ON AN INFINITE LIMIT OF BGG CATEGORIES O

KEVIN COULEMBIER AND IVAN PENKOV

ABSTRACT. We study a version of the BGG category O for Dynkin Borel subalgebras of root-
reductive Lie algebras g, such as gl(co0). We prove results about extension fullness and compute
the higher extensions of simple modules by Verma modules. In addition, we show that our
category O is Ringel self-dual and initiate the study of Koszul duality. An important tool in
obtaining these results is an equivalence we establish between appropriate Serre subquotients
of category O for g and category O for finite dimensional reductive subalgebras of g.

INTRODUCTION

After about 20 years of study of the representation theory of the three infinite dimensional
finitary Lie algebras sl(00),50(00),sp(00), there still is no standard analogue of the Bernstein-
Gelfand-Gelfand category O for these Lie algebras. One reason is that each of these Lie algebras
has uncountably many conjugacy classes of Borel subalgebras, so potentially there are many
“categories O0”. Therefore, one is faced with a selection process trying to sort through various
options in constructing interesting and relevant analogues of the BGG category O. Existing
results concerning integrable g-modules, as well as primitive ideals in U(g), for Lie algebras g
as above, motivate the study of interesting analogues of category O for two types of Borel sub-
algebras. These are the Dynkin Borel subalgebras, or Borel subalgebras having “enough simple
roots”, and, on the other hand, the ideal Borel subalgebras defined in [PP1] and [PP2]. These
nonintersecting classes of Borel subalgebras are “responsible” for different classes of representa-
tions, and naturally lead to different “categories O”.

The case of Dynkin Borel subalgebras is considered in the recent paper [Na2|(see also [Nall)
where a category O is defined. This category consists of all weight modules with finite dimen-
sional weight spaces which carry a locally finite action of the entire locally nilpotent radical
of a fixed Dynkin Borel subalgebra. A direct consequence of the definition of Dynkin Borel
subalgebras is that Verma modules are objects of O. Nevertheless O is not a highest weight
category due to lack of projective or injective objects. Another result is that the subcategory
of O consisting of integrable modules (integrable modules are direct limits of finite dimensional
modules over finite dimensional subalgebras) is a semisimple category. This makes O somewhat
similar to the original BGG category O. A concrete motivation to study versions of category
O for this type of Borel subalgebras comes from the representation theory of finite dimensional
Lie superalgebras. Through the concept of “super-duality”, the category of finite dimensional
modules over the general linear superalgebra gl(m|n) is related to modules in (parabolic subcat-
egories) of category O for gl(co), see e.g [CLWLICWZ]. Such super-duality exists also in category
O for gl(m|n) and for Lie superalgebras of other types.
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On the other hand, in [PS] an analogue of category O is defined, for an ideal Borel subalgebra.
Verma modules are not objects of this category, but its subcategory of integrable modules coin-
cides with the nonsemisimple category of tensor modules studied in [DPS]. This latter category
is itself an interesting highest weight category.

The current paper arose from an attempt to understand better the homological structure of
the category O introduced in [Na2]. It turns out that it is convenient to extend Nampaisarn’s
category to a category O whose objects are weight modules which are locally finite with respect
to the locally nilpotent radical of a Dynkin Borel subalgebra, but do not necessarily have finite
dimensional weight spaces.

Let’s give a brief description of the content of the paper. Sections 1 and 2 are of preliminary
nature. Here we recall some general facts about abelian categories and about root-reductive
Lie algebras. In particular, we go over the notions of Cartan subalgebras, Borel subalgebras
and Weyl groups for root-reductive Lie algebras. In Section 3 we collect some basic facts about
Verma modules and dual Verma modules. This section reproves some results of [Nal] and [Na2]
and explores some of the peculiarities of Verma modules for Borel algebras which are not of
Dynkin type.

From Section 4 on, we only consider Dynkin Borel subalgebras and introduce the category
O. We demonstrate that O is a Grothendieck category, and that it decomposes as the product
of indecomposable blocks described by the Weyl group orbits in the dual Cartan subalgebra
h*. This also reproves Nampaisarn’s result about linkage in O. Next, we study blocks after
truncation to upper finite ideals in h*. We prove equivalence of the categories of the truncated
blocks with categories of modules over certain locally finite dimensional associative algebras.
We then show that any truncated category O is extension full in O, and also in the category of
weight modules. These results allow to transfer certain homological questions in O to categories
which have enough projective objects. It is an open question whether the entire category O is
extension full in the category of weight modules, and whether the category O is extension full
in O.

In Section 5, we prove that the Serre quotient category of two appropriately chosen truncations
of O is equivalent to O(gy, b,) for arbitrarily large n, where g = liggn for finite dimensional
reductive Lie algebras g,. For dominant blocks, it suffices to consider a quotient category
of O, and for antidominant blocks it suffices to consider a subcategory of O to establish such
equivalences. Using the homological results in Section 4, this shows that the higher extensions of
simple modules by Verma modules in O are governed by Kazhdan-Lusztig-Vogan polynomials.
This was conjectured for O in |[Nal]. As another application, we show that all blocks of O
corresponding to integral dominant regular weights are equivalent. In this section we also address
the Koszulity of blocks of the category O. We prove that truncations of O admit graded covers,
in the sense of [BGS|. In the graded setting, we show that extensions of simple modules by
Verma modules (and extensions of dual Verma modules by simple modules) satisfy the Koszulity
pattern. For BGG category O, this property actually implies ordinary Koszulity, see [ADL].
Here, we leave open the question of whether extensions of simple modules by simple modules
in the graded cover of O also satisfy the required pattern. This is a nice question for further
research.

Section 6 and 7 are devoted to another natural structural question: Ringel duality in the cat-
egory O. In Section 6 we construct and study the semi-regular U(g)-bimodule. For Kac-Moody
algebras corresponding to a finite dimensional Cartan matrix, this bimodule was introduced in
[Arl [So], and we extend the procedure to Kac-Moody algebras for infinite dimensional Cartan
matrices, such as s[(00), s0(c0) and sp(co). In Section 7 we show that the category O, as a whole,
is Ringel self-dual, by establishing a (covariant) equivalence between the category of modules
with a Verma flag and the category of modules with a dual Verma flag. Since this equivalence
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sends the Verma module A(X) to the dual Verma module V(=X — 2p), the blocks of O are
not Ringel self-dual. In particular, dominant blocks are dual to anti-dominant blocks. The
Ringel duality functor also implies existence of tilting modules in appropriate Serre quotients
and determines their decomposition multiplicities.

The paper is concluded by brief appendices on certain theories to which we refer throughout
the text: Serre quotient categories, Ringel duality, graded covers, and quasi-hereditary Koszul
algebras.

Finally, we would like to mention some interesting related results, obtained independently at
the same time by Chen and Lam in |CL]. There, specific dominant blocks in parabolic subcate-
gories, with respect to specific Levi subalgebras of finite corank, of O for gl(co), s0(00), sp(c0)
are studied. For gl(oo), this leads to categories where the modules have finite length. In that
setting, also in [CL] equivalences with the finite rank case are shown and used to obtain results
on Koszulity.

Acknowledgement. KC was supported by ARC grant DE170100623. IP was supported in
part by DFG grant PE980/7-1.

1. PRELIMINARIES

We fix an algebraically closed field k of characteristic zero. For any Lie algebra £, the universal
enveloping algebra will be denoted by U(t). The restriction functor from the category of ¢-
modules to the category of [-modules, for a subalgebra | C ¢, is denoted by Resf. We put
N=1{0,1,2,...}. If Ais a set, then |A| denotes its cardinality. For a category C we will usually
abbreviate X € Ob(C to X € C.

1.1. Abelian categories. Let C be an arbitrary abelian category.

1.1.1. Multiplicities. We follow [So, Definition 4.1] regarding multiplicities. For M € C and
simple L € C, the multiplicity [M : L] € NU {oco} of L in M is

M+ L] = sup|{i| FiM/FiaM = LY,

where F, ranges over all finite filtrations 0 = F, M C --- C F;; WM C ;M C --- C FoM = M.

1.1.2. Extensions. For each i € N, we define the extension functor
Exth(—,—) : CP xC — Ab

as in [Ve, II1.3], see also [CMI1, Section 2.1]. For an abelian subcategory ¢ : B < C, the exact
inclusion functor ¢ induces group homomorphisms

(1.1) Uiy © Exth(X,Y) — Exti(X,Y), forallic€Nand X,Y € B.

In general, these are neither epimorphisms nor monomorphisms. When all Lg(y are isomorphisms,
we say that B is extension full in C.

1.1.3. Coproducts. We denote the coproduct of a family {X,} of objects in C, if it exists, by
D, Xo. By definition, we have an isomorphism

(1.2) Homge (@Xa,y> 5 [[Home(Xa,Y), f (fota)a

The following lemma can be generalised substantially, but it will suffice for our purposes.

Lemma 1.1.4. If for a family {Xa}a of objects in C and Y € C we have Ext}(Xa,Y) = 0 for
all o, then Ext} (@, Xa,Y) = 0.
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Proof. Represent an element of Exté(@ o Xa,Y) as the upper row of the following diagram

0 Y M—L®. Xo—>0
fs
0 Y Mj X5 0.

With Mg the pullback of Xz in M, we obtain the above commuting diagram with exact rows,
for every 8. By assumption, there exist gs : X3 — Mg with fg o gg = 1x,. Equation (1.2)
yields a morphism g : @, Xo — M such that g o g = ¢3 0 gg. Commutativity of the diagram
implies f o gots = 1. Since [ is arbitrary, the isomorphism (1.2]) implies that f o g is the
identity of @, X, and the extension defined by the upper row of the diagram splits. O

1.1.5. Serre subcategories. A non-empty full subcategory B of C is a Serre subcategory (“thick
subcategory” in [Gal) if for every short exact sequence in C

0—-Y - X =Y, —0,

we have X € B if and only if Y7,Ys € B. The exact inclusion functor 2 : B — C is fully
faithful (meaning that all Lg(y are isomorphisms) and such that also all L}(Y are isomorphisms.
In addition, it follows immediately that B is a strictly full (full and replete) subcategory.

1.2. Locally finite algebras.

1.2.1. A k-algebra A is locally unital if there exists a family of mutually orthogonal idempo-
tents {eq | @ € A} for which we have

A = EBeaA = @Aea.

We denote by A-Mod the category of left A-modules M which satisfy M = @, ea M, or equiv-
alently AM = M.

1.2.2. A locally unital algebra A is locally finite if dimy e, Aeg < oo for all «, 3. Fur such an
algebra we have the full subcategory A-mod of A-Mod, of modules M which satisfy dimy e, M <
oo for all a. Clearly the projective modules Ae, are objects of A-mod, although A-mod will
generally not contain enough projective objects.

1.3. Partial orders. Fix a partially ordered set (5, =<). We will denote the induced partial
order on any subset of S by the same notation <.

1.3.1.  Any two elements A, € S determine an interval {v € S|u < v < A}. An ideal K is
a subset of S with the property that A € K and p < X implies ¢ € K. An ideal K is finitely
generated if there exists a finite subset £ C K such that each p € K satisfies u < A for some
A € E. A subset JC S is upper finite, resp. lower finite, if for any p € J there are only
finitely many A € J for which A\ = p, resp. A < u. A subset |C S is complete if it is a union
of intervals, i.e. if \,u € l and p < v <X X implies v € |. A subset C of S is a coideal if A € C
and p > X\ imply p € C. Clearly, the intersection of an ideal and a coideal is a complete subset.
Furthermore, the coideals in S are precisely the sets S\| for ideals | in S.
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1.3.2. To any complete subset | C .S, we associate two ideals
T={ueS|p=A\ forsomeArell and | =T\l

A pair of elements p, A € S is called remote if the interval {v € S|p =< v < A} has infinite
cardinality. With this convention, incomparable elements are never remote. A partial order is
interval finite if every interval is a finite set, or equivalently if no two elements are remote.
For a partial order which is interval finite, all finitely generated ideals are upper finite ideals.

2. ROOT-REDUCTIVE LIE ALGEBRAS AND TRIANGULAR DECOMPOSITIONS

2.1. Root-reductive Lie algebras.

2.1.1. Recall that a finite dimensional subalgebra £ C [ of a finite dimnsional algebra [ is
reductive in [ if the adjoint action of ¢ on [ is semisimple. A Lie algebra g over k is locally
reductive if g has a collection of nested subalgebras {g,C gn+1|n € N} such that

g = h_n>1§n>

where, for each n € N, g, is a finite dimensional reductive Lie algebra which is reductive in gy, y1.

2.1.2. Consider a locally reductive Lie algebra g as above. If, for each n € N, there exists a
Cartan subalgebra b,, C g, such that b, C h,11 and such that each root vector in g, is also a
root vector in g,11, the Lie algebra g is called root-reductive.

If g is root reducible, we are given an abelian subalgebra fh = lim b,,. Such subalgebras h C g
are known as splitting maximal toral subalgebras of g. These subalgebras are also Cartan
subalgebras of g, according to the definition and results in [DPS, Section 3]. We will simply
use the term “Cartan subalgebra” when referring to splitting maximal toral subalgebras. We
also introduce the subalgebras

In ::§n+b c g

Lemma 2.1.3. [DPS| Theorem 4.1], [DP, Theorem 1] For any root-reductive Lie algebra g,
the derived algebra [g,g] is a root-reductive Lie algebra which is a countable direct sum of Lie
algebras isomorphic to sl(00), s0(00), sp(co) or finite dimensional simple Lie algebras.

2.1.4. 1If g is a root-reductive Lie algebra with Cartan subalgebra b, there is a corresponding
decomposition into h-weight spaces

(2.1) g =hoPe”

acd
for the set of roots ® C h*. By construction, we have dimy g = 1 for each o € ¢, and 0 ¢ .
We denote the subset of roots belonging to g, as ®,,, for each n € N.

2.1.5.  We introduce the category C(g, h) of g-modules which are semisimple as h-modules. For
any ¢ € h* and M € C(g,bh), we denote by M, the py-weight space in M. By assumption, we
have M = @M M, for M € C(g,bh). For any module M € C(g,bh), we consider its support
suppM C h*, which is the set of all weights ;1 such that M, # 0.

The full subcategory of C(g,bh) of modules M which satisfy dimy M,, < oo for all p € b*,
is denoted by C(g,h). This is clearly a Serre subcategory. There is the duality M +— M®
on C(g,h) which takes M to its bh-finite dual, i.e. to the maximal h-semisimple submodule
of M* = Homy (M, k). There is also the duality M ~— MV which twists the action on M® with
the anti-involution 7 : g — g which maps g* to g~ for all « € &, and acts as —1 on h*. In
particular, we have

(2.2) suppM = suppM" for all M € C(g,b).
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Remark 2.1.6. If we apply the definition of C(g,h) to g,, and then only consider modules
with support belonging to a fixed coset of h*/Z®,,, we automatically get an equivalence with
a correspondingly defined category for g,. We will therefore freely use results for the finite
dimensional reductive Lie algebra g, for example related to category O, when working over g,.

2.2. Triangular decompositions. Fix a root-reductive Lie algebra g with Cartan subalge-
bra b.

2.2.1. Choose a subset ®+ C ® such that ® = T 11 &, with &~ := —®*, and a + 3 € &F
whenever «, 3 € ®T. Then let

nt = @ g%, n o= @ g°.

acdt aed—

The elements of ®*, resp. ®~, which cannot be written as a sum of two other elements of ®*,
resp. ®~, are known as simple roots. The positive simple roots constitute the subset ¥ C ®.

The splitting Borel subalgebras of g are by definition precisely the subalgebras b := hdn*
obtained in the above way. (The decomposition b = b @ n™ is a direct sum of vector spaces,
not of Lie algebras.) Note that b~ = h @ n~, the Borel subalgebra opposite to b and containing
b, is also a splitting Borel subalgebra. We will simply use the term “Borel subalgebra” when
referring to splitting Borel subalgebras. A Borel subalgebra for g leads to Borel subalgebras for
gn and gy

bp:=gnNb, by :=g.Nb.

2.2.2. For each X\ € h*, we have the corresponding Verma module
(2.3) AY(N) = U(g) @u(p) ks

where k) is the one dimensional h-module of weight A\ with trivial nT-action. We will omit the
indices g and b when it is clear which algebras are considered.

We denote by I'" the subset of h*, consisting of 0 and finite sums of elements in ®*. The
partial order < on h* is defined as

p<A & A—pelt & A\, #0.
We use the notation <,, for the partial order on h* obtained from the above procedure applied
to ®F =&, NPT,

2.3. Parabolic subalgebras.

2.3.1. For a fixed Borel subalgebra b, any subalgebra p C g which contains b is called a
parabolic subalgebra. The reductive part [ C p is spanned by § and all root spaces g* such
that both g® and g=* are in p. We denote by ®(I) C ® the set of roots occurring in I. We have
the corresponding parabolic decomposition (of vector spaces)
g=uw olou, p=lou’
The following lemma is an easy consequence of the definitions.

Lemma 2.3.2. For any A € b* and reductive part [ C g of a parabolic subalgebra, the subset
A+ ZO(I) C b* is complete for the partial order <.
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2.4. Induction and restriction. Fix a Borel subalgebra b and a parabolic subalgebra p C g
with reductive part [. We have the exact functor

Ind}, : Mod — g-Mod,

which is given by interpreting [-modules as p = [ ® uT-modules with trivial u™-action, followed
by ordinary induction Indg =U(g) Qu(p) —- For any A € h*, we also consider the functor

Res{, : C(g,h) — C(Lh)

which we define as the ordinary restriction functor followed by taking the maximal direct sum-
mand with support in A + Z®([).

2.5. Dynkin Borel subalgebras. Consider a root-reductive Lie algebra g with Cartan subal-
gebra b.

Proposition 2.5.1. For a Borel subalgebra b C b C g, the following conditions are equivalent:

(i) The elements of T are the finite sums of elements in 2.
(ii) We can write g = hgrlﬁn as m with the additional condition that g,+b is a (parabolic)
subalgebra of g for each n € N.
(iii) The partial order < is interval finite.
(iv) The Lie algebra g is generated by b and the simple (positive and negative) root spaces.
(v) For each A € b*, the Verma module A(X) is locally U(b)-finite.
(vi) For each X € b*, the Verma module A(X) has finite dimensional weight spaces.

If one of the conditions is satisfied, b is called « Dynkin Borel subalgebra.

Proof. First we show that (ii) and (iv) are equivalent. Choose finite subsets ¥, C ¥ for n € N,
such that ¥ = U,%, and ¥, C ¥,4;. Choose also nested subalgebras {h, C b,+1} of b
with hﬂbn = bh. Then we let g, be the subalgebra of g generated by b, and the root vectors
corresponding to X, L —3,,. If (iv) is satisfied, it is easy to see that {g,} satisfies all properties
in (ii). Now assume that (ii) is satisfied. Since any X € g is contained in g,, for some n, and g,
is generated by g, Nh and the simple root spaces of g which belong to g,, it follows that (iv) is
satisfied.

That conditions (i) and (iv) are equivalent is clear.

Now we show that conditions (i) and (iii) are equivalent. If (i) is satisfied, then A > p implies
that A — p is a finite sum of simple roots. It follows that the interval between A and p is finite.
On the other hand, if (i) is not satisfied, we have 8 € ®* such that we can consecutively subtract
elements of ¥ and always obtain an element of ®*. It follows that the interval between 8 and 0
has infinite cardinality.

Consider v € I'*. By the PBW theorem, there are finitely many ways to write v as a sum of
elements in ®* with non-negative coefficients if and only if dimy A(X)y— < 00, and it is clear
that the latter condition is independent of A € h*. It follows that conditions (i) and (vi) are
equivalent.

Now assume that condition (i) is satisfied. By the above, also conditions (iii) and (vi) are
satisfied. We thus have

> dimg AN, < oo,
HZA—y
for an arbitrary A\ € h* and v € I'". Tt follows that condition (v) is also satisfied, so (i) implies
(v).

Now assume that (i) is not satisfied. Then there exists 3 € ®* which is not a finite sum of

elements of X. It follows from standard slz-arguments that X_gv, with X_g € g% and v the
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highest weight vector of an arbitrary Verma module, generates an infinite dimensional U(b)-
module. Hence (v) implies (i). O

2.5.2. Consider again an arbitrary Borel subalgebra b. Following [Nall Section 6], we define
the b-finite root-reductive subalgebra as the subalgebra [, of g generated by h and all root
spaces for simple roots, with respect to b. Then Z®(ly) = ZX and [y is the reductive part of the
parabolic subalgebra [, + b.

We have [, = g if and only if b is a Dynkin Borel subalgebra. In general, b N[ is a Dynkin
Borel subalgebra of [,.

2.6. The Weyl group. In this section, we consider a Dynkin Borel subalgebra b O § of g.
By [2.5.1{(ii), we can assume that g = hg?jn where each g, + b is a (parabolic) subalgebra.

2.6.1. The Weyl group W,, := W(g, : b,) is naturally a subgroup of W, 1. Moreover, by
assumption, the simple reflections of W,, as a Coxeter group are mapped to simple reflections
in Wy, 41. The infinite Coxeter group

W(g:h) =W := lim W,

has a natural action on h*. For any a € ®T, we denote the corresponding reflection by r, € W.

2.6.2. It can easily be checked, see e.g. [Na2l Corollary 1.8], that there exists p € h* such that

the restriction ply: is the half sum of En—positive roots for g,, for every n € N. The dot action
of W on h* is given by

w-A = wA+p)—p.

2.6.3. For a weight A € h*, the integral Weyl group W/[}\] is the subgroup of W of ele-
ments w € W for which w- XA — X\ € Z®. A weight X is integral if W = W[\]. A weight A is
dominant if w -\ < A, for all w € W[)], and antidominant if w - A > A, for all w € W/[A].
A weight is regular if w- X # A, for all w € W[A]. The orbit of a weight A is denoted
by [A] = W[A] - A

3. VERMA MODULES

Consider a root-reductive Lie algebra g with Cartan subalgebra h and Borel subalgebra b D b.

3.1. Simple and (dual) Verma modules. Recall the Verma module
A(N) = U(g) ®u(p) ka

from equation ([2.3). It is easy to see that A(A) has a unique maximal submodule. The corre-
sponding simple quotient of A()) is denoted by L(\). We will typically use the notation vy for
a non-zero element in 1 ® ky C A(X).

The following lemma states the universality property of Verma modules.

Lemma 3.1.1. For M € C(g,b) with M, =0 for all v > p, there is an isomorphism
Homg(A(u), M) = M,, o av,).
Consequently, we have dim Homg(A(p), M) = [M : L(p)].
Proof. By adjunction, we have
Homg (A(y), M) 2 Homy (k,,, M™") = Homy (k,., M) = M,

where the second isomorphism follows from the assumptions on suppM. O
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Corollary 3.1.2. For M € C(g,h) with M, =0 for all v > p, we have

Proof. Tt follows from Lemma that A(u) is projective in the Serre subcategory of C(g,h)
of modules M with M, =0 for all v > pu. 0

3.1.3. If b is a Dynkin Borel subalgebra, then A(X) € C(g,h) by Proposition In that case
we introduce the dual Verma module

where V is the duality on C(g, h) of It follows from equation (2.2]) that L(\) = L(\)Y.

3.2. Reduction to root-reductive subalgebras. Consider a parabolic subalgebra p D b with
reductive part .

Lemma 3.2.1. For A\, u € h* with A\ — pu € Z®(l), the following holds

(1) [AQ) : L(p)] = [AA) = Li(p)];
(i) Homg(A(p), A(X)) = Homy(Ar(p), Ar(A)).

Proof. Part (i) follows from the observations

Ind? | A(A) = A(N), Resf \A(M) = A(N),

Md?, L) : L)) =1 and  Res?, L() = Li(n).
By adjunction, we have
Homg(A (1), A() = Homy(A((), ACN*) = Homy(A(u), A(N)),

where the last isomorphism follows from weight considerations. This proves part (ii). O

3.3. Verma modules for Dynkin Borel subalgebras. Assume that b is a Dynkin Borel
subalgebra. By [2.5.1(ii), without loss of generality we may assume that each g, +b is a parabolic
subalgebra of g.

Theorem 3.3.1. Consider arbitrary A\, u € h*. For any n € N such that A — p € Z®,,, we have

(i) [AQN) : L(p)] = [An(A) = Ln(p));
(ii) Homg(A(p), A(N)) = Homg, (An(p1), An(A))-

Proof. This is a special case of Lemma [3.2.1 U

Remark 3.3.2. For integral regular weights, Theorem [3.3.1(i) was obtained in [Na2, Propo-
sition 3.6] through different methods. Our results completely determine the decomposition
multiplicities of Verma modules for Dynkin Borel subalgebras in terms of the Kazhdan-Lusztig
multiplicities for finite dimensional reductive Lie algebras.

Analogues of Theorem for parabolic Verma modules, where the reductive subalgebra of
the parabolic subalgebra has finite rank, can be proved using the same method. Analogues for
specific parabolic subalgebras with reductive subalgebra of finite corank have been proved in
e.g. [CLW. [CWZ].
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3.3.3. The Bruhat order on h* is the partial order 1 generated by the relation
wTA if p=r1rq-A forsome a € " and p <A

Corollary 3.3.4. Consider arbitrary A\, u € b*. For any n € N such that A — p € Z®,,, we have
() [AQ) : L(u)] # 0 if and only if 1 A;
1
(ii) dim Homg (A (1), A(N)) = it A

0 otherwise.

Proof. This follows immediately from Theorem and the BGG theorem, see [Hu, Theo-
rem 5.1] and [Hu, Theorem 4.2(b)]. O

Proposition 3.3.5. Let A\, u € b*. Then
(i) Extlygn (AN, V(1)) = 0;
1 ifA=p

(ii) dimy Homg(A(X), V(@) = {0 i
(iii) Extlc(w)(A(/\),A(u)) =0 wunless A < pu.

Proof. Part (iii) is a special case of Corollary If A\ £ p, part (i) follows also from Corol-
lary If A < p, part (i) follows from the previous case by applying V. Similarly, for A % u
part (ii) follows from Lemma and in the remaining cases one applies V. O

Remark 3.3.6. Proposition was first obtained in [Na2, Propositions 3.8 and 3.9].
Lemma 3.3.7. If [g, g] is infinite dimensional, the radical of A(0) is not finitely generated.

Proof. The radical M of A(0) is the kernel of the surjective homomorphism A(0) — C. Assume
that M is finitely generated. Then there also exist finitely many weight vectors in M which
generate M. Since M is locally U(b)-finite, we conclude via the PBW theorem that there are
finitely many weights {A1, A2, ..., A\;} in suppM such that each p € suppM satisfies u < \; for
some 1 < 4 < [. However, for each simple negative root «, the only A € suppM for which
a < \is A = a. If [g, g] is infinite dimensional, there are infinitely many such «, and we have a
contradiction. O

3.4. Modules with A-flag or V-flag. Assume that b is a Dynkin Borel subalgebra.

3.4.1. Denote by F2(g,b), resp. FV(g,b), the full subcategory of modules in C(g, ) which
admit a finite A-flag, resp. V-flag. By a A-flag of M we mean a filtration

(31) 0=FMCF, MC---F1M C FoM = M,

with F;M/F; 1M = A(p;) for some p; € h*, for each 0 < i < k. By Proposition m the
categories F2 and FV are actually subcategories of C (g,b). The categories F A and FV are not
abelian, but we consider them as exact categories, where the short exact sequences are precisely
the short exact sequences in C(g, h) for which every term is in F2, resp. FV.

For M € F2, we denote by (M : A()\)) the number of indices i for which F;M/F; 1M in
is isomorphic to A(A). It is easy to see that (M : A())) is independent of the chosen filtration,
for instance by looking at the character of the modules, or from the following lemma.

Lemma 3.4.2. For M € F* and X € h*, we have
(M : A(X)) = dimg Homg(M, V(X)).

Proof. This follows by induction on the length of the filtration, by applying the properties in
Proposition [3.3.5(i) and (ii). O
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Here is an alternative characterisation of the categories 72 and FV.

Lemma 3.4.3. The category F=, resp. FV, is the full subcategory of C(g,h) consisting of
finite direct sums of modules isomorphic to U(n™) when considered as U(n™)-modules, resp.
finite direct sums of modules isomorphic to U(n™)® when considered as U(n")-modules.

Proof. Tt is clear that objects of F2, resp. FV, restrict to finite direct sums of modules iso-
morphic to U(n~) when considered as an U(n~)-module, resp. finite direct sums of modules
isomorphic to U(n")® when considered as U(n™*)-modules.

Now consider M € C(g,h) such that Res]_ M = U(n~). Since M must be a weight module,
the element 1 € U(n™) corresponds to a one dimensional space of weight A in M which must be
annihilated by n™ and generates M as an n-module. It follows that M = A(\).

Now consider M € C(g, h) such that Res? M = U(n™)®* for some k > 1. Since M is a weight
module, as an h-module M is isomorphic to @;A()\;) for some weights A, ..., A\x. Without loss
of generality we assume that A\; is maximal among these weights. This shows that there is an
injective g-module morphism A(A1) < M. We can then proceed by considering M/A(\y). O

The above lemma has the following three immediate consequences.

Corollary 3.4.4. For M, M' € C(g,b), we have that M & M' belongs to FA resp. FV, if and
only if both M and M’ belong to F*, resp. FV.

Corollary 3.4.5. Consider a short exact sequence in C(g,b)
0-A—>B—->C—=0
with C € FA. Then we have A € F» if and only if B € F>.

Corollary 3.4.6. The duality functor ®, resp. V, on C(g,h) restricts to a contravariant equiv-
alence of exact categories

® : F2(g,b) = FV(g,b7), resp. V:F2(g,b) > FV(g,b).

3.5. Verma modules for non-Dynkin Borel subalgebras. First we determine all mor-
phism spaces between Verma modules in terms of those for Dynkin Borel subalgebras (in The-

orem [3.3.1)).
Proposition 3.5.1. Consider A\, u € h*. Let I, be the b-finite root-reductive subalgebra of g.
(i) If X and p are not remote, then

Homg(A(x), A(N) 2 Homy, (A (1), A, (V).
(it) If X\ and p are remote, then Homg(A(p), A(X)) = 0.

Proof. Part (i) is a special case of Lemma [3.2.1](ii).

Now we prove part (ii). We take a basis of n~ consisting of root vectors. We extend the
partial order < on ®T to a total order < such that all roots of finite length are smaller than
all roots of infinite length. Then we take a PBW basis of U(n™), where each basis element is a
product of root vectors, and elements of g~ appear to the left of elements of g=? if & > 3. An
arbitrary weight vector of A(\) is then of the form

k k
w:E ui®v:5 U; VN,
i=1 i=1

where v € k) and each u; is a PBW basis element of U(n™).
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Let u < A be remote from A and assume that w is of weight u. Fix a minimal positive root «
of infinite length such that g~ appears in one of the u;. Now, take 3 € ¥ such that o — 5 € ®T.
We thus have [g”, g=] # 0, and for a non-zero X € g” we consider

k
Xw = Z[X,ui} ® v.

i=1
Amongst other possible terms, any [ X, u;] such that g—* appears in u;, has a term (in the natural
expansion of [X,u;] based on the action of X on each factor in the product u;) with a factor
in g~**# which is by construction a PBW basis element. Moreover, this basis element does
not appear in other terms of Xw, by minimality of . It thus follows that X € g® C nt acts
non-trivially on w. Consequently, there exists no non-zero morphism from A(u) to A(\) O

Remark 3.5.2. Proposition [3.5.1|i) was first obtained in [Nall, Section 6.4].

4. THE CATEGORY O

For the rest of the paper, fix a root-reductive Lie algebra g = hgn’gvn with Dynkin Borel
subalgebra b = b @ n™. In particular, g can be a finite dimensional reductive Lie algebra.
By ii), without loss of generality we may assume that each g, +b is a (parabolic) subalgebra.

4.1. Definitions. Our main object of study will be the following abelian category.

Definition 4.1.1. The category O = O(g, b) is the full subcategory of C = C(g, h) of modules M
on which b acts locally finitely.

It is straightforward to see that the category O is abelian and closed under direct limits. The
reason we restrict to Dynkin Borel subalgebras is that we want to study a category containing all
the Verma modules, see Proposition [2.5.1fvi). Our motivation to choose precisely the category
O is that O is a Grothendieck category, see Section [4.3

The simple objects in O are, up to isomorphism, the simple highest weight modules L(\) for
A € b*. The categories F» and FV are exact subcategories of O.

Remark 4.1.2. Let O(g, b) denote the full subcategory of O(g, b) of finitely generated modules.
In case g is finite dimensional (so a reductive Lie algebra), the universal enveloping algebra U(g)
is noetherian and the abelian category O(g,b) is the ordinary BGG category of [BGG] [Hu]. In
this case, the relation between the categories O and O is summarised in Proposition [4.5.6] below.
In our generality, the category O(g,b) need not be abelian, see Lemma m and it is natural
to study O(g, b).

Remark 4.1.3. In [Na2|, the abelian category O(g, b) is studied, which is the full subcategory
of O(g, b) of modules with finite dimensional weight spaces. We thus have Serre subcategories

C(g,h)——C(g,h)

O(g, b)— O(g, b).

It follows easily from e.g. Proposition [2.5.1(vi) that O(g,h) C O(g,h). Hence the category
O(g, h) is another natural abelian enlargement of O(g, h).

From now on we will leave out the references to g,b and b in O(g, b), C(g,h) etc.



INFINITE CATEGORY O 13

4.1.4. Serre subcategories by truncation. Let K be any ideal in (h*,<). The Serre subcate-
gory KO of O is defined as the full subcategory of modules M with suppM C K. Clearly, we
have

(4.1) AN ekOo & reK < L)) eko.

Similarly, KO, respectively F2[K], is the subcategory of O, respectively of F2, of modules
with support in K. The condition for M € F2 to be in F A[K] is equivalently characterised as
(M :AN)=0if A € K.

4.1.5. Upper finite ideals. A special role will be played by ideals K C h* which are upper finite.
We denote by K the set of upper finite ideals in (h*, <). Then K is a directed set for the partial
order given by inclusion.

The following lemma is obvious from the fact that simple highest weight modules have finite
dimensional weight spaces.

Lemma 4.1.6. For an upper finite ideal K € K and M € KO, we have
MeXO < [M:L(p) < oo foralpeK.

Remark 4.1.7. When g is not finite dimensional, there exist indecomposable modules in O for
which suppM is not upper finite. For instance, when A is integral, regular and antidominant we
can consider an infinite chain

A= A0 A2
By Corollary (ii), we have morphisms A(\) — A(MF1)) for all i € N. The g-module
M = liglA()\i) belongs to O. However, since M is not an object of O, this does not yet answer

the question, raised in [Nall, Section 5.3], of whether there exist indecomposable modules in O
whose support is not upper finite.

4.2. Locally projective modules.

Theorem 4.2.1. Take K € K.

(i) For each i1 € K, there exists a module Px(u) € KO C KO such that:
(a) dimg Homkg (Pk(p), =) = [—: L(w)].
(b) Pi(u) € FA[K] and

(Pc(p) : A(v)) = [A(v) : L(p)] for all v e K.

(¢) [Pc(p) : L(v)] = 0 unless v € [u].

(i) The category KO has enough projective objects. Each projective object is a direct sum of
modules isomorphic to Px(u) with p € K.

We precede the proof with some discussions and a lemma.

Remark 4.2.2.

(i) The existence of projective objects Px(u) in KO was first established through different
methods in [Na2, Section 4].
(ii) Even though Px(x) € KO, the category KO does generally not have enough projective
objects. An example is given by considering a regular integral dominant A € h* and
M := €D,y L(1). By Corollary (i), we have dim M,, < dim A()\), for all v € h*, so
M € O. On the other hand, by Theorem (i)(b), a projective cover of M has infinite
dimensional weight spaces. This answers [Na2l Open Question 4.15] negatively.
(iii) It will follow a posteori that the condition on the ideal K C h* in Theorem can be
weakened to demand that it be upper finite with respect to the Bruhat order 1.
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(iv) Given an ideal K C h* and u € K, the existence of a module Pk(u) as in Theorem i)
can be proved under the weaker assumption that {v € K|v > u} is finite (or even if
just {v € K| p 1 v} is finite).

We follow the approach of [BGG] Section 4], see also [CMI]. We fix K € K and p € K.

4.2.3. We define a U(b)-module VMK with suppV#K C K, and with presentation

(4.2) P U(b) @u ) ke = U(b) @pp) ky = Vil =0,

KES
where S is a multiset of weights in h*\K such that each x € h*\K appears dim U (b)._,, times.
Since the set {v € K|v > p} is finite, VHK is finite dimensional. We then define

Qx(p) = U(g) ®y) Vi

By construction, we have Qg (u) € FA[K] C KO. The module Qg (u) is generated by a vector v,
which we take in the image of k, under the epimorphism in (4.2]).

4.2.4. Example. If K ={v € h* |v < p}, we have VuK =k, and thus Qx(p) = A(w).

Lemma 4.2.5. The module Qx(u) is projective in KO, and for any M € KO we have an
isomorphism

Homy (Qk (p), M) = My, a = a(vy).

Proof. Apply the exact induction functor U(g) ®(s) — to the exact sequence (4.2)), followed by
application of the left exact contravariant functor Homg(—, M). This yields an exact sequence

0 — Homy(Q (1), M) — Homy (ky, M) — [ ] Homy (ky, M),
KES

where we have used adjunction and equation (|1.2)). The right term is zero since suppM C K,
which concludes the proof. O

Proof of Theorem [[.2.1 First assume that there are no simple modules L in KO, other than
L~L(u), for which L, # 0. It then follows from Lemma that Q(u) satisfies the property
of P(p) in (i)(a). If there are other v € K such that L(v), # 0, then these are only finitely many.
By induction we can assume that we already constructed Pk (v) for all such v. It follows that all
these are isomorphic to direct summands (with respective multiplicities dim L(v),) of Qk(u).
The remaining direct summand of Qk(u) satisfies the properties of Px(u) in (i)(a).

By Corollary the module Pg(p) is an object of F2. Lemma implies that for any
veb*

(Px(p) : A(v)) = dimHomg(Pk(p), V(v)).
If v € K, then part (i)(a) yields
dim Homg (Pk(p), V(v)) = [V(v) : L(p)] = [A(v) : L(p)],

where the latter equality follows from the duality V. This concludes the proof of part (i)(b).

Part (i)(c) follows from part (i)(b) and Corollary [3.3.4{(i).

We consider an arbitrary module M € XO. It has a set of generating elements {v,} C M,
which we can choose to be weight vectors. Since M € KO, it follows that U(g)v, is isomor-
phic to a quotient of Qx(u) where p € b* is the weight of v,. Hence, there is an epimor-
phism @@, Q(p) — M. From the universality property of coproducts, or alternatively from

Lemma it follows that @, Q« (1) is projective. This proves part (ii). O
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4.3. Category O as a Grothendieck category. An object G in an abelian category C is
a generator if the functor Home¢(G,—) : C — Ab is faithful. Following [KS], a Grothendieck
category is an abelian category which admits set valued direct sums and a generator, and in
which direct limits of short exact sequences are exact. By [KS, Theorem 9.6.2], Grothendieck
categories have enough injective objects.

Proposition 4.3.1. The category O is a Grothendieck category. In particular, O has enough
injective objects.

First we prove the following lemma, which will be useful in the following sections as well.

Lemma 4.3.2. For each M € O, pn € b* and v € M, there exists K € K such that v lies the
image of a morphism Qg(u) — M.

Proof. By definition, the space U(b)v is finite dimensional and hence, we can construct K € K
with suppU(b)v C K. The submodule of M generated by v is thus an object of KO, and the
result follows from Lemma [£.2.5 O

Proof of Proposition [{.3.1 Tt follows from the definition that O admits arbitrary direct sums.
Direct limits of short exact sequences are exact as this is true for vector spaces. Finally, by

Lemma the g-module
G= P

neh* Kek
is a generator in O. O

Corollary 4.3.3. For M € O and K € K, denote by "M the mazimal submodule of M in KO.
Then we have M = hgl(KM)

Proof. We only need to prove that the canonical inclusion hg(KM ) C M is an equality. The
latter follows from the fact that any weight vector in M is included in a submodule of M in
KO, indeed we can take that submodule to be the image of Qk(p) under the morphism in
Lemma, O

4.3.4. The analogue of Theorem for injective objects holds. Concretely, we can define the
injective cover Ix (1) = Px(u)Y of L(u) in XO. That Ix () is injective follows for instance from
first defining Jx (i) = Qk(r)Y. Indeed, the fact that any M € KO is the union of its finitely
generated submodules {M“}, where the latter belong to O, and the isomorphisms

Homg (M, Jk(p)) = lim Homg (M, Jk(p)) = Um(M7)* = (M,)*
show that Jk(u) is injective. By construction, Ik (u) is a direct summand of Jk ().

Proposition 4.3.5. The injective hull of L(p) in O is given by I(u) := lim, Ix(p).

Proof. 1f I is the injective hull of L(u), which exists by Proposition then clearly KT = Ix (1)
for all K € K. The proposition thus follows as a special case of Corollary O

4.4. Blocks. For A € b*, let Oyj denote the full subcategory of modules M in O such that [M :
L(p)] = 0 whenever p ¢ [A]. We use similar notation for O and O.

Proposition 4.4.1. There is an equivalence of categories

[Tow = 0, (Mpppy— P My
0l o
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Proof. By definition,
Hompy oy (Mp)pg Vpppg) = ] Homoy, (Mg, Npyp).
A
On the other hand, by ,
HOmo(@ M[[)\]], @ N[[H]]) = HHOIH()(M[[)\]], @ N[[“]]) = H HOHlo(M[[A],N[[)\]]).
[\ (1] (Al [ [A]

Hence, the functor H[P\]] Opyg — O is fully faithful. We denote the isomorphism closure of its

image by O’, which is a subcategory closed under taking quotients. The generator G of O in
the proof of Proposition is included in O’. This shows that O’ = O. O

Remark 4.4.2. For any ideal K C h* and A € K, we use the notation KOM for the full subcategory
of O consisting of modules which are both in KO and Opy- It is clear, by equation (4.1), that
KIO[[)\]] = KOy for two ideals K and K’ such that KN [A] = K’ N [A].

Remark 4.4.3. Proposition implies in particular [Na2, Theorem 3.4], which was obtained
through a different approach. Note however that we have proper inclusions of categories

Dow ¢ 0 < [[0n
Al [l
4.5. Describing algebras. Fix an upper finite ideal K C h* and A € K.

4.5.1. We set X[A\] = KN [A]. We define the vector space
A5y(0,0) = A%y = @D Homg(P(), Pe(v),
pvEXA]

which is an algebra with multiplication fg = go f. The algebra AI[[(M] is then locally finite, with
idempotents e, given by the identity of Px(v), for all v € K.

Theorem 4.5.2. There is an equivalence of categories
“Opy = Af-Mod, M B Homg(Px(p), M).
peXA]
Proof. We write A = AE()\]] and ¥ = P, Homg(Pk (1), —). We observe that
F(Px(v)) = Ae, forallveK.
Furthermore, ¥ induces an isomorphism
Homgy(Px(v), Px(k)) — Homa(Ae,, Ae,) for all v,k € K.

It is clear that the functor F preserves arbitrary coproducts. Hence, F restricts to an equiva-
lence between the categories of projective objects in KO and A-Mod. The fact that the functor F
is exact then implies that J is an equivalence of categories between O and A-Mod. ]

Remark 4.5.3. If A € h* is dominant we can take K := {u € h* | u < A}, in which case we have
KQ[W] = O[[)\]]: It thus follows that Oy} is equivalent to the category of modules over a locally
finite associative algebra.

Corollary 4.5.4. We have an equivalence of categories

KOpy = Afymod, M @ Homg(Px(p), M),
peXA]
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Proof. The equivalence of Theorem [4.5.2] induces an equivalence of the respective Serre subcat-
egories of modules with finite multiplicities, by Lemma [4.1.6 O

Lemma 4.5.5. For K C K’ € K, we have an isomorphism
AT = AKy with T:= Y Aie, A
peX IAINKIAL
Proof. Consider the short exact sequence
0— N(v) = Po(v) ™ P(v) — 0,
for any v € K. For all v, x € K, we have
Homg(N(v), Px(k)) =0 and Ext&(Pe(v), N(k)) = 0.

Studying the long exact sequences coming from the bifunctor Home(—, —), acting on short exact
sequences as above, then yields an epimorphism and isomorphism

PrO—

Homc (Px(v), P (k)) Home (P« (v), Px(K))-

Home (P (v), Pk(k))

—Opv

Composing the epimorphism and the inverse of the isomorphism gives the epimorphism
Homeg (P (v), Pk (k)) - Home(Pk(v), Pe(k)), a+ ¢, when py,oa = ¢op,.

This clearly yields an algebra epimorphism ¢: Aﬁ()i]] —» AE()\]].

A projective cover of N(k) is isomorphic to a direct sum of modules Pg/(p) with p €
KIAI\K[A]. Any o« : Pe(v) = P(k) with p. o @ = 0 thus factors through such a projec-
tive module. This shows that the ideal I is the kernel of the epimorphism . O
Proposition 4.5.6. Assume that g is finite dimensional, and hence a reductive Lie algebra.

(i) We have equivalences of categories

0 = [[op and O = POy
A Al
(ii) For each \ € b*, there exist finite dimensional algebra A such that
Opy & A-mod and Opy = A-Mod.
(iii) The subcategory O is extension full in O.
Proof. Part (i) is a special case of Proposition see also [BGG]. Part (ii) follows from
Theorem and Corollary by observing that Opyj = Opy, see e.g. [Nall, Section 5.1].

Part (iii) follows immediately from observing that a minimal projective resolution in O of M € O,
is actually in O. U

4.6. Extension fullness.

Theorem 4.6.1. Let K C h* be an upper finite ideal.

(i) The category KO is extension full in O.
(ii) The category KO is extension full in C.
(iii) For the inclusion 1 : KO < KO, the morphism Uy in (L)) is an isomorphism for all
ie€N,if M e FA or Ne FV.

Before proving the theorem, we note the following special case.

Corollary 4.6.2. For all u,v € h*, we have
Exth(A(p),V(v)) =0 foralli>0.
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Proof. Assume first that v # p and let K be the ideal generated by p and v. Then A(u) = Pe(u).
Hence Extiq(A(un), V(v)) = 0, and the conclusion follows from Theorem 4.6.1(1). If v > p, we
can use V(v) = Ik(v), or alternatively Theorem [4.6.1(iii) and the duality V. O

We start the proof of the theorem with the following proposition.

Proposition 4.6.3. For K € K and a family {M,} of objects in FA[h*\K], set M = @, M,.
Then
Extg(M,N)=0 forall N € KO and k € N.

Proof. The case k = 0 is obvious from equation (|1.2)). The case k = 1 follows from Lemmam
and Corollary Next, we take k > 1 and assume the proposition is proved for kK — 1. An
element of Extl(“)(M ,N') can be represented by the upper exact sequence in the diagram

0 N Ey Ep_ o E, E M 0
0 N E, El_, E} @, P*—> M ——=0.

Now M, € F? is generated by finitely many weight vectors, say of weights {,u?}j in h*\K,
and we take a weight vector in F; in the preimage of each such generating weight vector. By
Lemma the submodule of F generated by those weight vectors is isomorphic to a quotient
of a finite direct sum P% := ; QK? (,ujo‘) for upper finite ideals K > p§. Using pull-backs we
thus arrive at the above commutative diagram with exact rows. By Corollary the kernel
K@ of P* — My, is an object of F2. By construction, K is actually an object of F2[h*\K].
By induction, the element in Ext’f)_l(@ o K¢, N) represented by the sequence

0 N Ej, E| | e E} P, K*—0

equals zero. It follows that the element in Ext’é,(M , ) represented by the above diagram also
equals zero. 0

Lemma 4.6.4. Let K C b* be an upper finite ideal and S a coideal in K (for instance S = K).
For any M € F2[S], we have a short exact sequence in F2[S]

0—>X—>@PK(;4)—>M—>O.
w

Proof. This is an immediate consequence of the structure of projective objects in KO and of

Corollary O

Proof of Theorem[{.6.1]. For part (i), [CM1, Corollary 5] shows that it suffices to prove that,
if ¢ > 0 then Exti)(P, N) = 0 for any N € KO and any projective object P € KO. Us-
ing the main method in the proof of Proposition one shows that Exth(P,N) # 0 im-
plies Ext5 ' (M, N) # 0 for some direct sum M of modules in F2[h*\K]. This contradicts
Proposition [£.6.3]

Part (ii) can also be proved by an application of [CMI1, Corollary 5]. It follows from the
construction in Section that each projective object P in KO has a resolution by direct sums
of modules U(g) ®@(y) ks, with k£ € K outside of position 0 of the resolution. This implies that
Exth(P,N) =0 for all i > 0 and N € KO.

By Lemma any module in F2[K] has a projective resolution in KO which is actually
contained in KO. Part (iii) follows from this observation by applying the duality V on C. 0
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Corollary 4.6.5. For arbitrary i € N, 4 € b* and M € O with upper finite suppM, we have
Ext (A(p), M) = Homg(k,, H (n", M)).
Proof. Let K be the ideal generated by suppM and p. Theorem [4.6.1[i) and (ii) imply
Extg (A(p), M) = Extio(A(n), M) = Exte(A(w), M).

The reformulation in terms of n™-Lie algebra cohomology then follows as in the finite dimensional
case, see e.g. [Hu, Theorem 6.15(b)] or [CM1, Corollary 14]. O

Question 4.6.6. (i) Is O eatension full in C?
(ii) Is O extension full in O?

Note that Question [£.6.6(i) has a positive answer when restricting to the block Oy, for a
dominant A, by Remark and Theorem [4.6.1|(ii).

4.7. Extensions in Serre quotients. For any ideal L, we denote by | O the Serre quotient
0/"0, see Appendix

Proposition 4.7.1. Let L C K C b* be ideals and let K be upper finite. For M € FA[K\L]
and N € O, we have isomorphisms
7 : Extio (M, N) = Extio(M,N) for alli € N.
L
Proof. First we consider the case i = 0. Clearly, M € F2[K\L] has no proper submodule M’
such that M /M’ is in O, hence
Hom, o(M,N) = ligHomo(]W,N/N’)7
where N’ runs over all submodules of N which are in YO. For such N’, the exact sequence
Homo (M, N') — Homg (M, N) — Homo (M, N/N') — Extg (M, N')
has first and last term equal to zero, see Lemma Consequently all the maps in the direct
limit are isomorphisms. Hence, we find an isomorphism
7 : Homo(M,N) = Hom, o(M,N).

Lemma implies that, inside KO the module M has a projective resolution P, with
P; € FA(K\L) for all i € N. By Lemma 7(P,) is a projective resolution of M in KO.
Since the extension groups are then calculated as H(Hom(P,, N)) in the respective categories,
the conclusion follows from the above paragraph. ]

Remark 4.7.2. For an upper finite ideal K C h* and an arbitrary ideal L C K, the category EO

has enough projective objects by Theorem and Lemma
This observation extends to the case of ideals L € K C h* such that K\L is upper finite

in h*\L, using Remark |4.2.2(ii).

4.8. Example: gl_. For gl we have precisely two Dynkin Borel subalgebras b and b, up to
conjugacy. We consider a Cartan subalgebra b contained in both b and b’.

4.8.1. For g D b Db, we choose a realisation where
d={e—¢li#£jeN} and &"={¢—¢;|i<j}
For g D b’ D b, we choose a realisation where
d={e—€li£jeZ} and & ={e—¢€;li<j}.

We show that these lead to different theories in the following sense.
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Lemma 4.8.2. There exists no equivalence of categories Oy (g, b) = Opop(g,b'), or Oy(g, b) —
(’5[[0]] (g,b") which exchanges Verma modules.

Proof. We set W = W (g : h). Denote the simple reflections with respect to b by s; = r¢,—,,, €
W for i € N, and with respect to b’ by s, = re—er,, € Wior i € Z. Let 1 denote the Bruhat
order corresponding to b, and let 1 be the corresponding order for b’. By Corollary (ii), it
suffices to prove that the partially ordered sets (W -0,1) and (W - 0,1’) are not isomorphic.

To look for a contradiction, we assume that we have an isomorphism of posets ¢ : (W - 0,1
) = (W -0,7"). Both posets have a unique maximal element, 0, which must be exchanged by
¢. The sets of elements p which are immediate predecessors of 0 in terms of the orders 1 and 1/
must also be exchanged by ¢. We must thus have a bijection

¢:{s;-0,i € N} — {s}-0,i€Z}.

Now we define ¢(u) € N for any of the weights p in {s; - 0,7 € N} as the number of other
elements v in that set such that there exist (at least) 2 elements in W - 0 which are covered
by both u and v. We find that ¢(sg - 0) = 1 because v := s1 - 0 is the only weight such that
=80 -0 and v cover two weights, namely sgs; - 0 and s3sg - 0. We have ¢(s; - 0) = 2 for i > 0,
coming from s;_1 - 0 and s;1; - 0. Similarly, the same definition for the set {s}-0,7 € Z} yields
c(s}-0) =2 for all ¢ € Z. This contradicts the existence of ¢. O

7

We conclude this section with an example of an infinite dimensional extension space in O for
simple modules.

Lemma 4.8.3. For g = gl,, and both of the Dynkin Borel subalgebras b and b’, we have
dimy, Ext?) (k, k) = oc.

Proof. By Theorem [4.6.1{(i), we can equivalently calculate Extﬁo(k,k) for some 0 € K € K.
Theorem M(u) then shows we can instead calculate ExtZ (k, k), and this is what we will do.

Taking the standard projective resolution of k in C shows that Extg (k, k) is the cohomology
of the complex

0 — k — Homy(g/h,k) — Homy(A%(g/h), k) — Homy(A3(g/h), k) — --- .

Since Homy(g/h,k) = 0, we find the well-known properties Homg(k, k) = k, Extg(k,k) = 0
and also that Ext(k, k) is the kernel of Homy(A%(g/h), k) — Homy(A3(g/h), k). That kernel is
easily seen to be infinite dimensional. O

5. LINK WITH FINITE CASE

5.1. Induction and restriction functors.

5.1.1. For each n € N and X\ € h*, we have the complete subset A,, := [\],, = A + Z®,, of b*,
and the corresponding ideals A, and A,, as in m The exact functors of Section restrict
to exact functors

Ind? =Indg | :**O(gn.by) = "0, Res} = Res? | : 40 — A O(gy, by).

The following is an infinite rank version of [CMZ, Theorem 32]. We provide an alternative
proof.
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Theorem 5.1.2. For n € N and A € b*, there are mutually inverse equivalences of abelian
categories ¥ and ®, admitting a commutative diagram

Ind" — Res®
A 0(gp, by) ——— 400 2 M O(gy, bn)
\ lﬂ/
Ay
Y

Moreover, for any u € A, there is an isomorphism W(A,(n)) = A(p) in gno.

Proof. We define ¥ := molnd’. The existence of a functor ® which completes the commutative
diagram follows from Lemma in Appendix [A] By construction, there is an isomorphism
of functors Res} o Ind’} = 1dano(g,,b,)- By commutativity of the diagram, we then have an
isomorphism of functors ® o ¥ = idp, (4,,,)- T0 conclude the proof it suffices to show that @
is faithful.

We will write A := A"0 Consider M, N € 820 and f € Hom4(M, N). By Lemma |A.1.2, we

have ®(f) = Resh" (g ) for any representative g € Homg(M’, N/N') of f, where M’ C M and
N’ C N satisfy supp(M/M’) C Ay, suppN’ C A,,.

Now assume ®(f) = 0, which thus implies that ¢ restricted to the weight spaces of M’ for
weights in A, equals zero. Since g is a morphism of h-modules, this means that the image of g
is of the form N” /N’ for some N” D N’ with suppN” C A,,. Thus the element corresponding to
g in the direct limit defining Hom4 (M, N) equals zero. Consequently, f = 0. We hence find
that ® is indeed faithful. O

Corollary 5.1.3. We use the notation of Theorem|5.1.2,

(i) For dominant A\ € b*, the functor ¥ restricts to an equivalence between Oy, (gn, bn) and
the Serre quotient of Opyj with respect to the subcategory with only non-zero multiplicities
for simple modules L(w - \) with w & W,
(i) For antidominant \ € bh*, the functor W restricts to an equivalence between Opyp, (9n, bn)
and the Serre subcategory of Opyy with only non-zero multiplicities for simple modules
L(w - \) with w € W,,.
5.1.4. Consider an arbitrary set {A1, Aa, -+, At} C h* and n € N large enough such that \; —
Aj € ZP, for all 1 < i,j5 < k. Denote by K, resp. K, the ideal in (h*, <), resp. (h*, <),
generated by {A1, A2, -+, Ax}. The set K,, is complete in (h*, <), so K, := K\K,, is also an ideal
in (h*, <).
By restricting the equivalence in Theorem we obtain the following corollary.

Corollary 5.1.5. With notation and assumptions as in[5.1.4), there are mutually inverse equiv-
alences of abelian categories ¥ and ®, admitting a commutative diagram

Ind%} ResY

K2 O (gn, bn) KO KnO(gy, bn)
\ ‘/W /
K
k, O

Moreover, there is an isomorphism W(A,(un)) = A(p) in E O for any p € K,,.
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Theorem 5.1.6. With notation and assumptions as in[5.1.4 and X\ € K,,, consider the alge-
bras A := AE(A]] and A, = AE)\T]”]n(gn, b,) as in|4.5.1. For the idempotent €, = Zu ey € A, with
w ranging over K, N [A],, we have an algebra isomorphism e, Ae, = A,,.
Proof. By Theorem there is an equivalence
KO, (8ns b)) = Ap-Mod.
By Theorem [4.5.2] and Lemma we have equivalences
K"O[[)\]]n(gn, b,) = EnO >~ ¢,Ae,-Mod.

By construction, both A, and e,Ae, are the endomorphism algebras of respective maximal
direct sums of mutually non-isomorphic indecomposable projective objects in K”O[[,\Hn(gn, bn),
implying that the algebras A,, and €, Ag,, are isomorphic.

Corollary 5.1.7. For two integral dominant reqular weights X\, N, we have an equivalence of
categories

Opy 3 Opyp with L(w-A) — L(w-N), for allw e W.

Proof. We denote by K, resp. K’, the ideal in (h*, <) generated by A, resp. \. Set A := AE&H

and B := AT[X/]]' It follows from Theorém and [Hu, Proposition 7.8] that, for all n, there is
a commuting square of algebra morphisms

enAe,——en114en11

enBe,—— €, 41 Bept1.
We thus have A = ligsnAan = B, and the claimed equivalence follows. O

5.2. Extensions of Verma modules.

Theorem 5.2.1. Consider arbitrary A\, u € b* and i € N. For any n € N such that \—u € Z®,,,
there is an isomorphism

Exth (A1), LN) & Extiyg o) (An(i), La()).

Proof. Let K be the ideal in (h*, <) generated by p and A, and K,, be the ideal in (h*, <,)
generated by p and A. By Theorem [4.6.1] it suffices to prove

Bxtho(A(r), L(V) = Bxth, o o) (Anli) Ln():
By Proposition |4.7.1} the left-hand side is isomorphic to Ext% o(A(u), L(A)). The theorem then
Kn
follows from Corollary [5.1.5] g

In the BGG category O(gp, b,,), the dimensions of the extension spaces Ext?(A, (1), Ln()))
are determined by KLV polynomials. Theorem [5.2.1| thus shows that the same is true in O.
For instance, let u € h* be integral, regular and anti-dominant. With any unexplained notation
taken from [Hul, Section 8], the combination of Theorem and [Hul, Theorem 8.11(b)] yields

Prw(q) = Z ¢' dim Extf)(m’w)_%(A(:n ), L(w - p)) for all x,w € W,

>0

where P, ,, is the KLV polynomial corresponding to the Weyl group W,,, and n is big enough so
that o, w € W,,. In [Nall Conjecture 8.17], this formula was conjectured for extensions in O.

Corollary 5.2.2. Conjecture 8.17 in [Nal| is true for O.
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The original question in [Nal|] therefore becomes a special case of Question W(u)

Lemma 5.2.3. Consider arbitrary A\, p € b* and ¢ € N. For any n € N such that A\ — p € Z®,,,
we have an isomorphism

Exto(A(1), AN)) = Extoq, b, (An(R), An(V)).
Proof. Mutatis mutandis Theorem [5.2.1 g

5.3. Standard Koszulity. There exists a notion of graded cover of an abelian category as
in Definition In addition, we refer to Appendix [D] for the use of the term “standard
Koszulity”. In what follows we frequently use results from the appendices.

Theorem 5.3.1 (Standard Koszulity). Let K be a finitely generated ideal in (h*,<). The
category KO admits a graded cover KO such that simple, Verma and dual Verma modules admit
graded lifts. We use the same symbol for the graded lifts and can choose the normalisation such
that, for any p € K, we have non-zero morphisms A(p) — L(p) — V(u) (without applying
shifts (k)) in KOZ. Then, for all u,v € K, we have

Extioz (A(w), Lw){j)) = 0 = Extkoz(L(w), V)(5), if i #J.

Proof. 1t suffices to take an arbitrary A € K and consider KOM. Set A := A[[K)\]] and recall the
equivalence

F: KON 5 A-Mod

from Theorem For each n € N large enough we define the ideal K, in (h*,<) as in
We have the idempotents ¢, € A from Theorem such that A = lim A, for A,, = e, Ac,,.
According to Proposition the algebras A,, have Koszul gradings. By Theorem [D.1.4]ii),
the grading on A, inherited from the one on A,; via the relation €,A,+16, = A, is also
Koszul. By uniqueness of Koszul gradings, see e.g. [BGS, Corollary 2.5.2], the gradings on the
algebras {A,} are thus consistent and induce a grading on A = hgn A,,. Example shows
that the category
Of,; = A-gMod

is a graded cover of KO[[)\]].

Next, for i € K, we consider the A-module M := F(A(p)). By observing that M = ling e, M
and using the fact that the A,-module ¢, M is uniquely gradable up to shift, it follows that M
admits a graded lift. We thus have a projective resolution of M in A-gMod. For n large enough
so that p € K,, it follows from Lemma (or Corollary that all terms in this complex
are direct sums of modules Px(x) with x € K,,. The exact full functor

(5.1) en + A-gMod — A,-gMod

shows via the standard Koszulity of A,, that Ext,i(oz (A(p), L(v)(j)) = 0,if i # j. The statement
[A]

for dual Verma modules follows similarly. O

The following proposition suggests that any complete theory of Koszul duality for O would
restrict to a duality between dominant and antidominant blocks. For i € K, j € Z and M € XOZ,
we set

[M : L(p){j)] = dim Homk oz (Pk (1) (7), M),
with Px(u) the projective cover of L(u)(0) in KOZ.

Proposition 5.3.2. Let A\, u € b* be integral and regular, with X dominant and p antidominant.
For all w,x € W and j € N, we have

(i) dim Exth(A(w-A), L(z - A) = [Aw™ ) : L - w) ()],
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(ii) dim Ext] (A(w - ), L(z - 1)) = [A(w™" - A): Lz~ - A(GH))].

Proof. Take n € N big enough such that w- X —x - A € Z®,, and the corresponding conditions
for p1 and 2=, w™! are satisfied. By Theorem the left-hand sides equal the corresponding
dimensions in O(gy, b,). Choosing an appropriate finitely generated ideal K C h* and using
equation shows that the right-hand side can be computed in OZ(Gn, b,). The result thus
follows from [BGS, Proposition 1.3.1]. O

Despite the fact that the property in Theorem [5.3.1] implies ordinary Koszulity in the case of
finite dimensional (quasi-hereditary) algebras, see Theorem (i), we still have the following
open question.

Question 5.3.3. Is Extﬁ%ﬂ (L(p), L(v)(j)) = 0 fori#j?

The difficulty in answering this question lies in the fact that the indecomposable projective
modules appearing in a fixed position in the projective resolution of a simple module in KON
will generally form a set {P(u) | ¢ € S}, for some multiset of weights S which is not lower finite.
This already happens for instance in the projective cover of the kernel of Px(0) — L(0).

Another open question is whether we can construct a cover without taking a Serre subcategory
of O via truncation.

Question 5.3.4. Is it possible to construct a graded cover of O?

6. THE SEMIREGULAR BIMODULE
6.1. Definitions.

6.1.1. The group I'. Let S be a countable set. We consider the free abelian group I'g € Ab with
basis S,
I'g:= @Z with group homomorphism ht:I's = Z, (as)ses — Zas.
ses ses
Hence I'g is isomorphic either to Z®* for some k € N, or to Z®*, In the following we omit the
reference to S.
For any two I'-graded vector spaces V = @, V* and W = @, W, we define the I'-graded
vector space Homy (V, W) by setting
Homy (V,W)® : = {f € Homy(V, W) | with f(V®) ¢ W for all b € T'}.

We equip the one dimensional vector space k with the trivial I-grading. Then Homy(V,k)
is the subspace of V* of functionals which vanish at all but finitely many degrees. We write
V® = Homy(V, k) and will interpret (—)® as a duality functor on the category of I'-graded vector
spaces with finite dimensional graded components.

6.1.2.  We will work with I'-graded Lie algebras over k, denoted by £ = @, £*. Any I'-graded
Lie algebra has an associated Z-grading through the homomorphism ht:

t = P, =P e
1€EZ ht(a)=1

For I'-graded ¢&-modules M, N we write Hom ) (M, N) for the subspace of Homy (M, N) of
£-linear morphisms.

Definition 6.1.3. We say that a ['-grading on a Lie algebra ¢ is triangular if

(i) ¢ =0, whenever a = (as) € I' contains both positive and negative integers;
(ii) dimy €* < oo if ht(a) < 0;
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(iil) ¢ is generated by the subspace £ @ ¢(0) @ ¢(=1)
Condition (i) implies in particular that £©) = €0,

6.1.4. Ezample. Definition is tailored to cover Kac-Moody algebras for arbitrary (possibly
infinite) generalised Cartan matrices. The group I is then to be identified with the root lattice.
When the Cartan matrix is finite (and hence I is finitely generated) the spaces £() are already
finite dimensional. In this case, one might as well work with the associated Z-grading.

6.1.5. For a triangularly I'-graded Lie algebra &, we set
te:=@PeD, =P, N:=U(to), B:=U(ts), and U:=U().

1<0 >0

All these algebras are naturally I'-graded.

6.1.6. Semi-infinite characters. Consider a triangularly I'-graded Lie algebra €. Following [So,
Definition 1.1], see also [A1], we call a character ~ : £ — k semi-infinite for ¢ if

v([X,Y]) = tr(adyady : € — €°) for all X € 1) and Y € ¢(=1),

6.2. Some bimodules. Keeping notation as above, we consider a triangularly I'-graded Lie
algebra .

6.2.1. The bimodule N®. We have the natural N-bimodule structure on N* = Homy (N, k), with
(fn)(u) = f(nu) and (nf)(u) = f(un), for f € N* and u,n € N. The subspace

N® := Homy (N, k)

clearly constitutes a sub-bimodule of N*.

6.2.2. The (N, B)-bimodule structure on N® @y B is induced from the left N-module structure
on N® and the right module structure on B. The N-bimodule structure on N® and the (N, U)-
bimodule structure on U yield an (N, U)-bimodule structure on N¥ @y U.

6.2.3. Now fix an arbitrary character v : £ — k and define the one dimensional left B-
module k, via the character v : £ — Kk and the surjection £ — £©). Then we have the
B-bimodule k, ®y B, which as a left module is the tensor product of k, and the left regular
module. The structure of right B-module comes from B as a right B-module. Next, considering
U as a (B, U)-bimodule, allows to introduce the (U, B)-bimodule Homg (U, k, ® B).

Lemma 6.2.4. We consider arbitrary elements n € N, b,b' € B and f € N®.
(i) The (N, B)-bimodule morphism

Yv: N*®yB - N*@yU, P(fRb)=f®Db

18 an isomorphism.
(i) The (N, B)-bimodule morphism

¢: N® @ B — Homp(U,ky ® B), ¢(f®@b)('n)="V(f(n)®Db)
18 an isomorphism.

Proof. These are immediate applications of the PBW theorem. O
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6.3. The semi-regular bimodule. We continue with assumptions and notation as above and
now also assume that v : €0 — k is a semi-infinite character for ¢. On the space N® @y B, we
can define a right U-action through the isomorphism ¢ in Lemma [6.2.4(i), and a left U-action
through the isomorphism ¢ in Lemma (ii).

Proposition 6.3.1. The left and right U-action on N® @y B commute if v is a semi-infinite
character.

Proof. This results from the same reasoning as in the proof of [Sol Theorem 1.3]. By construc-
tion, we only need to prove that the left B-action commutes with the right N-action.

For the left B-action it suffices to consider the action of £©) @ ¢()| by (iii). For H € ¢,
f € N® and b € B, a direct computation shows that

(6.1) H(¢(f©b)) = —¢(foady @b) +y(H)o(f ®b) + ¢(f © Hb).

Note that ady € Endy(N)? C Endi(N), so that foady € N¥ is well-defined. That this left
action commutes with the right N-action follows as in [Sol Theorem 1.3]. Now we consider the
left action of 1), By [6.1.3(ii), ¢(!) is spanned by vectors X € €7 for basis elements v € S C T
For such X, by (1) we then find that the dimension of [X, €] N €Y = [X, €] is finite. We
take a basis { H;} of this space, which allows to define H?, F € Endy(N) by

nX = Xn+Y HH'(n)+F(n) inU®E) forallneN.

A direct computation shows that

(6:2) Xo(f®b) = ¢(f ©X0)+¢(fo F@b)+ ) y(H)$(fo H @)+ Y ¢(f o H' @ H;b).
i i

That this action commutes with the left N-action follows again from the same computation as

in [So, Theorem 1.3]. O

The resulting bimodule in Proposition will be denoted by S, and referred to as the
semi-regular bimodule.

Corollary 6.3.2. Consider the inclusion of N-bimodules v : N® < S, corresponding to N® —
N® @ B = SW'
(i) The adjoint action of H on the bimodule S, satisfies
ady (L(f)) = y(H)u(f) —(foady) for H € t© and f € N®.
(ii) The (U, N)-bimodule morphism
E:URNN® = S, u®f—w(f),

18 an isomorphism.

Proof. Part (i) is essentially equation ([6.1)).
For part (ii), we will prove that the composition o := ¢! o ¢ with ¢ from lemma [6.2.4{(ii)

c: Box N® 5 N®@ B, b® frs ¢ ' (bo(f @ 1)),

is an isomorphism. Consider arbitrary X1, ..., X € £© U¢(). Equations (6.1) and (6.2) imply
that, for f € N®, we have

§(X1-- X ®f) = foXi X + Zg@)ua

where > g ® u stands for a finite sum of elements g ® u, where g € N® and u € B such that w is
e a product of strictly fewer than k elements of ¢(©) U ¢(1)



INFINITE CATEGORY O 27

or
e a product of exactly k elements of ¢© U¢() but strictly more elements belonging to £(©)
than in X7 --- X}.
From this, it is easy to show that ¢ must be an isomorphism. ]

7. RINGEL DUALITY
Now we return to a root-reductive Lie algebra g as in the beginning of Section [
7.1. Triangular I'-grading and semi-infinite characters.

7.1.1. Using the notation of we set
=Ty 27X =79.

The root decomposition ([2.1]), where h = g°, is thus a I'-grading. It is easily checked that this
makes g a triangularly I'-graded Lie algebra. We then have g> = b and g« = n™, and thus
B =U(b) and N = U(n"), for the algebras introduced in

7.1.2. By the above, we can view ' as a subgroup of h* and write o : I' <= h*. In particular,
this equips any I'-graded vector space V' with the structure of a semisimple h-module, by setting
H(v) = o(y)(H)v, for any v € V,, and H € . The dual V® of then corresponds to the
finite dual of V' as a semisimple h-module, see In particular, we can interpret N® as in
in this way by using the adjoint h-action.

Lemma 7.1.3. The semi-infinite characters v € b* are those characters v : h — k, for
which v(H) = 2p(H) for all H € hN g, g], for p as defined in[2.6.9

Proof. For each simple positive root «, we consider the Chevalley generators E, and F,, and
set H, := [Ey, F,]. By applying the definition in we find

V([Ea, Fol) = a(Ha) = 2p(Ha).
The conclusion then follows, since H € hN|g, g] is spanned by vectors H, as above, for a Dynkin
Borel subalgebra. O
This determines all semi-infinite characters for Dynkin Borel subalgebras in case g is simple.

Corollary 7.1.4. For g equal to sly, 5000 0T Sp.,, the unique semi-infinite character is 2p.

7.2. The AS duality functor. In this subsection, we consider the analogue of the duality
functor constructed by Arkhipov and Soergel for (affine) Kac-Moody algebras in [Ar] [So].

We set v = 2p, which is a semi-infinite character by Lemma and consider the corre-
sponding semiregular bimodule S := S,,.

Lemma 7.2.1. For any X € h*, we have an isomorphism S @y A(X) = A(=X —2p)®.

Proof. Using the notation of Corollary we find that S ®y A(N) is equal to its subspace
L(N®) @ ky, with k) the one dimensional subspace of A()) of weight A. By Corollary i)
we have for any H € b, f € N® and v € k),

H((f)@v) = 2p(H)((f @) +(f) @ Ho = o(f o adp) @ v.
Hence, there is an isomorphism
(7.1) RespS @ A(A) = N¥ @ ki,

for the canonical adjoint h-action on N®. In particular, S @y A()) is a weight module, so
Lemma [3.4.3| implies

(S ®u AN)® = Ap)



28 KEVIN COULEMBIER AND IVAN PENKOV

for some p € h*. Equation ([7.1) implies that u = —\ — 2p. O

Lemma 7.2.2. The functor F : F>(g,b) — FV(g,b7), obtained by the restriction of S @y —,
is an equivalence of exact categories.

Proof. We start by considering the functor S @y — : F2(g,b) — U-Mod. Since
Resﬁ,S QU — = N¥Y®y Resﬁ,—,

Lemma [3.4.3] implies that S ®y — is exact. Lemma then implies that the image of objects
in F2(g,b) are contained in FV (g,b~). We denote the corresponding exact functor by F.

By tensor-hom adjunction, we have the right adjoint functor Homy (S, —). By Corollary ii),
we have an isomorphism of functors

Res?_ o Homy (S, —) = Hompy(N®, Res)_—).

Hence, this yields an exact functor G : FV(g,b~) — F>(g,b). That the adjoint functors (F,G)
are mutually inverse follows as in [So, Theorem 2.1]. u

We can compose the functor F with the duality functor (—)® on C(g,bh), and denote the
corresponding functor by D.

Corollary 7.2.3. The functor D yields an exact contravariant equivalence F> = F2, map-
ping A(N) to A(—=X —2p).

Proof. This is immediate from Lemmata and Corollary O

7.3. Ringel duality and tilting modules. We can also compose the functor & with the twist
by the automorphism 7, or equivalently, the functor D with the duality functor V on C(g,b)
of By comparing the following proposition with Theorem M(iii), we can interpret

R:= .92y = (=) oD
as the Ringel duality functor.
Proposition 7.3.1 (Ringel self-duality of O). The functor R yields an ezact equivalence F> = FV,
mapping A(N) to V(=X —2p).
Proof. This is immediate from Lemmata and Corollary O
Remark 7.3.2. By Theorem (iii), we can thus state that Opyj is Ringel dual to Op_y_a,].

The following Proposition represents the combinatorial shadow of the Ringel duality between
Opy and Op_y_g, see Theorem [B.2.1(iv).

Proposition 7.3.3. Let C C bh* be a lower finite coideal and v € C. There exists a module
Tc(v) € FV[C] such that, for all k € C,

(Tc(v) : V(k)) = [A(=k —2p) : L(—v — 2p)] and  Ext§(Tc(v),V(k)) = 0.
Proof. We define the upper finite ideal
K= {-p-2p|lpecC}

and the module N := R(Px(A)), with A := —v —2p. We use freely the results of Theorem
By Proposition we have N € FV|[C] with

(N:V(r) = (Pc(A) : A=k =2p)) = [A(=r =2p) : L(N)].
By Proposition [7.3.1], we also have
Extg (N, V() = Extg(Pc(\), A(—p—2p)) = 0 forall p e C.
This concludes the proof. O
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7.3.4. Example. For v € h* we set C:={\ € h*| X > v}. Then Tc(v) = V(v).

Remark 7.3.5. The vanishing of extensions in Proposition [7.3.3]implies that inside the quotient
LO, for L = h*\C, the module T¢c(v) becomes a tilting module, that is a module with Verma
and dual Verma flag. This follows from [Ri, Theorem 4] and the results in Section

As a special case of the above remark, we have the following corollary, which also follows from

Corollary [5.1.3(ii).

Corollary 7.3.6. If A € b* is antidominant, we have a g-module T (u) for each v € [A] which
is in FANFY and satisfies

(T(v):V(k)) = [A(=k —2p): L(—v —2p)] for all k € [\].

APPENDIX A. HOMOLOGICAL ALGEBRA IN SERRE QUOTIENT CATEGORIES

A.1. Serre quotient categories. We recall some results from [Ga, Chapitre III]. We fix an
abelian category C with Serre subcategory B C C for the entire subsection.

A.1.1. The Serre quotient category C/B is defined by setting Ob (C/B): = ObC and for X,Y € C
Home,5(X,Y) = lim Home (X', Y/Y"),

where X', resp. Y’ runs over all subobjects in C (ordered by inclusion) of X, resp. Y, such
that X/X’ € B> Y’. For the precise definition of the composition of two morphisms in C/B we
refer to [Gal.

By [Ga), Proposition III.1.1], the category C/B is abelian and we have an exact functor 7 :
C — C/B, which is the identity on objects and is given on morphisms by the canonical morphism
from Home(X,Y) to lignHode’, Y/Y").

The following is the universality property of Serre quotient categories.

Lemma A.1.2. [Gal Corollaires I11.1.2 and I11.1.3] Assume that for an abelian category C' and
an ezact functor F : C — C', we have F(X) = 0 for all X € B. Then there exists a unique

functor F which makes the diagram

C/B
commutative. Furthermore, the functor F is exact and F(f) = F(g) for any f € Homge /5(X,Y)
represented by some g € Home (X', Y/Y').

Lemma A.1.3. Consider a projective object P in C with a unique mazximal subobject X, and
assume P/X is not an object of B. Then P is also projective in C /B, and there is an isomorphism
of functors

Homg p(nP,7—) = Home(P, —).
Proof. By assumption, there is no subobject P/ C P with P/P’ € B. This implies
Homg (P, M) = lingomc(P, M/M') for all M € C,
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where the limit is taken over all B > M’ C M. By assumption, Hom¢(P, M') = 0, so all
morphisms in the limit are isomorphisms and the diagram

Home (P,—
c c(P—) Ab
\ /H{/B(P -
Cc/B
commutes. The exactness of Home,5(P, —) thus follows from Lemma O

A.2. Example: Locally unital algebras. Let A be a locally unital algebra with mutually
orthogonal idempotents {e, | @ € A}. For any subset A’ C A, we have the locally unital algebra

A = @ eqAeg.
a,BeN
Lemma A.2.1. Set C = A-Mod and C' = A’-Mod. With B the Serre subcategory of A-modules
which satisfy e M = 0 for all « € N, we have C/B = C’.
Proof. Consider the exact functor
F:C—=C, M~ @eaM
acN
and the right exact functor
Clearly, the composition F o X is isomorphic the identity on C’, so J is dense and full. It then
follows from Lemma that we have a dense and full functor F:C/B — C'.
Now we prove that F is faithful. Assume that F(f) = 0 for f € Hom¢,5(M, N). We take a
representative g € Home(M', N/N') of f with M/M’' € B> N'. Lemma implies F(g) = 0.
This means that the restriction of g to @, eaM’ is zero. It follows that im g € B. So we can

define N” € B with N' € N” € N and N”/N’ = img. Hence, g is the mapped to zero by the
map Home(M', N/N') — Home(M', N/N"), which shows that f = 0. O

APPENDIX B. RINGEL DUALITY

B.1. Quasi-hereditary algebras. For a finite dimensional, unital and basic algebra A, fix
an orthogonal decomposition of the identity element 1 = e; 4+ es 4+ -+ + €, into primitive
idempotents. We write (A, e) when we consider the algebra A together with the above ordered
choice of primitive idempotents. Set

gi=¢e¢+--+e, foralll1 <i<mn, and e,41:=0.

B.1.1. The standard modules are given by
A(Z) = Aei/(A€i+1A€Z'), 1 S 1 S n.

We also have the projective cover P(i) = Ae; of the simple module L(i). Then A(n) = P(n)
and, if A has finite global dimension, also A(1) = L(1).

We denote the category of finite dimensional modules with A-flag by F ﬁ. Dually we define
the costandard modules V(i) and the category Fy .

The algebra (A, e) is quasi-hereditary, see [CPS], if and only if [A(7) : L(7)] = 1 for all
1<i<nand Aec F ﬁ The following well-known lemma follows from the definition.

Lemma B.1.2. If (A, e) is quasi-hereditary, then both €;Ae; and A/(Ae;+1A) are quasi-hereditary
for any 1 < i < n. The order on the simple modules is induced from the one for A.
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B.2. Ringel duality. The following is proved in [Ri, Section 6] and [DR] Theorem 3.

Theorem B.2.1. Let (A,e) denote a quasi-hereditary algebra.
(i) The category FRNFY contains precisely n indecomposable non-isomorphic modules {T (i) | 1
i <n}. For every 1 <i < n, there exists a short exact sequence
0— N(i) = T(i) = V(i) > 0 with N(i) € Fy.
(i1) The Ringel dual algebra (A',f) of (A,e), defined by A" := Endu(®;T(:))°P and f; :=
Lp(nt1-i), s quasi-hereditary and satisfies A" = A.
(i1i) The algebra (A',f) is the unique (basic) quasi-hereditary algebra for which there exists an
exact equivalence

R: Fy = FL.
(iv) For all 1 <1i,j <n, we have
(Ta(i) : Va(j)) = (Pa(n+1-1i): Ap(n+1—7j)).

Note that we can take Homa(®;T4(7), —) for the functor R in (iii), yielding in particular
R(Ta(i)) = Py(n+1—1).

APPENDIX C. GRADED COVERS

We introduce ‘graded covers’ of abelian categories C, similarly to [BGS| Section 4.3].

C.1. Definition. By an abelian Z-category G, we mean an abelian category with a strict
Z-action. A strict Z-action is a collection of exact functors {(j)|j € Z} on G, which satisfy
(1)(j) = (i +J) and (0) = Idg.
Definition C.1.1. A graded cover of C is an abelian Z-category C% with an exact functor G :
C% — C, such that
(i) §(iy = G for all i € Z;
(i) for all M, N € C%, the functor G induces group isomorphisms
P Extl (M, N(i)) = Exte(SM,GN) for all I € N;
1€EZ
(iii) all simple objects in C are isomorphic to objects in the image of §.

C.2. Positively graded algebras.

C.2.1. We say that a locally unital algebra A is Z-graded if A = @jez Aj with A;A, = Ajqp
and e, € Ag for all a. The category of Z-graded locally unital A-modules with morphism
preserving the grading is denoted by A-gMod. If A is locally finite, we denote by A-gmod the
full subcategory of A-gMod of locally finite dimensional modules.

For M € A-gMod and i € Z, the shifted module M (i) is identical to M as an ungraded
module, but with grading

M<Z>] = Mj_z‘ for all j € Z.
We denote the exact functor which forgets the grading by
G : A-gMod — A-Mod.

A module M € A-gMod satisfying SM =~ M is a graded lift of M.

A Z-graded algebra A is positively graded if A; = 0 for ¢ < 0 and Ay is semisimple. Clearly,
for such an algebra, the simple modules admit graded lifts which are contained in any chosen
degree.

IN
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C.2.2. Example. Let A be a locally unital Z-graded algebra such that every simple module has
a graded lift, for instance A is positively graded. Then A-gMod is a graded cover of A-Mod for
the forgetful functor G.

APPENDIX D. STANDARD KOSZUL ALGEBRAS

We review some results about Koszul quasi-hereditary algebras, based on [ADL, [BGS]. The
algebra A is assumed to be associative, unital, finite dimensional and basic.

D.1. Algebras.

D.1.1. Assume that A is Z-graded. The homomorphism spaces in A-gmod are denoted by hom 4,
and the extension functors by extffl. We take the convention that, unless otherwise specified, a
graded lift of a simple, standard or projective module is normalised (using (j)) such that the
top is in degree zero. Similarly, graded lifts of costandard or injective modules are chosen to
have their socle in degree zero.

D.1.2. Now assume that A is positively graded. The subcategory of A-gmod of modules M
which satisfy ‘

ext/(M,L(i)) =0  ifi#j,
for all simple modules L (contained in degree 0), is denoted by PL 4. Similarly, the subcategory
of A-gmod of modules M which satisfy

ext/ (L, M(i)) =0 if i # j,

for all simple modules L, is denoted by ZL 4. The positively graded algebra A is Koszul if all
simple modules are in PL 4, or equivalently in ZL 4, see [BGS, Proposition 2.1.3].

D.1.3. Consider a quasi-hereditary algebra (A,e) as in Section which is positively graded.
Then A is standard Koszul if each standard module A(7) is an object of PL4 and each
costandard module is an object of ZL4. Note that, by construction, A(i) and V(i) admit
graded lifts. By definition, standard Koszul algebras are thus assumed to be positively graded
quasi-hereditary algebras.

If A is positively graded, then so are A/(AeA) and eAe for any idempotent e € Ay.

Theorem D.1.4. [ADL, Theorem 1.4 and Proposition 3.9] Let (A,e) be a standard Koszul
algebra.

(i) The positively graded algebra A is Koszul.

(ii) The algebras A/(Aeiy1A) and €;Ae;, from Lemma are standard Koszul for all 1 <

1 < n.
D.2. Category O.

Proposition D.2.1. [ADL| Let g be a (finite dimensional) reductive Lie algebra, withh C b C g
a Cartan subalgebra by, Borel subalgebra b and a weight \ € h*.

(i) The basic algebra A for which A-mod = Oy, is standard Koszul for an appropriate
positive grading.

(i) For K an ideal in (b*,<), the basic algebra AX for which AX-mod = K(’)w, is of the form
eAe for some idempotent e € Ag, and moreover AX is standard Koszul for the grading
inherited from A.

Proof. Part (i) is [ADLL Corollary 3.8], which is based on results in [BGS]. Part (ii) is an
application of Theorem [D.1.4(ii). Note that for this we should complete < on W - X\ to an
arbitrary total order such that KN W - X is still an ideal. O
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