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FUSION PRODUCTS AND TOROIDAL ALGEBRAS

DENIZ KUS AND PETER LITTELMANN

We study the category of finite-dimensional bigraded representations of
toroidal current algebras associated to finite-dimensional complex simple
Lie algebras. Using the theory of graded representations for current al-
gebras, we construct in different ways objects in that category and prove
them to be isomorphic. As a consequence we obtain generators and relations
for certain types of fusion products, including the N-fold fusion product of
V (1). This result shows that the fusion product of these types is independent
of the chosen parameters, proving a special case of a conjecture by Feigin
and Loktev. Moreover, we prove a conjecture by Chari, Fourier and Sagaki
on truncated Weyl modules for certain classes of dominant integral weights
and show that they are realizable as fusion products. In the last section we
consider the case g = sl; and compute a PBW type basis for truncated Weyl
modules of the associated current algebra.

1. Introduction

Let g be a finite-dimensional complex simple Lie algebra with highest root 6. The
current algebra g[z] associated to g is the algebra of polynomial maps C — g;
equivalently, it is the complex vector space g ® C[t] with Lie bracket the C[t]-
bilinear extension of the Lie bracket on g. The toroidal current algebra g[¢, u]
associated to g is the algebra of polynomial maps C> — g and can be identified with
the complex vector space g ® C[¢, u] with similar Lie bracket. The Lie algebra g[t]
is graded by the nonnegative integers, where the r-th graded component is g ® ¢
and g[z, u] is bigraded by pairs of nonnegative integers, where the (r, s)-th graded
component is g®¢" u®. We are interested in the category of finite-dimensional graded
representations of g[¢] and finite-dimensional bigraded representations of g[¢, u].
The former category contains a large number of interesting objects, for example
local Weyl modules (see for instance [Chari et al. 2014b; Chari and Pressley 2001;
Fourier and Littelmann 2007; Fourier et al. 2012]), g-stable Demazure modules
(see [Chari et al. 2014c; Fourier and Littelmann 2006; 2007]) and fusion products.
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The latter class of representations was introduced in a paper by Feigin and

Loktev [1999]: given finite-dimensional cyclic g[z]-modules Vi, ..., Vy with
cyclic vectors vy, ..., vy and a tuple of pairwise distinct complex numbers z =
(z1, ..., zn) one can define a filtration on the tensor product Vi‘ R Q® Vf\jv and

build the associated graded space with respect to this filtration. This space is called
the fusion product and is denoted by V{'--- % V3", where V* is a nongraded
glt]-module (see Section 3 for more details). The Feigin—Loktev conjecture states
that under suitable conditions on V and vy the fusion product is independent of the
chosen fusion parameters z. This conjecture has been proved for several classes of
representations. For example it has been proved in [Chari and Loktev 2006; Chari
and Pressley 2001; Fourier and Littelmann 2007; Naoi 2012] that the fusion product
of local Weyl modules is again a local Weyl module and hence independent of the
chosen parameters. Other examples are fusion products of Kirillov—Reshetikhin
modules (see [Ardonne and Kedem 2007; Kedem 2011]) and fusion products of
g-stable Demazure modules (see [Chari et al. 2014¢; Fourier and Littelmann 2007;
Kus and Venkatesh 2014]).

Another interesting class of g[t]-modules comprises those which are obtained
as fusion products of finite-dimensional simple g-modules, where a g-module V
is made into a g[¢]-module by requiring (g ® rC[¢]) V = 0. Hence for any tuple
(A1, ..., Ayn) of dominant integral weights the fusion product V2! (A1)*- - - V¥ (Ay)
can be defined and studied. For these types of representations the Feigin—Loktev
conjecture has been proved in the case of sl, and in some other special cases (see
for instance [Chari and Venkatesh 2015; Feigin and Feigin 2002; Feigin et al. 2004;
Ravinder 2014]). Moreover, in the case of sl, a presentation for the fusion product
V(ky) *--- % V(ky) has been established in terms of generators and relations of the
enveloping algebra (see [Chari and Venkatesh 2015; Feigin and Feigin 2002]) and a
PBW type basis has been computed [Chari and Venkatesh 2015]. An easy calculation
shows that the aforementioned presentation can be greatly simplified if the highest
weights are equal. In particular, V(k) * - -- % V(k) is a cyclic U (sl>[¢])-module
generated by a vector v subject to the same relations as the highest weight vector of
the local Weyl module Wi, (kN) with the only additional relation (sl, ® tNyv =0.

This paper is motivated by the idea of generalizing the above observation for
arbitrary g: Is the fusion product VZ' () * - - - x VZ¥()) independent of the fusion
parameters for arbitrary g? Is there a simple presentation considered as a U (g[t])-
module? Is the truncated Weyl module W(N X, N) realizable as a fusion product?
For the definition of truncated Weyl modules see Section 4A. In this paper we
give a positive answer to these questions. Our approach is based on the theory
of finite-dimensional bigraded modules for the toroidal current algebra g[¢, #]. In
particular we construct an associated graded version of a g-stable Demazure module
gr,v T(¢, N) and a bigraded version of a fusion product D* (¢, £A) - - -xD" (€, £A) %
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D" (€, £) + A0) (for the precise definitions see Sections 3C and 3D) such that the
zeroth graded space (with respect to the u-grading) of the second construction is
isomorphic to the fusion product of finite-dimensional simple g-modules. Our first
result is the following; for the precise definition of the ingredients see Section 3.
We remark that if \° # 0, then the Lie algebra g is assumed to be classical or Go;
for A0 = 0 there is no restriction on g.

Theorem. Let ¢ € N, A be a dominant integral coweight and A° be a dominant
integral weight such that \°(0) < €. We have an isomorphism of U (glt, u])-
modules

grv T(0, N) =D (€, €1) - - - x DX(€, €) % D“(£, €A+ A0).

Our second result gives a connection to truncated Weyl modules, where the first
part is a direct consequence of the previous theorem and the second part proves a
special case of a conjecture by Chari, Fourier and Sagaki. Again for the precise
definition of the ingredients see Section 4A.

Theorem. Let £ € N, A be a dominant integral coweight and A° be a dominant
integral weight such that \°(8Y) < £.

(1) The fusion product V(EL)*N =D x« V(er + A0) is independent of the fusion
parameters.

) IfFA°0Y) <1 and |[NL+ 2% = N, then
WNA+A2 M) = VR)* VD w v+ 19).

As a special case of the previous theorem we can choose £ = 1 and A° = 0.
This yields that the N-fold fusion product of V (1) is independent of the fusion
parameters for any dominant integral coweight A. The second part of the theorem
shows that the N-fold fusion product of V (1) has a remarkably simple presentation.

In Sections 4C and 4D we deal with the case of sl, and prove that the truncated
Weyl module is realizable as a fusion product. Moreover, we compute a PBW
type basis for truncated Weyl modules which differs from the basis described
in [Chari and Venkatesh 2015, Section 6]. For the precise definition of the set
S(N=1, (k+1)7) see Section 4B.

Theorem. Let m € Z, and writem =kN 4+ j,0< j < N.
(1) We have an isomorphism of U (sl, @ C[t]/t™)-modules

W(m, N) = VR N5V (ke + DY,
(2) A PBW type basis of W(m, N) is given by

(@D (x_o VNN 1w, v | (o, ... in—1) € SCNTI, (k4 1)7)).
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Our paper is organized as follows. Section 2 establishes the basic notation needed
in the rest of the paper. In Section 3, we construct in different ways two bigraded
modules and prove them to be isomorphic. As a consequence we obtain that the
fusion product is independent of the chosen parameters. In Section 4, we give some
applications regarding the conjecture on truncated Weyl modules and compute a
PBW type basis.

2. Preliminaries

2A. Throughout the paper C denotes the field of complex numbers, Z the ring
of integers, Z the set of nonnegative integers and N the set of positive integers.
Given any complex Lie algebra a we let U (a) be the universal enveloping algebra
of a. Further, let a[#] be the Lie algebra of polynomial maps from C to a with the
obvious pointwise Lie bracket:

[X®f»)’®8]=[X’Y]®fga X,y €aq, f?geq—j[t]-

The Lie algebra a[¢] and its universal enveloping algebra inherit a grading from
the degree grading of C[¢]; thus an element a; ® t"' - --a;, ®1t">, a; € a,r; € Z4 for
1 < j <s, will have grade r| +- - - +r;. We shall be interested in Z-graded modules
V =&,., VIs] for a[r].

2B. We refer to [Kac 1990] for the general theory of affine Lie algebras. Let g
be a finite-dimensional complex simple Lie algebra and § be the corresponding
untwisted affine algebra. We fix h C 6 Cartan subalgebras of g and g, respectively,
and denote by R the set of roots of g with respect to f and by R the set of roots
of g with respect to 6 The corresponding sets of positive and negative roots are
denoted as usual by R* and R*, respectively. We fix a basis A = {«y, ..., a,} for
R such that A = AU {ap} is a basis for R.Fora ﬁ, let @ be the corresponding
coroot. We fix d € 6 such that ag(d) = 1 and «;(d) = 0 for i # 0; d is called the
scaling element and it is unique modulo the center of g. For 1 <i < n, define
w; € h* by w; (Otjy) =4§;,; for 1 < j <n, where §; ; is Kronecker’s delta symbol.
The element w; is the fundamental weight of g corresponding to «’. Let (-, -) be
the nondegenerate symmetric bilinear form on h* normalized so that the square
length of a long root is two. For « € Rt we set
2

dy, = , di=dy forl <i<n.
(o, )

The weight lattices P and P are the Z-span and 7, -span, respectively, of the
fundamental weights. The coweight lattice L is the sublattice of P spanned by the
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elements d;w;, 1 <i < n, and the subset L™ is defined in the obvious way. For
A € PT we define

M=) Ae) ezy.

i=1

2C. Given € R* let §, C § be the corresponding root space; note that §o C g if
« € R. For a real root @ we denote by x, a generator of g,. The element d defines
a Z-graded Lie algebra structure on g[¢]: for « € R we say that g, has grade k if

[d, xo] = kxo

or, equivalently, if a(d) = k. With respect to this grading, the zero homogeneous
component of the current algebra is g[¢][0] = g and the subspace spanned by the
positive homogeneous components is an ideal denoted by g[#],. We have a short
exact sequence of Lie algebras

0— glt]l+ — glz] = g— 0.

Clearly the pull-back of any g-module V by evq defines the structure of a graded
g[t]-module on V, and we denote this module by evj V.

2D. For A € P, denote by V(1) the simple finite-dimensional g-module generated
by an element v, with defining relations

N .
o, =0, o/v =AM, (x_6) Ty =0, 1<i<n.

Itis well known that V(1) = V() if and only if > = u and that any finite-dimensional
g-module is isomorphic to a direct sum of modules V(1), A € P*. If V is an b-
semisimple g-module (in particular if dim V < 00), we have

V=@V, V.={veV|h=puhv, hebh),
neb*
and we set wtV = {u € h* | V,, # 0}. By our previous comments, for any A € Pt
we obtain a graded g[¢]-module ev; V(3).
We also define the local Weyl module Wy, (A), which is a finite-dimensional
glt]-module generated by an element w; with defining relations

0w, =0, (@ @ )wy =8 0Ma)wy,  (x_q, @ DTy, =0
Vs >0, 1 <i<n.

For more details regarding the theory of local Weyl modules see [Chari et al. 2014b;
Chari and Loktev 2006; Chari and Pressley 2001; Fourier et al. 2012; Fourier and
Kus 2013; Fourier and Littelmann 2007; Naoi 2012].
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2E. We recall a general construction from [Feigin and Loktev 1999]. Let U (g[¢])[k]
be the homogeneous component of degree k (with respect to the grading induced
by d) and recall that it is a g-module for all k € Z,. Suppose now that we are
given a g[r]-module V which is generated by v. Define an increasing filtration
0cVPc V! c... of g-submodules of V by

k
V=P U@llsiv.

s=0

The associated graded vector space gr V admits an action of g[z] given by
x(+VEH =xv+ VS x eglrlls], ve VFTL

Furthermore, grV is a cyclic g[¢]-module with cyclic generator v, the image of v
in gr V. Given a g[¢]-module V and z € C, let V* be the g[¢]-module with action

CcRNW=uxQ(t+2))w, xe€g, weV, rez,.

Starting with finite-dimensional cyclic g[#]-modules V1, ..., Vy with cyclic vectors
V1, ..., vy and a tuple of pairwise distinct complex numbers z = (z1, ..., Zy), the
fusion product is defined to be V¥ - - - % V¥V :=gr(V' @ - - - @ V). It was proved
in [Feigin and Loktev 1999] that the tensor product V¥!' @ - - - ® V¥ is cyclic and
generated by v; ® - - - @ vy. Clearly the definition of the fusion product depends on
the parameters z5, 1 <s < N. However, it was conjectured in that paper (and proved
in special cases; see [Chari and Loktev 2006; Feigin and Feigin 2002; Feigin and
Loktev 1999; Fourier and Littelmann 2007; Kus and Venkatesh 2014], for example)
that under suitable conditions on V; and vy, the fusion product is independent
of the choice of the complex numbers. In this paper we cover another class of
representations, where the construction of the fusion product is independent of the
parameters. To keep the notation as simple as possible we almost always omit
the parameters in the notation for the fusion product and write V| - - - x Vy for
Vs .. x VI,
1 N

3. Filtrations and bigraded modules

The aim of this section is to construct two finite-dimensional bigraded modules in
different ways and prove them to be isomorphic. The advantage of this construction
is that a comparison of the zeroth graded components leads to a realization of the
fusion product associated to rectangular partitions.

3A. Let us start with our first construction. Let A € P™ and ¢ € N. The g-stable
Demazure module D(4, A) is a finite-dimensional submodule of a level ¢ highest
weight representation for the affine algebra g. For these representations, generators



FUSION PRODUCTS AND TOROIDAL ALGEBRAS 433

and relations are known if we consider them as U (g[¢])-modules; see [Fourier and
Kus 2013; Fourier and Littelmann 2007; Mathieu 1988] for more details. We remark
that these relations are greatly simplified for Demazure modules for untwisted affine
algebras in [Chari and Venkatesh 2015] and for twisted affine algebras in [Kus and
Venkatesh 2014]. For instance, one can use these simplified relations to see directly
that level one Demazure modules are isomorphic to local Weyl modules for simply
laced affine algebras and twisted affine algebras, initially proved in [Fourier and
Littelmann 2007] and [Chari et al. 2014b; Fourier and Kus 2013], respectively. We
recall the simplified presentation of g-stable Demazure modules. Write

(B-1)  ABY)=(pg—Ddpt+mg, 0<mg<dgt, for f € R

Proposition 3.1. The Demazure module D(£, 1) is isomorphic to the cyclic U (g[t])-
module generated by a vector v # 0 subject to the following relations:

(3-2) =0, (h@r)v=238r(h)v Vhebh, s>0,
(3-3) (g @ DMy =0, (x_p@t")v=0 VBeR",
(3-4) x_p® tPi=lymetly =0 VB € R such that mg < dgt.

We can decompose D(¢, A) into simple finite-dimensional g-modules. We remark
that the vector v in Proposition 3.1 corresponds to the highest weight vector of
evy V(1) in the g-module decomposition of D(¢, A). We call it a highest weight
vector of the module.

3B. We are concerned with Demazure modules of the form D(¢, ¢NA!' +10), where
Al e LT and A0 € P such that A°(0Y) < €. For the rest of this paper we assume
that either 1° = 0 and g is arbitrary or \° # 0 and g is of classical type or Go. By
the results of [Chari et al. 2014¢; Fourier and Littelmann 2007], the Demazure
module D(¢, £NA! 4 A0) is isomorphic to the fusion product of N — 1 copies of
the Demazure module D(¢, €A') with D(¢, €A1 + 19):

(3-5) D, (NA +20 =D, ealy - --x D, 2 xD(e, ex! +29).

This decomposition holds for all fusion parameters z = (z1, ..., zy) with z; # z; for
all i # j. We emphasize that the restriction on g is only made because (3-5) is not
proved for the remaining exceptional Lie algebras if A° is nonzero. In other words,
our results are applicable whenever we have such a fusion product decomposition.
We will need the following lemma.

Lemma 3.2. Let 8 be a positive root and A € PT. We write 6 — 8 = Zj yjasa
sum of positive roots. Then we have

AMBY)B, B) <A (67)(6,0)  with equality if and only if A(y;") =0 V.
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Proof. Since X is a dominant integral weight we have A(B8") > 0 for a positive root
B. We obtain

=(,3+Zyj) (8, 'B)ﬂ +Z(yj’yj) v,
J

which gives

A(6Y)(0.0) = (B. LB+ D (i yAy)) = (B. HILBY).
J

Note that equality is only possible if )L(ij) =0 for all j, since (y;,y;) >0. [0
By Lemma 3.2 and Equation (3-3) of Proposition 3.1 we get the following result.
Corollary 3.3. (x_g ® t*' @+DNYyy = 0 for all roots B € R

Proof. Write (¢NA! +22)(B8Y) as in (3-1). Since A! € LT we have mg = dgt if
20(BY) =0and mg = 1°(B") else. Then (x_g ® t#)v =0 and
MBY) | A(BY) —mpg

=N 1<NQ'©OY)+1). O
Pg dﬂ+ dyt +1<NR ©O)+1)

Hence D(¢, ¢NAL +20) is a U(g ® C[¢]/t* @)DV _module.
3C. We define a decreasing filtration on U (g ® C[¢]/¢* @)+DN)

To(N) 2Ti(N) 2Ta(N) 2 -+ -,
with
To(N) = U(g@Clr]/1* @+,
T;(N) = (gt C[t) T;—1(N) for j >1,
and study the induced decreasing filtration on our Demazure module given by

D, ¢NA +10) = To(N)v =: To(€, N) DT (N)v:=T{(¢, N) DTr({, N) D-- - .

To be consistent with the notation in [Feigin 2008], we refer to it as the N filtration.
Let gr,v T(N) and gr,~n T(¢, N), respectively, be the associated graded spaces

gry T(N) =To(N)/ Ti(N) BT (N)/T2(N)&D - --
and

gy T(E, N) =To(€, N)/ Ti((, N) @T1(£, N)/ To((, N) @ - - -

Since D(¢, ¢NA' 4+ 19) is a module for U(g ® C[t]/t(kl(ev)“w) we obtain that
gr,v T(¢, N) is a module for gr,y T(N). By the following lemma gr,» T(¢, N) is
also a module for the toroidal current algebra U (g ® C[t, ul/(tV, u* @ )+1)).
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Lemma 3.4. We have an isomorphism of algebras
W gry T(N) = U@ @CLr, ul /¢, 0t ),
where W(x @ /N1 = x Qu/t® forx e gand 0 <s < N.

Proof. The map W is clearly an isomorphism of vector spaces. In order to show
that this map is an algebra homomorphism, we have to check that the naive way of
defining W on a product of elements is well defined. Hence we will verify that

CRu/r)(y@u't!) — (y@u't)(x ®ut) =[x, y]@u '+
holds on the right-hand side whenever we have
@tV (y @1V — (y @t N (x @ V) =[x, y] @t UHINF D)

on the left-hand side. This is obvious for s + g < N. Otherwise the variables
xQu’/t* and y®@u't? commute in U(gQC[t, u]/ (", u*l(m)“)). By the definition
of the associated graded space we also obtain that the variables x ® /¥ ** and
y ® t'N*t4 commute in gr,v T(N) since on the one hand

x N (y @) — (y @ N (x @ /NT) € Ty j(N)
and on the other hand
[x, 1@ tUFINHEHD e Ty i1y (N). 0

3D. Now we present a quite different construction of the module gr,v T(¢, N).
In fact, it is one of the main results of this paper that the two constructions give
isomorphic modules. We start with the (N — 1)-fold tensor product of Demazure
modules D(¢, £A") with D(¢, ¢1' + 1Y), The gambit: we switch the variables and
consider now the current algebra g[u] which operates on the Demazure modules
D“(¢, ¢A'). We add the index u to emphasize that here the algebra g[u] is acting.
We extend the action trivially to g[¢, #] and denote the corresponding module by
D*(¢, £11); i.e., g ® tC[t, u] acts trivially. Recall that we get a highly nontrivial
action of g[t, u] when we consider fusion products of these modules with respect
to the variable ¢. The bigraded fusion product

(3-6) D" (€, eAY) * - - - x D*(€, £A1) x« D* (L, €A1 4+ 19)

is a cyclic module for the Lie algebra U(g ® Clt, u]/(tN, ukl(ev)“)). Note the
similarity but also the difference between (3-5) and (3-6). In (3-5) we consider the
fusion product (with respect to the variable #) of g[¢]-modules. The g[¢, #]-module
structure comes into the picture only by the filtration defined in Section 3C. We
would like to remind the reader that if A? # 0, then g is of classical type or G.
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Theorem 3.5. Let A! € LT and A° € Pt such that A°(0Y) < €. We have an
isomorphism of U(g ® C[t, ul/(t", u’xl(ev)“))-modules

gr,y T(€, N) ZD*(€, €A1) - - - x DU (£, £A1) x D (£, £AT + A0).

Proof. Let vz‘(N_l) * Vg be the highest weight vector of the right-hand side. The iso-
morphism between gr,y T(N) and U (g ® Clt, ul/(tV, u*l(ev)“)) (see Lemma 3.4)
induces a natural surjective map

grx T(N) = Ug @ Clt, ul/ (1Y, u* @+ o (0 V7 s ).

It remains to prove that this map induces an isomorphism between the cyclic module
gr,v T(£, N) and the fusion product. Since the dimensions of the modules coincide
it is enough to show that all relations which hold in gr,v T(£, N) also hold on the
right-hand side.

Recall that a presentation of gr,~ T(£, N) is given by two types of relations,
the ones coming from the presentation of the Demazure module and the ones
coming from going to the associated graded space with respect to the ¢V -filtration.
We start by proving that the defining relations of D(¢, £NA! 4 A0) given for v in
Proposition 3.1 are satisfied by vy * - - - % vg % vg. Since the relations (3-2) and the
first part of (3-3) are obviously satisfied it remains to verify the second part of (3-3)
and (3-4). Write ((NA! 4+ A%)(BY) as in (3-1). We start by proving that

3-7) (x—g ®ujﬁtrﬁ)(vZ(N_]) xv9) =0, where pg=jgN +7rp,0=<rg <N.
Since A°(BY) < dgt, we have

_ {NMﬂV)d,;] if 2(8¥) =0,
PN B 1 else.

In either case jg > A! (ﬁv)dﬂ_1 and thus (x_g ® u/#t"#)v, = 0 follows immediately
from the defining relations of D(¢, ¢A"). If rg # 0 we can replace % by (t —zy)"*
in the associated graded space and obtain that the element in (3-7) acts trivially on
vo. If rg =0, then pg is divisible by N, which forces AO(,BV) = 0. Therefore, in
this case we obtain jg = A (B V)dlgl, and (x_g ® u’#)vy = 0 follows immediately
from the defining relations of D(¢, £A! + A9). It remains to consider the relations
(3-4). So suppose we have

le(ﬁv) N A0(BY) —mg
dg dgt

plg—lz :jﬂN—l-l"/g, O§Fﬂ<N.

Since mg < dgt, we must have mg = 19(BY) # 0 and hence pp—1= Nkl(ﬂv)dgl.
It follows that jg = kl(ﬂv)dgl and therefore (x_g ® u/#)v, = 0. So we have

(xi}3 ® uj;;)mﬁ-i-](UZ(N—l) " UO) — U;(N_l) * (x,,g ® ujﬁ)m,f;-i-lvo —0.
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We now consider the relations coming from the ¢ -filtration. Suppose

m iy, c U(g ® C[t]/I(A(GVH_l)N)

is a linear combination of monomials with fixed " -degree such that w = Mv # 0
in D(¢, ¢NA! 4+ 10) but the image w = 0 in gr,y T(¢, N). This is only possible if
there exists a linear combination of monomials of greater " -degree

g / p1N+q| pm/NJ’_qm/
M=% 3 K )1 (ipy @1 ) (xp,, ®1 )

m' P Doy cU@® @[I]/I(A(OV)H)N)
such that w = Mv = M’v in D(¢, £NA!' + 19). We assume in what follows that M’
is of maximal #"-degree. We have (M — M')v =0, so the difference M — M’ is an
element in the left ideal generated by the elements in (3-2)—(3-4). Since M’ is of
higher t"V-degree we get M — M’ = M in gr,x T(N), and since all defining relations
of D(£, (NA' +10) are satisfied by vz(Nfl) xvg we get W(M) o (vz(Nfl) %) =0,
which shows that the natural surjective map

grn T(N) = U@ Clt, ul/ (1Y, ' @41y o (0N 7D s vg)

induces an isomorphism of cyclic modules gr,y T(¢, N) = D“(€, £rl) % --- %
D" (¢, £x1) x D" (£, €Al 4 A9). O

For the rest of this section we discuss a crucial consequence of our result.
Corollary 3.6. Let £ e N, \! € Lt and 1° € P* such that 1°(6V) < ¢.
(1) The fusion product D" (£, €\1) % - - - x D (£, £A1) * D¥ (€, £1) + A0) is indepen-
dent of the fusion parameters.
(2) The fusion product V(EAH)*N =D « V(eA! 4+ 19 is independent of the fusion
parameters.

(3) We have an isomorphism of U(g ® C[t]/tN)-modules

VERY N D vea! +1% =D, eNA +19 /(g @tV Cr]) D, ¢N A 4+ 19).

@) IfA°(0V) < 1, the truncated level one Demazure module is isomorphic to the
truncated level £ Demazure module
D(1, (NAY +29 /(g N Cl]) D1, ¢NA 4 19)
=D, ENL +29) /(g N C[r]) D, ENA +10).
Proof. Since the fusion product VY V=D g v el +19) is isomorphic to the

zeroth graded component of D* (£, £A1) x - - - % D (€, £A1) x D* (£, €A + A9) (with
respect to the u-grading) the statement follows from Theorem 3.5. U
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Remark. Theorem 3.5 generalizes a result of [Feigin 2008], where the theorem
was proved for £ = 1, A = 0 and A! = #. Unfortunately, the proof in that paper
has a gap (personal communication by the author), which is now fixed by the proof
above. Ravinder [2014] used the result of [Feigin 2008] to prove a presentation for
the fusion product V(8)*N «D(1, §)*™.

4. Truncated Weyl modules and PBW type basis

In this section we give some evidence for the conjecture made by Chari, Fourier and
Sagaki on truncated Weyl modules (see [Chari et al. 2014a; Fourier 2015]). For the
reader’s convenience we state the precise conjecture in this paper (Conjecture 4.1).
Finally, we consider the case g = sl and compute a PBW type basis.

4A. Let P (X, N) be the set of N-tuples of dominant integral weights A =
(A1, ..., An) such that Zi)‘i =i LetA=01,...,AN), 0= (U1,..., UN) €
PT (A, N). For a positive root 8 define

rg ) =min{(A;, +- -+ A, )(B) |1 <ij <--- <ix <N}
We say A < u if
rgx(A) <rgx(p) forall e RTand1 <k <N.

The above partial order was considered by Chari et al. [2014a], who observed that for
a tuple A the dimension of the tensor product of the corresponding finite-dimensional
simple g-modules increases along <. Moreover, they proved in certain cases (for
instance when A is a multiple of a fundamental minuscule weight) that there exists
an inclusion of tensor products along with the partial order and conjectured that
this remains true for N = 2 and arbitrary A (see [Chari et al. 2014a, Conjecture
2.3]). Using the unique maximal element in the partially ordered set P (A, N) one
can formulate a conjecture on truncated Weyl modules, which we will explain now.

Definition. Let A € P*. The truncated Weyl module W(A, N) is a cyclic module
for U(g ® C[t]/t") generated by w;_ y with relations
@-1) T @Cl1]/tMw, v =0, (h@t)w; y =8s.0r(Wwyy VD, 50,
(4-2) (x_p@DEIT Ly, v =0 VBeR™.

The following conjecture gives a connection between truncated Weyl modules
and fusion products of irreducible finite-dimensional g-modules.

Conjecture 4.1. Let A € P such that [A\| > N, and let A = (A, ..., Ay) be
the unique maximal element in P (A, N). Then we have an isomorphism of
U(g® C[t]/t")-modules

WA, N)=E V(@A) *x---xV(iy).
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The following result proves the above conjecture for certain classes of dominant
integral weights.

Theorem 4.2. Let A € L and 1° € Pt such that .°(0Y) <1 and |[N» + A°| > N.
Then we have an isomorphism of U(g ® C[t]/t")-modules

WNA+AL, N)Z V) x---x V) * V(L +A0).
Proof. If A = 0, there is nothing to prove. By Corollary 3.6 we obtain that
Vs« V)« VA +19 2D, NA+ 1% /(@@ N Clr]) D(1, Na + 0.

We show that the defining relations of D(1, NX + AO)/(g QtNC[t]) D, NAr+ 1%
hold in the truncated Weyl module. We shall prove only the nonobvious relations.
Let B € R" and write (NA + )\O)(ﬂv) as in (3-1). Then, as before,

i { NABVdg' i A0(BY) #0.,
P NABY)d; — 1 else.

We consider four cases. If (8Y) # 0 and A°(8Y) # 0, then pg > pg —1 > N and
hence

(—p @ "YWy 0 x = (x_p ® 1P wiyyp0 y =0.

If A(8Y) # 0 and A°(BY) = 0, then pg > N and mg = dj (recall that (3-4) was
only considered when mg < dg). If A(8Y) = 0 and A9(B8Y) = 0, there is nothing
to show; so consider the last case, A(8Y) = 0 and A%(B") # 0. In this case pp=1
and mg = 19(BY). Thus we have to prove

X p@DWy 0N =K_p® 1)mﬁ+]wNA+A°,N =0,

where the last equality is clear. Note that it is enough to prove that (x_g ®1) acts by
zero on the highest weight vector of the local Weyl module Wy, (N A + A%). Since
Wioe(NA+219) =W (NL) % W2 (1%) we get

loc loc
(x—p @) (Wyxr *wy0) = (x_g & ( — 22)) (Wi * Wy0) = Wy * (X_pg @ F)w,0.

If g is not of type Go, then Wi, (A9 is irreducible and the statement follows. If
g is Gg it is easy to see that the only positive root B with (x_g ® r)w;o # 0 is the
longest short root 8 = a1 + 2a,. But then A(8Y) # 0. O

We shall show that (A, ..., A, A+ AO) is in fact the unique maximal element in
PH(NA4A2, N). Since A°(") < 1, there exists at most one simple root « such that
19(aY) > 0. Without loss of generality we suppose A° (/) =0forall j > 1. Assume
that (i1, ..., un) € PH(NA+A0, N)suchthat (A, ..., A, A+20) < (1, ..., un).
We fix a simple root «; and a permutation o; such that

Moy (@) < < phoyny (@)
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We write ,udoj(,-)(af) = A(aJY) + &)+ Si,N)LO(ajV) for integers €;(j). By our
assumptions we obtain

N
O<e() < - <ex-1(j) <en(N+1°@)) and Y €,(j)=0.
p=1

Hence, up to a permutation we have p; = A for 1 <i <N — 1 and puy = A +A°.

4B. For the rest of this section we prove the conjecture for sl; and compute a PBW
type basis. For 0 < j < N, let S(kN=/, (k4 1)7) be the set of tuples (i, ..., in_1)
satisfying

N—-1 ! N—4 '

N! N!
4-3 i, < Nk — ——(N—C-2)!b (N —1)!
(4-3) [;N_pzp_ g(zv—a!( ) be+j(N—1)

for integers by defined as follows: 0 < by < N — ¢ and
igp—j=bomodN,
ig+ by modN —¢)=b, modN—¢ forl=1,...,N—4.
The theorem we shall prove is the following.
Theorem 4.3. Let m € Z and writem =kN + j for0 < j < N.
(1) We have an isomorphism of U (sl ® C[t]/t")-modules
W, N) ZVE)N D5 vk+1)".
(2) A PBW type basis of W(m, N) is given by
(e ®@ D (g @M 1wy | o, -y iv—1) € SKNTTL (k+ 1))

A simple calculation similar to the one above shows that (k, ..., k,k+1, ..., k+1)
€ PT(m, N) is in fact the unique maximal element.

The rest of this section is dedicated to the proof of Theorem 4.3.

4C. We start by proving the first part of the theorem. A presentation of the fusion
product as a U (sl ® C[¢]) was given in [Chari and Venkatesh 2015]. So by their
results it is enough to show that the highest weight vector of W(m, N) satisfies the
defining relations of V(k)*N=1) %V (k + 1)* given in [Chari and Venkatesh 2015,
Proposition 2.7], which are
Xors)= Y (@D @0 (xa®),

(bp)pz0e8(rs) s,r,teN, r+s>14+rl+q+p,
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where ¢ = max{0, (N — £)k}, p = max{0, j — £} and S(r, s) is the set of tuples
(bp) p=o satisfying bo+- - -+ by =r and by +2by + - - - 4+ sby = 5. We assume that
r+s < m, because otherwise the claim follows from the following result of Garland
[1978]:

(e @) (g @ DT — (=1)"x_o(r, 5) € U(gltDhn T 1].

Our aim is to prove that for any tuple (b,),>0 € S(r, s) there exists p > N such
that b, # 0. Assume this is not the case. If £ > N we obtain

rN>r+s>14ré>1+4+rN,
which is obviously a contradiction. So assume / < N — 1. It follows that
m>r+s>14+rl+(N—-ODk+p=1+Lr—k)+m—j+p
and thus r < k. Therefore we obtain the contradiction
1+er—k)+m—j+p<r+s<rN=1=<(N-0@ —k)—p.

Hence
W(m, N) = V k)" ND %V (k+1)".

4D. Now we will prove the second part of the theorem. For simplicity we write f;
for x_y ®1%, 1 <i < N — 1, and consider the map sh: U(n™[t]) = U [t]) given
by sh(f;) = fi+1. We will need the following result from [Feigin and Feigin 2002].

Proposition 4.4. Let k| < kp < --- < ky. We have a short exact sequence of
U™ [t])-modules

1

0 V() k- 5V (ey—y) 5 Vky) ke -5V (k) 2 V(ky) k- -5V (ky—1) = 0.

Using this proposition one can construct inductively a PBW type basis of the
fusion product. To be more precise, we have

(4-4) B(ki,....ky) = B(ki, ..., kn-1)su U foB(ki, ... . ky — 1),
where B(-) denotes a basis of the appropriate fusion product.

Example. We have B(1,2) = B(1)sy U foB(1, 1) and hence

B(1,2) = {1, fo}w U foll, fo. 5. fiy =11, f1, fofr. fo, fos f5 -

Lemma 4.5. We have the recursion formula

N—-1 k

k
By = £ B(k—r"HanUJ U T BUU=nN T —r+ 1),

r=0 j=1r=I1
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Proof. The proof follows by repeated applications of (4-4); for the convenience of
the reader we present the first step:

BNy = BN "N U foB((k— D' kN1

=Bk DU foB(tk — ) K" s U feB((k — 1)%, kN 72)
N-—1

— = U FEB(k— 1" kKNI U £V B((k— DY),
r=0

The formula now follows by proceeding in the same way with B((k — 1)V). O

Theorem 4.6. A PBW type basis of the truncated Weyl module W(kN, N) is given
by
B(™) = {fo" fi' -+~ fy23 | Gos oy in-1) € SK™)).

Example. (1) For N =1 we get that S(k) is the set of 1-tuples (ip) satisfying
0

io=>_

j=0

so S(k) = {0, 1,...,k}andB(k):{f({|j:0,...,k}.

(2) For N =4 and k = 2 we get that S(2%) is the set of quadruples (i, i1, i2, i3)
satisfying

I 2o
<1k — 1 —€—2)1by =k,
== g(l—ﬁ)!( )b

6io+ 8i + 12ip + 24i3 < 48 —2b,
where iy = by mod 4 and
BQY = (£ 1 £ £33 | (o, i1, i, 13) € SQ2H).

Proof. The proof of Theorem 4.6 proceeds by upward induction on N. The initial
step is obvious (see also the previous example) and the induction begins. So suppose
that the theorem holds for all integers less than N.

Claim. For all M < N we have
BUM T, (k4+ 1))y = {fl0fl - £ | Gg, -y i) € SGMT (k4 1)),

Proof of the claim. We use induction. There is nothing to prove if j = 0. Assuming
Jj > 0, we obtain

BUMT, (k+1)7)
=BUkM T (k+ 1) Haq U foBU,M T (k+ 1)/
= {(fOf 2 Gy im—2) € SGMTT (k1) D)
ULl fOfI - F 1 g, - v ig—1) € SGMTIFL (k4 1)/ 7).
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The shift by the map sh leads to the following description:
U A Fd T o, i) € SV (k1))
— { l . flM 1

M=1 ‘ M=4 o .
> pz,,<Mk Z(M i M—t- Nhe+M(j—1)(M— )}
with
i1—j+1=b1 modM—l,
ip+ (bp—y modM —€)=b, modM —¢ forl=2,...,M—4,
and
Sl S fal = | Gy - ip—1) € SGMTTHL (1771
{f10+1 . flMl
M=1
i ! ! — '
pZZ:OM pz,,_Mk Z(M E)'(M L=D)be+(j—1)(M— 1)}
:{féo i flMI
M—1 M—4
M! . M!
i, < M'k— M—CL—2D)by+j(M—-1)!, ip>1
EOM—PP eX%)(M E)'( MWoe+j( ) o }

i()—jzb() modM,
g+ by modM —€)=by modM—¢ forl=1,..., M —4.

Therefore, the claim follows with

(flofive o fina o, i) € SGMT (k1) D)

_ {f(? i, flM 1
= 1
M-1 M—4
M! M!
pZoM p <Mlk— Z M= E)'(M £— 2)'bz+](M—1)'}
Now it is easy to verify with Lemma 4.5 that the theorem holds. ([

The proof of Theorem 4.6 gives the following.
Corollary 4.7. A PBW type basis of the truncated Weyl module W(kN + j, N) is
given by
ol fit e it | Gon i) € SN (k+ D)),
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Remark. The fusion product V (1)*V is isomorphic to the truncated Weyl module
Wioc (N, N) and also to the local Weyl module Wio.(N). The inductively obtained
basis B(1") coincides with the basis of the Weyl module W;,.(N) constructed in
[Chari and Pressley 2001]. However, we would like to emphasize that the PBW
type basis of the truncated Weyl module W(m, N) described in Theorem 4.3 is
different from the basis described in [Chari and Venkatesh 2015, Section 6]. For
example, we have f13 e B(1*) but f13 is not contained in their basis.
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