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ABSTRACT. In this paper we introduce a general axiomatic framework for algebras with triangular
decomposition, which allows for a systematic study of the Bernstein-Gelfand-Gelfand Category O.
Our axiomatic framework can be stated via three relatively simple axioms, and it encompasses a
very large class of algebras studied in the literature. We term the algebras satisfying our axioms
as regular triangular algebras (RTAs); these include (a) generalized Weyl algebras, (b) symmetriz-
able Kac-Moody Lie algebras g, (c) quantum groups U,(g) over “lattices with possible torsion”,
(d) infinitesimal Hecke algebras, (e) higher rank Virasoro algebras, and others.

In order to incorporate these special cases under a common setting, our theory distinguishes
between roots and weights, and does not require the Cartan subalgebra to be a Hopf algebra. We
also allow RTAs to have roots in arbitrary monoids rather than root lattices, and the roots of the
Borel subalgebras to lie in cones with respect to a strict subalgebra of the Cartan subalgebra. These
relaxations of the triangular structure have not been explored in the literature.

We then define and study the BGG Category O over an arbitrary RTA. In order to work with gen-
eral RTAs — and also bypass the use of central characters — we introduce certain conditions (termed
the Conditions (S)), under which distinguished subcategories of Category O, termed “blocks”, pos-
sess desirable homological properties including: (a) being a finite length, abelian, self-dual category;
(b) having enough projectives and injectives; or (c¢) being a highest weight category satisfying BGG
Reciprocity. We discuss the above examples and whether they satisfy the various Conditions (S).
We also discuss two new examples of RTAs that cannot be studied by using previous theories of
Category O, but require the full scope of our framework. These include the first construction of a
family of algebras for which the “root lattice” is non-abelian.
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1. INTRODUCTION

This paper is motivated by the study of the Bernstein-Gelfand-Gelfand category O [BGG] asso-
ciated with a complex semisimple Lie algebra g. The definition of O depends on the fact that Ug
has a triangular decomposition. This category has been studied quite intensively for both classical
and modern reasons, and has connections to geometry, combinatorics, crystals, categorification,
primitive ideals, abelian ideals, Kac-Moody theory, quantum algebras, and mathematical physics.
To name but a few references, see [AnStl, [H2| [Jal [Jos, [Kac2l Mazl, [MPl [Soe] (and the references
therein). One important property of the category O is that its blocks are highest weight categories
in the sense of [CPS|, and hence satisfy BGG Reciprocity.

Subsequently, Category O has been studied over a large number of algebras with triangular
decomposition, and similar results on BGG Reciprocity and other homological properties of blocks
have been shown in these settings. Thus the main goal of this paper is to simultaneously generalize
both (a) the structure of the algebra over which to define and study O, and (b) the setup of
Category O over semisimple g, in several different ways. We do so in order to (a) systematize and
unify the treatment of a large number of examples studied in the literature, and at the same time,
(b) preserve the homological and representation-theoretic properties that are desirable in the case
of semisimple Lie algebras.

Thus, the present paper studies algebras with triangular decomposition A =~ B~ ® H; ® BT,
with the “middle” subalgebra H; called the Cartan subalgebra. We begin by discussing the ways in
which the structure of the underlying algebras is simultaneously generalized in the present paper,
in order to incorporate a very large class of examples in the literature:

1. First, Lie algebras with triangular decomposition as well as their quantum analogues are com-
bined under a common framework. Recall that several well-known Lie algebras in representation
theory possess a triangular decomposition similar to Ug — for example, symmetrizable Kac-Moody
Lie algebras [Kac2|, contragredient Lie algebras [KK], the (centerless) Virasoro algebra [FeFr], and
extended (centerless) Heisenberg algebras. An analogue of Category O has been explored for such
Lie algebras in [MP] (see also [RCW]).

At the same time, a closely related setting involves quantum analogs of the aforementioned al-
gebras. These algebras have also been studied in detail in the literature (see e.g. [Jal [Jos]). Our
common framework incorporates both of these settings as special cases of algebras with triangular
decomposition A = B~ ® H; ® BT, where the Cartan subalgebra Hj is a commutative, cocommu-
tative Hopf algebra.

There are similarities between our framework and that of [AnSch], in that Hopf algebras, weight
spaces, and quantum groups are involved. However, our construction is significantly different as
well: the algebras here are neither finite-dimensional, nor do they need to be Hopf algebras (and a
priori, we also do not impose restrictions on the ground field).

2. While the case of the Cartan subalgebra being a Hopf algebra is incorporated into our framework,
we do not require it to necessarily be thus. In particular, the framework proposed in this paper
also encompasses algebras arising from topology as well as low rank continuous Hecke algebras, for
which the Cartan subalgebras are not Hopf algebras. See Section [0l

3. In our framework, there is another strict weakening of the axioms for O used in the literature
to date. In all of the examples mentioned above, if we denote the triangular decomposition as
A =B~ ® H; ® BT, then one requires the roots of BT to lie in positive and negative cones with
respect to the entire Cartan subalgebra Hy. However, the present paper only requires this condition
to hold with respect to a (possibly proper) subalgebra Hy C H;. This allows us to consider certain
higher (Lie) rank infinitesimal Hecke algebras, for which Category O could not have been studied
using traditional approaches in the literature.

4. Recall that in the theory of semisimple (or Kac-Moody) Lie algebras, the root lattice embeds
in the weight space. Such a phenomenon also occurs in their quantum analogues. We provide an
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explanation by showing that in all such cases in the literature, there are natural identifications
between the two spaces, which we call the weight-to-root map and the root-to-weight map. See
Definition and Proposition

However, such maps need not exist in general, because the Cartan subalgebra is not always a
Hopf algebra. Thus we will differentiate between the group generated by the roots, and the space
of all weights, for the Cartan subalgebra H;. This dichotomy between roots and weights allows us
to incorporate generalized Weyl algebras into our framework.

5. Usually, the group generated by the roots is a “lattice”, generated by a finite base of simple
roots. This is the case for both Lie algebras with triangular decomposition [MP] as well as quantum
groups U, (g) over Kac-Moody Lie algebras g. Our framework weakens this restriction by removing
the lattice assumption. In fact, we remove the commutativity assumption altogether, and work with
arbitrary “torsion-free” monoids. This allows us to incorporate many algebras from mathematical
physics such as generalized Virasoro and Schréodinger-Virasoro algebras (as well as more traditional
examples such as Witten’s family of algebras and conformal sls-algebras).

Furthermore, in Section Ml we prove an Existence Theorem that allows us to construct algebras
with triangular decomposition, in which the span of positive roots can be any monoid that satisfies
certain “cocycle conditions” (£2),[@3]). These conditions are novel and incorporate all abelian,
torsion-free monoids as well as some non-abelian ones. This enables us to construct algebras with
non-abelian “root lattices”; to our knowledge, no such algebras have been studied in the literature.
Our results show that the proposed axiomatic framework is at once not unnecessarily “too broad”,
as well as broad enough to incorporate a very large class of settings in the literature — traditional
as well as modern, classical as well as quantum.

6. Recall that in studying Category O over a semisimple Lie algebra g, and its decom-
position into finite length blocks with enough projectives, central characters have played a crucial
role, via a finiteness condition that we call (S4) in this paper (see Definition B.14). The condition
is useful in proving results in representation theory because the center of Ug is “large enough”.

In general, however, this is false: there are algebras with triangular decomposition, whose center
is trivial. In fact one of our motivating examples was the infinitesimal Hecke algebra of sl (and
C?) studied with Tikaradze in [Kh1l KT] — as well as its quantized analogue, which was studied in
joint work [GK] with Gan. It was shown that the latter, quantum version has trivial center; yet a
theory of O and its block decomposition (with BGG Reciprocity) was developed in [GK].

Thus, we do not use the center in this paper. Instead, we propose a strictly weaker condition
which we call (S3), and which holds for semisimple g because of condition (S4) involving central
characters. We show that Condition (S3) already implies a block decomposition into highest weight
categories. Thus our framework allows us to incorporate relatively modern constructions such as
rank one (quantum) infinitesimal Hecke algebras, even though they may have trivial center.

Additionally, we now describe two ways in which we extend in this paper, the treatment of
Category O found in the literature.

7. In studying representations of Lie algebras g with triangular decomposition, one often focuses
on representations on which the center Z(g) C g acts by a fixed linear functional, or level. This is
indeed the case for Kac-Moody Lie algebras and for other algebras such as higher rank Virasoro
algebras; see e.g. [HWZ]. Similarly, in the present paper we define distinguished subcategories
of O that satisfy conditions such as (S3) (discussed above and defined in Section B3]). In other
words, we identify “good parts” of O that possess desirable homological properties.

8. Finally, the framework we propose is “functorial”, in that the structure of Category O (or its
“good parts” as in the previous point) over a tensor product of commuting factors can be deduced
from similar structural facts for O over each individual factor. For example, the connection between
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modules over a semisimple Lie algebra and those over its simple ideals, is a specific manifestation
of a broader phenomenon that holds in the general setting studied in this paper.

Given the phenomena discussed above, we develop in this paper a general framework of a reqular
triangular algebra (RTA) for which the notion of Category O makes sense, and which encompasses
all of the aforementioned examples. We conclude this paper with Example [[0.11] which describes
an RTA A for which one has to use the full level of generality of our framework to study Category
O (and one can show O has very desirable properties), but the previously developed treatments of
O are not adequate to describe its representation theory. See Theorem [T0.13]

Organization of the paper. This paper is organized as follows. In Section Bl we present our
axiomatic framework, which encompasses a wide variety of algebras. Section 2.1l discusses the
special case when the Cartan subalgebra H; is a Hopf algebra, and ends by characterizing such
algebras inside our framework. Next, we introduce Verma modules and other key concepts in
Section Bl We then state in Section — and show in Section B4 — the main theoretical results
about Category O, including block decompositions and homological properties.

The second half is devoted to examples. In Section [ we provide the first example of a regular
triangular algebra for which the analogue of the root lattice is not abelian. We also prove an
Existence Theorem for all (abelian) variants of the root lattice. Sections [l and [0l discuss familiar
examples, including Lie algebras with “regular triangular decomposition”, and a family of “extended
quantum groups” for every symmetrizable Kac-Moody Lie algebra. Section [ discusses further
examples of our broad framework, including one in which the center is trivial and yet O has a block
decomposition. Section [§ studies generalized Weyl algebras in detail — as an additional result, we
prove that generalized down-up algebras admit quantizations, which are themselves deformations of
quantum sly. In Section [@ we provide two examples of such algebras where the Cartan subalgebra
is not a Hopf algebra. Finally in Section [0} we study infinitesimal Hecke algebras of higher (Lie)
rank, for which the root lattice and weight space are not contained in the same vector space. We
end with Example [[0.TT] which uses the full generality of our framework to study Category O.

2. THE MAIN DEFINITION: REGULAR TRIANGULAR ALGEBRAS

We work throughout over a ground field F. Unless otherwise specified, char F is arbitrary, and
all tensor products below are over F. We will often abuse notation and claim that two modules or
functors are equal, when they are isomorphic (e.g. double duals). Now define Z* := +£(N U {0}).
Given S C Z and a subset A of an abelian group ©g, define SA to be the set of all finite S-linear
combinations Y . nac, where n, € S Va. Finally, given any group © and a subset QT C ©,
define —QF := {71 :0 € QT} C ©, (QT) to be the subgroup of © generated by O, and FO to
be the group algebra of ©.

Definition 2.1. Fix a ground field F, and F-algebras H C A.

(1) Define the spaces of roots and weights of H to be Autg_q4(H) and H = Homp_q14(H, F)
respectively.

(2) Given a weight A € H and an H-module M, the A-weight space of M is My := {m € M :
hm = X(h)m Yh € H}. The set of H-weights of M is wty (M) :={\ € H: M, + 0}, and
M is an H-weight module if M = @, 5 M) is H-semisimple.

(3) Define the 6-root space of A corresponding to a root § € Autg_q4(H ), as well as the set of
H-roots of A, to respectively equal

Ag:={a€ A:ah=0(h)a Yh € H}, rooty (A) := {0 € Autp_qq(H) : Ag # 0}. (2.2)
(4) If Hy C H is an F-subalgebra, let TI'IHO : Endp_qy(H) — Homp_q4(Ho, H) denote the
restriction map. Similarly, denote by g, : I/J\l — ]/'{\0 the restriction map to Hy.
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The axiomatic framework introduced in this paper will display the aforementioned dichotomy be-
tween roots, which pertain to algebras and belong to Autp_q4(Ho); and weights, which pertain to

representations and live in I/J\l In this paper, we use 0 to refer to roots.
Equipped with the above terminology, it is now possible to propose a broad framework in which
to study the BGG Category O, and which incorporates many examples in the literature.

Definition 2.3. An associative F-algebra A, together with data (B*, Hy, H, Qg, i) satisfying the

following conditions, is called a regular triangular algebra (denoted also by RTA).

(RTA1) There exist associative unital F-subalgebras B, H; of A, such that the multiplication map
: B~ ®@p H; ®p BT — A is a vector space isomorphism (the triangular decomposition).

(RTA2) There exist a unital subalgebra Hy C H; and a monoid Q(J{ C Autp_q4(Ho), such that
94 \ {idp,} is a semigroup, and moreover,

B*= 5 Bf,  where Qf := () 1 (QF) N Autp_ag(H1). (2.4)
916@]L
Moreover, B;(;HO =F-1, and dimp Béz < oo for all 6y € Qar (the regularity assumption).

(RTA3) There exists an anti-involution i of A (i.e., i?|4 = id|4) that fixes Hy, and sends B¥ into
the image under the multiplication map of H; ® BT.

As explained in Proposition B.8(1) below, the assumption that QF \ {idp,} is a semigroup helps
construct a partial order on the set of weights. It also implies that Qar is either trivial or infinite.

As we will discuss through many examples, most of the traditionally well-studied RTAs in the
literature satisfy two additional restrictions: (a) Ho = Hi; and (b) QF is generated by a finite
Z-basis A of “simple roots”. These restrictions are encoded as follows for a general RTA.

Definition 2.5. An RTA A (together with (B*, Hy, Hy, Qf ,4)) is strict if Hy = Ho. An RTA is
based if there exists a pairwise commuting Z-linearly independent set A C Qar , called the (base of)
simple roots, such that Qar = Z*A. In this case we may also denote the RTA by (BT, Hy, Hy, A, ).
The rank of a strict, based RTA is defined to be |A[ for the smallest such A (or Q).

Remark 2.6. In Section [I0] we will see examples of non-strict RTAs (called infinitesimal Hecke
algebras) which involve simple Lie algebras of arbitrary Lie rank, but for which it is possible to
choose precisely one simple root to generate Qar. In order to avoid this discrepancy, we do not talk
about the rank of a non-strict, based RTA in this paper.

Example 2.7. Definition is quite technical; here is the prototypical and “initial” example - a
finite-dimensional complex semisimple Lie algebra g with triangular decomposition g = n* @ hdn .
Then A =Ug=Un" ® Sym(h) ® Un" is a strict, based RTA with:
e H| = Hy = Ul the Cartan subalgebra — this is a commutative, cocommutative Hopf algebra,
so A = Ug is in fact a strict Hopf RTA (see Section 2.Tl);
e Bt = Un*; and
e | the anti-involution obtained by composing the Chevalley involution and the Hopf algebra
antipode — so i sends g, to g_, for all roots a (and hence B* to BT), and fixes b.

Now identify Autg_q14(Ho) with I/{\g = h* as follows (also see Proposition 2TH)): for every weight
1 € b*, define the root pp,(p) : Ho — Ho via: ppy(p)(h1---hy) = [[}=(h; — p(hy)) (and
extend by linearity). It follows easily that pu — ppg,(u) is an isomorphism of additive groups
PH, : " — Autp_q4(Hp). Define Qar to be the monoid generated by the simple roots A (or more
precisely, {pm,(a) : « € A}) — this is usually denoted in the literature as Q*, the “positive” part
of the root lattice. Now note that the above parameters equip Ug with the structure of a strict,
based RTA of finite rank.

Remark 2.8.
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(1) Henceforth we denote an RTA by A alone, and do not explicitly write out all of the additional
data (B*, Hy, Hy, Qf , i), even though it will also be assumed to be fixed.

(2) If Ais a based RTA and Autg_q4(Hp) is a subgroup of an F-vector space under addition,
then we also require F to have characteristic zero, since otherwise Qf \ {idp,} has torsion
and hence cannot be a semigroup. This explains why we will assume charF = 0 for Lie
algebras (as in Example 2.7)), but not necessarily for quantum groups.

(3) In the definition of an RTA, we do not insist that the anti-involution i : A — A sends B
to B™, as is the case for Lie algebras with triangular decompositions. The reason is that
for quantum algebras 7 may not send B* to B™; see Section [f] or Example [T.11

We now list some basic properties of regular triangular algebras (RTAs). These properties will
be used henceforth without further reference.

Lemma 2.9. (A is an RTA.) Suppose Q;F generates the subgroup (Q;) C Autp_qq(H,) forr =0, 1.

(1) The groups (Q) act on the sets I/{: forr =0,1 via: 0, % A, := N\, 001 for A\, € f—I\T,GT €
(QF). The actions are functorial, in that the following square commutes for all pairs of
F-algebras Hy — H;:

(mhy,) " (Autp_qig(Ho)) x Hi —— H,

!
”HOX”Hol “Hol

AUt]F—alg(HO) X I/{\O % I/—I\O
(2) If M is any A-module, then for r = 0,1, we have:
Agr . M)\r C M97,*)\r = M)\TOG,Tl’ Vo, € <Q,j_>, Ar € ff\r (2.10)

(8) Hy is commutative for r = 0,1, whence H, = (H;)iq,, = (Hr)idH3,T'
(4) i(Ag,) = Ay-1 forr=0,1 and 0, € (Q).
The proofs are straightforward. For instance, part (4) holds because i(ag, )h, = i(hrag,) =
i(ap, 0,1 (hy)) = 0,1 (hy)i(ap,) for all 7 = 0,1, 6, € (Q}), ag, € Ag,,hr € H,.
In turn, Lemma [ZJ helps prove that the subalgebras B* are “symmetric” in a precise sense:
Proposition 2.11. A is an RTA as above.

(1) B~ has a decomposition similar to that of BT in (RTA2), i.e., there exists a monoid Qy C
Auty_q14(Ho), such that

B™ = GB By, where Q7 = {01 € Autp_qg(H1) : 7, (01) € Qp }.
01€Q7
Moreover, Q, = —Q forr=0,1, B;lH =T, and dimgp BQ__1 = dimp B; < oo Vo, € QF.
0 ™ T

(2) H,. ® B* (more precisely, their images under multiplication) are unital F-subalgebras of A.
(3) Forr=0,1, QF are sub-monoids of Autp_a14(H,), such that OF \ {idp,} are semigroups.
Moreover, W}ID :(QF) = (QF) is a group homomorphism that restricts to the monoid maps

1 Qf = OF, and A = @Hre@m Ay, is (Q}F)-graded for r =0, 1.
(4) The algebras B* have subalgebras (in fact, augmentation ideals) defined respectively as
N* = P By, r=0,1.
67*6:‘:Q1T\{idHr}

Proof. First observe that any sum of H,-root subspaces of BT or B~ is direct. The statement is
part of (RTA2) for BT, and hence follows for B~ using Lemma [2.9(4). We now proceed with the
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proof. The meat of the result lies in proving part (1). Compute using the Hj-root-semisimplicity
of BT and the multiplication map m4 on A:

B~ =i(i(B7)) Ci(ma(Hy ® BY)) = ma(i(B") @ Hy) = ma(i( @ By,) ® Hy)
91€QJr
= D malth© B, @ Hi)= @ ma(H @B, ).
1 1
01€Qf 0,€Qf

where all decompositions are direct from above, and the last equality follows by definition of root
spaces. It follows by (RTA1) that B~ decomposes as a direct sum of Hj-root spaces with roots in

Q) = —Qf. Restricting Q; to Hy proves the same assertion for Q; := —Qar. Moreover, i(1g+) =
1y, 98- = 1p-. Thus the remaining assertions in (1) follow if we show that dimp BE'_,1 = dimp B;;
for 0, € Q.

Before doing so, we first prove (2) using only the aforementioned QF-root-space decomposition
of B*. Indeed, observe for r = 0, 1 that by, h, = 0,(h,)bg, € ma(H, ® B*) whenever h, € H,,0, €
QF C (Q)f), by, € B(;tr. Thus (2) follows from (RTA1).

We now complete the proof of (1), by showing that dimp BG_Fl = dimp Bét for 6, € Q. First
suppose 7 = 0, and fix an Hy-root-basis by, ...,b, of Béz for fixed 6y € Qar. Also fix any finite-
dimensional subspace V' C B9_o_1 such that i(bj) € ma(H; ® V) for all j. Then using (2),

B, =i(i(B,
90

. 1)) Ci(ma(Hy ® By )) C ma(i(By) ® Hi) Cma(Hy @V @ Hy) = ma(H1 @ V),

which shows (by (RTA1)) that Be_ L=

0, € Q, as well as bases by, ..., by, ofBeT and v1,...,Umn ofB 1. Suppose i(v;) ZmA hjr ®by)

= V must be finite-dimensional for all 6y € Q+. Now fix r and

and i(bg) = ZmA(Uj ® tyj) for some choices of elements hjy,tp; € Hj. Then the (possibly

k
rectangular) matrices H := (hji), T := (tx;) satisfy: HT,TH are identity matrices. Equating their
traces yields m = n, i.e., dimp B _ o1 = = dimp B as claimed.

The remaining parts are easﬂy shown: (3) is straightforward given (1) and Lemma 2.9 and (4)
follows from (3). O

2.1. Hopf regular triangular algebras. We now analyze regular triangular algebras in the spe-
cial case when H1 is a Hopf algebra, Hy a Hopf subalgebra, and the Hopf structure is used to define
an adjoint action with respect to which A is semisimple. This is in itself a very general setup that
encompasses many well-studied examples in the literature, including Kac-Moody Lie algebras and
their quantum groups. To proceed further, it is convenient to fix some notation.

Notation. Let H be a Hopf algebra (not necessarily commutative) over a field F, and denote
by mpg (or Ag,nm, e, Sy) the multiplication in H (or comultiplication, unit, counit, antipode
respectively) — see e.g. [Kas|. We will use Sweedler notation: Ag(h) = > hay ® he for h € H.

Now note that H ¢ H* is precisely the set of grouplike elements in H*. Also define convolution on
H, via (ux A\ h) == (u@ X\, Ag(h)) = Z<u, h1y){A; hay). Then ([Kas, Exercise IT1.8.11]) (H, *) is
a group, with unit ey, and inverse given by A — Ao Sy in H.

We now introduce a Hopf-theoretic framework that encompasses many well-known algebras in
the literature, as we illustrate through examples later in the paper.

Definition 2.12. Suppose H is a Hopf algebra and A is an F-algebra containing H. Define the
adjoint action ad : H — Endp(A) via: (adh)(a) := > hyaS(h(y)) for all h € H and a € A.
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Next, a Hopf regular triangular algebra (denoted also by Hopf RTA, or HRTA in short), is an
F-algebra A, together with the data (B*, Hy, H, Q;;r,i) that satisfies (RTA1), (RTA3), and the
following condition:

(HRTA2) H; is a Hopf algebra that contains a sub-Hopf algebra Hy. Moreover, there exists a monoid
Q;ﬁ C Hy such that Q£)+ \ {em,} is a semigroup, which satisfies:

/ -1 ! -
Bt = @ B, Q)" =mp,(Q") C Hu,
M1EQ/1Jr

where g, : E/l\l — Ii[B is the restriction map, and B:[l is the pi-weight space for the adjoint
action of Hy on A. Furthermore, BjHD =F, and dimgp B:[O < oo for all pg € Q:ﬁ.

Note that the definition of an HRTA is in some sense parallel to that of an RTA. However, the
conditions (RTA2) and (HRTA2) are significantly different, in that the monoid Q" is contained

in “weight space” Hy and involves the adjoint action of Hy on A, instead of being contained in
“root space” Autg_qiq(Ho) as in the RTA case. In fact, Definition was primarily designed to
incorporate Lie algebras as well as their quantum analogues into a common framework, and the
properties of HRTAs were extensively studied in previous work mﬂ Thus the definition of an
HRTA is a priori similar, but not related to the notion of an RTA. However, it turns out that the
two are indeed closely related. To explain their precise connection, additional notation is required.

Definition 2.13. We say that an HRTA is strict if Hy = Hy. An HRTA is based if there exists a
Z-linearly independent set of weights A’ C Qéﬁ, such that Q’0+ = ZTA’. In this case we may also
denote the HRTA by (B*, Hy, Hy, A’, ). Finally, given a Hopf algebra H, define two maps:

e The weight-to-root map py : H — Endp(H) is defined via: pg(p)(h) = S (hay))he) =

> 1(S(hay))hz)-
o The root-to-weight map V. : Autp_qq(H) — H* is defined via: U (f) :=€o 0—1L.

It is now possible to relate HRTAs to RTAs (and to justify why we call such algebras Hopf RTAs).

Theorem 2.14. Suppose A is an RTA over a ground field F. Then A is an HRTA if and only if
Hy D Hy are Hopf algebras and there exists a choice of parameters such that QF C im(pg,) for
r=0,1. In this case, A is a (strict) (based) Hopf RTA if and only if A is a (strict) (based) RTA.

The proof of Theorem 2.14] uses the following preliminary results.

Proposition 2.15. Suppose H is a Hopf algebra and A is an F-algebra containing H.

(1) The root-to-weight map is a surjective group homomorphism V. : Auty_q(H) — H. It has
right inverse equal to the weight-to-root map, which is an injective group homomorphism
pg: H— AutF,alg(H). -

(2) The assignments Hy — Hy and Hy — Homp_q4(Ho, H) are contravariant functors from
the category of sub-Hopf algebras Hy of H and injective Hopf maps, to the categories of
groups and sets respectively. Moreover, the family of weight-to-root maps {pm, : Hy C H}
constitute a natural transformation : ~ — Homp_q4(—, H).

(3) im(pp) acts freely on H via: pr(p)(v) = pxv.

(4) ad : H — Endp(A) is an F-algebra homomorphism.

IThe notion of an RTA was also defined, albeit “incorrectly”, in [Kh2]. The reason it is not “correct” is that it is
overly restrictive, requiring six technical axioms (besides the triangular decomposition and anti-involution) and yet
not able to incorporate several of the settings considered in the present paper - including non-based settings as in
Sections @] and (.2 as well as generalized Weyl algebras as in Sections B Bl However, the notion of a (based) Hopf
RTA in essentially agrees with Definition in the present paper.
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(5) For all p € PAI, the weight space A, (for the adjoint action of H on A) and the root space
A (see Definition[21) coincide. In particular, A., = Ajay = Za(H).

Part (1) says in particular that every Hopf algebra is a module over its weights. To our knowledge
(and that of some experts) it seems, somewhat surprisingly, to be a new formulation (at least).
Parts (2) and (3) follow easily by using the definitions. Parts (4),(5) are nice exercises in Sweedler
notation; the last assertion in (5) can be found in e.g. [Jos, Lemma 1.3.3].

Proof. The proofs are not hard to show, and consist of computations involving Hopf algebras. Thus
we omit the proofs for brevity. Note that the categorical statement in the second part follows by
observing that the following square commutes, given Hopf algebras Hy — H; — H:

— p
H; i) AutF,alg(Hl) N (ﬁ}{O)fl(AutF,alg(Ho))

”HOl ﬁ;{ol (2.16)

5 PH
Hy 0. Aut]F_alg (HQ)

It is now possible to show how HRTAs relate to RTAs.

Proof of Theorem [2.1J In proving the first assertion, we focus only on the conditions (RTA2) and
(HRTA2). Suppose first that H; D Hp are Hopf algebras and Q; C im(pg, ) for r = 0,1. Define
Qt = p;fi(Qj ). Then Q;F = ﬂﬁé(gé—’_) by (ZI6]). Moreover, if the root space B;’l # 0 for some
01 = pm, (1) € QF, then 7y (1) = pro (7, (1)) € Qf by @ZIB). But then mp, (1) € Qgt. This
shows the decomposition in condition (HRTA2). That condition (HRTA2) holds now follows by
using Proposition Hence A is an HRTA.

Conversely, suppose A is an HRTA. Then Hy D Hj, are clearly Hopf algebras. Now choose
QO C Auty_uy(H,) to be py, (Q;F) C im(pg,) for r = 0,1 (via Proposition EZI5). Moreover,
Proposition and the decomposition in condition (HRTA2) imply that the decomposition in
(RTA2) holds as well.

Finally, the last assertion is easily verified, if we set A := pp, (A’) when A is a based HRTA. Note
that since pp, is injective, the two possible notions of the rank of a strict, based HRTA coincide. [

Remark 2.17. When H; D Hj are Hopf algebras, Proposition ZI5|(1) shows how the weight-
to-root and root-to-weight maps help identify roots with weights. For general RTAs, the maps
e, ¥, pm, need not exist, and so roots and weights necessarily lie in different spaces that need not
be identifiable with one another.

3. THE BGG CATEGORY O

Having introduced the general framework of interest, the next step is to define and study the
Bernstein-Gelfand-Gelfand Category O for an RTA A. In this section we develop the theory of
Category O for regular triangular algebras. The main results in this section are described in
Section Following the theory, in subsequent sections we discuss how the results in this section
apply to a large number of examples, traditional as well as modern, classical as well as quantum.

Definition 3.1. Given an RTA A, the BGG Category O is the full subcategory of all finitely gener-
ated Hq-semisimple A-modules with finite-dimensional H;-weight spaces, on which B acts locally
finitely. (Henceforth by a weight space we mean an Hj-weight space, unless specified otherwise.)
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3.1. Verma modules; weights fixed by roots. Category O was introduced by Bernstein,
Gelfand, and Gelfand in their seminal paper [BGG] in the setting of complex semisimple Lie
algebras. Since then, similar categories of modules have been studied in the literature in a wide
variety of other settings, including Kac-Moody Lie algebras, quantum groups, and several other
algebras with triangular decomposition. In studying O for these algebras, a common theme is to
carefully examine the structure of a distinguished family of objects called Verma modules. We now
introduce this and other notions in the general setting of regular triangular algebras.

Definition 3.2. A is an RTA.

(1) Given X € Hy, the corresponding Verma module is M(\) :=A/(A- Nt + A-ker)).
(2) The Harish-Chandra projection is £ : A= H & (N~ - A+ A-N*t) — Hj.

We now begin to develop the theory of Category O via a careful study of Verma modules and
related objects in O. An attractive feature of our framework of RTAs is that it is robust enough
that much of the “traditional” development of O in more classical settings goes through for RTAs as
well. More precisely, several of the results in this section can be proved by adapting the arguments
in to RTAs. Thus, the proofs in this section will occasionally be omitted for brevity.
This applies in particular to the following result.

Proposition 3.3. Fiz an RTA A and a weight \ € H.
(1) Every submodule and quotient of an Hi-semisimple module M is also Hy-semisimple.
(2) M()) is an Hyi-weight module generated by a one-dimensional subspace of its A-weight space.
It is a free rank one B~ -module.
(8) The center Z(A) acts by a central character xx on the Verma module M(\).
(4) On Z(A), the Harish-Chandra projection & is an algebra map that commutes with the anti-
involution i (i.e., £oi=¢&), and x) = Ao&.

However, in the general setting of RTAs, one encounters certain technical issues involving Verma
modules. More specifically, it is not always true that all Verma modules lie in Category O. We
now present such an example, which falls outside the traditional Hopf setting but is an RTA (and
hence can be studied using the methods developed in this paper).

Example 3.4. Motivated by quantum algebras associated to Hecke R-matrices, Jing and Zhang
introduced and studied a family of noncommutative and non-cocommutative bialgebras that
g-deform U(gl,). (These algebras were also studied later by Tang from the viewpoint of
hyperbolic algebras.) More precisely, given ¢ € F* and charF # 2, the algebra U (gl,) is defined
to be generated by wu,d, h,a, with relations:
1_
ght — uh = 2u,  hd — qdh = —2d, ud—qdu:a+h+th2,

where a is central. The algebra Uy (sly) is defined to be the quotient of Uy (gly) by the central ideal
(a). Note that setting ¢ = 1 yields the usual enveloping algebras of sly and gl, respectively. Now
it is not hard to show the following result.

Proposition 3.5. Suppose q € F* is not a root of unity, and charF # 2. Then Ui (gly), Uy(sl2)
are strict, based RTAs of rank one — but not Hopf RTAs — with Hy = Hy equal to Fla, h] and F[h]
respectively, and

B~ =F[d], B"=F[u], A={0}, 0h)=qh—2, 0(a)=a, i(u)=d.
Moreover, M(\) € O if and only if X\ # —2/(1 — q), and M(—2/(1 — q)) is an Hi-weight module,
with exactly one weight space of infinite dimension.
Proof. The only nontrivial property to check is (RTA1) — this is shown in far greater generality in

Lemma The remaining properties are easy to verify — e.g., that 6 generates an infinite cyclic
subgroup of Autp_q4(Hp) follows from the fact that ¢ is not a root of unity. O
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With this motivating example in mind, we introduce the following notation.
Definition 3.6. Suppose A is an RTA.
(1) Define f/I\ngee ={ )Xo € Hy : (Qf) acts freely on Ao} and f/I\lfTee = Wﬁé(fl\oﬁee). If Aisa
strict RTA, we will denote this common set by Hree,
(2) Define partial orders on the following four spaces:

e Define > g, on Autp_q4(Ho) via: 0y > 6 if there exists 6 € 9y such that 6y = 6f * 6}
o Define >¢, on Autp_qq(H1) via: 01 > 6 if either 7y, (61) > 7p,(0]), or 1 = 6].

e Define >( on I/J\ofree by: po > pfy if there exists 6 € QF such that pg = 0] * p).

e Define >; on fflfree, viar py > pf if g (1) > 7, (@) in ff\o, or up = gy in f/I\l
(3) A mazimal vector of weight X in an A-module M, is m € My Nker N*.

In the remainder of the paper, we will often use > without specifying which of the four aforemen-
tioned partial orders is being used, when this is clear from context.

Remark 3.7. If A is an HRTA with Q; = py, (Q,F) for r = 0, 1, then l/LI\,nfree = H, by Proposition
[215)(3). For this reason, in many examples in the literature (and below) one works with all of O,
since all Verma modules lie in O.

In the rest of the paper, we work with Verma modules (and their quotients) with highest weights

in the set .F/I\lfree — these modules are objects in . The following result summarizes the basic
properties of Verma modules and their unique simple quotients.

— free

Proposition 3.8. Fiz an RTA A and a weight A € Hy

(1) The relations > in I/{\T are partial orders when restricted to f—[\rfree forr=0,1. The map
. . . — free
TH, 15 an order-preserving map when restricted to Hy

(2) M(X) is an indecomposable object of O, generated by its one-dimensional \-weight space.
— free

All other weight spaces have weights pp < A with p € Hy
(3) Every proper submodule of M () is Hi-semisimple and has zero \-weight space.
(4) M(X) has a unique mazimal submodule Rad M(\), and a unique simple quotient L(\).
(5) M(X) is the “universal” cyclic module of highest weight X.

(6) If v e M(N), is mazimal, then p < X in H, and [M(X): L(p)] > 0.
(7) The simple objects in O with at least one weight in I/{\lfree are precisely L(\) for some

A€ I/J\lfree. All such modules are pairwise non-isomorphic.

Proof. Most of the proofs are similar to those in [MP], , and are hence not included for brevity,
except for the last part. In that part, fix a simple module V' in O with nonzero weight space V), for

some weight pu € I/J\lfree. Then the vector space BTV, is finite-dimensional and H;-semisimple by
the assumptions on O. Thus it contains a weight vector vy of maximal Hi-weight A in the partial
order >p,. Since V is simple, it is generated by vy, whence V' = L(\) by part (4). O

Remark 3.9. It is also possible to introduce the Shapovalov form Sh : A x A — H; for a gen-
eral RTA A, by defining: Sh(z,y) := £(i(z)y) for x,y € A. One verifies that the Shapovalov
form satisfies the following properties for RTAs, which it satisfies for A = Ug for semisimple g:
(a) The Shapovalov form is bilinear and symmetric. (b) Sh(Ag,, Ag) = 0 unless 6, = 6. (c)
The Shapovalov form induces a symmetric bilinear form Shy on every Verma module M(\) via:
Shy(bymy, bamy) := XN(Sh(b1, bz)) for by, by € B~ and m) a nonzero highest weight vector in M (\) .

(d)If X e ]/'J\lfme then ker(Shy) = Rad(M(N)). (e) Given A € Eﬂee and 6, € rooty, (B™), consider
the restriction of the form Sh(—,—) to the root space By, . Then if one applies A to each entry of
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the matrix of this bilinear form (with respect to any fixed basis of By ), the resulting matrix has
rank equal to dim L(\)g, -

Remark 3.10. Various other notions from the theory of semisimple Lie algebras also have ana-
logues for general RTAs. For instance, the Kostant partition function has analogues P, : Q;f — Z*
defined via P.(6,) := dimg B;:, for r = 0,1. Next, highest weight modules V* are quotients of

Verma modules M (\); if A € I/f\lfree then V* € O since O is closed under quotienting.

Now suppose A is a strict, based RTA with a base of simple roots A of smallest possible size. One
can then define the height of a “restricted root” 6y = > 5o 160 € ZA = <Q§> C Autg_q14(Ho),
to be ht(fy) := >y ne. Similarly, define parabolic/Levi regular triangular subalgebras as follows:

+ +
for any subset Ag C A, define By := ®91€(W}IO)‘1(ZA0) By, and

+ ._ pt + ._ pt
Pr, =B @H1®B{, D £x, :=DBx ®H ®BL,
or more precisely, (the subalgebras of A generated by) their images under the multiplication map.

Thus one can study notions such as parabolic/generalized Verma modules, as well as analogues of
“parabolic” induction over based RTAs.

3.2. Duality and extensions. We next construct a duality functor on finite length objects in
O. In light of Proposition and Example 3.4l henceforth we only work with objects in O whose
weights lie in }/I\lfree. The following notation is required for this purpose.

Definition 3.11. Define (’)[P/I\lfree] and Oy to respectively be the full subcategories of objects in O

— free — free

whose weights lie in Efme and which are of finite length. Also define Oy[H," | := O[H;" |NOy.
Next, define the formal character of M € O to be: char M := Z/\eﬁl dim M, - e*, where e

is a formal variable for each A € I/fl Finally, given an object M in O, use the anti-involution
i: A — A to define its restricted dual F(M) := @,y pr My, with A-module structure given by:
(am*)(m) := m*(i(a)m).

ree

In particular, it follows from Proposition B.8 that the simple objects in (’)[f/f\lf | are parametrized
by f/I\lfree. As discussed above, we work henceforth only in O[f/f\lfree]; however, the next result

holds in all of @. The proof is as in the special case when A = Ug for semisimple g; see [MP [Kh2].

Proposition 3.12. Oy and (’)N[I/{\lfree] are abelian categories, and F : Oy — Oy is an exact,
contravariant duality functor that sends each simple object L(\) for A € f/I\lfree to itself. More gen-
erally, F' preserves the length and formal character of all objects in Oy and Oy [I/-I\lfree] respectively.

The above results allow us to now consider eztensions. A key result involves classifying all
non-split objects in O[H\lfree] of length two.

Theorem 3.13. Fiz \,\ € I/J\lfree. Then E(X\,N) := Exth(L()\), L(\)) is nonzero if and only
if Rad M(\) — L(X), or Rad M(X') — L(\). Moreover, F induces an isomorphism : E(A\,\) <
E(\,\). Finally, Exth (M, N) is finite-dimensional for M, N € (’)N[I/{\lﬂee].

Proof. That F is an isomorphism : E(\, \') — E(XN, \) follows from Proposition 312l (and standard
arguments), since F is contravariant and exact. Now if Rad M (\) — L()\') with kernel V', then

0— L(\)=(RadM(\)/V)— M(\)/V — L(\) — 0,
and this is non-split, else M (\) - M(\)/V — L()\), whence A = X and dim M (\), > 2, which is

false. Conversely, suppose 0 — L(\) — M — L(\) — 0 is nonsplit in O, and let vy € L(A)y, vy €
L(N)x be nonzero highest weight vectors in the first and third terms of the short exact sequence
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respectively. Also fix any lift my € M) of vy, so that NTmy C L()\') (where N is the augmentation
ideal in B*). There are three cases:

First if 7, (A) = 7, (X)) =: Ao, say, then by Proposition M), is a two-dimensional H-
weight space, spanned by vy and my. Now B~m,) is a nonzero submodule of M, and it has trivial
intersection with the simple A-module L(\') since otherwise vys € B~ m). Therefore the short
exact sequence splits, which is impossible.

The second case is if NTmy = 0 and 7g,(\) # mg,(N). Then M(\) - B~ my — L()), so if
the extension is nonsplit then B~m is not simple and hence L(\') C B~ m,). But then B~ m, has
length 2, hence M = B~my = M()\)/V, say. It follows that L(\') = (Rad M (\))/V, proving the
assertion. Furthermore, the nonsplit extension class is completely determined by 6 and b € B,
such that 6 « A\ = X and b_m) = vy,. Thus using condition (RTA2),

dim Extg(L(A), L(\)) < dim B, ;) < 0o
Hq

Finally, suppose 0 # Ntm, C L()), so that A < X. In this case we use the duality functor F to

reduce to the previous case. This proves the first two assertions of the theorem. The final assertion
— free

now follows by using Proposition and standard homological arguments in Ony[H;™ |. O

3.3. Blocks in O, Conditions (S), and main results. We now describe the two main results in
this paper, on Category O over an arbitrary RTA. The results provide sufficient conditions under

which a large subcategory of O — in fact of O [P/I\lfme] — acquires an increasing number of desirable
homological properties. To state and prove these results requires the following notation.

Definition 3.14. Suppose A is an RTA.

(1) For each weight \ € f/I\lfree, define the following four sets:
o S*(\):={pe H : Xu = X on Z(A)} (where x) denotes the central character defined
in Proposition B.3]).
e S3()\) is the equivalence closure of {\} in Hy, under the relation:

w — A if and only if L(u) is a subquotient of M ().

o S2(\) = {mh, (1) - p € SP(N)}
o SYN) = {mp, (1) - p € SP(N), 1 < A}
(2) For 1 <m <4, define

— free —~ free

S™(A):={\ € H : S™(A) is finite} C Hy (3.15)

(Note that S'(A), S%(A) C I/J\lfree although S(\), S2(\) C f-l\o) We say that the algebra A
satisfies Condition (S1), (52), (S3), or (S4) if the corresponding set S™(A) equals 1{:’\1f7"ee

(3) Given T' C I-/I\lfree, define O[T] to be the full subcategory of O, such that every simple
subquotient of every object is of the form L(\) for some A € T'. (This is consistent with the

— free

definition of O[H;" ].) Now given \ € I-/I\lfree, define the corresponding block of O to be
O[S*(N)].

The idea behind the conditions (S) is that each of them implies increasingly desirable homological
and representation-theoretic properties for O. (For instance, the sets S*()\) are related to central
characters, while S3(\) are concerned with linkage.) Thus, in some sense O[S™(A)] is the part
of Category O that satisfies these (desirable) properties. This is made clearer in our “first main
result”, Theorem [A] below. In later sections, we show that a large number of well-explored settings
in representation theory are all examples of RTAs, and explore whether or not these algebras satisfy
the various Conditions (S). We are also motivated by settings such as [FeFr], in which it is often the
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case that distinguished subcategories/sums of blocks in O are shown to have desirable properties
or a tractable analysis.

Remark 3.16. The S-sets should not be confused with the antipode map on H in the event that
H is a Hopf algebra. In fact we do not use the antipode in the remainder of the paper, except in
Proposition

In order to state our main results, we need a further piece of notation.
Definition 3.17. Suppose A is an RTA. Define
S2(A) :={X € S*(A) : py < 7o (1) < g and pig, g € S*(\) = p € S'(A)}. (3.18)

Also say that an RTA is discretely graded if for all 6y € Qg , the interval [0, 6] (in the partial order
< on Qf) is finite.

Note that S2(A) is precisely the set of weights A € S?(A) such that wﬁi([SQ(A)]S) c St(4),
where [T]< denotes the closure of T' C IEI\OJ%e in the partial order induced by Q.

Remark 3.19. The assumption of being discretely graded is satisfied by most algebras studied in
the literature, which are moreover based with a finite set of simple roots. In fact based RTAs with
an infinite base of simple roots are also discretely graded. There are other examples of non-based
but discretely graded RTAs that arise from mathematical physics, such as generalized Heisenberg
algebras for discrete, totally ordered groups. See Section for more details.

We now discuss some results on the S-sets and the Conditions (S). First, the nomenclature is
inspired by the “T”-properties of separation/Hausdorffness in topology, in the following sense.

Lemma 3.20. S3(\) € SY(\) N ((Q7) * \) for all A € H, so S4(A) C S3(A) C S%(A) C S'(A).
Therefore the following implications hold among the Conditions (S): (S4) = (S3) = (52) = (S1).
Moreover, if S?(A) = f/I\lfTee then S2(A) = f/l\lfree as well.
Additionally (like the separation properties), the S™-sets/conditions yield increasingly (in m)
useful homological information about Category . The following is one of the two main results
involving the S-sets for a general regular triangular algebra.

Theorem A. Suppose A is a discretely graded (e.g. based) RTA.

(1) O[SY(A)] is finite length, and hence splits into a direct sum of blocks O[S (A)NS3(N\)], each
of which is abelian and self-dual.

(2) Suppose \ € S2(A). Then the block O[S3(\)] is abelian and self-dual with enough projectives,
each with a filtration whose subquotients are Verma modules.

(3) Suppose A € S3(A) N S2(A). Then the block O[S*(N)] is equivalent to the category (Mod-
By)19 of finitely generated right modules over a finite-dimensional F-algebra By. Moreover,
O[S3(N\)] is a highest weight category; equivalently, the algebra By is quasi-hereditary.

In particular, if A satisfies condition (Sm) for some m, then the corresponding assertion above

(numbered min(m, 3) ) holds for all of(’)[ﬁ\lfree]. Thus if (S3) holds, we obtain a block decomposition

— free

O=0[H\H "o f 0PN

— free

AeH, /53

Remark 3.21. (For the definition of a highest weight category, see [CPS|.) Thus, if A satisfies
(S3), then Theorem [Al implies that each block O[S3(\)] has enough projectives (each filtered with
Verma subquotients), finite cohomological dimension, tilting modules (i.e., modules simultaneously
filtered in O by standard as well as costandard subquotients — see [Rin, [Donl), and the property
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of BGG reciprocity. These properties then transfer to all of (’)[I/J\lfme]. Thus, Theorem [Al implies
that the algebras By are BGG algebras (see [Irv]). We do not discuss these results in great detail
as they are homological properties valid in all highest weight categories; however, some of these
results are stated in Theorem to give the reader a flavor of highest weight categories. We also
refer the interested reader to the comprehensive program developed by Cline, Parshall, and Scott
for more on such categories.

We state our second main result about Category O and the Conditions (S) over regular triangular
algebras: these constructions are all functorial.

Theorem B. Suppose A; = B; ® Hi; ® B;-r (with H1j O Hyj) is a (Hopf) RTA for 1 < j <mn.
(1) Then so is A= ®}_;Aj. Moreover, A is strict and/or based (and discretely graded), if and
only if so is A; for all j.
(2) A module V € (’)[fﬂﬁee] is simple if and only if V = ®7_,Vj, with V; simple (and unique

free

up to isomorphism) in O[f/l\lj | for all j.
(3) Each of the Conditions (S) holds for A if and only if it holds for all A;. More generally,
for1 <m <4,

— free

SA((AL - An)) = XG50, (%), S™(A) = xG,5™(4y),  VI<j<n, A\j€ Hj
o o (3.22)
as subsets of H, = x_ Hy; for suitable r =0, 1. Furthermore, S?(A) = x7_,5?(A;).
(4) Complete reducibility for finite-dimensional modules holds in (’)[I/J\lfme] if and only if it
holds in O[P/I\Jme] forall1 <j<n.

In other words, it is possible to relate all of these notions for a tensor product A = ®?:1Aj
of commuting RTAs A;, with their counterparts for the individual tensor factors A;. This is akin
to (and more general than) relating representations of semisimple Lie algebras with those of the
individual simple ideals. In fact, Theorem [Blprovides a useful approach to take in studying Category
O over newly introduced and studied classes of RTAs. For example, this was the approach adopted
in [Zhi], where Zhixiang showed the algebra of interest to be a strict, based Hopf RTA of rank one
that satisfies Condition (S4). See Example [[4] for more details.

3.4. Proofs of main results. The remainder of this section is devoted to proving Theorems [A]
and [Bl We will sketch those arguments which are along the lines of similar results in [MP [Kh2];
but we will spell out the details when illustrating how the more general structure of a (discretely
graded) regular triangular algebra is used.

We begin with results in the spirit of the original paper [BGG], which help explicitly construct
projective modules in Category O over discretely graded RTAs. To do so, we introduce the following
notation.

Definition 3.23. Suppose A is an RTA. Given a subset O C Qa“ and A € f/I\l, define
B,y == > By,  P(\0p):=A/(A- Bgys + A-ker\). (3.24)
00, 0%00 VY0€O

Also define O(X,©p+) to be the full subcategory of O consisting of the objects M for which
Bg,+ M) = 0. Finally, an A-module M is said to have a standard filtration (respectively, a highest
weight filtration) if M has a finite descending chain of A-submodules such that the successive
quotients are Verma modules (respectively, quotients of Verma modules).

Note that if O is finite, then Bg,+ = Bpax(@)+, Where max(0g) denotes the <-maximal elements
of ©p. We now list some properties of the modules P(\, ©p+) that are used to prove Theorem [Al
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Proposition 3.25. Suppose A is a discretely graded RTA, ©y C Qg s finite, and \ € I/flfree

(1) The subspace Bo,+ is a left ideal in B™ of finite codimension. Moreover, B{idHO},Jr =NT
and P(\, {idg, }+) = M()N).

(2) P(\,O0+) is an object of O(X,O0+) C O. Moreover, Homp(P (X, ©o+), M) = dim M) for
all objects M in O(\,Op+).

(3) P(\,©0+) has a standard filtration in O, and surjects onto M(X). If rooty, (Bt /Beo,+) =
Se, as multisets, then the multiset of Verma subquotients of P(\, ©p+) equals {M (0 \) :
0e S@O}.

(4) An Hi-semisimple module M is in O[f/l\lf
sum of modules of the form P(\, ©o+) for A € I/J\lfree, if and only if M has a highest weight

— free

filtration with highest weights in Hy

(5) Given objects My, My € (’)[I/-I-'\lfree], My & My has a standard filtration if and only if each of
My and My has a standard filtration.

1"66]

if and only if M is a quotient of a finite direct

We omit the proof as the arguments in [BGG|, [Don, Appendix A], and [Kh2] can be suitably
modified to work for all discretely graded RTAs. Note that when the discretely graded RTA is Ug for
semisimple g, we set H; = Hy := h* and Qf := ZTA = Z ¥ pp,(A’) to lie in the simple root lattice,
and work with the modules P(\, 1) := P(\,©;+) for | € Z*, where ©; := {0y € ZTA : ht(6y) = I},
with ht(fp) defined in Remark Indeed, this was the approach adopted in the seminal work
[BGG] to explicitly construct projective objects in blocks of O.

It is now possible to prove our first main theorem.

Proof of Theorem[4l Along the way to showing the assertions, we prove some intermediate steps
that are useful facts in their own right. The first claim is that part (1) already holds for Oy, i.e.,

— free

forallT C Hi" , On[T] has a block decomposition:

OulT] = P (OuTINOIS* V) = @ OnlT NS () (3.26)
NET/S3 AET/S3

where we sum over distinct blocks, and where each summand is an abelian, finite-length, and self-

dual Serre subcategory of Oy[T] C Oy [I/f\lfree]. Indeed, most of the claim follows by Proposition
and standard arguments, once we show the direct sum decomposition for all finite length
objects in On[T]. That there are no morphisms or extensions between objects of distinct blocks
follows from the same statement for simple objects of distinct blocks, by using Theorem and
the long exact sequence of Extps.

It remains to prove the direct sum decomposition of Oy[T'] into blocks. This is done by induction
on the length [ of the object in Oy[T]. For I = 0,1,2, the result is immediate or follows from
Theorem Now suppose the result holds for some object N = @,cr/53 N [S3()\)], and we
have 0 - N — M — L(u) — 0 for some p € T. Now use the following general fact that holds
in any abelian category ¢: if 0 - A® B’ — C — B” — 0 and ExtL(B", A) = 0, then the
sequence 0 - A — C — C/A — 0 splits, and we have 0 — B — C/A — B"” — 0. Write
N = N' @ N[S3(u)], and set A := N, B’ := N[S*(n)],C := M, B" := L(p). Applying the above
general fact yields M = N’ @ M[S3(n)], where 0 — N[S3(u)] — M[S3(u)] — L(u) — 0; thus
Equation (3.20]) follows. We now prove the various parts of the theorem.

(1) Given M € O[S'(A)], observe by Proposition B.28] that M has a highest weight filtration.
Moreover, the corresponding highest weights A1, ..., Ay can be shown to lie in S'(A). Now
for each po € S'(\;), by Proposition there exists a unique 6;,, € —QfF such that



AXIOMATIC FRAMEWORK FOR THE BGG CATEGORY O 17

k k
M) <Y UMON) <> ) dimg By, <o,

L poeSt(Xg)

since every simple subquotient of a Verma module M () is generated by (a lift of ) its highest
weight vector, whose Ho-weight lies in S(\). It follows that O[S'(A)] is finite length. Now
use the above analysis (before this first part) to complete the proof.
We first introduce some notation. Fix A € S%(A), with S2(\) = {A\1,...,\x}. Given
W e E/l\lfree, define 6;(11) to be the unique element of Qf such that 0;(u)*mp, (1) = A; if there
k
exists such a 0;(u) € (QF), else set 0;(u) := 0 = idy,. Now define ©,, := U[idHoaej(M)k,
j=1
where < is the partial order induced on ]/’{\Ofree by Q(J)r . (Alternatively, we may define ©, to

— free

be the set {0;(1)}, discounting repetitions.) Note that ©,, is a finite subset for all © € H
since Qa“ is discretely graded.

We now prove the result. Suppose A € S2(A) and M € O[S3(\)]. By Proposition
B25(4), M is generated by the lifts to M of the highest weight vectors in each of its
highest weight module subquotients. Each of these highest weights p; lies in W;I;(S2()\));
thus, M is generated by its Hop-weight spaces of weights A\; for 1 < j < k. It follows by
Proposition and the previous paragraph that Py, := @f\il P(u,0,,+) - M, where
i, () € {A1,..., Ak} VI. Now use Proposition 3:25[(4) as well as the definition of S?(A)
to show that O[S3(\)] C O(w, ©,,+) NO[SH(A)] for all 1 <1 < N. Moreover, P(u;,0,,+)
is an object of O[S1(A)] by Proposition B2Z5(3) and the definition of S2(A). Denote its
summand in the block O[S1(A4)N S3(\)] = O[S*(A\)] by P}, say. Then Homep (P, —) is exact
in O[S3()\)] by Proposition B25(2), whence @&, P, is projective in O[S3(\)] and surjects onto
M. This shows that the block O[S?()\)] has enough projectives.

It remains to show that each indecomposable projective P in O[S3(\)] has a standard
filtration. Since P is finite length, it has a simple quotient L(u) for some u € S3(\).
Now P(u,©,+) — L(u) from above, so its O[S?()\)]-summand Py surjects onto L(p). By
universality, this surjection factors through a nonzero map : Py — P — L(u). Now replace
Py, by some indecomposable (projective) summand P’ € O[S3(\)] to obtain nonzero maps
: (P' +» P) — L(p). Then standard arguments involving Fitting’s Lemma show that P, P’
are both isomorphic to the projective cover in O[S3(\)] of L(x). Since P’ is a summand of
P(p,0,+) and P = P', it follows by Proposition B25(5) that P has a standard filtration.
Suppose A € S3(A) N S2(A). First note by Proposition [B25(3) and the RTA axioms that in

— free

the set of Verma subquotients in any standard filtration of P(u, ©¢+) (for any p € Hy
and finite subset ©g C Qar ), the multiplicity of M (u) is always 1, and any Verma module
with nonzero multiplicity is of the form M (6 % p) for some 6 € rooty, (B*/Be,+). Hence
the same applies to the projective cover P(\) of L()) in O[S3(\)], for all A € S3(A)NS2(A).
Now continue the analysis in the previous part and recall that O[S3(\)] has only finitely
many simple objects up to isomorphism. Thus, standard category-theoretic and homolog-
ical arguments using Fitting’s Lemma show that the set of indecomposable projectives in
O[S3(\)] is precisely the set of projective covers P(u) for u € S3(\) (and a dual statement
holds for injective hulls as well). Now define P := €D ,,cqs() P(u)®™ for any choice of
integers n, > 0. Since S3()) is finite, P € O[S3(\)] is a projective generator of the block
O[S3()\)]. Moreover, if By := Endp(P), then by standard computations in [Donl, Appendix
A] or [CPS], the functor Home (P, —) = Homeygs(y) (P, —) is an equivalence from O[S?())]
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into the category of finitely generated right Bj-modules. That B, is finite-dimensional
follows from a more general result:

dimg Homo(P(A), M) = [M : L(\)], VM € O[S'(A)], X € S*(A).
Now the first paragraph in this part implies that each block is a highest weight category.
Finally, suppose A satisfies Condition (Sm) for some 1 < m < 4. Then the corresponding assertion

(numbered min(m, 3)) holds on O[}/I\lfree] becanse §™(A) = f/I\lfree, -

The proof of our second main result (Theorem [B)) is of a very different flavor. Before proceeding
to this proof, we first write down some additional facts in order to give the reader a flavor of highest
weight categories. More precisely, we list various desirable properties for the blocks of Category O
over regular triangular algebras satisfying Condition (S3). See [Rinl, [Donl, [Kh2] for proofs.

Theorem 3.27. Suppose A is an RTA, and \,jn € S3(A) N S2(A). Then A := O[S3(A) N S2(A)]
has the following properties:
(1) (BGG Reciprocity.) The multiplicity of M (p) in any standard filtration of P()\) in O[S3(\)]
(or in A) equals the multiplicity of L(\) in any Jordan-Holder series for M (u).
(2) (Neidhardt’s theorem.) If B~ is an integral domain, then every nonzero map of Verma

modules with highest weights in .F/I\lfree is an embedding. Moreover, Hom 4 (M (u), M (X)) # 0
if and only if M(X) has a subquotient L(p).

(3) Ext(L(X), L()) = 0 for all n > 2|S3(\)|. In particular, O[S?(N\)] has finite cohomological
(or global) dimension, bounded above by 2|S3(\)|.

(4) Ext’y (M, N) is finite-dimensional for alln >0 and M,N € A.

(5) If X, Y € A have standard filtrations, then

dimg EXtZ(X, F(Y)) — {Z)\GSB(A)I"ISQ(A) {X : M()\)HY : M(A)]a ifn=20; (328)

0, otherwise.
In particular, if Exty (M (X), F(M(w))) is nonzero, then n =0 and A = p.

Note that some of the assertions hold more generally; moreover, if Condition (S3) holds, then
— free

S3(A)N S2(A) = H, by Lemma 320
We end this section with the proof of our second main result. The proof repeatedly uses the
following standard result.

Lemma 3.29. Given a ring R, every simple (sub)quotient of a direct sum of R-modules is auto-
matically a simple (sub)quotient of some summand.

Proof of Theorem [DBl.
(1) This part involves some (relatively straightforward) bookkeeping. In particular, define

77

n n
Qf =x"_,0f A:=]]a;, A:=][4a), B =B, H =g} H,;
i=1 j=1

= L = o 4 N
Then H, = x}_,H,; for r = 0,1; moreover, (B; )y, C BidH1,~~~7ide,1ﬁj,ideHw-,idHn for all

1 <j<mnand0; € Autp_q4(H;). Conversely if A is based, then defining A; := AN Q&- for
all j shows that A; is also based. The assertion about the equivalence of discrete gradings
follows from the fact that [idm,, (0;)7_;] = x}_;[idm,;, 0;].

(2) By Proposition B.8[(7), simple modules in O[I/{\lfree] are characterized by fﬂfree. Now verify
using the previous part that ]/'J\lfree = x?zll/'f\l;me. Moreover, given A; € I—/I\lfree for all 7,

set A= (Aq,...,\p) € I/{\lfree. Then ®;L;()\;) is generated by its one-dimensional A-weight
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space, which is spanned by a maximal vector. Moreover, it is easily verified that ©;L;();)
is a simple highest weight A-module in O4, whence it is isomorphic to L(A). Finally, the

uniqueness of the \; (given some A € ];/I\lfree) follows because L(\) is isomorphic to a direct
sum of copies of L;(\;) for any fixed j, so by Lemma [3.29], \; is uniquely determined from
L(\) as well.

(3) We first claim that S%()\) = x?zls’ij()\j), where \; € I/—I}l;Tee for all j and A = (Aq,..., A\p)
as above. To do so, first note that M(\) = ®7_;M;(A;). Now if M(A;) has a simple

subquotient L;(y;), then there exist submodules N;j C M; C M(\;) such that M;/N; =
L;(pj). But then by the previous part,

(@1 M;)/N = L(p) = @71 Lj (), N = Z(Nj®®k;£ij)-
j=1
Moreover, suppose (exactly) one of [M(X;) : L(u;)], [M(p5), L(\;)] is nonzero for each j.
Then by the previous paragraph the simple A- module ® 1Lj(min(Aj, pj)) occurs as a
subquotient of both M () = ®7_; M;(A;) and M(p) = M;(p5). From this analysis it
follows that x7 SA (Aj) € SE(N).

To prove the reverse inclusion, suppose [M(A) : L(p)] > 0 in O[I/{\lﬂee]. Fix1<j<n,
and consider both modules over their restriction to A;. Thus (a direct sum of copies of)
Lj(p;) occurs as a subquotient of a direct sum of copies of M;(\;). It follows using Lemma
that [M;(\;) : L;j(u;)] > 0 for all j. Now it is not hard to show that S%(\) C
X?:ls,?zxj()\j )

In turn, applying 7m, = X}_;7H,; shows that SZ2(\) = x5 SA (Aj). Moreover, the

. = [ree . . . . ——free
partial order on H, holds premsely when it holds in each component (i.e., H,;" ).

This implies that S () = x3 SA (Aj). Finally, one verifies that Z(A) = ®” 1Z(4A5),
which implies the assertion for the S4 sets. The assertion involving S™(A) now follows
easily. Finally, verify that

S2(A) = {A = (N)) € S(A) = x;5%(4)) : 1 ([S*(N)]<) € S1(A) = x;5'(4))}
={A=()\) € x;8%(4;) : x TFH ([S2(A\)]<) € x;8M (A}
= I {Aj e S%(4)) : 7TH0 ([52( <) C SY(A))} = X[ S%(4)).

(4) The proof is similar to that of [Kh2, Theorem 15.2] and is therefore omitted.
([l

4. EXISTENCE RESULTS FOR RTAS: SEMIDIRECT PRODUCT CONSTRUCTIONS, NON-ABELIAN
ROOT LATTICE

Having studied the structure of Category O over a general RTA, we turn to the construction
and study of examples of RTAs. We begin by presenting examples of RTAs that are “completely
different” from all examples considered to date in the literature, in the following sense: all previously
studied RTAs have the property that the “root lattice” Qg is abelian. In fact, with the exception
of stratified Virasoro algebras (see Section [(.2)), all previously studied RTAs are moreover based
with a finite set of simple roots. Thus a natural question to ask (and whose answer is a priori not
yet known) is: do there exist examples of RTAs for which Qar is not abelian? In this section we
provide a positive answer to this question, which further reinforces the generality of our framework.

Before constructing a concrete example of an RTA with non-abelian monoid Qar of positive roots,
we first introduce the following notation.



20 APOORVA KHARE

Definition 4.1. A monoid Qg is said to be a regular triangular monoid (RTM) if it satisfies the
following properties:

(RTM1) QF \ “QJ} is a semigroup, which generates a group (Qg).
(RTM2) There exists a left-action x of @Qf on —Qg, which fixes 1Q5r and satisfies the following
“cocycle conditions”:

01051 = (01 x 051) - (B2 x 0717, (4.2)
01 (050 051) = (01 x 051 - (B2 x 07 1)L x 0571). (4.3)

Now say that a monoid M acts admissibly on a regular triangular monoid Qg if there exists a
monoid map : M — Endmfmoid((Qar)) N Endmonoid(Qar), such that

m(01 x 0;1) = m(6h) x m(62)"',  Vme M, 61,05 € Qf. (4.4)

Remark 4.5. Note that the condition (RTM2) is equivalent to defining a matched pairing of the
monoids Qf and —Qf, as in [GM], Section 3]. This is because (RTM2) can be reformulated in
terms of a right action x of —QF on Qg via similar looking “cocycle conditions” as ([E2),([Z3).
The relationship between these two actions is: 61 x 05 - (02 x 0] 1)*1. Further note that the first
cocycle condition (f2) is unchanged under taking inverses. Moreover as in [GM| Section 3|, the
matched pairing/RTM structure above shows that (QF) = (—QF) 1 QF, the bicrossed product
of the two monoids. However, the matched pairing is not strong, because the multiplication map
: —Qar X Qar — <Q6r> is not a bijection unless Q(}L is a singleton.

For completeness, we also note that matched pairs of monoids were defined and studied by
Gateva-Ivanova and Majid in connection with solutions of the Yang-Baxter Equation. More gen-
erally, an example of the bicrossed product of two Hopf algebras is the Drinfeld quantum double,
which is a braided Hopf algebra and hence provides solutions of the Yang-Baxter Equation. There
are further connections to Hopf algebras and Lie theory (see [GM| [Kas| and their references), which
we do not pursue further in this paper.

In this section we prove the following existence theorem for RTAs over RTMs. The theorem
shows that RTAs with certain additional properties exist over monoids QE{ , if and only if these are
regular triangular monoids:

Theorem 4.6 (RTM-RTA Correspondence). Given a regular triangular monoid Q(f , there exists
a strict RTA A := A(Qg) such that (a) Qf = Qf; (b) Béz # 0Vl € Qf; (¢c) BE do not contain
zerodivisors; (d) the multiplication map ma : B*®@Ho®@ B~ — A is also a vector space isomorphism;
and (e) for each 01,05 € QF, the image of mA(Bé}L1 ®Flg, ®Be_2—1) is contained in B, © Hy® B,
for unique 0% € :l:Qar.

Conversely, if A is a strict RTA that satisfies (b)—(e), then Qg s a regular triangular monoid.
Remark 4.7. Thus the notion of an RTM is intimately related to the notion of an RTA. In fact,
RTMs provide a natural answer (via Theorem FL0) to the question: “Given a (sufficiently nice)

RTA, what structure can one expect from its underlying semigroup Qar ?7” Moreover, the existence
result in Theorem (6] shows that the RTM/RTA frameworks are not “unnecessarily broad”.

We prove Theorem below; for now, we observe that Theorem immediately shows the
existence of RTAs over arbitrary abelian monoids QSF:

Corollary 4.8. Suppose Qg 18 a commutative monoid such that Qar \ {1Q8r} s a semigroup. Then
there exists a strict RTA A= A(Q{) such that Qf = Qg .

Proof. Note that every commutative monoid QF satisfying (RTM1) is a regular triangular monoid
with 6 x 951 = 051 for all 61,02 € Q. Now apply Theorem O
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This section is organized as follows. In Section 1] we prove Theorem In Section 2] we
then provide several recipes that yield RTMs (which in turn lead to RTA constructions). Finally,
in Section 3] we carry out the aforementioned construction of an RTA A with non-abelian span of
roots, and study its associated Category O.

4.1. Existence theorem for RTAs over regular triangular monoids. This subsection is
devoted to proving Theorem We begin by showing a more general result.

Theorem 4.9 (RTA Existence Theorem). Suppose QO+ is a reqular triangular monoid, and ZF acts
admissibly on (Qg) for some k € ZT. Then for all c € F*, there exists a strict RTA A = A(Qf )
such that: (i) QF equals the reqular triangular monoid (Z7)*x Qg ; (i) A(QF, c) satisfies properties
(b)-(d) in Theorem [[-0, as well as property (e) for all 01,02 € Qf; and (iii) there exist nonzero
elements {zF : 1 <r <k} in A(Q],c) such that [x},x}] = [z, ,2,] =0 and [z}, 2] = dgrc, for
all1 < q,r <k.

Proof. Suppose {¢; : 1 < j < k} denotes the standard Z-basis of Z*. Define the F-algebra A(Q{, c)

to be generated by the algebra Hy := F[ZF x (Q{)] = (F(Z* x (Qf)))* of F-valued functions on
the group ZF x (Qg) (with coordinatewise addition and multiplication), together with elements

{tetj)[l 100 € Qg } and {333E : 1 < j <k}, modulo the following relations:

P50 o flef 21 00 = goner yOamer )
+1 +1
7 (=) = FU0,6FY) - T, 2T (=) = f((F¢5,0) - )T (4.10)
+1
_ — = (0
[x;t,flf;L/] — [x;t,x],] — O’ [ij’ajﬂ ] = ¢j, l‘;tteo — t53 ( O)ZE;‘:,

forall 1 <j+#j <k, 601,00 € Qf, 0o € (QF), and f : ZF x (Qf) — F in Hy.

We now claim that .A(Qar ,c) is a strict RTA satisfying the aforementioned properties. The meat
of the proof lies in showing that the algebra A(Q{,c) satisfies (RTA1). More precisely, we claim
that the following holds:

The F-algebra A(Q¢ , c) satisfies (RTA1), with B~ having an F-basis of the form
k
- 1
Xy = {0 [[ @) 10y € 25,00 € Q) (with ¢ %5 =1), (4.11)
j=1

and B* having an F-basis X, = {H;C:l(m;r)”ﬂ % in; €2, 00 € Q).
We show the claim after proving the remaining assertions. Given the above claim, the decomposition

in (RTA2) also holds, with Qf = (ZT)F x QF. Moreover, every weight space of Bt is one-

dimensional, of the form B(J;’HO) = FHle(:rj')"ﬂ t%. This includes the space Bi'gHO = B(—Blear)'

Next, the symmetric form of the algebra relations (£I0) implies that (RTA3) also holds with the
anti-involution sending tao,x;r to tf l,x; respectively, for all 6y € Q(T and 1 < j < k. (In fact,
(RTA3) can be verified at the very outset, even before/without verifying (£I1]).) Now property
(i) from the statement is clear from the algebra relations and the above claim, except for the
fact that (Z*)* x QF is an RTM. This last fact is proved more generally in Theorem E20)(1),(4)
below. Property (iii) is immediate from Equations (£I0),([@I1]). To show property (ii), the algebra

relations ({I0) yield:

ma(By, @ Hy ® B;;l) C Bglxegl ® Hy® B(+92D<0;1)—17 V01,0, € Q.

Next, that BT do not contain zerodivisors follows since B* are Hpy-root-semisimple, each root
space is one-dimensional, and by Equation (£I0) and (RTA1) there exist no root vectors that are
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zerodivisors. Finally, that the multiplication map : BT ® Hy ® B~ — .A(Q(J)r ,C) is a vector space
isomorphism is proved similarly as the proof (below) of the claim (EIT).

It remains to show that (RTA1) holds, or more precisely, the claim (II]) is true. For this we
use the Diamond Lemma from [Be]. More precisely, Bergman has shown a variant for rings of the
following result from graph theory: if a directed graph satisfies (a) the descending chain condition
(every directed path has finite length) and (b) the diamond condition (any two distinct directed
edges with common source extend to directed paths with common target), then every connected
graph component has a unique “maximal” vertex. We now apply Bergman’s result to A(Qar, c), to
prove the above claim ([{I1]) as follows:

e Let {h; : i € I'} be a fixed F-basis of Hy with hg = 1p, for a fixed element 0 € I. Then a
set of generators of A(Qq,c) is given by:
Xo={a7:1<j<k}[J{t" : 00 € Q) \ {1Q+}}H{hi ciell). (4.12)

Then one has relations hgh, = > ;¢ q.rls that encode the multiplication in Hy, as well as
other relations that we rewrite for reasons explained below:

0705 063! 014051 _ 0105 (0207 1)
-1 -1
thi(=) = ((0,60)(ha)) (=) ", ha(=)t" =" ((0,00)(ha))(-),
v hi(=) = (5, 1) (ha)) (=) -2, ha(=)xy =27 - (55, 1) (hi) (=), (4.13)
+pm = + + - T T ot — ot
Tj i = Tipys Tjo; =TjT5F € Ty y = Lyl Tyy =TT
tolmj = :U;Ethaﬂ(el), x;ttefl = tiaj(afl)x;t, hoxr = zho = z,

forallie I,1<j1 #jo <k, 1<j<j <k, 01,0, EQSF\{ng}, and x € X. (Note that

some of these relations are obtained from the presentation [@I0) of A(Qg ,c), via the fact
that Hy is a contragredient representation of the group Z* x (Qg).) We label the set of all
these relations by the index set X x.

e The next ingredient is to define a total order on (X). To do so, first define and fix a total
order < on the set of generators X as follows. Use the Axiom of Choice (more specifically,
the Ultrafilter Theorem — or equivalently, the Compactness Theorem for first-order logic),
to construct a total order < on Qg , which extends the partial order 6y < -6y V6o, 0} € Qg -
Also fix a basis {h; : i € I} of Hy that includes hg := 1, (with 0 € I). Next, define a total
ordering on I such that 0 < ¢ Vi € I. Now use the following total order on X:

ho< 1% (L0 e QF\{lgs}) =<ap <+ =ay < h (1iel\{0}) (4.14)
<af <=y <t (10 €Qf \ {1 1)
where t% (1 0y € Qf \ {1Q§}) means that {t% : 6y € QF \{1623}} inherits the total

order from Qg via the map 6y — t%, and similarly in the other cases (where | indicates
order-reversing).

This order then extends to a semigroup partial order on the monoid (X) generated by
X (which is a basis for the tensor algebra on the F-span of X)), which satisfies: if > a’
in X then AzB > Ax'B for all A, B € (X). To do so, we in fact write down a total order
on (X) as follows: compare two words by setting larger words to be greater, and via the
lexicographic order induced by < on two words of equal lengths.

e In place of directed edges in the graph-theoretic version of the Diamond Lemma, Bergman
uses the algebra relations to work with reductions. Namely, we need to verify that every
relation discussed above can be written as w, — f, Vo € Xx, with w, € (X), f € F(X) =
Tr(spanp X ), and such that every monomial in f, is strictly less than w, in the semigroup
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partial (in fact total) order above. It is easy to verify that this procedure applies to every
relation in ([@I3]) by replacing the equality by —.

e The previous step verifies that the semigroup partial order on (X) is compatible with the
reductions. This provides us with a directed path structure on the graph whose nodes
are the monomials in (X). In this structure, “maximal” vertices are those from which no
directed path starts, i.e., monomials that are left unchanged by every reduction. In other
Words maximal vertices are precisely the “irreducible” monomials, given by {z~ - h; - 2"
rt € X;ET,Z € I} (via Equation (@ITI)).

e It remains to check that the descending chain condition (DCC) and the diamond condition
are satisfied in our setting. A standard tool used to verify the DCC is a misordering index
mis(w, ), where mis : (X) — Z* is zero on all irreducible words, and we show that w = w’
in (X) implies mis(w) > mis(w’). Thus each reduction reduces the mis(-)-value, proving
the DCC.

In our setting, define mis : (X) — ZT via: mis(sy---s,) := T} + 7" + H' + N’, where
T'.,H' denote respectively the number of letters s; of type teoﬂ,hi for 0y € Qg \ {IQJ}

and ¢ € I; and N denotes the number of pairs (j,5’) such that: (a) 1 < j < j/ < n
and (b) s; > s; with not both sj,s; of the same type (T.,T”, or H'). We claim that
every reduction of w € (X) strictly decreases mis(w). This is not hard to verify using the
presentation of the algebra A(Q, ¢) given in (EI3).

e Finally, we verify the diamond condition. By [Be], one only needs to work with directed
paths of reductions starting from monomials; and one only needs to resolve “minimal ambi-
guities”. Moreover, there are no “inclusion ambiguities” in our setting (i.e., for no o, 0’ is it
true that w, € (X)w,(X)). Thus it suffices to show that the diamond condition holds for
all overlap ambiguities ABC', where AB = w, and BC = w, for some 0,0’ € X x. In the
present case this involves computations with words of length precisely 3, in the 165" , xf, h;.
Some of these computations are straightforward using the algebra relations and so we do not
write them all down; for instance, overlap ambiguities involving all three alphabets being
of the same “type” — t, or x, or h — are trivially resolved using the algebra relations and
the cocycle conditions ([£2),([&3]). The other overlap ambiguities are also not hard to work
out; for illustrative purposes we carry out a few of the verifications in the equations (415,
using the RTM-axioms and the hypotheses of the theorem. We will also use 0 instead of O
for the zero element in ZF.

(61 > 15¢) (t" & )hi(=) — xj(t(fsj)(el)hi(_))_>(xj((l(_Ej)(el)xhi)(_»t(,sj)(@l)
= (g5, 1920, (=€) (0)ha) (=) - af =),
t (2 hi(=)) = (¢ (g5, Loz )ha)(=))z = ((0,601)(ej, Lo V) (=) - (1" )
= ((0,601) (g5, 11 Vi) (=) -t 7o) OV,
(01> 1) ("hi(=)z; = ((0,60)hi) (=) - (1501 ) = (((0,01)hi) (—)ay )5 ()
= ;- (5, 14)(0,0)hi) (=) - 591 (4.15)
7 (ha(=)zy ) = (¢ a7 ) (25, 14 )hi) (= )—>w (t7D ((e, Lo )hi) (=)
= - ((0,5(61) (g5, 1t Vi) (=) - 590,
(01>1Q+) (telhi(—))tf; — ((0,01)hi>(—)(t01t9;1)_>(((0’Gl)hi)(_)telNegl)t(92b<9;1)7l
S 970 ((0,0, 031 7L(0,00) ) (=) - £02x0T DT
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O (hi(—)t% ) = (191%)((0,02) i) (—) — 19140 (102007 (0, 02)hi) ()
—>t01[><62 (( (02b<9_) )(0 92);%)( ) (92»<6 )
(0> 1g) (tglt(’?)ag —>t9192x —>x #(F25)(0202)
01 (t%20F) = (1) Fo) ) gk (1 (Fo0) 00y (Fe)O2)) iy (o) (202),

6> 1 ()0 s o (FDO0 )y (P 003 0 (e (07 1)

Qf )
(0105 1) (02 ()07 )
T @;:t@;l) - (telt&ej)(e;l))xji N O I (C s I ¥
— telw(iaj)w;l)(t(<iej>(ez>w9;1>*1x3t) 01 (Ee;) (63 )xft@en((ie])(ez)we Ht
= 1) 03 ey Ba (R (01 ))
(01 > 1Q+) (1 )l‘z = x+(t(—€j)(91)$;) N (le;;)t(&l—fj)(el) - (x[x;r + 5jlcj)t(€l—€j)(91)’
9 (f ) = (") )al + Sjucit? = ap (1O 2 ) + 50t
— ay @O 4500
Gel) (afhi(=)z = (5, Lop)hi) (=)@ ay) = (g5, Lo i) (=) @y @] + djcj)
—a - ((g5+en1ge)h )( ) ) +5ng] (g5, 1g¢ )hi) (=),
o (hi(=)zp) = (@] ) (e, 12 )ha) (=) = (a7 2 + djc;)((er; 1 Vi) (=)
=z - (g5 + e 1) ha) (- ) ij +5jz0j'((€l,1Q0+)hi)(—)~

(7>1) (m+xl+)xl_ — x;“(a;sz ) — x;r(xz_xj + 0ijc5) — ac._x;rw* + 51-10133* + dijciz;
xj(x;rxl_) — xj(x_xf + 0icr) — x; (x+ml )+ Sijeiz + (5llclx+

(00> 1) (2 hg(=))he(=) = ((0,02)hg) () (ke (=) = ((0,00)hg) () - ((0,01) ) (=)t
(g (he(-) = S et h(=) = 3 e ((0,60)he)(-) - 12,

Both computations in the last reduction yield the same quantity because Hy is a module-algebra
over the group Z¥ x (Qg) (via its contragredient representation), and this imposes a compatibility
constraint on the structure constants for Hy. Further note that several overlap ambiguities that are
not listed in ([£I5)) can be resolved without any further computation, by applying the anti-involution

A(QF,¢) = A(QF, c) from (RTA3). For instance, the first overlap ambiguity resolved in (EI5)

implies that the overlap ambiguity hi(—)xj_tel_ " can also be resolved for 1 € QN {1Q§}‘ O

Remark 4.16. Our construction of the algebra A(Qar, c) can be thought as a generalization of
continuous Cherednik algebras (see [EG(]). Note that the algebras B¥ are “dual” to one another
in some sense; however, they need not be polynomial algebras as in [EGG].

Remark 4.17. In light of the algebra relations (@I0) in A(Q{, ¢), the first cocycle condition (EZ)
can be thought of as a group/monoid version of a so-called “straightening identity” in the flavor of
Garland [Gar], Beck-Chari-Pressley [BCP|, and several other works in the literature. For more on
the subject, see [BC] and the references therein.

Equipped with the above theorem, we now prove our initial result in this section.

Proof of Theorem [J.0. The meat of the proof lies in proving the existence of an RTA A(Q{) over
an arbitrary RTM Q(}L ; but this is the special case of Theorem .9l where & = 0. Conversely, suppose



AXIOMATIC FRAMEWORK FOR THE BGG CATEGORY O 25

there exists a strict RTA A satisfying properties (b)—(e). Define 61 x 05,01 x 65" via:
ma(By, ®F -1y, ® B ;) C B, ® Ho® B,
2

0105 01%05 "

Note here that both sides are nonzero subspaces of A. It follows by considering their Hg-roots
that x is an action of @ on —Q, and that 61 - 05" = (61 x 051) - (61 x 05 1). Now applying the
anti-involution ¢ to the above subspace (via Lemma 2] and again considering the Hy-roots, we
obtain (via a slight abuse of notation):

(0 x 0, =i(0 % 0;1) =i(0;1) xi(61) = O x 07, V01,600 € OfF.
This shows the first cocycle condition (£2) for Qg . Next, consider #1,602,03 € Qar , and compute
mA(B;1 ®B,_,® Beil) in two ways by using the associativity of m4 and properties (b)—(e). This

2 3
is an easy computation that yields the second cocycle condition (3] for QS‘ . O

We end this subsection with two further results on the algebras A(QF). The first discusses
Casimir operators.

Proposition 4.18. Fixz a reqular triangular monoid Q(}L and a subset Q= C —Qar such that 61 x —
is a bijection on Q~ for all 0 € Qa'.
(1) Then a suitable completion of the algebra A(Qf) contains a central “Casimir” operator
_ —1
Q(Q ) = 200697 t60t00 .
(2) The operators Q(Q~) act on all objects in O[Hy

— free

in O, hence act nilpotently on O[Hy .

free
]

. They kill every highest weight module

Examples of subsets Q~ include any subset of —Qg when Qg is abelian; as well as Q~ = “QJ}’
which corresponds to 2(Q7) = 1.

Proof. For the first part, observe using the first cocycle condition (£2]) that (62 x 6] h=1.9, =
(67 x 02_1)_1 -0y, for all 61,05 € Qar. Now fix 6, € —Q~ and compute using the algebra relations:

1 _togltez _ telxeglt(egxefl)*lteg _ telxaglt(elxegl)*ltm'

By the assumptions on Q7 it follows that t”' commutes with Q(Q~) for all §; € QS‘ . In turn, this
implies (using the anti-involution i : t% < t% " on A(QF)) that Q(Q7) is central.

To prove the second part, first observe as in the Kac-Moody setting, that the “Casimir” operator
Q(Q7) acts on arbitrary objects of Category O[ff\oﬂee]. Moreover, Q(Q™) kills the highest vector
in any highest weight module in the respective Categories O, since the Harish-Chandra projection

to Hy Kkills all such operators. It follows that these central elements annihilate the entire module.
The final assertion now follows from Proposition B.25(4). O

We also discuss the Conditions (S) for the algebras A(Qg ).

Proposition 4.19. Suppose Qa' s a nontrivial regular triangular monoid, whose action X on —QS‘
stabilizes —Qg \ {1Q8r}. Then the algebra A(QJ) satisfies none of the Conditions (S), because

S3N) = (QF) * A VA € Hy' ™™, so that dim L(\) = 1.

— free

Note that l/LI\OfTee is nonempty because <Q§ ) C Ho

Proof. Given \ € I/fofree, we first claim that every nonzero weight vector t%2 1m,\ of the Verma
module M () is maximal (for 05 € Qar). To show the claim, compute using the assumptions and
the algebra relations ([@I0), for 6; € Qg \ {1QO+}:

-1 -1 —1y—1 -1
101 02y = 0102 4 (02x00) " e 401%0 L Ny = 0.
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This proves the claim. In particular, N~my C M()) is a codimension 1 submodule, whence
F = M(X)/N-my — L(\). Therefore dim L(\) = 1. Finally, recall by the first Cocycle condition
([E2) that an arbitrary element 6 € (QF) can be written as 6 = 0,6_, where 6,0~ € QF. Now
note using the above claim:

[M(X) : L(O_ % \)] > 0, (MO X): L0 % (0% X0)] >0 = 0x\eS*(\)V0e(QF).

This proves the statement about S3()\) since S3(\) C (Qf) * A for every RTA and all \ € Hof “

Moreover, A = mp,(A) > 6, "X foralln € Nand 6y € Q(J{\{lQ(T}, so that |ST(\)] = oo VA € Hy
This concludes the proof. ]

— free

4.2. Examples of regular triangular monoids. Having proved the RTM-RTA Correspondence
(Theorem [4.0]) and the more general RTA Existence Theorem [£.9] we now describe several recipes
to construct examples of RTMs, which in turn admit RTA constructions.
Theorem 4.20. Suppose k € Z*, and for each j =0, ...k, Qj s a monoid contained in a group
<Q;‘> such that Q;‘ \ {1Qj+} s a semigroup.
(1) If QF is abelian, then it is an RTM with 61 x 92_1 = 02_1 for 01,09 € QF .
(2) If all Q;r are RTMs, then so is x;‘?:OQ;r.
(3) Suppose k =0 and Q(J)r is an RTM. Suppose Qar contains a submonoid QT whose action x
on QO stabilizes —QT. Then QT is also an RTM.
(4) Suppose k =1, QO, 1 are RTMs, and (QF) acts admissibly on Qf . Then Qg - Q7 is an
RTM (where (QO) (QF) denotes the semidirect product group).

Note that parts (1),(4) are used in the proof of Theorem
Proof. The first two parts are easily verified; note for the second part that we define
(005 _g (0, )j—g := (6] x 6;)ig, VO € £Q.

To prove the third part, note that (QT) C (Qg) is a group; moreover, the cocycle conditions

(E2),E3) hold in —Q™ because they hold in —Qg .
It remains to prove the last part; for this we will write every element of (Q7) - (Q7) as (61, 6) =

61 - 6o, with 0; € <Q;r> for j = 0,1. That Q7 - QF satisfies (RTM1) is not hard to verify, so we only
verify here that (RTM2) holds. For this, define

(67,65 x (67.65) = (67 = 67 (67),65 x 0y), W65 € Q7.
Note that this is a natural definition to propose, given the actions x of Q;r on —Qj for j = 0,1
and the semidirect product structure of Qar . Qf Now compute:
(i u) < (6.6 w (67.63)) = () (65 ¢ 65 (67). 6  6)
= ) OF = B 0)), v (0 % 0 ),
(o) - (0F.60)) x (07 .85) = (v v (6)) (v 0)(61), (v ) < B ).
Using the admissibility of the QO -action on Qf, as well as the actions x of Qj on —Qj for j = 0,1,

it follows that both of the above quantities are equal. Therefore x is indeed an action of Qg . Qf
n (—Qg) - (—Q7). The action fixes (1Q+, Q+) because Qg , Q7 are both RTMs.

It remains to verify the two cocycle conditions (42]),[@3]). In what follows, denote a x b :=
(b71 x a=1)~! for suitable a,b. Now to show the first cocycle condition for QF - QF

1, We compute:
(0F,6) - (07,65) = 61056165 = 6765 (87) - (65 x 05) (05 x 6;) (4.21)
= (0 % 05 (07)) - (65 = 05) - (65 x 65) ™ (0F = 65 (67)) - (65 > 6g)-
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Thus it suffices to prove that

((67,60) 7" (6F,65)71) - (65 x 6) 71 (67 = 05 (67)) - (65 % 65) = (Lgs, 1g8) = 1,
i.e., that
((0)H(07) ™ < (03 05) ™1 (0) ™, (65) ™ = (07) ™) - (65 x 65) (65 > 657 (67)), (65 x 6y)) = 1,
i.e., that (using the first cocycle condition ({2 for Qf):
()" (07) ™" (B 0) 1 (07) ™1 ((0) ™" e (B) ™) [(B5 x 65) ™1 (0 = 05 (67))] = (14, 1) = 1.
But now the first cocycle condition (£2]) and action on Qf for QSr show that the second factor on the
left-hand side equals (63 6, )~ (6] = 6 (7)). Similarly, the admissibility of the @ -action on Q7
shows that the first factor on the left-hand side equals (856, )~" (65 (67) " x (67)~!). Multiplying
these two factors, we are now done by using the first cocycle condition for Qf.

Similarly, the second cocycle condition is verified as follows, using ({.2I])) and the cocycle condi-
tions for Q;‘:

((6F.65) = (67,65) - (((67,65) % (67,65)) x (vy,v5)) = a-b- [(07(e)d) x (v, 5],
where a 1= 0 x 05 (07), b= 05 x 0y, c:= 0] x05 (), and d := 0§ x 05 . In turn, this expression
equals

=a-b-(bHe)xd(vy)) - (dxyy)=a-(cx (bd)(v]))-b-(dx vy ).
Recall by the cocycle condition for Q; that bd = 03 0, . Now we compute the other side of the
second cocycle condition:
(07, 05) % (01, 0) - (v1,vg)) = (07 = 05 (67 - 05 (v1)), 04 = (65 v))
= (0 = 05 (67)) - [(6) = (65 (01))) & (05 (65 (v1)))], (0 = 0y) - (0 > 6y) = )
=a-(ecx (bd)(vy)) b (dxyy),

and this proves the second cocycle condition, as desired. ]

We now describe an application of Theorem [20)(1),(4), which yields a natural class of solvable
examples of RTMs:

Corollary 4.22. Suppose G is a group with abelian subgroups Gy, ..., Gy such that:
e Gj acts on Gy, for 0 < j <k < n by group homomorphisms, in a compatible manner such

that G = ( . ((Gn A Gn—l) X Gn_g) X Gl) X Go; and
o For every 0 < k < n, Gy, contains a sub-monoid G, stable under the action of (---((Gg x
Gr-1) X Gp—2) X ---G1) x Gy, such that G; \ {102} is a semigroup that generates Gj,.

Then GT = (- ((GF x G ) x G} ) x---GT) x G§ is a regular triangular monoid.

Note that Corollary is a particular special case with n = 0. Similarly, if n = 1 then this result
implies Theorem E20(4) when G is an abelian RTM with the usual (trivial) x-action.

Proof. The proof is by induction on n. For n = 0 the result follows from Theorem .20(1). Now
suppose the result holds for n — 1, whence M+ := (--- ((G}f x G ) x Gt ,) x---G]) is an RTM.

Define the action map x of GT on —G™ as follows:
(9nse090) % (Gns-390) = (a1 90 )(9n )+ (91 90 )(92 )99 (91 ), 90 ) » (4.23)

where gzc € :I:G; for 0 < k < n. It is now a straightforward calculation to verify that Gy acts
admissibly on the regular triangular monoid M ™, whence we are done by induction via Theorem

E20(4). O
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Remark 4.24. Corollary holds for all groups that can be expressed as a tower of semidirect
products. Clearly such groups G include all abelian groups; each such group G is solvable; and if
all G, are finitely generated, then G is polycyclic. A natural question to explore is if every solvable
group with a given set of abelian Jordan-Holder factors generated by RTMs, is also generated by
an RTM.

4.3. Non-based example with non-abelian span of roots. We conclude this section by study-
ing an RTA A(Q{,c) (constructed in the RTA Existence Theorem EEJ) for a specific non-abelian
monoid Q(J{ , as well as its Category O.

Fix k € N, ¢ € (0,00)*, ¢ € F*, and a nontrivial additive subgroup E C (R,+) such that
C;EIE C Efor1 < j < k. Then EN[0, c0) is an abelian RTM with the trivial x-action on EN(—o0, 0].
Set ¢" := H§:1 (;.Zj and n(e) := ¢™e for n € Z* and e € E. Then Z* acts admissibly on E (by
Corollary E22]), which allows us to define the F-algebra A¢(E, c) := A((Z1)* x¢ (EN[0,00)), ¢) as
in the proof of Theorem Here we use x¢ to denote the semidirect product of the groups ZF
and [E, in order to differentiate it from the RTM action x.

Theorem 4.25. Fiz k € N, { € (0,00)", E C R, and ¢ € F¥ as above.
(1) The algebra A¢(E,c) is a strict RTA with Qf = (Z1)* x¢ (EN0,00)).
(2) The algebra A¢(E, c) is based if and only if it is discretely graded, if and only if E = nZ for
somen € R* and ;=1 for all j.

Thus, to our knowledge the algebras A¢(E,c) with ¢ # (1,...,1) provide the first explicitly con-
structed examples of regular triangular algebras with non-abelian group of roots (QE{ ). These
algebras cannot be studied by using existing theories of Category O in the literature (e.g. as in
[H2, IMP]), because the “root lattice” is not abelian. In fact the monoid Qf is abelian if and
only if (; = 1 for all j.

Proof. The first part follows directly from Theorem To show the second part, note that if
A¢(E, c) is based then it is discretely graded. In turn, this implies that the interval [(0,0), (0, e)]
is finite for every 0 < e € E C R. Thus E is a lattice nZ for n # 0, which contains CjZnZ for
all j. It follows that ¢; = 1 Vj. Finally, if E = Z and ¢; = 1 Vj, then A is indeed based with
A:={e1,...,e5,(0,m)}. O

We now study Category O over the algebra A¢(E,c), including computing the center and its
action on Verma modules.

Proposition 4.26. Fiz ¢ € (0,00)", E C R, and ¢ € F* as above. Define J := {j € [1,k] : c; = 0}.
(1) A¢(E,c) contains a central subalgebra Zy := F[{mj_a:;r : j € J}] that is isomorphic to a
polynomial algebra in |J| variables. Now suppose charF = 0 if J C {1,...,k}. Then the

center of A¢(E,c) equals:

Zo @p spanp{t t° :e € EN[0,00)}, if¢=(1,...,1);
2y, otherwise.

éz(fiC(Ezvc)) = {

(2) Suppose ¢ # (1,...,1). Then there are exactly k+1 isomorphism classes of algebras among
the family {A¢(E,c) : ¢ € F*} (where we assume charF =0 if J C {1,... k}).

(3) The algebras B do not contain zerodivisors. Thus every nonzero map of Verma modules
1s an embedding.

(4) Define K := {j € [1,k] : (; # 1}. Then a suitable completion of A¢(E,c) contains central
“Casimir” operators of the form

T(e) := Z e Tlex ¢7 e lliex ij, Ve € EN (0, 00),

nezZk
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where T'(e) = t=°t¢ € A¢(E, c) if K is empty. Then the operators T(e) act on all objects in
O[I/fofree]. Moreover, T(e) and Z(A¢(E,c)) kill every highest weight module in O, hence

— free

act nilpotently on O[Hy" .
(5) (QF) = ZF x¢ E C I/{\Ofree, and the algebra A¢(E,c) satisfies none of the Conditions (S)

— free

because Z7 x ¢ E is in each block. More precisely, S*(\) D (Z7 x¢ E) * A VA € H

Proof.
(1) The first assertion in this part is easily verified using the algebra relations. Next, the center
is contained in the centralizer of Ho: Z(A¢(E,c)) C Z (g,c)(Ho), and Theorem E.25 can
be used to show that

ZAC(EC) (Hy) = Hg[a:f:nf, .. ,a:,;x;] ®r spanp{t~“t°: e € EN[0,00)}. (4.27)
Now given m € (Z*)*, define x™ := Hle(x]_xj)mf Then write an arbitrary element

z € Z(A¢(E,c)) C Zy(r,c)(Ho) using ([E27):

N(m’,m)

N I SIS S )
m’E(Z"’)J me(ZJr)JC 1=1

for a suitable choice of elements e; € EN[0,00),0 # h; € Hp, and where J¢:={1,...,k}\ J.

Now note by (RTA1) that z is central if and only if the inner double summation in the
previous equation is central for each fixed m’. Thus, assume without loss of generality that

n
z = E x™ E hi mt™ “omtcim

for suitable h; m,e; m. Note by the algebra relations that the variables {xji :j & J} each

generate a copy of the Weyl algebra in A¢(E, ¢), and this has trivial center since char F = 0.

It follows via (RTA1) that the central element z in the above form has only one nonzero

term in the outer sum, namely, the term corresponding to m = 0. Thus we may assume

that z =" | hit—“t%. Now define X" := Hle(x;r)mf for m € (Z)*, and compute:

n n

0=xTz—2xP =) h((m,0) =)t X = " hy(—)t 9K, Vme (ZH)F,

i=1 i=1
Now for a fixed m, since both sums involve finitely many terms, there is a unique largest
positive exponent for ¢ in both sums. For the two sums to be equal, either e; = 0 for all 7,
or ("™ = 1. There are now two cases:

o If (; = 1Vj, then Z is easily seen to equal (Z(A¢(E,c)) N Ho)[{ajj_x;" cj € J} ®r
spanp{t~°t° : e € EN[0,00)}. Moreover, it is not hard to show that Z(A¢(E,c))NHy =
IF, which proves this case.

e Otherwise there exists m such that ¢"™ # 1. In this case, the above computation
must necessarily have one term, corresponding to e; = 0. But then we are once again
reduced to computing Z(A¢(E, c)) N Hy, which is F.

(2) First note by rescaling the z;, say, that A¢(E,c) is an associative F-algebra that is iso-
morphic to the algebra A¢(E,d), where d; := 1 — 6,0 Vj. Further observe that for any
permutation o € Sy, we have an obvious isomorphism of algebras A¢(E, c) = A,¢)(E, o(c)).
It now remains to count the number of possible nondecreasing 0, 1-valued sequences of length
k, and there are precisely k 4+ 1 of them. Since ¢ # (1,...,1), the previous part shows that
the centers of these k41 algebras are polynomial rings with pairwise distinct transcendence
degrees over F. Thus the k + 1 algebras in question are pairwise non-isomorphic.
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(3) That B* do not contain zerodivisors holds more generally by Theorem A3 The statement
about Verma module embeddings is now standard.

(4) This part is proved similarly to Proposition L.18

(5) Note that (Qf) = Z* x¢ E, which embeds into I/{\Ofree via the evaluation maps. Next,

given \ € lfl\ofree and we first claim that every nonzero weight vector of the Verma module

M (X) with weight in (Z7 x¢ E) # A is maximal. To show the claim, it suffices to show that
b—my is maximal, for every monomial word b_ = t7“[[,.;(z;)" € X, .. But now we

compute using the algebra relations that t¢ - b_m) = b_tllies Cije/m)\ = 0; and similarly,
x;rb,m »=0for all 1 <j < k. This proves the claim. Finally, similar to Proposition

— free

we obtain that S3(\) D Z7 x¢ E and S*(\) D (EN (—00,0)) * A for all A € Hy
([l

Remark 4.28. In [GGOR], one finds a homological treatment of Category O over a very general
class of algebras A. We point out that the framework in the present paper cannot be subsumed
under that paradigm, because of non-based examples such as A = A¢(E, c) above. In such non-
based cases, there does not exist an inner grading by any subgroup of R (e.g. via taking the
commutator with some element 0 € A, as discussed in [GGOR]).

5. BASED AND NON-BASED LIE ALGEBRAS WITH TRIANGULAR DECOMPOSITION

The remainder of the paper focusses on applying the theory from Section 3] to a large class of
algebras studied in the literature — as well as novel examples including stratified Virasoro algebras
and certain triangular generalized Weyl algebras. The examples are presented in “decreasing order
of familiarity” in the following sense: this section and the next discuss two “well-known” families of
strict, based Hopf RTAs of finite rank: Lie algebras and quantum groups. The reader who wishes
to skip these examples and focus immediately on non-strict or non-Hopf RTAs, can jump ahead
to (a) non-based RTAs in Section .2} (b) infinitesimal Hecke algebras in Section [7] (rank one) and
Section [I0 (higher rank); or (c) generalized Weyl algebras in Sections B and 0

We begin by discussing the case of A = Ug for g a Lie algebra with regular triangular decompo-
sition. Such Lie algebras are defined and explored in great detail in [RCWJ, [MP], so this section is

restricted to briefly mentioning some examples, after defining such Lie algebras. We also observe
— free

at the very outset that by Remark B.7 it is possible to work with all of O = O[H;" ] when A is
an HRTA. This is the case in the present section as well as the next two.

Definition 5.1. Assume charF = 0. A Lie algebra g, together with the following data, is a Lie
algebra with triangular decomposition (also called a regular triangular Lie algebra or RTLA):

(1) g=¢g~ ®bh® g™, where all summands are nonzero Lie subalgebras of g, and b is abelian.

(2) g" is an ad h-semisimple module with finite-dimensional h-weight spaces.

(3) All ad h-weights for g* lie in QT \ {0}, where Q" denotes a free abelian monoid with finite
basis A" := {a;}je; this basis consists of linearly independent vectors in h*.

(4) There exists an anti-involution w of g that sends g™ to g~ and preserves b pointwise.

In contrast, a general, non-based RTA does not require Qar to be ZTA for finite — or infinite — A’.
Also note that we require charF = 0 in order that the abelian monoid QS’ = Q" =Z" A’ is an
RTM (i.e., satisfies Condition (RTM1)).

The following result summarizes the main (functorial) properties of such Lie algebras, and is not
hard to show.

Proposition 5.2.
(1) If g is an RTLA, then Ug is a strict, based Hopf RTA with base of simple roots A'.
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(2) If g; is an RTLA for 1 <i <mn, and b/ is an abelian Lie algebra, then §' & ., g; is an
RTLA as well (with pairwise commuting summands).
(3) If g is an RTLA and V C Z(g) is any subspace, then g/V is an RTLA.

Note here that the adjoint action of Hy = Hy = Ul = Symb is given by ad h(z) = hx — zh for
x € A =Ug. Moreover, Condition (RTA1) holds because of the Poincare-Birkhoff-Witt Theorem
for Ug, and H; = Hy = h*.

5.1. Examples of RTLAs. For completeness, we mention a large number of well-studied examples
of RTLAs in the literature (which yield strict Hopf RTAs).

Example 5.3 (Symmetrizable Kac-Moody Lie algebras). See for the definition and basic
properties of g = n~ @ h @ nt. Note that if g is complex semisimple (and finite-dimensional), then
Harish-Chandra’s theorem implies that S*(\) = W e A VA € b* (the twisted Weyl group orbit).

Thus, all Conditions (S) hold by Theorem [A] and all blocks O[S3(\)] of O = O[f/l\lfree] are highest
weight categories with BGG Reciprocity.

We now mention two generalizations of Kac-Moody Lie algebras, which are also RTLAs.

Example 5.4 (Contragredient Lie algebras). These are a family of Lie algebras defined in [KK],
which can be verified to be RTLAs (and for which Kac and Kazhdan proved the Shapovalov
determinant formula).

Example 5.5 (Some (symmetrizable) Borcherds algebras and central extensions). These Lie al-
gebras are defined and studied in [Boll Bo2]; we remark that they are also RTLAs under certain
additional assumptions, but not in general.

Example 5.6 ((Centerless) Virasoro and Witt algebras). The Witt algebra is the centerless Vira-
soro algebra. Both of these Lie algebras are RTLAs; see [FeFu, [KR], for example.

Example 5.7 (Heisenberg algebras extended by derivations). Both these and the (centerless) Vi-
rasoro algebras can be found in [MP], for instance. It is not hard to show that all Conditions (S)
fail to hold for (centerless) extended Heisenberg algebras if V' # 0.

Example 5.8 (Certain quotients of preprojective algebras of loop-free quivers). Let @ be a finite
acyclic quiver (i.e., containing no loops or oriented cycles) with path algebra FQ = @©,>0(FQ)n,
where each summand has a basis consisting of (oriented) paths in @ of length n. Thus (FQ) and
(FQ); have bases I of vertices e; and E of edges a respectively. Assume I, E # (). Now construct
the double Q of @, by adding an “opposite” edge a* for each a € E.

The sub-quiver Q* is defined with vertices I and edges a*. Now define g = FQ/(a’a*,a*a’ : d’ €
(FQ)1,a* € (FQ*)1). This is an associative algebra, and a quotient of the preprojective algebra
introduced in [GP], namely, FQ/(>",cgla, a*]). One uses the associative algebra structure to show
that g is an RTLA, using: g := @,,-((FQ)n, b := (FQ)o, and g~ := @,,-((FQ*)n. Moreover,
[67,97] =0, using which it can be shown that all Conditions (S) fail to hold.

Remark 5.9 (Toroidal Lie algebras). These Lie algebras are defined (see [BeMal, Section 0]) to
be the universal central extensions of R, ® g, where g is a simply laced Lie algebra and R, =
F[TE, ..., T;F']. The central extension is by 3 := Q'R,,/dR,.

Clearly, the regularity condition fails here, so that toroidal Lie algebras are not RTLAs. We can,
however, look at a related algebra, namely Ug® R,,. By the above result, this is a strict Hopf RTA.
If the central extension above splits, then U(g @ 3) ® R, is also a strict Hopf RTA.

5.2. Non-based Lie algebras with triangular decomposition. We now discuss examples of
non-based RTAs arising from Lie algebras (which are necessarily not RTLAs). Such Lie algebras
have emerged from mathematical physics and are the subject of active study.
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Example 5.10 (Generalized Virasoro algebras). A relatively modern construction (which is among
the RTLAs not covered in [MP], say) consists of generalized Virasoro algebras Vir[G]. These
algebras were defined in [PZ] and have been the subject of a large body of literature; see e.g. [HWZ,
[LZ] and the references therein. They involve working over a field F of characteristic zero and a
group 0 # G C (F,+). Then Vir[G] is a G-graded Lie algebra with similar relations to the usual
Virasoro algebra. Now suppose F =R D G. If G = aZ for some a # 0 then Vir[G] is discretely
graded (and based); otherwise for G # aZ, the algebra is not discretely graded (and hence not
based). In the case when the group G has a total ordering compatible with addition, Vir[G] has
a triangular decomposition — in fact, U(Vir[G]) turns out to be a (possibly non-based) strict Hopf
RTA — and its Category O has been studied in great depth; see loc. cit.

Remark 5.11. Note in the theory developed above that the group (Q;F) usually does not equal the
disjoint union (Q; \{idg,})[[ Q; for r = 0,1 (notation as in Lemma[29). For instance, this is the
case for semisimple Lie algebras (and more generally, for all RTLAs) of rank at least 2. However,
often in rank one situations or when the weight space is “one-dimensional”, it does happen that
(QF) = QF U Q, . One example is precisely the higher rank/generalized Virasoro algebras over a
totally ordered group G.

Example 5.12 (Generalized Schrédinger-Virasoro algebras). Another modern construction of a
strict RTA not found in [MP] is the Schrédinger-Virasoro algebra. This is a Lie algebra whose con-
struction is motivated by the free Schrédinger equation in (1 + 1)-variables, and involves extending
the centerless Virasoro Lie algebra by a 2-step nilpotent Lie algebra formed by bosonic currents.
The larger class of generalized Schrodinger-Virasoro algebras gsv[G] over totally ordered groups
G C (F,+), as well as their Verma modules were studied in [TZ] (see also [LS]). Once again, their
universal enveloping algebras provide examples of Hopf RTAs that are possibly non-based.

Example 5.13 (Twisted Heisenberg-Virasoro algebra). This algebra was introduced and studied
by Billig in [Bi]. It is not hard to show that its universal enveloping algebra is a Hopf RTA.

General construction: stratified Virasoro algebras. In light of the above “generalized”
Virasoro-type examples, it is natural to ask if there is a unified framework of a general Lie al-
gebra g, which encompasses all of the above examples (i.e., in Section [(.2). We now provide a
positive answer to this question, over an arbitrary field F of characteristic zero:

(1) g is a Lie algebra for which there exist nonnegative integers M, N € Z* such that

N M
s=Z26@e,  s0=EPalk,
=0 k=0

with all summands being vector spaces, and Z central in g.

(2) There exists an additive subgroup G C (I, +) for each 0 < k < M, such that G) + GY, C
Gngk/ whenever kK + & < M.

(3) For each 1 < j < N, there exists a subset Gj C (F,+) satisfying: (a) G; is an additive
subgroup of (F,+), or else <G;r) \ G;r is an additive subgroup of (F,+) and G;r is a coset
of it; (b) Gj + Gj, C G;er, whenever j + j/ < N; and (c) G{ + Gj C G;’ for all j, k.

(4) There exists a total ordering on the subgroup of F spanned by all G?, G;r.

(5) For all 0 < j < N, the vector space g; is spanned by an F-basis {L;.fa fa € Gj} Similarly,
for all 0 < k < M, the vector space go[k| is spanned by an F-basis {Lg,a ca e GV
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Moreover, these basis vectors satisfy the relations:
(L ar Ljr gl = Ly <n £ (@ B)L 1 oy g + Lass=og) i (0, B) 2,
[Lk,ouLg’ ] = 1k+k'<Mf199<;'(04 BILY 4 1.t p + Lass=ogoy (o0, B) 2% (5.14)
[L27a7 ] f ( B) j,a+3 + 1Oc+ﬁ ng]( B)Z](Q)J;a

for suitable functions f; j/, k. k/, f and similarly for the g-functions, and with (suitable)

central elements zj;/r, zgok,, Zng; € Z

The aforementioned construction yields a Lie algebra whose universal enveloping algebra is an
RTA, provided the f, g-functions and central elements satisfy certain compatibility conditions aris-
ing for the following reasons:

e the anti-symmetry of the Lie bracket;
e the Jacobi identity; and
e the anti-involution ¢, which should send an to Lj_ o and L0 to Lk o

Call any Lie algebra g satisfying these assumptions a stratified V1rasor0 algebra. Then U(g)

M

is a Hopf RTA with Cartan subalgebra U(h), where h = Z & EBIFL%O b @ IFL;FO. It is not
k=0 j:OEGj—

hard to show that this construction of a stratified Virasoro algebra encompasses all of the variants

of Virasoro-type algebras discussed above. For instance, the usual Virasoro algebra is a stratified
Virasoro algebra with dimp Z =1 and M = N = 0, with G} = Z

6. EXTENDED QUANTUM GROUPS FOR SYMMETRIZABLE KAC-MOODY LIE ALGEBRAS

The next class of examples consists of quantum groups, which are also strict Hopf RTAs. Suppose
C'is a generalized Cartan matrix (GCM) corresponding to a symmetrizable Kac-Moody Lie algebra
g = g(C). Our goal is to construct a family of quantum algebras associated to the generalized
Cartan matrix C, which we term extended quantum groups. Examples of such algebras include
quantum groups that use neither the co-root lattice Q¥ nor the co-weight lattice PV, but some
intermediate lattice, as well as possible torsion elements. Moreover, we also study conditions under
which all of these algebras satisfy the various Conditions (S).

6.1. The construction and triangular decomposition. To define the aforementioned family
of quantum groups, some notation is required. Recall that a GCM is a matrix C' = (¢;5); jer where
I is finite, ¢;; = 2, ¢;; is a nonpositive integer for all ¢ # j € I, and ¢;; = 0 if and only if ¢;; = 0. We
say that C' is symmetrizable if there exist positive integers d; such that d;c;; = d;cj; for all ¢,5 € I.
We will also use the Gaussian integers and binomial coefficients in the ground field F: given ¢ € F*
that is not a root of unity, and integers 0 < m < n, define

4" =" e TTim _ n\ _ _ [nlg!
e L | L L R () B

Definition 6.1. Fix a ground field F and a nonzero scalar ¢ € F* that is not a root of unity.

(1) In this section, an extended Cartan datum consists of the following data:
e A symmetrizable GCM C' := (¢;j); jer and a diagonal matrix D with positive integer
diagonal entries d; such that d;c;; = djcj;.
e A free abelian group QV = Z! with Z-basis {K; : i € I'}. (This is the “co-root lattice”
inside b, in the symmetrizable Kac-Moody Lie algebra g = g(C).)
e An abelian group I' D QV, as well as a finite set of characters A={y;: T >F*:ie
I} such that v;|gv = ¢%. In other words, v;(K;) = ¢%% = v;(K;) for all i,j € I.
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(2) Given an extended Cartan datum (C,D, Q" C T, A’ = {v;}), define the extended quantum
group g (T, A’) to be the F-algebra generated by I' and {e;, f; : ¢ € I}, modulo the
following relations:

K —K;!

gt —q= 4’

geig™!

1—cy;
1— ¢ o
) <—1>l( ij) e; U lejel =0, (¢-Serre-1)
1=0 q%i
1—cy; 1
— Cij 1—ci;—I

Z (1)l< ! ]> fi Y fjfz‘l =0. (g-Serre-2)
=0 qi
(3) Define B¥ to be the subalgebras of i, (', A’) generated by the e;s and f;s respectively

and H1 = HO = FI.

=vi(9)e, gfigt=vi(g)fi Viel, geT; lei, fi] = dij

Remark 6.2. Extended quantum groups can be defined for I' any intermediate lattice between QY
and PY. For instance, for I' = QY we recover the usual quantum group Uy(g) = U,.c(QY, {¢* : i €
I}). This is the approach followed in [Jal §4.2] (when A is of finite type). In what follows, we will
freely identify «; with ¢®¢, since we only deal with quantum groups and ¢ is not a root of unity.
On the other hand, [HK| Section 3.1] or [Jos, Section 3.2.10] work with I' = PV, the co-weight
lattice inside b, and v;(¢") = ¢*), for the simple roots a; € h*. Moreover, K; = %" where
hi = le;, fi] in Ug. Note that all of these algebras are special cases of extended quantum groups.
In fact the family of extended quantum groups is more general than the above examples, because
I' is allowed to have torsion elements, in which case it does not embed into Q ®7 Q¥ C bh. Thus
there may not exist a bilinear form (and hence, a Hopf pairing) on I, as is used in the literature.

We now list some basic properties of extended quantum groups.

Proposition 6.3. Fiz an extended Cartan datum and define ty (T, A’) as above.
(1) Uy (T, A") has a Hopf algebra structure, with the comultiplication A, counit €, and antipode
S given on generators by
e(g) = 1, e(ei) =¢(fi) =0, VgeTl,iel
Alg) = g®y, Ale)) =@ K; ' +1®e;, Af)=fio1+K;® fi,
Sg)=97",  Sle) =—eKi,  S(fi)=—K;fi.
(2) $y.c(T,v) has an involution T that sends g € T to g=' and e; to fi for alli € I. Restricted
to BT, T is an algebra isomorphism onto B~ .
(3) TST = S~1 #£ S, whence ST # TS are anti-involutions i on 4, (T, v), which restrict to
the identity on Hi.
(4) A = U, (T, A", together with the data (B*,H; = Hy = FT',A';i = ST or T'S) forms a
strict, based Hopf RTA (of finite rank) if and only if A’ is Z-linearly independent in Hj.

9)
9)

Proof. The first three parts are shown by adopting the proofs and arguments found in [HEK| Section
3.1] to Uy (T, A"). Since both TST and S~! are F-algebra anti-automorphisms, the third part
follows by checking that they agree on generators. For the fourth part, one implication is immediate
from the axioms, and the converse is not hard to verify when A’ is Z-linearly independent. U

Extended quantum groups are very similar in structure to the quantum groups that have been
very well-studied in the literature. In some sense, they “quantize” the contragredient Lie algebras
defined in Example (4] (i.e., in ), after removing some of the assumptions therein. Thus the
classical limit and representation theory (at least, for integrable modules) should be similar to the
traditionally well-studied cases. We expect that the analysis in Chapter 3] should go through
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for the algebras i, o (T, A") as well, but do not proceed further along these lines, as it is not focus
of the present paper.

We now show that extended quantum groups of finite type satisfy all of the Conditions (S). The
following is the main result in this section.

Theorem 6.4. Fiz a ground field F with charF # 2,3 and such that F* is a divisible group (e.g.,
F =TF). Also suppose q € F* is not a root of unity, the matriz C is of finite type, and [I' : Q"] < oo.

Then there exist extensions v; of the characters ¢® from QV to I'. For each such choice A’ =
{vi 11 € I} of extensions, A =8, (', A’) satisfies Condition (S4), and hence all other conditions

(S). In particular, all blocks of O = (’)[fﬂﬁee] are highest weight categories with BGG reciprocity.

In particular, all Conditions (S) (and properties such as BGG Reciprocity) hold for all extended
quantum groups with I' “in between” the co-root and co-weight lattices, or containing additional
finite-order torsion subgroups. We remark that a special case of our result was known for I' = PV
from [Jos, Lemma 8.3.2], which stated that x, = x\ on the center of {, o(P",{¢*}) if and only if
pe (W x (Z/2Z)) e .

Proof. As the proof is somewhat lengthy, we break it up in to steps for ease of exposition.

Step 1. We first extend the characters ¢® from QV to I'. Consider the short exact sequence
0— QYT —=T/QV — 0 in the category of abelian groups. Since F* is divisible — i.e., injective
— this yields:

0 — Homgroup(T/Q, F*) = Homygroup(T, F) 5 Homygroup(QY, F*) — 0. (6.5)
Now think of the simple roots a; as elements of Hom o (QY, F*), via:
ould") 1= 4.

Note that the subgroup generated by the «; is free because ¢ is not a root of unity in F. It is then
possible to lift ¢*i, via the injectivity of F*, to any v; € (+*) "' (¢*) C Homgoup (T, F>).

Step 2. The next claim is that if Q¥ C IV C T’ are abelian groups with A’ := {v; : i € I} C
Homg,oup (I, F*) being Z-linearly independent characters when restricted to IV, then

Z(8go (I, Ap)) = Z(8g,0 (T, A)) N &g o (T, Alp). (6.6)

Indeed, the only nontrivial assertion in Equation (6.6) is to show that Z (U, (I, A|r)) C

Z(Mg (T, A")). Suppose z € Z(U,c(IV,AL)); since z commutes with I, it has weight 0 in

g (I, A’|r/), and hence also in 4, (T, A") (since the weight space decompositions of £, o (I, A)

— Uy (T, A) agree). Thus, z commutes with I', and since it commutes with each e; and f;, z is
central in 8, (T, A) as well.

Step 3. For convenience, define G := Homgoup(G,F*), for any group G. Thus I'"= H in our
setting. Now to prove the result, fix A € I'"and suppose x, = x : Z(Ugc(T,A")) — F for some
p:I'— F*. Then x,, x\ agree when restricted (by the previous step) to Z := Z(U,(g)), where
Uq(g) = Uy c(QV,{g™}). Thus po& = Xo€ on Z. Now recall the following result from [Jal Sections
4.2 and 6.25-6.26]: If T = QY and v; = «; are the “simple roots”, then the Harish-Chandra map is
an isomorphism
piy (¢°) 0 € - Z(Uy(g)) — FIQY n2PY]W.

Here, 6 denotes the half-sum of positive roots, and pp, is the weight-to-root map that was studied
in Proposition (We identify h <> b* via the Killing form.) It follows from above that
popm () = Xopm, (g% on FIQY n2PY]W.

Step 4. The remainder of the proof studies the chain of algebras F[QV N2PV]W «— F[QVN2P] —
F[QV] — F[I']. Note that Q¥ N2PY is a lattice, so Spec F[QY N2PY] = (F* )@ N2PY) Now recall
the Nagata-Mumford Theorem from (a special case of ) [Mukl, Theorem 5.3]: Suppose a finite group
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W acts on an affine variety X (i.e., its coordinate ring R). Then the map ® : X = Spec(R) —
X W = Spec(RY) (induced by the inclusion R" < R) is a surjection that factors through a
bijection ® : X/W — X)W, where X/W denotes the W -orbits in X.

Applying this to X := QY N2PY, it follows that the set of possible extensions v € (Q¥ N2PY)™
of Ao pm, (g% : FIQY N2PY]"W — F is a W-orbit, hence finite (thus, {v o px, (¢7%)} is also finite).

Step 5. Finally, consider the map : T"— (QV N2PY)" By the injectivity of F* and an analogue
of Equation (6.3]) in this situation, it suffices to show that T'/(QY N 2PY) is finite (for then (* is a
surjection with finite fibers). But T'/(QY N2PY) is indeed finite, since

C:Q"N2PY|=T:QY]-[QV:QYN2PY] < [I:QY]-[PY:2PY] < .

To conclude, { € "= Hj Xu=X2} C{p €T popm, (¢7%) = Nopm, (g7%) on (QVN2PV)V},
and the latter is a finite set by the above analysis. Thus 4, ¢(T', A’) satisfies Condition (S4). [

7. FURTHER EXAMPLES OF STRICT, BASED HOPF RTAS

Before moving on to RTAs that are either not Hopf RTAs or not strict, we write down some
more examples of strict, based Hopf RTAs of low rank. The first of these examples shows the
need to use Condition (S3) instead of central characters/Condition (S4) in order to obtain a block
decomposition of O.

Example 7.1 (Rank one infinitesimal Hecke algebras and their quantized analogues). Suppose
charF = 0. The (Lie) rank one infinitesimal Hecke algebra is defined to be a deformation H, of
Ho := U(sly(F) x F?), where F? is spanned by a weight basis x, 3y (over the Cartan subalgebra of sls,
which is spanned by h). The deformed relation is [z,y] = 2(C'), where C' is the quadratic Casimir
element of U(slz) and z € F[T] is an arbitrary polynomial.

The family of algebras H, was introduced in [KhI] and extensively studied in [KT]. It can be
seen from loc. cit. that H, is a strict, based Hopf RTA of rank one with H; = Hy = F[h] and
A’ = {1a}, where « is the root of sly. (We remind the reader that in the literature, roots of
semisimple Lie algebras are assumed to lie in the dual space h* of the Cartan Lie subalgebra, via

the weight-to-root map pyy).) In particular, f/I\lfree —H, =F. In [KT], it is also shown that

similar to complex semisimple Lie algebras (e.g., U(slz)),

e The center Z(A) is isomorphic to a polynomial algebra in one variable — the “quadratic”
Casimir element.

e Condition (S4) holds for H, if z # 0. (Thus O satisfies BGG Reciprocity.)

e Every central character is of the form y) for some A € ]/’{\1, if F is algebraically closed of
characteristic zero (see [HIl, Exercise (23.9)]).

e If z £ 0, there are at most finitely many pairwise non-isomorphic simple finite-dimensional
objects in O.

The algebras H, possess quantizations H 4 for ¢ # 0, £1, which were explored in detail in [GK].
The quantum algebras . , turn out to be deformations of Uy (slz(IF)) x F[z, y] whose classical limits
as ¢ — 1 are once again H,; see [GK]. They have been found to possess very similar properties to
H., including a strict, based Hopf RTA structure. However, it was shown in [GK| Theorem 11.1]
that if ¢ is not a root of unity, and z = qyx — zy # 0, then Z(H.,) = F. Thus Condition (S4)

clearly fails. Nevertheless, [GK| Propositions 8.2, 8.13] show that O = O[I/{\lﬂee] is a highest weight
category satisfying Condition (S3). Thus our framework allows us to prove that O is a direct sum
of blocks with BGG Reciprocity, even though it has trivial center and Condition (S4) fails to hold.

Example 7.2. The next example is that of a strict Hopf RTA that was recently studied by Batra
and Yamane [BY]. In that work, the authors defined “generalized quantum groups” U (, IT), which
are a family of quantum algebras corresponding to a semisimple Lie algebra (akin to the algebras
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Uy (T, A")). The (skew) centers of these algebras and Harish-Chandra type results were studied
in loc. cit. We observe here that the algebra U(x,II) is a strict, based Hopf RTA when y is
non-degenerate and x(c, o) is not a root of unity for any ,j € I.

The following example is a degenerate one.

Example 7.3 (Regular functions on affine algebraic groups). It is well-known that the category
of commutative Hopf algebras is dual to the category of affine algebraic groups. Thus if G is any
affine algebraic group, then H; = Hy = C|[G] is a commutative Hopf algebra, and hence A = H; is
a strict, based HRTA as well, with A’ the empty set. Note that H; need not be cocommutative in
general (since G need not be commutative).

In general, every commutative (Hopf) F-algebra H; is a strict, based (Hopf) RTA of rank zero,

via: Hi = Hy=F® Hy ® F = Z(H;). In this context, O = O[]/if\lfme] trivially satisfies Condition
(S4) (and hence Conditions (S1)-(S3)), and also is a semisimple (highest weight) category.

The final example in this section is stated for completeness, and is illustrative in showing how to
combine both of the main theorems in Section B3] in order to study Category O. (More generally,
one can use Theorem [Bl to create more examples of (strict) (based) (Hopf) RTAs by taking tensor
products.)

Example 7.4. In [Zhi], Zhixiang studied the homological properties and representations of the
“double loop quantum enveloping algebra” (DLQEA), which is a Hopf algebra isomorphic to
U,(sly) @ Flg*!, h*!] as an algebra (but not as Hopf algebras). Here F is an algebraically closed
field of characteristic zero. The aforementioned algebra isomorphism and Theorem [Bl shows that
the DLQEA is a strict, based HRTA of rank one, and the representation theory of Category O
reduces to that for Uy (sl2) and for Flg*!, h*1]. Now use Theorems [A] and [Bl Example [T} and the
results in Section [6 to conclude that the DLQEA satisfies Condition (S4), and hence, Theorem [Al

8. RANK ONE RTAS: TRIANGULAR GENERALIZED WEYL ALGEBRAS

In the remainder of this paper we discuss more families of based RTAs, some of which are either
not Hopf RTAs, or not strict. These examples further demonstrate the need to use the full power
of our framework. All of the examples in this section and the next fall under the following setting.

Definition 8.1. Fix a field F, an associative F-algebra H, an F-algebra map 6 : H — H, and
20,21 € H. The triangular generalized Weyl algebra (or triangular GWA) associated to this data
is the F-algebra

W(H,0,z9,21) = H{d,u)/(uh = 0(h)u, hd =dO(h), ud = zo + dzju Yh € H). (8.2)

As we will presently see, this construction is very general and incorporates a large number of
algebras studied in the literature. We now briefly list the contents of this section. In Section
we discuss the structure and representation theory of O for triangular GWAs. Sections and
discuss a large number of examples of triangular GWAs, many of them arising from mathematical
physics. The examples are of two flavors - “classical” and “quantum”. In Section we explain
how these two types of examples are related in a precise way. Our construction of the “classical
limit” extends — to a large family of generalized down-up algebras — the relation between classical
and quantum sl,.

8.1. Structure and block decomposition of O over triangular GWAs. Henceforth we will
assume that 6 is an automorphism, as well as some other properties that we now discuss.

Lemma 8.3. Suppose 0 : H — H is an automorphism. Then W(H, 0, zo, z1) satisfies (RTA1) with
Bt =TF[u|, B~ =Fl[d], and Hy = H, if and only if 29,21 are central in H.
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Proof. Compute for all h € H:
h(ud) = h(zo + dzju) = hzg + dO(h)zu,
(hu)d = ud~ ' (h)d = (ud)h = (20 + dz1u)h = zoh + dz10(h)u.
Now if W(H, 0, 29, z1) satisfies (RTA1), then the equality between these two expressions for all

h € H implies that zg,z1 € Z(H). To show the converse, use the Diamond Lemma from [Be| in a
manner similar to the proof of Theorem O

Assumption 8.4. For the remainder of this section and the next, assume that H is commutative,
and 6 is an algebra automorphism of H of infinite order.

In order to discuss the structure of triangular GWAs, we now introduce a sequence z,, of distin-
guished elements in a triangular GWA (more precisely, in its subalgebra H).

Definition 8.5. Suppose 6 : H — H is an algebra automorphism. Given n € N, define
n—1 4 n—1 '
g=[[0(=), z:=1 Z=) 0% 1), F0:=0, Zn,:=0"(Z). (86)
i=0 §=0

Now given a weight A : H — F, define [\ := {6 "« X\ :n € Z,\(3,) =0} C H.

We now discuss some basic properties of triangular GWAs, which concern central characters and
the block decomposition of O.

Theorem 8.7. Suppose A = W(H,0,z,z21) is a triangular GWA (over any field F). Then A is
a strict, based RTA of rank one (with A := {68} and Hy = Hy := H) if and only if A satisfies
Assumption [8-4).
Suppose henceforth that the triangular GWA A is a strict, based RTA of rank one.

(1) For all m,n >0, the Shapovalov form of F[d] is given by (d™,d") = 6m.n H?zl Zj.

(2) S3(\) = [A] for all X € HIree,

(8) Suppose z1 =1 and zy € im(idg —0). Define a quadratic Casimir operator to be Q := du—+¢

for any ¢ € H satisfying: (idg —0)(¢) = zo. Then,

Z(A)NH = ker(idy —6), Z(A) = (Z(ANH)[Q],  S*A)N(ZOxN) = S3(\) = [\] VA € HIe.
Moreover, Q) is transcendental over Z(A) N H.

Consequently, A satisfies Condition (S3) if and only if |[A]| < oo for all A\ € H/™¢. The last part
also says that the converse to Lemma 320 holds for triangular GWAs when zp = 1 and a quadratic
Casimir exists.

Proof. Set Bt := F[u], B~ :=F[d], Hi = Hp := H, and A := {f}. Now the first assertion is not
hard to show, using the anti-involution that sends u to d and fixes H. To show the next result, we
prove some intermediate equivalences that may be useful in their own right. First, specializing the
analysis in Section [3]to A helps determine the structure of Verma modules:

For all weights n € I?Ifree, M (p) is a uniserial module, with unique composition series:
M(p) D MO ™ s p) DMO ™ *xp)D---,

where 0 < ny < ng < --- comprise the set {n € N : u(z,) = 0}. Thus O is finite length if and
only if [u] N (=ZT A x ) is finite for every p € HIree . Moreover, the following are equivalent, given
neZ and p € H: (a) The multiplicity [M (6™ * 1) : L(1)] is nonzero. (b) [M(8™  p) : L(p)] = 1.
(c) (0" % p)(zn) = 0. (d) u(z-n) = 0.
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The proof is straightforward, given that M (X\) = F[d] for all A\, and d"m) spans M (\)g-n,, for all
X\ € HI™ and n > 0. The key computation, which is straightforward but longwinded, is to show:

n—1
umd" e dVm- H Zit1+A-u, V0 <m <n. (8.8)

j=n—m

Setting m = 1 and applying ([88) to the highest weight vector of M (6™ % u) shows that (a) < (c).
The remaining equivalences are standard. We now sketch the proofs of the three assertions. The
first part follows using Equation (88)). Next, that S3()\) = [A] can be proved using the equivalences
stated above.

It remains to prove part (3) about the center. That Z(A) N H = ker(idy —0) is easily verified.
Now suppose w € Z(A) is central. Then w commutes with H, whence w € H[du] = H[Q — (].
Consider such a central element w :=_,(du)’h;, where h; € H Vi > 0. We then have

w=Y(Q-Qhi=Y <;> Y h =Y 0y <;>cﬂh = ),

120 0<j<i Jj=0  izj J=0

where b € H Vj. Now if w is central, we compute: 0 = [u,w] = >, Y [u, h%], whence by the
PBW property (RTAL), one checks that [u,h}] = 0 Vj, whence h; € ker(idy —0) from above.
Thus w € (Z(A) N H)[] as claimed. Additionally, it is not hard to see using (RTA1) that € is
transcendental over Z(A)N H.

Finally, by a previous part and Lemma 320 it suffices to show that S*(\) N (Z6 x \) € S3(\)
for all A\ € HIree, Moreover, it further suffices to show the claim that xp-n,\ = x for some n > 0
if and only if [M(X) : L(6~™ %« A)] > 0. By the proof of Theorem [ this is equivalent to showing
that \(z,,) = 0. Now compute using any quadratic Casimir element and Proposition

XA(2) = Xg-nan () = AMC) = A(B™(C)) = Ao (idy —0")(¢) = Ao (idy +0 + - + 0" (20) = A(Zn),

since z; = 1. Thus the above claim follows, completing the proof. ]

8.2. Examples: generalized down-up algebras. We now discuss a family of examples of tri-
angular GWAs, which has been extensively studied in many papers in the literature. These are the
“generalized down-up algebras” introduced by Cassidy and Shelton in [CS], and they are strict,
based RTAs of rank one, with

H =T[h], 0=0.(h):=r"Yh+7), 21 =81, 20 = s f(h), (8.9)

where r,s € F*, v € F, and f(h) € H is a fixed polynomial in h. (Note that if r = 1
then W(F[R], 0;~,5 L f(h),s™1) is a strict, based Hopf RTA of rank one.) The operators d,u in
W(F[R], 0y, s 1 f(h),s™1) are thought of as “lowering” and “raising” operators respectively (hence
the name of “down-up” algebras). Examples of such algebras occur in many different settings in
the literature:

(1) In representation theory, Smith [Smi] introduced and studied a family of triangular GWAs
(more precisely, generalized down-up algebras) that are deformations of U(slz). Smith
showed that these algebras satisfy Condition (S4), as well as an analogue of Duflo’s theorem
for primitive ideals and annihilators of simple modules L(\).

(2) In mathematical physics, Witten [Wi] introduced a 7-parameter family of deformations of
U(sly) that include a large sub-family of GWAs. Witten’s motivations arose from vertex
models and duality in conformal field theory. Witten’s family of deformations was later
studied by Kulkarni [Kul], and a three-parameter subfamily Ug.(sl2) was studied by Le
Bruyn [LeB|] under the name of “conformal sls-algebras”.
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(3) In the comprehensive paper [Kacl|] studying Lie superalgebras, Kac studied the “dispin Lie
superalgebra” BJ0, 1]. In this case,

U(B[0,1]) = W(C[h],0 = 611, h,1),  6(h) = h— 1.

(4) In [Wol], Woronowicz introduced and studied the algebra W(F[h], 0, v~ *h, v~2) in the context
of quantum groups. This algebra is a generalized down-up algebra where v € F \ {0, £1}
and O(h) = v *h+1+v2

(5) These algebras also occur in combinatorics, in certain cases when “down” and “up” opera-
tors are defined on the span of a partially ordered set. These were the original “down-up”
algebras, studied by Benkart and Roby in [BR], and they are a special case of generalized
down-up algebras with zyp = h and z; € F. They have been the subject of continuing interest
—see [CM], Jo2l, KM, [Ku2| [LL] among others.

(6) The algebras studied by Jing and Zhang, as discussed in Example B4l In this case one can
show that (’)[I;T Jree] satisfies Condition (S3) if ¢ is not a root of unity and charF # 2, 3.

Note that in a large number of examples mentioned in the above list, the generalized down-up
algebras of interest are described by (89]) with parameters r = 1,7 # 0, f Z 0, and charF = 0. In
such settings it is possible to describe when the algebra satisfies Condition (S3). Thus the following
result deals with block decompositions of O, for all of the above examples at once.

Theorem 8.10. Under the setting of [83), and identifying the weights Aq : h — a of F[h] with
the corresponding scalars a € F, we have:

- FA\{yr=!/Q=r"N}, ifr gV
HIree = ! F, if v # 0 = char(F), r = 1;
0, otherwise.

If r = s =1 and charF = 0, a quadratic Casimir operator Q) always exists, and the center of A is
the polynomial algebra F[Q].
Now suppose r =1 and v # 0, f Z 0.
(1) If s = 1, then [A] is finite for one (equivalently, all) weights X if and only if charF = 0.
(2) If s is not a root of unity and charF = 0, then [\] is finite for all \.

In particular, we conclude via Theorem that if char[F = 0 and part (1) or (2) holds, then A
satisfies Condition (S3) and hence O[H/"*¢] has BGG Reciprocity.

Theorem B.I0] and its proof are similar in flavor to a subsequent result for “quantum” down-up
algebras (see Theorem [R14)). The proofs of both of these results are deferred to Section

8.3. Further examples: quantum triangular GWAs. Another well-studied and important
class of algebras in the literature is similar in structure and has many properties in common with
down-up algebras. These algebras have a “quantum” flavor; a prominent example is Ug(sly). We
now introduce the general notion of a quantum triangular GWA. This is a strict, based Hopf RTA of
rank one, which includes as examples several algebras studied in the literature, and also resembles
generalized down-up algebras.

To define a quantum triangular GWA, suppose I' is an arbitrary abelian group equipped with a
fixed character (or weight) o : I' — F*, and H = FT is its group algebra. Now define the associated
quantum triangular GWA to be

W(T) := W(FT, 0 = py(«), 20, 21), 20,21 € H, (8.11)

where the weight-to-root map py was studied in Proposition Note by Lemma B3] that W(T")
satisfies Conditions (RTA1) and (RTA3). Moreover, quantum triangular GWAs do not fall under
the framework of generalized down-up algebras, since H is now no longer a polynomial ring but a
group algebra. The present work unites these two settings via triangular GWAs (from Definition
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BI). Moreover, quantum triangular GWAs encompass many families of quantum algebras studied
in the literature:

1) Quantum sly: A motivating and fundamental example is U, (sl2). This is obtained by setting
q

I' = Z (more precisely, I' = K for some variable K), and a(K) = ¢?,21 = 1,29 = If] f

for some ¢ # 0,£1. More generally, Ji et. al. [JWZ] and Tang [Ta2] studied the quantum
triangular GWAs with arbitrary 2o € H = F[K*!].

(2) The Drinfeld quantum double of the positive part of U,(sl2) is a special case of a family of
quantum algebras studied by Ji et. al. [JWY] as well as Tang-Xu [TX]. These algebras are
also quantum triangular GWAs, where H = F[K*! h*!] and a(K) = ¢%,a(h) = ¢ 2,21 = 1.

(3) Double loop quantum enveloping algebras: This construction was discussed in Example [7.4

(4) Quantized Weyl algebras: This is a degenerate example that we mention for completeness.
Namely, when H = F, « is the (constant) counit map on I'; and zp = 1, z; # 0, one obtains
the quantized Weyl algebras (and in particular, the first Weyl algebra A; if z; = 1).

Remark 8.12. Recall that Crawley-Boevey and Holland studied noncommutative deformations of
Kleinian singularities in [CBH]. These are algebras associated with finite subgroups of SLy(C). In
Type A, these algebras are triangular GWAs with H = F[Z/nZ)] for n € N, together with z; = 1 and
a(m+nZ) := ™ (where € € F* is a primitive nth root of unity). In general, one replaces Z/nZ by
a finite subgroup of SLy(F). In contrast, we will work with subgroups I' of the torus F* C SLa(IF)
(which we assume to be infinite in order to obtain a strict, based Hopf RTA structure).

Remark 8.13 (Ambiskew polynomial rings). All of the examples discussed above in this section
have in common that z; € F. Triangular GWAs where z; € F* are known as ambiskew polynomial
rings. The study of ambiskew polynomial rings was initiated and carefully developed by Jordan
(see [Joll, [Jo2] for more details). The subject continues to attract much interest — see for instance
[BrMal [Hal [JW] and the references therein. We also remark that the level of generality in defining
an ambiskew polynomial ring has varied throughout the literature. The current — and most general
— version of an ambiskew polynomial ring can be found in [JW] Definition 2.2].

We now state a similar result to Theorem B.I0| for quantum triangular GWAs algebras, which
characterizes when Condition (S3) holds for such algebras. In the following result, as in Theorem
RBI0, we will assume that z; € H* is a unit.

Theorem 8.14. In the setting of &I, the orders of 0, a, and I'/ker(a)) = «(T") are either all
infinite, or all equal. Thus H = HT™®¢ if and only if HI"®® is nonempty, if and only if o(T') C F*
is infinite.
Now suppose z1 = s - [Ir] = s € F*. Define V/1 to be the roots of unity in F*, and define
ii={geT:alg)=s"}, To:={geT:algsecVI\{1}}, Ts:={geT alg)s¢ V1}.
Also write g € T' to denote [g], and write
Z agg + Zawgz] e FI'
gel 1 Ul'y
with ag,a;; € F, and g;; € I's such that a(gi; gk1) has finite order if and only if j = 1.
(1) Suppose there exists pu € HIree such that at least one of the following equations holds:

awﬂ(gu .
=0= a V7, 8.15
Zi: 1— ( (gz Z 9/~L J ( )

gel

aija(gi]) gzg o .
or Zl: T—(alg,)5) Z agu(g V3. (8.16)

gel

Then [u] is infinite.
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(2) Conwversely, if charF = 0 and [A] is infinite for at least one X € HIree | then at least one of
®ID) and BIO) holds for some p € ZA x X\ =70 x X C HITee,

As in the case of Theorem RB.I0, the proof of Theorem is deferred to Section We also
observe that quantum triangular GWAs with z; = 1 have certain similarities in structure and
center, to symplectic reflection algebras (which were discussed in [EG] [Eti]). We do not elaborate
further on this point in the present paper.

8.4. Quantization of generalized down-up algebras. We now describe a concrete connection
between a distinguished class of quantum triangular GWAs and generalized down-up algebras,
which to our knowledge is not explored in the literature even though both families have been
extensively studied (as indicated by the numerous references in this section). More precisely, recall
that Ugy(slz) is a quantization of U(sly), in the sense of taking a “classical limit” as ¢ — 1 to obtain
U(slz). Given the family of deformations of U(slz) studied in [Smi], it is natural to ask if these
triangular GWAs also admit quantizations, which are themselves then flat/PBW deformations of
Uq,(sl2). We now introduce a family of quantum triangular GWAs that provides a positive answer
to this question for Smith’s family of algebras, and more generally, for a large class of generalized
down-up algebras.

Example 8.17 (Deformations of quantum sly = quantization of generalized down-up algebras).
Consider a generalized down-up algebra given by (89), with charF = 0 # v and r = 1. By
Theorems B.7 and BI0, W = W(F|[h], 0, s 1 f(h),s™1) is a strict, based HRTA of rank one, with
H = Hree = .

Let ¢ be an indeterminate over IF. We now propose a hitherto new family of triangular GWAs
W, over the F(q)-algebra H, := F(q)[K, K '], such that W is the “q — 1” quasi-classical limit of
the algebra W,. First define a more general family of F(q)-algebras W(H, = F(q)[K*'],0, 2}, 2})
with z(, 2} € Hy and 0 : H; — H, an F(g)-algebra automorphism of infinite order. As above, these
algebras are strict, based RTAs of rank one. Now for the desired special case: given I,m,n € Z
with [ # 0, define the [F(g)-algebra W, (I, m,n) to be:

Woy(l,m,n) := WE(Q)[K*'], 0: K — ¢ 'K, s 'q"K"f( - 55h), s7h). (8.18)
Observe that for various special cases of parameters, W, (I, m,n) was studied earlier in the literature
(but not in general). Namely, Ji et. al. [JWZ] and Tang [Ta2] studied the sub-family of algebras
W,(2,0,0) with s =1 and 6(K) = ¢ %K.

We now prove that the algebras W, (l,m,n) are indeed quantum analogues of Smith’s family
of deformations of U(sly) — and more generally, the quantizations of a large class of generalized
down-up algebras ([89). Note that if such a result is to hold, then highest weight modules over
W,(l,m, n) should also “specialize” to highest weight modules over the classical limit. It is natural
to ask how the corresponding highest weights are related.

To answer these questions, a natural procedure to follow is that in [HEKl Chapter 3] (see also
[Lu]) — although several of the steps therein need to be modified, as explained presently. Let R be
the local subring of F(q), of rational functions that are regular at the point ¢ = 1. Also define

¢K" — 1
q—1
Now let Wf(l, m,n) denote the (unital) R-subalgebra of W,(l,m,n) generated by U, D, K*!, and

(K;0)g = (K —1)/(¢ —1). Then the following result holds.

(K™m)q = , m,n € Z.

Theorem 8.19 (Deformation-quantization equals quantization-deformation). Suppose F is a field
of characteristic zero, v € F, and 61, € Autp_q4F[h] sends h to h+~. Fiz f € F[h], r = 1,
and s € F* not a root of unity. Now define Wy(I,m,n) as in (8BIN), with 21 = s~ ! and 2 =
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s7Lgm K" f(—v(K;0),/1) for some l #0,m,n € Z. Then,
Wy = Wf(l,m,n)/(q — 1)Wf(l,m, n) = W(F[h], 01,4, s7Lf(h),s7h). (8.20)

Now fiz a scalar A € F(q)* such that

1
1 € R, and a highest weight module Mg(\) — V;‘ over

W, (1, m,n), where we identify X with the F(q)-weight of Hy sending K to . Ifvy € (V{]\)A generates
V2, then
q )

V)= Wf(l,m,n)w/(q — 1)Wf(l, m,n)vy (8.21)
is a highest weight module over Wy = W(F[h], 01, s 1 f(h),s™') with highest F[h]-weight given by
- MK) -1
h +— Ty . ()1 , and with the same graded character as Vé (up to modification of the
q— q—1

highest weight).

In particular when s = 1, the family of algebras studied by Smith [Smi] are indeed “classical limits”
(as ¢ = 1) of triangular GWAs. Note that these algebras also provide deformations of U,(slz) (for
s=1).

Proof. We follow the approach in [HK, Chapter 3], developing the results for both Wy and V3
simultaneously. We outline the steps, omitting the proofs when they are similar to those in loc. cit.
The meat of the (new) proof lies in Step 5.

(1) Set WE to be R[U], R[D] respectively, and W{' to be the R-subalgebra of H, = F(q)[K*!]

that is generated by K*! and (K;0),. Then all elements of the form (K";m), and
% lie in WE, where m,n € Z and 8 € R* such that 1 = 3,1 := 8 mod (¢—1)R.
(2) The multiplication map : W @p Wéq QR Wf — Wf’(l ,m,n), induced from the triangular
decomposition of Wy (I, m,n), is an isomorphism of R-algebras.
(3) Henceforth, fix a weight A € I/{\q such that )‘((fi)f L e R, as well as a highest weight module
My(N) — Vf]‘. The R-form of Vé‘ is defined to be V)]‘% = Wf(l,m, n)vy, where vy is the

image of 1 under the map W, (l,m,n) - My(\) — Vg‘. Via the previous step, we claim:

Vi =Wy = P (Vi)
50N

More precisely, we assert that the R-form V% is Wé%—semisimple, with each weight space a
free rank one R-module with R-basis D"v) for (unique) n > 0. Moreover, F(q)®r V7 = V).
In this step, we only explain why Vj\% is W-semisimple. First note that the weights of

Vj\% are of the form =" % X\ for n > 0. Thus suppose v = Zk v; € Vj\% with v; of weight

j=1

07" %« X\ for 0 < ny; < ng < ---. The first claim is that for each fixed j, the “interpolating

polynomial”

ME) g K —1
I. = H ( l()nk—qnj) _ 1
ki

lies in Wgﬁ. Indeed, we show that each factor lies in W[])D” by computing for any r,0 < s € Z:

ME) 'K -1 MK)'¢ ¢ -1 ME)D ME) -1

(K50)q + A(K)

)

q*—1 _1+---+q5_1 q8_1_1_|_...+qs—1 q—1

and this is indeed in Wé% by assumption. Now apply the quantity I; (defined above) to vy
to obtain v;. Thus v; € Vf‘% V7, proving the Wé%—semisimplicity of V)f%-
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Define m := (¢ — 1)R C R to be the unique maximal ideal of the local ring R, and
W = Wf(l,m,n)/mWf(l,m,n), V7 = V3/mV3. These are called the classical lim-
its of Wy (I, m,n) and V;‘ respectively. Also define (V4), := (R/m)®pg (V}),. Then V} is a
Wi-module, and each weight space is one-dimensional with F-basis D"v) for some integer
n > 0.
There exists a surjection of algebras @ : W = W(F[h], 01,5 f(h),s™!) — Wi, which
sends u,d,h to the images of U, D, —v(K;0),/l respectively, under the quotient map :
Wy(l,m,n) — Wj. To see why, first note that the image of (¢ — 1)(K;0), = K — 1 is zero
in Wi, whence K = 1 in W;. This shows the surjectivity of the map = if we show that 7 is
an algebra map. We verify one of the relations; the others are similar. Namely, m(u)w(h) is
the image in W of

g K-l oKl o, oy a1 Ky

I ¢g—1 I qg—1 [ qg—1 [ g—1

and the image of the right-hand side in W is precisely (—v/l) -1 - (=))U + n(h)U =
(w(h) +v)m(u), as desired.

The meat of the proof lies in showing that the surjection 7 is an isomorphism of algebras.
We now describe an argument that utilizes the GWA structure in our setting, as opposed
to the symmetries under the Weyl group in the setting of [HKl Chapter 3].

Note that @ : W — W) restricts to a surjection of algebras on the respective factors
in the two triangular decompositions. We first claim that 7 is an isomorphism of Cartan
subalgebras. Indeed, given 0 # p(h) € F[h] = Wy, choose x € F such that p(z) # 0 (since
F is infinite). Define A € I/ﬂ via:

AN K—=1-—zllg—1)/yel+(¢—1)FCl+mcC R",

since R is a commutative local ring. Then the above analysis of V;‘ (in steps (3) and
(4)) holds, and 7(p(h)) acts on the highest weight space of V} by the scalar p(z) # 0.
Therefore w(p(h)) # 0, whence 7|y, has zero kernel, and hence is an isomorphism of
Cartan subalgebras.

We now claim that 7|yy_ also has trivial kernel. To prove the claim, first fix any field
extension F, of F, with F,, an uncountable field. Since W, (I, m,n) is the quotient of the
tensor algebra Tiq) (spangq) (K, K —1.U, D)) by an ideal, it is possible to tensor this con-
struction with [F,, to obtain the same algebra over F,(g). Label these algebras Wg and WEIF u
respectively, and similarly for the other algebras considered in the previous steps. Now
reconsider the entirety of the above procedure over F,(q) instead of F(gq). We then make
the sub-claim that | ), has trivial kernel. To see why, note that WEe = R, [d] - W) _,

and this in turn surjects onto every highest weight module. Thus it suffices to produce an
infinite-dimensional Verma module over W, .

Now recall from Definition that z,, = Z?;()l s~("=%) f(h 4 i) is a nonzero polynomial
in h of degree deg(f) (since s is not a root of unity). Thus it has finitely many roots for each
n. Since [, is uncountable, choose = € [F,, that is not a root of z,, for any n > 0. It follows
that the Verma module M} *()\,) is simple over Wi*. In particular, WW™)_ is infinite-
dimensional over F,. Finally, W;*)_ = F, ®p (W])_, so we obtain that (W;)_ = (W})_
is also infinite-dimensional over F. Thus 7|yy_ is also an algebra isomorphism as claimed.

Having shown the claim for 7|)y_, one shows the same result for 7|y, , either by a similar
argument using lowest weight theory, or directly via the anti-involutions in both settings
from (RTA3). Thus 7 : W — W) is an isomorphism of algebras using (RTA1).

It follows using the previous step that V7 is a WW-module (since it is a W;-module), with
the same weight bases for both module structures.
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One now shows that Vf is a highest weight module over W, with the same formal char-

acter as Vfl‘. Moreover, the highest h-weight for V% is precisely as claimed, since h acts on
— AMK)—1
the highest weight space via w(h), i.e. by the scalar 77 : ()1 as claimed. We
q-— q—1

also remark that if V% is simple but V; has a maximal vector of weight 7™ x A < A, then
since the two graded characters are equal, the corresponding vector in Vf‘ would also be
maximal, which is impossible. It follows that Vé is a simple W, (I, m,n)-module if Vy is a
simple Wi-module.

0

8.5. Solutions of polynomial-exponential equations. We conclude this section by showing
Theorems and The proofs use a result on “polynomial-exponential equations” over a
general field. We begin with a result by Schlickewei [Sch] that was proved for number fields.
Namely, Schlickewei showed that a special family of equations (with argument n € Z) has only
finitely many integer solutions.

Theorem 8.22 (Schlickewei [Schl Theorem 1.1]). Given a field F of characteristic zero, consider
the polynomial-exponential equation (with argument n € Z):

F, = ij(n)a? =0, n € 7, (8.23)
j=1

where m € N, 0 # p; € F[X],o; € F* Vj <m, and o;/a; is not a root of unity for all i # j.
If F is an algebraic number field, then [823) has only finitely many solutions in 7.

It turns out that Theorem [R.22] is true in all fields of characteristic zero; as we are unsure if this
is mentioned in the literature, we write down a proof for completeness. (The proof does not use
Theorem [B22])

Theorem 8.24. The conclusion of Theorem [8.29 holds over any field F of characteristic zero.

Proof. We prove the result in various steps. The first step is to claim that every such polynomial-
exponential function gives rise to a linear recurrence sequence {F, : n € Z} (with suitable initial
values); this has essentially been shown for any field in [MvP] Section 2].

Now suppose F,, vanishes infinitely often in Z, say on the set T'. (We will prove that p; = 0 Vi.) If
T C Z is the set of zeros, then we restrict to 77 = T'NN if this is an infinite set. Otherwise 7" N —N
is infinite, and changing every a; to a; Land p; to a new polynomial ¢;(X) := p;(—X) if necessary,
we may assume that F,, = 0 for all n in an infinite set 77 C N. (Note that ¢; = 0 < p; = 0, so we
may work with the new setup now.)

Since charF = 0, we conclude by the Skolem-Mahler-Lech Theorem [Lech] that F}, vanishes for
all n in an infinite arithmetic progression, say r + Nd. But then

> (pi(r+dn)a)(af)" =0 Vn € N.
J
Once again, we fix d # 0,7 and call the new polynomial ¢;(X) := p;(r + dX); then ¢; = 0 if and
only if p; = 0. Also set j3; := oz?; these are pairwise distinct, and we are left to prove the following

Claim. Fix pairwise distinct §; € F and polynomials ¢;(7") € F[T], for a field F of characteristic
zero. If G(n) := >, ¢;(n)B = 0 Vn € N, then all the polynomials ¢; are identically zero.

We prove this claim by assuming it to be false and obtaining a contradiction. If the claim is false,
then D := }_, _qdeg(q;) is defined (and nonnegative). Now obtain a contradiction by induction
on D. (The base case D = 0 is treated using the Vandermonde determinant from G(1),...,G(n);
for the general case, consider H(n) := G(n+ 1) — 5;G(n), where degg; > 0.) O
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It is now possible to show that a large number of “classical” and “quantum” generalized down-up
algebras satisfy Condition (S3).

Proof of Theorem [810. Throughout this proof we use @ instead of 6, . Fix an algebra map A :
H — F. First suppose that r = 1; then A o 6(h) = A(h) + ny. Thus A € H/™ if and only if ny is
never zero for n > 0, i.e., charF = 0 # . Next, if r # 1, then compute:

1—r="
1—r-1
It is clear that if r is a root of unity, then this expression equals A(h) for all h, for infinitely many

n. On the other hand, if 7 ¢ /1, then it is clear for any n > 0 that

7‘_17

1—r b
and this completes the proof of the first part. Next when r = s = 1, it is not hard to show that
Z(A) NF[h] = F. Moreover, a quadratic Casimir operator always exists because of the identity
()k( ) = ()k(:ll) + (),5:12) + -, which helps show that power sums ) ", i* are polynomials in n of
degree k + 1 with rational coefficients.

Finally, to study the sets [A] we first compute for n > 0 and r = 1:

Ao 6" (h) =7r""A(h) + r iy

A=Xof" = Ah) =

n—1 n—1 .
o= Y s )T =Y s E () = Y s T (et i),
=0 =0 i—0

If f =0 then clearly z, = 0 and [}] is infinite for every weight A\. Now suppose v # 0 and f #Z 0
is of the form f(h) = Z?Zl c;h™i for integers 0 < my < --- < my, with ¢, € F*. We first assume
that » = 1 and compute:

SO SRS 32> oSS () IONTI ) I R

J=1 =0 j=1 [=0 7j=11=0

I
M‘

I
o

7
If moreover s = 1, then it is clear that z, = 0 if char(IF)|n (since for every prime p > 0 and
all integers [ > 0, Zf;ol il is divisible by p, by using the primitive generator of Z/pZ). Now if
charF = 0, then \(Z,) is a polynomial in n of degree at most 1 + my, so it has only finitely many
roots n > 0. A similar argument for n < 0 shows that [\] is always finite if r = s = 1 and charF = 0.
On the other hand, if charF > 0 and » = s = 1, then [)\] is always infinite.

Now suppose charF =0, v # 0, r = 1, and s ¢ v/1. First assume by a change of variables that
v = 1, without loss of generality; since char F = 0, one can then write the polynomial f(h) as a

linear combination of the basis elements ¢, s(h) := 3*1(h+1) (h) of F[h]. Now if f =3 ", qat)s
(finite sum), then define f(h) := s~} >i>0 aj( ). Then for n > 0,

n—1
Za= Y s i f(h+i) = Zsﬂ fh+i+1)= f(h+1i) =s"f(h+n)— f(h),

=0
Zn=0""(z )—Sn(f()—snf( —n)).

Now given any weight A\, applying Theorem B.24] to the nontrivial polynomial-exponential equation
(in n € Z) given by

Fr o= A(E) = FAM)T + (= F(A(h) +n))(s)" =0
shows that there are only finitely many integer solutions, whence [A] is finite for every A. O

Finally, we show the analogous result (to Theorem BI0) for quantum triangular GWAs.
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Proof of Theorem [8.14) The first part is standard (noting that if a(I') C F* is a finite group, then
it is cyclic.) In order to show the next two parts we first define Ny to be the least common
multiple of the orders of the roots of unity {a(g)s : g € Ty UT2} C V1, as well as of the orders
of a(gl] grj) over all 7,7, k. Now compute for any E HI7ee that w(z)) =z, = s" for all n > 0.
Therefore we obtain for n > 0:

i=0 ger gel gelaUl's
n—1 n—1
p(En) = p(07"(Z) = D "D aga(e) " ulg) = Y Y agalg)ulg)(alg)s)’ (8.25)
=0 gel gel’ i=0
=ns ') agu(g)+ > agalg)u(g) 11__((0;559;;

We now show the two remaining parts in this result.

(1) If (BIH) holds, then we claim that u(Z,n,) = 0 for all m € N. Indeed, the sum in (825
over g € I'y vanishes by assumption, and we are left with:

g — mNo 1 a (g)S) mNO mNO 1 a (gzj) ) mNO
ES) ZF: oo 1_ (a(g)s)™! ZZ () = (alag) T

By construction, each summand of the sum over g € I'y vanishes, and moreover, the element
(a(gij)s)~™No is independent of i for each fixed j. Thus, we obtain:

~ N N aij i (gis)
plEmno) = " Z 1= (algi)s) ™) Z 1— (2(91;38)71’
7

which vanishes by assumption, proving the claim.
Similarly, one shows using (825 that if (8I6]) holds, then pu(z_,,n,) = 0 for all m € N.
(2) Conversely, suppose [A] is infinite for A € H/™¢. Then at least one of [A] N (£N@ % \) is
infinite. Suppose first that the former case holds. Define Ny as above; then there exists
no € N such that [A] N ((ng + NoN)@ x \) is infinite. Thus, fix 0 < n; < ng < ... such that
(ng + Nong)0 = A € [A] for all £ > 0. Then using (823]),

o 1= alg)e) o
0= 5" 0NN (Zg 1 Ngni) = (o + Nomk) D agh(g) + D agh(g) —(alg)s)~t

gel’y gelUl's

for all £ € N. Rearranging this expansion, we obtain that

(poo+No Y agA(9)X)15 +> " p;BX =0, VX =ny,na,...
J

gelr
where
0(9)8)_”0 _agAg)

Poo = )\ _—F + + no a

g%:z —(alg)9)™" S 1—(alg)s)” g;l !

—n Qjj (gl]) —ny
pji= —g "0 J algij)~ ", (8.26)
J ;H a(gig)s) 10

B; = (algry)s) .
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Now note that 1 and the g; are distinct, and the ratio of no two of these is a root of unity.
Since char F = 0, Theorem [8.24] now implies that

Poo = Z agA\(g) =p; =0  Vj.

gely
Finally, define p := 0™ % X\. Then,
ai;4(9ij ) ,
0= —s"p; = ’ Vi,
> 1 — (a(gijs))

0=15" Y agAg) = Y agh(g)e(g) ™™ = > agulyg),
gely gely g€l
and ([BI0) follows. A similar analysis shows using (825) and Theorem that if [A] N
(—=N6 x \) is infinite, then (8J0]) holds, which concludes the proof.

O

9. NON-HOPF EXAMPLES OF RTAsS

Note that all of the previous examples of triangular GWAs in Section [ — with the exception
of generalized down-up algebras (89) with r # 1 (such as Example B.4]) — were strict Hopf RTAs.
We now provide examples of triangular GWAs that are not Hopf RTAs. The Hopf structure in the
examples gets increasingly weaker, in the following precise sense:

e As a first example, consider Example B4l in which H = F[h] is a Hopf algebra, but the
Hopf structure is (necessarily) not used.

e In the second example — see Example [@.1]— H is a topological Hopf algebra but not a Hopf
algebra.

e In the final example — see Example — H is not even a topological Hopf algebra.

Example 9.1 (Continuous Hecke algebra of gl;). Let F be any field, and H = O(F*)* = F[T*!]* =
F[[t*!]], the algebra of “Fourier series” or distributions on the unit circle (if F = C). This is a
topological Hopf algebra with coordinatewise multiplication, and other Hopf operations given by

n(1)=> " AWM = _t"@t™ " c HRH, () ant")=ao, SO ant") = ant .

nez nez nez nez nez

The corresponding triangular GWA with z; = 1 is the continuous Hecke algebra of GL(1) and
F @ F*, where 6 is (non-coordinatewise) multiplication by t, i.e.,

Heo(GL(1),F @ F*) := W(O(F*)*,0,5,1), k€ OF)", 00 ant"):=> ant™ ' = a, 1t".

nez ne”L ne”L

Continuous Hecke algebras were introduced in [EGG] as “continuous” generalizations of Drinfeld’s
family of degenerate affine Hecke algebras. The family of algebras under discussion is in some
sense the simplest special case, of “Lie rank zero”. Higher (Lie) rank examples of infinitesimal
Hecke algebras are discussed in the following section. In this section and the next, we differentiate
between the Lie rank of an infinitesimal Hecke algebra (which equals the rank of the underlying
reductive Lie algebra g) and the “(RTA) rank” of a strict, based RTA given in Definition In
fact, the based Hopf RTAs considered in Section are not strict, hence we will only talk about
their Lie rank, but not their RTA-rank.

Remark 9.2. Observe that H = F[[t*!]] is the F-algebra of functions on Z. Thus if x = 0, then
the triangular GWA H,(GL(1),F @ F*) also equals A(Z"), where A(Q{) was defined in Theorem
@0, with ) x 05" := 605" for 61,00 € Qf = Z+.
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We now list some of the properties of (Lie) rank zero continuous Hecke algebras, which are
triangular GWAs from above.

Proposition 9.3. Suppose k =, ant" € O(F*)* and Hy := H (GL(1),F & F*).
(1) Hy is a strict, based RTA of rank one, but not a Hopf RTA.
(2) The set of weights is H= {ttm = m € Z} with puy,(t") = 6mpn. Moreover, 0™ % fiy = fintm
form,n € Z, so Hiree = [
(3) For all m € Z, define Spmn(K) = am + @Gm—1 + -+ + amint1 for n <0, spmo(k) :=0, and
Smon(K) == am41+ -+ @min for n > 0. Then the Verma module M (j1,,) is uniserial, with

UM (pm)) = #{n < 0: 5mpn =0}, |52 (pm)| = |[pm]| = #{n € Z: Smn = 0}.
We remark that s,, (k) = ZTjﬁTn:Z(—;?LHn) a;j for all m,n € 7Z.

Proof. The first part follows from Theorem [B7 and the second holds since {t" : n € Z} is a
complete set of primitive idempotents in H. To show the third part, we compute using Definition
and that z; = 1:

n—1 n—1 n—1 n—1
2y = g 0' (k) = g E amt™ T = E t™m g Aon—is Z_p = g t™m E Gmtn—is Vn > 0.
=0 meZ i=0 meZ =0 meZ =0

The third part now follows from results on the uniseriality of Verma modules, as discussed in the
proof of Theorem B.11 O

Next is an example of an RTA in which the Cartan subalgebra is not a (topological) Hopf algebra.

Example 9.4 (GWA arising from geometry). Suppose X is an object in some category % of
topological spaces containing the real line, and 7' : X — X is an automorphism in % such that
XV := Homyg (X, R) is an R-algebra containing the constant map : X — 1, which is stable under
pre-composition with 7. We now construct a “first approximation” to a GWA. Consider the
subalgebra A’ C Endr(X") generated by the operators Hx := {Mj : f € XV}, and two additional
operators U, D, where:

e M/ corresponds to multiplication by f in XV;
e U(f):=foTand D(f) := foT ! for fe XV.
Then U,D “count” the dynamics of applying TF! to X, i.e., the following equations hold in
Endg(XV):
Utf(=)=fa@(=)u",  D"f(-) = f(T"(-))D".
Moreover, UD = DU = 1y, in Endg(X"), Hx = XV, and T* : Hxy — Hx is indeed an algebra
automorphism. Thus A" = W(Hx,0 =T7%,0,1)/(UD — 1y,,DU — 1g,).

We now define an associated family of triangular GWAs as follows. Suppose T : X — X is
an automorphism in % of infinite order that stabilizes XV. For each 2,z € Hyx, define A :=
W(Hx,T*, zo,21). This is a strict, based RTA of rank one, but not necessarily a (topological) Hopf
RTA, since Hx = XV is not a (topological) Hopf algebra for every topological space X.

We conclude with a conjectural example involving twisted generalized Weyl algebras.

Example 9.5 (Twisted generalized Weyl algebras). We follow the treatment in the paper [FHJ.
Given a TGW datum (R, 0, 1), define the twisted GWA A := A, (R, 0,t), constructed as the quotient
of C,,(R,o,t) by the ideal Z,(R,0,t), as in [FH, Definition 2.3]. (These algebras were originally
defined by Mazorchuk and Turowska [MT].) We further assume that the algebra A satisfies three
additional conditions:

e The parameter matrix (y;;) with diagonals removed, is symmetric.
e The “middle” subalgebra R is isomorphic to a polynomial algebra H[ty, ..., t,] over some
commutative F-algebra H. (Then t; equals y;z; as in the defining algebra relations.)
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e The algebra A satisfies [FH| Definition 2.5 and Theorem 2.7] of “u-consistency”.

In this case, a natural question to ask is if the algebra A is an RTA. That (RTA3) holds is not
hard to show, but the other two RTA axioms are not known to hold in this degree of generality.
Specifically, are the subalgebras B, B, generated by the z; and the y; respectively, isomorphic as
vector spaces to polynomial algebras in these variables? Does the condition (RTA1) hold?

Another question of interest is to verify whether or not the type A} case of a multiparameter
twisted GWA (defined in Theorem 4.1]) is an RTA.

10. NoN-STRICT RTAS: HIGHER LIE RANK INFINITESIMAL HECKE ALGEBRAS

In the final section we address yet another motivation for this paper — to construct a framework
that includes RTAs that are not strict. In this section we consider infinitesimal Hecke algebras
Hp(g, V'), which are deformations of Hy(g,V) := U(g x V'), with g a reductive Lie algebra and V
a finite-dimensional g-module. Note that these algebras include reductive Lie algebras, for which
V = 0. In this section we work over a ground field F of characteristic zero.

The first example of infinitesimal Hecke algebras is over sl,. A family of these algebras was
described in Example [[J] and studied in detail in [Khil [KT], and they are strict, based Hopf RTAs
of rank one. The next two classes of examples discussed in this section, were introduced in [EGG].

10.1. Partial examples. Before discussing specific families of infinitesimal Hecke algebras, we first
mention a general framework for such algebras, in which one can show that Condition (HRTA2) is
related to Ginzburg’s Generalized Duflo Theorem [Gi, Theorem 2.3].

Proposition 10.1. Suppose an F-algebra A is generated by an abelian Lie algebra by and a finite-
dimensional b1 -semisimple module M, with My = 0 = charF. The following are equivalent:

(1) “HRTAZ2” holds; in other words, there exist
e a Lie subalgebra by C by,
e a decomposition M = M @& M~ into hy-semisimple submodules, and
o an F-linearly independent set A" C by,
such that M* = @ueiWA’ Mljt (In particular, the subalgebras generated by M* are b -
semisimple, with finite-dimensional weight spaces, and one-dimensional zero weight space
spanned by the unit.)
(2) There exists a codimension d subspace K C b} (for some d), such that modulo K, and up
to a change of basis, wt(M) := wt(M) + K c Q?\ {0}.
(3) There exists 0 € by such that wt(M)(0) C Z \ {0}.

Remark 10.2.

(1) For example, for the infinitesimal Hecke algebras associated to (g,V) = (gl,,, F" & (F")*)
or (sps,,, F?") (which were characterized in [EGQ]), the second condition is easily verified,
for M =V @&nt ®&n~, K =0, and the basis consisting of the fundamental weights (and
one additional weight in Z(g)* for gl,,).

(2) The third condition indicates that for infinitesimal algebras Hg(g, V') with Vj = 0, one can
always take A’ to be a singleton. (In particular, this also holds for semisimple Lie algebras
g.) This is why the present paper discusses the “Lie rank” of non-strict based RTAs, but
does not define the RTA rank for such algebras.

(3) The first of the three equivalent conditions is what is needed to show that A is an HRTA;
the second is what typically comes as “given data” for A; and the third is needed to apply
Ginzburg’s Generalized Duflo Theorem [Gi].

(4) Note that the conditions in (HRTA2) are stated in terms of B*, unlike the first statement
above. However, in the case of infinitesimal Hecke algebras #Hg(g, V'), the spaces M + are
typically Lie algebras if 8 = 0, and B*, which are the subalgebras generated by M* inside
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Hp(g, V), are deformations of U(ME) C Ho(g, V). In particular, given (RTA1), a suitable
version of the PBW property yields the regularity conditions inside (HRTA2).

Proof. We prove a series of cyclic implications.

(1) = (2): Since wt M is finite, choose a finite subset Ag C A’ such that M = €P,cza, Mu- Now
define d := |Ag|, hoo := spang(Ay), and K := bhgy C h;. Then (2) follows.

(2) = (3): Since Q is an infinite field and 0 ¢ wt(M), choose a hyperplane K; € Q¢ \ wt(M), and
consider 0 # hg € (K7 + K)* = (K1)*. Since these weights all lie in a Q-vector space, there exists
¢ € F* such that

a(hg) € Q" - ¢ Yo € wt(M) C b7.
Now rescale hg using that charF = 0, to obtain § such that a(d) € £N Va € wt(M).

(3) = (1): Set ho =F -6, M* := @, 1y My, with respect to add, and « € by via: (6) = 1. Now
set A" := {a}. O

10.2. The general linear case. We now show that all infinitesimal Hecke algebras of the form
Hp(gl,,F™" & (F")*) are based Hopf RTAs. First recall the definition of these algebras from [EGG],
Section 4.1.1]: Set g = gl,(F) and V = F" & (F")*. Identify g with g* via the trace pairing
gxg—F: (A B)— tr(AB), and identify Ug with Sym g via the symmetrization map. Then for
any z € (F")*, y € F", A € g, one writes

(l’, (1 - TA)_ly) det(l - TA)_l = ro(:n,y)(A) + Tl(x7y)<A)T + 7’2(1‘, y)(A)T2 +-

where r;(x,y) is a polynomial function on g, for all . Now for each polynomial 8 = py + 51T +
BoT? + - -+ € F[T], the authors define in [EGG] the algebra Hg(gl,,F" & (F")*) as a quotient of
T(F™ @ (F™)*) x Ug by the relations

[xa .’L'/] =0, [y7 y,} =0, [ya .Cl?] = BOTO(xa y) + ,817"1(.’15, y) T+
for all z, 2’ € (F")* and y,y’ € F". It is proved in [EGG] that these algebras are infinitesimal Hecke
algebras (so the “PBW property” holds). Also note that if 5 = 0, then Ho(gl,,F" & (F™)*) =
Ulgh, x (F" & (F")").
The algebras Hg(gl,, F" @ (F™)*) provide us with the first examples of RTAs for which one needs
to use a non-strict structure to analyze them.

Proposition 10.3. If charF = 0, then A = Hg(gl,,,F" & (F")*) is a based Hopf RTA with BT =
nt @ (F")*. Moreover, Hg(gl,,F™ @ (F™)*) is not strict for any n > 2 and polynomial 3.

Proof. We first make the necessary identifications: set h; to be the Cartan subalgebra of gl,,, BT
as above, and B~ := n~ @ (F"). Then this algebra satisfies (RTA1) by [EGG], where B* =
Ut x V),U(n~ x V*) respectively. Moreover, the verification of (HRTA2) is the same as what
is done in proving Proposition [0l In particular, Hy = U(hp) can be chosen with hy = F - ¢
one-dimensional. We now claim that for n > 1, the Hopf RTA structure is necessarily not strict.
This is because if all of F" is “positive” (i.e., with Hij-roots in Qf), then so is the sum of the
h1-weights in it. But this sum is over an integrable sl,-module, hence W-invariant, hence has zero
projection when restricted to the Cartan subalgebra of sl,,, while the eigenvalue with respect to the
central element diag(1,...,1) is constant on all of F" @& (F™)*. This contradicts the RTA axioms.
To conclude the proof, we now present a map from [KT], which we claim is an anti-involution
satisfying (RTA3) for general n, 3: j takes X € gl,, to X7, and v; <+ —v} Vi. To show the claim,

first observe that j is an anti-involution on gl,. Next, [e;;, vr] = djrv; and [ej;, vi] = —0;,v] are
clearly interchanged by j, so these relations are also preserved. Third, [v,vs] = [v],v5] = 0 are
also j-stable relations (for v; € F", v} € (F")*).

It remains to consider the relations: [vj,v;] = > ;50 Biri(vg, vi). Note that each r;(v*,v) is in

Ug - and at the same time, identified with a function r;(v*,v)(—) : g — F, via the symmetrization
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map. Now first analyze the left side: j([v;,vi]) = [vk,v)] = > ;=0 Biri(v), vx). Recall how the 7y,
were defined. Treating v € h and v* € h* as column and row vectors respectively, the inner product
(v*, Av) is merely matrix multiplication v*Av. Thus, we compute (inside our algebra):

> (vl o) (AT = o (1= TA) v - det(1 = TA) ™ = of (1 — TAT) Loy - det(1 — TAT)™!
i>0
= (v}, (1= TAT) o) det(1 = TAT) ™" = " ri(vf, w) (A7) T
i>0
Finally, use Proposition below to show that j(r;(vi,v)(A)) = ri(vi,v)(AT) for all ik, 1.
Then using the above computation of power series equality,

i\ D Birilot, ) (A) | =Y Biravi, w)(AT) = Y Bira(vf, vk) (A) = [o, 0f] = (v, 7)),

i>0 i>0 i>0
which shows that j does indeed preserve these last relations. O

Remark 10.4. The based HRTA structure in Proposition [[0.3 is not unique. For instance, one
checks that taking 0 to be the matrix diag(2n —1,2n —5,...,3 —2n) works for Hg(gl,,,F" & (F")*)
for all n and all linear 8 = 5y + 517

Higher rank continuous and infinitesimal Hecke algebras continue to be the focus of much recent
and ongoing research — see e.g. [DT], [Tik2l for more results and references. In particular,
Category O has been defined and studied over A = Hz(gl,,,F" @ (F")*) for all 5. Using Proposition
and the theory developed in Section [B] we now claim:

Theorem 10.5. Suppose F is algebraically closed of characteristic zero. For all n, 3, the category
0= (’)[f/l\lfree] over Hp(gl,,F" @ (F")*) splits into a direct sum of highest weight categories.

This is because in [Tik1], Tikaradze computed the center of this algebra, and showed that it satisfies
Condition (S4).

10.3. The symplectic case. These algebras are generated by g = sp,,(IF) and its natural repre-
sentation, V' = F?". The bases for these that we use are e;, ¢; 4, for F?" with 1 < i < n, and

Ujk *= €jk — Cktnj+ns  Ujk = €jktn t €kjtn, Wik = €jtnk + Cktnj, 1<j,k<n.
As discussed in [KTJ, given a scalar parameter By, the algebras Hg,(spy,, F*") are generated by

5Ps,, @ V', modulo the usual Lie algebra relations for g = spo,,, the “semidirect product” relations
[X,v] = X(v) for all X € g,v € V, and the relations [e;, e;] = Bo6};_j|n(i — j)/n.

Proposition 10.6. The algebras Hpg, (5ps,,, F2") are based Hopf RTAs (assuming charF = 0).

There are other based Hopf RTAs of “symplectic” type — e.g., (Lie) rank one infinitesimal Hecke
algebras Hg(slp, F2) for any 3, which were discussed in Example [[Tlabove. Moreover, for all n and
“all possible” 3, we show below that Hg(sp,,,, F?") always has an anti-involution as in (RTA3).

Proof. Define hg := diag(n,n—1,...,1,—n,—(n—1),...,—1), and consider the standard triangular
decomposition g = n~ @ hy &n". Then gBV has a basis of eigenvectors for b1, and in particular, for
ho (with eigenvalues in Z). Write gV = W@ b EBn/+, a decomposition into spans of eigenvectors
with negative, zero, and positive eigenvalues respectively. Then §’ is indeed the Cartan subalgebra
h1 C g, and nE =nt @ VE are Lie subalgebras in Hg, where V* are the spans of {ey,...,e,} and
{€nt1,...,e2,} respectively.

Next, define by := Fhg, H, := Symb, for r = 0,1, and B* := U(n'*). Then Hpg,(sps,, F>")
has the required triangular decomposition by [EGG], and H; is a commutative Hopf algebra with

— free

sub-Hopf algebra Hy. Moreover, I/J\l = H = h] surjects onto I/{\O = by = F. Define Q’ar =
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Z+A' := ZT{a}, where a(hg) = 1. Then ZA' is generated by the ad ho-weights of g & V. The

remaining part of (HRTA2) is shown as for RTLAs. Finally, that there exists an anti-involution
was shown in [KT]:

j D URL 7 Uik, VRl S —W[E, € <7 €itn. (107)

O

10.4. The symmetrization map and anti-involutions. We end this section by studying anti-
involutions in infinitesimal Hecke algebras. The first result is that all algebras Hz(sps,,, F>") possess
an anti-involution as in (RTA3), which generalizes a part of Proposition To see why, we first
define these algebras for general n, 3 as in [EGG]. Denote by w the symplectic form on V = F?";
one then identifies g = sp,,, (F) with g* via the pairing g x g = F, (A, B) — tr(AB), and Symg
with Ug via the symmetrization map. Write

w(z, (1 —T?A%) ty)det(1 — TA) ™' = lg(x,y)(A) + la(z, y) (A)T* + - -
where z,y € V, A € g, and [;(z,y) € Symg = Ug is a polynomial in g for all i. For each polynomial
B =B+ BT? +--- € F[T), the algebra Hz(sps,, F?") is the quotient of TV x Ug by the relations
[z,y] = Bolo(z,y) + Bala(z,y) + - -
for all z,y € V. We now show:
Proposition 10.8. For all n,f, the map j : Hp(5pay, F2") — Hp(spay,, F2") defined in Equation

([I07) is an anti-involution that fivres Hy = Sym by (the Cartan subalgebra of U(g)). Moreover, the
conditions of Proposition[I0.1 are satisfied.

Proof. The first step is to show the following facts via straightforward computations:

(1) The map j on sp,, can be extended to all of gly,, via: j(C) = 7CTr — where 7 = 77! =

Id, 0
( 0 Idn> € GL(2n).

(2) One has w(z,Cy) = w(j(y),j(C)j(x)), for all x,y € F?", C € gly, (using j as in the
previous part).
(3) J ((1—T24%)71) = (1 - T?%j(A)*)~".

Now note that the conditions of Proposition [[0.1] hold here, if one defines § := hg, the special
element from the proof of Proposition As for the proposed anti-involution, it is not hard to
check that j is an anti-involution on sp,,,, which preserves the relations [ X, v] = X (v) for X € spy,
and v € F?". We are left to consider the relations [x,%]. Now compute using the above facts:

> i, y) (AT = w(z, (1 — T?A*) " 'y) det(1 — TA) ™!
>0

= w(j(y), (1 = T%j(A)*) " j(x)) det(1 — TF(A) " =D lai(i(y), j(2))(5(A)T%,
1>0

where the second equality is not hard to show. In particular, replacing A by j(A) and equating
coefficients of T', it follows that

bai(z,y) (5(A)) = l2i(j(y), j(2))(A) Yo,y € F*", i > 0. (10.9)

Now compute:
iz, y]) = (Z /Bilm(%?/)(A)) = Bilai(,y)(§(A)) = Zﬂilzi(j(y),j(ﬁ))(fl) = [i(y),3(z)],

where the first and last equalities are by definition, the second uses Proposition [[0.I0 below (via
the trace form), and the third follows from Equation (I0.9]). O
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We finally mention a result that was used in proving that every infinitesimal Hecke algebra over
gl,, has an anti-involution that is required to make it a (based) Hopf RTA.

Proposition 10.10. Suppose g is any Lie algebra, and we identify Symg with Ug via the sym-
metrization map

1
sym: X;... X, — ﬁ Z Xg(l)...XU(n).
‘O’ESn

Suppose j is a Lie algebra anti-involution of g. Then the automorphism j of Symg is transferred
to Ug via sym.

Proof. Observe that the symmetrization map commutes with j, and both composite maps are
F-vector space isomorphisms. (]

Applying this result to infinitesimal Hecke algebras over (gl,,, F" @ (F")*) in the proof of Propo-
sition [[0.3] we get (via a further identification of g <+ g* by the trace form):

ri(v, v )(AT) = ri(v,0") (5(A)) = j(ri(v,v7)(A)),

as desired. A similar application yields the anti-involution mentioned above for infinitesimal Hecke
algebras over (spy,, F2").

Concluding example. Recall that the construction in Section provided a setting that could
not be studied using previous theories of O, because the “root lattice” Qar is not abelian. Using
the above results on O for general RTAs, as well as the examples studied above, we now present
a second example of a regular triangular algebra, whose study requires the full generality of our
axiomatic framework and not a more specialized setting. The following example, combined with the
Existence Theorems in Section M, reinforces the viewpoint that our theory is not merely abstract,
but is required in its totality in applications to specific regular triangular algebras.

Example 10.11 (A non-strict, non-Hopf, RTA). Suppose ¢ € C* is not a root of unity, 8 € C[T],
n > 2, and z is a nonzero polynomial in the quantum Casimir in U,(slz). Also suppose X is a
topological space with the algebra of continuous functions C(X,R) not a Hopf algebra, and 7" is a
homeomorphism of X of infinite order. Now define

A= Ul(sly) @ Hag ® (Cr W(C(X,R),T%,1,1)) @ Hp(gl,, C" @ (C")*), (10.12)

where the individual tensor factors were studied in Examples B4l [7.1] @4, and Section [I0.2l respec-
tively. We now claim that A is an RTA satisfying BGG Reciprocity, and that the study of Category
O over A requires the full scope of our general framework and no less.

Theorem 10.13. The algebra A defined in (I0I2) has the following properties:

(1) A is a based Regular Triangular Algebra but not a strict one.
(2) Neither of the algebras Hy 2 Hy is a Hopf algebra, so A is not an HRTA.
(3) The simple roots A are not weights for Hy.

(4) O[I/-j\lfree] C O, because I/—I\lfmi C Hy. Thus, not all Verma modules are in O.
(5) Condition (S4) is not satisfied because the center is not “large enough”. Thus, central

characters cannot be used to obtain a block decomposition of (’)[P/I\lfme] into blocks with
finitely many simple objects.

— free

Nevertheless, the algebra A satisfies Condition (S3). Hence Theorem [4l holds and O[Hy" ] de-
composes into a direct sum of finite length, self-dual blocks. Fach block has finitely many simples
and enough projectives/injectives, and is a highest weight category satisfying BGG Reciprocity.
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Proof. That the algebra A is a based RTA follows from the analysis in the aforementioned examples
by using Theorem [B] since each individual tensor factor is a based RTA. Next, the RTA is not strict
because H(gl,,, C"@®(C™)*) is necessarily not a strict RTA by Proposition[I3l The algebras Hy, H;
are not Hopf algebras because C@r C'(X, R) is not a Hopf algebra by assumption. Properties (3),(4)
hold in A because they hold respectively in C ®g W(C(X,R),T*,1,1) and in Uy(sly). Finally,
Condition (S4) is not satisfied in H, 4 by [GKI, since Z(#.,) = C. Hence A also does not satisfy
(S4), by Theorem [Bl

Next, to show that A satisfies Condition (S3) it suffices to verify the same property for each of
the tensor factors. As stated in Section[8.2] if ¢ is not a root of unity then U (slz) satisfies Condition
(S3) over C. That H,, satisfies Condition (S3) was shown in (also see Example [[T]); and
that Hg(gl,, C" & (C")*) satisfies Condition (S4) (and hence (S3)) was shown in [TikI]. Finally,
Cor W(C(X,R), T, 1,1) satisfies Condition (S3) by Theorem B.7|(2), since zp = 21 = 1. O
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