Recall that for type A, the polytope we used is given more generally in [18]. It is shown that
the set of integral points is parametrizing a PBW-type basis of V() for arbitrary dominant
integral highest weight A. A similar construction is also provided for the symplectic Lie
algebra in [19] where the integral points are identified with basis elements of V().
Provided that one has (partially) solved the above mentioned questions, a very popular goal
in combinatorial representation theory is to find connections to other known combinatorial
models. Therefore,

e What is the connection to other combinatorial models? Is it possible to give an
explicit crystal isomorphism between these?
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Even for type A, the KR-crystal, realized as a polytope, has no known explicit combinatorial
bijection to other combinatorial models of crystals induced by representations, such as the
Young tableaux model or the set of certain Nakajima monomials. Only for type As we can
describe the bijection to the Young tableux model explicitly as follows.

For i =1:
—l1l-T112F-1213]-.13
ol (- {1[2] T2[31-13]

where the number of 1’s is m — a — b, the number of 2’s is @ and the number of 3’s is b.

For ¢ = 2: 1273

11411 (2]2}-42]2

[blel= 2..7913].13

where the number of 1’s is m—b, the number of 2’s in the first row and second row respectively
is b and m — ¢ — b respectively and the number of 3’s is ¢ + b. We should mention that the
above crystal morphism to Young tableaux can be extended to the more general polytope
from [18], which is defined by distinguishing many cases. A first step to pursue these aims
is to generalize the above mentioned crystal morphism to an arbitrary rank.
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