TENSOR PRODUCT CATEGORIFICATIONS AND THE SUPER
KAZHDAN-LUSZTIG CONJECTURE

JONATHAN BRUNDAN, IVAN LOSEV AND BEN WEBSTER

ABSTRACT. We give a new proof of the “super Kazhdan-Lusztig conjecture” for
the Lie superalgebra gl,,|,,,(C) as formulated originally by the first author. We
also prove for the first time that any integral block of category O for gl,,,,,(C)
(and also all of its parabolic analogs) possesses a graded version which is Koszul.
Our approach depends crucially on an application of the uniqueness of tensor
product categorifications established recently by the second two authors.
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1. INTRODUCTION

In this paper we explain how the uniqueness of tensor product categorifica-
tions established by the second two authors in [LW] yields a quick proof of the
Kazhdan-Lusztig conjecture for the general linear Lie superalgebra g[n‘m((C). This
conjecture was formulated originally by the first author in [BI] and has been
proved already by a different method by Cheng, Lam and Wang in [CLW]. Ac-
tually we prove here a substantially stronger result, namely, that the analog of
the Bernstein-Gelfand-Gelfand category O for gl,,,,,(C) possesses a Koszul graded
lift, in the spirit of the classic work [BGS].

Roughly, the super Kazhdan-Lusztig conjecture asserts that combinatorics in
integral blocks of category O for gl,;),,,(C) is controlled by various canonical bases
in the sly-module VO™ @ W™ where V is the natural slo-module and W is its
dual. In fact, we prove a generalization of the conjecture which is adapted to the
highest weight structure on O arising from any choice of conjugacy class of Borel
subalgebra; changing the Borel corresponds to shuffling the tensor factors in the
mixed tensor space V" @ W™ into more general orders. This generalization
was suggested in the introduction of [Kul], then precisely formulated and proved
in [CLW]|. (We point out also the paper [CMW] which establishes an equivalence
of categories from an arbitrary non-integral block of category O for g[n|m((C) to
an integral block of a direct sum of other general linear Lie superalgebras of the
same total rank.)

The basic idea of our proof is as follows. For a finite interval I C Z, let sl
be the special linear Lie algebra consisting of (complex) trace zero matrices with
rows and columns indexed by integers from the set I, := IU(I+1). Let V7 be the
natural sl;-module of column vectors and Wy := V;*. We construct a subquotient
Oy of the super category O which is an sl;-categorification of the tensor product
VE" @WE™ in the sense of Chuang and Rouquier [CR],[R]. Then, observing that

Ve @ WEm = vEn g (AMlv)em,

one can apply the uniqueness of tensor product categorifications from [LW] to
deduce that Oj is equivalent to another well-known categorification O} of this
tensor product arising from the parabolic category O associated to the Lie algebra
8l 7 (C) and its Levi subalgebra gl; (C)®™ @ gl);(C)®™. The combinatorics of
the latter category is understood by the ordinary Kazhdan-Lusztig conjecture
proved in [BB],[BrKa]. Since the finite interval I can be chosen freely, this gives
enough information to deduce the super Kazhdan-Lusztig conjecture.

By the well-known results from [BGS|] and [B], the category O} has a graded
version which is Koszul. Hence so does the equivalent category Or. To construct
a Koszul grading on category O for gl,,,(C), we show further that the Koszul
gradings on each Oj can be chosen in a compatible way so that they lift to O
itself. Again we do this also for all of the parabolic analogs of O, so that a very
special case recovers the Koszul grading on the subcategory of O consisting of
finite dimensional representations that was constructed explicitly in [BS]. Our
main result here can be paraphrased as follows.

Theorem A. Any block of parabolic category O for gl ,,,(C) with integral central
character has a graded lift which is a standard Koszul highest weight category.
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Moreover its graded decomposition numbers can be computed in terms of finite
type A parabolic Kazhdan-Lusztig polynomials, as predicted in [B1].

In the main body of the article we adopt a more axiomatic approach in the
spirit of [LW]. In Section [2, we write down the formal definition of an sl -tensor
product categorification of a tensor product of exterior powers of V and W. This
is a category with

e an sl..-action in the sense discussed in Definition [2.6
e a highest weight category structure as in Definition 2.8 and
e some compatibility between these structures explained in Definition [2.10

such that the complexified Grothendieck group of the underlying category of A-
filtered objects is isomorphic to the given tensor product of exterior powers of
V and W. Then the bulk of the article is taken up with proving the following
fundamental result about such categorifications.

Theorem B. There exists a unique sloo-tensor product categorification associated
to any tensor product of exterior powers of V. and W. Moreover such a category
has a unique graded lift compatible with all the above structures.

The existence part of this theorem is proved in Section |3 simply by verifying
that parabolic category O for the general linear Lie superalgebra satisfies the ax-
ioms; in fact this is the only time Lie superalgebras enter into the picture. The
uniqueness (up to strongly equivariant equivalence) is proved in Section 4| It is a
non-trivial extension of the uniqueness theorem for finite sl;-tensor product cate-
gorifications established in [LW]. The proof for sl depends on the construction
of an interesting new category of stable modules for a certain tower of quiver Hecke
algebras. Finally in Section [5| we incorporate gradings into the picture, defining
the notion of a Uysl.-tensor product categorification of a tensor product of ¢-
deformed exterior powers of V' and W; see Definitions and We prove
the existence and uniqueness of these by exploiting graded stable modules over our
tower of quiver Hecke algebras. Then we prove that any such category is standard
Koszul and deduce the graded version of the Kazhdan-Lusztig conjecture.

Conventions. We fix an algebraically closed field K of characteristic 0 throughout
the article. All categories and functors will be assumed to be K-linear without
further notice. Let Vec be the category of finite dimensional vector spaces. For
a finite dimensional graded vector space V = Vi, we write dim, V' for its
graded dimension Y., ., (dim V,,)q" € Zlq,q].

nezl

2. TENSOR PRODUCT CATEGORIFICATIONS

In this section, we review the definition of tensor product categorification from
[LW), Definition 3.2] in the special case of tensor products of exterior powers of
the natural and dual natural representations of sl;. We include the possibility
that the interval I C Z is infinite, when these are not highest weight modules.
Then we state our first main result asserting the existence and uniqueness of such
tensor product categorifications, extending the case of finite intervals from [LW].
After that, we make some preparations for the proof (which actually takes place
in Sections [3| and , and discuss some first applications.
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2.1. Schurian categories. By a Schurian category we mean an Abelian cate-
gory C such that all objects are of finite length, there are enough projectives and
injectives, and the endomorphism algebras of the irreducible objects are one di-
mensional. For example, the category mod-A of finite dimensional right modules
over a finite dimensional K-algebra A is Schurian. Note throughout this text we
will work in terms of projectives, but obviously C is Schurian if and only if C°P is
Schurian, so that everything could be expressed equivalently in terms of injectives.
We use the made-up word prinjective for an object that is both projective and
injective.

Given a Schurian category C, we let pC be the full subcategory consisting of all
projective objects. Let Fun(pC, Vec?) denote the category of all contravariant
functors from pC to Vec which are zero on all but finitely many isomorphism
classes of indecomposable projectives. The Yoneda functor

C — Funy(pC, Vec®), M — Home(—, M) (2.1)

is an equivalence. Hence C can be recovered (up to equivalence) from pC.

This assertion can be formulated in more algebraic terms as follows. Let
{L(M\)| XA € A} be a complete set of pairwise non-isomorphic irreducible objects in
C, and fix a choice of a projective cover P(\) of each L(\). Let

A= P Homc(P()), P(p)) (2.2)
A LEA

viewed as an associative algebra with multiplication coming from composition in C.
Let 1) € A be the identity endomorphism of P(\). If A is finite then A is a unital
algebra with 1 =3, 1), indeed, A is the endomorphism algebra of the minimal
projective generator @,., P(\). However in general A is only locally unital,
meaning that it is equipped with the system {1, | A € A} of mutually orthogonal
idempotents such that A = ®)\,,u€A 1,A1,. Let mod-A denote the category of all
finite dimensional locally unital right A-modules, that is, finite dimensional right
A-modules M such that M = @,., M1,. Then our earlier assertion about the
Yoneda equivalence amounts to the statement that the functor

H:C— modA, M+ Home(P(N), M) (2.3)
AEA

is an equivalence of categories. Of course this functor sends P()) to the (neces-
sarily finite dimensional) right ideal 1) A; these are the indecomposable projective
modules in mod-A. The linear duals of the indecomposable injective modules are
isomorphic to the left ideals Aly, so that the latter are finite dimensional too.
Conversely given any locally unital K-algebra A with distinguished idempotents
{1n | A € A} such that all of the ideals 1A and Al are finite dimensional, the
category mod-A is Schurian.

Let Ko(C) (resp. Go(C)) be the split Grothendieck group of the additive cate-
gory pC (resp. the Grothendieck group of the Abelian category C). Set

[C] .= C ®z Ko(C), [C]" :== C ®z Go(C).

So [C] is the complex vector space on basis {[P(A\)] | A € A}, while [C]* has basis
{[L(N)]| A € A}. These bases are dual with respect to the bilinear Cartan pairing
(—,—) : [C] x [C]* — C defined from ([P], [L]) := dim Hom¢ (P, L).
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2.2. Combinatorics. Let I C Z be a (non-empty) interval and set
I, :=1U(I+1).

Let sl; be the Lie algebra of (complex) trace zero matrices with rows and columns
indexed by I, all but finitely many of whose entries are zero. It is generated by
the matrix units f; := e;41,; and e; := e; ;41 for all ¢ € I. The weight lattice of
slyis Pr:= ®iel Zwo; where w; is the ith fundamental weight. The root lattice is
Qr = @z‘el Zo; < Pr where «; is the ith simple root defined from

Q1= 200 — Wi—1 — Wi,

interpreting w; as 0 if i ¢ I. Let P X Q; — Z, (w, ) — w - a be the bilinear
pairing defined from w@; - aj := 9; ;, so that (ai . O‘j)z‘ el is the Cartan matrix. Let
P (resp. Q) be the positive cone in Py (resp. Q) generated by the fundamental
weights (resp. the simple roots). The dominance order > on Py is defined by § > v

if 83—~ € Q. For any i € I, we set
& 1= Wi — Wi-1,
again interpreting w; as 0 for i ¢ I. The following lemma is well known.

Lemma 2.1. For 8 = Zieu bie; and v = Zi€I+ cigi in P with Y. b; = >, ¢,
we have that 8 > v if and only if 3 ;o bi > >, ¢ for all h € 1.

An slj-module M is integrable if it decomposes into weight spaces as M =
D p, M, and moreover each of the Chevalley generators f; and e; acts locally
nilpotently. Basic examples are the natural s[;-module V; of column vectors with
standard basis {v; |¢ € I} and its dual W with basis {w; |i € I }; the Chevalley
generators act on these basis vectors by

fivj = 05 jvit1, €ivj = 0it1,jvi,
fiw; = 61, 5w;, eiw; = 0; jWiy1.
The vector v; is of weight ¢; while w; is of weight —¢;.
More generally we have the exterior powers A" V7 and A" Wy for n > 0; hence-

forth we denote these instead by A™° V7 and A™' V7, respectively. For ¢ € {0,1}
let A1 . denote the set of 01-tuples A = (\;);er, such that

[{i e I | Ni # ¢} =n.
This set parametrizes the natural monomial basis {vy | A € Afy o} of A™°V;

defined from
vi, N A, ife=0,
Uy = .
wi, A ANwg, ife=1,

where 71 < --- < i, are chosen so that )\ij # ¢ for each j. The actions of the
Chevalley generators are given explicitly by
) L Uti(/\) if )\i =1 and /\i+1 = 0,
fiox = { 0 otherwise, (2.4)

€Uy = { Uti(A) if )\i =0 and /\i+1 = 1, (25)

0 otherwise,
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where ¢;(A) denotes the tuple obtained from A\ by switching A\; and \;11. Let
|A| € Pr denote the weight of the vector vy. We have that

A= N,

i€l
interpreting the sum on the right hand side when [ is infinite and ¢ = 1 using the
convention that ---+¢;_1 + ¢ = w; and ;41 + €42 + -+ = —w;.

We are also going to be interested in tensor products of the modules A" V;.
Suppose that we are given n = (ny,...,n;) € Nl and ¢ = (c1,...,¢) € {0,1}; we
refer to the pair (n,c) as a type of level I. Let

N“EVE= N Vi@ NV (2.6)

This module has the obvious basis of monomials vy := vy, ® --- ® vy, indexed by
elements A = (A1,...,\;) of the set

Arme = Arpier X0 X Ao (2.7)
The vector vy is of weight
AL = [Aa] 4+ Al

It is often convenient to regard A € Az, . as a Ol-matrix A = (\;j)1<i<i jer, With
ith row A\; = (A\ij)jer.. (There are several other indexing conventions possible;
for example earlier papers of the first and third authors have used the convention
that A is represented by a column-strict tableau with [ columns such that the ith
column is filled with all j € I, such that \;; = 1.)

Assume for a moment that I is finite and that Ar,, . is non-empty. Let kK = K. ¢
be the 01-matrix in Ay, . in which all the entries 1 are as far to the left as possible
within each row. Thus |k| € Py is the unique highest weight of A™“ V with respect
to the dominance ordering. For any A € Ar,, . define its defect by

def(A) == 5(|s] - |5 = [A[-[A]) = |x] - @ = 50, (2.8)
el (k‘JQ - ljg) where k;

(resp. lj) counts the number of entries equal to 1 in the jth column of x (resp. A).
The following lemma extends this definition to include infinite intervals I.

where o := |k| — [A|. In combinatorial terms, this is £ >

Lemma 2.2. Suppose that I is an infinite interval and X\ € Ary . Let J C 1
be a finite subinterval such that |J| > 2max(n) and A\ j = ¢; for all1 < i <1
and j € I\ Jy. Let A\j € Ay, be the submatriz (N j)i<i<ijes, of A. Let
KJ = KJnec. 1Then the natural number

def(A) := g(|kgl - |kl = Agl - [Ag])
is independent of the particular choice of J.

Proof. Define the trivial column to be the column vector (¢;)1<;<;. Let J and J' be
two intervals satisfying the hypotheses of the lemma with J C J’. The conditions
imply that s (resp. Ay) can be obtained from kj (resp. Ay/) by removing |.J'| —
|J| trivial columns. The lemma follows easily from this using the combinatorial
formulation of the definition of defect. O
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2.3. Hecke algebras. To prepare for the definition of an sl;-categorification, we
recall the definition of certain associative unital K-algebras, namely, the (degen-
erate) affine Hecke algebra AH,, and the quiver Hecke algebra QH; 4 associated
to the linear quiver with vertex set I and an edge ¢ — j if i = j + 1. The latter
is also known as a Khovanov-Lauda-Rouquier algebra after [KL1] and [R].

Definition 2.3. The affine Hecke algebra AHy is the vector space
K[ﬂ?l, e l‘d] R KSy

with multiplication defined so that the polynomial algebra K|z, ..., z4] and the
group algebra KS; of the symmetric group Sy are subalgebras, and also
1 ifk=754+1,
(AH) tjxk — :Utj(k:)tj = -1 ifk= j,
0 otherwise.
Here t; denotes the transposition (j j+1) € Sq.

Definition 2.4. The quiver Hecke algebra QHr 4 is defined by generators

{Lilie 1Y u{e. .. & Ufm, .. ma)
subject to relations:

(QH1) the elements &1, . .., &g commute with each other and all {1; | i € I4};
(QH2) the elements {1i liel d} are mutually orthogonal idempotents whose sum
is the identity;
(QH3) 7;1; = 14,(;y7; where ¢;(%) is the tuple obtained from 4 = (i1,...,i4) by
flipping its jth and (j + 1)th entries;
1; ifk=j41and 1 =141,
11 if k& :j and ij = ij+1,

(QH4) (7&K — &™) li =

otherwise;
(QH5) 77, = TkTJ if [j — k| > 1;
if 7’] = Z]+1,
ifi; =14 -1,
H6 ,7_21 _ ( §]+1) 1 J j+1
(QH6) g (§J+1 ) if 4 1y =141+ 1,
1; otherwise;
1; ifi; =1j01 — 1 =140,
(QH?) (Tj+17’j7‘j+1 — TjTj+1Tj)1i = —li if ij = ij+1 -+ 1= ij+2,
0 otherwise.

An important feature of Q Hy 4 is that it possesses a non-trivial Z-grading. This
is defined by declaring that each idempotent 1; is in degree 0, each {; in degree
2, and finally 741; is in degree —ay, - oy, -

The algebras AHg and QHj g are closely related as explained in [R], Proposition
3.15]. This result can also be formulated as an isomorphism between certain
cyclotomic quotients of AHy and QHy 4 as in [BK2|. Let w € P;r be a dominant
weight. Define AHT (resp. QH}”d) to be the quotient of AH, (resp. QH4) by
the two-sided ideal generated by the polynomial [[,c;(x1 — ) (resp. by the

clements {&;” " 1; |4 € I%}). These are finite dimensional algebras. The image of
the polynomial algebra K[z, ...,z4] in AHF is a finite dimensional commutative
algebra, hence it contains mutually orthogonal idempotents {1; | i € K?} such
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that 1; projects any module M onto its ¢-th word space
M; = {veM!(mj—z’j)Nv:Ofor each j=1,...,d and N >0} .
Then let
AHT, = @ LAHT1; = AHF [(1;|i ¢ I%),
t,jeld
which is a sum of blocks of the algebra AH7T. The following theorem gives an
explicit choice of isomorphism between QH7; and AH};; any other reasonable

choice of isomorphism such as the one from [Rl Proposition 3.15] could be used
instead throughout this article.

Theorem 2.5 ([BK2], [R]). Forw € P} there is an isomorphism QHF, = AHF,
defined on generators by

1; — li; (2.9)

&ili = (x5 — i) Li; (2.10)
(1+1)(1 = 25 + 2j42) " s i iy =iy,

Til; = (1+ tjxr; — tj.%'j+1)1i if i = 1541+ 1, (2.11)

(1+tjzj —tjxj1)(1 — z; + 2j41) i otherwise.

(In fact, this isomorphism can be extended to the completions le\-l 1,4 and AH Id
with respect to these systems of quotients as discussed in [W2].)

Proof. This follows by [BK2, Main Theorem]. To get exactly this isomorphism one
needs to choose the power series ¢;(¢) of [BK2, (3.27)-(3.29)] so that ¢;(¢) = p;(2)
if i =4;41 + 1 and ¢;(¢) = 1 — p;(2) if i; ¢ {ij41,7541 + 1}. Note also that the
opposite orientation of the quiver was used in [BK2] so that the elements 1;e(2)
in [BK2] are our 7;1; if i; € {441,441+ 1} and our —7;1; otherwise; the elements
yje(t) in [BK2] are our elements £;1;. O

Henceforth we will simply identify QH; and AH[", via the isomorphism from
the theorem.

2.4. Categorification. Following their work [CR], Chuang and Rouquier intro-
duced the notion of an sl;-categorification, also known as a categorical sl;-action.
The following is essentially [Rl Definition 5.32] (taking ¢ = 1 and switching the
roles of E and F).

Definition 2.6. An sl;-categorification is a Schurian category C together with an
endofunctor F', a right adjoint E to F' (with a specified adjunction), and natural
transformations z € End(F) and t € End(F?) satisfying the axioms (SL1)-(SL4)
formulated below. For the first axiom, we let F; be the subfunctor of F' defined by
the generalized i-eigenspace of x, i.e. F;M = 3", ker(xps —i)* for each M € C.
(SL1) We have that F' = @, ; Fi, i.e. FM = @, ; F;M for each M € C.
(SL2) For d > 0 the endomorphisms z; := F4=IgF/~! and t), := Fi k-1 ph-1
of F satisfy the relations of the degenerate affine Hecke algebra AHj.
(SL3) The functor F' is isomorphic to a right adjoint of E.
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For the final axiom, we let ¢:id — FF and d : FFE — id be the unit and counit
of the given adjunction, respectively. The endomorphisms x and t of F' and F?
induce endomorphisms 2 and t of E and E? too:

e EXEFE" EFEY B, (2.12)
2 2 2 2 2 2
t: 2% ppp? PP prpepe PP prprpr PR prpp B g2 9 13)

(We remark that these satisfy slightly different relations to the original = and t:
the signs on the right hand side of the degenerate affine Hecke algebra relation
(AH) must be reversed.) Let E; be the subfunctor of E defined by the generalized
i-eigenspace of x € End(E). The axioms so far imply that £ = @, ; E; and
moreover F; and E; are biadjoint, so they are both exact and send projectives to
projectives.
(SL4) The endomorphisms f; and e; of [C] = C ®z Ko(C) induced by F; and Ej,
respectively, make [C] into an integrable representation of sl;. Moreover
the classes of the indecomposable projective objects are weight vectors.

The axiom (SL4) has the following equivalent dual formulation.

(SL4*) The endomorphisms f; and e; of [C]* = C®yz Go(C) induced by F; and Ej,
respectively, make [C]* into an integrable representation of sl;. Moreover
the classes of the irreducible objects are weight vectors.

The axiom (SL1) implies that F¢ decomposes as @, F; where
Fi ::Edo-~-OFi1.

This further shows that the action of AHy factors through the completion AH Id
of the inverse system of cyclotomic quotients {AH¥, | w € P;"}. Letting 1; €

End(F?) be the projection onto F; we can then use the isomorphism of completions
given by li 2.11) to convert the homomorphism AHy — AHj4 — End(F?)

into a homomorphism QHy 4 — QH rd— End(F?). Hence the definition of an

sl-categorification can be formulated equivalently using the quiver Hecke algebra

QHr 4 in place of the degenerate affine Hecke algebra AHy. In this incarnation,

C should be equipped with adjoint pairs (Fj, E;) of endofunctors for all i € I

(with specified adjunctions), together with natural transformations £ € End(F')

and 7 € End(F?) where F := @, F;, satisfying the axioms (SL1’)—(SL4’).

(SL1’) The endomorphism & is locally nilpotent, i.e. FM =", ker 5’54 for each
MecC.

(SL2’) For d > 0 the endomorphisms &; := FII¢FI~1 and 74 := FaF-1rph-t
of F¢ plus the projections 1; of F¢ onto its summands Fj for each ¢ € I¢
satisfy the relations of the quiver Hecke algebra QHy 4.

(SL3") Each functor F; is isomorphic to a right adjoint of E;.

(SL4’) Same as (SL4).

In fact this is just the first of several alternate definitions of sl;-categorification
in the literature. Notably in [R, Theorem 5.30] Rouquier proves that the data
of an sl;-categorification as above is equivalent to the data of an integrable 2-
representation of the Kac-Moody 2-category associated to sl; in the sense of [R]
Definition 5.1]; see also [KL2] and [Call] for closely related notions. (We point out
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also the recent article [B6], which shows that the seemingly different definitions
in [R] [KL2, [Call] actually yield isomorphic 2-categories.)

Definition 2.7. Given two sl;-categorifications C and C’, and denoting F, E, z,t
for C' instead by F', E’, 2/, t' for clarity, a functor G : C — C’ is strongly equivariant
if there exists an isomorphism of functors ¢ : F' o G = G o F such that

(E1) the natural transformation E'Ge o E'(E o/GE : Go E — E' oG is an
isomorphism;
(E2) (02/G =Gz o in Hom(F' o G,G o F);
(E3) CFoF'¢ot'G = Gto(FoF'¢in Hom(F?oG,G o F?).
If it happens that G is an equivalence of categories then the axiom (E1) holds
automatically, and we call G a strongly equivariant equivalence.

As usual, the definition of strongly equivariant functor can be formulated in
terms of quiver Hecke algebras. In that setting, the isomorphism ( is induced by
isomorphisms ¢; : F{ o G = G o F; for each 4, and the endomorphisms = and ¢ in
(E2)—(E3) are replaced by & and 7.

2.5. Recollections about highest weight categories. We must also make a
few reminders about (artinian) highest weight categories in the sense of [CPS1];
see also [DL Appendix] which is a good source for proofs of all the results stated
in this subsection (although it only treats finite weight posets).

Definition 2.8. A highest weight category is a Schurian category C together with
an interval-finite poset (A, <) indexing a complete set of pairwise non-isomorphic
irreducible objects {L(\) | A € A} of C, such that the following axiom holds.

(HW) Let P(\) be a projective cover of L(A) in C. Define the standard object
A(X) to be the largest quotient of P(X) such that [A(X) : L(p)] = 0y, for
i £ A. Then P()) has a finite filtration with top section isomorphic to
A(N) and other sections of the form A(u) for p > A.

It is well known that this is equivalent to the axiom (HW*) below; in other words
C is highest weight if and only if C°P is highest weight.

(HW*) Let I(\) be an injective hull of L(A) in C. Define the costandard object
V() to be the largest subobject of I(A) such that [V(X) : L(p)] = 65, for
i £ A. Then I(A) has a finite filtration with bottom section isomorphic
to V(A) and other sections of the form V(u) for p > .

If C is a highest weight category, we write C® and CV for the exact subcate-
gories consisting of objects with a A-flag and objects with a V-flag, respectively.
Their complexified Grothendieck groups will be denoted [C2] and [CV]; they have
distinguished bases {[A(N)] | A € A} and {[V(N\)] | A € A}, respectively. The nat-
ural inclusion functors induce linear maps [C] < [C2] < [C]* > [CY]. When A
is finite all these maps are actually isomorphisms so that all the Grothendieck
groups are usually identified.

There are a couple of well-known constructions which will be essential later
on. Suppose that we are given a decomposition A = Ay U A, such that Ay
is an ideal (lower set); equivalently A, is a coideal (upper set). Let Cy be the
Serre subcategory of C generated by {L(\) | A € Ay}. We write ¢ : Cy — C
for the natural inclusion, and ¢' (resp. ¢*) for the left (resp. right) adjoint to ¢
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which sends an object M to its largest quotient (resp. subobject) belonging to
Cy. The category Cy is itself a highest weight category with weight poset Ay .
Its irreducible, standard and costandard objects are the same as the ones in C
indexed by the set Ay. For A € Ay the projective cover (resp. injective hull) of
L(\) in Cy is ¢'P()\) (resp. ¢*I()\)), which will in general be a proper quotient of
P(X) (resp. a proper subobject of I(\)). For any M, N € C,, we have that

Bxt(M, N) = Bxtp, (M, N) (2.14)

for all n > 0. This is proved by a Grothendieck spectral sequence argument
exactly like in [Dl A3.2-A3.3]. A key step is to check that the higher right derived
functors R™.* vanish on objects from CV; dually the higher left derived functors
L' vanish on objects from C2.

As well as the subcategory Cy, we can consider the Serre quotient category
Ch := C/Cy; we stress that according to the definition of quotient category the
objects of Cn are the same as the objects of C; morphisms M — N in C, are
obtained by taking a direct limit of the morphisms M’ — N/N’ in C over all
subobjects M’ of M and N’ of N such that M/M’' and N’ belong to Cy. Let
7 : C — Cx be the quotient functor, and fix a choice 7' (resp. 7*) of a left
(resp. right) adjoint to 7. Note that the unit (resp. counit) of adjunction gives a
canonical isomorphism id = 7 o 7! (resp. mom* = id). The irreducible, standard,
costandard, indecomposable projective and indecomposable injective objects in
Cn are the same as the ones in C indexed by weights from A,. Also for A € Ax
we have that 7' P(\) 2 P(\), m*I(\) = I()\), 7' A(N) =2 A(N) and 7*V()\) = V()
in C; the first two isomorphisms here follow from properties of adjunctions; see
Lemma below for justification of the latter two. Finally for M, N € C such
that either M has a A-flag with sections of the form A()\) indexed by weights
A € Ap, or N has a V-flag with sections V() for A € A,, we have that

Ext(M,N) = Extg (M, N) (2.15)
for all n > 0. This is [D, A3.13].

Lemma 2.9. Let 7 :C — Cp be the quotient associated to a coideal Ax C A. For
A € A, there are canonical isomorphisms T A(X) = A(N) and V() = 7*V(\) in
C induced by the counit and unit of the fized adjunctions.

Proof. Let C<y (resp. C<)) be the highest weight subcategory of C associated to
the ideal {r € A | p < A} (resp. {p € A|p < A}). Let Cy := C<y/Ccy. This
category is a copy of Vec with unique (up to isomorphism) irreducible object L(\).
Let my\ : C<x — Cy be the quotient functor with left adjoint 77!)\. The projective
cover of L(\) in C<y is A(X), hence by properties of adjunctions we have that
A(N) 2 L(\) in C.

Similarly, working with C, in place of C, we define subcategories Cp <) and
Ch,<x- The quotient Cy <x/Ch < is another copy of Vec, hence is equivalent to
Cy. This means that there is another quotient functor ma » : Cn <y — Cy such that
T\ = T 0T, hence , = 7' o7, . Again we have that A(\) = 7 , L(\) in Cx.
Hence we get isomorphisms in C: ’ 7

T AN =2 7'(mh L)) Z 7L 2 AN).
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It remains to observe that the counit 7' A(X\) = 7'(7A(X)) — A()) is an epimor-
phism as A(A) has irreducible head L(A) and A € A; hence this gives a canonical
choice for the isomorphism.

The argument for V is similar. U

2.6. Tensor product categorifications. Suppose we are given a type (n,c) of
level I. Recall the sl;-module A™€V; from (2.6).

Definition 2.10. An sl;-tensor product categorification of type (n,c) means a

highest weight category C together with an endofunctor F' of C, a right adjoint

E to F (with specified adjunction), and natural transformations = € End(F') and

t € End(F?) satisfying axioms (SL1)-(SL3) and (TP1)-(TP3).

(TP1) The weight poset A is the set Ar,, . from partially ordered by A < p
if and only if |\| = |p| and [Aq]| + - 4+ [Ne| > |pa| + - - - + |k for all &.

(TP2) The exact functors F; and F; send objects with A-flags to objects with
A-flags.

(TP3) The linear isomorphism [C2] = A%< V7, [A(\)] — vy intertwines the endo-
morphisms f; and e; of [CA] induced by F; and E; with the endomorphisms
of A€V} arising from the actions of the Chevalley generators f; and e;
of sl I-

Since [C] embeds into [C2] = A™€V;, we deduce immediately from the axioms
that [C] is itself an integrable sl;-module, i.e. the axiom (SL4) holds automati-
cally. Thus tensor product categorifications are categorifications in the sense of
Definition 2.6] too.

Remark 2.11. This definition is a slightly modified version of [LW] Definition
3.2], where a general notion of tensor product categorification for arbitrary Kac-
Moody algebras was introduced. The definition in [LW] is expressed in terms
of quiver Hecke algebras rather than affine Hecke algebras; but of course the
above definition can be formulated equivalently with the axioms (SL1’)—(SL3’)
replacing (SL1)-(SL3); so this is a superficial difference. More significantly, in
our formulation of the axioms (TP2)—(TP3), we have incorporated the explicit
monomial basis {vy | A € A} which is only available in our special minuscule
situation. The analogous axioms (TPC2)—(TPC3) in [LW] are couched in terms of
some commuting categorical sl;-actions on the associated graded category grC :=
@P1ca Cr (where Cy is as in the proof of Lemma . The functors ;F; defining
these actions can be recovered by taking a sum of equivalences Cx — Cy, () for
all A € A such that \j; = 1 and A;(j;1) = 0, where #;;(\) is obtained from A
by interchanging A;; and A;(;;1). Such functors exist since for a highest weight
category each C) is equivalent to Vec.

Any sl;-tensor product categorification decomposes as

c=& c= (2.16)

wePr
where C, is the Serre subcategory of C generated by the irreducible objects
{L(A\) | A € Aj|A] = w}. In particular, two irreducible objects L(A) and L(pu)
belong to the same block of C only if |A| = |u|; see Theorem for the converse.
Given another type (n/,c’) of the same level, we say that (n,c) and (n/,c') are
equivalent if one of the following holds for each i: either ¢; = ¢} and n; = nj;
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or I is finite, ¢; # ¢; and n; = |I4| — nf. Observe in that case that the posets
of Ol-matrices Ar, . and Ap,y o are simply equal, and there is an sl;-module
isomorphism A™¢V; = /\Ql’gl Vi, vy — Uy

We can now state the first main result of the article.

Theorem 2.12. For any interval I C 7 and type (n,c), there exists an sl-tensor
product categorification C of type (n,c). Moreover C is unique in the sense that
if C' is another tensor product categorification of an equivalent type (n',c) then
there is a strongly equivariant equivalence G : C = C' with GL()\) = L'()\) for
each weight \.

In the case that I is finite, Theorem [2.12]is a special case of the main result
of [LW]; see for some further discussion of that. For infinite intervals, The-
orem [2.12] is new and will be proved later in the article. Specifically, we will
establish existence for I = Z in §3.2] then existence for the other infinite but
bounded above or below intervals follows by the truncation argument explained
in §2.8] The uniqueness will be established in

Corollary 2.13. Any sli-tensor product categorification C admits a duality ®
such that F;o® 2 ®o Fj, E; o ® 2 ®o E; and L(\) = L(\)® for each weight \.
Similarly its category of projectives has a duality # such that Fyo# = #oF;, E;o0
# =2 HoE; and P(\) = P(\)* for each \.

Proof. Using the homological criteria for A- and V-flags, one checks that the
axioms (TP2)—(TP3) are equivalent to the axioms (TP2*)—(TP3*) obtained from
them by replacing all occurrences of A with V. In other words C is a tensor
product categorification if and only if C°P is one; when [ is finite this assertion
is [LW]| Proposition 3.9]. Now apply the uniqueness from Theorem with
C" :=C° to get ®.

To obtain the duality # on projectives, one can use to reduce to the
problem of defining a duality # on the subcategory of Funs(pC, Vec®P) consisting
of all exact functors; there one sets Home (P, —)# := % o Hom¢(P, —) o ® (where
the final  is the duality on Vec). Transporting through the Yoneda equivalence
this yields a duality # on pC such that

Home (P#, M) =2 Home (P, M®)* (2.17)

for all M € C. It is clear from that P(A\)# = P(\), while the fact that #
commutes with F; and F; follows by adjunction as ® commutes with F; and Fj.
(Alternatively this definition can be understood via in terms of the algebra
A: it corresponds to the composition ® o N : pmod-A — pmod-A where N is the
Nakayama functor Hom4(—, A)* : pmod-A — imod-A, and pmod-A and imod-A
denote the categories of projective and injective A-modules, respectively.) (I

2.7. Review of the proof of Theorem for finite intervals. In this
subsection, we assume that [ is finite and recall for future reference some of the
key ideas behind the proof of Theorem from [LW]. Suppose we are given a
type (n,c). To avoid trivialities we assume that n; < |I;| for each i. There are two
general approaches to the construction of the tensor product categorification C in
Theorem First it can be realized in terms of certain blocks of the parabolic
category O associated to the general linear Lie algebra; see [LW| Definition 3.13].
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Alternatively, C can be constructed using the tensor product algebras of [W4]; see
[LW), Theorem 3.12].

Turning our attention to uniqueness, let C be some given sl;-tensor product
categorification with weight poset A = A7, .. Let A be the algebra

A= P Homc(P()), P(u)) (2.18)
A LEA

from , and H : C — mod-A be the canonical equivalence of categories from
(2.3). There is a formal way to transport the categorical slj-action from C to
mod-A in such a way that H : C — mod-A becomes a strongly equivariant equiv-
alence. The appropriate functor F' : mod-A — mod-A is the functor defined by
tensoring over A with the (A, A)-bimodule

B:= P Homc(P(\), FP(1)). (2.19)
A REA

The natural transformations x € End(F) and t € End(F?) come from bimodule
endomorphisms z : B — Band t: B®4 B — B ®4 B defined as follows: let
x : B — B be defined on the summand Hom¢(P(A), FP(u)) of B by composing
with zp(,y : FP(u) = FP(u); let t: B®a B — B ®a B be induced similarly by
tpg  F 2P(u) — F?P(u) using also the following canonical isomorphism

B®a B @ Home(P(N), F>P(u)).
A UEAN

Then we may take E : mod-A — mod-A to be the canonical right adjoint to F'
given by the functor @, ., Hom4 (1B, —). In this way we have made explicit the
categorical sl7-action on mod-A.

The strategy for the proof of uniqueness is as follows. Suppose that we are
given another slj-categorification C’ of an equivalent type (n/,c’). We repeat all
of the above, defining its associated basic algebra

A= P Home (P'(N), P'(1)), (2.20)
A REA

and an (A’, A’)-bimodule
B':= @ Home (P'(N), F'P/(4)) (2.21)

together with endomorphisms 2’ : B® — B’ and t' : B’ ®4 B’ leading to a
categorical slj-action on mod-A’ too, such that the equivalence H' : ¢’ — mod-A’
is strongly equivariant. Then the point is to construct an algebra isomorphism
A = A’ inducing an isomorphism of categories mod-A = mod-A’. To see that
this isomorphism of categories is strongly equivariant, we must also define an
isomorphism B = B’ that intertwines the actions of A, x and t with A’, 2’ and ¢'.
Composing the isomorphism mod-A = mod-A’ on one side with H and with the
canonical adjoint equivalence to H' on the other, we obtain the desired strongly
equivariant equivalence G : C — C’ from the statement of Theorem

Let us begin. Recall that k = K., is the Ol-matrix indexing the basis vector
of maximal weight in A™<V;. The irreducible object L(x) is the only irreducible
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in its block, i.e. L(k) = A(k) = V(k) = P(k) = I(k). Since the functor F' has
both a left and right adjoint it sends prinjectives to prinjectives, hence the object

T=P1,:=PriLx) ec (2.22)

d>0 d>0
is prinjective. The modules T;; and T,y for d # d’' belong to different sums of the
blocks from (2.16)), hence we have that Home(Ty, Ty) = 0 for d # d’. We say that
M € C is homogeneous of degree d if it belongs to the same sum of blocks as Ty;
then we have that Hom¢ (T, M) = Home (T, M). Note further that T; = 0 for

d> 0. Let

H= Hy =P AH],. (2.23)

d>0 d>0 ’

The following theorem is at the heart of everything; see [LW) Proposition 3.2]
for the first assertion, [LW, Theorem 5.1] for the second, and the proof of [LW|
Theorem 6.1] for the final one; in the special case that C is the tensor product
categorification arising from parabolic category O from [LW] Definition 3.13] the
results here go back to [BK1].

Theorem 2.14 ([LW]). The action of AHgq on Ty induces a canonical isomor-
phism between Hyg and Ende(Ty); hence H = Ende(T). Moreover the exact functor

U := Hom¢ (T, —) : C — mod-H (2.24)
is fully faithful on projectives. Finally for each weight A € A the H-module
Y(A) :=UP()N) (2.25)

is independent (up to isomorphism) of the particular choice of C.

Remark 2.15. The proof of [LW), Theorem 5.1] establishes a slightly stronger
result: the map U : Hom¢ (M, P) — Hompy (UM, UP) is an isomorphism for any
M, P € C with P projective.

Thus the functor U has similar properties to Soergel’s combinatorial functor
V from [S]. The modules Y (\) may be called Young modules by analogy with
the modular representation theory of symmetric groups. The second assertion of
Theorem is a version of the double centralizer property, which has already
appeared in numerous related contexts in representation theory; see e.g. [MS,
Example 2.7] where several are listed. It implies that the functor U defines an
algebra isomorphism

A2 P Hompu(Y(N),Y (). (2.26)
A LEA
Similarly for the primed category we get that
A= € Homp (Y'(N),Y' (1)) (2.27)
AUEN

where Y/(\) := U'P’()) for U’ defined analogously to U. Then, applying the final
assertion of Theorem we choose H-module isomorphisms Y (\) = Y’()) for
each \. These choices induce the desired algebra isomorphism A = A’.
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It remains to construct the bimodule isomorphism B = B’. This needs just a
little more preparation. The category mod-H is also equipped with a categorical
slr-action. The endofunctors

F : mod-H — mod-H, E : mod-H — mod-H (2.28)

for this are the induction and restriction functors associated to the homomor-
phisms Hy; — Hgy1 induced by the natural inclusions AH; — AHg,1 for all

d > 0; so for a right Hgz-module M we have that FM := indg?rl M= M®qg,Hiw
and FM := resgj_l M. The canonical adjunction makes (F, F) into an adjoint

pair. Left multiplication by x411 defines an (Hy, Hg41)-bimodule endomorphism
of Hyy1, from which we obtain the natural transformation x € End(F). Also,
by transitivity of induction, F? is isomorphic to the functor sending a right Hg-
module M to M ®p, Hq2; then left multiplication by ¢4, defines an (Hg, Hq2)-
bimodule endomorphism of Hy, s inducing ¢t € End(F?). This gives us the data
of an slj-categorification in the sense of Definition [2.6] The fact that the axioms
(SL1)—(SL4) hold goes back at least to [CR, Remark 7.13]; see also [K, Corollary
7.7.5] for the proof that F' is isomorphic to a right adjoint of E.

The following lemma was noted already in the first paragraph of [LW, §5.1];
the alternative proof given below is a bit more explicit.

Lemma 2.16. The quotient functor U : C — mod-H is strongly equivariant.

Proof. First we construct the required natural transformation ( : FoU — Uo F.
Take M € C that is homogeneous of degree d. We need to produce a natural
H g1 1-module homomorphism (s : Home(Ty, M) ®u, Hay1 — Home(Tyy1, FM).
The functor F' defines a natural Hz-module homomorphism from Home (T, M) to
the restriction of the Hy,1-module Home (T4 1, FM). Then we use the adjunction
of induction and restriction to convert this into the desired homomorphism (a;.

Next we show that ( is an isomorphism of functors. It is certainly an isomor-
phism on T as for that it reduces to an identity map. Hence it is an isomorphism
on any direct sum of summands of 7. By [LW) Lemma 5.3], any projective object
P € C fits into an exact sequence 0 — P — J — K such that J and K are
direct sums of summands of T. Note further that both F'oU and U o F are exact
functors. Hence when we apply ¢ to our exact sequence we obtain a commuting
diagram with exact rows:

0 —— FoU(P) —— FoU(J) —— FoU(K)

| | |

0 —— UoF(P) —— Uo F(J) —— Uo F(K).

We know already that the right hand vertical maps are isomorphisms, hence so
too is the first one. Now we have proved that { defines an isomorphism on every
projective object. For an arbitrary object M we pick a projective resolution
@ — P — M — 0 and make another argument with the Five Lemma.

It remains to check the axioms (E1)-(E3) from Definition For (E1), we
observe on some homogeneous M € C of degree (d + 1) that the natural transfor-
mation FUe o ECE o nUE defines the Hy-module homomorphism

Home (Ty, EM) — Home (FTy, M)
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defined by the given adjunction between F' and E. Hence it is an isomorphism.
For (E2), assume that M € C is homogeneous of degree d. Then it suffices to
show that the following diagram commutes:

U
Homc(Td,M) ®n, Hap M} Homc(Td, M) ®n, Hip

o Jeu

Home (Tgy1, FM) B2, Home (Tgq1, FM).
Take 6§ € Home(Ty, M) and h € Hyyi. Going south then east, § ® h maps
to the homomorphism Ty1 — FM,v — xp((F0)(hv)), while going east then
south produces the homomorphism v +— (F0)(x411hv). These are equal by the
naturality of x : F — F with respect to the homomorphism 0 : T; — M. The
proof of (E3) is similar. O

Applying Lemma we deduce that the functor U defines (A, A)-bimodule

isomorphisms

B @5 Homy(Y(N), FY (1)), (2.29)
A LEA
B®aB= @ Homy(Y(N), F?Y (1)) (2.30)
A LEA

Under these isomorphisms, z : B —+ B and ¢t : B®4 B — B ®4 B correspond
to the endomorphisms of the bimodules on the right induced by all of the homo-
F2Y (1) — F2Y (i), respectively.

morphisms xy () : FY (u) = FY(u) and ty(,)
Similarly
B'= P Homy(Y'(\), FY' (1)), (2.31)
A LEA
B' @4 B = @ Homy(Y'(\), F?Y(1)). (2.32)
A LEA

Then the H-module isomorphisms Y (A) 2 Y’()) chosen earlier induce the desired
isomorphism B = B’. It is immediate that it intertwines the actions of A,z
and ¢t with A’, 2’ and ¢'. This completes our sketch of the proof of uniqueness in
Theorem 2.12] for finite intervals.

2.8. Truncation. In this subsection we introduce our key tool for proving results
about tensor product categorifications when I is infinite. Throughout we fix a type
(n,c¢) and any interval I, and set A := A, .. Given a subinterval J C I, there is
an obvious embedding sl; — sl;. Let Aj be the subposet of A consisting of all
0l-matrices A such that \;; = ¢; whenever j ¢ J;. This is order-isomorphic to
the poset Ay, via the map sending A = (A\ij)i<i<ijer, € Ay to its submatrix
A= (Nij)i<i<ijet, € Arne. In turn, the slj-module A™€V; can be identified
with the sl -submodule of A™V; spanned by {vy |\ € A;j}. We then have that

APV = Uy NV

taking the union just over the finite subintervals J C I. We are going to develop
a categorical analog of this decomposition.

Lemma 2.17. For A\, u € A, the following are equivalent:



18 JONATHAN BRUNDAN, IVAN LOSEV AND BEN WEBSTER

(i) A< p;

k k
(ii) for allh € I and 1 < k <1 we have that Z Z (=) > Z Z (=1)“,
i=1 j<h i=1 j<h
Aij#c i FCi
with equality when k =1;
k k
(iii) for all h € I and 1 < k <1 we have that Z Z (-1 < Z Z (—1)“,
i=1 j>h i=1 j>h
AijF#c HigFCi

with equality when k = [.

Proof. The equivalence of (i) and (ii) follows from Lemma The equivalence
of (ii) and (iii) is obvious. O

Again let J C I be any subinterval. Let A<; denote the set of all A € A which
satisfy the conditions

(&
Z Z (—1)% >0 forall h <min(J) and 1 <k <1,
i=1 j<h
A (2.33)

k
Z Z (—1)% <0 forall h>max(J)and 1 <k <.
i=1 j>h
Aij#c
Also let A; denote the set of all A € A<; such that at least one of the above
inequalities is strict. Lemma implies that both A<; and A.; are ideals in
the poset A. Moreover Ay = A<y \ Acy.

Suppose next that we are given an sl;-tensor product categorification C of type
(n,c). Let C<y (resp. C<y) be the highest weight subcategory of C associated to
the ideal A<y (resp. A<y). Let Cj := C<;j/C<;. We denote the quotient functor
bny(]ZCSJ*)CJ.

Lemma 2.18. For j € J the functors F; and E; preserve the subcategories C<
and C.y of C.

Proof. We just explain for C<;; the same argument works for C.;. Take any
X € A<j. We need to show that F;L(\) and EjL(\) both belong to C<;. Since
L()) is a quotient of A(X), this follows if we can show that F;A(X) and E;A(X)
belong to C<;. These objects have filtrations with sections of the form A(u) for
weights 1 obtained from A by applying the transposition ¢; to one of its rows.
The integers on the left hand side of the inequalities are the same for each
of these u as they are for A, so that each p arising is an element of A<y and A(u)
does indeed belong to C< . O

Hence for j € J the functors F; and Ej; induce a well-defined biadjoint pair
of endofunctors of C;. Let Fy := @,c; Fj and E; := @,c; E;j. The natural
transformations x and s restrict to endomorphisms of F; and FL?, respectively,

such that the associated endomorphisms x; and ¢j of Fjl satisfy the degenerate
affine Hecke algebra relations as in (SL2). The axioms (TP1)—(TP3) for C imply
the analogous statements for C;. Thus we have proved:
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Theorem 2.19. The subquotient Cj of C equipped with the endofunctors Fy and
Ej is an slj-tensor product categorification of type (n,c).

‘We record one more technical lemma for later use.

Lemma 2.20. Suppose that I is infinite and J C I is a finite subinterval with
|J+| > 2max(n). Let k € A be the unique weight such that kj = Kjpne € Ajnc-
Then L(k) is the unique indecomposable object in its block; in particular it is
prinjective in C.

Proof. In view of it suffices to show for A € A that |A\| = |k| = A = k. We
proceed by induction on [, the case [ = 0 being trivial.

For the induction step assume first that ¢; = 0 for some i. Amongst all the 7
with ¢; = 0 choose one for which n; is minimal. Thus n; < n; for all j with ¢; = 0,
and n; < 2max(n)—n; < |J4|—n; for all j with ¢; = 1. Letting s := min(Jy)—1,
it follows that the columns s + 1,...,s + n; of the 0l-matrix x have all entries
equal to 1. Since |A| = |x| the number of entries 1 in each column of X is the
same as in k. Hence all n; of the entries 1 in the ith row of A appear in columns
s+1,...,s+n;. Thus the ith row of X is the same as the ith row of x. Then we
remove this row and proceed by induction.

This just leaves us with the case that ¢; = 1 for all . Choose ¢ so that n; is

minimal and let s := max(J;) — n;. Then columns s+ 1,...,s+ n; of k, hence
also of A, have all entries equal to 0. So the ith row of A is the same as in x, and
then we can induct as before. [l

2.9. Decomposition numbers and blocks. For any I and (n,c¢), let C be an
sl7-tensor product categorification of type (n,c). In the finite case, Theorem m
shows that C is equivalent to some blocks of parabolic category O for the general
linear Lie algebra, hence we can exploit the extensive literature about parabolic
category O to deduce results about C. In the infinite case, many questions about
C can be answered by picking a sufficiently large finite subinterval J C I, then
passing to the subquotient C; and invoking Theorem [2.19

For example, the following theorem shows that decomposition numbers in C can
be computed by reducing to the Kazhdan-Lusztig conjecture (which describes the
decomposition numbers in parabolic category O); see for more about the
explicit combinatorics here. We will appeal to this observation in the next section
to prove the super Kazhdan-Lusztig conjecture for gl,,,(C).

Theorem 2.21. Given \,u € A, choose a finite subinterval J C I such that A
and p both belong to Aj. Then the composition multiplicity [A(X) : L(u)] in C
coincides with the multiplicity [A(Ay) : L(py)] computed in Cj. Hence, recalling
that Cy is equivalent to a sum of integral blocks of parabolic category O for the
general linear Lie algebra, these multiplicities can be computed via the Kazhdan-
Lusztig conjecture.

Proof. This is immediate from the exactness of the quotient functor 7 ;. O
As another illustration of the truncation technique, we classify the blocks of C.

Theorem 2.22. For \,u € A, the irreducible objects L(\) and L(u) lie in the
same block of C if and only if |\| = || in the weight lattice Pr.
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Proof. When [ is finite, the theorem has been proved already in [B4] (working in
the parabolic category O setting). Now suppose that I is infinite. We observed
already from that A and p lie in the same block only if |A| = |u|. Conversely
suppose that |A| = |u|. Pick a finite interval J C I such that A\, € Ay. Then
|[As| = |ps| in Py, so by the finite result there exists a sequence of weights A =
A0y -+-y An = p in Ay such that one of [A(N\;) : L(N\i—1)] or [A(Ni—1) : L(\;)] is
non-zero for each ¢ = 1,...,n. Since these composition multiplicities are the same
in C or Cy this does the job. O

2.10. Classification of prinjectives. Let C be as in the previous subsection.
To avoid trivialities assume moreover that A := Ay, . is non-empty. The goal
in this subsection is to classify the indecomposable prinjective objects in C. For
finite I, this is a generalization of an old result of Irving [I] which was established
already in the context of parabolic category O in [MS, Theorem 5.1] or [BKI
Theorem 4.8]. The formulation for infinite I given here is new; we prove it by
using truncation to reduce to the finite case.

We start by noting that there is a crystal graph structure on A. This is a
certain I-colored directed graph with vertex set A, such that there is at most one
edge of each color entering and one edge of each color leaving any given vertex.
To determine the edges of color ¢ incident with vertex A one proceeds as follows.
First label rows of the matrix A by the sign — if the ith and (i + 1)th entries of
the row are 10, or by + if these entries are 0 1; leave all the other rows unlabeled.
Then reduce the labels by repeatedly erasing +—-pairs of labels whenever the
+-row is above the —row and all the rows in between are unlabeled. If at the

end of this process a —row (resp. a +-row) remains, then there is an edge A 5

(resp. A <= p) in the crystal graph, where p is obtained from A by switching the
ith and (7 + 1)th entries of the lowest —row (resp. the highest +-row).

Lemma 2.23. For A € A and i € I, we have that F;L(\) =0 (resp. E;L(\) =0)

unless there is an edge A A p (resp. N & ) in the crystal graph, in which case
F,L(\) (resp. E;L()\)) is indecomposable with irreducible head and socle isomor-
phic to L(p).

Proof. This is already known for finite I; see [LW), Theorem 7.2] for the most
recent but also most conceptual proof (actually the arguments of [L] are sufficient
here since C is a highest weight category). In the infinite case we pick J C [
containing ¢ such that A and all the weights u indexing the composition factors of
E;L(\) and F;L(\) lie in A, and then pass to the subquotient C;. O

To formulate the main result, we need slightly different notation according to
whether [ is finite or infinite:

- In the finite case, we let A° be the vertex set of the connected component
of the crystal graph containing x := k1., Let T € C denote the object
from ([2.22]).

- In the infinite case, we fix finite subintervals Iy C Iy C --- C I such that
I =U,> I, ] +1 > 2max(n), and |I, 1| = |I,| + 1 for each r. Let
A, :=A; C A and C, :=Cj,. Let k" be the element of A, corresponding
to K1,:n,c and A7 be the vertex set of the connected subgraph of the crystal
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graph generated by «" and the edges of colors from I,.. Then set

A= A (2.34)

r>1
For each 7 we have that k" € A7 ; see (4.4) below for an explicit directed
path k"1 — k". So we have that A} C A3 C -+, and A° can be described

equivalently as the vertex set of the unique connected component of the
entire crystal graph that contains every x". Finally, let T be the object

T"=P71; =EPFIL()eC. (2.35)

d>0 d>0

Theorem 2.24. Let notation be as above. For A € A, the following are equivalent:
(i) A e A°;

L(X) <= T (resp. L(X) < T" for somer > 1) if I is finite (resp. infinite);

T — L(X\) (resp. T" — L(X) for some r > 1) if I is finite (resp. infinite);

Proof. We just prove the equivalence of (i), (ii), (iii), (iv) and (v); the equivalence
of (i), (ii"), (iii), (iv’) and (v') is similar.

(i)=-(ii). In the finite case, the connected component of the crystal graph with
vertex set A° is a copy of Kashiwara’s crystal graph associated to the irreducible
sl-module of highest weight |x|, and « is its highest vertex. Hence there is a

directed path & AN i the crystal graph for some d > 0 and 41,...,iq € I.

Similarly in the infinite case there is a path " 2 - -+ 2% X in the crystal graph for
some r > 1,d >0 and 41,...,iq € I.. It remains to apply Lemma to deduce
that L(\) appears in the socle of Fj, - - - F;, L(k) (resp. Fj, - -+ F;, L(xk")), which is
a summand of T' (resp. T7).

(ii)=-(iii). In the finite case, we exploit the duality ® from Corollary as fol-
lows. The module T is self-dual and prinjective. By (ii), it has I(\) as a summand.
Hence I(\)® is an indecomposable injective object too. Since ® fixes irreducibles
(up to isomorphism), I(\)® has all the same composition multiplicities as I()\).
Since the classes [I(\)] of indecomposable injectives are linearly independent in
the Grothendieck group, we must therefore have that I(A\)® = I(\). But obviously
I(\)® = P()), so this shows that I(\) = P()).

In the infinite case, we have not yet established Corollary 2.13] so must argue
indirectly. Since 7 is prinjective, (ii) implies that I(\) = P(u) for some (possibly
different) u € A,. But the previous paragraph shows that I(\) = P(\) in C,, hence
P(X\) = P(p) in C,. Since both A and p lie in A, this implies in fact that A\ = p.

(iii)=(iv). Clear.

(iv)=-(v). This follows because projectives have A-flags.

(v)=-(i). We first prove this in the finite case. Suppose that L(\) < A(v) for
some v € A. We show that A € A° by induction on the height of || — |v| € QF.
The base case is clear as then A = v = k. For the induction step we apply [LW|,
Proposition 5.2] to deduce that there exists i € I such that E;L(\) # 0in C. The
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socle of E;L()\) is isomorphic to L(u) where i % X in the crystal graph. Now
it suffices to show that u € A°. This follows by the induction hypothesis, noting
that L(p) — E;L(\) — E;A(v) and E;A(v) has a A-flag.

For the infinite case suppose that L(A) < A(u). Then we pick r» > 1 so that
all composition factors of A(u) lie in A,. Passing to the subquotient C,, we still
have that L()\) is a constituent of the socle of A(u) in C,. Hence A € Ay C A°
thanks to the previous paragraph. O

3. THE GENERAL LINEAR LIE SUPERALGEBRA

Throughout the section we fix a type (n,c) of level I. The goal is to give an
explicit construction of an slz-tensor product categorification C of type (n, ¢), thus
establishing the existence in Theorem We will obtain C from the parabolic
analog of the BGG category O for the general linear Lie superalgebra. It is a
(mostly known) generalization of [CRL §7.4] where category O for the general
linear Lie algebra was considered. The super Kazhdan-Lusztig conjecture (in its
most general parabolic form) then follows using also Theorem m

3.1. Super category O. Fori=1,...,[ let U; be a vector superspace of dimen-
sion n; concentrated in degree ¢; € Z/2 (over the ground field K as always). Then
set

U=U,®---0U, (3.1)
so that U is a vector superspace of even dimension n := ) ;=0 i and odd di-
mension m := > . _;n;. Let g denote the Lie superalgebra gl(U) = gl,;,,(K)
consisting of all linear endomorphisms of U under the supercommutator [—, —|.
We choose a homogeneous basis ui, ..., Untn for U by concatenating bases for
Ui,..., U in order and let {e; ;|1 < i,j < m+n} be the resulting basis of matrix
units for g. We then have that

iy eni] = O jeis — (—1)PtPIPAPIs; o) 5

where p; € Z/2 is the parity of the ith basis vector u;.

Let t (resp. b) be the Cartan (resp. Borel) subalgebra of g consisting of di-
agonal (resp. upper triangular) matrices relative to the ordered basis just cho-
sen. Let 61,...,0m+n be the basis for t* dual to the basis e 1,...,emtnmin,
and define a non-degenerate symmetric bilinear form (—,—) on t* by setting
(03,05) := (—1)P8; 5. The root system of g is

R:={6;—0;[1<4,j <m+mn,i#j},
which decomposes into even and odd roots R = Ryl Ry so that 6; —d; is of parity
pi + pj. Let RT = Rg L R{ denote the positive roots associated to the Borel
subalgebra b, i.e. d; — §; is positive if and only if ¢ < j. The dominance order >
on t* is defined so that A> p if A — p € NR*.

An important role is played by the weight p € t* that is one half of the sum
of the positive even roots minus one half of the sum of the positive odd roots.
Translating by a multiple of supertrace, we obtain the weight

1 m+n
N _ _1\Pig,
pi=p+5(m n+1);( 1)Pid;, (3.2)
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which is uniquely determined by the properties

o 0 if pP1 = 0, ) ] o (—1)pi if Di = Di+1,
(pa 51) - { 1 if pL= L (p7 62 - 6Z+1) - { 0 if Di 7& Pitl- (33)

Note that p is an integral weight, that is, it belongs to t, := Zd1 @ - - D Zby,+n C t*.
We are ready to introduce the category O associated to t C b C g, restricting
our attention from the outset just to blocks corresponding integral weights.

Definition 3.1. For A € ¢} let py := >, _7(A,d;) € Z/2. Then define O to be
the category of all finitely generated g-supermodules M = Mg @& M7 which are
locally finite dimensional over b and satisfy

M = P My, (3.4)
Aet

where for A € t* and p € Z/2 we write M), for the A-weight space of M, with
respect to t defined in the standard way. Morphisms in O mean arbitrary g-
supermodule homomorphisms. The parity assumption in ensures that all
morphisms are automatically even, hence O is an Abelian category.

Remark 3.2. One can also define an equivalent category where we remove the
parity assumption above, but allow inhomogeneous morphisms. See the discus-
sions in [B1), §4-¢], [CLL §2.5] and [B5, Remarks 2.1-2.3].

Note that both the natural g-supermodule U and its dual belong to O, and O
is closed under tensoring with these objects. As usual, to classify the irreducible
objects in O, one starts from the Verma supermodules {M(X) | X € ¢} defined
from

M) == U(g) @) Kapy
where K ,, is the one-dimensional b-supermodule of weight A with Z/2-grading
concentrated in degree py. The weight A is the highest weight of M () with
respect to the dominance ordering, and the corresponding weight space is one
dimensional. Therefore, by the usual arguments of highest weight theory, M (\)
has a unique irreducible quotient L(\), and the supermodules {L(\) |\ € t}} give
a complete set of pairwise non-isomorphic irreducible objects of O.
For later use, we note that the Casimir element

ci= > (=DPeijeji € Z(U(g)) (3.5)
1<i,j<m-+n
acts on M (\) by the scalar
ey = (A+2p,N). (3.6)
We need one other non-trivial result about linkage. For a € Rar and A € t let
Sa A=A — (A +p,a")a, where ¥ := 2a/(a, ). Let
AN) :=={a e R | (A +p,a’) >0},
B(A) :={a € R] | (A +p,a) =0}
Then introduce a relation 1 on t; by declaring that u 1 A if we either have that
[ = Sq - A for some a € A(X) or we have that p = XA — 8 for some 8 € B(\).

Lemma 3.3. Suppose A\, € ) satisfy [M(X) : L(p)] # 0. Then there exists
r > 0 and weights v, ..., v, €t such that p=vo T T 1 pr = A,
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Proof. This is a consequence of the superalgebra analog of the Jantzen sum for-
mula from [M|, Theorem 10.3.1]; see also [G]. In more detail, the Jantzen filtration
on M (M) is a certain exhaustive descending filtration M(\) = M(X)g D M(M\)1 2
M(X)2 D --- such that M (X\)o/M(A)1 = L(A), and the sum formula shows that

MW= Y, chM(sa- N+ Y, > (1) Tch M(A—kB).

k>1 acA(N) BEB(A) k>1

To deduce the lemma from this, suppose that [M(\) : L(u)] # 0. Then p <
A, so that A — p is a sum of NV simple roots §; — §;4+1 for some N > 0. We
proceed by induction on N, the case N = 0 being vacuous. If N > 0 then
L(p) is a composition factor of M(A); and the sum formula implies that L(u)
is a composition factor either of M (s, - A) for some a € A(\) or that L(u) is a
composition factor of M (X — k) for some odd k > 1 and 5 € B(\). It remains
to apply the induction hypothesis and the definition of 1. (I

There is another partial order < on t7, which we call the Bruhat order, defined

from
D = 1L SN (37)

1<i<j 1<i<j
(A+p,6:)<h (utp,6:)<h

forall h € Z and 1 < 5 < m + n, with equality whenever j = m + n.
Lemma 3.4. For A\, u € t;, we have that A\ T pu =A< pu= A pu.

Proof. The implication A 1 u = A < p is an easy exercise. To prove that A < p
implies A < p, observe as in Lemma [2.1] that A < p if and only if

J

Z( DP (A +p, 6 Z 1P+ p, 6;)

=1 =1

.

for each j = 1,...,m + n, with equality when j = m 4+ n. Moreover, for any
integer k such that k: > (AN + p, ;) for all i, we have that

J
SEVTEPTIED i D DI Sy e
i=1 h<k 1<i<j 1<i<j
=2 |h 2 U=t o (D
h<k 1<i<j 1<i<y
(Ap.01)<h (A p,6:)<h
h<k 1<i<j
(A+p,0i)<h
Now use the definition ([3.7)). O

Remark 3.5. The Bruhat order < coincides with the transitive closure of the
relation 1 if all the 0’s appear either before or after all of the 1’s in the sequence ¢;
see [B1l, Lemma 2.5]. However in general < is a proper refinement of the transitive
closure of 1; see [CLW), Remark 2.3] for an example.
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Theorem 3.6. The category O is a highest weight category with weight poset
(6, <). Its standard objects are the Verma supermodules {M(\)| X € & }.

Proof. By Lemmas and all composition factors of M (A) are of the form
L(p) for p < A. The theorem follows from this and the BGG reciprocity estab-
lished in a general graded Lie superalgebra setting in [B2), (6.6)]; one also needs

to repeat the argument of [B2, Lemma 7.3] to check that projectives are of finite
length. (Il

3.2. Super parabolic category O. Let h = gl, (K) @ --- @ gl, (K) be the
subalgebra of g that is the stabilizer of the direct sum decomposition (3.1)) and
set p:=H+b.

Definition 3.7. Let C be the full subcategory of O consisting of all objects that

are locally finite dimensional over p. We refer to this as super parabolic category
O of type (n,c).

The isomorphism classes of irreducible objects in C are represented by the
supermodules L(\) for A in the set

(=1)*(A+p,0p —pq1) >0for 1 <k <1 }

andny+ -+ ng1 <r<nig+---+ng (3.8)

A::{)\E’%

To see this, note first that the condition in the definition of A is the usual domi-
nance condition for finite dimensionality of irreducible highest weight modules for
b, so clearly for L()) to belong to C it is necessary that A € A. For the sufficiency,
for each A\ € A, let V(\) be a finite dimensional irreducible h-supermodule of
highest weight A with Z/2-grading concentrated in degree py. The corresponding
parabolic Verma supermodule

A = U(g) ®u) V(N

belongs to C and is a quotient of M(\). Hence A(A) has irreducible head L(\),
implying that L(\) belongs to C. We see moreover from this argument (and our
knowledge of composition factors of M ()\)) that all other composition factors of
A(A) are of the form L(u) for po < A in the Bruhat order. The following theorem
now follows on making another application of [B2, (6.6)].

Theorem 3.8. The category C is a highest weight category with weight poset
(A, <). Its standard objects are the parabolic Verma supermodules {A(X)| A € A}.

It is time to switch to more combinatorial notation by identifying the set A C t;,
from (3.8) with the set Az, . of 01-matrices from (2.7). We do this so that A € A

corresponds to the 01-matrix (A\j;)1<i<ijez defined from
ool 1-a ifj=M\+pd)forng+--+ni—1 <r<ng+---+ny,
A Y otherwise.

(3.9)

When compared with Lemma [2.17(ii), the following lemma checks under this
identification that the Bruhat order < on A agrees with the partial order < from
the axiom (TP1) in the previous section.

Lemma 3.9. For A\, u € A we have that A < u in the Bruhat order if and only if

PORENCEVETD SIS

1<r<ni+--+ng 1<r<ni+--+ng
(A p,0r)<h (u+p,0r)<h
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forall h € Z and 1 < k <, with equality whenever k = 1[.

Proof. The forward implication is clear from the definition (3.7]). For the converse
suppose that A £ p in the Bruhat order. Let 1 < s < m + n be minimal so that

PO ILED DENCE

1<r<s 1<r<s
(A+p,0r)<h (u+p,6r)<h

for some h € Z. To complete the proof, we show for k defined from n1+- - -4+np_1 <
s <mnyp+---+nyg that

PORENCEVLED DI C L

1<r<nji+---+ng 1<r<ni+--+ng
(A+p,0r)<h (utp,67)<h

Suppose first that p;, = 0. Then by the minimality of s we must have that
(A+p,05) > hand (u+p,0s) = h, hence (u+p,d,) < hforall s <r <ni+---+n.
We deduce that

Z ()P <np+4---+np—s+ Z (=1)Pr

1<r<ni+-+ng 1<r<s
(>‘+p7§7”)§h ()‘+p’5'r)gh
<n1++nk_5+ Z (_l)pT — Z (_l)pr.
1<r<s 1<r<ni+4--+ny
(1tp,0r)<h (u+p,6r)<h

Instead suppose that ps; = 1. Then (X + p,ds) = h and (u + p,ds) > h, hence
(A+p,0,) > h and (u+ p,0,) > h for all s <r <njg+---+ nk. We deduce that

PORENCVED DN IR DI C VD DN SV

1<r<nji+--+ng 1<r<s 1<r<s 1<r<ni+--+ny
(A+p,0r)<h (Atp,0r)<h (1t+p,0r)<h (1t+p,6r)<h
We are done. O

Finally we introduce a categorical slz-action on C. Let F' (resp. E) be the
endofunctor of C defined by tensoring with U (resp. its dual U*). Let x € End(F)
be the endomorphism defined on a supermodule M by letting x : MU — M QU
be the endomorphism defined by multiplication by

Q= Z (—1)Pee s ® eg
1<r,s<m+n
Let s € End(F?) be the endomorphism arising from the flip U@ U — U @ U, u, ®
us = (=1)PrPoug @ uyp.

Theorem 3.10. The preceding definitions make C into an slz-tensor product
categorification of type (n,c).

Proof. The verification of the axioms (SL1)—(SL3) is standard; cf. [CR] §7.4] and
also [CW] Proposition 5.1] where the degenerate affine Hecke algebra relations are
checked in the super case. Also we have seen already that C is a highest weight
category with weight poset (A, <) as required by axiom (TP1).

Now we take A € A and consider the supermodule FA()A). By the tensor
identity we have that

FAN) = (U(g) @up) VA) @ U =U(g) @uy (VD) @ U).
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Since U has an obvious p-filtration with sections Uy, . .., U, we deduce that FA(N)
has a filtration with sections U(g) ®y ) (V(A) @ U;) for i = 1,...,1. Tt is well
known how to decompose the tensor product of a finite dimensional irreducible
gl,,,(K)-module with the natural module, so that

V)@ U; & &y V(A+6,).

nyteAni 1 <r<ni+--+n;
At+drEA

This discussion proves that the g-supermodule FA()\) has a multiplicity-free A-
flag with sections
{AX+0r) ‘for all 1 <r <m+n with A+, € A}
Converting to the Ol-matrix notation using (3.9)) this shows equivalently that
FA(X) has a A-flag with sections
{Ati;(N) ’ for all 1 <i <[ and j € Z such that \;; =1 and \j(j41) = 0},

where ¢;;(\) denotes the 0l-matrix obtained by applying the transposition ¢; to
the ith row of A\. To aid in translating between this description and the previous
one, we note that ¢;;(A) = A + d,, where r is uniquely determined by
ni+---+n_1<r<ny+---+n;, j:(/\+p,(5r)—(1—(—1)ci)/2. (3.10)
We claim further that the endomorphism 2 preserves the filtration just con-
structed and induces the endomorphism of the section A(t;;(\)) that is multipli-
cation by the scalar j € Z. To see this note that
Q=(A(c)—c®1-1®c)/2

where A is the comultiplication on U(g) and c is the Casimir element (3.5)). This
shows already that € preserves the filtration. Also ¢ acts on A(\) by the scalar
cy from (3.6). Hence the endomorphism of A(%;;())) induced by € is the scalar
(ct;;(0) —ex—mn+m)/2. Letting r be defined according to (3.10]), we now calculate
using (3.6) and (3.2)):
(ct;00 —ex—n+m)/2=(crys, —cx—n+m)/2

A+20+6,A+6) — (A+2p,\) —n+m)/2
A+ 75,6,) + ((=1)% — 0+ m) /2

At p,6) + (D)% = 1)/2=3.

~—~ o~~~

This proves our claim.
Thus we have shown that F;A(\) has a A-flag and that

[FAMN] = > [A(t5(N)]
summing over all 7 = 1,...,l such that A;; = 1 and A;;41) = 0. Similarly one
checks that E;A()) has a A-flag and that

[EAN)] =Y [A(t5(A)]
summing over all ¢ = 1,...,[ such that A;; = 0 and A;;;1) = 1; it helps to know
for this that E;M is the generalized (m — n — j)-eigenspace of Q on M ® U*.
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These formulae are consistent with the formulae for the actions of f; and e; on
vy € A" Vz. So we have proved (TP2)—(TP3). O

3.3. Proof of the super Kazhdan-Lusztig conjecture. We now have in place
all of the theory needed to prove the super Kazhdan-Lusztig conjecture. Continue
with C being as in Theorem [3.10, Recall for each finite interval J C Z that we
have defined a subset Ay C A and a poset isomorphism A; = A Jim,er A > AJ; see
the first paragraph of §2.8] Moreover we have defined a subquotient C; of C which
is an sl -tensor product categorification of type (n, c); see Theorem In view
of the uniqueness from Theorem (for finite intervals), C; is equivalent to a
block of parabolic category O for some general linear Lie algebra.

Now Theorem [2.21] implies that the multiplicities of Verma supermodules are
computed by certain parabolic Kazhdan-Lusztig polynomials evaluated at ¢ = 1.
The super Kazhdan-Lusztig conjecture follows from this assertion; we will give a
more detailed discussion in after we have introduced the techniques to discuss
gradings on super parabolic category O; see also the recent survey [B5] for more
about the combinatorics.

Various other known results about super parabolic category O can be deduced
from the finite case in a similar fashion. In particular, Theorem [2.22] gives a
classification of the blocks generalizing [CMW], Theorem 3.12], Lemma [2.23] gives
another proof of the main result of [Ku|, and Theorem m gives a classification
of prinjectives in super parabolic category O which appears to be new.

4. STABLE MODULES

In this section the goal is to prove Theorem for infinite intervals. The
strategy is almost exactly the same as the strategy for finite intervals recalled
in §2.7. The main issue is to find a suitable substitute for the quotient functor
U : C — mod-H from Theorem This arises from a new category mod-H
of “stable modules,” which seems quite interesting in its own right. Throughout
the section (n,c) will be a fixed type and I will be an infinite interval. Like in
Theorem we pick finite subintervals 1 C Io C --- of I such that I =J,.~; I,
|I1| +1 > 2max(n), and |I,41| = |I,| + 1 for each 7. -

4.1. Tower of Hecke algebras. Let C be some given slj-tensor product cate-
gorification of type (n,c). For each r we denote the subcategories C<y, and Cy,
from by C<, and C.,, respectively. Then each subquotient C, := C<,/C,
gets the induced structure of an sl -tensor product categorification with weight
poset A, := Aj, C A. Denote the element of A, corresponding to kr,.nc € Ar,inc
by k". Thus v,r is the highest weight vector of A™¢V; C A" V7.

Let T be the rth “tensor space” from (2.35)). It has a A-flag with sections of
the form A(u) for p € A,. Hence by e quotient functor 7, : C<, — C,
defines a isomorphism between End¢(7") and Ende.(7T"). The following theo-
rem follows immediately from this observation, Theorem and the first part of
Theorem [2.141

Theorem 4.1. The action of QHy on T} induces a canonical isomorphism be-

tween the algebra
v =@ H; =PeH) (4.1)
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and the endomorphism algebra Ende(T7).

For each » > 1 and i € I,., we introduce the idempotent

ne= > lie Hy,,. (4.2)
jerdtt
id+1:i

There is a natural algebra homomorphism
In diagrammatic terms this map is given by tensoring with a single string ¢ — 3.
With the following lemma we construct some much less familiar maps between

Hecke algebras for different r. These are given by tensoring with some explicitly
known diagram ¢ — ¢ on the left.

Lemma 4.2. Fizr > 1 and d > 0. If max(I,) = max([,11) we define

pj == {i|ei=0,n; > j}, a := max{n; | ¢; = 0},
s:=min(l,41) — 1, e:=1,
t:=(s+a)lr---(s+2)P2(s+ 1) d, = an

c;=0

Instead if min(l,) = min(l,41), we let
pj = HZ ’ C; = 1,ni Z]}
s:=max(lry1)+ 1, €= —1,

t:=(s—a)ypr---(s—2)P2(s — 1) d, := an

Y

(In either case © is a word in Ig;l.)
(i) There exists an explicit idempotent e € Hg:;ld such that the map
¢y Hy = epHy el 1; = Lijeg, & &atj€qs  Tj > Td,+j€q
is a well-defined algebra isomorphism. Moreover el = 1gel; = 0 unless
k =ij for some j € I%.
(ii) There exists an isomorphism 07 : Ty = engjd in C, such that the fol-
lowing diagram commutes for all h € H):

h
r T
Td Td

Al e
rr+1 rr+1
ealy'rq ’F(h) ealy Cq
d
(ili) Fori € I, the map ngid;i from sends el to 1:1jid;i62+1~
. . _ qr+1
(iv) Fori € I, we have that ¢ 4 (15,) = 15" 1601

Proof. A straightforward check shows in A"V} that

R .
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where we write fi(m) for the divided power f/™/m!. Now recall for each i € I,4;
and m > 1 that there is an explicit idempotent b,, € 1;mQH;] 1;m such that

r4+1,M
the summand Fi(m) := by, I} of the functor F;™ induces fi(m) at the level of the
Grothendieck group; see [R], Lemma 4.1]. Hence for each d > 0 there is an explicit

r+1
idempotent e}, € QH},:H,a'%-er = Hg:j}d such that
dr+d d a 1
enFr L (k) = FEFSY - B LY. (4.5)

Since L(k"*!) and L(x") are standard objects, the identity (4.4) implies that

there exists a (unique up to scalars) isomorphism L(k") = F S(_’;ls)l - F g‘;)aL(m’”“).

Applying the functor Ff‘i to this and using the above equality we obtain the

isomorphism 0% : T7 = T7+ler This definition ensures that 67 intertwines
d d dr+dCd d

the actions of 1;,&;,7; € Hj and 1;j¢e},&q, 4560, Td,+j€l € eQHZl:}deg. Also
e Hy jen = Ende(ef T} ) = Ende(T)) = Hj. Parts (i) and (ii) follow.

For the final parts of the lemma, the homomorphism ng'i 44 can be viewed
simply as an application of the functor F;, so it maps ej; to Fyey, while ), = FJ, ej
by its analogous definition. This implies (iii). Part (iv) is clear. O

In the notation of the lemma, we set e := 3 5geq, ¢" = D450 ¢y and 0" =
> gs0 0y Thus e € H"™! is an idempotent, ¢" : H" = e"H"tle" is an algebra
isomorphism, and 6" : 77 = ¢"T"+! is an isomorphism in C. In particular this
gives us a tower

H' < H?> 5 H3— ...
of cyclotomic quiver Hecke algebras which will play a key role. If M is a right
(resp. left) H™*!1-module we will implicitly view Me” (resp. e" M) as a right (resp.
left) H"-module via ¢".

More generally for r < s we set

¢7‘,S — ¢s—1 0---0 ¢r’ el — ¢r,3(1HT)’ grs — 93—1 0---0f" (46)

Thus e is an idempotent in H*, ¢™* : H™ = e™*H%¢e™* is an algebra isomorphism,
and 6% : T" — e"*T* is an isomorphism in C. If M is a right (resp. left) H*-
module we will implicitly view Me™* (resp. e"*M) as an H"-module via ¢"*.

4.2. Stable modules and the double centralizer property. With the fol-
lowing definition we introduce an auxiliary category which is actually a little too
big; we will cut it down to size in Definition [4.5] below.

Definition 4.3. Let mod-H* be the category whose objects are diagrams
1 2 3

M=(M"—— M?* M3 —2 )
such that M"™ € mod-H" for each r and (" gives an H"-module isomorphism
M"™ 5 MTle" for all » > 1. A morphism f : M — N in mod-H*™ means a
sequence (f"),>1 of H"-module homomorphisms f" : M" — N" such that the
following diagram commutes:

M1 M? M3 ——

fll f?l fﬂ (4.7)

N1 N2 N3 —— ...
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We write simply Homg (M, N) for the morphisms in mod-H*. It is easy to see
that mod-H* is an Abelian category. We stress however that there is no algebra
H in sight here.

For any s > 1, an object M € mod-H* is determined uniquely up to iso-
morphism just by knowledge of its tail (M* — M**1 — ...). We make this
statement precise by introducing the category mod-H=* consisting of diagrams

s

s+1 ~
M= (M*% Mt ' ...) with M™ € mod-H" and " : M" = M7 +1e" for each
r > s (just like in Definition but starting at 7 not 1). Then there is a forgetful
functor

tail, : mod-H*> — mod-H=* (4.8)
sending (M' — M? — -..) to its tail (M* — M+t — ...). Let
head, : mod-H=* — mod-H> (4.9)

s s+1 1 s—1 s+1
be the functor sending (M*® Ly Mt ) to (M?! St M 'S ),

where for r» < s we let M" := M?%e"* € mod-H"; the maps " : M" — M"*! for
r < s are simply the inclusions. Obviously tails o heads = id. It is an easy exercise
to show moreover that head, otaily = id. Thus the functors tail, and heady are
quasi-inverse equivalences of categories.

For each r > 1, we define two more functors

top, : mod-H=" — mod-H", top;. : mod-H" — mod-H=". (4.10)
The first of these is defined simply by projecting M onto its top term M". The
second is defined on M € mod-H" by top, M := (M" — M"™! — ...) € mod-H=",

where M* := M ®y, e"*H* € mod-H*. The linear maps ¢° : M* — M**! are the
maps M*® — M*™1 v @ h — v ® ¢*(h). Finally we set

pr, := top, o tail, : mod-H* — mod-H", (4.11)
pr.. := head, o top. : mod-H" — mod-H°. (4.12)

The first of these pr, is of course just the obvious projection onto the rth compo-
nent. It is also clear that pr, opr.. 2 id.

Lemma 4.4. The functor pr;q is left adjoint to pr,.
Proof. Tt suffices to check that top!. is left adjoint to top,. The counit of the

A8

r+1
adjunction on object M = (M" = M"™1 = ...)is (%) s>, : topL(top, M) — M
defined from

N M" @gr e H® — M?, v® h "% (v)h, (4.13)

setting ¢™* := 1571 o ... 0.". We leave the routine checks to the reader. O

Definition 4.5. We say that M € mod-H® is r-stable if it is in the essential
image of the functor priq; equivalently the maps are isomorphisms for all
s > r. Then M is stable if it is r-stable for some r > 1. Finally let mod-H be
the full subcategory of mod-H > consisting of all stable objects. (We will see soon
that mod-H is itself an Abelian category but this is not obvious as it is not a Serre
subcategory of mod-H.)

Lemma 4.6. If M € mod-H is r-stable and N € mod-H* is any object then
pr, : Hompy (M, N) — Hompyr(M", N") is an isomorphism.
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Proof. We have that M = prl.(M"). Now use Lemma O

Now we bring the category C back into the picture. Let
U" := Home(T", —) : C — mod-H". (4.14)
Then let U : C — mod-H*> be the functor sending M € C to

UM = (U'M —“ UM~ UM 2 ), (4.15)

where the isomorphism ¢ : Home (7", M) = Home(e"T"+!, M) here is the map
¢ — ¢o(6")"L. On a morphism f : M — N we let Uf := (U"f),>1. By
Lemma and , each T" is a prinjective object of C, hence the functors
U" and U are both exact. Also U" = pr, oU. Recalling the definition , we
let

Y(A) = (YA = Y?(\) = ---) :=UP(\), (4.16)
D(p) = (D'(p) = D*(n) — ---) := UL(n), (4.17)

for A € A and p € A°. By Theorem for the category C, (and the usual theory
of quotient functors) the objects {D"(u) | u € A2} give a complete set of pairwise
non-isomorphic irreducible H"-modules. Moreover Y" (1) is the projective cover
of D"(u) in mod-H" for each pu € AS.

Theorem 4.7. The essential image of the functor U is the subcategory mod-H of
mod-H .

Proof. We first show that UM is stable for any M € C. Given M pick r > 1 so

that
U {veA|lP(w: L) #0} C A, (4.18)
Nome

This is possible as the set on the left hand side here is finite. We claim for this r
that UM is r-stable. This amounts to showing for each s > r that the H®-module
homomorphism

Home(T", M) @pr € H® — Home (1%, M), f@hr fo(d*)1ohn

is an isomorphism. For surjectivity, we split 7° and 1" into indecomposables
T°=P @ ---®dP,and T"=Q1D - D Qp, so that

n m
Home (T, M) = @ Home (P;, M), Home(T7, M) = @ Home(Q;, M).
i=1 Jj=1

By the assumption on r all composition factors of M are of the form L(u) for
w € A,. Hence Home(P;, M) = 0 unless P; = P(u) for some p € Ap. In that
case there is a summand @; with Q; = P;. Thus any f € Home(P;, M) C
Home (7%, M) factors as g o k for some g € Home(Q;, M) C Home(T™, M) and
k € Home(P;, Q) € Home(T*,T"). Since Home(T%,T") = e"*H*®, we deduce
that f = go (6™°)~! o h for some h € e™*H?, and surjectivity follows.

For injectivity, let K be the kernel of the map, so that there is a short exact
sequence

0 — K — Hom¢(T", M) @pr €"*H®* — Home (T?, M) — 0.
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On truncating with the idempotent ™%, the second map becomes an isomorphism,
hence Ke"™* = 0. Thus all composition factors of K are of the form {D*(v) | v €
A2\ A?}. On the other hand all composition factors of Home (7%, M) are of the
form D*®(u) for pu € AS such that such that [M : L(u)] # 0. Now the choice of r
ensures for such v and p that L(v) is not a composition factor of P(u). Hence
D*(v) is not a composition factor of Y*(u), which is the projective cover of D*(u).
It follows that Extl.(D*(u), D*(v)) = 0, and we have proved that the above short
exact sequence splits. But then we get that

Homps (K, D*(v)) «~ Hompgs(Home(T", M) @pr e*H?®, D*(v))
= Hompr (Home (1", M), D*(v)e™®) =0
for any v € AZ\ A?. This implies that K = 0.

So U restricts to a well-defined functor U : C — mod-H. We next construct a
left adjoint U' : mod-H — C such that UoU' 2 id, implying in particular that this
new U is essentially surjective. On an object M € mod-H we let r > 1 be minimal
such that M is r-stable then set UM 1= M" Qg T" € C<,, where M" ®@pr — here

is the tensor product functor from the category of H"-module objects in C to C.
Note for s > r that there is an isomorphism

fr,s - MT Qe " :> M3 Qs TS
defined by the composition of the following canonical isomorphisms

M T" id @67 MT TSTS o AT TS IS T3 n"@id WE Ts$
Rpr — XRpygr e = XRygr e R s — R s ,

for n™* coming from . Then on a morphism f = (f"),>1 : M — N we
define U'f by picking ¢ such that both M and N are t-stable then setting U'f :=
(fH Yo flofrt: M"@yr TT — M* ®@ps T°. One needs to observe that this is
well defined independent of the choice of ¢ as %% 0 ™% = " and n*t o™ = ",
Then it follows easily that this is a functor. To see that id = U o U', take the
natural isomorphism defined on M by the canonical isomorphisms

M 5 pry(pr, M) = pr, (M")
= pr,(M" @pr Home(T", T")) = pr,(Home(T", M" @5 T7))
= pr,(U"(U'M)) = pr; (pr,(U(U'M))) 5 U(U'M)

where r is minimal so that M is r-stable. Here the morphisms on the first and last
lines come from the counit of adjunction pr}. o pr, 2 id and the middle one is the
obvious isomorphism. In particular this isomorphism gives the unit € : id — UoU'
of the claimed adjunction. We proceed to write down the counit 1 : U' o U — id.
To define this on M € C, let r be minimal such that UM is r-stable. Then we
take nys to be the obvious evaluation

UY(UM) = Hompyr (T", M) @pr T" <5 M. (4.19)
This can also be obtained as the composition
U'(UM) = Hompy(T", M) @z T" 5 Homps(T°, M) @5 T° %5 M

for any s > r; in particular this makes it clear that it is surjective. We leave the
remaining checks to the reader. (I
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Remark 4.8. For M € C, one can consider the integer
rar = min{r > 1| UM is r-stable}.

Of course this depends implicitly on the choices of the intervals Iy C Iy C ---.
We observed during the proof of Theorem that the map with r = ryy
is surjective. Hence all constituents of the head of M are of the form L(\) for
A € A, and M € C<,; these properties give a lower bound for rj,. For a (surely
much too big) upper bound one can take the smallest r satisfying .

Theorem 4.9. The category mod-H is Schurian with a complete set of pairwise
non-isomorphic irreducibles given by the objects {D(u) | p € A°}. Moreover Y (u)
is the projective cover of D(u) in mod-H for each pu € A°. Finally

U:C — mod-H (4.20)

satisfies the universal property of the quotient of C by the Serre subcategory gen-
erated by the irreducible objects {L(\) | A € A\ A°}.

Proof. First we check that the functor U : C — mod-H has the universal property
of quotients. We need to show for any Abelian category C’ and any exact functor
F : C — C' such that FL(\) = 0 for all A € A\ A° that there exists a unique
(up to isomorphism) functor F : mod-H — C’ such that F o U = F. Composing
on the right with U' we see at once that the only choice (up to isomorphism) is
to take F := F o U'. The counit of adjunction 7 gives a natural transformation
Fn:FolU'oU =FolU = F. To see this is an isomorphism, take M € C and let 7 be
minimal such that UM is r-stable. Then (Fn)ys : F(UM) — FM is the morphism
obtained by applying F to the second arrow in the following short exact sequence:

0 — K — Home(T", M) @pr T" ™ M — 0.

To see that this map is an isomorphism it suffices by exactness of F to show that
FK = 0. This follows because UK = 0.

Now we let C° be the quotient of C by the Serre subcategory generated by the
objects {L(A)|A € A\ A°} and 7 : C — C° be the quotient functor. By the general
theory of quotients this is a Schurian category with irreducibles {mL(u) | p € A°};
the projective cover of wL(\) is mP(A). The universal property established in the
previous paragraph gives us a functor 7 : mod-H — C° such that 7 = 7oU. On the
other hand by the universal property of C° there is a functor U : C° — mod-H>
such that U = U o 7; we are being careful here since we do not yet know that
mod-H is itself Abelian. The essential image of U is mod-H, i.e. it is actually a
functor C° — mod-H. Then the usual argument with uniqueness shows that U
and 7 are quasi-inverse equivalences. The theorem now follows directly. [l

At last we can prove the appropriate analog of the double centralizer property
from Theorem 2.14]

Theorem 4.10. The functor U : C — mod-H is fully faithful on projectives.
Moreover for each A € A the object Y (A) = UP(A\) € mod-H is independent (up
to isomorphism) of the particular choice of C.

Proof. Take projectives P, € C and choose r so that both UP and UQ are r-
stable. By Remark this means that P and @) are projective objects also in C,.
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Hence by the double centralizer property from Theorem the composition U”
of the following two maps is an isomorphism:

Home (P, Q) — Homp (UP, UQ) 2% Homy-(U"P,UTQ).

Also the second map here is an isomorphism because of Lemma Hence the
first map is an isomorphism, proving that U is fully faithful on projectives.

Now suppose we are given another tensor product categorification C’. Define
U : ¢’ — mod-H exactly as above then set

Y = (YA = YN\ = ) = U P (N).

Pick r so that both Y (\) and Y’(\) are r-stable. Then P(\) is projective in C,
and P’()\) is projective in C. By the final part of Theorem we get that
Y7(A) =2 Y’ (\) in mod-H", hence Y (A\) = prl. Y"(\) 2 prl. Y"(\) 2 Y'()). a

Remark 4.11. The slightly stronger result from Remark also holds in the
present situation; the proof is the same.

4.3. Categorical action on stable modules. Next we are going to introduce
a categorical slr-action onto the category mod-H in such a way that the quotient
functor U : C — mod-H is strongly equivariant. For each » > 1 we have the
usual induction and restriction functors F", E" : mod-H" — mod-H" from .
In terms of cyclotomic quiver Hecke algebras, these are the direct sums over all
1 € I, of the i-induction and i-restriction functors

F{ : mod-H" — mod-H", E; : mod-H" — mod-H" (4.21)

defined as follows. Recalling the idempotent , F is given by tensoring over
Hj with the bimodule 17, Hj, ,, viewing 17, Hj . | as an (Hj, Hj, )-bimodule via
the homomorphism . Its canonical right adjoint E} is given on a right Hj, -
module simply by right multiplication by this idempotent, viewing the result as
a right Hj-module via ¢}, again. The endomorphism & € End(F]) is induced
by the endomorphism of the bimodule 12;2‘H§ 41 defined by left multiplication by

€4+1- To define 7 € Hom(FJ’." oF' F! o FJ?"), note obviously that

13;1'H§+1 Qmy, 12+1;jH§+2 =144Hgo where 145 := Z 1; € Hyps.
ieltt?
’id+1:i
ig1o=]
Then 7 comes from the bimodule homomorphism 1gii o = 1g.5:Hg, o defined
by left multiplication by 7441. The canonical adjunction making each (F}, EI)
into an adjoint pair comes simply from adjunction of tensor and hom.

1 2
We are ready to define F; : mod-H — mod-H. Take M = (M' % M? 5 -..) €
mod-H. Suppose to start with that r is chosen so that ¢ € I,. By Lemma (iv),
the restriction of ¢}, , gives a right Hj, ;-module homomorphism

roo.qr T r+1 r+1 T
VYai  lgiHg = 1dr+d;inr+d+1ed+l‘

Let o] := @ 50 ¥}, so that the map /" @ ¢" : F/M" — (FZ?"HMT“)eT is an
H"-module homomorphism. Now we assume that r is minimal such that M is
r-stable and ¢ € I,.. Then define

r T r+1 r+1
FiM = head, (F M" "E5" preipr+1 77287y, (4.22)
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For this to even make sense we need to justify that the maps ¢* ® v° : FM?® —
(FfHM st1)es are isomorphisms for all s > r, so that the object in parentheses
really is an object of mod-H=". This follows at once from the next lemma, which
shows moreover that F;M is r-stable.

Lemma 4.12. If M € mod-H s r-stable and i € I, then the maps
n®: FEM® ®@ps e HT — FZ-SHMSH, v h @~ 5(v) @ (h)h
are isomorphisms for all s > r. Hence F; sends r-stable objects to r-stable objects.

Proof. Suppose that M* € mod-Hj. To prove the lemma we need to show that
the map

s s s s s+1 s+1 s+1 s+1
M" ®m; laiHa ®ny,, €apitly g = M ®H;j+1d Lo vaiHa, far

v@N @b 5(v) @Y (R)h
is an isomorphism. Taking h' = 1. and contracting the second tensor product
using Lemma [4.2](iv), this is equivalent to showing that the map

s s 7. s s+1 s s+1 s+1 s+1 s+1
v @id: M ®ps 1y gean g fg =& M D, Ly vaitla, a1

is an isomorphism. As M is r-stable the following map is an isomorphism:

s s rrs+1 s+1 s+1 s+1 s+1 s+1
M ®@n €aHy g @psrt La vaila, v = M7 @paer 107 gHg "y

v@h @h— *(v)h @ h.

Taking h’ = e and contracting the second tensor product using Lemma (iii),
gives exactly the desired isomorphism. [l

So now we have defined the functor F; on objects. On a morphism f: M — N
we just pick r so that ¢ € I, and M is r-stable. Then F;M is r-stable too, so by
Lemma there is a unique morphism F;f : F;M — F;N such that (F;f)" =
F! f". This is independent of the choice of r, which is all that is needed to check
that F; : mod-H — mod-H is a well-defined functor.

Next we define natural transformations

¢ € End(F), 7 € Hom(Fj o F;, F; o F}).

Take some M € mod-H and pick r so that ¢ € I, and M is r-stable. Then
by Lemma [4.6| again there is a unique morphism &y : F;M — F;M such that
(&m)" = & similarly, there is a unique 7y : FjF;M — F;F;M such that
(tar)" = 7Tarr. The naturality of € and 7 follows because these definitions of £ys
and 17 are independent of the particular choice of r, as may be checked using
Lemma 4.2

Lemma 4.13. There are isomorphisms (; : F; o U 5 U o F; for each i € I such
that ¢;0 U = UE o (; in Hom(F;0U,Uo F;) and (;Fjo Fi(jorU = Ut o (;F;0 Fj¢;
in Hom(Fj o F; 0 U,Uo F; o F}).

Proof. To define (; on an object M € C, take any r such that ¢ € I, and both UM
and U(F; M) are r-stable. By Lemma there exists a canonical isomorphism
¢r:U" o FI 5 Fr oU". Then we define (¢;)n : U(F;M) — F;(UM) to be the
unique morphism with rth component equal to (¢])a. For the naturality one
just needs to observe that this is independent of the choice of r. The &- and
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T-equivariance properties follow because the (i satisfy analogous equivariance
properties for sufficiently large r. O

We turn our attention to F; : mod-H — mod-H. For this we start by defining
a functor F; : mod-H*° — mod-H*°. Let r be minimal such that ¢ € I,.. Then for
M= (M!"— M?— ...) € mod-H*® we let

EM:=0——0—EM - ETMT ... (4.23)

where the maps are simply the restrictions. Lemma below verifies that this
is indeed an object of mod-H*°. On a morphism f : M — N we define (E;f)® :=
E? fsif i € Iy and (E;f)°® := 0 otherwise.

Lemma 4.14. Suppose we are given M € mod-H*>®, i € I andr > 1. Ifi € I, then
the restriction of 1" : M™ 5 M"*'e” is an isomorphism EfM™ = (Er T M7+ )er,
Ifi € Iryq \ I then (EFT'M™1)er = 0.

Proof. We may assume that M" € mod-H,,. Then we just have to recall that
EJM"™ = M"13;. So using also Lemma {.2(iv) we deduce that ." maps it iso-
morphically to Mr+112j+1d;i€2+1’ which is all of (EZ?’JFIM’”Fl)eQ+1 as required. For

the second statement just note that (E;”“MT“)QZPrl = Mr+llgﬁd.ieg+l which

is zero by Lemma [4.2{i) since i ¢ I,.. O

Lemma 4.15. The functor E; : mod-H*>® — mod-H™> sends stable modules to
stable modules, hence it restricts to E; : mod-H — mod-H .

Proof. In view of Theorem it suffices to show E; o U(M) = U o E;(M) for
each M € C. Take some large enough r so that ¢ € I, and all composition
factors of M are of the form L(\) for A € A,. We may assume moreover that
M is homogeneous of degree d in C,, i.e. U"(M) = Home(T), M). We have
that Ef o U"(M) = U" o E;(M) by Lemma The canonical isomorphism
here is the map f" : El o U"(M) = Home(FT5_,,M) = Home(Ty_,, E;M)
defined by the adjunction between F; and Ej;. Similarly we have fr+! : EI*t!o
U™ (M) = Home(F,T7 Y M) 5 Home (T}, E;M). Now we observe that

_ ! dptd—1° dp+d—1°
the following diagram commutes:

EroU (M) —I U oE(M)

‘| |-

EittoUrt (M) e Ut o E;(M).
This follows by the naturality of the adjunction, noting that the left hand vertical
map is induced by F0),_, : F5T; | — FiTg:r_&d_l as that agrees with ¢/, on the
summand F;T | of T} by the construction in Lemma The isomorphisms
f7 for all sufficiently large r define the required isomorphism f : E; o U(M) &
Uo E;(M). O

So now we have defined the endofunctors F; and E; on mod-H. It remains to
define an adjunction making (Fj;, F;) into an adjoint pair. Given an object M we
pick r large enough so that ¢ € I, and M, E;M and E;F;M are r-stable. Then
we take the unit and counit of the adjunction on object M to be induced by the
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ones for £/ and F; on M" € mod-H". As usual to prove naturality one needs to
observe that the resulting morphisms are independent of the choice of r.

Theorem 4.16. The category mod-H, together with the adjoint pairs (F;, E;) for
each © € I and the natural transformations & and T, is an sly-categorification in
the sense of Definition [2.6. Moreover the quotient functor U : C — mod-H is
strongly equivariant.

Proof. We have already defined all of the required data for a categorical action.
To show that U is strongly equivariant, we use the isomorphism ¢; : F; o U &
U o F; from Lemma We already showed this satisfies the &- and 7-versions
of properties (E2)-(E3). It satisfies (E1) since the composition of the natural
transformation in (E1) with pr, is an isomorphism on each M € C and sufficiently
large r thanks to Lemma[2.16] Therefore it induces an isomorphism Uo E; & E,;oU
(which we already exploited in the proof of Lemma . It remains to verify
the axioms (SL1’)—(SL4’). The first two follow via Lemma [4.6| and the truth of
the corresponding axioms on each mod-H". For (SL3'), we can produce a second
adjunction making (E;, F;) into an adjoint pair by pushing some choice of such
an adjunction in C through the functor U; this argument uses our isomorphisms
F,oUXUoF; and Uo E; & E; o U. Finally (SL4’) holds because the left adjoint
functor U' embeds [mod-H] into [C], and the latter is integrable. O

4.4. Proof of Theorem for infinite intervals. Now we can complete the
proof of Theorem for infinite intervals. Existence follows from Theorem [3.10
so we just need to establish the uniqueness. Suppose we are given another sl;-
tensor product categorification C’ of the same type as C. Introduce the primed
analog U’ of the quotient functor U, and set Y'(\) := U'P/(\) for each A € A.
Letting A and A’ be the basic algebras underlying C and C’ as in and
, the double centralizer property from Theorem implies the existence
of isomorphisms (2.26)-(2.27). Applying the last assertion of Theorem we
pick isomorphisms Y (A) 2 Y’()) in mod-H for each A € A. These induce algebra
isomorphisms A = A’ hence an isomorphism of categories mod-A = mod-A’.
Since C is equivalent to mod-A and C’ is equivalent to mod-A’, we get the desired
equivalence G : C — C’. To see that this equivalence is strongly equivariant we
just need to introduce the bimodules B and B’ from and (2.21). These

satisfy ([2.29)—(2.32) for the same reasons as in using Theorem in place
of Lemma 2.16

5. GRADED TENSOR PRODUCT CATEGORIFICATIONS

We are in the business now of constructing graded lifts of the structures intro-
duced so far. We are going to use the same notation in this section for graded
versions as was used in the earlier sections in the ungraded setting. To avoid con-
fusion we add bars to all our earlier notation. For example we denote the natural
sl-module V7 now by V7, so that the notation V7 can be reused for its quantum
analog.

5.1. Quantized enveloping algebras. Consider the field Q(q) equipped with
the bar involution defined by f(q) := f(¢~!). For an interval I, the quantized
enveloping algebra Uysl; is the Q(g)-algebra with generators { f;, e;, ki, k; iel)
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subject to well-known relations. We will often appeal to facts from [Lul; note for

this that our ¢ is Lusztig’s v~ while our f;,e;, k; are Lusztig’s F}, E;, K;l. We

make Uysl; into a Hopf algebra as in [Lu] with comultiplication A defined from
Alf)) =1@ fi+ [i®ki, Ale) =k '®ei+e;@1, Alk) =k ®k.

There is a linear algebra antiautomorphism * : Uysl; — Ugsl; such that

fi = qeik;, ef = qfik; ", ki = k.

)

This is a coalgebra automorphism whose square is the identity. Also Uysl pos-
sesses an antilinear algebra automorphism 1, also usually called the bar involution,
which is defined from

v(fi) = fi Y(e) = ei, (ki) = ki (5-1)
Let ¢* := % 01 o %, so that ¥* is another antilinear algebra automorphism with
VS = 1 ¥ (e7) = €5, (k) =k (5.2)
Equivalently
V() = Efk (e = ekt " (ki) = ki

For w € P the w-weight space of a Uysl;-module M is the subspace
Mg :={ve M |kyv=q¢"%vfor each i € I}.

Then the notion of integrable module is defined in the same way as for sl;. For
n >0 and c € {0,1}, let A"V} be the integrable U,sl;-module on basis {vy |\ €
Arpc}, with f; and e; acting by the same formulae f as before and
kivy := ¢ Ai+1yy. Note that ff and e} act on A™° V7 in exactly the same way
as e¢; and f;, respectively.

More generally given a type (n, c) of level [ we have the tensor product A™€V; :=
AN Vi@ @ A" Vy. It has a monomial basis {vy| A € Af.,..} just like before.
The actions of f; and e; on these basis vectors are given explicitly by the formulae

A1 [N ])-a;
foa= Y qPenltetiidesy, (5.3)
1<i<l
)\z‘jzl
Ai+1)=0
ejuy = Z qf(lAl\+---+|A¢71D-ajvtij(k), (5.4)
1<i<l
)\Z‘jZO
AiG+1)=1
writing t;;(A) for the Ol-matrix obtained from A by flipping its entries \;; and
Ai(j+1)- In general it is no longer the case that f; and €] act in the same way as
e; and f;. Instead we have that

(uv,w) = (v, u*w) (5.5)

for u € Uysly and v,w € A" V7, where (—, —) is the symmetric bilinear form on
2LV, with respect to which the monomial basis is orthonormal.
p
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5.2. Graded lifts. In this subsection, we review briefly some basic notions related
to graded lifts of Abelian categories and functors. The ideas here have their origins
in [S| BGS]; our exposition is based on [AJS] Appendix EJ.

Definition 5.1. By a graded category we mean a category C equipped with an
adjoint pair (Q,Q~!) of self-equivalences; the adjunction induces canonical iso-
morphisms Q™ o Q" = Q™" for all m,n € Z making the obvious square of
isomorphisms from Q™ o Q" o Q! to QM commute. Let C denote the category
with the same objects as C and

Homg(M, N) := €D Home(M, N),y,
meZ
where Home (M, N),,, denotes Home (Q™ M, N) = Home (M, Q™™ N); composition
is induced by that of C making C into a category enriched in graded vector spaces.
We refer to elements of Home (M, N),,, as homogeneous morphisms of degree m.
Thus morphisms in C itself are the homogeneous morphisms of degree zero in C.
Assuming C is Abelian, we define

Ext(M,N) := @5 Extg(M, N),,
meZ
similarly.

A graded functor F : C — C' between two graded categories means a functor
between the underlying categories plus the additional data of an isomorphism of
functors vr : Fo@Q = Q'oF'; using the given adjunctions we get from this canonical
isomorphisms F o Q" = Q" o F for all n € Z making the obvious pentagon of
isomorphisms from F o Q™ o Q™ to Q"™ o F commute for all m,n € Z. There
is an induced functor F : C — C’ which is equal to F' on objects; on a morphism
f € Home (M, N),,, we define Ff € Home/(FM, FN),, from FM 5 FQ™™N =5
Q' ™FN. There is an obvious way to compose two graded functors to obtain
another graded functor. The identity functor id : C — C is a graded functor
with g being 1g. Also each Q™ is a graded functor in a canonical way, e.g.
Y@ = lgz. A graded equivalence F : C — C' between two graded categories is
a graded functor that is also an equivalence of categories. A graded duality is a
graded equivalence D : C — C°P, viewing C°P as a graded category via the inverse
adjoint pair (Q!, Q) of self-equivalences to (Q,Q1).

A graded natural transformation o : F' — G between graded functors F, G : C —
C’ is a natural transformation in the usual sense with the additional property that
Q' aoyp = ygoa®. We write Hom(F, G)g for the vector space of all graded natural
transformations a : F' — G. In fact, there is a strict 2-category whose objects
are all (small) graded categories, whose 1-morphisms are graded functors, and
whose 2-morphisms are graded natural transformations. The morphism categories
Hom(C,C’) in this 2-category are themselves graded categories with grading shift
functors Q and Q! defined by horizontally composing on the left with the ones
in C’. This means that we also have the spaces Hom(F, G),, := Hom(Q"F, G)o for
n € Z consisting of homogeneous natural transformations of degree n.

Suppose C is a graded Abelian category such that all objects have finite length,
there are enough projectives, and the endomorphism algebras of the irreducible
objects are one dimensional. Assume further that C is acyclic in the sense that
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L 2 Q"L for each irreducible L and n # 0. Fix a choice of representatives
{L(M\) | A € A} for the homogeneous isomorphism classes of irreducible objects
in C, and let P(X\) be a projective cover of L(A). Then the assignment ¢ := [Q)]
makes Ko(C) and Go(C) into free Z[q, ¢ !]-modules with bases {[P(\)] | A € A}
and {[L(A)] | A € A}, respectively. Set [C]; := Q(q) ®z[q,4-1) Ko(C) and [C]} =
Q(q) ®zjg,q-1) Go(C). Given M, L € C with L irreducible, we write [M : L], for
Y onez €' [M : Q" L]; in particular [M : L(\)], = dim, Homs(P (), M).
Continuing with C as in the previous paragraph, let grmod-A be the category
of finite dimensional locally unital graded right modules over the locally unital

graded algebra
A= P Homg(P(X), P()). (5.6)

This can be viewed as a graded category with @ being the grading shift functor,
i.e. QM is the same underlying module with new grading defined from (QM),, :=
M,,—1. We write simply Homy (M, N) for morphisms in the enriched category

grm/o\d—A. Then the functor

H:C — grmod-A, M — @D Homg(P()\), M) (5.7)
AEA
is a graded equivalence. The right ideals 1y A are all finite dimensional. The left
ideals Aly are all finite dimensional if and only if C has enough injectives; in that
case C is an acyclic graded Schurian category.

Definition 5.2. By a graded lift of a Schurian category C, we mean a graded

Abelian category C together with a fully faithful functor v : C — C such that

(GL1) v is dense on projectives, i.e. every projective object P € C is isomorphic
to v P for some projective object P € C;

(GL2) voQ .

The hypotheses that v is fully faithful and dense on projectives imply that the

restriction of v to C is exact.

Given a graded lift C of C, the gradable objects of C mean the objects in the
essential image of v. All projective objects of C are gradable by the definition
(GL1). We will see shortly that all irreducible and all injective objects of C are
gradable too. An important point is that graded lifts of an indecomposable object
are unique up to homogeneous isomorphism; see [BGS, Lemma 2.5.3]. Note also
that the functor v induces a canonical isomorphism

Ext%(M, N) = Extg(vM,vN)

for any M, N € C and n > 0.

The problem of finding a graded lift C of a Schurian category C is easy to
understand in terms of algebras as follows. Let {L(A\) | A € A} be a complete
set of pairwise non-isomorphic irreducible objects of C. Let P()\) be a projective
cover of L()) in C. Recall from that C is equivalent to the category mod-A

where
A= P Homg(P(),P(n)). (5.8)
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Now suppose that C is a graded lift of C, and pick graded lifts P(\) of each
P()). As End;(P()\)) = Endg(P())) which is local, P(}) is an indecomposable
projective object of C with irreducible head denoted L(\). It is easy to see that
L(}) is a graded lift of L()\), i.e. all irreducible objects of C are gradable. Moreover
if L is any irreducible object of C then v L is irreducible in C, from which we get that
L= Q"L(A) for some n € Z and A € A. Also each Endz(L())) is one-dimensional,
hence using also (GL2) we see that C is acyclic. Thus {Q"L(\) | A € A,n € Z} is
a complete set of pairwise non-isomorphic irreducible objects in C. Finally note
that every object of C has finite length by the exactness of v. This puts us in
the setup of . Using v to identify the algebras A from and , the

following diagram of functors commutes up to isomorphism:

C
”l l” (5.9)
C

Here, the functor v on the right is the obvious functor that forgets the grading. In
this way we see that a choice of a graded lift of C amounts to choosing a Z-grading
on the underlying basic algebra A with respect to which the idempotents 1) € A
are homogeneous.

Lemma 5.3. Let C be a graded lift of Schurian category C with notation as above.
For each \ € A the irreducible object L(\) has an injective hull I(\) in C, which
is a graded lift of the injective hull of L()\) in C. Hence C is an acyclic graded
Schurian category.

Proof. In view of , we may assume that C = mod-A and C = grmod-A for
a locally unital graded algebra A. The indecomposable injectives in mod-A are
the linear duals of the (necessarily finite dimensional) left ideals Aly. They are
naturally graded, hence give indecomposable injective objects in grmod-A too.
This proves the first statement. Hence C has enough injectives. All the other

properties of an acyclic graded Schurian category have already been verified above.
O

Finally let F : C — C' be a functor between two Schurian categories, and C
and C’ be graded lifts of C and EI, respectively. A graded lift of F means a graded
functor F : C — C' such that v/ o F = F o v. Assuming F has a right adjoint,
it corresponds to a functor between the underlying module categories mod-A and
mod-A’ that is defined by tensoring with an (A, A’)-bimodule. Then a choice of
graded lift amounts to choosing a Z-grading on this bimodule making it into a
graded (A, A’)-bimodule.

5.3. Graded highest weight categories. The next definition is the graded
analog of Definition [2.8} the basic example to keep in mind is the category grmod-A
of finite dimensional graded modules over a graded quasi-hereditary algebra A in
the sense of [CPS2].

Definition 5.4. A graded highest weight category is an acyclic graded Schurian
category C plus the data of a distinguished set of irreducible objects {L(\) |A € A}
indexed by some interval-finite poset A such that the following two axioms hold.
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(GHW1) Every irreducible object of C is isomorphic to Q™ L(\) for unique A € A and
n € Z. Hence letting P(\) be a projective cover of L(A) in C, the objects
{Q"P(\) | A € A,n € Z} give a complete set of pairwise non-isomorphic
indecomposable projective objects in C.

(GHW?2) Define the standard object A(X) to be the largest quotient of P()) such
that [A(XN) : L(p)]qg = 0xp for p £ A Then P(A) has a filtration with
top section isomorphic to A(\) and other sections of the form Q™A (u) for
n € 7Z and p > A

There is also an equivalent dual formulation of this definition in terms of inde-
composable injective objects I(\) and costandard objects V().

An object M of a graded highest weight category C has a graded A-flag if it
has a filtration with sections of the form Q"A(M) for n € Z and A € A. The
notion of a graded V-flag is defined similarly. We let C2® be the exact subcategory
of C consisting of all objects with a graded A-flag. The Q(q)-form [C?], of its
Grothendieck group has basis {[A(N)] | A € A}.

The other basic facts about highest weight categories from also extend to
the graded setting.

If C is a graded highest weight category and C is the underlying Schurian cate-
gory, i.e. C is a graded lift of C, then it is easy to check that C is a highest weight
category in the sense of Definition [2.8] with the same weight poset and standard
objects A(\) := vA()\). The following lemma establishes the converse of this
statement.

Lemma 5.5. Suppose that C is a graded lift of a highest weight category C. For
each A\ € A let L()\) be some choice of graded lift of the irreducible object L()\) of C.
Then C is a graded highest weight category with {L(X) |\ € A} as its distinguished
irreducible objects. Moreover its standard objects are graded lifts of the ones in C.

Proof. We know that C is an acyclic graded Schurian category by Lemmal5.3] Let
A be as in (5.6). We may as well assume that C is mod-A and C is grmod-A. So
we can take

P(\) =1,A = P()\), Homg(P(u), P(\)) = 13Al, = Homgz(P (), P(})).
By (HW) the standard object A()) in C is the quotient of P()) by the submodule
generated by the images of all (not necessarily homogeneous) homomorphisms
P(u) = P(A) for 1 > X. The image of an arbitrary homomorphism is contained in
the sum of the images of its homogeneous pieces, so A(\) can also be described as
the quotient of P(\) by the submodule generated by the images of all homogeneous
homomorphisms Q" P(u) — P(\) of degree zero for > A and n € Z. Thus it is
gradable and a graded lift is given by A()\) as defined by (GHW?2). Similarly each
V() is a graded lift of the corresponding costandard object V()) of C. Then an
argument mimicking the usual proof of the criterion for a module to have A-flag
shows that P()\) has a graded A-flag. O

5.4. Graded categorifications. Next we formulate the graded version of the
definition of sl;-categorification from Definition [2.6]

Definition 5.6. A Ugyslr-categorification is an acyclic graded Schurian category C
together with the data of graded endofunctors F;, E;, K; and Ki_1 for each i € I,



44 JONATHAN BRUNDAN, IVAN LOSEV AND BEN WEBSTER

an adjunction making F;" := QFE;K; into a right adjoint to F;, and homogeneous

natural transformations § € Hom(F}, F;)2 and 7 € Hom(F} o Fj, Fj o F})_a,.q; for

each i, € I, such that the following axioms hold.

(GSL1) There is a decomposition C = Cw such that K;|c_ = Q%% and

1|~ -wa

Ki ‘CWZQ wal‘ N o

(GSL2) Letting F := EBzeI F}, the endomorphisms & = FI7I¢FI=! and 74, :=
F [d—k— 17‘F k=1 of Fd plus the projections 1; of F' F? onto its summands
F = F 0---0 le for each 4 € I satisfy the relations of the quiver Hecke
algebra QH Id-

(GSL3) Each functor E} := QFZK;1 is isomorphic to a right adjoint of E;.

(GSL4) The endomorphisms f;, e; and k; of [C], induced by the functors Fj;, E; and
K; make [C], into an integrable Uysl;-module.

wePr

The last axiom here has the following equivalent dual formulation.

(GSL4*) The endomorphisms f;, e; and k; of [C]; induced by the functors Fj, E; and
K; make [C]; into an integrable U,sl;-module.

There is also a graded analog of Definition a strongly equivariant graded
functor (resp. equivalence) between Uysli-categorifications C and €’ is a graded
functor (resp. equivalence) G : C — C’ which is strongly equivariant as before,
such that the required isomorphisms ¢; : F o G 5 G o F; is also a graded natural
transformation.

The axioms (GSL1)—(GSL4) are equivalent to saying that the given data defines
a homogeneous action of the Kac-Moody 2-category associated to sl; on C making
it into a graded integrable 2-representation in the sense of [R]. This is a variation
on [Rl Theorem 5.30]; see the proofs of the next two lemmas.

Lemma 5.7. If C is a Uysli-categorification that is a graded lift of a Schurian
category C, then there is an induced structure of slj-categorification on C.

Proof. Let us work in terms of graded modules over the algebra A from .
Then F' and E are defined by tensoring with certain graded (A, A)-bimodules,
and &, 7 and the various adjunctions become homogeneous graded bimodule ho-
momorphisms. Forgetting the grading we get endofunctors F' and E of mod-A,
natural transformations ¢ and 7 satisfying the relations of (SL2’), and adjunc-
tions both ways round between F and E. It remains to verify the axioms (SL1’)
and (SL4’). The first follows as ¢ acts nilpotently on any graded projective by
degree considerations, hence € is locally nilpotent too. Finally (SL4’) follows from
(GSL4) specialized at g = 1. O

Lemma 5.8. Let C be an sl;-categorification, denoting its various functors and
natural transformations by Fi, E;, € and 7. For each w € P; let Cy be the full
subcategory of C consisting of all objects M such that [M| lies in the w-weight
space of the integrable sly-module [C]. Suppose that we are given the following
additional data:
(i) graded lifts C of each Cy, hence a graded lift C = Drecp, Cx of C;
(ii) graded functors K; and KZ-_1 satisfying (GSL1);
(iii) graded lifts F; and E; of the functors F; and E; together with an adjunction
making F; = QE;K; into a right adjoint to Fi;
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(iv) graded lifts £ € Hom(Fj, Fy)2 and 7 € Hom(Fj o Fy, F; 0 F}) ;.0 of € and
7, meaning that x o v€ = v o x in Hom(v o F.Fo v) and Fx o yFovr =
7v o Fx o xF in Hom(v o ﬁQ,F2 ov) for some choice of the isomorphism
y:voF 3 Fouv.
Then C is a Uysli-categorification. (Note we do not insist that the graded adjunc-
tion in (i11) is a lift of the given adjunction between F; and E;.)

Proof. We know that C is an acyclic graded Schurian category by Lemma In
view of [Rl Theorem 5.30], we have the data required to define a homogeneous
action of the Kac-Moody 2-category associated to sl; on C, making it into a graded
integrable 2-representation. The axioms (GSL1)—(GSL2) follow immediately from
the definition of the latter, while (GSL3) follows from [R] Theorem 5.16] (or [B6,
Theorem 4.3]). To check (GSL4) we need to verify the relations of U,sl;. Almost
all of them follow from the 2-relations in the Kac-Moody 2-category. We are just
left with the quantum Serre relations which follow from [R, Lemma 3.13]. O

5.5. Graded tensor product categorifications. Given a type (n,c) of level [,
we can at last formulate the graded analog of Definition [2.10]

Definition 5.9. A Ugsl;-tensor product categorification of type (n,c) is a graded
highest weight category C together with graded endofunctors Fj, E;, K; and K L
an adjunction making F}* := QF;K; into a right adjoint to F;, and homogeneous
natural transformations & and 7 as above such that such that (GSL1)—(GSL3)
and (GTP1)-(GTP3) hold.

(GTP1) Same as (TP1).

(GTP2) The exact functors F; and E; send objects with graded A-flags to objects
with graded A-flags.

(GTP3) The linear isomorphism [C2] & A®¢V7, [A(N)] = vy intertwines the en-
domorphisms f;, e; and k; of [CA] induced by F;, E; and K; with the en-
domorphisms of A™ V7 arising from the actions of f;, e;, k; € Ugsly.

Since [C], embeds into [C2], = A€ Vi, these axioms imply that (GSL4) holds, so
that C is a Uysl-categorification in the sense of Definition too.

Lemma 5.10. Suppose that C is a Uysl;-tensor product categorification as above.
Then C°P is a Ugsli-tensor product categorification with categorification functors
F? = Q°FK;?, E® == Q*E;K?, K{* = K;' and (K/*)™! := K, taking
the distinguished irreducible objects and other required adjunctions and natural
transformations to be the same as in C.

Proof. All of the axioms follow immediately except for (GTP2)-(GTP3). To see
these note using (GTP2)-(GTP3) for C and that F;A(M) has a graded A-
flag with sections QUAw+1l+-+MD-ai A(#,:(\)) for i = 1,...,1 such that \;; = 1
and Aj(j41) = 0. Hence, by an argument involving the adjoint pair (£}, F}') and
the homological criteria for graded A- and V-flags, F ;V()\) has a graded V-flag
with sections Q~(Pil++ND-2iw (¢, (N)) for i = 1,...,1 such that \;; = 0 and
Aij+1) = 1. Now rescale to deduce that E;V()A) has a filtration with sections
QUM+ +Rialai v (¢,,(X)) for i = 1,...,1 such that \jj = 0 and Njy1) = 1.
Comparing with and bearing in mind that it is the shift functor Q! on C°P
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that induces g on its Grothendieck group, this checks (GTP2) and the equivariance
from (GTP3) for e;. A similar argument works for f;, while the equivariance with
respect to each k; is obvious. O

The truncation construction of can obviously be applied also in the graded
setting. Thus, given some U,sli-tensor product categorification C and a subinter-
val J C I, the subquotient C; = C<;/C<; has a naturally induced structure of
Uyslj-tensor product categorification; cf. Theorem

If C is a Ugslj-tensor product categorification then the underlying Schurian
category C is an sl;-tensor product categorification in sense of Definition m;
this is just like in Lemma The main goal now is to prove the following
theorem going in the other direction; c¢f. Lemma

Theorem 5.11. Let I be an interval and C be an slr-tensor product categorifica-
tion of any type.

(i) There exists a graded lift C of C together with graded functors F;, Ej,
K; and Ki_l, an adjunction making ;' = QE;K; into a right adjoint to
F;, and homogeneous natural transformations & and 7, satisfying all the
hypotheses of Lemma [5.8(i)-(iv).

(ii) Given any choice for the data in (i), there exist unique (up to isomorphism
and a global shift) graded lifts L(\) € C of the irreducible objects of C such
that C satisfies (GTP2)-(GTP3), viewing C as a graded highest weight
category with these lifts as its distinguished irreducible objects. Thus C
becomes a Uysli-tensor product categorification.

(iii) If C" is another Uysl-tensor product categorification lifting C as in (i)-
(ii), there is a strongly equivariant graded equivalence G : C = C' with
V' oG = v and GL(X\) = L'(\) for each weight \.

We will prove Theorem in the next two subsections; see also [LWJ, Corollary
6.3] for a closely related result when [ is finite. Before we do that we record the
following variation which combines Theorems [2.12] and

Theorem 5.12. Let I be any interval and (n,c) be any type. Then there exists
a Ugslr-tensor product categorification C of type (n,c). It is unique in the sense
that if C' is another Ugsl-tensor product categorification of an equivalent type
then there exists a strongly equivariant graded equivalence G : C — C' such that
GL(\) = L'(\) for each weight .

Proof. The existence is clear from Theorems|2.12] n 2land |5.11] - . For the unique-
ness, given C and C’, the underlying Schurian categories C and C are tensor prod-
uct categorifications of equivalent types Hence by Theorem [2.12] there exists a
btrongly equlvarlant equ1valence G:C5C. ThusC together with the functor
Gov :C — C is a graded lift of C' in the sense of Theorem |5.11{i)—(ii), as of course
is ¢’ with its given forgetful functor v/ : : C' = C. Hence Theorem (iii) gives us

the desired strongly equivariant graded equivalence G : C — C’ with /oG = Gov
and GL(\) = L'(\). O

Corollary 5.13. Any Ugsli-tensor product categorification C admits a graded
duality ® with ® o F' = F*o® and ® o Ef = E* o ® (as graded functors);
moreover, L(\) = L(\)® for each weight \. Similarly its category of projectives
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has a graded duality # with # o F; = F; o # and # o E; = E; o #; moreover
P(X\) 22 P(\)* for each .

Proof. View C°? as a Ugsl;-tensor product categorification as in Lemma
Then Theorem [5.12] implies that there exists a strongly equivariant graded equiv-
alence ® : C — C°P. In particular this means that ® o F; =2 QQFiK;Q o ®, which is
equivalent to the assertion that ® o £ = Ef o ®. Similarly ® o F" = F* o®. The
graded duality # on projectives is defined by the formula as before. O

5.6. Proof of Theorem [5.11] for finite intervals. Let I be finite and C be
an sly-tensor product categorification of some fixed type. The hardest part of
the proof of Theorem in this situation is to show that there exists a Ugsl;-
tensor product categorification C lifting C as in Theorem (i)f(ii). Fortunately
this is already established in the literature. Briefly, in view of Theorem and
[CW|, Theorem 3.12], we may assume that C is the category of modules over a
tensor product algebra in the sense of [W4]. This algebra is naturally graded and
its category of graded modules gives us the desired graded lift C. The graded
functors F; and E; and the other data of a Uslj-categorification are constructed
in [W4]. The axioms (GTP2)-(GTP3) follow from [W4, Proposition 5.5].

Remark 5.14. There are at least two other approaches to the construction of
C in the literature. It can be realized following [BGS], [B] in terms of Soergel’s
graded lift of parabolic category O; see [W4, Corollary 9.10] for the equivalence
of graded parabolic category O with the realization of C arising from the tensor
product algebras. The appropriate definition of the graded functors F; and FE;
on graded parabolic category O is recorded in [FKS|, but a direct proof of the
axiom (GTP3) via this approach is still missing in the literature. Also Hu and
Mathas [HM] have given another construction of C in terms of their version of
quiver Schur algebras; these algebras are graded Morita equivalent to the tensor
product algebras by e.g. [HM, Theorem 6.17]. However again this is not sufficient
by itself for our purposes as Hu and Mathas do not discuss the graded categorical
actions.

This proves Theorem i), and for this particular choice of C it also estab-
lishes the existence of the graded lifts L(\) in (ii) making C into a U,sl;-tensor
product categorification. The uniqueness of the graded lifts in (ii) follows by
passing to the graded Grothendieck group [C?], then applying the following ele-
mentary combinatorial lemma.

Lemma 5.15. Suppose that we are given integers {ny |\ € A} such that the map
N2 EVE = N¥€ Vi un = g™y is a Ugsli-module homomorphism. Then all the
integers ny are equal.

Proof. Exercise. [l

To finish the proof, let C be some fixed Uysl;-tensor product categorification
lifting C in the sense of Theorem [5.11{i)—(ii). Let & := . and

T=P1.,:=PFriLr) ec, (5.10)

d>0 d>0
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which is a graded lift of T = @450 Ta = Byso Fdf(n) € C. We can identify
Endg(T;) with Endz(Ty). Hence, applying the first part of Theorem we can
identify Endz(T") = Endg(T') with the graded algebra

H=@Hy=PQH. (5.11)
d>0 d>0
Note by the definition from Lemma (iv) that the actions of 1;,§;, 7, € Hq on
T, obtained in this way agree with the endomorphisms induced by the action of
QHr 4 on F? Now we are going to exploit the graded functor

U := Homgs(T', —) : C — grmod-H. (5.12)

This is a graded lift of U := HomE(T, —): C = mod-H, i.e. the following diagram
of functors commutes up to equivalence:

LN grmod -H

C
l l” (5.13)

— mod-H.
U

The bottom functor is fully faithful on projectives by the second part of Theo-
rem as are the vertical functors, hence so is the top functor.

The category grmod-H has the structure of a Uyslj-categorification, which lifts
the categorical sl;-action on mod-H in the sense of Lemma On grmod-Hy
the functor F; is the graded induction functor — ®p, 14.;Hg4+1, where 14, =
Y icrdt S 1;. Its natural transformations £ and 7 defined exactly as explained
in the paragraph after (4.21]) are automatically homogeneous of the right degree.
The right adjoint F;* is the restriction functor defined on M € grmod-Hg,1 by
right multiplication by 14;. Then E; is defined so that F;" = QF;K;, where

K = @) Qe
jerd
for M € grmod-H,. The graded functor U : C — grmod-H is strongly equivariant
in the graded sense; this follows because the natural transformation ¢ constructed

in the proof of Lemma [2.16]is a graded natural transformation.
For A € A we let

Y(A) :=UP(X) € grmod-H, (5.14)
Y (A) :=UP()\) € mod-H. (5.15)

Thus Y (\) is a graded lift of the indecomposable module Y ()\). Letting A be
the graded algebra from 1’ the functor U defines a canonical isomorphism of
graded algebras
Az P Homp(Y(N),Y(n).
A puEA

From 1' we get a canonical graded equivalence H : C = grmod-A fitting into a
commuting square analogous to ([5.9). Just like we did in the ungraded case, we lift
the Uyslr-categorification structure on C to grmod-A so that H becomes a strongly
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equivariant graded equivalence. The endofunctor F; : grmod-A — grmod-A is
given by tensoring over A with the graded (A, A)-bimodule

B; := @5 Home(P(N), FiP(u)).
A REA

As in 1}1} we then apply U and the strong equivariance of U to obtain

isomorphisms

B; = P Homp(Y(\), BY (1)), (5.16)
A LEA

Bi®4 B; = P Hompy(Y(N), FjEY (1)) (5.17)
A LEA

Now the homogeneous natural transformations & and 7 come from the homoge-
neous bimodule homomorphisms § : B; — B; and 7 : B; ® 4 B; — B; ® B; induced
by & and 7 at the level of grmod-H.

Suppose that C’ is another graded lift of C equipped with graded endofunctors
F! ,E;,K{,Kg_l, and an adjunction and homogeneous natural transformations
¢, 7' just like in Theorem [5.11fi). Fix a (unique up to homogeneous isomorphism)
graded lift L'(x) € C' of L(k). Then we repeat the above definitions to get a graded
lift 7" € C’ of T such that Endg (T”) = H, and a graded functor U’ : " — grmod-H
that is fully faithful on projectives and fits into another commuting square like
(5.13). Next we must make a coherent choice of graded lifts L'(\) € C’ of the other
irreducibles L(\) € C, thereby making C’ into a graded highest weight category;
cf. Lemma Equivalently we choose graded lifts P’/(\) of the indecomposable
projectives according to the following lemma.

Lemma 5.16. For each \ € A there exists a (unique up to isomorphism) graded
lift P'(\) € C' of P()\) such that Y'(\) := U'P'(\) is isomorphic to Y()\) as a
graded H-module.

Proof. Let P' € C’' be some arbitrary choice of graded lift of P(X). Then Y’ :=
U'P" € grmod-H is a graded lift of Y ()), as is Y(X). As Y()) is indecomposable
there exists a unique n € Z such that Q"Y' = Y (\). We then define P’()) to be
QP 0

For Y/(\) as in Lemma we then introduce the graded algebra A’ and
graded (A’, A")-bimodules B} as above so that

A~ @ Hompg (Y'(N), Y (1)),
A UEA

Bj = P Homy(Y'(\), FiY'(n)),
A UEA
Bj®a B} = P Homp(Y'(\), F;EY(1)).
A UEA
We make grmod-A’ into a Uysl;-categorification with F; := — ® 4 B} just like be-
fore, so that there is a strongly equivariant graded equivalence H' : ¢’ = grmod-A’
fitting into another analog of (5.9)). Next choose graded H-module isomorphisms
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Y(A) 2 Y'()) for each A € A. These induce graded algebra isomorphisms be-
tween A and A’, and isomorphisms between the graded bimodules B; and Bj with
appropriate equivariance properties. Hence we get a strongly equivariant graded
isomorphism of categories grmod-A = grmod-A’ sending each 1y A to 1y A’. Since
C is strongly equivariantly equivalent to grmod-A and C’ is strongly equivariantly
equivalent to grmod-A’, we deduce that there is a strongly equivariant graded
equivalence G : C = C' with v/ o G = v and GL(\) = L'()) for each \ € A.

The existence of G implies that C" also satisfies (GTP2)-(GTP3), so that it is
indeed a tensor product categorification, completing the proof of Theorem (ii)
for an arbitrary choice of C. We have also essentially proved (iii). More precisely,
under the assumptions of (iii), we have proved that there exists a strongly equi-
variant graded equivalence G : C — C’ with v/ o G & v. By the uniqueness in
(ii) there exists n € Z such that L'(\) = Q" GL(\) for all \. Now replace G by
Q" o G. This completes the proof of Theorem for finite I.

The uniqueness just established implies that the graded Young module Y (X)
from does not depend on the particular choice of C (up to isomorphism
in grmod-H). The following lemma gives a slightly different characterization of
this important module. It also gives a first glimpse of the significance of the
combinatorial statistic defect introduced way back in . Note in the proof of
the lemma we use some definitions from below, but none of the intermediate
theorems. (In fact more is true here: Y (\) is self-dual with respect to a natural
graded duality # on grmod-H.)

Lemma 5.17. For A € A, the graded H-module Y (\) from s the unique
(up to isomorphism) graded lift of Y (\) such that Q~fNY()\) is self-dual as
a graded vector space. In fact each word space QQ~ def(’\)Y()\)li is self-dual as a
graded vector space.

Proof. We just check that each Q~4fMNY(\)1; is graded-self-dual. Let E} :=
Q‘lFiKi_l, which is left adjoint to E;. We may assume that i = (iy,...,iq) € I?
satisfies oy, + -+ + a4, = |k| — |\, since otherwise Y (\)1; is zero. Then a little
calculation shows that

Q™ NV (N)1; = Homs(Q N F;L(k), P()) = Homs(E], - - - E} L(x), P()).

i i1
Hence we are reduced to showing that
dim, Homg(E} -+ Ej L(k), P(\)) = dimg Homg(L(k), E;, - - - E;, P(\))
is bar-invariant. Using the notation from f below, setting e := ¢e;, - - - €;,
for short, we have that
dim, Homg(L(k), B, - -+ Eiy P(N)) = (v, ¥*(eby)) = (¥(vk), ebr)) = (vi, €by).
By the symmetry of this form, this equals

(ebx, vi) = (Y(ebx), v) = (ebx, *(vi)) = (ebx, vi).

So it is bar-invariant. O

Corollary 5.18. If Y'()) is any graded lift of Y (\) such that Q—4fNY”"(\)1; is

~

a non-zero self-dual graded vector space for some word @ then Y'(A) 2 Y ()\).
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5.7. Proof of Theorem [5.11] for infinite intervals. Now the interval I is
infinite. Fixing a type (n,c) we set A := Ay, and let C be some given sl;-
tensor product categorification of type (n,c). Apart from adding bars to almost
everything in sight, we are going to adopt all of the notation from Section[d Thus
we have chosen subintervals I; C Iy C --- C I, leading to subquotients C, of C
with weight posets Ay C Ap C --- C A. Also " := Kr,.nc € Ay and we have
the tensor spaces T' = @, 501y € C defined like in . Each Endg(TT) is
identified with the algebra H" from ({.1)). We have the Abelian category mod-H
of stable modules from Definition and the exact functor U : C — mod-H
from Theorem [£.7} This functor is fully faithful on projectives by Theorem
We have the objects Y ()\) = (?1()\) — ?2(/\) — ) :=UP(\) € mod-H as in
4.16). We have the functor pr, : mod-H — mod-H" and its left adjoint pT, from
4.11)~(4.12). Thus pr, o U is equal to U := Homg(Tr, —):C — mod-H".

The idempotents e, and the isomorphisms ¢/, from Lemma are evidently

homogeneous. Thus ¢" : H™ = e"H"t1e" is an isomorphism of graded algebras.
So it makes sense to introduce a graded version grmod-H of the category mod-H
of stable modules from Definition Its objects are diagrams
1 2 3

M=M" "t M> L M L ..
such that M" € grmod-H", " : M" = M"!e" is an isomorphism of graded
H"-modules for each » > 1, and the maps are isomorphisms for r >
1. Morphisms are tuples (f"),>1 such that each f" is a morphism in grmod-H"
making the analogous diagram to commute. The category grmod-H is graded

with @ being the obvious grading shift functor. Let v : grg(-)EH — mod-H be
the obvious functor that forgets the grading on each M". Let pr, : grmod-H —
grmod-H" be the rth projection, which is clearly graded. It has an obvious left
adjoint pr;q which is a graded lift of ﬁ;; it is defined in exactly the same way as

before just working in the graded module categories.

Lemma 5.19. The category grmod-H is a graded lift of mod-H in the sense of
Definition [5.2

Proof. We need to check that grmod-H is an Abelian category and that v is dense
on projectives.

Let f : M — N be a morphism in grmod-H. Let f : M — N be the correspond-
ing morphism in mod-H obtained by applying the forgetful functor v. We know
already that mod-H is an Abelian category. To show that grmod-H is Abelian
too it suffices to check that ker f — M and N — coker f are gradable. Pick r
so that all of M, N, ker f and coker f are r-stable. Then we have simply that
(ker f — M) = pri(ker f — M'). Hence it is graded by pr..(ker f© — M").
Similarly the cokernel is gradable.

To see that v is dense on projectives, note that every projective in mod-H is
a direct sum of summands of UT = pr.H", where H' is the regular right H'-
module. Each ﬁ;nH " admits the graded lift pr; H" which is projective in grmod-H
by properties of adjoints. (I

Hence by Lemma/5.3| we see that grmod-H is a graded Schurian category. It also

has a structure of Uslj-categorification lifting the categorical action on mod-i{
as in Lemma [5.8 The graded lifts F; and F; on grmod-H are defined in exactly
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the same way as the original functors F; and E; on mod-H were defined in
just replacing each F: and E: with its graded version as defined in the previous
subsection. It is worth noting that K; : grmod-H — grmod-H is defined on
M = (M! L VR .- so that it is the degree shift QUF" =i =~ op
1;M" foreachr > 1and j € I¢. One needs to check here that the maps " remain
homogeneous of degree zero after these shifts are performed; this follows because
K" = "] — s — -+ — g, where ¢ =iy ---ig, is the word appearing in the
definition of ¢" from Lemma [4.2]

Lemma 5.20. Suppose we are given MeCandr>1 such that U M is r-stable.
Then UM is a gradable object of mod-H if and only if U M is a gradable object
of mod-H".

Proof. The forward direction is clear. For the converse, let M" be a graded lift of
M = HomE(TT, M). Since U M is r-stable it is isomorphic to ﬁLMr € mod-H.
Hence pr;n M" € grmod-H gives the desired graded lift. (I

Lemma applies in particular to the objects Y'()\), since we know already
that ?T()\) is gradable for sufficiently large r by (5.14)(5.15). We need one more

piece of book-keeping in order to make a canonical choice of such a graded lift.
Lemma 5.21. Fizr > 1. Let i and p1,...,p, be as in Lemmal[f.3 Set

Or 1= 3p1+ -+ 3P (5.18)
Then dimg M"1; = ¢° dimy M 1,5 /[p1]! - - - [pa)! for each M € grmod-H.
Proof. This follows from the explicit form of the idempotent €], constructed in the

proof of Lemma @ The essential point is that b, € 1;mQHr,,, m1im has the
property for any finite dimensional graded QH, ., m-module M that dim, Mb,, =

q%m(mfl) dimg M1;m /[m]!. To see this note that 1;mQHr, | m1im is a nil-Hecke
algebra. So it has a unique irreducible module L, a graded lift L of which has
graded dimension [m]!. Since b, = Twoﬂnfl ;’”“2 -+ &m—1 we deduce by degree

considerations that dim, Lb,, = q%m(mfl). O
Then for o, as in (5.18)) we define
Yri=o1+ -+ 0op_q. (5.19)

Recall also the definition of def(\) for infinite intervals from Lemma

Theorem 5.22. For \ € A, there exists a unique (up to isomorphism) graded lift
Y(A) = (Y'(\) = Y2(\) = --+) € grmod-H of Y (\) such that Q¥ ~4fNyT()\) is
self-dual as a graded vector space for each r > 1. In fact if Y'(X\) is any graded lift
of Y(N) such that Q¥s=4ENY'*(\) is non-zero and self-dual as a graded vector
space for some s > 1, then we have that Y'(A\) 2 Y (X\) in grmod-H.

Proof. Choose r so that Y ()\) is r-stable. We already observed by Lemma
that Y'(\) is gradable. In view of Lemma we can pick a graded lift Y(\) so
that each word space of Q¥ ~4f(Ny7()\) is graded-self-dual. Lemma then
implies immediately that Q%s~4f(Nys(\) is graded-self-dual for each s < r; this
depends also on the independence from Lemma The same argument together
also with Corollary proves the same thing for s > r too.
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To establish the claim about uniqueness, let Y’(\) be another graded lift of
Y'(\) such that Q¥s~4f(Ny’*(\) is a non-zero self-dual graded vector space for
some s > 1. Then Y'"()\) is a graded lift of Y (\) and the argument just given

using Lemmas and Corollary imply that Y"()\) is also graded-
self-dual. Hence actually Y'"(\) = Y"()\). But then the r-stability implies that

Y'(A) 2 pr (Y7 (V) Z pr (Y7 (V) Z Y(A). O
With Theorem in hand it is clear how to construct a graded lift C of C.
We fix a choice of object Y(\) = (Y1(\) — Y2(\) — ---) € grmod-H as in

Theorem for each A € A, then define
A= @ Homp (Y (), Y (1)). (5.20)

A REA

This is a graded lift of the basic algebra underlying the original _category C. Thus
:= grmod-A is a graded lift of C, with forgetful functor v : C — C that is the

composite of the forgetful functor g@fl — mod-A and the adjoint equivalence
mod-A — C to the usual equivalence H : C — mod-A.
Next we introduce a categorical Uysl;-action on C. Let

B; = @ Hompy (Y (), F;Y (1)),

A LEA
(5.21)
so that B @4 B; = @ Homp (Y (N), FjEY (1)), (5.22)
A HEA

The natural transformations & and 7 from the categorical action on grmod-H
induce induce homogeneous bimodule homomorphisms £ : B; — B; and 7 : B; ®4
Bj — B; ® B; as usual. Let F; : grmod-A — grmod-A be the functor defined by
tensoring with B;, with it homogeneous natural transformations £ and 7 induced
by the preceding bimodule endomorphisms. This gives us a choice of graded lifts
of F;:C —C, € € End(F;) and 7 € Hom(F; o F;, F; o Fj). For F} we take the
canonical graded right adjoint € ren Hom A(1xBj, —) to F;. All the other required
lifts are obvious, and then Lemma tells us that all this data makes C into a
Uysl-categorification.

Theorem 5.23. There exists a (unique up to isomorphism and global shift) choice
of distinguished irreducible objects {L(\) | A € A} making the graded lift C of C
Just constructed into a Uysli-tensor product categorification.

Proof. We apply the truncation construction to define subquotients C, := Cj, for
each r > 1. The structures defined on C make each C, into a graded lift of C, in
the sense of Theorem [5.11[i). Thus by Theorem [5.11](ii) for the finite interval I,
there exists a unique (up to isomorphism and global shift) set {L,(\) | A € A, }
of distinguished irreducible objects in C, making it into a Uysly,-tensor product
categorification.

Now C, is a subquotient of C,41, and the objects {L,41(A) | A € A} give
another choice of distinguished irreducible objects of C, making it into a Ugsl, -
tensor product categorification. By the uniqueness in Theorem (ii) this means
that L,(\) = Q"L,y4+1(\) for some n € Z and all A € A,. Replacing L,1()\) by
Q" Ly41(X) this shows that we may assume that L,(\) = L,41()) for each A € A,.
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Starting at r = 1 and proceeding recursively in this way we can ensure this is the
case for all » > 1.

Then we define irreducible objects L(A) € C for A € A by taking L(\) to be
any irreducible object of C such that L(A) = L,()A) in C, whenever A € A,. This
gives the desired set of distinguished irreducible objects {L(A\) | A € A} for C.
This makes C into a graded highest weight category by Lemma Moreover it
satisfies (GTP2)—(GTP3) because they hold in each subquotient C,. O

Remark 5.24. We will see momentarily that the irreducible objects L(\) in
Theorem can be taken to be the irreducible heads of the indecomposable
projectives P()\) := 1) A € grmod-A.

We have now done the hard work, proving Theorem (1) and establishing
the existence of graded lifts L(\) as in (ii) for one particular choice of C. The
proof of the remainder of Theorem follows the same argument as explained
for finite intervals in the previous subsection. So let C be some fixed Uyslr-tensor
product categorification lifting C in the sense of Theorem (i)—(ii). Let

T =P1; = Q¥ P FIL(R) €, (5.23)
d>0 d>0
which is a graded lift of T", hence Endz(T") = H". The shifts X, here are as in
(5.19), and their appearance is explained this time by the following lemma.

~

Lemma 5.25. For r > 1 there is an isomorphism 0" : T" = e"T™! in C such
that 0" o h = ¢"(h) o 0" for each h € H".

Proof. This follows from the proof of Lemma 4.2l The only new observation
in the graded setting is that the quantum divided power functor Fi(m) is de-
fined from Fl.(m) = Q‘ém(m_l)bmFim, where b, € 1;mQHy, | 1l is the dis-
tinguished idempotent from [R, Lemma 4.1]. This implies that FIer(IiT)
Q“”“e’"FfiﬁdL(mTH).

O e

Then we can introduce the graded functors
U":C — grmod-H", U:C — grmod-H, (5.24)

exactly like (4.14)—(4.15) but working in the graded categories. Thus U" =
pr, oU = Homgs(1",—) is a graded lift of U', and U is a graded lift of T, i.e.
the analog of the diagram commutes up to equivalence. Applying Theo-
rem [£.10] we deduce that U is fully faithful on projectives. Moreover the proof
of Theorem works also in the graded setup, so U is a strongly equivariant
graded functor.

For A € A we let

Y(A) =Y\ = Y3\) — ) :=UP(\) € grmod-H. (5.25)

Thus Y'()\) is a graded lift of Y'()\). For any sufficiently large r, Lemmas and
imply that Q>r—4f(MVy™()) is self-dual as a graded vector space. Hence the
uniqueness assertion of Theorem implies that the object Y'(\) just defined is
isomorphic to the object Y (\) from that theorem. Hence the graded algebra from
is isomorphic to the algebra . As usual there is a strongly equivariant
graded equivalence between C and grmod-A with respect to the graded categorical
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action on grmod-A arising from the bimodules (5.16)—(5.17)); these bimodules are
equivariantly isomorphic to the ones appearing in 75.22. In the present
situation, it is also clear that the projective indecomposable object P(\) € C
corresponds under this equivalence to the graded A-module 1)A, so that this
justifies the claim made in Remark

To complete the proof of Theore we take another graded lift C’ of C as
in Theorem (1) We fix choices of graded lifts L'(k") € C’ of each L(k") in

C such that FS’+£§1) . ~F5’+§§‘J)L’(/<;T+1) =~ L/(xk") for each r > 1, notation as in
Lemma Then we define T"" just like in . The careful choices just made
ensure that the analog of Lemma holds for C’. So we can continue to define
U’ : C' — grmod-H like in (5.24)), which is fully faithful on projectives. Using
this repeat the rest of the above constructions to get an algebra A’ as in ,
bimodules B, etc .... Then run the logic from the previous subsection again to

finish the proof.

5.8. Koszulity. We say that a graded Schurian category C is mized if the graded
algebra A defined by is strictly positively graded, i.e. A = @, >, An with
Ao = @yep K1y (The terminology “mixed” here goes back to [BGS]; it is equiv-
alent to property that Ext}(L, L') = 0 for irreducibles L, L' with wt(L) < wt(L’),
where the weight of L = Q™L(\) is defined to be —n.) A graded highest weight
category is mixed if and only if both of the following holding for all weights A and
1, respectively:

[P(A)] = [A(N)] + (a gN]g|-linear combination of [A(u)] for u > A),  (5.26)
[A(p)] = [L(u)] + (a ¢N[g]-linear combination of [L(\)] for A < pu). (5.27)

If C possesses a graded duality fixing the distinguished irreducible objects, then
we can use graded BGG reciprocity to deduce further that and are
equivalent.

Now assume instead just that C is a graded highest weight category with a
graded duality. Then C is standard Koszul if the minimal projective resolution

o= PY) = PPN = A(N) = 0

of each standard object A()) is linear, i.e. P%(\) & P()) and for each n > 1
the object P™(\) is a direct sum of objects Q™ P(u) for ;1 > A. This implies that
holds for all A, hence that C is mixed.

In fact standard Koszul implies Koszul in the usual sense, i.e. C is mixed and
Extg(L(A), L(pt))m = 0 unless m +n = 0 for any A, € A. This is proved for
finite weight posets in [ADL, Theorem 1]; the general case follows on passing to
sufficiently large subquotients.

Theorem 5.26. Let C be a Uysli-tensor product categorification of any type and
for any interval 1. Then C is standard Koszul.

Proof. When I is finite this is already known. In fact there are a couple of proofs
available in the literature depending on which realization of C is adopted; see [W1]
and [HM]|. Both proofs depend ultimately on the known standard Koszulity of
graded parabolic category O which follows from [BGS|, [B] and [ADLl Corollary
3.8]. (If the gap mentioned in Remark related to checking directly that
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graded parabolic category O satisfies (GTP3) can be filled, then Theorem
would allow [W1] or [HM] to be bypassed entirely here.)
For the general case, take A € A and consider a minimal projective resolution

.o = P2(N) = PY(A) = P°\) = A(\) =0

of A(X). Suppose for some n that P™(\) is not a direct sum of Q"P(u). Pick
a finite subinterval J C I such that all composition factors of P™()\) belong to
Ay for all m < n. Then P*(\) — --- — PY(\) — A(A) — 0 is the start of a
non-linear minimal projective resolution for A()) in the subquotient C; too. This
contradicts the standard Koszulity of C;. ]

Corollary 5.27. All Usl;-tensor product categorifications in the sense of Defi-
nition [5.9 are mized.

Remark 5.28. One very interesting question is whether any reasonable descrip-
tion of the Koszul dual of C is possible. In the finite case, the usual singular-
parabolic duality of [B] shows that the Koszul dual of a weight space in an sl,,-
tensor product categorification of level [ is a weight space in an sl;-tensor product
categorification of level n; this is a categorical version of skew Howe duality. It is
not clear how much of this structure survives in the infinite case.

5.9. Kazhdan-Lusztig polynomials. Let C be a Usl;-tensor product categori-
fication of type (n,c) and set A := A, .. We conclude by proving the graded
analog of the Kazhdan-Lusztig conjecture. This allows the polynomials

dxu(q) = [Ap) : L(N)]g, (5.28)
pru(a) =) dimExtZ(A(N), L(1))g" (5.29)
n>0

to be computed in principle in terms of parabolic Kazhdan-Lusztig polynomials in
finite type A. Note by the general theory of standard Koszul categories that the
two families of polynomials here are closely related: the matrices (dy .(q))xpuen
and (px,u(—q))xpuen are inverse to each other.

To start with, we have the graded Grothendieck groups [C], — [C2], < [C]5-
The functors F;, E; and K; induce endomorphisms f;,e; and k; making these
Grothendieck groups into Ugsl;-modules and the inclusions above are module
homomorphisms. Recall also that [C?], is identified with the U,s[;-module A\™¢ V;
so that vy = [A(N)]. We let by := [P(\)] and b} := [L(A\)]; in view of the
uniqueness from Theorem [5.12] these vectors are independent of the particular
choice of the tensor product categorification C. Thus we have constructed Ugsl;-
modules [C], € A™ V7 C [C] with the distinguished bases {bx|A € A}, {vx|X € A}
and {b} |\ € A}, respectively. When I is finite, we have equalities [C], = A"V =
[C];» but in general this is not the case.

Let ® : C — C and # : pC — pC be graded dualities as in Corollary Then
define a bilinear pairing (—, —) : [C]; x [C]; — Q(q) by setting

([P],[L]) == dimg Homg(P#, L) = dim, Homz(P, L®). (5.30)

Since F;" is right adjoint to F; and E; is right adjoint to F; this pairing has the
property that (uv,w) = (v,u*w) for any v € Uysl;. Also it is immediate that
the bases {by | A € A} and {b} | A € A} are dual to each other. Recall from (5.5
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that we have also already introduced a symmetric bilinear form (—, —) on A"V}
such that (vy,v,) = dy . Our choice of notation here is not ambiguous as the two
forms agree on the intersection of their domains. This follows because

(bx, v,.) = dimg Homg(P(N), V(1)) = dim, Homg(P(A), A1) = [A() : L(V)g

is the graded multiplicity of A(u) in a graded A-flag of P. This argument recovers
graded BGG reciprocity: we have that

br =D dau(@)vu, o= dru(@)bi, (5.31)
peA AEA
recalling (5.28)). When I is finite we can invert these formulae to obtain also
v =Y paul—a)by, by, = pau(—q)va. (5.32)

HEA AEA

However the last two formulae do not make sense in general when [ is infinite as
the sums become infinite too; this issue can be bypassed by introducing a suitable
completion of A™€V} but there is no need for us to do that here.

The dualities # and ® induce antilinear involutions

Y [Clg = [Clgs Y*:[Cly — [CI, (5.33)

ie. ([P]) := [P*] and ¢*([L]) := [L®]. Equivalently, these are the unique
antilinear involutions satisfying

P(br) =by, (b)) = b} (5.34)
for each A € A. In view of , v and ¢¥* are adjoint antilinear maps, i.e. we
have that (¢(v), w) = (v,¢*(w)). Also we have for any vector v and any u € Ugsl;
that

Y(uv) = pu)p(v),  P*(w) = ¢* (W)™ (v), (5.35)
thanks to the equivariance properties from Corollary
The following theorem is a special case of [W3 Proposition 7.3], where it is
proved using the tensor product algebra realization of C. We give a slightly dif-
ferent proof here in terms of the axiomatic framework of [LW].

Theorem 5.29. Assume that I is finite so that [C]; = N"“V; = [C]s. Then

v NPV = NPEVE coincides with Lusztig’s bar involution from [Lul §27.3].

Proof. We prove this by induction on the level [ of (n,c). When [ = 1 the result is
clear as both 1 and Lusztig’s bar involution fix the highest weight vector v, and
commute with each f;. Now suppose that [ > 1. Let nt := (nq,...,n;_1) and
¢t = (c1,...,c-1), o that A€V, = A€ V@ N Vy. Let AT = Appt ot
To avoid potential confusion later on we denote the monomial basis vectors for
/\ﬂ+’§+ Vi by vy instead of vy. Let ¢ : A®V; — A™€V; and ¢ : /\QJF’ng Vi —
/\ﬂ+’9+ Vi be Lusztig’s bar involutions. It is easy to see from Lusztig’s definition
that the following two properties are satisfied:

(i) P(fiv) = fip(v) for all i € I and v e A<V,

(ii) P(v @ ve,) = P+ (v) @ vy, for each v € /\@Jr’g+ Vr.



58 JONATHAN BRUNDAN, IVAN LOSEV AND BEN WEBSTER

Moreover these two properties characterize ¢) uniquely. Thus to prove the theorem
we must show that Y (v®uy,) = ot (v) ®uy, too. Let Ct be a Uysl;-tensor product
categorification of type (n*,c*). Its Grothendieck group [CT] = A € V; is
equipped with the antilinear involution ™ defined as above, so that d)*‘(b;\r) = b;\r
for each A € A" where b} € /\EJF’Q+ Vi denotes the class of the indecomposable
projective P()\) € C*. By the induction hypothesis )™ = ¢*. So we are reduced
to showing that ¢(v ® v.,) = ¥ (v) ® vy,; equivalently we will show that ¢ (b} ®
Vy,) = b ® vy, for each A € AT.

Now we make a particular choice for the category C*. Let us identify AT
with the coideal {\ € A |\, = k;} of A so that (A1,...,\_1) € AT is identified
with (A1,...,\_1,%1) € A. Let C* be the quotient category of C associated to
this coideal. It is a graded highest weight category with distinguished irreducible
objects {L(A) | A € At}. The functor F; obviously leaves invariant the Serre
subcategory of C generated by the irreducible objects {Q™L(\) | m € Z,\ €
A, |\| < |ki1]}. Hence it induces a well-defined graded endofunctor F; : C* — C*+.
The homogeneous natural transformations ¢ and 7 restrict to give & € End(F;"),
and 7 € Hom(FjJr o Ft Ffo Fj‘)_ai.aj. The functors K; and K; ' obviously
descend to CT too. We claim further that there exists a graded endofunctor
E;r : CT — CT such that QE;KZ- is right adjoint to Ff, and that this data
endows the graded highest weight category C* with the structure of a Ugsl;-tensor
product categorification of type (n*,c™).

The proof of the claim depends on the categorical splitting construction from
[LW]. To construct E; for a fixed i € I, we let C; be the quotient of C associated
to the coideal A; := {\ € A | |ki| — |N| € Na;}. Both of the functors F; and E;
descend to endofunctors of C;. Let C;~ be the subcategory of C; associated to the
ideal {\ € A; | |\i| = |ki| — ray} where r := k; - ; (which happens in our special
minuscule situation to be either 0 or 1). Thus we have constructed categories and
functors C; 4 C; 5 C*t. The functor F; on C; restricts to an endofunctor F;
of C;. Moreover [LW), Proposition 4.3] implies that 7 o EZ.(T) ot:C; —»Chisa
graded equivalence of categories, which intertwines F;  and F{*‘ by [LW) Lemma
4.7. Let E; = "o E;o.:C; — C; . Since QE;K; is right adjoint to Fj it
is immediate that QE; K; is right adjoint to F; . Then we transfer £, through
the equivalence to obtain the desired functor E:“ : CT — C* such that QE; K;

is right adjoint to F,ﬁ. Finally let C" be the underlying ungraded category. In
[LW, Theorem 4.10] it is shown that F:r and Ej (together with the various other

natural transformations induced by the ones constructed above) make C" into an
sl7-tensor product categorification of type (nt,ct). We have in front of us graded
lifts as in Theorem [5.11)i). Then we apply Theorem [5.11fii) to deduce that C*
is a Uysl -tensor product categorification of type (n™,¢t). So we have proved the
claim.

We can now complete the proof of the theorem. Let 7 : C — C* be the quotient
functor and 7' : Ct — C be a left adjoint. In C we have that 7' P(\) = P(\) and
' A(N) =2 A()) for each A € AT; the latter isomorphism follows by the graded

ct

analog of Lemma Thus 7' induces a linear map A2 ¢ V; < A€V} such that
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b;\r — by and v;\r — vy for each A € AT, It follows immediately that by = bj ® Vg,
for each A € AT. Hence 9(b] ® vy,) = b} ® vy, as required. O

Now we apply the positivity from Corollary (which we recall depended
itself on the results from [BGS|, [B] which exploit relations to geometry of flag
varieties) to get the following; see also [W3, Theorem 8.8] for the generalization
of this to more general tensor products (with a different proof via geometry of
certain quiver varieties).

Corollary 5.30. For finite I, {by| X € A} is Lusztig’s canonical basis for \"V;
from [Lul, §27.3], while {b5 | A € A} is the dual canonical basis.

Proof. Corollary (5.27) and (5.34) show that by is a w-invariant vector in
o+ Yo aZlgl0 O

This shows for finite I that the polynomials dy ,(q) from are the en-
tries of the transition matrix from the canonical to the monomial basis of A™€ V7,
while the polynomials py ,(—¢) are the entries of the inverse transition matrix. In
particular, the py ,(q) are certain finite type A parabolic Kazhdan-Lusztig poly-
nomials; see e.g. [FKK]| or [B3l Remark 14] where this elementary combinatorial
identification is made explicitly.

To determine the polynomials dy ,(q) and py,(q) when I is infinite it just
remains to pick a finite subinterval J C [ such that A\,u € Aj;. Then it is
immediate from the definition and exactness of the quotient functor that
dxu(q) computed in C is the same as in C;. The same thing holds for py ,(q)
in view of (2.14)-(2.15). Thus again all py ,(q) are identified with some finite
type A parabolic Kazhdan-Lusztig polynomials. If we specialize to ¢ = 1 this
proves the super Kazhdan-Lusztig conjecture as formulated in [BIl Conjecture
4.32] (see also [BH]), and all of its subsequent generalizations to other Borels
and parabolics. Note that this also establishes [CLW| Conjecture 3.13] and [B1,
Conjecture 2.28(i-ii)], showing the coefficients of this canonical basis are positive,
since they are identified with the manifestly positive dy ,(¢), and similarly the
coefficients of the dual canonical basis are the manifestly alternating p ,(—q).

Remark 5.31. The basis called “canonical basis” in [B1] is a twisted version
of the canonical basis here. It corresponds to the indecomposable tilting objects
rather than the indecomposable projectives in C. In more detail, let T'(\) € C
be the unique (up to isomorphism) @®-self-dual object possessing a graded A-flag
with A(A) at the bottom and other sections of the form Q"A(u) for 4 < A and
n € Z. The existence of such an object follows by a construction due to Ringel
involving taking iterated extensions of standard objects; cf. [B2] which justifies in
the context of super parabolic category O that Ringel’s construction terminates
after finitely many steps. Since C is mixed the higher sections of a graded A-flag
of T'(\) are actually all of the form Q"A(u) for p < XA and n < 0. Let

by == [T(\)] € N2 V.

When I is finite this gives us the twisted canonical basis {by | A € A} for N Vp;
each by here is the unique 1*-invariant vector in vy + Zu<>\ g 'Z[g ' |v,. In any

case we have that
7 -1
=2 d5;(a" v,
HEA
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where we write \ for the 01-matrix obtained from A by reversing the order of its
rows. This follows from |[LW), Remark 3.10], which implies that the Ringel dual
of C has the induced structure of a Usl;-tensor product categorification of type
(n,¢) where n = (ny,...,n1) and ¢ = (¢, ..., c1).

Remark 5.32. It was established already in [CLW), Theorem 3.12] that the struc-
ture constants describing the actions of the quantum divided powers fi(r) /[r]! and

egr)/[r]! on the bases {by | A € A} and {b} | A € A} all belong to N[g, ¢!, proving
[B1, Conjecture 2.28(iii-iv)]. Our results give a second proof of this conjecture

since fl-(T) and el(-r) have been categorified by Fl-(r) and EZ-(T). In fact, this argument

generalizes to show that any element of Lusztig’s canonical basis of the modified
quantum algebra Uq5[1 acts with coefficients in N[g, ¢~!], since by [W3, Theorem
A(b)] each of these basis vectors can be lifted to a functor acting on any tensor
product categorification.
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