CHAPTER 14

Quiver varieties

14.1. Definition and geometric properties

We fix notations and state various properties of quiver varieties in this section.
The details and motivations are omitted in most of cases. See [N=I, [N=IT] and ex-
plicitly given references. The author also recommend the lecture notes by Ginzburg
[Gi-1]. We allow the graph with edge loops here, which did not in [N=1, [N=TT].
But the proofs work unless explicitly mentioned.

14.1.1. A graph and a quiver. Let G = (I, E) be a finite graph, where [ is
the set of vertices and E the set of edges. Let C = (¢;;) be the Cartan matrix of
the graph, namely

2 — 2(the number of edge loops joining i to itself) if i = j,
cij =
" —(the number of edges joining i to j) if i # 7.

ExaMPLE 14.1. For the graph G with a single vertex with a single edge loop,
the Cartan matrix is 0. More generally, for a single vertex with g edge loops, the
Cartan matrix is 2 — 2g. The first example will be called the Jordan quiver if we
equip an orientation to the edge as explained below.

If the graph G has no edge loops, then C is a (symmetric) Cartan matrix. We
normalize the bilinear form as (a;, ;) = 2 and consider the corresponding Kac-
Moody Lie algebra g and quantum enveloping algebra U,(g). We will relate the
representation theory of g to homology groups of quiver varieties, while we relate
only the crystal structure of Ugy(g) to quiver varieties.

REMARK 14.2. Even if we do not assume that the graph G has no edge loops,
C is a Borcherds-Cartan matrix (or generalized Cartan matrix) in the sense of
#7N, §2.1]. The set of vertices with edge loops is identified with the set of simple
imaginary roots I'™. We can consider the corresponding Borcherds-Kac-Moody
(BKM) Lie algebra g, but its representations are different from those naturally
arising quiver varieties. For example, the Jordan quiver gives the Heiseberg alebra
(e, f, h) as the BKM Lie algebra, while quiver varieties for the Jordan quiver give the
infinite dimensional Heisenberg algebra. In general, it seems that the BKM algebra
only gives small part in the homology groups of quiver varieties (cf. [KKS09]).
Therefore we do not treat the BKM Lie algebra so much in this book.

Let H be the set of pairs consisting of an edge together with its orientation.
For h € H, we denote by i(h) (resp. o(h)) the incoming (resp. outgoing) vertex of
h. For h € H we denote h the same edge as h with the reverse orientation. An
orientation € of the graph G is a subset  C H such that QUQ = H, QNQ =0. A

graph G together with a choice of an orientation 2 is called a quiver, and denoted
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86 14. QUIVER VARIETIES

by Q@ = (I,Q). The orientation defines a function e: H — {£1} given by e(h) =1
if he Qand = —1if h € Q. In fact, it turns out that a choice of the orientation is
not essential for quiver varieties. It is canonically attached to the graph.

Let Ao = (a;j) be the adjacency matrix of the quiver Q, i.e., a;; = #{h € Q|
o(h) = j,i(h) = i}. Then we have C = 21— Ag — 'A g, where ‘A is the transpose
of AQ.

14.1.2. A symplectic vector space. Let V =, ; Vi be an I-graded vector

icl
space over C. We define its dimension vector by dim V' aef- (dim V;)ier € ZL,. Tt
is usually denoted by v.

If V1, V2 are I-graded vector spaces, we introduce following vector spaces

LV, V) @ Hom(V;', V),
el
def.
E(Vla V2) = @ Hom(‘/ol(h)v ‘/1%}1))
heH

For B = (Bp,) € E(V1,V?), C = (C)) € E(V2,V3), we define a multiplication of
B and C by

cBE [ N By | eL(vive).

i(h)=i ;

Multiplications ba, Ba of a € L(V,V?),b € L(V?,V?), B € E(V?,V3) are defined
in obvious manner. If @ € L(V!, V1), its trace tr(a) is understood as Y, tr(a;).
Let V, W be I-graded vector spaces. We define

M(V, W) < E(V,V) & L(W, V) & L(V, W).

If the dimension vectors of V', W are only relevant in the context, we simply denote
this by M(v,w) where v = dimV, w = dim W. We may also use even simpler
notation M. This kind of convention will be used for other notations hereafter.

The components of an element in M will be denoted by B, a, b respectively.
The space M has a holomorphic symplectic form given by

w((B,a,b), (B, V) L tr(eBB) + tr(ab/ — a'b),

where B is an element of E(V, V) defined by (¢B);, = e(h)B},.
Let G = Gy = Gy be the Lie group [[, GL(V;). It acts on M by

(B,a,b) — g - (B,a,b) < (gBg~", ga,bg™")

preserving the symplectic structure. The space M has a factor

(14.3) MYE P cidy,,

h:o(h)=i(h)

on which G acts trivially. This has a 2-dimensional space for each edge loop, and
hence has dimension (2 — ¢;;) in total.
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14.1.3. Symplectic quotients. The moment map vanishing at the origin is
given by
w(B,a,b) =eBB +abe L(V,V),

where the dual of the Lie algebra of G is identified with L(V, V') via the trace.
Let (c = ({c.;) € C!. We define a corresponding element in the center of Lie G
by @, {c,iidvy,, where we delete the summand corresponding to 7 if V; = 0. Let
() be an affine algebraic variety (not necessarily irreducible) defined as the
zero set of 1 — (c. The group G acts on =1 ({c). We only consider the case (¢ = 0
hereafter.
We now define stability conditions.

. ef. .
For (g = (Cai)ier € RY, let Go -dimV "2 Y, Ga; dim V.

DEFINITION 14.4. A point (B,a,b) € M is (g-semistable if the following two
conditions are satisfied:

(1) If an I-graded subspace S of V' is contained in Ker b and B-invariant, then
(r-dim S <0.
(2) If an I-graded subspace T of V contains Ima and is B-invariant, then
We say (B, a,b) is (g-stable if the strict inequalities hold in (1),(2) unless S = 0,
T =V respectively.

If (g,; > 0 for all ¢, the condition (2) is superfluous, and the condition (1) turns
out to be the nonexistence of nonzero B-invariant I-graded subspaces S = (S;)
contained in Ker b (and in this case (g-stability and (g-semistability are equivalent.)
This is the stability condition used in [N=I]. We only use this (g hereafter.

Let H® be the set of (g-stable points in ,u(El(O). We define

M= MV, W) = M(v,w) < H/G.
This can be defined as quotients in the geometric invariant theory, and hence has
a natural strucure of a quasiprojective scheme.
On the other hand, we can define the affine algebro-geometric quotient of ,u(El (0)
by G:
def. _
Mo = Mo(V, W) = Mo(v,w) = p1(0)/G.

This has a structure of an affine algebraic scheme, but as a set it consists of closed
G-orbits in 1 ~1(0). By the construction, we have a map

m: M — My,

by mapping a stable G-orbit to the closed Gy-orbit in its closure. By a general
result of the geometric invariant theory, it is a projective morphism.
Since G acts trivially on the factor ([Z3)), we have the factorization

(14.5) M = M® x gnrorm,
where 91"°™ is the symplectic quotient of the space of datum (B, a,b) satisfying
tr(Bp) = 0 for any h with i(h) = o(h).

It is known that if (B, a,b) is (g-stable,

e the stabilizer of (B, a,b) is trivial,
e the differential of uc at (B, a,b) is surjective.
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Therefore 9 is a smooth variety of dimension
2(v,w) — (v,Cv) = (v,2w — Cv),

where (, ) is the standard inner product on Z!. In fact, as p is a moment map, the
two statements are closely related. Also we should mention that 9t has a natural
symplectic form as a symplectic quotient.

It is also known that 9 is connected (if it is nonempty). See [CBOT] for the
proof.

14.1.4. Generators of invariants. Consider the following two types of func-
tions (the first takes values in C, the second in End(W)) on My (or M via 7):
(a) tr(BhyBhy_y -+ Byt Vony) — Vo(ny)), where hy, ..., hy is an oriented
cycle in our graph, i.e., i(h1) = o(hz),i(ha) = o(hs), ..., i(hn-1) = o(hnN),
i(hn) = o(hy).

(b) bi(hN)BhNBhN,l . "Bh1ao(h1) S Hom(Wo(hl), VVi(hN))a where hy, ..., hy
is a path in our graph, i.e., i(h1) = o(hs), i(ha) = o(hs), ..., i(hn—1) =
O(hN).

It is known that these are generators of the coordinate ring of 9My(v, w). This
follows from the result of LeBryun-Procesi [LP90] plus Crawley-Boevey’s trick in
[CBOT], the end of Introduction]. It is also proved in [Lu98al.

14.1.5. The tangent complex. The tangent space of I at a point corre-
sponding to (B, a,b) is given by the middle cohomology of the following complex:

¢ L(V,V) S E(V, V)@ LW, V) e L(V,Ww) 2 Lv,v),
a(§) = (BE —€B) @ (=6a) ® (b8), B(C,d,e) = eBC +eCB + ae + db,

where « is the infinitesimal action of the Lie algebra of G on M, and [ is the
differential du of the moment map p at (B, a,b). By the discussion above, the left
and right cohomology groups vanish. In the following, we will consider similar three
term complexes. Since the middle term is the most important, we assign the degree
0 at the middle.

If we move the point (B, a, b) in M, the middle cohomology group of €*® becomes
the tangent bundle of 9. In fact, we can view V as a vector bundle over I by
identifying it with H® x V. We call it the tautologial bundle. The same is true for
W, E(V,V) etc, and €° as a complex of vector bundles over 9. This convention
will be used hereafter.

(14.6)

14.1.6. Regular locus. Let us introduce an open subset of My (possibly

empty):
MyE =M=V, W) = M8 (v, w)

def. {[B,a,b] € My | (B, a,b) has the trivial stabilizer in G }.
Here [B,a,b] denotes the (closed) orbit through (B, a,b). This notation is used
hereafter (also for ).

If M8 # 0, then [B, a,b] € My® is a (g-stable orbit. And it is easy to see that
there is no other (g-stable orbit in the inverse image 7~ ([B,a,b]). Therefore  is
an isomorphism over 7! (9;®).



14.1. DEFINITION AND GEOMETRIC PROPERTIES 89

14.1.7. A Lagrangian subvariety. We define a C*-action on M by multi-
plying By, (h € Q) and a by t € C*, while B, (h € Q) and b are unchanged. Then it
commutes with the G-action and preserves p = 0 and the stability condition, hence
we have an induced action on 9. Let us denote it by ¢ o [B, a,b]. We also have an
action on M.

Let

L=LV,W) = L(v,w)
be the set of points in 9 such that lim;_, . = exists. If we use generators in §IZTZ]
this condition is equivalent to saying following ones vanish: type (b) and type (a)
associated with an oriented cycle, which contains at least one oriented edge in €.

If we assume 2 does not contain an oriented cycle (there exists such an orien-
tation if the graph contains no edge loops), all generators of type (a), (b) vanish.
So it means that £ = 771(0), where the origin 0 is a closed G-orbit consisting of a
single point, considered as a point in 9y and denote it also by 0 for brevity.

Let § be the fixed point locus ME" and § = | |§a be the decomposition into
connected components. We define

Lo 2 Closure of {[B, a,bje £

lim to[B,a,b] € ga} .
THEOREM 14.7 ([N=1L 5.8]). We have

g=J%a,

and each £, is an irreducible component of £.

Hence 7—1(0) is lagrangian if the graph G has no edge loops. In general, it
is an isotropic subvariety since it is contained in £. In fact, in (LX) we have
771(0) € M°™™. The author does not know whether 7—*(0) is half-dimensional in
Mo or not. For the Jordan quiver, it turns out to be true thanks to a detailed
study of the topology of M (see [NY 04, S3]).

REMARK 14.8. Suppose that the graph has no edge loops.
In [Lu-I1, §12] Lusztig introduced a subvariety of E(V,V):

Ay & {Be€E(V,V) | u(B)=0,B is nilpotent},
and showed that it is half-dimensional in E(V,V’) and announced that it is La-
grangian. His proof is based on an inductive argument which will be recalled in
13
From this and a standard result on symplectic quotients, 7=1(0) is lagrangian.
But our proof is completely different.

14.1.8. A parametrization of irreducible components of £. Let us take
a point in §. Take and fix a point (B, a,b) € H® in the orbit. Then the condition
that it is fixed by the C*-action means that there exists p(t) € G such that

to(B,a,b) = p(t)~' - (B,a,b).

Since the action of G on H® is free, p(t) is uniquely determined, and ¢t — p(t)
gives a homomorphism C* — G. Its conjugacy class is independent of the choice
of the point (B,a,b) in the orbit. It is unchanged if the fixed point stays in a
connected component §, of §. In fact, one can show that connected components
and conjugacy classes of C* — G are bijective, if {2 does not contain an oriented
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cycle. (See 7.3.4]. The proof uses the compactness of §, and hence we need
the assumption on 2. Probably it is true always.)
Let us decompose V' as

V= Vm), Vi) =Vim)

meEZ el

where V(m) = {v € V | p(t)v = t"™v}. Then dimensions of V;(m), considered as an
element of ZI;&Z, determine the conjugacy class of p uniquely.

Combined with the above theorem, we see that the set of irreducible compo-
nents of £ is a subset of ZI>XOZ. This observation leads to a purely combinatorial

description of the crystal structure of Z(\) later (a remark after Theorem [Z27).

14.1.9. Examples. Usually 9t and 91y are just defined as above and do not
have any other explicit description. The followings are few exceptions:

(1)([N=I, 7.3]) If the graph G is of type A, o-oo—---—o, and dimW is
N-0—-0—---—0, M is the cotangent bundle of an n-step flag variety parametrizing
flags 0 C E' ¢ B> C --- C E™ c CN with dim E* = dim V;. And 9y is the closure
of a nilpotent orbit in End(C?), where the orbit is determined by dim V. 7~1(0)
is the O-section in the cotangent bundle.

For more general dim W, 9, is the intersection of the Slodowy slice and the
closure of a nilpotent orbit [N=1l §8]. The author conjectured that 9 is the inverse
image of the Slodowy slice under the natural map map T*(n-step flag variety) —
End(C"). This conjecture was proved by Maffei [Ma05].

(2) Suppose that the graph G is of finite type and take W so that dim W is
given by coefficients of fundamental representations in the adjoint representation.
(For type A, itis 1 —0—---—0— 1. For type D or E, it is a fundamental weight
corresponding to the vertex adjacent to the O-vertex in the corresponding affine
Dynkin diagram (see Table[ll). Then 90 is isomorphic to C?/T", where T is the finite
subgroup of SLy(C) corresponding to the graph G by the McKay correspondence.
And 7: M — My is the minimal resolution of C?/T" ([Kx89]). The lagrangian
£ = 7740) is an union of P! intersecting transversely. If we draw the diagram
according to the rule that

e draw a vertex for each P!,
e connect vertices by an edge when the corresponding P'’s intersect,

then we get the Dynkin diagram. This result for 7=1(0) is well-known in the theory
of simple singularities, but one can check them in terms of representations of quivers
(see [Na96l §5.2]).

(3) (INa99, Ch. 2]) Consider the Jordan quiver. For dimV = n, dimW =
1, M(n,1) is Hilbert scheme of n points in C2. In fact, it is more natural to
change the stability condition to the opposite one, i.e., (r < 0. We also have
Mo(V, W) = S"C2, the n'h symmetric product of C2. We have MyE(n,1) =0 in
this case. The morphism 7: M(n, 1) — My(n, 1) is usually called the Hzlbert— Chow
morphism. If dimW = r, 9M(n,r) is the framed moduli space of rank r torsion
free sheaves on P2 = C2? U/, with ¢y = n, where {4, is the line at infinity and
the framing is an isomorphism E|,_ = (’)2:. The corresponding My ®(n, r) is the
framed moduli space of locally-free sheaves, and MMy(n, r) is the so-called Uhlenbeck
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(partial) compactification, and is described as
Mo(n,r) = |_| MCE(n' 1) x 87 C?
n'<n
set-theoretically.
In this set-up, the tangent complex [[ZH) computes Ext® ' (E, E(—{s)). The
) =0

vanishing of left and right cohomology groups means Hom(E, E(—{x
Ext?(E, E(—{s)).

14.1.10. W = 0 version. If W = 0, the (g-semistability fails unless V' = 0,
since S = V violates the stability inequality. Also 9* is empty unless V = 0
as the stabilizer always contains C*. Therefore we need to modify the definition
when W = 0. We replace G by G/C* and consider the stability parameter (g with
(r-dimV = 0 instead. Then we can define 9 and M;® as above. Remark that we
do not have the equivalence of (g-stability and semistability in general. One can
show that 9 and 9°® are smooth of dimension given by

2 —(v,Cv).
For example, we have

ExaMPLES 14.9. (1) ([N=I Proof of 6.7]) If the underlying graph G is of finite
type, then 9;®(V,0) = 0 unless B = 0. In this case, V = §;, i.e., V; is the
1-dimensional vector space on the vertex ¢, and all other V;’s are 0.

(2) (JKN9OL Prop. 9.2(ii)]) If the underlying graph G is of affine type and
M#(V,0) # 0, then V = S; as above or dim V' = 4. In the latter case My *(V,0) =
(C%\ {0})/T, where I is the finite subgroup of SLy(C) corresponding to the graph
G by the McKay correspondence.

REMARK 14.10. The definition of quiver varieties has its origin in the author’s
joint work with Kronheimer [KN90]. There we considered the moduli spaces of
anti-self-dual connections on the minimal resolution of C?/I" (in fact more gener-
ally on its deformationl) with the hyper-Kéahler metric constructed in [Kr89]. We
showed that they are given as above 9, where the GIT quotients are replaced by
hyper-Kéhler quotients, and the stability parameter (g is chosen different. This is
a modification of the ADHM construction describing moduli space of anti-self-dual
connection on R* with the Euclidean metric [ADHMTS|. In fact, if we impose the
I-invariance to the ADHM description, we can easily show that 91;® parametrizes
I-equivariant anti-self-dual connections on R*, in other words, anti-self-dual con-
nections on the orbifold R*/T. Thus the description in [KIN90] says that the
parameter (g allows to deform anti-self-dual connections on R*/T" to its minimal
resolution.

Later the author observed that the above choice of (g gives the framed moduli
space of I'-equivariant torsion free sheaves on P? = C2? U £, where the framing
is an isomorphism B, = (92: in [Na99 Ch. 2|. This description is useful to
understand the results in the following section for quiver varieties of affine type.

14.1.11. Local description. We so far mentioned two extremal cases of
fibers of m: £ = 7 1(0) and 7~ !([B,a,b]) for [B,a,b] € My®. We now study
general cases following [Na09, 1(vii)]. The result is a consequence of the Kuranishi
type description of the local structure of 9y in §3.2] (see also [CBOJ| for
more algebraic treatment).
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Let [B, a,b] € My, where (B, a, b) has a closed orbit. According to the stabilizer
group, we have a decomposition
Vevie(hHeh g... g (V)E
(Ba a, b) = (Bov aO’ bo) D (Bl)@ﬁl DD (BT)@ﬁra
where (B°,a°0°) € p=1(0) N M(V°, W) is the unique factor having W # 0, B* ¢
pH0) NE(VF VF) (k = 1,...,7) have pairwise distinct closed orbits and vy, is
its multiplicity in (B, a,b). And the points (B, a" "), B¥ have trivial stabilizers.

(See [N=11, 6.5], [N=I1. 3.27].)

The complex €* decomposes accordingly as €°* = @ ,_, (%k‘,l)@ﬁkﬁl with

(14.11)

Goy L(VE VY S B(VE, VY @ LW, V)@ o Lk, W)@ 2 vk v

where L(W, V') appears in case k = 0 and L(V*, W) in case [ = 0. We also put
o = 1. Then it is easy to show that Ker oo = 0 unless &k =1 # 0 and Kera = Cid
for k =1 # 0, and the similar statement for Coker /.

We construct a new graph 6 with T = {1,...,r} with the associated Cartan
matrix C = (Cr1) by Cr def. 20 — dimKer 5/ Im o for the complex €y;. This is
equal to the alternating sum of the dimensions of terms, i.e., = (v¥, Cv') by the
above discussion. Note dg; = a;,. We also put

Vi & ¢, Wy < Ker B/ Ima for 65,

and consider M(V, W) defined for the new graph G with the I- -graded vector spaces
V, W. The stabilizer G of (B, a,b) is naturally isomorphic to erl GL(V). Tt acts
on M(V,W). We have the moment map i M(V W) — L(V, V) Lle(G) We

consider the quotient Mg (V,W) = 1i"1(0)//G. We also consider fm(V W), where
the stability parameter (:R is as above (though the graph is possibly different).

There is a morphism 7: E)JT(V W) — Mo (V,W).
Let

Wo 4 Ker B/ Ima for the complex %y,
T MV, W) @ W,
The space T' can be identified with the tangent space of the stratum consisting of

orbits having the same decomposition type as [B, a,b]. Then we have the following
local description around [B, a, b]:

MV, W) > 7 LU) L 7Y 0)xUy C Toom(V, W) x T
Mo(V,W) > U
w
Bab] —

Here ®, ® are local complex analytic isomorphisms. (In the frame work of [CB03]
[B, a,b] and 0 have neighborhoods which are isomorphic in étale topology.)

EXAMPLES 14.12. (1) Consider the quiver variety 9, of finite type. By Exam-
ple [XX(1), the decomposition is V = V& Dicr 5'@“ The graph T is the same as
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the original graph G. Therefore any fiber 7~ 1([B, a,b]) is isomorphic to £(V, W)
for the same graph G.

(2) Consider the quiver variety 9y of affine type. By Example [Z%2), any
point [B,a,b] € My can be represented in the form

(8,00, & D) ST & DB,
iel k
where [B%a% 8°] € 98 (VO, W) and each B* corresponds a pairwise distinct
points in (C?\ {0})/T. Thus the stratum containing [B°, a°,°] is isomorphic to
MGV, W) x S2(C {op)T
where S‘A”\l((C2 \ {0})/T is the stratum of the symmetric product S (C?\ {0})/T,

consisting of
> e
k

with distinct xy.

The corresponding graph G is the disjoint union of G and copies of the Jordan
quiver (as many as x;’s). Therefore 7=1([B, a,b]) is isomorphic to the product of
2(‘7, W) for the same graph G and £(\*, (dim W, §)) for the Jordan quiver.

These description can be naturally understood in the language of the framed
moduli spaces of I'-equivariant torsion free sheaves on P2. See [Na02].

14.1.12. Stratification. For a general quiver, the stratum of points having
the decomposition ([[ZTIT) is of the form

M (vo, w) x SIMEE(VE,0) x SIHMTE (VT 0) x - -

where we collect factors having the same dimension vector, say v! = v? = ... = v/,
and define the partition A = (01, va, .. .,7;), and next collect factors vIT! = vi+2 =

- and so on. Therefore it is important to know the criterion for My (v, w), M8 (v, 0) #
(). This was asked in [N=IIl the end of §4]. And an answer was given by Crawley-
Boevey [CBOT]. We state his result here. In fact, he studied only the criterion
for M#(v,0) # 0, but the remaining case is easily deduced from that case. (See

[Na09, §2.1).
THEOREM 14.13. (1) Suppose W = 0 and consider a dimension vector v. Then
My (v,0) # 0 if and only if the following holds:
e Vv is a positive root, and p(v) > Z:zlp(ﬂ(t)) for any decomposition v =
S BY with r > 2 and B a positive root for all t,
where p(z) =1 — 1 (z, Cx).
(2) Suppose w # 0, and the graph G has no edge loops. Then I & (v, w) # ()
if and only if the following holds:
e w—Cv is a weight of the integrable highest weight representation V(w) of
the highest weight w, and (v,w — $Cv) > (v0,w — 1Cv0) + 377, p(B®)

0

or any decomposition v =v° +3"_ BB withr > 1, w—v° is a weight
t=1

of V(w), and B®) a positive root for all t.
Remark that a positive root above is defined as an element in @4, which is in

the Weyl group orbit of either a real simple root, or an element in the fundamental
region K = {a € Q4 | (o, Caq;) <0 for any i € I, and supp « is connected}. It is
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different from the positive roots of the Borcherds-Kac-Moody Lie algebra g, since a
multiple ma; (m > 2) of a simple imaginary root is in K, but not a root of g. (See
7, §2.3].) To deduce (2) from (1), we need a fact that integrable highest weight
representations of a Kac-Moody Lie algebra is irreducible (and hence unique). This
is not known to be true for the Borcherds-Kac-Moody Lie algebra. (See [BZN, i
il 2.58 D& & DE].) One can make a statement including this case by using the
deduction in [Na09) §2.4], but it is not enlightening and not given here.

14.2. Convolution on homology groups of quiver varieties

We now construct the universal enveloping algebra for the Kac-Moody Lie
algebra g via the convolution on homology groups of quiver varieties in this section.

14.2.1. Convolution algebra. Let us first recall the convolution product in
the homology given by Ginzburg [Gi91]. A nice introduction is given in [Chriss-Ginzburg]
§2.7).

We first give a (very) quick review of Borel-Moore homology groups. Besides
[Chriss-Ginzburg], there is a treatement in [Fu97, §B2].

For a closed subset X of an n-dimensional oriented manifold M, we define the
(rational) Borel-Moore homology of X by

def.

(14.14) Hy(X) = H" (M, M\ X,Q),
where the right hand side is the relative singular cohomology group with Q-coefficients.
One can show that this is independent of the choice of the embedding X C M.

If f: X — Y is a proper map, there is a push-forward homomorphism

If X and Y are closed subsets of an n-dimensional oriented manifold M, we
have the cup product in the relative cohomology group

U: H" (M, M\ X)@ H" 9 (M,M\Y) — H*"7"=3(M,M \ (X NY)).

By (XTI, it can be transfered to the cap product in the Borel-Moore homology
group:
(1415) n: Hz(X)®HJ(Y) — i+j,n(XﬁY).
Note that this product depends on the ambient space M.

Let M, M2, M3 be oriented manifolds, and p;j: M x M? x M3 — M* x M’
be the natural projection. Let Z € M x M? and Z’ C M? x M?3 be closed subsets.
We have the cap product in M* x M? x M? by ([ZI3):

N: Hivay (012 Z) @ Hyya, (033 Z') — Hiyj—a,(pra Z N pys Z'), dq = dim M*“.

Assume that the map

pi3: pf21Z ﬂp§3lZ' — M x M3
is proper. Let us denote its image by Z o Z’. We define a convolution by
(14.16)  =: Hi(Z) ® Hj(Z') — Hij-a,(Z 0 Z');  cx " = (p13)«(piac Np3sc’),

where piyc stands for ¢ x [M?3], etc. This makes sense for disconnected manifolds
(possibly variable dimensions) as well.
Note that the ‘middle’ degree part is closed under the convolution product:

*: Hidy1a,)/2(2) © Hiay ) 2(Z2') = Hiayyag) 2(Z 0 Z7).
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Let M be an oriented manifold and N a topological space, and 7: M — N a

proper continuous map. One can define Z as the fiber product
7 M xy M ={(m",m?) € M x M| x(m") = n(m?)},

and the convolution makes H,(Z) a Q-algebra. The fundamental class of the diag-
onal is the unit. And Hqaim p(Z) is a subalgebra.

For # € N, consider the fiber M, = 7~ 1(x). We have Z o M, = M,, and
the convolution makes H,(M,) an H,.(Z)-module. And H;(M,) is an Hgim m(Z)-
module for any j.

REMARK 14.17. The convolution product can be define on any theory which
has operations “pull-back” for smooth morphisms, “push forward” for proper mor-
phisms and “intersection”, e.g., the Chow rings, the equivariant K-theory, the linear
space of constructible functions, etc.

14.2.2. Modified enveloping algebra and convolution on homology
groups of quiver varieties. We assume the graph G has no edge loops hereafter.

CONVENTION 14.18. Let g be the Kac-Moody Lie algebra corresponding to the
Cartan matrix C. We take the root datum so that (1) {o;} is linearly independent,
and (2) there exists A; € P with (A;, hj) = 6;;. Associated with v, w, we define
the corresponding elements in the weight lattice P by

Vo E QG W g w; ;.
i i

From the above assumption, those elements determine v, w. We consider v, w as
elements of P hereafter until JTLH where we consider the quantum loop algebra
U,(Lg). In that chapter, w is identfied with Y, w;w;, where w; is the i*® level
0-fundamental weight.

Motivated by the theory in the previous section, we define an analog of the
Steinberg variety as the fiber product 9% xgn, 9.

However, it turns out that we need to consider (v, w) simultaneously for
various v (and fixed w). We first explain how different 9%y (v, w) are glued. Suppose
V' C V is an I-graded subspace. We have a natural closed embedding p=1(0) N
MV, W) C p=1(0) N M(V,W). It induces a morphism Mo (V', W) — IMo(V, W),
which is a closed embedding. This is independent of the choice of the inclusion
V' C V, and canonically defined. Therefore when 9Mo(V, W), M(VZ, W) are
given, we consider My (V, W), Mo(V2, W) C Mo(V! & V2 W) and consider the
fiber

ZWVELVEW) = Z2(v' v w) = Z LMV W) xam (vrevewy TV W),

PROPOSITION 14.19. (1) The dimension of any irreducible component of Z is
< L(dimM(v!, w) + dim M(vZ, w)).

(2) If the graph G is of finite or affine type, all irreducible components of Z
have dimension 1 (dim9M(v', w) + dim M(vZ, w)).

We introduce an irreducible component of Z which will play a fundamental role
later (see [N=I, §5]. Take a vertex i without edge loops. We take v? = v! + a,
where dimension vectors are considered as weights as above. Hence «;, as the
dimension vector, has entries 1 at 7, and 0 at other vertices. We consider the
variety of pairs (B, a,b) and S modulo G,z-action such that
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(a) (B,a,b) € p=1(0) is (g-stable,
(b) S is a B-invariant I-graded subspace containing the image of a with
dim S = v! =v2 — q.

It can be considered as a subvariety of MM(v!, w) x 9MM(v?, w), where the first factor
is given by the restriction of (B, a,b) to S. Let us denote this by B;(vZ, w). It was
shown that §3;(v?, w) is a closed nonsingular subvariety of dimension (dim M(vi, w)+
dim M (vZ, w))/2. It is also clear that it is contained in Z(v!, v?;w). Let w: M(v!, w)x
M(vZ w) — M(vZ, w) x M(v!, w) be the exchange of the two factors.

We consider
@ Hiop(Z (v, v w)),

vl v?
where top = dim(c M(vl, w) + dime M(v?, w). Since we have possibly infinitely
many Z(vl,v?;w), the sum of the diagonal may not be included in this. But this
is not essential, and the convolution product makes this into an associate algebra,
possibly without the unit. This algebra has a module

D Huop(L(v, W),

where top = dim¢ 9M(v,w) in this case. This contains a distinguished vector
[£(0,w)], as £(0,w) = 9M(0, w) is a single point.
For brevity, we introducea the following notation:

Zw) <[] 26 viw), gw) ] ev,w),
vl v2 v
and understand that Hiop(Z(W)), Hiop(£(W)) are above direct sum. Similarly let
M (w) be the disjoint union of all M(v, w).
We define the modified enveloping algebra U(g) as Uy by setting ¢ = 1. Here
we explicitly write the Lie algebra g, since we will have the loop algebra Lg in §TZH

THEOREM 14.20 ([N=I1} 9.4, §10]). (1) There exists the unique algebra homo-
morphism N
®: U(g) — Hiop(Z(W))
such that
P(ar) = [A(v, W),

Oeiar) = [Bi(v,w)],  ®(anfi) = (=)W w(Pi(v, w))],
where r(v,w) = —(h;,w —v) — 1. Here v is chosen so that A = w — v. If there is
no such v, then we put ®(ay) = ®(e;ar) = P(arf;) =0.
(2) Via ®, Hiop(L£(W)) considered as a representation of U(g) is isomorphic to
V(w). The highest weight vector is the fundamental class [£(0,w)] of £(0,w) =
point.

REMARK 14.21. This result was motivated by several earlier results. One is the
Ringel-Hall algebra construction of U, from the representations of quivers, due to
Ringel [Ri90] and its geometric reformulation by Lusztig [Lu-1]. Also, in the earlier
paper [N=1] the author gave a similar construction on the space of constructible
functions on £(v, w). This construction is motivated by the construciton of Lusztig
[Cu-T1, §12]. Another is Ginzburg’s construction of INJ(g) for type A using the
cotangent bundle of the n-step flag variety [Gi91].
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14.2.3. Proof of Theorem Let us give a sketch of the proof.
For (1) we need to check the defining relations for U(g). The relations

axa, = 6)\ua)\
is clear since ay is the diagonal [A(v,w)]. The relation

(eifj — fiei)ax =0 fori#j

is checked as follows. Let v=v? v? =v + aj, vi =

= v + v/ — o; and consider the
convolution for Z(v',v?;w) and Z(v?,v3;w). We first show that p, (B:(v?, w))

and po3 (w(PB;(v2, w))) intersect transversely, so the class

Pia([Bi (v, w)]) N3y ([w (P, (v, w))])

is represented by the set-theoretical intersection

Q < (Bi(v2, W) N pag (w(B; (v, W)

The same is true for py5 (w‘BJ (vt,w)) and p_ L (B (v3, w))), where the convolution
is considered over Z(v!,v'?;w) and Z(v'?,v?; w) with v/ = v? —q;. Let Q' denote
the set-theoretical intersection like @ in thls case.

We next show that there exists an isomorphism from @ to @’ which is com-
patible with the projection pi3. For this, note that ) parametrizes the Gy 2-orbits
of triples (B?,a2,b%, VY, V3) where V! c V2 V3 c V? with dimV?/V! = «;,
dim V?/V? = ;. Then

def

V/2 _ Vl ) V3
has the correct dimension and the restriction of (B2, a?,b?) to V'? defines a point
in M(v'2,w). The restriction can be considered by two steps, i.e., first from V2
to V1, and then V! to V'2, and similarly V2 to V3, and V3 to V2. Therefore we
have a point in Q’. Conversely if a point in @', and hence V!, V'2, V3 are given,
we define
Vi=VieVi{vev|veV?}.

It gives the inverse map from Q' — ). Now the assertion is clear.

The same argument shows that the restriction of this class to the comple-
ment of the diagonal in Z(v,v;w) C M(v,w) x M(v, w) vanishes. This means
(eifi — fiei)ay is a constant multiple of ay. The determinantion of the constant is
postponed until the next section.

Once this relation is established, the integrability of e;, f; automatically im-
plies the Serre relations. The integralibility for e; is trivial since dim V; cannot be
negative. The integrability for f; will be explained later.

The proof of (2) is also explained later.

14.3. Semicanonical bases and their crystal structures

Note that Hiop(Z(w)) and Hyop(£(w)) have bases given by fundamental classes
of irreducible components of various Z(v!,v?;w), £(v,w) of maximal dimension
respectively. (There is possibly an irreducible component of smaller dimension for
the former.) Following Lusztig, who considered similar base in a slightly different
setting, we call these semicanonical bases. They are known to be different from
the specialization of the canonical bases of U, and V() at ¢ = 1 [KS97]. In this
section, we define crystal structures on the semicanonical bases and show that they
are isomorphic to the canonical base of U, and V(\) as crystals. Thus, though
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semicanoical and canonical bases are different, they have the same combinatorial
structures.

14.3.1. Brill-Noether loci and Grassmann bundle. Let us consider a
modification of the complex ([[Z0):

G Vi P VemeWs
h:i(h)=i

g; = @ Bﬁ@b“ T = Z s(h)Bthai.

i(h)=i i(h)=i

(14.22)

Thanks to the equation p = 0, this is indeed a complex. And o; is injective since
Kero; = 0 by the (g-stability condition.
Note that the rank of € is

dim W; — Z ci; dimV; = (h;, w — v).
J

REMARK 14.23. Let us explain the above complex in the description of a quiver
variety as a framed moduli space of I'-equivariant sheaves. In the McKay corre-
spondence, each vertex ¢ € I corresponds to an irreducible representation p; of I'.
Let Oy ® p; be the skyscraper sheaf at the origin twisted by p;. It is a ['-equivariant
coherent sheaf on P2. At a framed sheaf (E, ¢) corresponding to [B,a,b] € M, the
above complex compute Ext® ! (O @ p;, E). This follows from the proof of [Na99,
Chap. 2].

Following [Lu=T1} 12.2], we introduce the following subsets of M (v, w):

M. (v, W) def. {[B, a,b] € M(v,w) | dim Coker 7; = r} ,

14.24 .
(1424) M (v, w) 8 | M (v, ).

s<r
Since M;.<,(v,w) is an open subset of M(v,w), M;..(v,w) is a locally closed
subvariety. These are kinds of Brill-Noether loci.
Replacing V; by Im 7;, we have a morphism

p: M (v, W) — M0(v — rag, w).

Note that the image under 7 is the same as [B, a, b] and p([B, a, b]).
The complex ([[Z22) is replaced by

Im7; Z, @ Vo) ® Wi T, Im 75,
hii(h)=i
where 7;, T; are naturally induced linear maps. Then Im ¢;/ Im; is an r-dimensional

subspace in Ker7;/Ima;. A little more analysis yields the following:

ProposITION 14.25 ([N=I1}, 4.5]). p is isomorphic to the Grassmann bundle of
r-planes in the vector bundle Ker7;/Ima; over M;.o(v — rag, w).

The rank of Ker7,;/Ima; is equal to (h;,w — (v — ra;)) since T; is surjective.
This result is a straightforward modification of the corresponding result for
Lusztig’s Ay ([La=II, Lem. 12.5]).
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14.3.2. Definition of a crystal structure. Let X be an irreducible compo-
nent of £(v,w). Taking a generic element [B,a,b] € X, we define

g:(X) 4 Jim Coker 7;.

We restrict the Grassmann bundle with r = ¢;(X) to X N 9., (v,w). Then the
closure of p(X NM;.-(v,w)) is an irreducible component of £(v — ra;, w). Let it
denote e"**(X). By its construction we have ¢;(e***(X)) = 0.

Assuming r > 0, we consider the Grassmann bundle of (r — 1)-planes in-
stead of r-planes, p': M. —1(v — ay, w) — Mo(v — ray;, w). Then the closure
of p/~H(Eema(X) N M;.o(v — ra;, w)) is an irreducible component of £(v — a;, w).
We define it as €;(X). If r = g,(X) = 0, we set ;(X) = 0.

Similarly assuming r < rank Ker 7;/ Im @;, we consider (r+1)-planes in Ker 7,/ Im;
to construct an irreducible component of £(v + a;, w). We set it as f;(X). If
r = rank Ker 7,/ Im@;, we set f;(X) = 0.

Let Irr £(v,w) be the set of irreducible components of £(v,w), and Irr £(w)
be the disjoint union | |, Irr £(v, w). Then the above structures, together with

def.

dif'wfV, X e Iir £(v, w), pi(X) ="ei(X) + (hi, wt(X)),

wt(X)
define a crystal structure on Irr £(w). This construction is due to Lusztig [Lu-IT]
Lem. 12.5].

LEMMA 14.26. For X € Irr £(w) different from £(0,w), there exists i € I such
that €;(X) > 0. In particular, the crystal Irr £(w) is connected.

This is clear from the description of JIZTR On a irreducible component £,
corresponding to a homomorphism p: C* — G, we must have a = 0 and

By (Vony(m)) C @ Vit (n), where p=m —1if h € Q and p = m otherwise
n<p

holds on an open subset. Therefore we take the maximum m with V(m) # 0 and
a source vertex ¢ of the orientation €2, restricted to {i | V;(m) # 0}. Then V;(m)
cannot be contained in the image of 7;.

THEOREM 14.27. [KS97, [Sa02] The crystal Irr £(w) is isomorphic to the crys-
tal B(w) of the integrable highest weight representation V(w) of Uy.

There are several proofs of this result. One is due to [KS97, Sa02]. Another
proof is given in [NaOTl Th. 4.6], which will be reviewed in the next section.

Yet another proof is given in [NaOTl 8.5], where the Kashiwara operators are
described in terms of the parametrization in JIZT8 It turns out to be the same as
the parametrization of Z(w) given by the so-called Kashiwara embedding [Ka-11].

Let Irr Z(v!,v2,w) be the set of irreducible components of Z(v!,v? w) of
dimension 1/2(dim9M (v, w) + dim(v?,w)), and Irr Z(w) be the disjoint union
L1 v Irr Z (v, vZ w). We define a bi-crystal structure on Irr Z(w) in the same

2

way as above. Namely for ¢, ﬁ we change the first factor of Z(v!,vZ w) C

M(v,w) x M(vZ, w) by using the Grassmann bundle as above. For éf, fF,
change the second factor.
We have a property similar to Theorem and ([IF), which can be proved

using just the definition:

we
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PRrROPOSITION 14.28 ([N=IT, 10.1]). Let X € Irr £(w). We have

[IX] = £E@X) + DX+ Y aw[X]]
i (X')>e(X)+1

for some constants ax:.

14.3.3. Proof of Theorem — continued. We finish the proof of The-
orem in this subsection.

We first prove the integrability for f;. Since o; in ([[ZZJ) must be injective
by the stability condition, we have dimV; < dim W; + Zi(h):i dim Vi (p)—o. This
condition will be violated if we apply f; too many times.

Next we compute the constant c(i, \) for (e;f; — fie;)ax = (i, A)ax. We can
restrict the class to the Brill-Noether locus of maximal possible dimension. One can
show that it is 9., (v, w) with p = max(0, —(h;, w — v)) (I[N=I1, 4.6]). When we
restrict the set-theoretical intersections Q and @', appeared in T2 to the inverse
image of this open set, either @ or @’ (or both of) is empty set by Proposition [Z2H
Moreover the remaining Q' or Q) is a fiber bundle over the diagonal, where the fiber
is PI{hi-w=v)I=1 T this situation, the convolution product can be computed IN-IT1
8.ii], and the constant is given by the Euler number of the fiber, i.e., |(h;, w — Vv})|.
This shows that c(i, A) = (h;, w — V).

We finally prove (2). It is enough to show the highest weight property of
@D, Hiop(L(v,w)) since we already know it is integrable. This follows at once from
Theorem But even if we do not know Theorem [Z27 we can show it from
Lemma and Proposition by induction on dim V' and &;(X).

14.4. Quiver varieties and tensor products

In this section we review the construction of [NaOl]. A similar result was
obtained by Malkin indepedently [Ma03].
Let W2 be a nonzero proper I-graded subspace of W:

0CW2CW.

Let W1 = W/W?2. Let us denote the corresponding dimension vectors by w!, w?.

We fix those data throughout in this section.

It is straightforward to generalize the construction of this case to more general
case of a flag of W corresponding to tensor products of more than two representa-
tions.

14.4.1. Tensor product varieties. We introduce varieties 3(v,w) = 3 and
3(v,w) = 3 as follows. Consider the two types of functions on My(v,w) as in
JIZTA Then [B,i,j] € M(v,w) is contained in 3 if and only if the second type
(b) maps WOQ(hl)Ninto V[/i2(hN) for any path hy, ..., hy. Similarly [B, 4, j] € MM(v, w)
is contained in 3 if and only if functions of the first type (a) vanishes, and the
second type (b) maps W02(h1) into 0, and Wy, to WiQ(hN) for any path hi, ..., hy.

These are closed subvarieties in 9t(v, w) which are m-saturated, i.e., 7= (7(3)) =
3, w’l(ﬂ(g)) = 3 We have 5 C 3. Also any function vanishes on £, so we have
£C3.
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ProprosITION 14.29 ([NaO1l §3]). (1) There exists a decomposition

3(v,w) = |_| 3(vhwhviw),

vifvi=v

into locally closed subvarieties such that each piece 3(v', wl;v? w) is a vector bun-

dle over M(vt, wl) x M(v?, w?). The piece g(vl,wl;v2,w) =3(vhwhvZw)n
3(v,w) is the restriction of the vector bundle to £(v', w') x £(v2, w?).

(2) 3(v',w';v2, w?), and hence 3(v,w) also, are Lagrangian subvarieties in
M. Its irreducible components are bijetive to the products of irreducible components
of £(vl,wl) and £(v*,w?).

Let 3(w';w?2) be the disjoint union of all 3(v,w). Let Irr 3(w';w?) be the
set of its irreducible components. As a set, it is bijective to Irr £(w!) x Irr £(w?)
thanks to the above result.

14.4.2. Tensor product crystal. We can endow the structure of a crystal
on Irr 3(w!; w?) by the same construction as in the previous section. Then we have

THEOREM 14.30 ([NaO1l 4.6)). The crystal Irr 3(w';w?) is isomorphic to
Irr £(w!) ® Irr £(w?) as a crystal.

Note also that we have an inclusion Irr £(w) C Irr B(WI;WQ), which is easy
to check to be compatible with the crystal structure. Then the above theorem
means that {Irr £(w)} forms a compatible family under tensor products, i.e., the
component of Irr £(w!) @ Irr £(w?) containing [£(0, w!)] ® [£(0, w?)] is isomorphic
to Irr £(w! + w?). This property implies that Irr £(w) is isomorphic to %(w) by
6.4.21].

14.4.3. Tensor product representation. Since 5 is m-saturated, the con-
volution makes H,(3(w';w?)) into a representation of Hiop(Z(W)). We take its
top degree part as in JIZ2ZA Then its character is given by the character of the

tensor product thanks to the above result. Therefore we have

THEOREM 14.31 ([NaOTl, 5.2]). Hop(3(w';w?)) is isomorphic to the tensor
produc representation V(w') ® V(w?) as a g-module via Theorem [T-20

REMARK 14.32. This result gives only an abstract isomorphism, since we only
check the equality of characters. A more natural isomorphism

Htop(g(wl)) @ Htop(S(WQ)) - Htop(S(W1§W2))
was constructed in [NaOTl 5.9] for finite type g.

14.5. Convolution on equivariant K-groups of quiver varieties

In this section we replace the homology group Hiop in Theorem by the
Grothendieck group of equivariant coherent sheaves, i.e., the equivariant K-group.
More details will be explained in the subsequent chapter after the Drinfeld presen-
tation will be given.
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14.5.1. Setting. We first modify the C*-action in JIZT 8 so that it gives rise
the convolution algebra compatible with the quantum loop algebra studied in the
literature. We define a C*-action on M by multiplying all By, (h € H), a and b by
t € C*. We also have a natural action of

Gy <& HGL(WZ-)

by the conjugation. Let us denote this action of Gy x C* on M and the induced
action on M by (s,t) = (B,a,b) and (s,t) x [B,a,b] for s € Gy, t € C* respectively.
More concretely, they are given by

(5,t) % (B, a,b) = (tB,tas™ ', tsb),

and the same formula replacing ( ) by [ ]. We also have an action on 9, so that
the projection 7 is equivariant.

REMARK 14.33. This C*-action is different from one used in §2.7] when
there are multiple edges between vertexes. Though the main result in holds
for both C*-actions, the result in is true only for the above C*-action. This
is the reason why we change the C*-action.

As in §IZ3 the convolution makes
KO (z(w) = @) K& (2(v' v w))
viv2
into an algebra (possibly without unit), and
K& (g(w)) = P K" (g(v, w))

into its module. We call it the universal standard module.
Moreover these structures are defined over

K&*C (point) = R(Gy x C*),
the representation ring. Since Gy, is the product of general linear groups, we have
R(Gw x €) 2 Z)g,q7 ) © R ZIE, .., 228 |5
icl

where ¢ is the character of C* corresponding to the identity map C* — C*, w; is
the i*® entry of w, and S,,, is the symmetric group of w; letters acting the Laurent
polynomial ring Z[zfll, o zEl ] by exchanging variables. Note also that

» T w;
R(Tw x C*) 2 Zlg,¢ 1@ QR Z[27, ..., 250 ],
iel
where Ty, is a maximal torus of G .
Then we have

THEOREM 14.34 ([Qaff, 9.4.1]). There is an (explicitly defined) algebra homo-
morphism

®: Uy(Lg) — K> (Z(w)) @ric-) Qg).
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We do not define ﬁq(Lg) yet, but when g is of type ADE, it is the modified
quantum affine algebra I~Jq associated with the weight lattice PCO1 studied in Chap-
ter[[3 A general definition will be given in the next chapter. Then the construction
of ® will be sketched in I3l

At this moment, the reader should notice that the module structures over
R(Tw xC*) and R(Gy x C*), which we saw in §TZ2 appear already in the definition
in the geometric framework.

REMARK 14.35. After Theorem (or its earlier related result in [N=I)
was obtained, it became natural to expect the above result, since we saw sim-
ilarity with constructions of affine Hecke algebras by Kazhdan-Lusztig [KL8T],
Ginzburg [Chriss-Ginzburg], quantum affine algebras of type A by Ginzburg-
Vasserot [GV93] (see also [Va98]), and upper half of U,(Lg) by Grojnowski







CHAPTER 15

Quanum loop algebras of Kac-Moody Lie algebras

As we mentioned in Chapter @ an (untwisted) affine Lie algebra has two pre-
sentations, one as a Kac-Moody Lie algebra, another as a central extension of the
loop Lie algebra of a finite dimensional simple complex Lie algebra. Similarly the
quantum affine algebra has two presentations. The first one was is what we have
studied already. The second one, which is usually called the Drinfeld presenta-
tion [Dr8Y], was known to be useful to study finite dimensional representations of
quantum affine algebras.

The Drinfeld presentation is used to define the homomorphism ® in Theo-
rem [[Z34] and more useful than the usual one for us. In this chapter, we review
it quickly and then explain how structures studied in Part [ can be seen from the
geometry of quiver varieties.

15.1. Drinfeld presentation

The Drinfeld presentation can be used to define the quantum affinization U, (g)
associated with any Kac-Moody Lie algebra g. This was used to define, for example,
quantum toroidal algebras [GKV95], [VVI6, [VVI8, [Sad8, [STUIR|, where g is
an affine Lie algebra. The quiver varieties make sense for any (symmetric) Kac-
Moody Lie algebras and there are no essential differences between finite types and
other types. Therefore the author introduced the definition and various concepts
on representations for Uy(g) for a Kac-Moody Lie algebra g in a uniform way in
[Qaff].

In this section, we give a quick review for the definition of the quantum loop
algebra U, (Lg) of the Kac-Moody algebra g. The quantum affinization Uy(g) can
be also defined in the same way as its one-dimensional central extension, but will
not be used in the book, so its definition will be omitted. Since the algebras defined
via quiver varieties are automatically symmetric, we treat only the symmetric case,
though non-symmetric case can be treated in the same way.

The quantum loop algebra Uy(Lg) of g is an associative algebra over Q(q)
generated by e; ., fi, (i € I, 7 € Z), ¢" (h € P*), him (i € I, m € Z\ {0}) with
the following defining relations:

(151) qO = ]-a qhth = thrh" [ hz m] = 07

(15.2) G ()05 (w) = w ()i (2),

(15.3) Py (2)0F (w) = ¢ (w)y (2),

(15.4) d"eirg " =q" e, q fi,rq b= g f

(15.5) (2 = Cw)vi (2)z] (w) = (¢°2 — w)a; (w )wi( ),

(15.6) (2 — g w) @My (2)at (w) = (g 'z —w) "M aF ()i (), (i #

105
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i (2), 25 (w :76” v F(w) — z ; (=
(15.7) [ )y (w)] = =2 {5 () wirw) =3 () wi(2)
(15.8) (z = ¢ w)af (2)af (w) = (¢%°2 —w)af (W) (2),
(15.9) (2 —q 'w)" @ (2)ef (w) = (¢ 'z —w)”eF (w)af (2), ifi# ],
b
(15.00) 3 3017 2] o) oo (0)
o€S, p=0 q

X wii(zg(erl)) .. -wii(zg(b)) = 0, if ¢ 75 j,

where s = £, b =1 — (h;, ), V' = —(hs, ), and Sy is the symmetric group of b
letters. Here 6(z), ;7 (2), #; (2), ¥F () are generating functions defined by

oo

o0 o0
= DI P = Z iz, ai () SN fire

r=—00 r=—00

viE(z) = gt eXP( 9-q thimsz).

We also need the following generating function later:

We have o (2) = ¢*hipE(q2)/pE (g 2).

REMARK 15.11. We slightly change the defining relation from . When g
is of finite type, & = 0 or 1, and the relation is the same as one in | . This is
because we change the C*-action from [Qafl] when there are multlple edges between
vertexes as mentioned in Remark ﬂm

Let Uy(Lg)* (resp. Uy(Lg)~) be the Q(g)-subalgebra of U,(Lg) generated by
elements e;,’s (resp. f;.’s). Let U,(Lg)? be the Q(g)-subalgebra generated by
elements ¢", Pim.-

The modified quantum loop algebra ﬁq (Lg) is defined as in the case of ﬁq by
replacing ¢" by ax (A € P). We have

axty, = Oxplr, €irax = Arta;Cir, firax = Gr—a,fir, Rimax = axlim.

There is a homomorphism U,(g) — Uy (Lg) defined by

qh — qh, €i — €40, fir fi,O-

Let e < er /[nlyl, f& < g /[0l Let aU,(Lg) be the Z[g,q ]-
subalgebra generated by ei?, fi(m , ¢" and the coefficients of pzi(z) for i € I,
r € Z, n € Z=g, h € P*. (It should be true that AU,(Lg) is free over Z[q,q ']
and that the natural map aAU,(Lg) ®z(q4-1] Q(q) — U,(Lg) is an isomorphism.
But the author does not know how to prove them.) This subalgebra was intro-
duced by Chari-Pressley [CP97|. Let aU,(Lg)" (resp. AU,(Lg)™) be Z[g,q ']
subalgebra generated by ez(-ﬁ) (resp. fi(ﬁ)) for ke I,r € Z, n € Z~y. We have
AU, (Lg)* C AU, (Lg). Let aAU,(Lg)° be the Z[q, ¢~ !]-subalgebra generated by ¢",
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the coefficients of pF(z) and

[q’“;n] def. 11[ ¢"g" ot — g
" s=1 qS a q_s

forall h € P,i € I, n € Z, r € Z>o. One can easily shown that AU,(Lg)" C
AUy (Lg) (see e.g., 3.1.9)).

For ¢ € C*, let U.(Lg) be the specialized quantum loop algebra defined by
AU, (Lg) ®74,4-1] C via the algebra homomorphism Z[g, q~1'] — C that takes ¢ to
€. We have an algebra homomorphism U, (g) — U.(Lg).

Let U.(Lg)*, U.(Lg)° be the specialization of AU,(Lg)*, aU,(Lg)° respec-
tively. We have a weak form of the triangular decomposition

(15'12) Ue(Lg) = Ue(Lg)_ ’ Ua(Lg)O ’ Ua(Lg)+a
which follows from the definition (cf. [CP97, 6.1]).

15.2. Drinfeld generators in terms of PBW bases

Let g be a finite dimensional complex simple Lie algebra. We denote the index
set of its simple roots by I as in the previous section in this chapter. We denote
the index set of the corresponding (untwisted) affine Lie algebra g by IT=1uU {0}
though these notation contradicts with what we have used in Part 2. We also write
P = Hom(EP,.; Zh;, Z) the weight lattice of g, P= Hom(€P, 7 Zh; ® Zd,Z) the
weight lattice of g.

Drinfeld [Dr88] defined a homomorphism from the Drinfeld presentation in
iy fir (€T, 7 EZL), ¢" (h€P), him (i € I, m€Z\{0}) to the ordinary one
in terms of Chevalley generators e;, f; (i € ]A'), q" (h e ]3) and stated that it is an
isomorphism. But the proof was not given. Here we given an isomorphism in terms
of the PBW base following Beck [Be94]. Note that Jing gave a proof following
Drinfeld’s definition [Ji98].

Choose a map o: I — {1} such that o(i) = —o(j) if a;; < 0. Then

- To be written. ——

15.3. Convolution product on equivariant K-groups — continued

In this section we explain how the homomorphism in Theorem T34 is de-
fined. It is similar to the construction in Theorem We define the images of
generators of Uy (Lg) and check the defining relations.

15.3.1. Image of generators. As in Theorem the image of ay is the
diagonal [A(v, w)] with A\ = w — v, considered as an equivariant K-homology class
this time.

To describe the image of p;t(z)aA as a class, we prepare some notation. Let
%€;? be the complex in ([[Z2F). Recall that we considered it as a complex of vector
bundle over M(v,w). Note that (h;,w — v) is equal to rank 4. The image of
pzi(z)a A is given by more refined information of €.

We consider the generating function of its exterior powers

A-1.[67] € [Omiv,w)] + KX (v, w) © 2 Z[[z7]).
Note that this generating function A_; /2 18 defined for the K-cohomology class
E by extending the definition \_,, E = S E(2)IAE for a vector bundle
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E, thanks to the property /\71/ZF = /\71/ZE ® /\71/ZG for an exact sequence
0— FE — F — G — 0. We can also consider

A_.[%"] € [Omiv,w)] + KO (M(v, w)) © 2Z[[]],

which is formally equal to (—2)"*% %’ (det €*)VA\_, /.6, Here V denotes the dual.
Now we define the image of pf (z)ax by

pi(ax = AN L6 by (ax = A6,

where A is the inclusion M(v, w) — Z(v,v;w).

Similarly the images of :L';t (z)ay are given by refinements of B; (v, w), wP; (v, w)
given as the iamge of e;ay, f;a) in Theorem

Recall that B;(v, w) parametrizes pairs (B, a,b) and a B-invariant subspace S
with dim S = v — «;. Considering B;(v,w) C M(v — i, w) x M(v, w), we have
two tautological vector bundles, denoted by V' and V2, from the first and second
components respectively. By the definition of ; (v, w), V! is a subbundle of V2 and
the quotient V2/V'! defines a line bundle over 9B;(v,w). Up to a slight correction
factors, e;,ay is given by the r* tensor power of this line bundle, extended to
Z(v — a;,v;w) by the push-forward homomorphism of the inclusion.

15.3.2. Proof of the defining relations. The proof of the defining relations
of the quantum loop algebra is the technical heart of the paper [Qaff]. It is long
and requires a detailed calculation at the last step, so we only review it very briefly.

The first three relations ((EIMEAMEA) (with replacement of ¢" by ay) are
obvious since all classes are defined over the diagonal.

The relations ([RAMLAMNT) can be checked by studying how complex €7
differs in the first and second components of B;(v, w) C M(v — a;, w) x M(v, w).
If V1, V2 are tautological bundles for the first and second components as in the
previous subsection, V! is a subbundle of V2 and the quotient V2/V1! is the line
bundle whose powers correspond to z;,’s. From this description, it is easy to check
these relations.

The relation [[B7) for i # j is similar to the corresponding relation for homol-
ogy case.

The exchange relation [[J) is proved by showing the relevant intersections
are transverse, and studying the set-theoretical intersections. The set theoretical
intersections for the left hand side and the right hand are slightly different, but
both have natural vector bundles with sections, whose zero loci are the same. From
this we get () and the correction factors (z — ¢~ w)”, (¢~'z — w)? come from
those bundles.

The Drinfeld-Serre relation ([II0) can be reduced to the ordinary quantum
Serre relation for e; o, ej0 by an application of the projection formula in the K-
theory. The ordinary quantum Serre relation follows from the integrability, once
([T2) (only for e;0, fj0) is estabilished as in the homology case.

Thus only those relations [[2) with ¢ = j and [[&X). This is the hardest one
to check. We notice that these are defining relations for U,(Lsly) in side Uy (Lg).
Thus it is natural to hope that a reduction to the sly case might be possible.
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When the graph is of type A;, consists of a single vertex with no edges, the
quiver varieties are cotangent bundles of Grassmann manifolds of various dimen-
sions. In this special case, the equivariant K-theory can be expressed by polynomi-
als and the required computation was already done by Vasserot [Va98]. The quiver
variety 90 for a general graph and 7™ Gr for A; are related in the following way:

e We take the quotient only by GL(V;), instead of Gy, there is a principal
[1;.; GL(V;)-bundle M over M.

e We only impose the equation =0 only on Hom(V;, V;), not on the whole

L(V,V), we define a nonsingular variety 9310 where the stability condition
is still imposed. Then M is a nonsingular closed subvariety of me.

e We only impose the 1nJect1v1ty of o; in ([IZF) instead of the stability
condition to define M. Then M° is an open subvariety of . Moreover,
M is the product of the cotangent bundle of the Grassmann manifold and
an Euclidean space.

Now we relate the convolution product on M to one on M step by step. The first
step M to M® is just restriction to the open subvariety, and is trivial. Other steps
are given by functors of the form F' x id, where F' is the pull-back homomorphism
with respect to the inclusion or the projection of the [],; GL(V;)-bundle. The
detail can be found in [Qaft] §8].

15.4. Structures of universal standard modules

In the remainder of this chapter we assume g is of type ADE.

Recall that the universal standard module K%w*C"(£(w)) is a module of
K&wxC(Z(w)). Via ® (and taking the tensor product ®prc+)Q(q)), we consider
it as a reprsentation of ﬁq(Lg). We compare it with the extremal weight module
V(A) associated with the weight A\ = w.

15.4.1. Universal standard modules and extremal weight modules.
Recall (Chapter ) that V/()) is a subrepresentation of the tensor product V(\)
of level 0 fundamental representations, and we have an intermediate subrepresen-
tation ‘7( ) so that V(A) € V/(A) C V(A). The latter two V()), V(A) have R(Ty,) =
Ricr Z)zE . L liqjj J-module structures, and V() has an induced R(Gw) = @), Z[ ce ful)l
module structure.
THEOREM 15.13 ([NaO4l Th. 2]). Suppose g is of type ADE. There is a
unique AU, (Lg)-isomorphism from aV(\) to KGw*C"(&(w)), sending vy to the
class [Og(0,w)] of the structure sheaf of £(0,w) = point, and respecting the R(Gw)-
module structures.

Here AU, (Lg) is the A = Z[q, ¢~ ']-integral form associated with P9 (denoted
by Aﬁq before). And AV()) is the integral form of V().

When ) is a level 0 fundamental weight, this result was obtained by [V.V-TTI]
independently.

PROOF. First we show that the assertion follows, once the same is checked for
V(A) and K&*C"(&(w)) ®pg(c-) Qlg). We know that AV(A) = aU,(Lg)vs. On
the other hand, it is known (see 12.3.2]) that

(15.14) K€ (g(w)) = AU, (Lg)R(Gw x C)[Og(0.w)]-
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Moreover, we can remove R(Gyw x C*) since R(Gw x C*)[Og(o,w)] are spanned by
elements Sc,[Og(o0,w)] € Aﬁq(Lg)[Og(Qw)] by results in Chapter This shows
the above assertion.

Let us start the proof for the assertion after ®Q(g). Since £(v,w) is La-
grangian, we have Hi,,(£(v,w)) = 0 if and only if £(v,w) = . Together with
Theorem [AZ2), KE~*C (£(v,w)) = 0 unless w — v is contained in the convex
hull of Wy(w), where Wy is the finite Weyl group. This implies that [Ogw)] is
an extremal vector. Therefore we have a ﬁq (Lg)-homomorphism ¥ sending vy to
[OE(O,W)]'

Next we consider the special case w = ;. We have R(Gyw) = Z[2*] in this case.
From the definition of the ﬁq(Lg)—module structure on K%w*C (£(w)), explained
in L2 we see that P;1[Ogo,w)] = 2[Og(0,w)]- Since we have P; 1vg, = 205, for
the extremal weight module, the homomorphism ¥ commutes with z. Therefore we
have an induced homomorphism W(w;) = V(w;)/z — K&*C (g(w))/z. Since
the left hand side is irreducible by Theorem [[I7A(2), it must be injective. But
K@w>C"(g(w)) is generated by [Og(o,w)] as a I~Jq (Lg)-module, as we mentioned in
([ET4) (with ®r(c+)Q(q)). Therefore W is surjective also. This completes the proof
for the special case A\ = w;.

Now consider a general A = w. We consider the tensor product variety
g(wl; -+ ;w") associated with the decomposition w = w! +w? + - -- + w", where
each w? is a fundamental weight. If we replace Hiop by the equivariant K-group

KTwxC" we have ([Na(1l, 6.12])
KTWX(C*(E(Wl;.“ ;WT)) ~ ® KTWXC*(S(WG)),
R(Tw xC*)
where the order of tensor product is a = 1 to a = r from the left. Since we know
the result holds for fundamental weights, the right hand side is isomorphic to V()
so that R(Ty)-structures are compatible.
We consider the composite of homomorphisms

KO (g(w)) — KT (g(w) — KT (S(wls o w),

where the first one is the restriction of the action from Gy to Ty gnd the second
one is the push-forward homomorphism for the inclusion £(w) C 3(wl;--- ;w").
Both are compatible with the convolution product, and hence they are ﬁq(Lg)—
homomorphisms. Also both are compatible with R(Gvw) and R(Ty)-structures,
where R(Gw) — R(Tw), given by the restriction, is nothing but forgetting the
[, Sx,-invariance. It is known that both homomorphisms are injective. (See
§7) for the first, [Na01l 3.10] for the second.)

Now V(\) is characterized as Uy(Lg)vx in V(\) and the same is true for
K& (2(w)) ® Q(q), as we mentioned after ([(Id). Therefore we get the asser-
tion. (]

The proof of (I2I4) in 12.3.2] shows that the same is true for any closed
subgroup of Gy, in particular, for Ty. It shows that K7w*C(g&(w)) appeared
during the proof is isomorphic to the A-integral form of V(A)

From this result, we see that the canonical base element S¢,v) corresponds to
Sey ® Og(0,w), Where Se, in the latter is regarded as a representation of G'w,. More
generally, Ty, (Se,vy) for w in the affine Weyl group is represented by a similar class,
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where Og(g,w) is replaced by Og(yvw) with w — v = ww. (Note that £(v,w) in
this case consists of a single point by [Na03].) Thus all extremal vectors in the
canonical base Z(\) are very simple geometric objects, and easy to understand.
For more results on canonical bases, see JIo 23

15.4.2. Geometric interpretation of cells. Recall that we have introduced
two-sided ideals U,[Z)], U,[*A] of the modified enveloping algebra in Defini-
tion 11 (I~Jq there is I~Jq (Lg) above.) Let us introduce a slightly different ver-
sion: qu[ﬁ)\] consists of elements acting on V/(\') by 0 for any ' < A. We have
U,[> )] € Uy[£)]. Similarly we define Uy[%)]. We have U,y [A] = U,y [ZA]/U,[>A] =
U, [#A]/T, )],

Take A = w as in the previous subsection.

THEOREM 15.15. (1) The homomorphism ® in Theorem [IZ.3]) factors through
U, (Lg)/Uy[% . The induced homomorphism

®: U,(Lg)/U,[EN — K> (Z(w)) @ ey Qq)

18 injective.
(2) We have a commutative diagram

o

Uyl = Ug[FA/Ug[FA] —— K< (g(w) x £(w)) ®r(er) Q(a)

| |

U,(Lg)/U, 2] —2— K9 (Z(w)) @ Qa),

where the right down arrow is the push-forward homomorphism associated with the
inclusion £(w) x £(w) C Z(w).

Note that the right down arrow in (2) is a homomorphism with respect to
convolution products. Moreover, the Kiinneth theorem holds for £(w) by [Na(OTl
3.4], hence we have

K9 (g(w) x &(w)) 2 K (2(W)) @ (g, <o) KD (L(w)).

The right hand side clearly contains element 3 = by sb¥ in Z[)] in Theorem [Z(3),
as we have KGw*C (g(w)) 2 AV()\) by Theorem [[ZTA Thus (2) is clear if (1) is
proved.

PrOOF. For pn £ A, ®(a,) is defined to be 0 since M(v,w) = 0 unless p =
w — v < w = \. Therefore b1sb? for 8 = (b1, s,by) € By is also sent to 0. Since

such elements for various p £ A form a base of Uy[£A] by Theorem [CZ2X(3), the
homomorphism ¢ factors.

If 2 € U,[)\ is mapped to 0 in KG+*C"(Z(w)), it acts on V() = KG*C" (g(w))®
Q(g) by 0. More generally it acts on KG*C™(x=1(z)) for any z € ME(v, w),
where 77! (x) is a shorthanded notation of the union of 7= (z) C (v, w) for vari-
ous v. By §IZLTT this KCw*C" (x~1(z)) is isomorphic to V (w —v). Now we have
M (v, w) # () if and only if w— v < w and it is dominant by Theorem [ZT3. (It
was proved earlier for finite type in [N=IT, 10.5].) Therefore z € Uy[£)]. O



112 15. QUANUM LOOP ALGEBRAS OF KAC-MOODY LIE ALGEBRAS

REMARKS 15.16. (1) It is likely that ® in (1) is an isomorphism.
(2) The above K%w*C"(£(w) x £(w)) can be generalized as follows. Take

M8 (v, w) as in the proof, and consider a closed subvariety of Z(w) given by
_ 1 .2 1\ 2 reg
Zo(w) ={(z",27) € M(w) x M(w) | 7(x") = 7(z”) € My*(v,w)},
where ~ is the closure. If v = 0, we get £(w) x £(w). Then it is likely that
ﬁq[sﬁ(w—v)]/ﬁq[ﬁ)\] ., K GwxC (Z{)I(W)) @ pr(c) Qq)

is an isomorphism. See [IX06] for the corresponding result for the affine Hecke
algebra of type A.

15.4.3. Geometric characterization of the canonical base elements.
By Theorem we have a characterization of the canonical base elements up to
sign. In this subsection, we review the geometric definition of the bilinear form and
the bar involution due to Varagnolo-Vasserot [V.V=ITI].

The existence of those structures and the characterization of the canonical base
were conjectured by Lusztig [La00]. (More precisely, he conjectured them for the
equivariant K-group for Ty.) Varagnolo-Vasserot proved the conjecture for level 0
fundamental representations. But once results in Chapter are established, the
results are true for any level 0 weight.

- To be written. ————

The following was proved in 7.3.5] earlier than the above results, and
holds for arbitrary g.

THEOREM 15.17. K&wxC™(&(v,w)) is free of finite rank over R(Gy, x C*).

Thus it is natural to hope that there exists a geometrically defined base on
KGwxC(g(v,w)) for any g.

REMARK 15.18. Lusztig’s conjecture [Lu00] is motivated by his similar conjec-
ture for the existence of the canonical base of the equivariant K-groups of Springer
fibers [Lu98b]. This conjecture is proved recently by Bezrukavnikov-Mirkovic
[BMT0]. Tt is natural to hope that their technique works also for quiver varieties.
This is communicated also by Bezrukavnikov to the author.



CHAPTER 16

Character formula

In this chapter we explain the character formula of irreducible representations
of U.(Lg) in terms of the intersection cohomology groups of an abelian group fixed
point set of quiver varieties, called graded or cyclic quiver varieties.

16.1. /-integrable highest weight representations

Irreducible finite dimensional representations of quantum affine algebras are
classified by the so-called Drinfeld polynomials. This result is due to Drinfeld
[DxR8Y|, Chari-Pressley [CP94, [CP95], and [CP97]| for the case of roots of unity.

In this section we generalize it to the case of the quantum loop algebra for a
Kac-Moody Lie algebra. This is the concept of the title of this section. It turns
out that there is no essential difference, as is expected from the theory of quiver
varieties as explained in the beginning of §IHTl

16.1.1. Definition and classification of irreducible /-integrable high-
est weight representations. We first introduce a concept of ¢-weight, where (‘¢’
stands for the loop). The point is that U.(Lg) contains a larger commutative sub-
algebra than the usual U, since U,;(Lg)O contains not only the Cartan part ¢”
(h € P) but also all h; ,’s.

Let M be an U, (Lg)-module with the weight space decomposition M = D, p Mx
as a U.(g)-module. Since the commutative subalgebra U.(Lg)" preserves each My,
we can further decompose M into a sum of generalized simultaneous eigenspaces
for U, (Lg)":

(16.1) M =P My,

where W stands a pair (A, (P¥(z));) and My consists of vectors m € M satisfying
the following conditions:

¢"xm=ec"Mm  for h e P*,
hi. .
(16.2) {q N 0} *m = [““;Aq fori € I, r € Zso,

(pE(z) — PE(2)Id)N xm =0 for i € I and sufficiently large N.

If My # 0, we call My an £-weight space, and the corresponding ¥ = (A, (Pii(z))i)
an (-weight. This is a refinement of the weight space decomposition.

This concept is a natural generalization of usual weight spaces, except that
we consider generalized simultaneous eigenspaces, not the actural eigenspaces. It
turns out that having simultaneous eigenspaces give us a strong constraint on rep-
resentations, which are called tame representations [NT98]. Most of irreducible
representations are not tame, so the above definition is natural.

113
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We say a U.(Lg)-representation M is an ¢-highest weight representation with
(-highest weight W = (A, (PE(2));) if there exists a vector mg € M satisfying

Eir kMo = 0; UE(Lg)i * Mo = Ma

together with [[E2) with N = 1. (Since the usual highest weight space is 1-
dimensional, my must be the actual eigenvector.) This mg is called the ¢-highest
weight vector.

By using [[T2) and a standard argument, one can show that there is a sim-
ple {-highest weight representation M of U.(Lg) with ¢-highest weight vector mg
satisfying the above for any W. Moreover, such M is unique up to isomorphism.

A representation M of U, (Lg) is said to be ¢-integrable if

(a) M has a weight space decomposition M = P, p My as a representation
of U.(g) such that dim M, < oo,
(b) for any m € M, there exists ng > 1 such that ey, - -€p,, * m =
fer o o, xm=0forallrm,...,r, € Z, k€I and n > ng.
For example, if g is finite dimensional, and M is a finite dimensional representation,
then M satisfies the above conditions after twisting with a certain automorphism

of U.(Lg) (ICP94! 12.2.3]).

PROPOSITION 16.3. An irreducible £-highest weight module V' with an £-highest
weight ¥ = (A, Pii(z)) is L-integrable if and only if A is dominant and there exists
an I-tuple of polynomials P = (P;(u));er with P;(0) =1 such that

<hia A> = degP’ia

Pt(z) = Pi(1/2), Py (2) =cp 24P P(1/2),

3

(16.4)

where cp, is the top term of P;, i.e., the coefficient of u®s i in P;.

This result was stated without proof by Drinfeld for the Yangian [Dr&8].
The proof of the ‘only if’ part when g is finite dimensional was given by Chari-
Pressley [CP94l 12.2.6]. The ‘if” part was proved by them later in [CP95|] when g
is finite dimensional. The proof can be generalized to the quantum loop algebra in
a straightforward way, so I leave it as an exercise to the reader. The result is also
a simple consequence of a geometric construction, and need not to know the proof.

DEFINITION 16.5. The polynomials P; are called Drinfeld polynomials.
Motivated by Proposition [63 we introduce the following notion:

DEFINITION 16.6. An f-weight ¥ = (A, P¥(2)) is said to be £-dominant if A is
dominant and there exist a polynomial P(u) = (P;(u)); € Clu}! for with P;(0) = 1
such that ([[TZ)) holds.

When the Drinfeld polynomials are given by
1 it
B-(u):{ su if i # i,

1 otherwise,

for some 19 € I, s € C*, the corresponding irreducible ¢-highest representation is
called an ¢-fundamental representation. When g is finite dimensional, it corresponds
to an level 0 fundamental representation W(w;,) studied in JITAif s = +1. For
general s, it is just equal to V (w;)/(z — £s).
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16.1.2. Drinfeld polynomials of the universal standard module. Let
us consider the universal standard module K“»*€"(£(w)). As is noticed in The-
orem [T it has a distinguished vector [Og(ow)]. Note that the class [Og(gw)]
is killed by all 27 (2) (i € I) as £(—a;,w) = (. Thus it satisfies the first con-
dition for the f-highest weight vector. The second condition is not satisfied as
KGwxC(2(0,w)) = R(Gw x C*) is not 1-dimensional as a complex vector space.
But it is of rank 1 as R(Gw x C*), and we have the property ([(ZXd)). Thus [Og¢(o,w)]
is the ¢-highest weight vector if we consider R(Gy x C*) as ‘coefficients’. Note also
that the complex € [[ZZ) is just W; at £(0, w). Therefore we have

Py (2)[Og0.w)] = A_1,.Wi @ [Ocom]s i (2)[Os0.w)] = AW, @ [Oc(o.w)]-

Therefore the Drinfeld polynomials are
Pz(u) = /\UW’L')

where the polynomials take value in R(Gyw x C*).

16.2. Character formulas in terms of interesection cohomology groups

We now use the machinery to analyze the convolution algebra due to Ginzburg
[Chriss-Ginzburg].

We study irreducible representations of the specialized quantum loop alge-
bra U.(Lg) introduced at the end of §IH] which comes from representations of
KGw*C (Z(w)) via ® in Theorem [Z34

Note that @ is not injective nor surjective in general. Therefore there is a priori
no reason why irreducible representations of K%w*C" (Z(w)) remain irreducible as

U, (Lg)-representations. Fortunately, the highest weight theory helps to remedy
this failure. For example, an ¢-highest weight representation M is irreducible if and
only if it does not contain a vector m, except the ¢-highest weight vector, with the
property e; , * m = 0 for all 4, ». Thus we only need to check this property in the
convolution algebra side.

16.2.1. Semisimple elements in G, x C* and Drinfeld polynomials.
The central subalgebra R(Gy x C*) of K&*C (Z(w)) acts on an irreducible rep-
resentation by scalars. Therefore we have homomorphism R(Gyw x C*) — C, which
is given by an evaluation at a semisimple element § = (s, &) be a semisimple element
in Gy x C*. Let x5: R(Gw x C*) — C denote the corresponding homomorphism.
Considering C as an R(Gyw X C*)-module by this evaluation homomorphism, we
denote it by Cs. We are lead to analyze the specialized convolution algebra

K% (Z(w)) ®p(ay, xc) Cs,
and its module
K& (8(w)) @Rr(Guxcr) Cs
This specialization of the universal standard module is called the standard module.
By the discussion in JTETA the class [Og(g,w)] in the standard module is the
{-highest weight vector and its Drinfeld polynomials are
Pi(u) = det(1lw, — us;),

where s; is the GL(W;)-component of s. Note that the conjugacy class of the
semisimple element s is parametrized by P;(u). Therefore the Drinfeld polynomial
corresponds bijectively to the homomorphism xs: R(Gw x C*) — C.
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16.2.2. Graded/cyclic quiver varieties. Let A be the Zariski closure of
{5" | n € Z}. Let M(w)?, My(w)? be the A-fixed point subvarieties of M(w),
Mo (w) respectively. This is caled a graded or cyclic quiver variety, according to
either € is or is not a root of unity. We also have Z(w)? = DU(w)? X gn, (w)a M(w)4,
the A-fixed point subvariety in the analog of the Steinberg variety.

By the concentration theorem in the localized equivariant K-theory, and the
bi-invariant theory, suitably corrected so that they commute with convolution prod-
ucts, we have a chain of algebra homomorphisms

KOwx& (Z(W)) @R(Gyxc) Cs — K(Z(w)*) ®2C — H.(Z(w)*,C).
See [Chriss-Ginzburg] §5 ?] for the detail.

As in JIZTH to a fixed point [B,a,b] € M(v,w)? and its representative
(B,a,b), we can assign a homomorphism p: A — Gy such that
(16.7) 5% (B,a,b) = p(3)~' - (B,a,b).
We denote by 91° (p) the set consisting of fixed points [B, a, b] such that ([[EA) holds
for some representative (B, a,b). It depends only on the conjugacy class of p, and
conversely the conjugacy class of p is determined by the fixed point [B,a,b]. We
thus have M(w)4 = L,y 1°*(p), where (p) denote the conjugacy class.

Let us give more concrete description of 9t*(p). Since § acts on V via p and
we consider the eigenspace with eigenvalue A € C*:

V) E {veV | p5) v =},
which decomposes as V(\) = @ Vi(\). We have the eigenspace decomposition
V = @V(\). We also have the decomposition W = @ W () as the eigenspace

decomposition with respect to s. Then ([[G7) means
Br(Vory(X) CVI(e™'N),  ai(Wi(A) C Vi(e™'N),  bi(Vi(N) € Wi N).

Data B, a, b and their composite never map V;(A) to V;(u) unless A\/p is a
power of €. Thus we have the decomposition

V= EBV(E")\) ® @V(E"A') G-, W= GBW(E")\) ® @W(s")\') ®---

with A # &™)\ for any n, etc, preserved by B, a, b. We have the corresponding
factorization MM®(p) = M*(px) x M*(par) X - - - where py corresponds to P, V(")
and @, W (") and so on. Therefore it is enough to study all eigenvalues are
related by powers of €. Moreover, the variety itself is unchanged even if replace
A by any other scalar, especially by 1. Therefore we may assume V = @V (e"),
W = @ W(e™). According to either ¢ is a root of unity or not, V, W are graded
by a finite cyclic group or Z. This is the reason why we call the fixed point set as
cyclic/graded quiver varieties.

From now we change our notation slightly. We take V., W as I x C*-graded
vector spaces

v= P vy, w= p ww,
iel,\eC* iel,AeC*

and define their dimension vectors as

dimV = (dim V;(\)), dim W = (dim Wi(A)) € Z5°".

We denote them by v, w as before. We denote the corresponding variety °®(v, w).



16.2. CHARACTER FORMULAS IN TERMS OF INTERESECTION COHOMOLOGY GROUBRS7

16.2.3. Properties of graded/cyclic quiver varieties.
- To be written. ———
We decompose the complex €; in (UIZZ) according to the eigenvalue A:

Ti,a

(16.8) Vi) = P V(N @ Wi(A) 5 Vi(Ag ),
h:i(h)=1
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