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SMALLNESS PROBLEM FOR QUANTUM AFFINE
ALGEBRAS AND QUIVER VARIETIES

BY DaviD HERNANDEZ

ABSTRACT. — The geometric small property (Borho-MacPherson [2]) of projective morphisms im-
plies a description of their singularities in terms of intersection homology. In this paper we solve the
smallness problem raised by Nakajima [37, 35] for certain resolutions of quiver varieties [37] (analogs
of the Springer resolution): for Kirillov-Reshetikhin modules of simply-laced quantum affine algebras,
we characterize explicitly the Drinfeld polynomials corresponding to the small resolutions. We use
an elimination theorem for monomials of Frenkel-Reshetikhin g-characters that we establish for non
necessarily simply-laced quantum affine algebras. We also refine results of [21] and extend the main
result to general simply-laced quantum affinizations, in particular to quantum toroidal algebras (dou-
ble affine quantum algebras).

RESUME. — La propriété géométrique de petitesse (Borho-MacPherson [2]) des morphismes projec-
tifs implique une description de leurs singularités en termes d’homologie d’intersection. Dans cet article
nous résolvons le probléme de petitesse posé par Nakajima [37, 35] pour certaines résolutions de va-
riétés carquois [37] (analogues de la résolution de Springer) : pour les modules de Kirillov-Reshetikhin
des algébres affines quantiques simplement lacées, nous caractérisons explicitement les polyndmes de
Drinfeld correspondant aux résolutions petites. Nous utilisons un théoréme d’élimination pour les mo-
nomes des g-caractéres de Frenkel-Reshetikhin, que nous établissons pour les algébres affines quan-
tiques non nécessairement simplement lacées. Nous raffinons également des résultats de [21] et étendons
le résultat principal aux affinisées quantiques générales simplement lacées, en particulier aux algébres
toroidales quantiques (algébres quantiques doublement affines).

1. Introduction

Borho and MacPherson [2, Section 1.1] introduced remarkable geometric properties
(smallness and semi-smallness) for a proper algebraic map 7 : Z — X where Z, X are irre-
ducible complex algebraic varieties: for a finite stratification of X into irreducible smooth
subvarieties, 7 is said to be semi-small if the dimension of the inverse image of a point in a
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272 D. HERNANDEZ

stratum is at most half the codimension of the stratum, and = is said to be small if moreover
the equality holds only if the stratum is dense. These properties do not depend on the
stratification.

This geometric situation is of particular interest as the Beilinson-Bernstein-Deligne-
Gabber decomposition Theorem [1] is simplified [2, Section 1.5] and provides an elegant
description of the singularities of such maps in terms of intersection homology sheaves
[15, 16]. A fundamental example of a semi-small morphism is given by the Springer res-
olution of the nilpotent cone of a complex simple Lie algebra, and the corresponding
partial resolutions [2]. Nakajima [30, 31] defined important and intensively studied varieties
called quiver varieties which depend on a quiver ). They come with a resolution which is
semi-small [31, Corollary 10.11] for a finite Dynkin diagram (see [34, Section 5.2]).

The graded version of quiver varieties is also of particular importance, for example
for their deep relations with representations of quantum affine algebras (see [37]; the pre-
cise definition is reminded below). They also come with resolutions. A natural problem
addressed in the present paper is to study the small property of these resolutions: we
address [37, Conjecture 10.4] (see also [35]). Our study relies on the representation theory
of quantum affine algebras: let us explain the context for our study.

In this paper ¢ € C* is fixed and is not a root of unity. Affine Kac-Moody algebras
g are infinite dimensional analogs of semi-simple Lie algebras g, and have remarkable ap-
plications in several branches of mathematics and physics (see [25]). Their quantizations
Uy (), called quantum affine algebras, have a very rich representation theory which has been
intensively studied (see [7, 10] for references). In particular Drinfeld [12] discovered that
they can also be realized as quantum affinization of usual quantum groups U, (g). By us-
ing this new realization, Chari-Pressley [7] classified their finite dimensional representations:
they are parametrized by Drinfeld polynomials (P;(u))1<i<» Where n is the rank of g and
P;(u) € Clu] satisfies P;(0) = 1.

A particular class of finite dimensional representations, called special modules, attracted
much attention as Frenkel-Mukhin [13] proposed an algorithm which gives their g-character
(analogs of usual characters adapted to the Drinfeld presentation of quantum affine algebras
introduced by Frenkel-Reshetikhin [14]). Let us give some examples: for k > 0,7 € I,a €
C*, the Kirillov-Reshetikhin module W,gli is the simple module with Drinfeld polynomials

Pj(u) = 1for j # i,
P(u)=(1- uaqf_l)(l — uaqf_?’) (1= uaqil_k).

(The g; are certain powers of g, see section 3.) The V;(a) = WI(Z; are called fundamen-
tal representations. The fundamental representations [13], and the Kirillov-Reshetikhin
modules [36, 21] are special modules (this is the crucial point for the proof of the Kirillov-

Reshetikhin conjecture). The corresponding standard module
M(X})) = Vilagi ™) ® Vi(ag! ™) © - ® Vi(ag) ")
is not special in general.
The breakthrough geometric approach of Nakajima [32, 37] to g-characters of representa-

tions of simply-laced quantum affine algebras via (graded) quiver varieties led to remarkable
advances in the description of finite dimensional representations: for example this approach
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SMALLNESS PROBLEM FOR QUANTUM AFFINE ALGEBRAS 273

provides an algorithm [37] which computes the g-characters of any simple finite dimensional
representations. Although in general the algorithm is very complicated, in some situations
it provides a powerful tool to study these representations (for instance see [36]).

From the geometric point of view, the natural notion of small modules appeared in the
following way: the small property of modules [37] is the representation theoretical interpre-
tation of the smallness of certain resolutions of (graded) quiver varieties mentioned above.

A small module is special (but the converse is false in general). The representation theoret-
ical interest of this notion is that all simple modules occurring in the Jordan-Holder series of
a small module are special, and so can be described by using the Frenkel-Mukhin algorithm.

A natural question is to characterize these small modules, and so the corresponding small
resolutions. In particular, Nakajima ([37, Conjecture 10.4], [35]) raised the problem of char-
acterizing the small standard modules corresponding to Kirillov-Reshetikhin modules.

In this paper we solve this problem by giving explicitly the corresponding Drinfeld poly-
nomials.

The crucial point for our proof is an elimination theorem for monomials of g-characters,
that we establish by refining our results of [21]. Indeed it is easy to produce monomials that
occur in a certain g-character (for example see remark 3.16 below). But in general it is not
clear if a given monomial does not occur in a g-character. The elimination theorem gives a
criterion which implies that a monomial can be eliminated from the g-character of a sim-
ple module. Beyond the main result of the present paper (answer to the geometric smallness
problem), we hope that this elimination theorem will be useful for other open problems in
representation theory of quantum affine algebras. We already used it in a weak (non explic-
itly stated) form to prove the Kirillov-Reshetikhin conjecture [21]. Moreover it is used in [23]
to study minimal affinizations of representations of quantum groups.

Let us state the main result of this paper. It can be stated in a simple compact way by

using the following elementary definitions (I = {1, ..., n} is the set of vertices of the Dynkin
diagram of g):
DEFINITION 1.1. — A node i € {1,...,n} is said to be extremal (resp. special) if there is

a unique j € I (resp. three distinct j, k,l € I) such that C; ; < 0 (resp. C;; < 0, C;, <0
and C;; < 0).

For i € I, we denote by d; the minimal d > 1 such that there are distinct i1, ...,iq € 1
satisfying Cy; i, < 0and iq is special (if there are no special vertices, we set d; = +oo for all
iel).

For example for g of type A, we have d; = +oo for all i € I.
For an illustration, examples are given on the following pictures:

Extremal node 3:
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274 D. HERNANDEZ

Special node i:

Distance d to a special node:

’

THEOREM 1.2 (Smallness problem). — Let k > 0,3 € I,a € C*. Then M(Xzil;l) is small
if and only if k < 2 or (i is extremal and k < d; +1).

Remark: the condition is independent of the parameter a € C*.

In particular for g = sly or g = sl3, all M(X ,gll) are small (it proves the corresponding
[37, Conjecture 10.4]). In general it gives an explicit criterion so that the smallness holds. On
the geometric side, it characterizes the small resolutions mentioned above.

Besides the statement of Theorem 1.2 is also satisfied for all simply-laced quantum
affinizations U,(§) (g is an arbitrary simply-laced Kac-Moody algebra, not necessarily
semi-simple), in particular for quantum toroidal algebras (double affine quantum algebras).

The general idea of the proof is first to establish the result for type A by using the elimi-
nation strategy of monomials explained above. We prove by induction on the highest weight
that representations in a certain class are special. Then an argument allows to use the type
A to prove the result for general types.

Let us describe the organization of this paper. In section 2 we explain the geometric con-
text of our results. In section 3 we give some background on finite dimensional representa-
tions of quantum affine algebras and g-characters. In section 4 we recall from [37] the defini-
tion of small modules and the geometric characterization (Theorem 4.3). We refine a Theo-
rem of [37] and give a more representation theoretical characterization (Theorem 4.8). How-
ever this last result is not enough to prove Theorem 1.2, and technical work is needed in the
next sections. The first point is the (representation theoretical) elimination Theorem (The-
orem 5.1) which is proved in section 5: it gives a condition which implies that a monomial
does not appear in the g-character of a simple module. Additional technical results are also
proved in section 5: in particular the notion of thin modules (with [-weight spaces of dimen-
sion 1) is introduced and studied. In section 6, we complete the proof of Theorem 1.2: first
type A is discussed, and then the general case is treated. The proof of the result for general
simply-laced quantum affinizations is also discussed.
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2. The geometric problem: small property and graded quiver varieties

The geometric motivations and context of the results of the present paper have been ex-
plained at the beginning of the introduction. In this section we develop this discussion and
define more precisely the involved geometric objects.

2.1. Small property

Let us recall the notion of semi-small and small morphism maps in the sense of Borho-
MacPherson [2] for a proper algebraic map 7 : Z — X where Z, X are irreducible complex
algebraic varieties.

We consider a finite stratification X = | |, X; into irreducible smooth subvarieties such
that 7|.-1(x,) is a topological fibration with base X; and fiber 7 Y(z;) where z; € X;isa
distinguished base point.

DEFINITION 2.1 ([2]). — The map w is said to be semi-small if for all i,
2 dim (7 *(z;)) < dim(X) — dim(X;).
w is said to be small if 7 is semi-small and if
(2 dim(7~(z;)) = dim(X) — dim(X;) = dim(X) = dim(X;)).
In this case X; is said to be relevant.

Note that stratification X = | |; X; exists ([17, 39]) and that the property of being semi-
small or small does not depend on the stratification.

When 7 is projective and Z is rationally smooth, this geometric situation is of particu-
lar interest as there is a very elegant description [2, Section 1.5] of the singularities of such
maps in terms of intersection homology sheaves [15, 16]: by using [2, Section 1.7] the decom-
position Theorem of Beilinson-Bernstein-Deligne-Gabber [1], for v € X, the cohomology
groups H:(n~!(u), Q) of the fiber 7—!(u) are given by explicit formula involving the inter-
section homology of the closures X; of strata such that v € X;. The formula [2, Section 1.5]
can be expressed as a sum indexed by certain pairs (X;, ¢) where:

e X, is a relevant stratum,

e ucX,

e ¢ is an irreducible representation of the fundamental group 71 (X;) of X;,

e ¢ occurs in the decomposition of the representation of 71 (X;) on
H2dim(m ™ (20) (r=1(z;), Q) by monodromy.

The case of small resolutions is remarkable, as the formula reduces to a single summand
(and in this case the result is essentially given in [16]).

A fundamental example of semi-small morphism is given by the Springer resolution
T*B — N of the nilpotent cone of a complex simple Lie algebra, and the corresponding
partial resolutions [2].

Nakajima [30, 31] defined important and intensively studied varieties 9t (v, w), Mo (v, w)
called quiver varieties which depend on a quiver @ (see [34, 38] for recent reviews). They
come with a resolution

m: M(v, w) — My (v, w),
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276 D. HERNANDEZ

which gives an analog of the Springer resolution. It is proved in [31, Corollary 10.11] for @
a finite Dynkin diagram type that 7 is semi-small (see [34, Section 5.2]).

The graded version of quiver varieties I® (V, W), Mg (V, W) are also of particular impor-
tance, for example for their deep relations with representations of quantum affine algebras
(see [37]).

Let us recall the definition of these varieties:

2.2. (Graded) Quiver varieties

This section is essentially contained in [37].

Fix a Dynkin diagram and an orientation on this diagram. Let H be the set of oriented
edges of the Dynkin diagram. For h € H, in(h) (resp. out(h)) is the incoming (resp. outgo-
ing) vertex of h, and h is the same edge as h with the reverse orientation. We fix ¢ : H —
{1, -1} such that g(h) = —q(h) for any h € H.

LetV = @icraecce Vi (tesp. W = @ aec- Wia) be a I x C*-graded vector space
such that the V; , (resp. W; ,) are finite dimensional and for at most finitely many ¢ x a,
Vi,a # 0 (resp. W; o # 0). Consider for n € Z:

L.(V; W)[n] = @ Hom(v;,av Wi,aq")a

i€l,aeC*

E* (‘/7 W)[n] = @ Hom(Vout(h),aa Win(h),aq"),
heH,acC*
M*(V,W) = E*(V,V)["U g L*(w, V)= @ Lo (v, W) =1,

The above three components for an element of M®* (V, W) are denoted by B, «, (3 respectively,
the Hom(Vout(h),as Vin(h),aq—1 )-component of B is denoted by By, , and we denote by a; 4,
B, the components of «, 8. Consider the map

p: M*(V,W) — L*(V, V)2
defined by

ui,a(B7 a,B) = Z q(h‘)Bh,aqleﬁa + ai,aqflﬁi,ay
in(h)=1

where p; , is the (¢,a)-component of p. We have an action of Gy = [Tia GL(V;,) on
M*(V, W) defined by
(B, Oé,ﬂ) = g- (B7 Oé7ﬂ) = (gin(h),aq_lBh,ag;ult(h)’a> 9i,aq—1%i,a, ,Bi,ag;al)'

The subvariety x~1(0) in M*(V, W) is stable under the action.

Let us denote by u~1(0)* the set of stable points (B, a, 3) € p~1(0), that is to say satis-
fying the condition: if an I x C*-graded subspace S of V' is B-invariant and contained in
Ker(8), then S = 0. The stability condition is invariant under the action of Gy, so we may
say an orbit is stable or not.

Consider the following quotient spaces of z~1(0):
MV, W) =u~'(0) //Gv, M (V,W)=pu""(0)°/Gv.
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Here // is the affine algebro-geometric quotient, the second one is the set-theoretical quo-
tient. By [31, 3.18], there exists a natural projective morphism

T M (V, W) — MG (V, ).

For z € u=1(0)%, 7(Gy.x) is the unique closed orbit contained in the closure of Gy ..

Here 90t*(V, W) is non singular and 7 can be considered as an analog of the Springer
resolution.

A natural problem addressed in the present paper is to study the small property of such
resolutions 7: in the present paper we address [37, Conjecture 10.4] (see also [35]).

As our proof relies on the representation theory of quantum affine algebras, let us give
some background about this subject:

3. Quantum affine algebras and their representations

In this section we recall definitions and results about the representation theory of quantum
affine algebras.

3.1. Cartan matrix and quantized Cartan matrix

Let C = (C; j)1<4,j<n be a Cartan matrix of finite type. We denote I = {1,...,n}. C
is symmetrizable: there is a matrix D = diag(ry,...,7,) (r; € N*) such that B = DC'is
symmetric. In particular if C is symmetric then D = I,, (simply-laced case).

We consider a realization (h, IT, ITV) of C (see [3, 25]): b is a n dimensional Q-vector space,
I ={ai,...,a,} C h* (set of the simple roots) and IIV = {ay, ..., o)} C b (set of simple
coroots) are set such that for 1 < 4,5 < n, aj(e)) = C; . Let Ay,..., A, € b* (resp.
AY,..., A} € b) be the fundamental weights (resp. coweights): Ai(a)) = a;(AY) = d;;
where ¢; ; is 1 if i = j and 0 otherwise. Denote P = {\ € h* | Vi € I, A\(«)/) € Z} the set of
weights and Pt = {\ € P |Vi € I, \()) > 0} the set of dominant weights. For example
we have a1,...,a, € Pand Ay,...,A, € PT. Denote Q = @,c;Za; C P the root lattice
and Q* = >",c;Na; € Q. For A\, € h*, denote A > pif \—p € Q*. Letv : h* — b linear
such that for all ¢ € I, we have v(a;) = r;a). For A, u € b*, AMv(u)) = p(v())). We use the
enumeration of vertices of [25].

We denote ¢; = ¢" and forl € Z,r > 0,m > m’ > 0 we define in Z[¢*]:

g m m,!
[l]qzq q_1 g = [Plglr = 1g -+ (g » [ /] _ [m],!

q—q m [m —m]g![m/]g!
For a,b € Z, we denote ¢***2 = {¢***" | r € Z} and ¢***N = {¢*T*" | r € Z,7 > 0}.
Let C(z) be the quantized Cartan matrix defined by (¢ # j € I):
Cii(z) = 2z + 2", Cij(2) = [Cigla
C(z) is invertible (see [14]). We denote by C(z) the inverse matrix of C (z) and by D(z) the

diagonal matrix such that for 4,5 € I, D; ;(z) = §; ;[ri]..
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278 D. HERNANDEZ

3.2. Quantum algebras
3.2.1. Quantum groups

DEFINITION 3.1. — The quantum group Uy(g) is the C-algebra with generators kiﬂ, e

(i € 1) and relations:
kik'j = kjkz , kl.'E;t = qicl].?};tk“

K3

ki — k7t
—1>
v Yy

7

[iI}Jr .Z';] = 51',]'

r

—C; o o
Zr:oml—ci,,-(_l)r [1 ’J] (Gl Tmf(xjty =0 (fori#3j).

qi

This algebra was introduced independently by Drinfeld [11] and Jimbo [24]. It is remark-
able that one can define a Hopf algebra structure on U, (g) by:

A(ki) = ki ® ki,
A =zfol+kez Al@;)=2; @k ' +1®z;,
S(ki) = k", S(af) = =2k S(a7) = —kiay,
e(ki) =1, e(x]) = e(a7) = 0.
Let U, (h) be the commutative subalgebra of U, (g) generated by the k' (i € I).
For V aldy(h)-module and w € P we denote by V,, the weight space of weight w:
Vo ={veV|Viel k=g v}

In particular we have a:ii.Vw C Vita,. We say that V is U,(h)-diagonalizable if V' =
@D.cp Vo (in particular V is of type 1).

3.2.2. Quantum loop algebras. — We will use the second realization (Drinfeld realization) of
the quantum loop algebra U, (Lg) (subquotient of the quantum affine algebra 1/,(g)):
DEFINITION 3.2. — U, (Lg) is the algebra with generators xiiyr (iel,relZ), kiil (iel),
him (1 € I,m € Z — {0}) and the following relations (i,j € I,r,v' € Z,m,m' € Z — {0} ):
ki, k5] = [Kkis hjm] = [hiim, hjm] = 0,

+Ci; +

+ _ )
kil'j’r =4q; :Uj’rku
+q_ 1 +
[hisms 5,] = £—[MmBi 1427 s
m
+ —
+ — -5 ¢i,r+r’ - ¢i,r+r’
&), 2] =0 —————,
qi — 4q;
+ L+ +B, ;. + .+ _ 4B, + .+ _ _+ +
i1 g =X Ty =X LGy T B T

S
Zﬂ—EZSZk:O..-s( ) k T (1) Lra(k) 5T T (k1) LT (s) 0,

qi
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SMALLNESS PROBLEM FOR QUANTUM AFFINE ALGEBRAS 279

where the last relation holds for all i # j, s = 1 — C; ;, all sequences of integers ri,...,7s.
> is the symmetric group on s letters. Fori € I and m € Z, d)f,m € Uy(Lyg) is determined by
the formal power series inUy(Lg)[[2]] (resp. inUy(Lg)[[z71]]):

+ + + -1 +m/
Zm20¢i,imz ™ =k exp(£(g — g )Zm?lhi’im,z m'y

and ¢F. = 0 for m > 0.

i, Fm

U,(Lg) has a Hopf algebra structure (from the Hopf algebra structure of i,(g)).

For J C I we denote by U,(Lgs) C U,(Lg) the subalgebra generated by the xfm, Rims
kiil fori € J. U,(Lgs) is a quantum loop algebra associated to the semi-simple Lie algebra
g of Cartan matrix (Cj ;)i jes. For example for i € I, we denote Uy (Lg;) = Uy(Lggiy) =~
Uy, (Lsls).

The subalgebra of U,(Lg) generated by the h; m,, kiil (resp. by the xfr) is denoted by
Uy (L) (resp. Uy (Lg) ™).

3.3. Finite dimensional representations of quantum loop algebras

Denote by Rep(i,(Lg)) the Grothendieck ring of (type 1) finite dimensional representa-
tions of U, (Lg).

3.3.1. Monomials and q-characters. — Let V be a representation in Rep (U, (Lg)). The sub-
algebra U, (Lh) C Uy(Lg) is commutative, so we have:

V= @’Y=(7

where: V, ={v eV |3Ip>0,Vie I,m >0, ((bffim —W;Eim)p.v =0}.

The v = (fyf’E L )iel,m>0 are called [-weights (or pseudo-weights) and the V, # {0} are
called [-weight spaces (or pseudo-weight spaces) of V. One can prove [14] that «y is necessarily
of the form:

Vs,

+
itm)i€l,m>0

L tm _ deg(Qu)—deg(r:) Qi(ug; ) Ri(ugi)
Z o Vi Em¥ =4 “1y
m2 Qi(ugi)Ri(ug; )
where Q;, R; € C(u) satisfy Q;(0) = R;(0) = 1.
Consider the ring Y = Z[Yzia]ze 1,acc~. The Frenkel-Reshetikhin g-characters morphism
Xq [14] encodes the I-weights « (see also [27]). It is an injective ring morphism:

Xq : Rep(Uy(Lg)) = ¥
defined by
Xq(V) = ZW dim(V;)m,,
where:
My = Hie],aec* Yi?‘i"a_m’a’

Qi(w) =[] _..(0—ua)® Ri(w) =] __ (1-ua)e.
The m., are called monomials (they are analogs of weight). We denote by A the set of mono-
mials of Z[Yfa]lE I,acc. For an [-weight v, we set V,, = V,,,_. We will also use the notation
P = Yi”’w forie Iandr,p € Z.
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280 D. HERNANDEZ

For J C I, ;] is the morphism of g-characters for U, (Lg;) C Uy(Lg). For an m mono-
mial we denote u; ,(m) € Z such that m = Hiel’aec*l@f‘;’“(m). We also denote

w(m) = Ziel,aeC*ui’“(m)Ai , ui(m) = Z Ui q(m) , u(m) = Zul(m)

aeCx i€l
m is said to be J-dominant if for all j € J,a € C* we have u;,(m) > 0. An I-dominant
monomial is said to be dominant.

Observe that x4, xj can also be defined for finite dimensional ¢, (Lh)-modules in the same
way.

In the following for V' a finite dimensional ¢, (Lh)-module, we denote by M (V') the set
of monomials occurring in x, (V).

Fori € I,a € C*, consider the analogs of simple roots for monomials:

Ao =YY I Y I YiYia II ¥ioeYiYi
{41C;,:=—1} {41C;,:==2} {41C;,:=—-3}

As the A; , are algebraically independent [14] (because C(z) is invertible), for M a prod-
uct of AF} we can define v; o(M) € Z by M = Hiel’aeC*A;;”'“(m). We put v;(M) =
YaccVia(M) and v(M) = 37, vi(M).

For A € Q" wesetv(A\) = —A(AY +---+AY). For M a product ofAff;, we have v(M) =
v(w(X)).

For m, m’ two monomials, we write m’ < m if m'm ™" is a product of A;;

DEFINITION 3.3 ([13]). — 4 monomial m € A — {1} is said to be right-negative if for all
a€C* for L =max{l € Z|3i € I,u;4q(m) # 0}, we have Vj € I, u; 441 (m) < 0.

Observe that a right-negative monomial is not dominant.

LemMmA 3.4 ([13]). — 1) Forie I, a € C*, AZ_; is right-negative.

2) A product of right-negative monomials is right-negative.

3) If m is right-negative, then m’ < m implies that m' is right-negative.

For J C I and Z € ), we denote by Z~” the element of ) obtained from Z by putting
inl:lforjgée].

3.3.2. l-highest weight representations. — The irreducible finite dimensional U, (L£g)-modules
have been classified by Chari-Pressley. They are parameterized by dominant monomials:

DEFINITION 3.5. — A U,(Lg)-module V is said to be of I-highest weight m € A if there is
v € Vi, such that V.= Uy (Lg) " v and Vi € I,r € Z,z} v = 0.

»e,r

For m € A, there is a unique simple module L(m) of [-highest weight m.

THEOREM 3.6 ([7, Theorem 12.2.6]). — The dimension of L(m) is finite if and only if m is
dominant.

ForieI,a e C*, k> 0 weset X,ilzl =[lreq,..n1Y; agh—2w 1

DEFINITION 3.7. — The Kirillov-Reshetikhin modules are the W/Ell = L(X,(:) )

,a
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Forie Ianda € C*, Wl(zg is called a fundamental representation and is denoted by V;(a)
(in the case g = sl we simply write Wy, , and V'(a)).

For m € Z[Y; o)icr aec~ @ dominant monomial, the standard module M (m) is defined
[32, 40] as the tensor product:

M(m) = ® ( . ® (® ‘/’i(aq)(@’u«i,aq(m)) ® <® Vi(aq2)®“i,aq2(m)) ® -- ) .
a€(C*/q%) i€l iel

It is well-defined as for 4, j € I and a € C* we have V;(a) ® Vj(a) =~ Vj(a) ® V;(a) and for

a’ ¢ aq”, we have V;(a)®@V;(a’) ~ V;(a’)®Vj(a). Observe that fundamental representations

are particular cases of standard modules.

Let g = sly. The monomials m; = Xy, o,, ma = Xy, 4, are said to be in special position
if the monomial ms = Haec*Yamax(”“(ml)’“a(mz)) is of the form m3 = Xy, ., and m3 #
mi, m3 # ms. A normal writing of a dominant monomial m is a product decomposition
m = [[iz1,.. . Xkiqa such that for I # I', Xy, 4,, Xk, 4, are not in special position. Any
dominant monomial has a unique normal writing up to permuting the monomials (see [7,
Section 12.2]). It follows from the study of the representations of U, (Lsls) in [6, &, 14] that:

PROPOSITION 3.8. — Suppose that g = sls.
(1) Wy q is of dimension k + 1 and:

Xq(Wk,a) = Xk,a(l + A;qlk (1 + A;q1k72(1 +oee (1 + A;q12fk)) e )
Q) V(ag' *) @ V(ag®>*) @ --- @ V(ag*~1) is of g-character:
XL+ AL+ AL o) (L+ AL ).

aqk;—2 an—k
In particular all I-weight spaces of the tensor product are of dimension 1.
(3) For m a dominant monomial and m = Xy, 4, - - - X, a, @ normal writing we have:

L(m) = Wkl,al - ® Wkl,al‘

3.3.3. Special modules and complementary reminders. — Let us consider analogs of cones of
weights (for example used to define category O for affine Kac-Moody algebras) adapted to
monomials:

DEFINITION 3.9. — Form € A, D(m) is the set of monomials m' € A such that there are
mo =m,my,...,my =m’ € Asatisfying forall j € {1,...,N}:
-1 oA
25,0194 ; 25y@r; Qi;
2. for1 < v <71, Uiy, (my—1) > {r' € {1,...,r;}|ar = a,}| where rj,ij, a, are as in
condition (1).

1. mj =m;_1A whereij € I, r; > 1 andal,...,arj e C*,

The motivation for this definition comes from the two simple facts:

forallm’ € D(m), m' < m,

if m’ € D(m), then (D(m’) C D(m)),

and from the following result which gives a strong condition for a monomial to appear in
a g-character:

THEOREM 3.10 ([22, Theorem 5.21]). — For V a finite dimensional I-highest weight
module of highest monomial m, we have M(V') C D(m).
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In particular for all m’ € M(V), we have m’ < m and the v; ,(m'm=1),v(m'm=1) > 0
are well-defined. As a direct consequence of Theorem 3.10, we also have:

LemMA 3.11. — Fori € I,a € C*, we have (xq(Vi(a)) — Yia) € Z[ij;qz]jel,bo

This last result was first proved in [13, Lemma 6.1, Remark 6.2].
The notion of special module was introduced in [37]:

DEFINITION 3.12. — A U,(Lg)-module is said to be special if its g-character has a unique
dominant monomial.

This notion is of particular importance because an algorithm of Frenkel-Mukhin [13]
gives the g-character of special modules. Observe that a special module is a simple /-highest
weight module (as each simple module occurring in the Jordan-Holder series of a represen-
tation contributes with at least one dominant monomial in the g-character). But in general
all simple I-highest weight modules are not special.

The following result was proved in [37, 36] for simply laced types, and in full generality
in [21] (see [13] for previous results). It gives a remarkable example of a family of special
modules and is the crucial point for the proof of the Kirillov-Reshetikhin conjecture:

THeoREM 3.13 ([21, Theorem 4.1, Lemma 4.4]). — The Kirillov-Reshetikhin modules are
special. Moreover for m € M(Wé’()l) m # X}gll impliesm < X® A~1

k,a i,aqf'

Now let us recall a decomposition result of g-characters relatively to sub-Dynkin diagrams
corresponding to J C I (Proposition 3.14). This is the analog at the level of g-character of
the decomposition of a simple representation in simple representations for the subalgebra
Uq(Lg ). This result will be intensively used in the following.

Define

ph o Z[(AT) ") jesaecs — ZIAT ljesaect
the ring morphism such that ,ug((Afa)H(J ) = Aji,a. For m J-dominant, denote by
L7 (m™ ) the simple U, (Lg.s)-module of I-highest weight m—(/). Define:

Ly(m) = mpj((m=) " (L7 (m ™).
(Observe that from Proposition 3.8, we have explicit formulas for the Ly;(m) fori € 1.)

ProPoOSITION 3.14 ([19, Proposition 3.1]). — For a representation V. € Rep(Uy(Lg)) and
J C I, there is unique decomposition in a finite sum:

(1) xeV)= > A(m)Ly(m).

m’ J-dominant

Moreover for all m’ J-dominant we have A j(m') > 0.

(In [19] the A;(m’) > 0 were assumed, but the proof of the uniqueness does not depend
on it.)

As a consequence:

COROLLARY 3.15. — Let m be a dominant monomial and m' such that

(i) m' € M(L(m)),

(ii) m’ is J-dominant monomial,
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(iil) there are no m” > m/' satisfying m"’ € M(m) and m' appears in L y(m'"").

Then the monomials of L y(m') are in M(L(m)).

Proof. — From the last condition L;(m’) occurs in the decomposition of Proposition
3.14. As the coefficients in this decomposition are positive, all monomials on L j(m’) occur
in x4(L(m)). O

REMARK 3.16. — In Corollary 3.15, we can start with m' = m, and then we use for m’
monomials in L y(m), and so on. This process gives inductively from m a set of monomial oc-
curring in xq(L(m)).

4. Representation theoretical interpretation of the small property

In this section g is simply laced.

Originally the notion of small modules was given in terms of g, t-characters [37]. We recall
this definition and the relation [37] with the geometric small property of Section 2 (Theorem
4.3).

Although the representation theoretical meaning of ¢, t-character is not totally under-
stood (see [33, Conjecture 3.1.1]), the notion of small modules can be purely algebraically for-
mulated: we give an additional representation theoretical interpretation of the notion (The-
orem 4.8) by refining a proof of [37] (this provides an additional algebraic motivation for the
study of the small modules).

We also comment the main result of the present paper (Theorem 1.2).

4.1. Definition of small modules and g, t-characters

The notion of small modules is related to the notion of g, t-characters defined in [33, 37].
There are ¢t-deformations of g-characters which can be purely algebraically defined (see [1§]
for non-simply laced cases with a different approach including a purely algebraic proof of
the existence). They are a very powerful tool, as Nakajima proved they provide an algorithm
which allows to compute the g-character of any simple representation.

Consider the commutative ring YV, = Z|Vi,a0s Wi a, ti]iel,ae(c*- A monomial of ), is a
product of V; 4, W; .. One says m’ < m if m'm~" is a product of V; ,. The g, t-characters
map X4t : Rep(Uy(Lg)) — Y, is a Z-linear map defined by three axioms in [37]:

1) the data of the image of x4+,
2) a compatibility property of the tensor product with a certain twisted product on ;.
3) for m € Z[Y; o)icr,aec @ dominant monomial of Y, the relation:

Xq,t(M(m)) € Mo + Z Z[t¥)m’ where My = H W;‘;’“(m).
m’<Mj i€l,acC*

(Only the last axiom will be explicitly used in the following, and so we refer to [37] for
the details of the first two axioms).
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Let m be a monomial of J,. Fori € I, a € C*, one defines w; o(m), v; o(m) > 0 by
m = [icracc- Wi ”(m)VU’ «(m) and:

Uia (M) = Wia (M) = Vi 0q-1(M) = Viag(m) + > _ Ci jvja(m
JjerI

dm) = Y (viaq(m)usa(m) + wiag(m)via(m)).

i€l,acC*
We define a Z-linear map II: )7,5 — Y by (m is a monomial):

Mem)= [ v . 0w =1
i€l,aeC*

It is clear that II is a ring morphism.

A monomial m of Y, is said to be dominant if II(m) is dominant. For m a dominant
monomial of ), one defines M;(m) € ), by:

M,(m) = td(m)m( H Wijaui,a(m)) Xa.t (M( H Y:Z,a(m))) c j)t~

i€l,aeC* i€l,acC*
LEMMA 4.1. — For m a dominant monomial, we have TI(M,(m)) = Xq(M(fI(m))).

Proof. — From the defining axioms of ¢, t-characters, the evaluation at ¢ = 1 gives
g-characters [37], that is to say:

(e (M (T vir™))) =xa (M (T Yia™)) = xa(M(1m))).

i€l,acC* i€l,acC*
AsTI (td(m)m (Hlel acc Wig " “(m))) = 1, the result is clear. O

For m a dominant monomial and m’ < m a monomial, ¢, .,/ (t) € Z[t*] is defined by:

My(m) = " o ()90,

m’'<m

DEerFINITION 4.2 ([37]). — Let m be a dominant monomial of Y. The standard module
M (m) is said to be small if for all dominant monomials m', m" < m, we have ¢y m (t) €
t=1Z[t 1.

Remark: Observe that in general there is no hope to have ¢, ,,, (t) € t71Z[t~1] without
assuming that m’ is dominant. For example for g = sl,, we have

Xq,t(M(Wa)) =W+ WaVaq > d(WaVaq) =0, CWo,WaVag = 1 g—f t_IZ[t_1]~

However M (W,) is small (see Proposition 6.2 below).
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4.2. Geometric characterization

The motivation for this Definition 4.2 comes from geometry [37] and from the relation to
the small property of Section 2:

Consider the monomials myy, my € Y, defined by
di Wa a di ‘/1 a
= I Wit L v
1€l,aeC* i€l,aeC*
As a consequence of the geometric construction of representations of quantum affine alge-

bras, we have the following geometric characterization of small standard modules (see [37,
Remark 10.2]):

THEOREM 4.3 ([37]). — Let m be a dominant monomial of Yy and W = Dicracc Wia be
the graded space satisfying dim(W; o) = u; o(m). The standard module M (m) is small if and
only if for all V such that My my is dominant, the resolution w: IM*(V,W) — MY(V, W) is
small.

4.3. Representation theoretical characterization

Let us give another characterization of small modules.

Consider the Z-linear involution of Y, defined by m = 2™, ¢ = t~1. Observe that
for m a monomial of Y, t¥"™)m is invariant by the involution.

In [37] Nakajima constructed a family £(m) € Y, indexed by the set of dominant mono-
mials m of ), characterized by the properties:
= E(m),
€ M, (m) + E{m’dominant|m’<m} t_lz[t_l]Mt (ml)

They are analogs of canonical bases in ) for the bar involution, and the transition coef-
ficients to the basis (M (m)),, are analogs of Kazhdan-Lusztig polynomials.

i) L(m
i) L(m

~— —

Nakajima proved [37] the following deep result:

THEOREM 4.4 ([37]). — For any dominant monomial m of Y, we have

N

I(L(m)) = xo(L(IL(m))).

In particular this provides an algorithm to compute the g-characters of simple modules. It
is very complicated in general, and it is difficult to get explicit formulas from it, but it provides
applications in situations where the algorithm can be simplified (for example see [36]).

As a consequence of this result, we have:

THEOREM 4.5 ([37]). — Let m be a dominant monomial of Y. If M (m) is small, then for
all dominant monomial m' < m, L(m’) is special.

In fact the converse is true by using the following two results:

THEOREM 4.6 ([37, Theorem 3.5 (6)]). — For any dominant monomial m of Y, the coeffi-
cient of a monomial occurring in My(m) is a Laurent polynomial with nonnegative coefficients.
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LeEMMA 4.7. — For M a dominant monomial 0f)7t, the set
{M'" | M' < M and M'" is dominant}
is finite.
Proof. — We can suppose that M € Z[Y; 44v]icrrez Where a € C*. Let K = max{r €

Z|3i € I,ui0q-(M) # 0}. For M’ < M, M’ M~ is right-negative so M’ dominant implies
YierrsK Viagr(M'M~1) = 0. Itis proved in [18, Lemma 3.14] that the set

{M' = MAi—llaql1 ...A;Rlaqu |[R>0,1,...,lr < K, M’ is dominant}
is finite, and so we can conclude (note thatin[18],l1,...,lg < Kisreplaced byly,...,lg> K,
but the proof is the same). O

By using a slight modification of the proof of Theorem 4.5 in [37], we get the following
characterization:

THEOREM 4.8. — Let m be a dominant monomial of Y. M (m) is small if and only if for all
dominant monomial m’ < m, L(m') is special.

Observe that it is a purely representation theoretical characterization of small modules in-
volving g-characters, without g, t-characters. This provides an additional algebraic motiva-
tion for the study of the small modules: all simple modules which could appear in the “cone
of monomial” of a small module are special, and so can be described by using the Frenkel-
Mukhin algorithm.

Proof. — The only if part is the statement of Theorem 4.4. Let us prove the if part.
For m, m’ dominant monomials of J;, we consider Zy, ,(t) € Z[t*] defined by
Mym)= > Zmm ()L(m).
m’dominant
By definition of £(m’) we have Z,, ,,(t) = 1 and Z, p (t) € t71Z[t7!] for m’ < m. If
m' &« m, we have Z,, ,/(t) = 0.

As M = m([Ticr.aec Wiqf;"“(m))_l satisfies u; (M) = 0 foranyi € I,a € C*, we
can suppose that m = [[;cr sec Wi);'”(m). Suppose that for all dominant monomial
m’ <m, L(II(m’)) is special. From Lemma 4.7, there is a finite number of dominant
monomial m’ < m. Choose a numbering mi,ms,...,my = m of these monomials such
that m, < m,. implies r < r’. Denote by Z;, .. (t) the coeflicients of m;. in L(m,). As
L(I1(mn,.)) is special, it follows from Theorem 4.5 that Zpn,m,, (1) = 0. Let us prove by

induction r that
vr' <1’ <r.cm,m., (t) €tTIZ[E  and Z), (t) =0.

For r = 1, we have £(m1) = M;(m1). Now we consider > 1. By the induction hypothesis,
for all v’ < r, L(m,+) has no dominant monomial except m,... So for "’ < r,

Cmrm,n () = Zimymyn (8) + Zy o, (F)-
From Theorem 4.6, we have

Cmpm,, () =tPT(t) +a+t "P(t71)

! Mt
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where a > 0, P+, P~ € N[t]. As Zn, m, ., (t) € t7'Z[t" ] and Z}, ., (t) = Z}, ., (t71),
we have

Zym,, (&) = tPT(t) + a+t7 PT(Y).
Hence Z,, ., ,(t) has positive coefficients, so Z;, ., (1) = 0implies Z;, . (¢) = 0.
Therefore ¢, m,_, (t) = Zm,,m_.. (t) € t7*Z[t™']. As a conclusion, M (m) is small. O

4.4. Main result

A natural question is to characterize small modules and so the corresponding small
resolutions. In particular, Nakajima [37, Conjecture 10.4], [35] raised the problem of
characterizing the Drinfeld polynomials of small standard modules corresponding to
Kirillov-Reshetikhin modules.

The main result of this paper is an explicit answer to this question (Theorem 1.2). First let
us note that in general the standard modules corresponding to Kirillov-Reshetikhin modules
are not necessarily small:

REMARK 4.9. — Let g = sly and m = Y51Y5 2Y5 ga. Consider m’ = mA;,}] =
Y1,4Y3,4Y2 0. Then by using the process described in Remark 3.16, the monomials
YqungE,)jq13Y'22’q21/'27q4 = m’AizzA;;Q and Yz 2 = m’A;’;ZA?:;QAg’;g occur in xq(L(m'))

and L(m') is not special. So M (m) is not small.

A crucial step for the proof of Theorem 1.2 is the elimination theorem proved in the next
section.

5. Elimination theorem and preliminary results

In this section g is an arbitrary semi-simple Lie algebra. We prove several preliminary
results so that we can prove Theorem 1.2 in the last section of the paper.

5.1. Elimination Theorem

We have seen a (combinatorial) procedure which allows to produce monomials occurring
in a g-character (Remark 3.16). We first prove in this section a (representation theoretical)
theorem (Theorem 5.1) which gives a criterion so that a monomial m’ does not occur in the
g-character of a simple module L(m).

This theorem is used in [23] to study minimal affinizations of representations of quantum
groups.
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5.1.1. Statement

THEOREM 5.1. — Let V' = L(m) be a Uy(Lg)-module simple module. Let m’ < m and
i € I satisfying the following conditions
(i) there is a unique i-dominant M € (M(V) N m/'Z[A; o]acc) — {m'} and its coefficient
is 1,

(i) Yrez i, (Var) = {0},

(iti) m' is not a monomial of L;(M),

(iv) if m"” € M(U,(Lg;).Var) is i-dominant, then v(m” m=1) > v(m'm™1),

() forall j # i, {m" € M(V) |v(m"m~!) < v(m'm=")} N m'Z[A}}]aec- = 2.
Thenm’ ¢ M(V).

To prove this result, we first need some preliminary lemmas.

5.1.2. Technical lemmas. — First let us consider a refined version of the operators 7; of
[14] which allows to study “independently” the subalgebras U, (Lg;) of the quantum loop
algebra.

Leti € I, b = {u € h|a;(p) = 0} and let A(®) be the commutative group of monomials
generated by variables Yzia (a€eC), ky(ne bhih), ch (j #1i,ce C*). Let

i A— A®
be the group morphism defined by (j € I, a € C*):

_ v D,k (T)
7(Yja) =Y, Hk;éi,reZZk’]“’;T ku(n;)—6;imia /2-

The p;(r) € Z are defined in the following way: we write C(z) = C;(iz)) where d(z),
1 o(2) € Zz*] and (D(2)C () = Srepin(r)=".
Observe that we have v(A;) — §;;mc) /2 € b because a;(v(A;) — §;ma)/2) =
Aj (7"1'041\-/) - 7’1'(52"]' =0.
This morphism 7; was first defined [13], and then refined in [21] with the terms & which
will be used in the following. Moreover it is proved in [13, Lemma 3.5] (in [20, Lemma 20]
with the term kg) that:

LEMMA 5.2. — Forj € I, a € C*, we have 7j(Aj ) = Yj’aq;l Y} aq; ko

This result indicates that the root monomials A; , are sent to their analogs of type sls, as
announced above.

The following result was proved in [13, Lemma 3.4] without the term k,, and in [20,
Lemma 21] the proof was extended for the terms k,,. It gives a decomposition of a g-character
“compatible” with the action of the subalgebra U, (Lg;):

LEMMA 5.3. — Let V. € Rep(Uy,(Lg)) and consider a decomposition 7;(xq(V)) =
S P.Q, where P, € Z[Y;-:,Z]aEC*, Q. is a monomial in Z[ch,k,\]#iycecm\efﬁ and all

monomials Q, are distinct. Then the Uy(Lg;)-module V' is isomorphic to a direct sum @, V;
where XfI(Vr) =P,

The following result gives information on a cyclic U, (Lg;)-submodule of a U,(Lg)-
module:
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LEMMA 5.4. — Let V € Rep(Uy(Lg)) be aUy(Lg)-module, m € M(L(m)) andv € Vy,.
Then for j € I, Uy(Lg;).v is a sub-U,(LY)-module of V and x,(U,(Lg;).v) € mZ[Afa]aeC*.

Proof. — From the relation 3.2, U, (Lg;).v is a sub-U, (Lh)-module of V. Consider the de-
composition 7; (x4(V)) = >, P-Q, of Lemma 5.3 and the decomposition of V as alfy(Lg;)-
module: V' = @, V,. Then there is R such that 7;(m) is a monomial of PrQr, and so
v € Vg. Wehaveld,(Lg;).v C Vg. Letuswrite 7;(m) = mprQg. It follows from [4, Theorem
7.2] for Uy(Lg;) ~ Uy;(Lsla), that the g-character of the U,(Lg;)-module U, (Lg;).v is in-
cluded in mRZ[(Y}’aqleaqj )¥lacc. From Lemma 5.2, the g-character of U, (Lg;).v viewed
as a Uy (Lh)-module belongs to mZ[A7,]aec-. O

In the sly-case, the following lemma produces a dominant monomial higher than a given
monomial in a g-character (note that a weak version was proved in [19, Lemma 3.2 (ii)]):

LEMMA 5.5. — Let L be a finite dimensional Uqy(Lsly)-module. For p € Z, let L, =
Ynepraavyspyla and Ly, = 37 cqx Ly, Then for m' € M(Ly,) there ism € M(Ly)
such that

(i) m is dominant,
(i) m’ < m,

(i) Uy (L5ls)Lin) O Ls # {0},

Proof. — Letm’ € M(Ly,). Let us prove the result by induction on dim(Ly): if L, =
{0} we have Lj, = {0}. In general let v be an I-highest weight vector of L, (it exists, see
for example the proof of [20, Proposition 15]) and denote by M the corresponding mono-
mial. Consider V' = U,(§).v. It is an [-highest weight module and so it follows from The-
orem 3.10 that (V,,, # {0} = m < M). If V,,,» # {0} the result is clear with m = M.
Otherwise consider L(Y) = L/V. Observe that x,(L) = x4(V) + x4(LY)). We use the in-
duction hypothesis with L() and we get m € M((LM),) ¢ M(L,) such that m > m’
and (U, (Lslz).(LM),,) N (LW),,,, # {0}. Letv € (LM),, and a € U,(Lsly) such that
av € (LM),,, — {0}. Letw € v + V and consider the decomposition w = w,, + w’ where
Wi € L and w' € @, 4y, L. Consider v € (LMW),,; we have w’ € V and wy, € v+ V.
Then aw,, = v' +v"” € L, &V where v’ # 0. As V,, = {0}, there is h € U,(h) such that
how,, = hv' # 0 and so we get the result. O

An analog result is available for general type:

LEMMA 5.6. — Let V. = L(m) be a U,(Lg)-module simple module and m’ < m in
M(L(m)). Then there are j € I and M' € M(V) such that

(1) M’ is j-dominant,
(i) M’ > m/,
(iii) M’ € m'Z[A; plpec-,
(iv) (Ug(Lg;)-Varr) O (V) # {0}
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(A weak version of the following lemma was proved in the proof of [21, Lemma 4.4] with
different notations).
To prove this result, we need the following additional notations: for M € A®), we define
u(M) € b, us o(M) € Z, by:
M e ku(M)H cC* zu; a(M)Z[Z] cliicect-
Wealsoset u; (M) = Y co+ti,o (M). Observe that form € Aanda € C* we have u; o(m) =
Ui q(Ti(m)) and:

v(w(m)) = p(ri(m)) + wi(m)riey /2 = p(ri(m)) + wi(i(m))riey /2,
or equivalently
p(ri(m)) = v(w(m)) — ai(v(w(m)))a; /2.
(See the definition of [20, Section 5.5].) Now let us prove Lemma 5.6:
Proof. — Form” € M(V) define w(m”) = v(w(m”) — w(m)). Let
W= P Vi
{m/ Jw(m/)<w(m’)}
AsV is an I-highest weight module, there is j € I such that (U, (Lg;).W)ms # {0}. Consider
the decomposition 7;(x4(V)) = >, PQ, of Lemma 5.3 and the decomposition of V" as a
Uqs(Lgj)-module: V = P,V
For a given r, consider M, € M (V') such that 7;(M,) appears in P, Q,. For another such
M, we have p(1;(M)) = p(r;(M,)) and so
W(MM,) = u;(r (MM, 1)aj /2,
and
u;(75(M)) = uj(7;(My)) — 2w(M) + 2w(M,) = 2(p — w(M)) + pr,

where p, = —2p + 2w(M,) + u;(7;(M,)) (it does not depend on M). So we have w(M) <
p & uy(n (M) 2 pr. SO W = @,(Vi)>p,) = @, (Ve N W). As V; is a sub Uy(Lg,)-
module of V, we have W; = @, (V. N W;). Let M € M(W;) and let R be such that
7;(M) is a monomial of PrQr. We can apply Lemma 5.5 to the U, (Lg,)-module Vx with
p = pr and the monomial Q' 7;(m): we getm” € M(Vx) dominant such that Q' (M) €

M Z{(Y;0Y02) " acer and (Uy(L8;)-(Vi)wr) 0 (Vi)g-1r,apy) # {0}, Let us trans-
late this result in terms of monomials of x4(V'). Consider the j-dominant monomial M’ =

*1(QRm’) Then M’ € M(W) and (Uy(Lg;).Varr)NVar # {0}. From Lemma 5.2 we have
MeMZ[AJb]bGC*. O

5.1.3. Proof of Theorem 5.1. — Suppose that m’ € M(V). Let
- @ e
{M'<m|v(M'm=1)<v(m'm~1)}

As V is an I-highest weight module, there is k € I such that ), .5 (z; ,.W)m # {0}. From
condition (v) and Lemma 5.4, we have K = i. From Lemma 5.6 and condition (i), we have
(Vi NUG(L9:)Var) # {0}. Consider u € Vi and x € (Uy(Lg;).u N V,yr) such that z # 0.
From condition (ii), u is a highest weight vector for U,(Lg;), so z € },c7 Cx; .u. By
condition (iii), z is in the maximal proper U, (Lg;)-submodule of U,(Lg;).x. By condition
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(iv), v(m’M~1) is maximal for this condition. So for all r € Z, we have :c;fr (z) = 0. For

j # i, v € Z, it follows from Lemma 5.4 that =, (z) € D emziazy, cer Vs and

so from condition (v) we have m;fr(x) = 0. So U,(Lg).x is a proper submodule of V,
contradiction. O

5.2. Other preliminary results

In this section, g is an arbitrary semi-simple Lie algebra. We prove additional preliminary
results.

5.2.1. g-characters of simple modules

LEMMA 5.7. — Let L(m1), L(mz) be two simple modules. Then L(mimey) is a subquotient
of L(m1) ® L(mg). In particular M(L(mimg)) C M(L(mq))M(L(mz)).

This first part of the lemma is proved in [7], and the second part is direct from [7, 14].

As a direct consequence of Theorem 3.10, we have:

LEMMA 5.8. — Let a € C* and m be a monomial of Z|Y; oqrlicir>0. Then for m’ €
M(L(m)) and b € C*, (v;p(m'm=") £ 0= b € ag" ).

(Observe that it is also a direct consequence of Lemma 3.11 since a simple module is a
subquotient of a tensor product of fundamental representations.)

The following result gives information on the sub, (£g”)-module generated by a highest
weight vector (the definition of L ;(m) and L7 (m ™)) has been given in section 3.3.3):

LEMMA 5.9. — Let m be a dominant monomial and J C I. Let v be a highest weight vector
of L(m) and let L' C L(m) be the Uy(Lg y)-submodule of L(m) generated by v. Then L' is a
Uy (Lh)-submodule of L(m) and x4(L") = L;(m).

In particular for € w(m) — Y, ;Na;, we have
dim((L(m)),) = dim((L” (m™)) =),
where p= ) =37 (e w;.

Proof. — Ttisclear that L' = eauew(M)—ZjeJN-aj (L(m)),. Soitis ally(Lh)-submodule

of L(m) and x,(L’) makes sense. Moreover x,(L’) € mZ[Ajfa]jeJ)aec* and m’' € M(L') is
uniquely determined by (m/)~(/). So it suffices to prove that L' ~ L’ (m™)) as U, (Lgs)-
module. As L’ is a highest weight ¢, (L£gs)-module of highest weight monomial m=()), it
suffices to prove that L’ is simple. If it is not simple, there is w € L' N (L(m)), where p <
w(m) and such that for all j € J, m € Z, :r,jmw = 0. But as L(m) is a highest weight
module and the weights of L’ are in w(m) — 3~ ;¢ ; Na;, for weight reason we have:

Vje(I—-J),VmeZ,at, (L) = {0}.

So U,(Lg).w is a proper submodule of L(m), contradiction. O
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5.2.2. Thin modules and thin monomials. — Let us introduce the notion of thin module:

DEFINITION 5.10. — A Uy(Lg)-module V is said to be thin if its l-weight spaces are of di-
mension 1.

In [19, Theorem 3.2], we proved that for g of type A, B, C, all fundamental representa-
tions are thin (this result was also proved later by a different method in [5]. It should also be
possible to check this result directly from the formulas in [28]). We will discuss the notion
of thin modules in more details in [23], but let us give some results that will be used in the
present paper.

LeEMMA 5.11. — Let V be aUy(Lg)-module and m' € M(V) such that there is i € I satis-
Sying Min{u; o(m’) | a € C*} < —2. Then there is M € M(V) such that

o M >m/,
o M is i-dominant,
o Max{u;,(M)|be C*} > 2.

Proof. — Consider L;(M) occurring in the decomposition of x, (V') described in Propo-
sition 3.14 and such that m' is a monomial of L;(M). L;(M) corresponds to the g-character
X4 (W) where W is a U, (Lg;)-simple module, so subquotient of a standard module. In par-
ticular m’ appears in

b M T (A )y,

aeC*
By hypothesis there is b € C* such that u; ,(m') < —2. As m/ appears in the formula (2),
necessarily (1 + A; ! ) appears at least twice in (2), and so U; p,—1 (M) > 2. Moreover by

1,a4q;

construction M > m’ and M is i-dominant. O
DEFINITION 5.12. — A monomial m is said to be thin if Max;c qec+ [ti,qo(m)| < 1.

LeEMMA 5.13. — Let V be a special module such that
Max{u;q(m)|me M(V),ie€l,ac C'} <1.
Then V is thin. Moreover all m € M(V') are thin.

Proof. — In[19, Proposition 3.3], the first statement is proved for fundamental represen-
tations. The proof of the first statement of the lemma is the same (x,(V") is given by the
Frenkel-Mukhin algorithm, and so the property is proved by induction on the weight of
monomials, see the proof of [19, Proposition 3.3] for details).

Now consider m’ € M(V). If m’ is not thin, there are i € I and a € C* such that
u; q(m’) < —2. From Lemma 5.11, there are another monomial M € M(V) and b € C*
such that u; (M) > 2, contradiction with the hypothesis on V, so m’ is thin. O

PROPOSITION 5.14. — If'V is thin then all m € M(V) are thin. If'V is special and all
m € M(V) are thin, then'V is thin.
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Proof. — If V is special and all m € M(V) are thin, then the hypotheses of Lemma 5.13
are satisfied and so V is thin.

For the first statement, suppose that V' is thin and that there is a monomial of M (V') which
is not thin. We can suppose there arem € M(V),i € I, a € C* such that u; ,(m) > 2 (in the
case u; o(m) < —2it follows from Lemma 5.11 that there is another monomial satisfying the
condition with > 2). Consider L; (M) occurring in the decomposition of x,(V") described in
Proposition 3.14 and such that m is a monomial of L;(M). We can see as in the proof of

Lemma 5.11 that there is b € C* satisfying u; (M) > 2. From the explicit description of
. . .. . . —U;,pqr (M)
simple modules in Proposition 3.8 in the case sl,, the monomial M A;l}qi [I=04,; b(q_b;; 41

occurs with multiplicity at least 2 in the g-character of the U, (Lsls)-module L(M~®), and
so it is not a thin module. As the coefficients in the decomposition of Proposition 3.14 are
positive, there is an [-weight space of V' of dimension at least 2, and so V' is not thin. O

LEMMA 5.15. — Let L(m) be a simple Uy(Lg)-module and (m’,i) € M(L(m)) x I such
that

e any m” € M(L(m)) satisfying v(m”"m=1) < v(m'm=1) is thin,
o m/' is not i-dominant.

Then there is a € C* such that u; .(m') < 0andm'A; , -+ € M(L(m)).

Proof. — Consider L;(M) occurring in the decomposition of x, (V') described in Propo-
sition 3.14 and such that m is a monomial of L;(M). From the first hypothesis M is thin.
If L;(M) corresponds to a Kirillov-Reshetikhin module of type sls, the result follows from
the explicit formula of Proposition 3.8 (1). In general L;(M) is also known from the ex-
plicit description of g-characters of simple modules in the sls-case in Proposition 3.8 (3), and
L;(M) corresponds to a product of Kirillov-Reshetikhin modules L;(M) = [], Wi. As M
is thin we have moreover the following property: for m; appearing in Wy, and mo appearing
in Wy, we have

U,‘@(ml) 7é 0 and um(mg) 7& 0=k=FK.

And so the result can be reduced to the case of Kirillov-Reshetikhin modules. O

LEMMA 5.16. — Suppose that § = sl,41 and L(m) be a simple Uy(Lg)-module. Let
(m/,i,a) € M(L(m)) x I x C* such that:

o any m” € M(L(m)) satisfying v(m”"m=1) < v(m'm=1) is thin,

L4 ui,a(m/) == _1,

o m'Y; , is dominant.

Then there is M € M(L(m)) dominant such that M > m' and v,(m'M~') < 1,
vi(m'M~1) < 1.

Proof. — By using Lemma 5.15, we construct inductively a sequence of monomials of
M(L(m)) starting with m/. Indeed as u; o(m') = —1 we first get m’A,; ,,-» € M(L(m)).
Then from the property m'Y; , dominant we have

(wim1,p(m' A aq-1) < 00T Usp15(M A; 4g-1) <0) = b=1ag "
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Then we use again Lemma 5.15 (i — 1,aq!) and (i + 1,aq™!) when it is possible. We get a
monomial and we apply Lemma 5.15 with (i — 2, aq~2) and (i + 2, ag~2) when it is possible.
We continue by induction until this is not possible, and we get a monomial:

mi = 777',(‘41',aq_1‘Ai—l,aq_2 T Ai—a,aq_l_o‘)

X (Ai+1,aq*2Ai+2,aq*3 e AiJrﬁ,aq_l_B) € M(L(m))7

where a, 8 > 0,4 — a > 1,7+ 8 < n. By construction my is (I — {¢})-dominant and
we have (u;p(m1) < 0 = b = ag™2). Ifa = 0 or B = 0, m; is dominant and we take
M = m;. Otherwise, we can suppose a > 3 (the case 8 > « can be treated in the same way).
As at each step we get by construction thin monomials, we continue by induction, and for
2<r<p@+1,wehave
my = mr—l(Ai,aq1*2TAi—1,aq*2T T Ai—a+r—1,aq*a*T)
X (Ai+1,aq*2TAi+2,aq*2T*1 .o Ai—i—ﬁ—r—i—l,aq—r—ﬁ) € M(L(m)),

and m, is (I — {¢}) dominant. Moreover mg is dominant, so we take M = mgy;. By
construction we have M > m’ and v,,(m'M =) <1, v1(m'M~1) < 1. O

LEMMA 5.17. — Let g = sly41 and let L(m) be a simple Uy (Lg)-module. Let (m’,j) €
M(L(m)) x I such that

e any m” € M(L(m)) satisfying v(m”"m=1) < v(m'm=1) is thin,
o m' is (I —{j})-dominant,
o ifj <n—1, then forall a € C*, (ujo(m’) < 0= u;4q,44-1(m') > 0).
Then there is M € M(L(m)) dominant of the form
M=m' H (Aj,aqflAj—l,aq*S T Aia,aqia*jfl)v
{a€C*|uj,qa(m’)<0}

where for a € C*, 1 < i, < j.

Proof. — 1f j < n, the additional hypothesis (uj,,(m’) < 0 = u;41,44-1(m') > 0) allows
us to use the result for g;;,.. ;3. So we can suppose that j = n. We prove the result by in-
duction on n. For n = 1 the result is clear. In general, by using Proposition 3.14 we get
mi € M(L(m)) n-dominant such that m’ is a monomial of L, (m1). As m; > m’ and
v(mym~1!) < P, we have by the explicit description of L, (m;) in Proposition 3.8:

m’(ml)_l = H An,aqfl-
{a€C*|un,qa(m’)<0}
Moreover by construction:
e myis{1,...,n — 2}-dominant,
o Va € C*, (up—1,a(m1) <0 = (Up qq-1(m1) = 1and up_1 q(m1) = —1)).

By Lemma 5.15 there is mo € M(L(m)) whichis {1,...,n — 1}-dominant and such that
my is a monomial of Ly . ,_13(m2). Then by using the induction property for g¢1 .. n—1}
on my; monomial of Ly ,_1}(m2), we get the monomial M. O
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6. Proof of Theorem 1.2

In this section, g is simply-laced. We complete the proof of Theorem 1.2: after a tech-
nical lemma on dominant monomials (Lemma 6.1), fundamental representations (Proposi-
tion 6.2) and standard modules of the form M (Xéfi) (Proposition 6.3) are studied. Then
the type A is discussed (Proposition 6.4), and finally we give the proof of Theorem 1.2 for
the general case.

6.1. Dominant monomials

First let us prove some properties of dominant monomials lower than a monomial X ,E’L
To do this, let us define the following number attached to the structure of the Dynkin
diagram: for i,j € I, we denote by d(i,j) the minimal d such that there is a sequence
(i1,...,1q) € I? satisfying i = i1, j = igand forallk € {1,...,d — 1}, C; —1.

kslk+1

LEMMA 6.1. — Leti €I, ac C*, k> 0andm = X,Eizz. Let m' < m dominant. Then we
have:

o m'm™' € ZIA . jerien
Viel,l €7, vj,p(m'm™")>0= (d(i,j)+1 -k <1<k—1-4d(,j))

Vielvimm™)>0=4d(i,j)<k-L

Proof. — The last statement is a direct consequence of the second statement.
Let us prove that for any j € I, b € C* we have:

vj,b(m’m_l) #0=0b¢€ aqk_l_d(i’j)_N.

We prove this statement by induction on d(¢, 5).

For d(i,j) = 1, we have j = 4. Suppose that there is b € (C* — ag®~2~N) such that
v p(m'm~1) > 0. Let L € Z maximal such that there is p € I satisfying v,, ,,z (m'm=") > 0.
We have bg” ¢ ag®~2"N. Asm/ # m, we have m’ < m and m/m™! is right negative.
SO uy pez+1(m'm™t) < 0. As moreover u,.(m) > 0 implies ¢ € ag" ', we have
Up pgr+1 (M) = uy per+1(m'm™1) < 0. Som’ is not dominant, contradiction.

In general suppose that d(i, ) > 2 and that there is b € (C* — ag*~4(»)=1=N) guch that
vjp(m'm=1) > 0. If b ¢ ag”, we can prove as in the previous case that m’ is not dominant,
contradiction. Otherwise let L maximal such that

Z Vpaqr (M'Mm™1) > 0.
{p€Ild(i,p)2d(4,5)}
Asv;p(m'm™1) >0, we have L > k — 1 — d(i, j). Let P € I such that d(i, P) > d(i, j) and
Vp gqr (m'm=") > 0. We have

Up gqL+1 ( H H A;i) < 0.

{pelld(i,p)>d(i,j)} c€C

As up qqr+1(m) = 0 and m’ is dominant, there is j' satisfying d(4,5") = d(i,j) — 1 and
Vs ggrrr(m'm™) > 0. But L +1 > k+1—d(i,j) = k — d(i,j'), contradiction with the
induction hypothesis.

In the same way we can prove that for any j € I, b € C*:

vip(m'm™t) # 0 = b € ag FHIHAEIFN,
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This implies the first two statements of the lemma. O

6.2. Fundamental representations and k£ = 2 case

PRrROPOSITION 6.2. — All fundamental representations are small.

Proof. — Leti € I and a € C*. Then from Lemma 6.1, a monomial satisfying m’ <Y ,
is not dominant. So V;(a) is small. O

PROPOSITION 6.3. — Leti € I, a € C*. Then M(Xg)) is small.

a

Proof. — From Lemma 6.1, a dominant monomial m’ < XQ(Z)I is equal to
1 ox (@) 4-1
m = X2,aAi,a - H ija“’
JEIC; ;=1
Consider a monomial m” < m/.

Suppose that there are j € I, b € (C* — ag”) such that v; ,(m”(m/)~1) > 0. Let L € Z
maximal such that there is p € I satisfying v, .z (m” (m')~!) > 0. We have u, pz+1(m”) =
Uy pgr+1 (m” (m')~1) < 0 and so m” is not dominant.

Otherwise let L € Z maximal such that there is p € I satisfying v, 4,z (m”(m’)~1) > 0.
If L > 0, we can prove as in the previous case that m” is not dominant. Otherwise let L' < 0
minimal such that thereis p € I'satisfyingv,, , o/ (.m”(m’)*l) > 0. We have u,, /-1 (m") =
U, par'—1 (m” (m’)~1) < 0, and so m” is not dominant.

So L(m') is special and M(XQ(Z()Z) is small. O

6.3. Type A

In this section g is of type A.

PROPOSITION 6.4. — Letk > 1,i € I,a € C*. Then M(X,Ell) issmallif and only if (i = 1
ori=nork<2)

In particular for g = sls or g = sls, all M(X,Sl) are small.

We prove this proposition in three steps:

(1) we determine the dominant monomials m’ such that m’ < X ,Eli (Lemma 6.5),
(2) we prove that the corresponding simple modules are special (Proposition 6.6),
(3) we study the remaining cases (Lemma 6.8).

LEMMA 6.5. — Letk > 1,a € C* and m’ < X,Elg dominant. Then m/' is of the form

. Y.

ir,aq'R>

m =Y,

i1,aq'1

where R > 0, i1,%2,...,ig € I, l1,lo,...,lg € Z satisfy forall1 <r < R—1:

Y,

iz,aq'2

lr+1 - lr > ir + Z.7“-i-1~
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Proof. — Letm = Y141 a2 -+ Y] gq2e-1 and m’ < m dominant. Fori € I, € Z, let
us define v; ; = v; 441 (m'm~')and u;; = Uj gqr (M'). We set v, = 0. Asm/ is dominant,
we have for2 <¢ <nandl! € Z:

Vig—1 + Vi1 S Vim1 + Vit
vi-1 t vy S 1+ vg.

From Lemma 6.1, for ! <i—1orl > 2k — i — 2, we have v, ; = 0. Let us prove that for all
i€l,(viyg#0= (I €i+22)). Indeed m” = [[icricitiroz A;:;;’ is right negative and for
alli € I,1 € i + 2Z, u; (m”) = u; (m’). Som” = 1.

Let us prove that for alll € Z we have v;; < 1, and foralln > i > 2,1 € Z we have
v; 1 < v;—1,1—1. We prove the result by induction on d = [ —4 > 0. First suppose that d = 0.
Thenwe have vy 1 < —vi —1+1+ve1 =1.Fori>2,v;; < —v;5-0+vi—1-1+Vip1,i-1 =
v;—1,i—1. Now consider a general d > 0. First we have vy 144 < 1+ ve g — v1,4-1. But by
the induction hypothesis, va g < v1,4-1. SO v1144 < 1. Fori > 2, v; ;14 < (Vig1,d4i-1 —
Ui,d+i—2) + Vi—1,d+i—1- But by the induction hypothesis, Vit+1,d+i—1 — Vi,d+i—2 < 0, and so
Viitd < Vim1,dgi—1-

In particular for alls € 1,1 € Z, v;; < 1.

In the same way, foralln > ¢ > 2, v;; < v;_1,41. Letn > 4 > 2. We have proved
v < Min{vi_lyl_l, Vi—1,141, 1} In particular

(Vig=1=v_11-1 =vi—1 141 = 1).

Moreover if v;;—1 = v;;4+1 = 1, we have 2 = v; ;1 + v; ;41 < Viy1g + vi—1,; and so

Vit1,0 = Vi—1,; = 1. So
(Vig =1 vi_1-1 =vi—1 41 = 1).
As a conclusion, this can be rewritten in the following way. m’m =" is of the form:
m'm™" = By, 1 Bps,fo - By, fas
where R>0,n—1>py,...,pr >0, f1,...,fr € Z,
Bys = (A1,aqr-»A1,agr+2-p A1 agr+v)
X (Ag qqr1-rAgaqrvs—v Ay qqriv=1)  (Api1,aqr),
fi—pi €1+2Z, fi—p1 21, fr+pr<2k—3and f; + p; + 4 < fit1 — pit1.
If p < n — 2, we have
By, = (Yqulffpfly1jq1ffp+1 "'Yqu1f+p+1)yp+2,aqfa
and we have

_v—1 -1 -1
anl,l - Y]_’qf—nYl’qf—nﬁ—Q e Yl’qf+n‘

So we get the result. O

PROPOSITION 6.6. — Letm =Y, g1 Y}, agiz """ Yip agin Where R > 0, 41,12, ...,ig € I,

li,lo, ..., lg € Zsatisfying forall1 <r < R—1,1l,41 — . > i + iry1. Then:
(1) Form’ € M(L(m)), if v;, aqin—1(m') > 1 then v, ,p+1(m’) > 1.
(2) L(m) is special.
(3) L(m) is thin.
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To prove this proposition, we will need the following direct consequence of the results in

[13]:

LEMMA 6.7. — Let V be a fundamental representation of a quantum loop algebra Uy (Lg)
and let Y; , (resp. Yj;l) be the highest (resp. lowest) weight monomial of xq(V'). Then we
have:

XeV) €Yia (14470, (1+ Y Ay ZIA hieraec)),
{keI|C; x=—1}

XeW) €Y (14 A (14 Y. Apgg2ZlAdlieraect)) -
{keI|C;j x=—1}

Proof. — As V is special, we can use the algorithm proposed by Frenkel-Mukhin [13] to
compute x,(V) (see [13, Section 5.5] for details): we start with Y; ,. Then we get Y; ,A; ;q
with multiplicity 1 as L;(Y; o) = Y; o + Y} aA_ As

i,aq"

Y;QA ! =Y~ . H Yk,aq7

i,aq i,aq?
{kelI|Ci =1}

the next step of the algorithm gives the monomials Y; . A; , qA; ag2 With multiplicity one, and
then inductively the other monomials occurring in Xq(V) are lower than these monomials.
The second statement is obtained by the duality stated in [13, Proposition 6.18] (by re-

placing the Y; q4n by Yi_af]_n, we get the g-character of a fundamental representation). [
Now let us prove Proposition 6.6:

Proof. — Let us denote by (1g) (resp. (2r), (3r)) the condition that the statement (1)
(resp. (2), (3)) of the proposition is satisfied for any R’ < R. We prove by induction on R
simultaneously that (1z), (2r) and (3g) are satisfied. For R = 0 this is clear.

Now we prove the following for R > 1:

° ((1R—1) and (2R—1) and (SR—I)) 1mphes (].R),
e ((1g) and (2gr—1) and (3g—1)) implies (2r),
e ((1g)and (2g) and (3g—1)) implies (3g).
Let us start with: ((1g) and (2g_1) and (3g—1)) implies (2g).
By Lemma 5.7

M(L(m)) C (mY," ., M(Vi, (ag'™))) U (M(L(mY; "

ir,aq'R

))}/;R,aqu )

n.aq'r) are lower than mA~!

R

K2

As all monomials of m}/;;}aqu(Xq(X/iR(aqu)) -Y, in.aglR+1!
(Theorem 3.13) which is right-negative, they are not dominant. Consider m’ in the set
M(L(mYl_ anR))Ymvaq —{m}. If v, zR+1(m’m B>1orv (m'm=1) > 1,it
follows from the (1g) that m’ is lower than mA; P which is right-negative, so m’ is not
dominant. We suppose that

1R,aQ 1R, aqu 1

1 —1\ __ /o —1\ __
Vipagr-1(MM™") =0, cuprr(m'm™") = 0.
-1 / 1
So we have u;, ,.ir(Mm YiR,aqu) > 0. By (2g-1), the monomial mY " o €

M(L(mY ! lR)) is not dominant. So there are i € I, b € C*, such that (i,b) # (igr, aq'®)
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and ui,b(m’Yi;’laqu) < 0. As “i,b(m/Yi;,laqu
satisfied.

Now let us prove: ((1g) and (2g) and (3g—1)) implies (3g).

From property (2g) and Proposition 5.14, it suffices to prove that all monomials of
M(L(m)) are thin. Suppose that there is a monomial in M (L(m)) which is not thin. From
Lemma 5.11, we can suppose that there is m’ € M(L(m)) such that there are ¢ € I,a € C*
satisfying u; o (m’) = 2 and such that any m” satisfying v(m”m™=') < v(m’m=") is thin. In
particular from Proposition 3.14:

e m'is({1,...,i—2}U{i}U{i+2,...,n})-dominant,
o (uj—1(m') <0=b=ag),
o (ujr1(m') <0=b=aq).

) = u;p(m’), m' is not dominant. So (2g) is

(Otherwise we could construct m” € M(L(m)) not thin such that v(m”m=1) <
v(m/m~1).) We can apply Lemma 5.17 for 941,....i—1} of type A;_; and then for ggi41,.. )
of type A,,—;. We get a monomial M € M(L(m)), and by construction

e M is I — {i}-dominant,
° ujhaqjlfi(M) > 1 with 71 <1,

® Uj,,aqi—iz (M) > 1 with j; < jo, 4 < ja.

Moreover as u; o(m’) = 2, by construction M is dominant. From property (2z) we have
m = M. Inparticular thereisr < 7’ such that (i, l.) = (j1,71—¢) and (4, lv) = (j2,%—Jj2).
We have
Ly — by = 20— jo — j1 =iy + iy + 2(0 — Jo2) — 21 < i + .
But we have
by —lL=U = b))+ + (g1 = U) 2 + 2001 + -+ bpg1) 0 > b + i,

contradiction. So (3g) is satisfied.

Finally we prove: ((1g—1) and (2g—_1) and (3z—1)) implies (1g).

We prove (1g) by induction on v(m/m=1) > 0. For v(m'm~!) = 0 we have m’ = m
and the result is clear. In general consider a monomial m’ < m such that for m” sat-
isfying v(m”m~') < v(m’m~1), the property (1g) is satisfied. We suppose that more-
over the property is not satisfied for m’, that is to say that v;, ,,z—2(m'm~") > 1 and
viR,aquH(m’m_l) = 0. It follows from Proposition 3.14 and the induction hypoth-
esis on v that m’ is (I — {ig})-dominant (otherwise we could construct m” such that
v(m”"m™1) < v(m'm~!) and the property is not satisfied for m"’).

If m/ is not dominant, m’ is not iz-dominant and so it follows from Proposition 3.14
that there is m” € M(L(m)) ig-dominant such that m” > m’ and m’ is a monomial
of L;_ (m"). Moreover there is b € C* such that m’ < m’A;,, < m”, and m’A4;,, isa
monomial of L;,(m") and so in M(L(m)). By the induction hypothesis on v, m’A4;,
satisfied the property (1g), and so we have b = ag'*~'. So v;, spr-1(M"M™1) =
Vipaginrr (m’m™1) = 0. In particular u; . (m") > u;

iR,aq'R (m) > 1 By Lemma
5.7, we have m' € M(L(YiR,aqu))M(L(in:aq,R )). But by Theorem 3.13 the monomials
of M(L(Y;R,aqu

m' € Y, spnM(L(mY, !

g ir,aq'R

—1
)) not equal to Y, .. are lower than YipagrA;, gqrn+1- SO we have

)). By the properties (2g_;) and (3z_1), L(mY,~*

1R,aqu) is
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special and thin. In particular u,, ,.r-2(m") < 1, and so by Proposition 3.8, m’ is not a
monomial of L, . (m”), contradiction. So m' is dominant.

As L(mY._1 . ) is special, the monomial m'Y,"* , is not dominant. So
1R 1R,aq'R

Ry

® U,

m'Y"t ) =1,

tr (
ir,aq' R ir,aq'R

o ujp(mM'Y ' | )< 0= (j=igandb=ag').

ir,aq'R

So we can use Lemma 5.16 for the thin module L(m'Y, Let o, § as in the proof of

aqu)
Lemma 5.16. Let j = ig + 3 — aand b = aq'®~*~#~2. By construction of m from m’ in the
proof of Lemma 5.16, we have Uj’b(m}/;;laqu) >1landm’ € m _1M(Vj(b)). Moreover

thereis R’ < Rsuch that j = ig andlg — a — 3 — 2 = lg,. We have
Oé-‘rﬁ-i-zle—lR/ZiR+2iR_1+'-'+223/+1+iR/
>2(gp+- - +ig4+1)+ 06—

SOiR+"'+iR/+1 <a+1and (iR—a)+iR_1+-'-+iRI+1 <1. Asig —a > 1, we have
z‘R_1+---+iR/+1=0,R’:R—1andiR—a—1

By construction, we have m'm~' e Z[A;}
suppose that igp + 5 = n.

Wehaveigr =n+1—ig_1. As

taqrli<in+8rez. So from Lemma 5.9 we can

wmm )™ = (a1 + -4 an) + (e + -+ an_1)
+eet (aiR—l +eet an+1—iR—1)
=1 + oy + 2(012 + Oln_z) + -+ iR_l(ainl + an+1_iR71)

+ Z‘Rfl(aiR—1+1 + e+ an*iR—l)’

the monomial m/(mY.” ! agin )7 ! is the lowest monomial of M(V;,_,(ag'"-1)) (the
R—1
weight of the lowest weight of fundamental representations has been computed in [13,

Lemma 6.8]).
Let us prove that

3) M(L(m)) N m'Z[Aip, alacc C {m',m'AiR’aquq}.

Let m” € (M(L(m)) N\m'Z[A;, dlacc+) different from m'. In particular m > m” > m/. By
construction of m’ fromm, as R’ = R—1, we have for k # ir_1, vy, 410 +1 (m'm~1) =0. So
by Theorem 3.13 (for fundamental representations, that is to say the particular case proved

in [13]), m’,m"” € my ! M(V;,,_ (ag'®-1)). Asm/ (mY ! L is the lowest

tR—1,29
monomial of M(V;,_, (ag'#-1)), Lemma 6.7 gives:

(Xq(ViR71(aqu_l))YiR7aqL )A_ ,aglR—1 el+ A1R+1 ag'r~ ZZ[A ]kel deC*
+ A,

tn tre1)”
R-1 _1,aq'R—1

in—1,aq'r—2 LAk dlker,decx -
As by hypothesis v; ,_1(m/(m”)™1) = vi, 11 (m'(m”)~1) = 0, we get:
-1 - -1
N(mYzR Laq R )= m’AiR’aquq(mYm Laqi R 7

Let us prove that
@ m” e (ML) Nm'ZAE Jaec) — {m'Aiy s} = vi (m"(m) ™) > 0.
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Consider a monomial m’ satisfying the left property of (4). By Lemma 5.8, for k # R — 1

we have v;,_,1+1(m'm™") = 0. So
— -1
m" € m(YiRihaqu—lM(ViR—l(aqu_l))) ( H YiRvaql’“) H M(ViR (aqlk)'

{klir=ir} {klir=ir}
Let us write this decomposition
—1
" __ —1 " "
m' =mY e pa (] Yigaw) T 0"
{klix=ir} {klix=ir}

(Ifig—1 = ir we put (m”)g_; only once.) Let k # R — 1 satisfying i;, = ig. Observe that
for Ry < Ry, we have lg, —Ig, > ir, +ir, > 2. Soby Lemma 5.8, v, sou+2(m'm™") =

v et2(m'm=1) = 0. So (m"), =Y, or (m"), =Y, ATl As a conse-

in—1,aq ir,aq'k irsaqtk i aglit1s
quence, (m”)g_1 — Yi:aqu or (m")p_1 = Yi:aquAiR,aqufl (Lemma 5.8). So
Vi (M (m')™Y) = vin (M) R-1Yip, agin) + > viR((mN)le'_R,laqlk)
{k#R—1|ix=ir}
> vip (M) R1Yiy, agin) 2> —1.
If v, (m”(m’)~') = —1, then for all k satisfying iz, = ig we have (m"); = Y;, ,.. and

" . —1 "o __ /
(m"p-1 = YiR)aquAiR’aquq. Som"” =m Aimaqzﬁ.ﬁ1 and we can conclude the proof of

.
Now it suffices to prove that the conditions of Theorem 5.1 with i = ig are satisfied for

m'.

Condition (i) of Theorem 5.1. — The uniqueness follows from the statement (3) above. For
the existence, it suffices to prove that M = m'A, ,.ix-1 is in M(L(m)). By Lemma 5.6,
thereis j € I, M' € M(L(m)) j-dominant such that M’ > m’ and M’ € m'Z[A; o]acc~-
By the induction hypothesis on v we have j = iy, and so by uniqueness M’ = M.

Condition (ii) of Theorem 5.1. — We have by Lemma 5.4
dorh e 3 (L),

= m'EmZIAE Jaec
and so the result follows from the statement (4) above.

Condition (iii) of Theorem 5.1. — By Lemma 5.7, we have

M € M(L(Y, gn))M(L(mY, ).

ir,aq'R

But by Theorem 3.13 the monomials of M (L(Y;
YviRyllqu i_Rl,aqLR+1 .
L(in:aqu ) is thin and so u, , ,,1r—2(M) < 1. Moreover by the induction hypothesis on v,

(Mm™) = v, sogt1(Mm™1) = 0. So v, (M) > 1. So by Proposition 3.8,

UiRvaqu_l 1Rr,aq 1R7aqu
m’ is not a monomial of M(L;,(M)).

nagir)) DOtequaltoY; . ., arelower than
So we have M € Y;-}quR./\/l(L(mY._1 ))- By (3g-1), the module

ir,aq'R

Condition (iv) of Theorem 5.1. — The result follows from the statement (4) above.
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Condition (v) of Theorem 5.1. — Clear by the induction hypothesis on v. O

The case of standard modules M (X ,g"a) ) can be studied in the same way by replacing ¢ by
i=mn—i+1.

We can conclude the proof of Proposition 6.4 with Proposition 6.2, Proposition 6.3 and
the following counter-examples:

LeEmMMA 6.8. — We suppose thatn > 3. Letk > 3,a € C* and1 < i < n. Then M(X,Ele)
is not small.

Proof. — Consider m’ = X,iflA;;q,%“ < X,izl Then m' is dominant. As gg;—1;i4+1}
is of type sly, by using Lemma 5.9, we can check as in Remark 4.9 that L(m/) is not special,
and so M (X" is not small. O

6.4. End of the proof of Theorem 1.2
)

a

In general for g not of type A, ¢ extremal does not imply that M (X ,gz
ample:

) is small. For ex-

REMARK 6.9. — Let g be of type Dy and m = Y1 43Y1 ¢5Yo 1. By using the process de-
scribed in Remark 3.16, the following monomials occur in x4(L(m)): 13152y, 11131525 '314,,
111315235 45, 1313152, 1115, So L(m) is not special. As Y1 Y1 5Ya1 = X, A7} €
MM(X (L)), M(X,) is not small,

Let us end the proof of Theorem 1.2:

The case k = 1 follows from Lemma 6.2. The case & = 2 follows from Lemma 6.3. In the
rest of the proof we suppose that k£ > 3.

Suppose that ¢ is not extremal. Thereis j # j’ such that C; ; = C; j; = —1. Consider
m' = XJEZA;;(%H < X,S?l Then m' is dominant. Let J = {4, j,j'}. g is of type A3 and
so by using Lemma 5.9, we can check as in Remark 4.9 that L(m') is not special.

Suppose that 5 is extremal. Let 5 be the unique element of I satisfying C; ;, = —1. Let
i3,...,4q;, such thatfor2 <r < d; — 1, _; ., = —1and ig, is special. Let ig,11 # ia,12
such that C, i, , i, via, 2 = —land iq,—1,1q,41,1q,+2 are distinct.

For an illustration an example is given on the following picture:

i i2 i3 Ud,  ld;+1
. O DY

O O .. 1
idi+2

Suppose that k > d; + 2. Let m/ = X,Ef?lA,’l = i2’aq2—kX(i)

i,aq2—F k—1,aq"

By Remark 3.16,
-1 -1 -1 )
i2,aq3 k" Tig,aqt—F Ga;41,aq%iH2F

X (A71 d-+2—kA71 d.+3—kA;l d;+4—k "'A71 2di+1—k) € M(L(ml))

id;+2,a9% id,;,aq®i d;—1,aq% i2,aq

m" =m/(A

But

k—1,aq

(A4_1 A_l 2di+1—k)4)(i)

i2,aq3 7% Viz,aq

= Yi’aqs—kYi’aqs—k s Y;"aqk—l i,aq?dit1=F,

4¢ SERIE — TOME 41 — 2008 — N° 2



SMALLNESS PROBLEM FOR QUANTUM AFFINE ALGEBRAS 303

and3 -k <2d;+1-k<k—-3.S0 mHAi_;qzdwz—k is dominant and occurs in x4 (L(m")).

a

So L(m") is not special and M(X,Ef) ) is not small.

)

Suppose that k¥ < d; + 1 and that there is a dominant monomial m’ < X ,Ela By Lemma
6.1, (v;(m'm=1) # 0= j € {i1,...,ia,}). Sofrom Lemma 5.9, we can work with Blir,..ia, }
of type Ag,. So it follows from Proposition 6.4 that M (X ,gzl) is small. O

6.5. General simply laced quantum affinizations

The notion of quantum affinization can be extended beyond quantum affine algebras: the
quantum affinization U, (g) of a quantum Kac-Moody algebra 4, (g) is defined with the same
generators and relations as the Drinfeld realization of quantum affine algebras, but by using
the generalized symmetrizable Cartan matrix of g instead of a Cartan matrix of finite type.
The quantum affine algebras, quantum affinizations of usual quantum groups, are the sim-
plest examples of quantum affinizations and have the particular property of being also quan-
tum Kac-Moody algebras. The quantum affinization of a quantum affine algebra is called
a quantum toroidal algebra (or double affine quantum algebra). It is not a quantum Kac-
Moody algebra, but it is also of particular interest, in particular in relation to double affine
Hecke algebras (Cherednik algebras).

In [29, 32, 20], the category O of integrable representations is studied. One can define
for general quantum affinizations analogs of Kirillov-Reshetikhin modules (these represen-
tations are not finite dimensional in general). We can also define the notion of small modules
by using the characterization in Theorem 4.8.

The statement of Theorem 1.2 is satisfied for all simply-laced quantum affinizations, by
using exactly the same proof, except that in the end of the proof of Theorem 1.2 (subsection
6.4), for J = {i,5,5'}, g; may be of type Az or of type Aél) (in the second case we have
C;; = C; o = C; ;» = —1). In this case, we can check as in the following remark that for m’
as in subsection 6.4, L(m') is not small.

REMARK 6.10. — Let g be of Agl), consider m = Y51Y5 2Y5 g0, m' = mA;; =

Y1,qY0,qY2,4¢. Then by using the process described in Remark 3.16, the monomials

-1y -1 2 o/ A—1 g1
Yl,q3YO,q3Y1yq2Yqu2Y2,q2)/é,q4 =m Al,qQAO,QQ’

o p—1 -1 —1
}/27q2Y17q2Y07q2 =m Al,q2A0,q2A

2,(]3’

occur in xq(L(m")) and L(m') is not special. So M (m) is not small.
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