STRATIFIED EXACT CATEGORIES AND HIGHEST WEIGHT
REPRESENTATIONS

MATTHEW J. DYER

ABSTRACT. We define stratified exact categories, which are a class of exact
categories abstracting very general features of the category of modules with a
Verma flag in a highest weight category. For any small stratified exact cat-
egory, the associated abelian category of left-exact contravariant functors to
abelian groups has highest weight structure in some weak general sense. Much
of the paper is devoted to giving constructions of stratified exact categories and
functors between them, and describing conditions which give rise to stronger
properties of the associated categories and functors. We discuss only the most
general properties of standard objects (projectives, injectives, highest weight
objects, tilting modules etc), and various natural functors (base change, un-
grading functors, translation and projective functors etc) in this setting. The
formal results here are a part of a project to construct and study certain
representation theories associated to Coxeter groups (conjecturally related to
Kazdhan-Lusztig polynomials) and to fans of polyhedral cones (conjecturally
related to h-vectors of polytopal complexes), and to clarify their analogies to
and relationships with highest weight representation categories arising in Lie
theory.

The Kazdhan-Lusztig polynomials P, , defined in [35] (and their variants) have,
for crystallographic Coxeter groups, important applications in many areas of Lie
theory. It has been conjectured in loc cit that these polynomials P, , have non-
negative coefficients for an arbitrary Coxeter group. The conjecture is known to
be true for crystallographic Coxeter groups, using an interpretation of Kazdhan-
Lusztig polynomials as Poincaré series of local intersection cohomology of Schubert
varieties (see e.g. [36] and [29]) or closely related interpretations in representation
theory.

To study the conjecture in general, we have initiated (in [18], [22], [21], [23])
the study of certain highest weight representation categories naturally associated
to data consisting (essentially) of a reflection representation of a Coxeter system
(W, S) on a space V and a possibly non-standard system of positive roots of W
on V. In graded characteristic zero versions of these representation categories,
the multiplicities of graded simple modules as composition factors of Verma mod-
ules are conjecturally given by coefficients of Kazdhan-Lusztig polynomials (we
call this the Kazdhan-Lusztig conjecture, in view of its close relationship to the
proven Kazdhan-Lusztig conjecture on Verma module multiplicities in semisimple
complex Lie algebras ([35], [7], [4], [3])). We have also begun the study of closely
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analogous representation theories associated to (possibly non-rational) fans of poly-
hedral cones in a Euclidean space, with similar conjectural applications to the study
of g-vectors of convex polytopes and h-vectors of polytopal complexes [51]. These
representation categories have an interesting and combinatorially rich theory, and
several natural questions and conjectures about Kac-Moody Lie algebras, quan-
tum groups etc and associated geometry are suggested by analogy with results and
conjectures about these representation categories.

A definition and some of the most basic properties of some of these representation
categories was surveyed with incomplete proofs in [23]. In this paper we provide,
with proofs, some extensions of the formal part of the results there which are
important for the examples; notably, we allow infinite weight posets to be able to
obtain more “global” results on structure constants of Iwahori-Hecke algebras (cf.
[23, 5.6]), we give the results more generally for application to the integral versions
of representation theories associated to crystallographic Coxeter groups and to the
study of polytopal complexes, and we make the role of exact categories more explicit
in order to improve (at least slightly) the functoriality of the constructions.

The representation categories of interest are constructed in roughly the following
way. Call an exact category with a family of “standard” objects satisfying the
usual Ext-vanishing conditions of Verma modules in highest weight categories, and
in which every object has a “good filtration” by these standard objects, a stratified
exact category; thus, such categories are a general analogue of the category of
modules with a “Verma flag” in a highest weight category. Now associated to
a stratified exact category, one has an associated abelian category of left exact
contravariant functors from it to abelian groups; this has highest weight structure
in some very weak general sense. Such representation categories can typically be
realized as a category of “diagonalizable modules” over a “diagonalizable ring,” the
description being formally similar to the definition of category O of modules for a
Kac-Moody Lie algebra. We are interested in these categories over commutative
rings and in closely related highest weight categories over fields obtained by base
change from such module categories.

Accordingly, much of the paper is concerned with giving a number of construc-
tions of stratified exact categories and functors between the corresponding abelian
categories, and with describing simple conditions on a stratified exact category
which give rise to desirable features of the representation categories and functors
which may be constructed from them. We have collected general facts which are
useful for the study of the motivating examples from Coxeter groups, polyhedral
cones and Lie theory but which are independent of the context. Most of the results
and methods are variants, generalizations or special cases (in some cases, all three)
of well known ones from Lie theory or general algebra, but we have recorded them
here since the existing references seem inadequate for our intended applications.
The constructions and basic results we give are extremely general and thus very
widely applicable. However, though this greatly facilitates the construction and
study of the motivating examples, none of the deeper phenomena and conjectures
which make those examples particularly interesting hold in the generality of this
paper; moreover, we have no particular reason to expect that the deeper properties
of the motivating examples can be proved within the rather restrictive (not very
functorial) context of this paper.
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The first section of the paper provides an overview. It lists the results which are
most useful for the study of the intended examples and informally discusses these
results in relation to some of those examples. At the end, it mentions a few of the
deeper properties which are conjectured or known to hold in some of those exam-
ples; the detailed discussion of the examples is deferred to future papers. Sections
2-16 contain the proofs of the general facts mentioned in the first section and of
additional related results. There are three appendices. Appendix A explains poset
terminology used throughout this paper. Appendix B describes some facts and
terminology concerning exact categories. Appendix C collects some terminology
and general facts we shall use about categories with automorphisms, and their rela-
tionship with “diagonalizable” graded rings and modules; a much briefer discussion
which should be adequate for many readers is given in 1.10.

1. MAIN RESULTS, EXAMPLES, AND CONJECTURES

In this section, we describe the results in this paper. General background in-
formation and terminology concerning posets and exact categories can be found in
Appendix A and Appendix B respectively. Terminology is mostly standard; one ex-
ception is that we shall find it very convenient to call a functor F': C' — D between
exact categories perfectly exact if it is full, faithful, exact, reflects exactness and
has extension closed strict image, and to say that C' is a perfectly exact subcategory
of D if it is a subcategory of D and the inclusion functor is perfectly exact.

1.1. Stratified exact categories. Let C be an exact category and let {C,}.cq
be a family of strict full additive subcategories C, of C indexed by an interval
finite poset 2. For any subset I' of €2, let Cr denote the smallest extension closed
(additive) subcategory of C containing C, for x € T, regarded as a perfectly exact
subcategory of C.

Definition. We say that (C,{C,}+cq) is a stratified exact category if the following
conditions all hold:

(i) Hom(M,N)=0if M isinC,, NisinCy and v L y
(ii) Co =C
(ili) for x € Q, any object M of C, is projective in Cx,

When the conditions hold, we shall abuse terminology and call C itself a stratified
exact category (with strata C, and weight poset €2).

Remarks. Condition (iii) could be replaced by the requirement that if L is in in
Cy, N isin Cy and y £ z, then Ext;(N,L) = 0 i.e. for such L, N, any short exact
sequence

(1.1.1) 0—-L—-M-—>N-—=0

in C is split exact. It follows that if C is stratified, then the opposite category CP
is a stratified exact category with strata CSP and weight poset Q°P (we identify the
opposite poset Q°P with € as a set), and Cr is stratified with weight poset I" for
any I' C Q. Moreover, C, = Cy,y is a split exact category for each x € Q (i.e. its
exact sequences are all split exact sequences).
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1.2. Let B be an exact category and C,, for x € Q, be perfectly exact, strict
subcategories of B. We assume that Hom(M, N) =0 if M is in C;, N is in C, and
x £ y. Suppose also that for each = € €, there exists a Serre subcategory B, of
B, containing C, for all y % x, such that every object of C, is projective in B,.
Define C to be the smallest extension-closed full additive category of B containing
the objects of C, for all y € ), regarded as a perfectly exact subcategory of B.

The following result is proved in 3.8 (note part (a) is immediate form the defi-
nitions).

Lemma. (a) The family (C,{Cys}zeq) is a stratified exact category.

(b) Assume idempotents split in C, for all x € Q. Then any short exact se-
quence 0 — M' — M — M" — 0 in B with M, M" objects of C, is an
exact sequence in C (in particular, M’ is in C). Thus, C is a perfectly exact
subcategory of B.

Remarks. Of course any stratified exact category C arises from this construction, in
a trivial way with B = C. If C is small, it also arises from this construction taking
for B the abelian category C* of left exact contravariant functors from C to abelian
groups, as we see subsequently.

1.3.  Suppose above that B is a highest weight (abelian) category with weight poset
Q over a field, such as category O for a semisimple complex Lie algebra or Kac-
Moody Lie algebra, or the category of finite dimensional rational G-modules for a
semisimple algebraic group over an algebraically closed field of prime characteristic;
see e.g. [10] or [32] for general frameworks. One may take C, to be the category
of objects which are direct sums of universal highest weight modules with highest
weight x (also known as Verma or Weyl modules) and B, to be the full subcategory
of objects all of whose irreducible subquotients are indexed by highest weights which
are not greater than z. Then the category C above becomes the category of objects
with a finite “good filtration” (by Verma modules). In such situations, one can
often reconstruct B or a closely related abelian category as a natural subcategory
of C*. For example, if 2 is finite and B has a projective generator P in C, one
typically has B & A-Modfg and C* = A-Mod where A = End(P)°P; this idea
goes back at least to Bernstein-Gelfand-Gelfand, who applied it to blocks of O for
a semisimple complex Lie algebra. In more general situations, when one works
with “thickened” versions of highest weight categories over general commutative
rings instead of fields and allows infinite weight posets, there is a large abelian
subcategory C! of C* which typically is similarly related to B; C' usually has a
natural realization as a subcategory £ of the category A-Mod of “diagonalizable”
modules for a “diagonalizable” ring A subject to additional conditions formally
resembling those in the definition of category O for a Kac-Moody Lie algebra. See
1.11 for an example and 1.20 for a general result in this vein.

In contrast to the usual situation in Lie theory, in most of our intended appli-
cations to Coxeter groups and polyhedral cones (see 1.12 and 1.13), one does not
have an a priori description of the highest weight category B of interest. In these
cases, we have to give an independent construction of C and define B as the abelian
subcategory B := C' of C* (more precisely, we construct the thickened versions
over commutative rings in this way, realize them as module categories and obtain
the desired highest weight categories over fields by “base change”). The examples
of stratified exact categories C of interest to us for the intended applications are
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generally constructed using a faithful exact functor F': C — D where D is typically
a “familiar” abelian or exact category (such as the category graded modules over a
a polynomial ring over a field, or filtered modules over the T-equivariant K-theory
ring of a flag variety) but where F' does not have the favorable properties of the
inclusion C — B in 1.2. In fact, F' typically does not reflect exactness or have exten-
sion closed strict image, and may not even be full. General methods of constructing
exact category embeddings F': C — D of this type will be described below for a
larger class of “weakly stratified exact categories” C; if 2 = {e}, a stratified exact
category is a split exact category, whereas a weakly stratified exact category is an
exact category.

1.4. Weakly stratified exact categories. We begin again with an exact category
D and a family {D,},cq of strict, full additive subcategories D, indexed by an
interval finite poset 2.
We consider the following two conditions on this data:
(i) Hom(M,N)=0if M isin D,, N isin Dy and z £ y
(ii) if Lisin in Dy, N isin Dy, ¢ £ y and y £ x, then Exty (N, L) = 0.

Lemma. Assume that 1.4(i) and 1.4(ii) hold.

(a) There is a full additive subcategory C of D consisting of the objects M in D
which possess a filtration M = M° D M' D ... D> M" = 0 with M*~1/M?®
in Dy, for some x1,...,x, in§ (depending on M) such that z; < x; implies
i< j.

(b) Fiz such a filtration for each M in C, and set M(x;) := M*~1/M* and
M(z):=0 if z € Q with x # x; for any i. Then up to isomorphism, M (x)
is independent of the choice of the filtration, and there is a natural additive
functor 7,,: C — Dy, with 7,(M) = M(x) for M in C.

(¢) More generally, let T be a locally closed subset of Q (i.e. x,y € T implies
[x,y] CT). Then there is a natural additive functor or: C — C, denoted
M — M(T), such that M (T') is an admissible subquotient object of M and
To(M) = 7, (M(D)) ifz €T, and 7, (M(T)) =0 if x ¢ T.

(d) IfT and A are locally closed subsets of Q such that T is a coideal of A, there
is a natural short exact sequence 0 — M(T') — M(A) — M(A\T) — 0 in
D for each object M of C.

This is proved in Section 2, where we also provide more canonical descriptions
of C and M (T") and establish additional facts on filtrations as in (a) (which are just
analogues, appropriate to the weaker conditions assumed here, of Verma flags in
highest weight categories).

For any locally closed subset T' of €2, let Cr be the full additive subcategory of
objects M of C with M(xz) = 0 for « € I'. Let tp: Cr — C be the inclusion, and
7r: C — Cr denote the restriction of or.

1.5. Now we can define weakly stratified exact categories.

Definition. We shall say that D is a weakly stratified exact category (with strata
{D:}zecq and (interval finite) weight poset ) if the following conditions hold:
(i) D is an exact category,

(ii) the D, for x € Q are perfectly exact, strict subcategories of D satisfying
1.4(i) and 1.4(ii) above
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(iii) every object of D is in the additive category C as defined above i.e. C =D
as additive categories.
(iv) for any locally closed subset I' of 2, the truncation functor or is exact.

Remarks. Condition (iv) could be replaced by the requirement that 7,: C — D, is
exact for all z, or replaced by the requirement that a sequence (1.1.1) in D is exact
iff gf = 0 and each sequence

(1.5.1) 0— L(z) ZY% M(x) 29 N@) — 0

with z €  is exact in D, (this follows using the 9-lemma and Lemma 1.4).

If (i)—(iv) hold, then for any locally closed I' C Q, Dr := Cr is a perfectly exact
subcategory of D and is itself naturally a weakly stratified exact category with
weight poset I' and strata D, for x € T.

1.6. The following lemma is proved in 3.9.

Proposition. Let D be an exact category with a family {D, }rcq of perfectly exact
strict subcategories indexed by a locally finite poset €.
(a) If (D, {Ds}req) is a weakly stratified exact category, then Exty, (L, N) =0
if L is in Dy, N in Dy and x £ y.
(b) If (D,{Ds}zeq) is a weakly stratified exact category, then for any locally
closed subset T' of Q0 and any objects M, N of Dr, the natural map

Ext}, (M, N) — Extp, (M, N)

s an isomorphism.

(¢) If (D,{D,}seq) is a stratified exact category, then Extis(N, L) = 0 for all
1> 14 N isin Dy and L is in D, with x £ y.

(d) (D,{D.}zeq) is a stratified exact category iff it is a weakly stratified exact
category and each stratum D, is a split exact category.

1.7. Construction of weakly stratified exact categories. The following con-
struction of weakly stratified exact categories is a more general version of the con-
struction sketched in [23, 1.1.-1.5].

Proposition. Let D be an exact category and D, for x € Q be strict, full additive
subcategories of D which are each endowed with a structure of exact category so the
inclusion D, — D is exact. Assume 1.4(1) and 1.4(ii) hold, so one may define the
category C and functors 7,: C — D, as in 1.4. Define a sequence (1.1.1) in C to be
exact if gf =0 and for each x, (1.5.1) is a short exact sequence in D,.

Then (C,{Ds}zecq) is a weakly stratified exact category.

More generally still, in Sections 3 and 5, we shall give a construction which,
to exact categories D, D, for z € Q and a family {F,: D, — D}.cq of exact
functors, associates a weakly statified exact category C° with strata C0 = D, (as
exact categories) and an exact functor F': C — D. One may view C° as having
been obtained by gluing together the strata D, allowing extensions from their strict
images F,(D,) in D which are “compatible” with the poset 2. In the case where the
strict images of the F), satisfy 1.4(i) and 1.4(ii), we denote the weakly stratified exact
category we construct as CY = CO[{F,: D, — D}.ecq] (the construction in this case
is given in Section 3); if in addition all F, are full, faithful, exact inclusion functors,
then the functor F' induces an equivalence of weakly stratified exact categories
between C° and C as defined in the above proposition. The weakly stratified exact
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category we associate to general functors {F,}eeq is CO[{jaFy: Dy — D" }ocal
where DI*" is an exact category of “sheaves” on Q and j,: D — D™ sends an
object M of D to the corresponding “skyscraper sheaf” with global sections M and
support equal to the closure {y € Qly > x } of x (see 5.9 for precise details).

1.8. Construction of representation categories. If C is a svelte exact category
(i.e. skeletally small), we replace C' by an equivalent small exact category Cy and
define C* to be the abelian category of left exact contravariant functors from C
to abelian groups (see Appendix B for more details here and below). There is a
natural perfectly exact functor (Gabriel-Quillen embedding) ¢¢c: C — C* given by
(bc(M) = Homc(?, M)

In general, if D is another such (small) exact category and F': C'— D is a right
exact functor, F' induces a left exact functor F*: D* — C*. The functor F'* has a
left adjoint which is a right exact functor F,: C* — D* extending F' in the sense
that Fuoc = ¢pF. The correspondence F' +— F), preserves composites and adjoints.

Now let C be a svelte weakly stratified exact category. For any open subset
(ideal) T of €, the functor 74: Cj: — C* is perfectly exact. Define CT to be the full
abelian subcategory of C* consisting of objects which belong to the strict image of
1+ for some f.g. ideal I" of Q (see 4.1).

1.9. Some general properties of C* and C' for a stratified exact category C, are
given in Section 4. Module-theoretic variants of many of these facts are described
later in this section; these variants require slightly stronger assumptions on C which
hold in most of the intended applications.

Before proceeding with the discussion of these results, we introduce the class
of diagonalizable rings and their diagonalizable modules which are used in their
module-theoretic formulation (see Appendix C) and mention three examples which
have motivated the considerations of this paper; many of the subsequent results
will be briefly discussed in relation to these examples.

1.10. Diagonalizable rings. By a G-graded J-diagonalizable ring A, we mean a
(possibly non-unital) G-graded ring A = @4cc A,y (G a group) with a specified set
{e;};es of orthogonal homogeneous idempotents such that A = &, yecse;Aes. If
B = @j res fj B fr is another such ring, a ring homomorphism A — B is required to
map e; — f; for all j. We call a G-graded A-module M = ®4ceM, diagonalizable
if M = ®jere;M. Let A-mod denote the category of diagonalizable graded A-
modules, with homogeneous A-module homomorphisms of degree 15 as morphisms.
We generally call A itself simply a G-graded ring, omitting explicit mention of the
set J unless necessary to avoid confusion; if the grading G is fixed in the discussion,
as it often is, we may even call A just a ring. Similarly, the objects of A-mod will
hereafter be called graded A-modules or even just A-modules. All limits, colimits
etc of G-graded J-diagonalizable rings (resp., modules) are taken in the category
of G-graded J-diagonalizable rings (resp., modules). There is a natural action of G
as a group of automorphisms of A-mod by grading shift. For a graded A-module
M, rad A (resp., Rad A) denotes the graded (resp., ungraded) radical of M i.e. the
intersection of the family of all graded (resp., ungraded) maximal submodules of
M.

We call an additive, (resp., abelian or exact) category C with a given action of a
group G by automorphisms as additive (resp., abelian or exact category) an additive
(resp., abelian or exact) category over G. We call the automorphisms translations
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of C and generally denote them as {T}},eq; we also often write T,M = M{g™').
A functor F': C — D between additive categories over G is said to be a functor
over G if it is compatible with translations, in the sense that FT, = T, F for all F.

Let C be an additive category over GG. For a family M of objects in C, Add M
(resp., add M) denotes the full additive subcategory of all direct summands of finite
direct sums of copies of (resp., translates of) objects of M. For M, N in C, we de-
fine the G-graded Z-module hom¢ (M, N) with home (M, N)y = Home (M, TyN).
Similarly, define ext’(M, N) if C' is an abelian or exact category and the T, are
exact functors. Now if M = {M,},cs, then there is a naturally associated J-
diagonalizable, G-graded ring A = end(M)°P with e; Ae, = hom(M;, M}) and mul-
tiplication by composition. Moreover, there is a natural functor hom(M, ?): C' —
A-mod with e; hom(M, N) = hom(M;, N) for N in C. Similarly, one defines
hom(?, M), and defines ext?(M, ?), ext!(?, M) if C' is exact.

1.11. Example 1: Categories from Kac-Moody Lie algebras. Let g=n" +
h + nT be a symmetrizable Kac-Moody Lie algebra with enveloping algebra U =
U(g) (unexplained notation is as in [34] unless otherwise indicated). Partially order
h* by setting 4 < N if \—p € QT := @uenNa. Let S = U(h) (a polynomial ring on
a basis of h) and A be one of the following S-algebras: A = S, or A is the localization
Sm, of S at the maximal ideal my of polynomials in S with zero constant term, or
A = S/my = C. Let m denote the maximal ideal of A if A = C or A = Sy, and
let m=mg if A=S5. Let m: S — A be the structural morphism.

Define the Anderson-Jantzen-Soergel category (cf. [1]) M4 of (U, A)-bimodules
M with an h*-gradation M = @xep~ M) as right A-module such that hm = mn(h+
(A, h)) for all m € My, h € h € S C U and U\M,, C My;, where Uy is the A-
weightspace of U(g) under the adjoint action of h; morphisms are (U, A)-bimodule
homomorphisms respecting the grading. Then My is an abelian category; we
consider also its full abelian subcategories M’y O M’} with M’; consisting of
modules M such that there exist Aq,..., A\, € h* such that M)y # 0 unless A < )\;
for some ¢ and M’} consisting of objects M of M’, such that each M) is a f.g.
A-module. Then M¢ is the usual category O for g; we regard M’, and M’} as
“thickened versions” of O over A (the former without finiteness conditions).

Let bt := n* + 5. For any A € bh*, let A* be a (U(b*), A)-bimodule equal to
A as right A-module, with n*(Ay) = 0 and hm = mz(h + (\, h)) for all m € A
and h € h. The (U, A)-bimodule Ny := Z4()) := U ®y(p+) A* can be naturally
regarded as an object of M’} with 1y x 14 € Za(A)x (cf [1]). Thus, Z¢(A) is the
usual Verma module of highest weight .

Define D = M/, and for x € Q, let D, := Add{Z4(z)}. One can show that
Endp(Za(A)) 2 A naturally, and that 1.4(i) and 1.4(ii) hold (in fact, if A =5 or
A = Sp, then Homp(Z4(N), Za(p)) = 0 unless A = p).

The “blocks” of M’y over A are defined to be the equivalence classes for the
finest equivalence relation = on h* such that A\ = p if Exti\,l/A(ZA()\), Za(p) #0
for some ¢ < 1. For general reasons, the blocks for A = C and A = S, are both
the same as the blocks of O which were explicitly computed in [13]; in that case,
one has for each block 2 a full subcategory Oq of O consisting of all modules all
of whose irreducible subquotient modules have their highest weights in 2, and O
is determined by these block subcategories. (Over A = S, the blocks are quite
different.)
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One would like, for a fixed block €2 of O, to construct a thickened version of the
block category Oq over A = Sy, or, more subtly, over A = S. In order to do this,
one can proceed as follows. Give {2 the induced order as a subset of h*. Let C =Cy
be the smallest extension closed additive subcategory of D containing the objects
Za(x) for all z € Q, regarded as a perfectly exact subcategory of D. It is easy to
show (e.g. using 1.2) that C4 is equal to the stratified exact category associated by
the construction 1.7 to D and its additive subcategories D, (regarded as split exact
categories) for z € . The category & := CL may be regarded as an analogue of

', associated to the block Q. It contains (for fixed A) full abelian subcategories
En C &y satisfying additional finiteness conditions (see 1.30). If A = C, it can
be shown using 1.20 that &, = & is equivalent to the full subcategory of Ogq
consisting of objects M such that there exist A1,..., A, € Q such that if M, # 0,
then \; — u € Q% for some i. For each of the three possible choices of A we allow,
Eqn may be regarded as an analogue (corresponding to the weight poset @ C h*) of
M’} (which corresponds to the weight poset h*).

1.12. Example 2: Categories from Coxeter groups. We describe here one nat-
ural family of representation theories (over the real numbers) associated to Coxeter
groups, from among several mentioned in [23]. We allow infinite weight posets and
“singular infinitesimal character on both sides” since these situations (cf. [23, 5.6.])
are responsible for many features of our treatment here. Another class of exam-
ples which have motivated the general setup considered in this paper are various
integral and prime characteristic versions of some of these examples (associated to
crystallographic reflection representations), but we make only sporadic mention of
these.

Let (W, R) be a (f.g. for simplicity) Coxeter system in its (standard, for definite-
ness) reflection representation (see [6] or [31]) on a real finite-dimensional vector
space V. For the exposition here, if the associated bilinear form is degenerate
(e.g. for an affine Weyl group) we need to enlarge V and extend the form to a
non-degenerate symmetric bilinear form on V.

Consider W in either Chevalley-Bruhat order or reverse Chevalley-Bruhat order;
accordingly, we define [: W — Z by | = Iy or | = —Iy where [ is the standard length
function on W (one could also use orders associated to more general length functions
as in [19], see [23]). Let S be the symmetric algebra of V' over R graded in even
degrees so Sy = V; the W action on V extends naturally to an action of W as a
group of graded R-algebra automorphisms of S. For any finite standard parabolic
subgroup Wz, of W, let ST denote the corresponding ring of W -invariants on S (it
is well known that S* is a graded polynomial ring). Fix finite standard parabolic
subgroups W; and Wy of W, and let Q be the set of minimal length (W, W)
double coset representatives in W with respect to [, given the order induced as a
subset of W by <.

Let D be the abelian category of graded S” ®@g S¥-modules, with homogeneous
maps of degree zero respecting the module structure as morphisms. The group G =
Z acts as a group of automorphisms M — M (n), n € Z of D by grading shifts, where
(M{n))m = Mp_p. Define for each d € Q the graded module Ny := gd~ JdnK (I(d))
in D with S’ ®g SX action given by (a ® b)(n) = nbd~1(a) for a € S7, b € SK
and n € 89 74K where nbd~'(a) is just the product in $¢ 79K For d € Q set
Dd ;= add Nd.
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Here, one has end(Ny) = S¢ 79K for each d € €, and the conditions 1.4(i)
and 1.4(ii) hold (in fact, hom(N,, N,) = 0 for  # y in Q); however, in contrast
to Example 1, one may have ext!(N,, N,) # 0 with y < x (cf. [23] or [17] for
explicit formulae in the case K = {)). Using 1.7, one may define the associated
stratified exact category C and abelian categories CT = £ D &ty 2 Ean which are
conjecturally closely analogous to the corresponding categories in Example 1 with
A = S, but with graded structure. To obtain analogues in this setting over C
of the representation theories over A = C in Example 1, one applies certain base
change and forgetful functors (forgetting grading) to those over S, as discussed
subsequently.

If it is necessary to indicate dependence of C on J, K, | we write it as JCZK.

Remarks. If W is finite, one could work equivalently with graded S7 ®gqw SX-
modules instead of graded S7 ®r SX-modules.

1.13. Example 3: Categories from fans of polyhedral cones. To partly mo-
tivate the more general constructions in Sections 3 and 5, we give a natural example
in which the construction in Proposition 1.7 is not quite adequate.

Let V be a finite-dimensional R-vector space, and let S be the symmetric algebra
of V over R, graded so S; = V. Let D be the category over Z of graded S Qg S-
modules, with translations by grading shifts.

By a fan Q in V', we mean a set ) of polyhedral cones in V such that any face
of a cone in the fan is also a cone in the fan, and the intersection of any two cones
of the fan is a face of both of those two cones. Fix a (finite for simplicity) fan Q in
V', and partially order Q by inclusion. For z € 2, define I(z) as the dimension of
the linear span of x.

Now assume further that V is a Euclidean space i.e. V is endowed with an inner
product (a positive definite R-valued symmetric bilinear form). For x € V| let s,
be the orthogonal reflection in z i.e. the linear map on V with the linear span of x
(resp., the orthogonal complement of z) as its 1-eigenspace (resp., —1-eigenspace),
and extend s, to a graded R-algebra automorphism of S. For z € Q, define N, in D
to be equal to S{I(d)) as graded R-vector space, with S®g S-module structure given
by (a ® b)n = nbs,(a) (product in S) for a,b € S and n € N,. Let D, = add N,.

Now one has end(N,) = S for x € Q; if  consists of all faces of some fixed
polyhedral cone, then the conditions 1.4(i) and 1.4(ii) hold (in fact, hom(N,, Ny) =
0 unless = y). For a general fan, neither 1.4(i) nor 1.4(ii) hold, but one can use
5.9 to define C, C*, C' etc, which are conjecturally closely analogous to categories
in the preceding two examples. Again, one can obtain analogues of the categories
in Example 1 over A = C by applying base change and forgetful functors described
later.

Remarks. In general, a “global” weakly stratified exact category C can be regarded
as having been obtained by “gluing” the “local” categories C<, for y € €; in the
above example, observe that each C<, is the stratified exact category associated to
the face lattice of a single polyhedral cone and can therefore be constructed using
just Proposition 1.7.

It should not be difficult to show that, more generally, (weakly) stratified exact
categories with weight posets forming an open cover of € can be glued to give
a (weakly) stratified exact category with weight poset 2, if they satisfy suitable
compatibility conditions (analogous to those needed for gluing sheaves).
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1.14. As already mentioned, the “representation categories” CT considered in Ex-
amples 1-3 above have realizations as full subcategories £ of A-mod, for an -
diagonalizable G-graded ring A, where G = {1} (resp., G = Z) in Example 1
(resp., Examples 2 and 3). This is useful in applications for obtaining other similar
representation categories (e.g. by base change or by forgetting the grading, or by
imposing extra finiteness conditions similar to those imposed on M/, to get M’} in
Example 1).

The ring A arises as end;(P)°P for a suitable family P of projective objects in
a category C of pro-objects of C, as we shall now describe. For finite {2, one may
canonically identify c~cC.

1.15. Pro-objects. Fix a weakly stratified exact category C with strata C, for
x € Q. The category Cin general is studied in Section 6 after some preparation in
Section 5. We summarize the definition and the most important technical properties
of C below.

Let I; be the set of ideals T of Q such that I' C I for some finitely-generated
ideal T of Q. Let Iy be the set of ideals of the form {yly < x} for some = € €,
Let In C I C I and regard I, Iy and I; as posets ordered by inclusion. Note that
QeI for | = —lp in Example 2 or if 2 is finite (e.g. in Example 3).

Let I be as above and define a category C; as the full subcategory of inverse
systems {Qa }acr of objects of C such that Qa(z) = 0 for z ¢ A, and for A D X
in I, the restriction map Qx — @y is an admissible epimorphism in C with kernel
UA\E(QA)-

For locally closed subsets T' of 2, there is a “truncation functor” ér : Cr — Cr
defined on objects by {Qa}taer — {Qa(T')}acr. There is also a natural functor
0;: C — C; mapping an object Q of C to the inverse system {Q(A)}aer, with the
unique restriction maps which are admissible epimorphisms in C compatible with
the canonical epimorphisms @ — Q(A) for A € I.

Lemma. (a) Cr has a natural structure of exact category.

(b) The forgetful functor F: {Qa}tacr — {@a}acr, is an equivalence of exact
categories (f] — (flo, satisfying F0r = 01, and Fop 1 = 65,1,F. Hence we
write simply él = é, or, g =0r and 0y = 0.

(¢) The functor 0 is perfectly exact, and o =2 610 for any locally closed subset
I' of Q.

(d) IfT is a locally closed subset of Q which generates an ideal T’ € I, there is
a natural exact functor pr: C — C which we denote Q — Q(T), determined
by {Qa}aer, — TmQrs. Moreover, prf = or.

(e) If T € I, then 0 is an equivalence of exact categories.

We will write an object M of C as M = {Mr}res, where we choose I = I or
I = I as convenience dictates. Frequently, we regard C as a subcategory of C by
means of §, and we identify C = C if Q € I;.

Remarks. One may think of C as the “inverse limit” of the Cx for A € I with respect
to the truncation functors 75 : Cy — Cx; for A D ¥ in I. Objects of 14 1, are analogues
of flabby sheaves of objects of C, in the sense that for the “presheaf” {Qu}ver, in
¢ 1,, the sheaf condition holds for finite coverings of U € I; by objects of I;. The
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equivalence C n = ¢ 1, 1s technically important for Zorn’s lemma arguments involving
C, and corresponds to the usual local description of sheaves by their stalks.

1.16. Bistable functors. In Section 6, we consider various “stability properties”
of a right exact functor F': C — D between stratified exact categories. These hold
automatically if the weight posets of C and D are finite. The strongest of these
conditions, which we call bistability, implies F, and F™* restrict to functors F} and
FT between CT and D'; a weaker condition than bistability, which we call stability
backwards for f.g ideals, has the following consequences.

Theorem. LetC’ be weakly stratified exact categories. Suppose that F, F': Ct — C?
and G: C? — C' are right exact functors which are stable backwards for f.g. ideals
and e: F' — F’ is a natural transformation.

(a) F can be naturally extended to a right exact functor F:C' = C? so that for

an object M in C', (FM)p := lim ., orF(My). If F is exact, so is F.

(b) € induces in a natural way a natural transformation €: F—F
(c) If G is right adjoint to F, then G: C?> — C! is a right adjoint to F.

One uses this in applications of Example 2 to the combinatorial study of the
generic Iwahori-Hecke algebra, for which it is necessary to show that certain functors
F preserve projective objects of C.

1.17. Standard objects N. We now fix a stratified exact category C over a group
G (i.e. C is stratified exact category with a compatible structure of exact category
over G such that the translations preserve each stratum C, for x € Q).

Suppose C is svelte. Fix once and for all for each x € Q a family N, := {N, ; }ie1,
of objects of C, such that C, = addN, (we call N, a family of standard objects
of weight x in C; in many, but not all, applications there is a natural choice of
N,.). We define the G-graded unital ring R;; := end(N,;)°® and the G-graded
(diagonalizable) ring R, := end(N,)°?, so e;Rye; = hom(N, ;, N, ;) for i,j € I,.
Define the graded Jacobson radicals J, ; :=rad R;; and J, :=rad R,.

Generally, we will write {N, ;}; for {Ngitier,, {Naite,i for {Ngi}eeq,icr, and
similarly for other families indexed by pairs (x,%). Sometimes we write e; € R, as
ex 45 if {I,} is a singleton, as in Examples 1-3, we may suppress the ¢ € I, from
notation, writing N, ; as N, e;; as e, or e etc.

In Example 1, G is trivial and R, = A (ungraded ring) for all x. In Example

2 (resp., Example 3), G = Z acting by degree shifts and R, = Gz~ JenK (resp.,
R, = S). Note all these rings are Noetherian (even as ungraded rings).
1.18. Projective pro-objects. Let P (resp., P) denote the split exact category
of projective objects in C (resp., é), we study them in Section 7. The main facts
are as follows. A convergent direct sum in C is defined to be one of the form
M = @©;M; such that for each I' € Iy, M;r is non-zero for only finitely many j
(such a sum exists for any such M; and is also the product of the M, in C; see 6.5).
By a standard family of projectives in C, we mean a family P := {Py,i}weq,icr, of
projective objects of C such that P, i(x) = Ny, and Py ;(y) = 0 unless y > z. We
define the support of an object M of C to be the closure of {z € Q| M(z) # 0}
(i.e. the coideal it generates).
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Theorem. (a) An object P of C is projective iff for each x € Q, the natural
map gp: home(P(z),N;) — exts(P(< x),N,) induced by the short exact
sequence 0 — P(z) — P(<z) — P(< z) — 0 in C is an epimorphism.

(b) A standard family of projective objects of(f exists iff C has enough projective
objects in the usual sense, or equivalently if each Cr for T' € I has enough
projectives. Then we say C has enough projective pro-objects.

(c) There are enough projective pro-objects of C if exts(N,.:,N,) is a graded
Noetherian right R, -module for all x >y in Q and i.

(d) IfP is a standard family of projectives, each object M ofé has a projective
resolution P* — M — 0 by projective objects which are direct summands of
convergent direct sums of translates of objects of P. In fact, let I'y be the
support of M and recursively define I';11 to be I'; with all of its minimal
elements deleted (or Tiy1 =0 if Ty =0). Then NI, =0 (so Ty = 0 for
large i if € I ) and one can choose such a resolution so the support of P*
18 contained in T';.

Projective objects are constructed essentially by taking iterated “maximal non-
split extensions,” extending a method used to construct projective objects in suit-
able highest weight categories over fields in [9, (5.9)] and [3, 3.2.1]. In situations
like Example 1, there are often alternative constructions of projectives using “trun-
cated induced modules;” these go back to Bernstein-Gelfand-Gelfand in the case of
category O for a semisimple complex Lie algebra and have been used for infinite
weight posets in [47] and over more general commutative rings than fields in [24]
and [1], for instance. Using (c) above, it is not difficult to see that C and C°P both
have enough projective pro-objects in Examples 1-3.

Remarks. For any M in C and z € Q, home (M (z),N,,) is a f.g. projective right
R,-module so in particular, if P in C is projective, then ext}(P(< z),N,) is f.g. as
right R,-module.

1.19. C' as a module category. Assume for the remainder of Section 1 that the
stratified exact category C has enough projective pro-objects. Fix a standard family
P of projectives of P. We write P,; = {Pyir}rer, and define the family Pr :=
{P.,ir}a,i of objects of C. Define Ar := end¢(Pr)°® and A := ends(P)°". The
family Ar is a family of quotient rings of A, and A identifies with the inverse limit of
this family (in the category of G-graded diagonalizable rings A = @ ; 4 ; €z,iA4ey ;).

Let £ denote the full abelian subcategory of A-mod consisting of graded A-
modules which are Ar modules for some T € I1, and let € be the full subcategory
of A-mod consisting of graded .A-modules which are the direct limit (i.e. union) of
their submodules in €.

In Section 8, we prove the following result (actually under much weaker hypothe-
ses than those above).

Theorem. (a) There is an equivalence of abelian categories C* = & under
which the Yoneda functor ¢c: C — C* given by M — Home(?, M) corre-
sponds to the composite functor ¢ = homs(P,07): C — E.
(b) This equivalence restricts to equivalences of abelian categories CT = & and
Ci = Ar-mod for I' € I.
(¢) If T € I, the composite Cr — Cf = Ap-mod restricts to a perfectly exact
functor, from the split exact category of projective objects of Cr to the split
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exact category of f.g. graded projective Ar-modules; moreover, the restric-
tion is an equivalence if idempotents split in C

1.20. We wish to describe a result which, under suitable assumptions, enables one
to identify B = £ = CT in situations like that of 1.2.

Suppose that C in 1.19 is a perfectly exact subcategory over G of an abelian
category B over (G. Assume that there is a given directed family (with respect to
inclusion) of Serre subcategories {Ba}acr, of B over G such that

(i) B is the directed union B = @Ae[l Ba.

) each By has arbitrary coproducts
iii) for each A € I, each object of Py is projective in By
) every object of By is a quotient of a (possibly infinite) direct sum of copies
of translates of objects in Py
(v) each functor hom(P,?) for P in P, preserves infinite direct sums in By

Proposition. Let v: C — B be the inclusion. Then there is an equivalence of
categories F': B — & satisfying Fit = ¢: C — & under which the strict image of Br
is Ap-mod. Conwversely, if one identifies C with its strict image under ¢ in &, the
above conditions are satisfied with B = & and Br = Ar-mod forT' € I.

We give an example related to Example 1. Let D4 denote the smallest extension
closed additive subcategory of M’ containing all Z4()\) for A € h*, regarded as a
perfectly exact subcategory of M’y. Then Dy is a stratified exact category with
weight poset h* (ordered as in Example 1) and strata Add Z4(z). The proposition
can be used to show that Dy = M/,.

1.21. Comparison of Extensions. The following basic lemma comparing exten-
sions in C, £ and Ap-mod is proved in 9.2 (cf [15, Statement 3], [10, 3.9], 1.6(b)
and 4.5).

Lemma. (a) For M, Nin C, the natural maps induced by ¢ give isomorphisms
exty (M, N) = exty(o(M), o(N))
(b) If T € I, and M, N are graded Ar-modules, then the natural maps give
isomorphisms ext’y . 4(M, N) = exty(M, N).

1.22. Left Stratified Rings. In Section 10, we characterize the rings which arise
by the construction of 1.19 applied to stratified exact categories, as follows. We
take I = I;.
Consider a diagonalizable G-graded ring A = @,z cq Pi,ircr, €x,iAeq v With an
inverse system {A(T")}res of quotient rings satisfying the following conditions:
(i) ez A(l)ey o+ =0 unless z,2’ € T
(ii) For I C A in I, the kernel V' of the epimorphism A(A) — A(T) is the two-
sided ideal of A(A) generated by {e; i }zea\r,i» and for each y and j, Ve, ;
has a finite filtration as graded A-module with successive subquotients in
add A(< z)e, i, for various z > y and k with z € A\ T.

(i) A lim, A(T") as diagonalizable graded ring.

We say that the pair (A, {A(T)}rer) is left stratified (or that A is a left stratified
ring with weight poset Q and standard quotients {A(T)}rer) if these conditions
hold. If A°P is left-stratified with weight poset 2 and standard quotients {A(T")°P},
we say that A is right stratified by {A(T")}. Finally, we say that A is stratified by
{A(T")} if it is left and right stratified by {A(T")}.
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Proposition. A pair (A, {A(T)}rer) is left stratified iff it is isomorphic to a pair
(A, {A(D)}rer) obtained from a standard family of projective pro-objects of a strati-
fied ezact category (C,{Cy}zeq) as in 1.19. Moreover, if this holds then (A, {A(T")})
is stratified iff in addition each module ®;e, ;A(< x)ey; is a f.g. projective right
module for the ring @; ey ;A(< T)ey .

We shall say that C is a strongly stratified exact category if it has enough pro-
jective pro-objects and A is a stratified ring (this condition is independent of the
choice of the N, and P). Note C is strongly stratified iff Cr is strongly stratified
for each finite locally closed subset I" of (2.

Remarks. The class of left stratified rings is not a particularly natural one, but it
is adequate (and in fact very convenient) for our applications.

1.23. In studying the motivating examples of stratified exact categories C, strong
stratification of C and C°P is often an important point of the theory. In Example
1, Cc and CZP are (trivially) strongly stratified. If A = Sp,, Ca can be shown to
be strongly stratified but I do not know if C5 is strongly stratified. We conjecture
that (resp., ask if) strong stratification of Cg (resp., C¢") holds in Example 1.

A basic fact which will be proved in subsequent papers is that C and C°P are
both strongly stratified in Examples 2 and 3 (see [23, 3.5] for a sketch of a special
case in Example 2). In general, the existence of a suitable duality (contravariant
equivalence) on the subcategory of projective objects of ¢ would imply that C is
stratified, and such a duality is known or conjectured to exist (but often not easy
to construct) in many natural situations (e.g. its existence is known in Examples
2-3 and in Example 1 with A = C or A = Sy, but is only conjectural in Example
1 with A=25).

1.24. Stratified rings are related to the integral quasi-hereditary k-algebras [11]
and to the cellular algebras of [28]. They are also related to classes of algebras
considered by Konig [48] and to algebras defined recently by Zong-Zhu Lin and Jie
Du; over fields they are related to the BGG algebras of [32]. We make no attempt
to discuss the relationships thoroughly, but in Section 11, we discuss some simple
conditions under which stratified rings in our sense are integral quasi-hereditary
algebras or cellular algebras. As a special case of the facts there, one can show that
the (unital) stratified rings associated to Example 3 are, as ungraded ring, integral
quasihereditary (with respect to the natural sequence of defining ideals) and cellular
as S ®g R-algebra or R ®g S-algebra. In Example 2, replacing {2 by a finite locally
closed subset I' of  and C =7 C/¢ by its full subcategory Cr for the construction
of A (so as to obtain a unital ring), the resulting stratified ring is integral quasi-
hereditary and cellular as ungraded S” ®g R-algebra (resp., R ®r S¥-algebra) if
J =0 (resp., K = (), but not in general.

1.25. A-modules and V-modules. We now define important families A, :=
{Az;:}i, Vi :={Vy,;}i of objects of £. Let I' be an ideal of  with = as maximal
element, for example I' := {y | y < 2 }. The “A-modules” (corresponding to the
choice of standard objects { Ny ;},:) are defined by

Aac,vﬂ = @(Nac,i) = hOmc(PF, Nx,i)
and the corresponding V-modules are defined by
Vi = home(P(x), Ny ;)
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where P(z) := {P, j(z)},; (note hom(P(x), M) is a A-module for M in C by the
natural homomorphism end(P)°P — end(P(z))°P).

Write Az = @zAz,z and Vz = @ivm, A = {Ax,i}x,ia V = {VLZ}@J There
is a natural family of maps oy = {ay,;}; where oy ;: Ay ; — V,; is the evident
map hom(P, ;(< z), N, ;) — hom(P, ;(x), N, ;). To indicate dependence on A, we
write if necessary A7, V7 etc.

Remarks. As objects of the functor category C*, one has A, ; = hom(?, N, ;) =
hom(o<,?, Ny i), Vg, = hom(o,7, Ny ;) and a,; is induced by the canonical nat-
ural transformation o, — 0<;.

1.26. In Section 9, we prove the following ext vanishing properties of these modules
(similar to those of Verma and coVerma modules [10], [32]; cf also 1.41).

Proposition. (a) There are graded ring isomorphisms R, = endg(N,)°P =
endg(A;)% = endg (V)% of rings, and (R, Ry)-bimodule isomorphisms
home (AL, A,) =N home(A,, V) = home(V,, V) & R, induced by .
(b) One has extl (A, Ay) = 0 unless either x <y, or x =y and p = 0.
(c) One has ext2(V,, V,) =0 unless either x >y, or else x =y and p = 0.
(d) One has ext2(A,, V) =0 unless x =y and p = 0.

Note that e, ;V, = hom(P, ;(x),N,) is a f.g. projective right R,-module. On
the other hand, e, ;A, = Hom(P, ; <, N;) is a f.g. projective R,-module for all
x, y and j iff A is a stratified ring (see 10.2).

1.27.  We define also the following right A-modules. Let I' € I; with x as maximal
element. Define the (R, Ar)-bimodule

A2 = hom(N,, Pr) = e, ; Ar = hom(N,, P(z)).

Define also the right .A-module Aﬁgp ‘= e, +Ar, and the families A" = {Aﬁzp}i,
AN = {Af’:p },i of right A-modules.
Similarly, define the right A-module

AP
Y% T @yvj hOH’lep (ey,jAmv eiRz)a

the (R, A)-bimodule V" = @; V] and the families V' := {VA"};, VA” .=
{v;‘{?p}x,i of right A-modules.

If A is stratified, the modules defined above are the analogues for A°P of A,,
V. etc for A (see 10.2).

1.28. Tilting modules. Suppose in this subsection that €2 is finite. We assume
that C and its dual stratified exact category C°P both have sufficiently many projec-
tive objects. Choose standard families P of projectives of C and Q°P of projectives
of C°P. Here, Q = {Q4,i},i is a family of injective objects of C with Q, i(z) = N,
and Q5 ;(y) = 0 unless y < x (we call such a family a standard family of injectives of
C). One has equivalences C* = A-mod and (C°P)* = B°P-mod where B = end¢(Q)°P
and B°P is a left stratified ring over G°P with weight poset Q°P. Set T = {7, ;}s.
where 7, ; = ¢(Qq.,i), so end4(T)°? = B. In Section 12, we prove the following
generalization of part of Ringel’s results [46] on quasi-hereditary algebras.

Theorem. (a) T is a full family of tilting modules for A (c¢f. C.13). Hence the
right derived functor R (homA(T, 7)) induces an equivalence of triangulated
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categories from the bounded derived category D°(A-mod) to D°(B-mod),
with the left derived functor T®g? as inverse equivalence.

(b) Suppose that B is a strongly stratified ring. Then add T is the full additive
subcategory of A-mod consisting of objects which have both a finite filtration
with objects of add A, for various x as successive quotients, and a finite
filtration with objects of add V. for various x as successive subquotients.

By duality, the analogous statements also hold with C replaced by C°P.

To discuss Examples 1 and 2 in relation to this result, in this subsection only we
replace in those examples the (possibly infinite) weight poset Q2 by a finite locally
closed subset T' of 2 and C by its full subcategory Cr. Then A and B are defined
in all Examples 1-3. In Examples 2 and 3, all hypotheses of the theorem hold for
C or if C is replaced by C°P. The hypotheses also hold trivially for C and C°P in
Example 1 with A = C. For A = Sy,, in Example 1, the hypotheses hold for C°P
but I don’t know if they hold for C. For A = S in Example 1, I don’t know if the
hypotheses hold for either C or C°P.

1.29. Blocks. In Section 16, we consider “blocks” in a split stratified exact cate-
gory C; they are subsets of ), defined in a way similar to that for O in Example 1,
and there are similar decompositions of C and £ into block subcategories.

1.30. Finiteness conditions. It is useful at times to consider subcategories of £
with extra finiteness conditions: &y (resp., Ean) denotes the Serre subcategory of £
consisting of all modules M in &£ for which each weight space e, ;M is Noetherian
(resp., is Artinian and Noetherian i.e. has a composition series) as graded e, ;Aey ;-
module (or, equivalently as graded ey ;Ares;-module if M is a Ap-module for
T' € I). Let Ewsin be the Serre subcategory of € consisting of all M in £ with the
property that for each z,1, g, e, ; My has a composition series as e, ;A1 €, ;-module.
It is easy to see that Ean C & and Ean C Ewnn (inclusions of full subcategories).
1.31. k-structure. If k is a commutative unital Z-graded ring (with Z a subgroup
of the center of G), regard it as a G-graded ring with k; = 0if g ¢ Z. Assume
that C is a k-category over G (i.e. for each M, N € C, hom(M, N) has a given
graded k-module structure compatible with its graded abelian group structure and
such that composition is k-bilinear). Then the associated left-stratified ring A has
a natural structure of graded k-algebra. We record the following simple facts about
this situation.

Lemma. Assume that k is a commutative Noetherian (resp., Artinian) graded ring
and each space home(Ny i, Ny ;) is f.g. as k-module. Then

(a) If M, N are objects of C, then exth(M, N) is a f.g. k-module for each i.

(b) The category &g contains the strict image of ¢, and it contains A, ;, Areg ;
forT' e I, V. ; and, if Q is finite and C has enough injectives, & contains
the tilting modules Te ;.

(c) &g consists of all objects of £ for which each weight space e ;M is f.g. as
k-module.

(d) If k is Artinian, Eg = Ean-

(e) If Q and each index set I, for x € Q is finite, then A is f.g. as k-module,
and hence is a left and right Noetherian (resp., Artinian) unital G-graded
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ring, while &, coincides with the full subcategory of graded Noetherian A-
modules. In this case, exte(M,N) is a f.g. k-module for any M, N in
Eg.

The categories C in Examples 1-3 obviously have k-structure for various Noe-
therian rings k (e.g. k= A in Example 1, k = S7 @r S¥ or k = S7 or k = SK in
Example 2, k= S®g Sork=R®g S or k=5®gR in Example 3).

1.32. The existence of k-structure is important in the examples for constructing
additional representation categories from C' by “base change.” In order to give
the details of this, we first indicate how a stratified exact category Cy is naturally
associated to the left stratified ring A in the proof of 1.22 in 10.1. Let D be the full
subcategory of A-mod consisting of modules which are Ap-modules for some I' € I3
and define D, = add {A<ze, ;};. Then the D, satisfy the conditions 1.4(i) and
1.4(ii); hence one has an associated split exact category Cyp over G obtained by the
construction 1.7 (actually, using 1.2 for instance, Cy is the smallest extension closed
subcategory of D containing all D,, and is a perfectly exact subcategory of D).
In the category Co of pro-objects of Cp, one has a standard family P := {P, ;}.
of projective objects with P, ;r = A(I')e,;, and one may identify A = end(P)°P
naturally with A(T') = end(P(T"))°P for I' € I.

With this choice of P, ¢: Cy — A-mod is just the inclusion, and Cg naturally
identifies with D. If A = A is the left stratified ring associated to a stratified exact
category C by 1.19, then Cy is naturally equivalent to the Karoubianization of C
(see B.11); in particular, C 2 Cy if idempotents split in C.

1.33. Flat base change. We first mention a type of base change which is very
useful in the study of the motivating examples. Suppose that C arises from the
construction 1.7 where D = A-mod for some graded k-algebra A and D, are full
additive subcategories satisfying the conditions 1.4(i) and 1.4(ii). If k¥’ is a k-flat
commutative Z-graded k-algebra, one can under suitable conditions construct an
analogue of C over k' by applying 1.7 to the full additive subcategories D!, :=
add{ ¥ @, M|M in D, } of k' ®; A-mod. We consider such flat base-change in
13.3. This technique can sometimes be used to prove results by reducing to the
case where blocks are of smaller “rank” and the situation is sufficiently simple as to
be amenable to direct calculation; for example, this technique is used to establish
the factorizations of determinants of certain “Shapovalov” bilinear forms associated
to Example 2 (see [23, 7.3]) and Example 3.

1.34. Good base change. We say that C has good base change over k if C is
strongly stratified and each ring R, is k-projective; then each A, and V, is k-
projective and hence k-flat. We say that C has very good base change over k if C
and C°P are both strongly stratified and each ring R, is projective as k-module.

1.35. Let k be a commutative Z-graded ring. Identify the stratified exact k-
category C over G with a full subcategory of A-mod using ¢, so N ; = Ay ; =
A<ges ;. In 13.4, we prove the following.

Theorem. Assume A, is k-flat for all x, and let k' be any Z-graded commutative
k-algebra. Let A" :=lim _ Ap where A = k' ®j, Ar.

(a) A" is a left stratified ring with weight poset Q and standard quotients Af.
Moreover, A’ is stratified if A is stratified.
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(b) Let C' = k' ® C denote the exact category associated to the stratified exact
ring A" as in 1.32. Then base change k'®y? induces a bistable exact functor
F : C — (' satisfying Fos, = oL F, where for locally closed ¥ C Q, o&
denotes truncation to ¥ in C'.

(c) F:C — C' preserves projective objects

(d) Identify CT and (C')" with subcategories £, €' of A-mod and A’-mod as in
1.19. Then the functor Fi: € — &' is induced by the base change functors
k' ®?: Ap-mod — Af-mod

(e) Let Ny, = Al , ==k @k Ay and V), ; := k' @y Vi Then corresponding
to choices of standard objects N/, := {N/, ;}; in C', Al := {A] ;}; is the
Jamily of A-modules of weight x and V', := {V/,;}; is the corresponding
family of V-modules in E'. Moreover, end(A!,)°P = k' @, R, naturally as
well.

(f) Suppose Q is finite and C has very good base change over k. Choose a stan-
dard family of injectives Q = {Qy.; }x,i as in 1.28; under our identifications
the corresponding family of tilting modules is T := {T ey }ui = {Qui}ui-
Then Q' :={Q,, ;} is a standard family of injective objects of C' (see 1.28)
so the corresponding family T' = {7 ;}. . of tilting A" modules identifies
with Q', and one has end(T')°P = k' @ end(T)°P naturally.

Recall that C and C°P in Examples 2 and 3 are strongly stratified. One therefore
has very good base change over k = R®g S or over £ = S ®r R in Example
3. In Example 2, one has very good base change over £ = R ®r S or over
k=S5’ @r R (e.g. since each ring of invariants Gd™MJANK g f.g. free over S¥, as is
well known). In either Example 2 or Example 3, if £ = S above then the natural
map k/ksg = R < C makes k¥’ = C into a k-algebra. Let D := k' ®;C and £’ = D;
then the corresponding category &, is conjecturally closely analogous to (a graded
analogue of) a block of O as in Example 1.

1.36. Base change of adjoint functors. In Example 2 and related integral vari-
ants, the categories one obtains by base change from C are related to one another
by various adjoint functors which are closely analogous to the translation functors
and projective functors (see [5]) for the blocks of O for a semisimple complex Lie
algebra. The construction of translation functors in situations like Example 2 but
with finite weight posets is indicated in [23, Section 3, 5.6]; the construction there
can be extended to infinite weight posets using 1.8 and 1.16 in place of [23, 1.9].
The following general fact then often enables one to construct analogues of transla-
tion functors and projective functors for categories which are obtained from those
examples by base change.

Theorem. Suppose that Fi: C' — C'*! are bistable exzact k-functors over G be-
tween stratified exact k-categories C' over G with F' left adjoint to F'*1 for all
i € Z (so Ct = C"H2). Assume AL is k-flat for all x € Q, for each i € Z. Iden-
tify C* (resp., D' := k' @ C*) as subcategories of A-mod (resp., AV-mod) for the
associated left stratified rings and let L' : C' — D' denote the natural exact functor
induced by k'®.7 where k' is a graded commutative k-algebra.

Then there exist natural bistable exact functors H' = k' @i F*: D — Dt!
with HLP = DL E and with H' left adjoint to H'™' for all i. One has then
corresponding families of adjoint functors Hi: D' — Dttt oi: = & gnd
HJ? Dt — D Moreover, if K': C* — C™' are functors satisfying the same
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conditions as the F', a natural transformation n: F' — K induces in a natural
way a natural transformation k' @, n: k' @ F* — k' @ K*.

1.37. Ungrading functors. There is a conjectural equivalence [23, Conjecture 8]
(one of a larger family mentioned in [23, 9.13]) between a category C like those in
Example 1 (over A = S, in case the block ) contains the “sum of fundamental
weights” p) with an ungraded analogue of the category C = @CQIO in Example
2. This equivalence would imply equivalences of corresponding categories over C
arising by base change; if W is a finite Weyl group, the equivalence over A = C
is actually a theorem (it follows from [50]). Such conjectural equivalences suggest
the very interesting question of whether C (and thus CT) over A =S and A = C in
Example 1 have natural graded versions in general. Immediately below, we discuss
the much easier passage from a graded to ungraded representation theory and in
1.47 we collect some simple but useful general facts which facilitate comparison of
the graded and ungraded representation theories under conditions which are known
or expected to hold in many natural situations such as those mentioned above.

Suppose C' is an exact category over G and D is an exact category. A functor
F: C — D will be called an ungrading functor (resp., weak ungrading functor) if
FT, = F for all translations Ty, g € G of C, and the natural maps

exts (M, N) — Ext’, (FM, FN)

are isomorphisms for all M, N in C and i (resp., ¢ < 1). For instance, if A
is a G-graded (diagonalizable) ring which is (left) Noetherian even as ungraded
diagonalizable ring, then the forgetful functor A-modfg — A-Modfg is well known
to be an ungrading functor.

There is a similar ungrading functor naturally associated to any left stratified
ring A as follows.

Suppose that A is a left stratified G-graded ring with weight poset 2 and ad-
missible quotients Ar for I' € I;. One obtains a left stratified ungraded ring
A’ := lim A'(T') with admissible quotients AL equal to the ungraded rings

—Trel®
underlying A(T"); moreover, A’ is stratified iff A is stratified.

Let C, C’ denote the stratified exact categories associated by 1.32 to A and A’
respectively. The forgetful functors (forgetting G-grading) A(T")-mod — A(T")’-Mod
induce exact functors F': C — C’ (trivially bistable) and F}: CT — C'T. Tt is easy to
see that F is an ungrading functor as defined above (e.g. by calculating ext?(M, N)
in Cr for some I' € I; using a projective resolution in Cr).

Remarks. Using 13.5, one can give a similar result to 1.36 about “forgetting the
grading” on adjoint functors. There is also an analogue of 1.35 for ungrading
functors, which is essentially trivial.

1.38. Grothendieck Groups. We define as usual the Grothendieck group Ko (C)
(B.16) of a svelte exact category C over G. We then regard Ko (C') as a module over
the integral group ring Z[G] with g[M]¢c = [T,M]c for M in C. In particular, we
may define Grothendieck groups of C, P, C, P, Cr etc. We also define a “completion”
Ko(C) of Ko(C). Namely, Ko(C) is the Z[G]-submodule of [], . Ko(C;) consisting
of all families {a;}.cq with a, € Ko(C,) such that for each T' € Iy, there are only
finitely many z € T with a, # 0. There is a natural Z[G]-module homomorphism
7: Ko(C) — Ko(C) given by [M] — {[M(x)]c, }zeq, and a natural Z[G]-module
homomorphism ¢: Ko(P) — Ko(C) induced by the inclusion P — C.
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The main facts about these Grothendieck groups are listed below and proved in
Section 14.

~

Theorem. (a) The exact functors T,: C — Cy define an isomorphism Ko (C)
Dzea Ko(Cy) given by [M]c — ([M(x)]c,)weq for M in C.
(b) IfQ € I, the inclusion of P in C induces an isomorphism Ko(P) = Ko(C).
(¢) If Q is finite and A is Noetherian and of finite left graded global dimen-
sion, the inclusion of add 4A in A-modfg induces an isomorphism of their
Grothendieck groups. Then one has natural isomorphisms

Ko(C) = Ko(P) = Ko(A-modfg)

provided idempotents split in C.

(d) If Q is finite, then A has finite left graded global dimension if it is stratified
and for each x € ), R, has finite left graded global dimension.

(e) The composite map Ko(P) - Ko(C) = Ko(C) is a Z|G]-module isomor-
phism. In particular, v (resp., w) is a split monomorphism (resp., split
epimorphism) and Ko(P) = Ko(C).

This result is important for its applications to the combinatorial study of pos-
itivity properties of Iwahori-Hecke algebras. In Example 2 (with J = K = () the
Grothendieck group of Ko (C) (resp., Ko (C)) identifies naturally with the left regular
module of the Iwahori-Hecke algebra H of W over Z[v,v~!] (resp., a completion of
the left regular module essentially as in [19, Section 4]) with the H-action provided
by projective functors acting on C (resp.,C). In these examples, N, is (resp., P, can
be chosen to be) indecomposable in C (resp., é), as follows from results below, and
their classes in the Grothendieck group provide a standard basis (resp. “basis”) of
the Grothendieck group with respect to which the action of the projective functors
is given by infinite matrices with entries in N[v,v~!] (these “bases” depend in a
highly non-trivial way on the chosen length function ). Many conjectures (see e.g.
[20, Conjecture 3] and [19, 4.19(2)]) on positivity properties of structure constants
of Iwahori-Hecke algebras would follow provided these bases identify with standard,
combinatorially defined “Kazdhan-Lusztig bases” of the Grothendieck group; the
identification of these bases is essentially the content of the Kazdhan-Lusztig con-
jecture for Example 2, as discussed subsequently (see 1.49). For crystallographic re-
flection representations, one obtains “bases” with similar properties for each prime
p, from the corresponding characteristic p representation theories (these “bases”
depend on p, [ and the chosen crystallographic reflection representation of W).

Remarks. The results of Section 4 in conjunction with Matlis theory of injective
modules over (graded) commutative Noetherian rings permit a fairly good descrip-
tion of injectives in C* whenever the R, are commutative, unital graded Noetherian
rings (e.g. in Examples 1-3). It is possible that several of the results we mention
involving projective objects of C , such as the above applications of translation and
projective functors to the combinatorics of Iwahori-Hecke algebras, could be refor-

mulated perhaps more naturally (at least in those examples) in terms of injectives
in C*.

1.39. Local Rings. We now discuss conditions under which the N, ; and P, ; in
general can be chosen indecomposable, and some of their other implications. The
following fact (see C.20) plays an important role in these results.
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Lemma. Let M = {M;}; be a family of objects with local endomorphism rings
End(M;)°P in an additive category C with group G of automorphisms, such that
for all i, j, g one has M; 22 M;(g) unless i = j and g = 1g (we will say for short
that M is a Krull-Schmidt family (over G) in C when these conditions hold). Set
A :=End(M)°P. Then
(a) finitely-generated A-modules have projective covers (in fact, A is a basic
semiperfect ring as defined in C.20)
(b) ei(A/rad A)ge; =0 unlessi=j and g = 1g
(c) e;(A/rad A)1,e; = End(M;)°?/Rad End(M,;)°P. In particular e;Ae; =
end(M;)°P is a graded local ring with trivially graded residue ring
(d) Idempotents split in the split exact category addM, and every object of
add M is isomorphic to a direct sum of objects M;{g) with uniquely deter-
mined finite multiplicities.

Remarks. The notions of Krull Schmidt families, basic semisimple rings, basic
semiperfect rings and graded local rings with trivially graded residue ring are some-
what special but are well suited to our intended applications. The results we shall
describe below under the assumption that each N, is a Krull-Schmidt family can
be extended, mutatis mutandis, to the slightly more general situation in which
C,; = add N, with all End(N, ;)°P local, using C.22; the main difference is that the
subgroups G, ; of G consisting of elements g € G satisfying N, ; = N, ;(g) may
be non-trivial, as a result of which isomorphism classes of various objects A, ;,
Py i, Vg, Ly etc must be parametrized differently and certain G-graded groups
appearing in the theory need no longer be trivially graded in general.

1.40. Indecomposable projective objects. Assume unless otherwise indicated
until 1.48 that each family N, with z € Q is a Krull-Schmidt family (note that
this hypothesis holds in Examples 2-3 and it also holds in Example 1 if A = C or
A = Sn,). It follows that idempotents split in C, for all  and hence idempotents
split in C (see 3.10).

Note ext!(P; (< y),N,) is automatically a f.g. right R,-module. By the con-
struction of P in Section 7, we may (and do) assume without loss of generality that
each object P, ; in P is chosen to satisfy the following equivalent conditions:

(i) gp, . of 1.18 is a projective cover of ext!(P; (< y),N,) as right R,-
module.
(ii) the map gp, .. ®r, Idg, /s, is an isomorphism for all y < x.
If © is finite and C has enough injectives, we assume also that the standard projec-
tives Q3% in C°P are chosen in the same way.

Theorem. (a) Ewery object M of(f has a projective cover and hence a minimal
projective resolution.

(b) The object Py ; is a projective cover of Ny ; in C.

(¢) Any projective object P in Cisa convergent direct sum with uniquely de-
termined finite multiplicities of translates of objects in P.

(d) Define the graded local ring Sy ; := end(P,;)°P. The natural epimorphism
a: Sy; — end(Py;(y))°? = end(Ny,;)°® = Ry, induces an isomorphism
Sy.i/rad Sy ; = Ry ;/Jy,; of trivially graded division rings.

(e) There is an isomorphism A/rad A= @R, ;/Jy, of trivially graded rings
(on the right hand side, we have a decomposition as a direct sum of two
sided ideals which are division rings).
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1.41. Highest weight modules. Let us say that a module M in £ is a highest
weight module of highest weight (z,¢) and degree ¢ if it is generated by an element
v of e, ; M, and satisfies e, ;M = 0 for all y > z. Define the A-module

Zz,i = Aa:,i ®R1’i Rx,i/Jz,i = Az,i/Az,iJa:,i~

Clearly, A, ; is a A<y-module, so it is in &.

Theorem. (a) The module Ay ;{g) is a universal highest weight module of
highest weight (x,%) and degree g, in the sense that any highest weight mod-
ule of highest weight (x,1) and degree g is a quotient of Ay ;{g)

(b) Az has a unique mazimal graded submodule rad A, ;, with corresponding
irreducible quotient module Ly ;.

(C) One has end(Lm)Op = Rfc,i/Jz,iy in = (ez,iLm,i)lc and ey,ij,i =0 ’Lf
(1,5) # (2:1).

(d) Any irreducible object in € is isomorphic to Ly ;(g) for uniquely determined
x, i andg.

(e) Any simple subquotient of rad A, ; is isomorphic to Ly ;(g) for somey < z,
jand g € G.

() Zx,i has a unique maximal graded submodule rad Z:m’ = @(y,j)#x’i)eydﬁm
and A, ;/rad Ay ; & Ly ;.

(g) Any simple subquotient of rad A, ; is isomorphic to Ly j{g) for some g € G
and (y,7) # (x,1) with y < x.

(h) end(A; ;) = Ry /s

1.42. Indecomposability. The following lemma records the useful fact that under

our assumptions, the various families of objects we have constructed consist of

indecomposable objects, pairwise non-isomorphic up to degree shift, with local
endomorphism rings.

Lemma. The following families of objects are Krull-Schmidt families:
(a) {Pyi}uy in C and equivalently {Aeg i}z, in A-mod
() {Asitei {Vaitais {Baitais {Areaita for T € I, and {Ly i}z in €.
(¢) {Qu,i}ts,i inC and equivalently {T ey i}z, (the tilting modules) in € (if  is

finite and C has enough injectives).

1.43. Composition factor multiplicity. Recall e;;Ae, ; is a graded local ring
with trivially graded residue ring, and any irreducible e, ; Ae, ;-module is isomor-
phic to ey ; Ly ;(h) = Ly ;(h) for a unique h € G. Hence e, ;41,¢€,,; is an ungraded
local ring and e, ;L ; is its unique simple module.

For M in Eygin, define the “composition factor multiplicity” of L, ;{g) in M by

[M : Lx,i<g>] = [eac,iM: eac,iLx,i<g>]

where on the right hand side we have the usual composition factor multiplicity of
er.ilgi(g) in e, ; My as a e, j Ae, ;-module. If M is in &gy, then Zg[M t Ly i(g)] is
finite (equal to the length of e, ;M as graded e, ;Ae, ;-module).

Observe that [M : L, ;(g)] = 0 if e, ;M, = 0; in particular, [L, ;(h) : L, ;{g)] is
zero unless z = y, ¢ = j and h = ¢, in which case it equals 1. Given a short exact
sequence 0 — L — M — N — 0 in Eygy, one clearly has

[M: Lyig)) = [L 2 Lai(9)] + [N : Lai{g)]-
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If M in Eywhn has a composition series then [M : L, ;(g)] is just the usual composition
factor multiplicity; a similar statement holds for “local” composition series, which
are defined in a manner similar to that for category O (see 15.7).

1.44. Brauer-Humphreys (BGG) Reciprocity. Suppose that C has k-structure
where k is a field. Let A = Z[G] be the integral group ring of G (with the elements
of G as Z-basis) and A = [, Zg be its completion consisting of arbitrary formal

Z-linear combinations of elements of G. We regard A as a left A-module in the
natural way.

Define the following Poincaré series. Set ((Py,; @ Nyu1)) = >, ng19 € A where
ng, is the number of times Ty N, ; = N, ;(g~*) occurs as a direct summand of P, ;(y)
in C, (note this is well-defined by 1.39 and that for fixed x, ¢ and y, ((Py; : Ny,1)) is
non-zero for only finitely many [). For a G-graded k-vector space V = &4V, with
each Vj finite-dimensional, define {{V}} := 3 dimy (V) g € A. Finally, for M in

Ewtin, define [[M : Ly j]] := " [M : L j(9)] g € A.

Proposition. If (e;Rgej), is finite-dimensional over k for all i, j, x and g then
each L, ; is finite-dimensional over k, each Vy ; is in Ewan and

D (Po s Ny {{erRye;}} = (dimy, Ly i) [V 5 ¢ L]l
1
This is a version of so-called Brauer-Humphreys reciprocity or BGG reciprocity
(see e.g. [10, 3.11] or [32]). The hypotheses are satisfied taking k¥ = R in Example
2 and Example 3, for instance.

Remarks. We mention the formal fact 15.9 which shows how the multiplicities in
1.40(c) may be characterized in terms of “Shapovalov maps” f,, which are closely
related to the maps gp, for projective P in Theorem 1.18(a).

1.45. Preservation of indecomposability. It is useful to have conditions under
which functors F, F} etc induced by a base change or ungrading factor F': C — D
between stratified exact categories with the same weight poset send indecomposable
objects of various types (e.g. projectives, irreducibles, A-modules, V-modules,
tilting modules etc) associated to C to corresponding indecomposable objects of
the same type associated to D. Equivalently, such results can be viewed as giving
conditions under which indecomposable objects of each type associated to D “lift”
to indecomposables of the same type associated to C. We give two simple results
in this vein below; they are proved in Section 17 along with some related facts.

1.46. Indecomposability and base change. Assume in this subsection that C
has k-structure, where k is a commutative G-graded unital ring, that ¥’ = k/J
is a graded quotient ring of k, and that each A, for C is k-flat. We continue
to assume that each A, is a Krull-Schmidt family and that P, ; is chosen to be
indecomposable.

Fix k' as above and define the functor k'®;? : £ — k' ®; £, which we denote by
M — M'. Recall £ := k' ® £ is a category of A’-modules where A’ = lim Af
and Af := k' ® Ap, and that C' := k' ®, C is a full subcategory of £’. We have the
associated category C' := k' @, C of pro-objects of C’ and the standard projective
objects P, ; := {Apes ifrer in C'.

Lemma. Suppose that for each x € Q and i € I, JR;; Crad R, ;. Then
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(a) The families of objects { P, ;}x,i in C" and {AL iYais AViiteis {Z;l}m,
{Ar(z;’i}m with I' € 11 and {L;’i}m in & are Krull-Schmidt families (as
are the tilting modules {’];’Z}m if Q is finite and C has very good base
change over k).

(b) The modules L', ;(g) for all x, i, g form a full set of representatives of
isomorphism classes of simple module in E'.

1.47. Ungrading Functors and Indecomposability. We continue to assume
that the A, are Krull-Schmidt families and P, ; is chosen indecomposable. Let
A = lim, L A(T) (limit as ungraded diagonalizable ring) where A(T")’ is obtained
by forgetting the grading on A(T"). Let C’ be the ungraded version of C and F': C —
C’ be the ungrading functor as constructed in 1.37. Recall that when we consider
the underlying ungraded ring or module of a G-graded ring or module, we write
rad (resp., Rad ) to denote the radical as graded (resp., ungraded) module.

Proposition. Assume that the natural isomorphism end(A, ;)°° — End(FyA, ;)°P
(forgetting the grading on the domain) induces an isomorphism rad end(A, ;)°P =
Rad End(F}A, ;)P for each x and i (this holds for instance if end(N ;)P is a (left
or right) graded Artinian ring).

(a) The family {FPM}“ in C' and also the families {Fi Ay i}z, {FiVaita,
{FTZm7i}z,i, {FiAreg itz for T € Iy and {FyLg i}z, in & are all Krull-
Schmidt families (as is the family of tilting modules {Fi T, ;}x,: if Q is finite
and C°P and C are strongly stratified).

(b) Any simple object of £ is isomorphic to F;Ly; for unique x and i
(¢) ForT €I, one has rad A(T') = Rad A(T")
(d) If M is in &, then FyM is in &, iff M is in Ean. In that case, one has

YgeaM = Lei(g)] = [FyM : FyLy i].
(e) For M in &£, SocFyM = FisocM and Rad FyM = rad M where soc and
rad (resp., Soc and Rad ) denote the socle and radical in € (resp., £').

1.48. Conjectures. The most basic open problem in the theory described so far
for Examples 2 and 3 is to determine the composition factor multiplicities [A, :
L,(g)]. There is an explicit Kazdhan-Lusztig conjecture which states how (in the
characteristic zero theories we consider here), the [A, : L,(g)] should be determined
by Kazdhan-Lusztig polynomials in Example 2 (resp., g-polynomials of face lattices
of convex polytopes in Example 3). Using the reciprocity law 1.44 (and the duality
constructed in subsequent papers) the problem of determining the multiplicities is
equivalent to the determination of the Poincaré series ((P, : N,)), and the Kazdhan-
Lusztig conjecture can be reformulated as the statement that the “basis” of the
Grothendieck group of C corresponding to the projective objects P, corresponds to
an appropriate combinatorially defined “Kazdhan-Lusztig” basis.

We don’t explicitly formulate these conjectures here, but mention that in Ex-
ample 2 (resp., Example 3) the Kazdhan-Lusztig conjecture reduces trivially to the
case where J = K = () and the weight poset Q is replaced by a finite interval of W
in the order < (resp., where  is the face lattice of a single polyhedral cone). In
these cases, precise statements of the conjectures are given in [23, 4.3. Conjecture
1,4.8].

1.49. We will show in subsequent papers that the Kazdhan-Lusztig conjecture in
both Example 2 and Example 3 is equivalent to the following conjecture (cf. [50]):
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Conjecture. In Example 2 or 3, the algebra A is positively graded, and Ag =
EBEEQRG:E-

For finite Weyl groups in Example 2, the validity of Conjecture 1.49 follows using
results sketched in [23] from the known Kazdhan-Lusztig conjecture for semisimple
complex Lie algebras and [50]. We will prove the conjecture for Example 3 in
subsequent papers in case {2 is the face lattice of a simplicial polytope; in that case,
a key ingredient is the hard Lefschetz theorem for the polytope algebra of simple
polytopes [39]. We will also prove the Kazdhan-Lusztig conjecture in Example 2
“generically” in the case | = —ly (we don’t define “generically”, but indicate that
the result gives a direct proof of the Kazdhan-Lusztig conjecture for [ = —ly if W
is of types As or Bz or has no braid relations, and slightly more generally than
the last, implies [[A, : L,]] is as conjectured for | = —Iy provided every z with
y < z < 1y has a unique reduced expression).

1.50. Let us also state the following basic “Koszulity” conjecture, refining [23,
Conjecture 4]. It remains open in both Examples 2 and 3 (although it follows from
[3] in Example 2 if W is a finite Weyl group). Some of the conjecture’s remarkable
consequences were discussed in special cases in [21, 3.15].

Conjecture. In the minimal projective resolution P* — O(N,) — 0 of N, in C in
Example 2 or 3, P’ is a convergent direct sum of copies of objects {P,(j)} with
y € Q.

1.51.  Another important conjecture about these representation categories in Ex-
amples 2 and 3 asserts that “thickened principal series modules” are related by short
exact sequences which may be regarded as thickened analogues of Duflo-Zelebenko
four-term short exact sequences of principal series modules for semisimple complex
Lie algebras (cf e.g. [33]); these conjectures will be proved for Example 3 in sub-
sequent papers but remain open in general in Example 2. The most interesting
conjectures about Examples 2 and 3 are certain Hodge-Lefschetz conjectures which
apparently underlie 1.49 and 1.50 (they will be formulated precisely elsewhere).
Roughly, certain natural objects arising in the study of category C in Examples 2
and 3 are conjectured to be Cohen-Macaulay self-dual graded modules over commu-
tative graded rings; modulo appropriately chosen homogeneous systems of parame-
ters, the resulting self-dual finite-dimensional graded vector spaces are conjectured
to have natural structures of polarized graded spaces of Hodge-Lefschetz type in
the sense of [49] (if one imposes suitable Hodge structures which are just Tate
twists of trivial ones; the main point is that the spaces conjecturally satisfy a hard
Lefschetz theorem and Riemann-Hodge inequalities). For example we conjecture
this is true of ext! (P, (< x), N;)(—1) = (e, Vi /ey Ay)(—1) as right R ®g S-module
in Example 2 (with K = §) or Example 3; a proof of this conjecture would im-
mediately establish Conjecture 1.49. The conjectured Cohen-Macaulay self-duality
would follow from properties of the duality on projective objects of C which we con-
struct in subsequent papers together with the conjectures on thickened principal
series modules mentioned above. The hard Lefschetz theorem and Riemann-Hodge
inequalities are undoubtably much deeper; at present, they have been proved only
in Example 3 if Q) is the face lattice of a simplicial convex polytope, by reduction
to results in the previously mentioned paper [39]. As another example, we ask if
similar Hodge-Lefschetz conjectures hold for the tilting-module weight spaces e, 7,
as S ®r S-module in Example 2 with J = K = ) or in Example 3 (by the results
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of this paper together with the duality constructed in subsequent papers, these
are known to be self dual f.g. graded free as R ®g S-module or S ®g R-module).
Here, this conjecture is known to be true in Example 2 for finite Weyl groups for
y=-e, w=wy and [ = Iy by an (essentially trivial) reduction to the hard Lefschetz
theorem and Riemann-Hodge inequalities for the cohomology ring of the associated
flag variety. One is naturally led to speculate about whether there is some natural
graded version of C over S in Example 1 which satisfies similar conjectures to those
mentioned above.

1.52. For crystallographic Coxeter groups and fans of rational polyhedral cones,
one expects close relationships between the categories associated to Examples 2 and
3 (and their variants) and interesting categories (of perverse sheaves, D-modules,
mixed Hodge modules etc) associated to algebraic varieties such as flag and toric
varieties. Such connections with geometric categories provide a possible route to
proof of the Hodge-Lefschetz conjectures and Kazdhan-Lusztig conjectures in these
special cases. For instance, it would be an interesting problem to establish a re-
lationship between polarizations of graded spaces arising geometrically (e.g. in
the theory of mixed Hodge modules) and the (conjectural) algebraically defined
polarizations.

In general, however, there are no similarly rich geometric objects known to be
associated to non-crystallographic groups and non-rational fans. This raises the
question of whether there is some more extensive, functorial setting of categories
which behave as if they are geometric origin and include (or are at least closely
related to) both natural categories of perverse sheaves etc on algebraic varieties
and interesting categories like those associated to Examples 2-3, but which may
not be naturally associated to algebraic varieties in general. Whether discovery and
study of such a setting proves to be necessary for the proof of the Hodge-Lefschetz
conjectures in Examples 2-3 or not, the question of its existence is a natural and
interesting one.

2. FILTRATIONS

In this section we shall prove some basic facts on filtrations and truncation
functors (especially Lemma 1.4) which play an important role in this paper. The
proofs simply involve giving standard arguments from Lie theory involving Verma
flags under weaker assumptions than usual. It would be possible to give direct
proofs of 1.2 and 1.6 using the facts in this section, but we defer the proofs till the
end of Section 3.

2.1. Let D = (D,{Dy}zeq) where Q denotes a fixed interval finite poset with

partial order <, D is an exact category and {D,}.cq is a family of full, strict

additive subcategories of D satisfying 1.4(i) and 1.4(ii). We write Ext’ for Ext’.
For any subset I" of 2, define

DI‘ = (D7 {Dx}wer)v Dop = (Dop7 {D;p}erOp)'

Observe that Dr and D°P also satisfy the conditions above.
The following fact follows immediately from our assumptions using the long exact
Ext-sequences, and will be used frequently.

2.1.1. Suppose that M, N in D have filtrations M = M° D -.- D M™ = 0 and
N=N°2... 2 N" =0 with M*"*/M* in D,, and N9~ /N7 in D,,. If for all
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i and j, x; € y; (resp., x; and y; are not comparable in the order < on ) then
Hom(M, N) = 0 (resp., Ext' (M, N) = 0).

Remarks. For simplicity of exposition, we will tacitly assume for the proofs of all
results in this section that D is a perfectly exact subcategory of a fixed abelian
category B. The case of a general exact category D can be treated similarly by
using B.7(d) and B.8.

2.2. We let Z be the family of all coideals of Q. Define a D-filtration {M (T')}rez
of an object M of D to be a family of admissible subobjects M (T") of M satisfying
the conditions below:
(i) M) =0and M(Q) =M
(i) MT)CMA)TCAeT
(iii) M(T')/M(T'\ {z}) is in D, if = is a minimal element of I € 7
(iv) there exists a finite subset X of 2 such that for I' C A € Z, the canonical
map M(T') — M(A) is an isomorphism whenever TN X = AN X.
Let D°[D] denote the full additive subcategory of D consisting of objects which
have a D-filtration (we will see later that DY[D] coincides with C as defined in 1.4).
If I' C Q, then D°[Dr] is easily seen to be a full subcategory of D°[D], using that
coideals of © intersect I' in coideals of T'; moreover, by (iv), D°[D] is the directed
union of its subcategories D°[Dr] where I' ranges over the inclusion-ordered family
of finite subsets of 2.
Observe also that D°[D°P] = (D°[D])°P, with M°P(Q\T) = (M/M(T))°P for
'€ Z and M in D°[D).

Lemma. Let M, N be objects of D.

(a) If M, N have D-filtrations {M(T')} and {N(T')} respectively, then any map
f+ M — N induces unique compatible maps of subobjects M (I') — N(T')
forallT € T.

(b) A D-filtration of M is unique up to isomorphism if it exists.

(¢) Let D' = (Dy,{Dy}treqy) where Q' is the set  endowed with an interval
finite partial order <’ refining < (i.e. such that x < y implies x <" y).
Then D°[D] = D°[D'].

Proof. For (a), observe that by definition M (I") has a finite filtration with successive
subquotients in D, for various z € T', while N/N(T") has a finite filtration with
successive subquotients in D,, for various y € Q\ I'. By 2.1.1, one gets

(2.2.1) Hom(M(T), N/N(I')) = 0

proving (a). Then (b) follows from (a) by taking M = N as objects of D but with
possibly different D-filtrations, and f the identity map Id,,.

For the proof of (c), assume without loss of generality that €2 is finite. Since
the coideals of €’ form a subset of Z, it is clear that D°[D'] is a subcategory of
DO[D]. Since <" and < have a common refinement which is a total order, we may
also assume without loss of generality that <’ is a total order, say Q = {z1,...,z,}
where 21 <" --- <" @, and z; <’ z; implies ¢ < j; we call such a total order <’ on
the set 2 a compatible total order. If, say, z; and x;4; are not comparable in <,
one has another compatible total order <" given by

T <M Ti; <! Tit1 <" z; <" Tito <N L.

We say <" is obtained from <’ by a swap (of z; and x;1).
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Now an object M of D is in D°[D’] iff there exists a filtration
M=M"2>...2M"=0
in D with M*~!/M" in D,, for i = 1,...,n. Suppose given such a filtration.
If z; and z;41 are not comparable in <, then the conditions on D imply that
ext! (MY /M? M /M) =0 so M~ /M*t = M1 /M@ M?/M™L. Thus M
has a filtration
M=M'2..OM7'DOMDOM*T2...OM"=0

with Mi=1/M’ = M?/M+' and M'/M** = M~ /M showing M is in D°[D"]
where D" = (D, {D, }seq) and " denotes €2 in the order <”. We now claim that
2.2.2. DY[D’] is independent of the choice of compatible total order €, and for each
J, the subobject M (T) := M7 of M depends only on the coideal ' := {z;41,...,2,}
of Q.

Since any totally ordered (by inclusion) family of coideals of Q occurs as a family
of coideals of some compatible total order <’ of Q, it is clear that the subobjects
M(T) for T € Z so defined make M an object of D°[D] as required.

Now the claim above follows from the following purely combinatorial assertion:

2.2.3. Given any two compatible total orders <’, <" on the set 2, there is a sequence
<'=<q,<q,...,<ny=<" of compatible total orders of 2 such that <;_; and <; differ
by a swap for each i = 1,..., N. Moreover, if T is a coideal in both orders <’ and
<. one may choose the compatible total orders so I is a coideal of <; for all 1.

To see this, let <’ be z1 <’ -+ <’ x,, and <" be y; <" --- <" y,,. The proof
is by induction on n. Note that if n > 0, then x, is a maximal element of )
in <. If ,, = vy;, say, then y; is not comparable in 0 with any of y;11,...,Yn
and so by swapping y; with y;41,...,y, in turn we may assume without loss of
generality that x, = y,. The inductive hypothesis gives a sequence of compatible
total orderings of Q \ {z,} (in the partial order induced as a subset of Q) with
successive compatible orderings differing by a swap and containing both compatible

total orders 1 <’ --- <’ x,_1 and y; <" -+ <" y,_1. Adding z,, as a maximum
element of each of these total orders gives a sequence of compatible total orders of
Q) as required, since x,, is maximal in €. O

2.3. By the definition in 1.4, an object of D belongs to C iff it is an object of
D[ Dr-] for some compatible total order I' of a finite subset I of 2, where D[Dr/] =
(D,{D.}ser). But D[Dr/] = D[Dr], so C = D°[D], proving Lemma 1.4(a).

Note that for coideals A O T of Q and M in D°[D], M(A)/M(T) is in D°[Dy\r].
2.4. A commutative square in a category C' is said to be bicartesian if it is both
a pushout square and a pullback square in C.

Lemma. For D', ¥ € T and an object M of D°[D], the commutative square
M(XNT) M(X)
M) — M(ZUT)

is bicartesian in D. Dually, the square obtained by replacing each M (A) by M /M (A)
1s bicartesian.
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Proof. Consider first the case T N'Y = (. Then no element of X is comparable
with any element of I'.  'We have to show that the admissible monomorphisms
ME) - MXEUT) and M(I') - M(XUT) induce a direct sum decomposition
of M(TUYX). By 2.1.1, Ext' (M (X UT)/M(T), M(T)) = 0. Hence the short exact
sequence

(2.4.1) 0— M(T)— M(EUD) L M(EUT)/MT) — 0

splits. But M (X UT)/M(T) is in D°[Dx], so by 2.2.1 a splitting map p for j factors
as

p: M(SUT)/MT) L M(E) L M(EUT)
with k the canonical admissible monomorphism. Also, since (2.4.1) splits and 2.1.1
gives Hom(M (%), M(T")) = 0, it follows that k factors as

k:M(S) 5 M(RUD)/MT) L M(EUT)

One readily checks that [ is an inverse isomorphism to ¢, and that it induces the
required decomposition

M@ US) = MT) e MEUT)/MT) = ML) & M().

Now in general, with I' 0¥ possibly non-empty, consider the following commu-
tative diagram:

MEN) —MEnNT)eM(XENT) M(ENT)
MENT) —— = M(X) ¢ M(T) M(XUT)

i i

M(2)/M(ENT) & M(T)/M(ENT) —= M(SUT)/M(ENT)

Here, letting ip ar: M(A) — M(A’) denote the canonical admissible monomor-
phism for A C A’ € Z, the left (resp., right) horizontal arrow in the middle row
has components (irns.r, —irns,r) (resp., (is.sur,ir,sur)). The maps in the top
and bottom rows are the induced ones, and the columns are obvious short exact
sequences. The top row is clearly (split) exact; moreover, the isomorphism in the
bottom line follows from the previously treated special case with Q replaced by
Q\ (I'NX) and M replaced by M/M(T'NX)). By the 9-lemma, the middle row is
a short exact sequence, and the given square is bicartesian as claimed. ([

2.5. Truncation functors. Abbreviate D°[Dr] = DY and DY = D°.

Let M, N, Q be objects of D’ and I' C A € Z. By 2.2(a), we see that a map
M — N of objects of D° induces a unique map M (A)/M(T') — N(A)/N(T); thus,
we have an additive functor @ — Q(A)/Q(T"). To prove Lemma 1.4(b)—(c), we
will show for Q in D°[D], that Q(A)/Q(T') depends only on Q and A\ T, up to
isomorphisms compatible with all these induced maps.

For any locally closed subset ¥ of 2, we define the admissible subquotient object
M(X) := M(X)/M(X'\ X) of M, where ¥’ is the closure of ¥ (this is compatible
with the existing notation for ¥ € 7). As a special case of the above remarks, there
is natural additive functor ox: D° — D° given on objects by Q — Q(X). Suppose



HIGHEST WEIGHT REPRESENTATIONS 31

now that A\ T' = X. It is easy to see that X UT = A and TNY =X\ X. By 2.4,
one has a canonical morphism of short exact sequences

0—=Q('\X) QX" Q(X) —=0
0—>Q(lf) Q(l/\) QX)) —=0

This gives a canonical isomorphism Q(X) = Q(A)/Q(T) for all T' C A € Z with
A\T = ¥; from the definition, this isomorphism is clearly compatible with the maps
f(X): M(¥) - N(X) and M(A)/M(T) — N(A)/N(T') induced by a morphism
f: M — N.

This gives us our functor oy, which we call truncation to ¥; its strict image
is obviously in D%, hence by restriction we get 7: D — D% and in particular
Te = Tipy: C — D, for x € Q. The assertions 1.4(b)-(c) are clear from the
construction. Observe that the full subcategory Cs; of objects @ of D° with Q(x) = 0
for z € ¥ coincides with DY.

Applying the above facts to to Q(I') in DY in place of @, one sees that

2.5.1. For any locally closed subsets I' and ¥ of € such that ¥ is a coideal of T'
there is a short exact sequence

(2.5.2) 0—-QX)—-QI) —-QIC\2)—0

in D, and it is functorial in @ i.e. for f: M — N in D°, one has the commutative
diagram

0 M%) MT)——=MT\X)——0
J/UE(f) lUr(f) lﬂr\z(f)
0 N(%) N({I)——=N{T\X)——=0

This proves 1.4(e). The following is just a restatement of 2.2.1 in this notation:
2.5.3. If A is an ideal of 2, then Hom(M (22\ A), N(A)) =0 for all M, N.

The verifications of the following facts are left to the reader. Let tp: DY — D°
denote the inclusion functor.

2.5.4. If T is an ideal (resp., coideal) of ) then 7 is left (resp., right) adjoint to ¢
and the counit e — Id (resp., unit Id — 7rer) is a natural isomorphism.

2.5.5. For two locally closed subsets I, ¥ of €2 there is a natural isomorphism
on0r = 0xAr.

2.6.  We record the following facts for completeness.

Lemma. (a) Idempotents split in D°[D] if they split in D and they split in D,
for all x € Q.
(b) If each category D, is closed under the operation of taking direct summands
in D, then so is D°[D].

Proof. We prove (a), leaving the very similar proof of (b) to the reader. Let M
be in DY[D] and e € End(M) be an idempotent. It is sufficient to show kere is
in D[D]. Set ¢’ = Idys — e. For each locally closed subset I' of 2, we have the
idempotents e(I") := mr(e) and €'(I') = Idpzry — e(I") in End(M(T")) by 2.5. Hence
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there is a corresponding direct sum decomposition M(T") = ker(e(T")) @ ker(e/(T"))
in D. Moreover, if ¥ is a coideal of I" then the short exact sequence in D

0—MX)— MTIT) - MIT\X)—0
canonically identifies with the direct sum of the two sequences
0 — ker(e” (X)) — ker(e’ (")) — ker(e”(I'\ £)) — 0

for ¢” = e and €” = €', so the latter are D-exact. Since idempotents split in D,
it follows that ker(e(z)) is in D, for all z € Q and thus kere is in D°[D] (with
(kere)(T") = ker(e(T"))) as required. O

2.7.  The following lemma will be used in the proof of 1.2.

Lemma. If Extp(M,N) =0 for M in D, and N in D, unless x <y, then D°[D]
is the full subcategory of objects M of D with a filtration M = M° D ... D M™ =0
such that for each i, M*='/M" is in D,, for some y; € Q.

Proof. Tt is clearly sufficient to show that if 0 — M, — M — M" — 0 is an exact
sequence in D with M/ in D, and M" in D°[D], then M is in D°[D]. Consider the
commutative diagram

M, N M"(> z)
|
]

M"(2 ) == M"(% x)

in D. Here, the top right square is a pullback square, and the rows and columns
(completed by zeros) are short exact sequences. By assumption, the top row is split
exact, so N is in D[Ds,]. The middle column shows M is in D°[D]. O

Remarks. If one assumes that each D, is closed under extensions in D, a similar
argument shows one may replace “z < y” in the statement of the lemma by “z < y”
(one replaces “> z”, “# 2” in the diagram by “> z”, “} 2”).

3. CONSTRUCTION OF STRATIFIED EXACT CATEGORIES

In this section, we prove a more general version of the basic construction 1.7.
We also give proofs of Lemma 1.2 and Proposition 1.6.

3.1. In this section, €2 denotes a interval finite poset and we consider a family

E = {F, : D, — D},cq of exact functors from exact categories D, into a fixed

exact category D. We define Er := {F, : D, — D}.er for any subset ' of Q (in

the induced order), and E°P := {FSP: D — D}, cqop where FoP: D — DOP.
The following assumption will be in force throughout this section.

Assumption. D = D[E]| := (D,{F.(D.)}scq) satisfies the conditions of 2.1,
where F,(D,) denotes the strict image of F.
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Observe that D[E°P] = (D[E])°? and D[Er] = (D[E])r then also satisfy the
conditions of 2.1. As in the preceding section, define from D the category D° =
DO[D] and the truncation functors op: D — DY for T locally closed in Q2. We
tacitly assume as before that D is a perfectly exact subcategory of an abelian
category B.

3.2. Form a new additive category C° = C°[E] as follows. An object M of C°
consists of an object M? of D°, a family {M,},cq with M, an object of D, and
all but finitely many M, zero, and a family {m,: F,(M,) =N 0r (M%)} peq of
isomorphisms in D. If N is another such object, a morphism f: M — N consists
by definition of a morphism f9: M? — N? in D° (equivalently, in D) and a family
of morphisms {F,: M, — N,},cq such that o, (f)ms = n. Fo(f:). lfg: N — P is
another morphism, the composite gf is given by (gf)° = ¢°f° and (9f)z = gu fe-

3.3. A sequence

(3.3.1) 0-MLNLP-O

of objects and morphisms in CY will be called a short exact sequence in C° if the
sequence 0 — M% — N? — PO — 0 is exact in D and for all = € € the sequence
0— M, — N, — P, — 0 is exact in D,. We call i (resp., j) above an admissible
epimorphism (we see later this makes CY an exact category).

Observe that one has CO[E°P] = (C°[E])°P canonically. We will often not prove
(or even explicitly mention) the duals of the statements we make. Abbreviate
C°[Er] = C for a locally closed subset T' of Q.

Lemma. A morphism f: M — N in C° is an admissible epimorphism iff each
fz: My — N, is an admissible epimorphism in D,. If0 - L — M — N — 0 is
exact in C°, then the induced sequence 0 — L°(T') — M%(T) — NY(T') — 0 is exact
in D for any locally closed subset T' of 2.

Proof. Consider the first claim of the lemma. Suppose that f: M — N is a mor-
phism in C° and that for z € Q, 0 — L, — M, ELN N, — 0 in D, is exact
in D,. For each finite locally closed subset A of §2, construct the exact sequence
0

0 — Hy — M°(A) oAl NO(A) in B, and denote it by A(A). We prove by induc-
tion on the cardinality of A that A(A) is a short exact sequence in D. If A = {z},
this follows from the exactness of F, by considering the commutative diagram with
short exact top row

F.(L,) —— F,(M,

lg

r) HFI(NH:)
H, —— M°(z) —— N?

%

IR
IR
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Now given a locally closed subset A of Q2 and a coideal I of A with complementary
ideal ¥ := A\ T such that A(T") and A(X) are exact in D, consider the diagram

Hp —— M%T) —— N°(T)

L

Hy —= MO(A) —= NO(A

]

)
Hy —= M°(Z) —= N°(%)

in D. Here, the top and bottom rows and the two rightmost columns are short
exact sequences in D (and hence also in B). The right map in the middle row is an
epimorphism in B by the snake lemma. Hence the middle row is exact in B. The
first column is the (exact in B by the snake-lemma) sequence of kernels in B of the
horizontal maps on the right. Since D is closed under extensions in B, one sees that
Hy is in D. The middle row is therefore a short exact sequence in D.

Now take A sufficiently large to include all x with M, # 0 or N, # 0 and set
LY := Hy. One has M°(A) = M° and N°(A) = N°. The above diagrams imply
that L is in D°, with L%(T") & Hr. The isomorphisms Fj,(L,) = H, = L°(x) define
an object L of CY, and determine as required an evident short C%-exact sequence
0—-L—-M-—N—O0.

The second claim of the lemma is clear from the above since one must have
LO(A) = Hy. O

3.4. We introduce some further notation. Given any object M of C° and a locally
closed subset I' of €, define the object M (T') of C°[Er] by M(I')° = (M°)(T") and
(M(T)), = M, with isomorphisms F,(M(T'),) = F,(M,) = 0,(M°) = o,(M°(T))
for € T. The map M +~ M (T') extends in an obvious way to a functor 70: C° —
C°[Er]. Similarly, one has a functor tp: C°[Er] — C° defined on objects M of C°
as follows. Set (up(M))°? = M, let (.p(M)), = M, if x € T, and set (tp(M)), =0
if z € Q\ I'. Finally, define or = tprr: C° — C°.
One can check from the definitions and the proof of 3.3 that

3.4.1. or, 7 and ¢ have the same properties 2.5.1-2.5.5 as those of the similarly
denoted functors considered in 2.5, and, moreover, they are all exact (i.e. preserve
short exact sequences).

Remarks. It will be clear after the proof of the following result that the functors
here may be regarded as instances of the functors considered in 2.5.

3.5.  We shall deduce 1.7 from the following more general fact.

Theorem. With CO-exact sequences as the short exact sequences, C° is an ezact
category. Idempotents split in C° if they split in D and each D,

Proof. We verify the axioms B.2 for an exact category. For the proof, we regard
C[Er] as a full subcategory of C° via the functor (v (which is full and faithful,
and preserves and reflects the “short exact sequences”). We thus have (M) =
or(M) = M(T) for M in C°. Note that C" is the directed union of its subcategories
C°[Er] over the finite locally closed subsets I' of Q. We may therefore assume
without loss of generality that € is finite.
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It is clear that the class of short exact sequences of C° contains the split exact
sequences and is closed under taking isomorphic sequences. Admissible epimor-
phisms are closed under composition by 3.3. Given a short exact sequence (3.3.1),
it is easy to verify that ¢ = ker j. Indeed, given a morphism f : L — N with jf =0,
the unique maps ¢°: N — MY and ¢, : N, — M, with f© = i%° and f, = i,9.
define the unique map g : N — M with f = ig.

Now we verify that the pullback of an admissible epimorphism N — P via a
map Q — P is an admissible epimorphism. Form for x € €2 and any locally closed
subset A of Q the pullback squares

N, ——= P, NO(A) —= PO(A)

in D, and D respectively. In each case, the top horizontal map is an admissible
epimorphism. As in B.3, these give short exact sequences

0—-R,— Q. PN, —P,—0
0— Ry — Q°(A) @ N°(A) — PY(A) — 0.

Let Sy (resp., S(A)) denote the above short exact sequence associated to = (resp.,
A). There is an isomorphism F,(S;) =2 S(x) of short exact sequences in D induced
by the isomorphisms F,(P,;) =& P%z) and F,(Q. ® N;) = Q%(z) ® N°(z); in
particular, F(R;) = Ry,y. Also, for a coideal I' of A with complementary ideal

¥ =A\T, 2.5.1 and the 9-lemma gives a short exact sequence of diagrams
0—-8I)—SA)—-8X%)—0

(i.e. regarding the S(A) etc as exact rows of a 3 x 3-diagram in D, the columns are
also short exact sequences). Setting R® = R(Q) in D°, the above defines an object

R of C° and a short C%-exact sequence 0 — R ER QaeN L P —0. Since f=kerg,
B.3 implies there is a pullback square

R——Q

L

N—P

in C% in which the map R — @ is an admissible epimorphism by 3.3. The verification
of the remaining exact category axioms B.2 (involving monomorphisms) is dual to
that given above for those involving epimorphisms.

Finally, we verify the assertion about splitting of idempotents in C°. Let M
be in CY and e € End(M) be an idempotent. Corresponding to ¢° and e,, there
are split epimorphisms 7°: M? — N in DY (by 2.6) and 7,: M, — N, in D,
with ker 70 = kere® and kerm, = kere,. The definitions imply there is a unique
isomorphism n,: F,(N,) — N°(z) so n,m°(x) = F,(m;)m,;. This makes N an
object of C° and defines a split epimorphism 7: M — N with ker 7 = kere. O

3.6.  For any locally closed subset A of €2, we continue to regard C3 := C°[E,] as a
full subcategory of C°. It consists of the objects M of C° such that M, = 0 for z ¢ A,
so is clearly closed under extensions. Thus, it coincides with the smallest extension
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closed subcategory of C° containing C? for all # € A. The functor 75: C® — C3 is
clearly exact, and ¢p: C} — C° is perfectly exact.

There is an exact functor 7°: C° — D given on objects by M +— M°. We now
have

3.6.1. If I" is an ideal of Q, i < 1, and M (resp., N) is an object of C2 (vesp., of
CsO)\F) then Extgo (N, M) = 0 but the natural map Extgo(M, N) — Exty (M, N)
induced by 7° is an isomorphism.

We leave the verification to the reader (observe that for x € Q, N, =0ifz € T’
and M, =0ifz ¢T).

For x € , there is an equivalence of exact categories CO — D, given by M +—
M,,. We regard this as an identification C? = D,.. The above fact now implies that
for i < 1 and objects M of C and N of Cg , one has natural isomorphisms

Ext}, (M, N), ife =y
(3.6.2) Extgo (M, N) = { Exti (79M,7N), ifz <y
0 otherwise.

It follows that C¥ is a weakly stratified exact category with weight poset 2 and
strata C0, as defined in 1.5 (1.4(i) and 1.4(ii) hold by (3.6.2) and conditions 1.5(i)—
(iv) are clear from the construction and the above remarks).

Regard F := (C° {C%},cq) as data satisfying the conditions 1.4. It is also
clear that DY[F] = CY as additive categories, and that the functors 7r, (v and or
associated in Section 2 to the additive category D°[F] identify naturally with the
similarly denoted functors associated to the exact category C°[E].

3.7. Proof of Theorem 1.7. Suppose that the functors F,: D, — D are full,
exact inclusion functors as in Theorem 1.7. Define a three-term sequence in C :=
DO[D] to be short exact if it is exact in D and application of 7, gives a short exact
sequence in D, for all € Q. Then it is easy to see that 7° gives an equivalence
of additive categories between C°[E] and D°[D]; moreover, under 79, short exact
sequences in C correspond to short exact sequences in D°. This proves Theorem
1.7.

Remarks. 1t is clear that if one performs the construction of 1.7 from a weakly
stratified exact category D with strata D,, the resulting category C is equal to D
as weakly stratified exact category.

3.8. Proof of Lemma 1.2. Let C, B etc be as in 1.2 Let Cy, be the smallest
extension closed subcategory of B containing all strata C, for y % z, regarded as a
perfectly exact subcategory of B. Since objects of C, are projective in B,, they are
certainly projective in Cx,. The assertion 1.2(a) is then immediate from definition
1.1.

By 1.7 and 2.7, we may form a weakly stratified exact category (C’, {C;}zecq) in
which C’ = C as additive category, but such that a three-term sequence

(3.8.1) 0—M ML M 0

in €' is exact iff (3.8.1) is exact in B and 0,(3.8.1) is exact in C, for all z € Q,
where the or denote truncation functors in C’.

Let (3.8.1) be a short exact sequence in B with M and M” objects of C, and
assume that either M’ is in C or idempotents split in each C,. To complete the proof
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of 1.2(b), it will be more than sufficient to show that (3.8.1) is a short exact sequence
in C’; in fact, since every stratified exact category arises by the construction 1.2,
that will also show that every stratified exact category is a weakly stratified exact
category with split strata (see 1.6(d)).

Without loss of generality, assume that €2 is finite and non-empty. Choose a
maximal element x of 0, so (3.8.1) may be regarded as a short exact sequence in
B;. Let N be any object of C;, and R := End(N)°P. Then Hompg_ (N, (3.8.1)) is
a short exact sequence of R-modules, and in particular we have an epimorphism
Hom(N, M) — Hom(N,M"). Equivalently, o,(f): M(x) — M"(x) induces an
epimorphism Hom(N, M (z)) — Hom(N,M"(z)). Taking N = M”(z), one sees
that o, (f) is necessarily a split epimorphism in C,, with kernel N’ say (note that
N’ exists in C, if idempotents split in C,, and N’ = M’(x) if M’ is in C by taking
N = M(z) above). By the 9-lemma, we have a short exact sequence

0— M'/N - M(#z)— M'(#£z)—0

in B (with M'/N = N(# z) if M’ is in C). Induction on the cardinality of Q
gives that M'/N is in C/,, in any case and that this last sequence is a short exact
sequence in C;ﬁm. This immediately implies that M’ is in C, with M’(x) = N, and
that (3.8.1) is a short exact sequence of C'.

3.9. Proof of Proposition 1.6. As every weakly stratified exact category D arises
by the construction 1.7, 1.6(a) is a special case of (3.6.2). We saw in the proof of
1.2 that a stratified exact category is a weakly stratified exact category with split
strata. Conversely, let D be a weakly stratified exact category with split strata D,.
It is clear that for any locally closed T' C Q, Dr (as defined in 1.5) is the smallest
extension closed subcategory of D containing all D, with y € I'. If one has an
object P of D, and a short exact sequence £: 0 — L — M — N — 0 in Dy,,
then Hom(P, E) = Hom(P,c,(FE)) is exact since o,(FE) is split exact; thus P is
projective in Dy,. This proves 1.6(d).

We make some preliminary remarks for the proof of 1.6(b). If p : C — D
is an exact functor between exact categories, the natural maps f: ExtiC(P, Q) —
Ext'(p(P), p(Q)) for P, @ in C are the obvious ones for i = 0 and map the class
of an i-fold extension

EF:0-Q—R'-... R -P—0
(¢ > 1) in C to the class of the extension
p(E): 0 — p(@Q) — p(R') — ... = p(R') — p(P) =0

in D. If now p has an exact left adjoint p’ such that the counit p’p — Id of the
adjunction is a natural isomorphism, it follows that f is an isomorphism. This is
especially well known for ¢ = 0, so assume ¢ > 0. Firstly, f is an injection since
if the class of p(E) is zero, so is that of p'p(E) and hence that of E. Secondly,
the map f is surjective since given E’ representing an element of Ext’ (p(P), p(Q))
with ¢ > 1, the unit Id — pp’ of the adjunction gives a morphism of extensions
E' — pp'E’. Using the counit of the adjunction to identify p(P) with pp’p(P) and
similarly for @, this shows the class of E’ coincides that of pp’(E’) and hence it is
clearly in the image of f. If T is an ideal of €, the above remarks prove 1.6(b) by
2.5.4. The argument when I" is a coideal of €2 is dual. The general case of 1.6(b)
follows since every locally closed subset is a coideal of the ideal it generates.
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Finally, let L, N, , y be as in 1.6(c). Then Exty(N, L) = Extp, (N, L) by
1.6(d) and (b), and the right hand side is zero for ¢ > 1 since N is projective in
Dyy.

3.10. The proof of the following, using 2.6 and the remarks in B.11, is left to the
reader.

Proposition. Let D be a (weakly) stratified exact category with strata D, for x €
Q.

(a) Let D' be the Karoubianization of D, and regard D as a perfectly exact
subcategory of D'. Let D., be the full additive subcategory of D' consisting
of direct summands of objects in D,. Then D’ is a (weakly) stratified exact
category with strata D.,.

(b) Idempotents split in D iff they split in D, for all x € Q.

3.11. We close this section with one final trivial remark. Suppose C is a weakly
stratified exact category. Let {Q,},eca be a partition of Q by locally closed subsets
2, indexed by an interval finite poset A such that a € Q, b € 2, and a < b imply
x <yin A. Then (C,{Cq, }+ca) is a weakly stratified exact category.

4. THE ABELIAN CATEGORY C*

Let C be a svelte stratified exact category with strata C, and weight poset €.
We prove here some first general facts about the associated abelian categories C*
and CT defined as in 1.8 and Appendix B. The results of the first two subsections
apply even to a svelte weakly stratified exact category.

4.1. Let X be a locally closed subset of £2. Then one has abelian categories Cs, and
C* = C¢,. Observe that since Cs. has injective envelopes, all Ext-groups Extég (M,N)
exist and can be computed using an injective resolution of N. The exact functors
C = Cx % C induce by B.15 left exact functors 75y: C3y — C*, 1%: C* — C%,
and right exact functors ms.: C* — C5, tx.: C& — C* (we abbreviate (X)* = X*,
(X)s = X., (X)T = XT etc for any X if it seems unlikely to cause confusion).

Proposition. Let T' be an ideal of Q with complementary coideal A := Q\T.

(a) One has adjoint triples (Trw, T8 =2 tra,tf) and (Lps, b = Tax, TA) with
Taxtrs = 0, LA = 0 and 75 = 0. In particular, 77 and v} are evact, T)
and 1. preserve injectives and tp. and T, preserve injectives.

(b) The adjunction morphisms Id — 7, Id — Tastas, th7h — Id and
Tr«tr« — Id are isomorphisms, so ta«, ThA and T = irs are full embed-
dings. We usually identify Cf. with the strict image of T+ in C*.

(¢) The functor i} is a quotient functor with Ci as its kernel. In particular, Cf:
is a Serre subcategory of C*.

(d) The components F' — tpomr F (resp., it F — F) of the adjunction mor-
phisms are epimorphisms (resp., monomorphisms) for F in C*, so s« F
(resp., it F') is the largest quotient object (resp., subobject) of F which is
in the strict image of 1.

(e) For F inC*, the adjunction arrows induce isomorphisms F = lim 7 F
and lim

ATaaE = F where the projective limit is taken over the directed

family (by inclusion) of finitely generated coideals of ).
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(f) The natural sequence 0 — TifF — F — 17X F — 0 is exact for any
injective object F' of C*.

(g) A sequence A:0 — F — G — H — 0 inC* is exact iff 1} (A) is exact in
Ci for all f.g. coideals A of (2.

Proof. First, (a) and (b) follow from 2.5.4 and obvious identities 7pip = 0, 7ot = 0
by standard properties of adjoint functors and conjugate natural transformations.
Then ¢} is a quotient functor by [25, Chapter III, Prop 5], for instance. To complete
the proof of (c), one must check that

4.1.1. An object F' in C* satisfies ¢} F' = 0 iff F' = 7:G for some G in Cy.

We have already noted ¢} 74:(G) = 0. Now we consider an arbitrary element F
of C*. For any M in C, the natural short exact sequence

(4.1.2) 0—-MA)—-M—-MT)—0
gives on application of F'* the exact sequence

(4.1.3) 0 — (FEapF)(M) — F(M) — (iii F)(M)
of abelian groups and hence an exact sequence

(4.1.4) 0— mupF — F — T F

in C* from which F' = 7 F if i F = 0.

The above argument also shows that 7\ — F' is a monomorphism in C*
in general. By adjointness, F' — tp,7«F is an epimorphism and the rest of (d)
follows. By the Yoneda lemma, (4.1.3) identifies with Home(4(4.1.2), F') and
since ¢ is exact, it follows that if F' is injective in C* then (4.1.3) is a short exact
sequence for all M in C. This implies in turn that for injective F', (4.1.4) is a short
exact sequence in the category of contravariant additive functors from C' to abelian
groups, and hence a short exact sequence in C*, proving (f).

To prove (e), note that for M in C one has M € Cp for some A € I and
then the canonical map (7 F)M = F(M(T')) — F(M) is an isomorphism for
I'>T 2 A. This shows that F' = lim_ 7pepF” in the category of contravariant
additive functors from C to abelian groups, and the first part of (e) follows. The
proof of the second part of (e) is similar. Finally, (g) follows on checking that an
additive functor F': C — Z-Mod is effaceable iff Fip: Cp — Z-Mod is effaceable for
all f.g. coideals A of €. O

Remarks. A formal setup involving abelian categories with adjoint functors satis-
fying several of the conditions above is studied in [44].

4.2. Here we collect some general facts about the structure of injectives of C*.

4.2.1. If Fisin C*, and F — ( is an injective envelope of F' in C*, then for any ideal
I' of Q the induced map (. F' — Q) is an injective envelope in Cf. In particular, if
F is injective in C}, then F' =2 (1.Q).

To see this, note first that (fF" — (}:Q is a monomorphism into an injective
object since ¢} is right adjoint to the exact functor 7f. If 0 # M C {1 @, then
0 # M C HfQ C @ so H := FN1EM # 0 since F — @ is an injective
envelope. Now H C 73M so H = 173G for some G # 0 in Cf:. The inclusion H — F
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factors through the monomorphism 7¢f-F' — F' and one deduces that G is a non-
zero subobject of M N F. Hence (.F' — (.Q) is an essential monomorphism as
required to prove the claim.

The following two assertions follow directly using 4.1(a),(c),(f) and [25, Ch III].

4.2.2. Let T" be any ideal of  with complementary coideal A. If M — @ is an
injective envelope in C* of an object M of C* with no non-zero subobject in Cf,
then (i M — (3@ is an injective envelope of ¢t} M in C}; moreover, X3 Q = Q.

4.2.3. For A, I' as above, any injective object @ of C* is a direct sum QQ = J STy K
where J is the injective envelope in C* of the injective object (1-Q of Cf: and K is
injective in Cp; moreover, K is unique up to isomorphism.

The next claim relates injective objects of C* to the injectives in C%, for each
x € Q. B

4.2.4. Choose for each z € () a cogenerator I, of C; and an injective envelope J,
of I in C3,. Then [[,.q 73,/ is an injective cogenerator for C*.

To see this, let F' # 0 be in C*. By 4.1, F' := 7f. F' # 0 for some I' € I. Choose
z € A maximal so that there exists N in C, with F'(N) # 0; then F” is in C,
and Hom(F’, 75(I;)) = Hom(::F', I;) # 0 since (¢2F)(N) = F(N) # 0. Thus, we
have a non-zero morphism g: 75t F — 7(I,) in Cf for some z € I'. In C*, we have
natural monomorphisms 7jitgamma*F — F and 7} (I;) — 75,(J,). Hence g lifts
to a non-zero map F' — 7% _J, since the latter is injective. The claim follows.

On the other hand, the following claims relates injective objects of C* to injectives

inCf forI' e 1.
4.2.5. An object F' of C* is injective iff ([ F" is injective in s for all I" € 1.

Indeed, let F' in C* be such that ([F is injective for all I' € I. Let f: F' — @
be an injective envelope of F'in C*. By 4.2.1, }.f is an isomorphism for all I' € I;
using 4.1(e) one deduces that f is an isomorphism in C*.

Remarks. Taken together, the last two claims reduce, to some extent, the descrip-
tion of injectives in C* to that of injectives in Cs; for finite, locally closed subsets X
of Q. In 4.7, we say more about the latter problem under an additional hypothesis
which is implied by strong stratification of C.

4.3. From B.9(a), one immediately deduces the following basic fact.

Lemma. ¢(M) = Hom(?, M) is projective in C;. for any M € Cy and any ideal T
of Q with © as a mazimal element.

4.4. 1If C has enough projective pro-objects, the existence of a right adjoint to 7
for each = € Q) is easy to see by interpreting module-theoretically (see 9.4). In this
subsection, we sketch a proof of the existence of a right adjoint to 7} in general.

For locally closed I' € I, let ¢r: Cr — Cj be the standard Gabriel-Quillen
embedding. Define functors A,: C, — C* and V,: C, — C* by Ay = 1oy = Gty
and V, = 7S¢, 1.e. Ay(N) = ¢(N) and V,(N) = Hom(7,?, N) for N in C, (observe
that V,(N) takes short exact sequences in C to split exact sequences of abelian
groups). Both functors V,, and A, are exact since they are additive and C, is a split
exact category.

Now define an additive functor j%: C* — C; by

J°(F)(N) = Homex (V,(N), F)
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for F'in C* and N in C,. We claim that

4.4.1. The functor 5% is right adjoint to 7.;. Hence 7} has both left and right adjoint
functors, and in particular 7} is exact.

To see this, one needs to construct isomorphisms
0p.c: Home- (77 F, G) = Home; (F, j*(G)),
natural for ' in C; and G in C*. Define 0 ¢ by the formula

[[eF,Gm)]N(b)} ) = (1], ) 0)

M
for n: 7)F - G, Nin C,, M inC, f: .M — N and b € F(N), where for a
natural transformation p, [p]; denote its component at L. One may check that
0r, has the required properties (one has [0 (€)la(a) = [[e]r, () (a)] ,,Adr, ar))
fore: F — j°G, M in C and a € Fr,(M)).

4.5. The following result is a variant of 1.21(b); I don’t know if there is a natural
common generalization.

Proposition. IfT' is an ideal of Q with A := Q\T finite, then
(a) For F, G in Cf, one has Extélf(F, G) = Extp. (1 F, 3G naturally.
(b) More generally, the right derived functor Rri:: DT (C}) — DT (C*) is a full
embedding of derived categories.

Proof. By induction on the cardinality of A, it suffices to prove the assertions in the
case that I' = Q\ {z} for some maximal element x of Q. If G is injective in C}:, one
has from 4.2.1 and 4.1 an exact sequence 0 — 77:G — Q° — (77:2)Q" — 0 where
G — QU is an injective envelope in C*. Choosing an injective resolution 0 —
Q% — I* of 1:Q in C; and applying 7 gives an injective resolution 0 — 3G —
Q® in C* where Q"' = 72 (I*). Note ¢7Q* = 0 for i > 1 since 7,.tr = 0. Now for F' in
Ci and i > 1, Ext'(14+F, 71@G) is a subquotient of Hom (73 F, I') = Hom(F, t:I*) = 0
proving (a) in case G is injective. Now one can prove (a) for arbitrary G in Cj
by dimension shifting, choosing an exact sequence 0 - G — @ — H — 0 with @
injective in Cf.

For (b), note that the above argument shows that 7:G is right ¢f-acyclic for any
injective G in Cfi. Computing Rt using quasi-isomorphisms to bounded-below
complexes of injectives and noting that, as is well known, R.. may be computed
using quasi-isomorphisms to bounded-below complexes of right ¢j--acyclic objects,
we get Ruf R = R(ipm) = Id, proving (b).

O

4.6. Here, we give some formulae which are useful for the computation of certain
Ext-groups in Ct.

We regard 77+: Cjt — & as an inclusion for I' € I, so (:(F) = o:(F) for F in CT.
Observe first that for I' € A € Iy, the natural inclusions Cj. — C; — CT induce
maps

Ethl’: (F,G) — ExtgX (F,G) — Ext},(F,G)

of Yoneda Ext-groups for F', G in Cf. Since I is directed and every element of ct
lies in Cf: for some I' € I,
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4.6.1. The natural map lim Eth; (F,G) — Extg, (F,G) is an isomorphism for

any F, G in C' (in the colimit, we consider only the cofinal family of ' € I so both
F, G are in Cf). In particular, Extl. (F,G) is defined i.e. is a set.

4.6.2. If N isin C, and F is in in both C;r and Ct, then

0 ifp>0
Ext?, (6(N), F) =4
xter (PN, F) {F(N), otherwise

(note F(N) = 0 if F is in C%,).

For the proof, one may assume by 4.6.1 that 2 € I and then by 4.5 that z is
maximal in Q (since {y € Q| y > x } is finite). Then ¢, (N) is projective in C* by
4.3 so the result is immediate.

4.6.3. For F' in both C%, and C' and for G in C,
Extg; (1zF,G) = Extg, (F,7,G)
(note this is zero if G is injective in C and p > 0, or if F is in C;z)

Once again the proof reduces to the case that z is maximal in Q and 2 € I. The
assertion follows by computing the first Ext-group using an injective resolution of
G, noting that 7} is exact by 4.4.1 and it preserves injectives since it is right adjoint
to the exact functor % (see [25, III, Cor. 6]).

We record the following easy consequences of these assertions.

4.6.4. For N in C, and M in Cy, one has Ext{, (¢(N),¢(M)) = 0 if p > 0 unless
x < y while Homei (¢(N), $(M)) = Home (N, M) is zero unless x < y.

4.6.5. For G in C; and N in C;, one has
G(N), ife=yandp=0

0, otherwise.

Exte: (¢(N), 75(G)) = {

4.6.6. For G in C; and F' in Cj, one has Exty, (5 (F), 7,(G)) = 0 unless > y, and
if x =y, Ext, (7 (F), 7:(G)) = Extg; (F, Q).

rx

Remarks. The above formulae immediately imply the standard Ext-vanishing prop-
erties listed in 1.26, cf 9.4.

4.7. Let D, be the additive category of all objects of CT which are isomorphic to
7x(I) for some injective object I of C}. Let D be the smallest extension closed
subcategory of Ct which contains D,, for all z, regarded as a perfectly exact subcat-
egory of CT. It follows from 4.6.6 that (D, {D},cqor) is a stratified exact category
(though it is svelte only when C contains only zero objects).

Now for any ideals I' C ¥ in 2, we have for any injective object @ of C* a
canonical short exact sequence 0 — 01Q — 05Q — 031Q — 0 where A = X\ A,
as follows by applying 4.1(f) to the (injective by 4.1(a)) object (:Q of C&. We
view this as asserting that () has a possibly infinite filtration with objects 0@ as
“successive subquotients.”

Proposition. Suppose that for each x € Q, the following condition (i) holds:

(i) the functor tys: Ck — CZ, induced by the inclusion t,: C; — C<y is exact.
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If in addition ) is finite, then the injective objects of C* are precisely the injective
objects of the stratified exact category D constructed above.

Proof. We begin with some remarks on the above condition (i) for arbitrary (interval
finite) €. It is equivalent to assume that ¢z, : C; — Cj. is exact for some ideal (resp.,
all ideals) T' 3 x of Q. Assume (i) holds. If T is an ideal of Q with x as maximal
element, ¢3: C; — Cf is exact and preserves injectives since it has an exact left
adjoint ¢, and a right adjoint 7%, and therefore for any injective object @ of C*,
1@ is injective in Cf.

Now assume that € is finite. Then injectives in C* are objects of D by the above
remarks, and they are clearly injective in D. On the other hand, suppose that @ is
an injective object of D. Let 0 — Q — Q — F — 0 be an injective envelope of Q
in C*. Let x be a maximal element of Q and I" := Q\ {}. We have a short exact
sequence 0 — Q(I') — Q — Q(z) — 0 in D. Using the facts that £ (Q(z)) = 0
and ¢ (Q(T)) = 0, one deduces that this sequence is isomorphic to the natural one
0— 0@ — Q — 0:Q — 0 (in particular, the latter is exact). There is an exact
sequence 0 — (3@ — L;Q — 13 F' — 0 in which the first two terms are injective, so
the sequence is split and ¢} F' is injective in C}. also. Applying 7} gives a similar
split exact sequence with ¢ replaced by oJ.

Now by induction on the cardinality of Q, Q(I') = o£@Q is injective in Cf so we
may identify o1.Q) = O'FQ by 4.2.1. This gives a commutative diagram in C*

0 0

with exact rows and columns, from which the middle vertical column is seen to be
an exact sequence in D. Injectivity of Q) in D implies that @ is a direct summand
of @ in D and hence also in C*. Thus @ is injective in C* as required. ([

4.8. Assume for the remainder of this section that C, = AddN, where N, =
{N,.}: and the N, ; are pairwise non-isomorphic objects of C,, with local endomor-
phism rings R, ; := End(N, ;)°P?. We set R, := End(N,)°?, and J, ; := Rad R, ,
the maximal ideal of R, ;. By C.8, there is a natural category equivalence C} =
R,-Mod given by F' +— @, F(N,;).

Proposition. For any x and i, ¢(Ny ;) has a unique mazimal subobject in C* (or
CT). Denote the simple quotient object of ¢(Ny ;) by Ly.;. Then any simple object
of C* (or C') is isomorphic to Ly ; for a unique x and i. Moreover, End(L, ;)°P =
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Ry i/ Jz,i. Finally, if I, ; denotes an injective envelope of Ly ; in C*, then Hm Iy
is an injective cogenerator of C*.

Proof. Tt will be enough to prove the assertions for C*. For the proof of the first
assertion, we may assume without loss of generality that x is maximal in 2, since
#(Nz;) = Hom(o<,?, N, ;) lies in the Serre subcategory C%X, (see 4.1(c)). We
have the functor j, : R,-mod — C* with (j,(N))(M) = Hom(M (z),N,) ®g, N for
M in C and N in R,-Mod (note j,(N) takes short exact sequences in C to split
exact sequences of abelian groups, so j,(NN) is left exact; actually, j, identifies with
7 under our identification C} = R,-Mod). The natural transformation o, — Id
induces a homomorphism ¢(N, ;) — Hom(aw'?,Nw i) & ju(Ryey,i). Further, Rye, ;
has a unique simple quotient module L} ; = (R./J;)e; ;. This gives a composite
homomorphism v: ¢(Ny ;) — ju(Ryes Z) — jo(L ;). We will show that the kernel
Fy of this homomorphism is the unique maximal subobJect of ¢(Ng.:).

For M in C, (j.(L,;))(M)=Hom(o.(M),N,) ®g, L ; with Hom(crx(M) )
a f.g. projective right R,-module. Identify Fy(M) = kervy,. Let j: M(z) —
be the canonical admissible monomorphism. By the definitions, Fy(M) con51sts
of those h € Hom(M, N, ;) such that hj € Hom(M (z),Ny)Jye;. If h € Fy(M),
then hjf € e;Jye; = Jy,; for all f: Ny; — M(z). Conversely, if hjf € e;Jze;
for all f: Ny, — M(z), then hjf € erJye; for all f: Ny, — M(x) and all
k by C.15. Since M(z) is in AddN,, this latter condition implies that hj €
Hom(M (x),N)Jye;. Since any homomorphism N, ; — M factors through j, it
follows that

(4.81) Fy(M)={h: M — N,,|hf € Rad End(N, ;) for all f: N, ; — M }.
Consider any exact sequence
0 — F — Hom(?, N, ;) - G

in C*. We regard F(M) = ker(nas) in Z-Mod. For any morphism h: M — N, in
C, we obtain a commutative diagram

OHF(NQ?Z) HHom(Nﬂczvaz) H'G( xt)

| | |

0 F(M) Hom(M, N, ;) G(M)

Let a = nn, ,(Idy, ,). Looking at the right hand square above shows that the right
hand horizontal map in the second row is given by h — G(h)(a). Suppose that F is
not a subobject of Fy. This means that for some h: M — N, ; we have G(h)(a) =0
but there is some f: Ny ; — M such that hf is a unit in End(N, ;). Without loss
of generality, we may assume hf = Idy, ;. Then a = G(f)G(h)(a) = 0 and so (by
the Yoneda lemma), 7 = 0 and F = Hom(?, N, ;). This completes the proof that
¢(Nz,;) has a unique maximal subobject.

Now we show any simple object L of C* is isomorphic to L, ; for some z and i.
Certainly, L(N) # 0 for some N € C. By left exactness of L, we have L(o,(N)) # 0
for some z. Since 0,(N) is a direct summand of a finite direct sum of objects of
the form N, ; for various 4, we have L(N, ;) # 0 for some i. By the Yoneda lemma,
this gives a non-zero homomorphism Hom(?, N, ;) = ¢(N, ;) — L. This map is an
epimorphism since L is simple, and so L = L, ; from above.
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Next, we show that if L, ; = L, ; then (x,i) = (y,j). Suppose without loss of
generality that £ y. We may then replace Q by the ideal generated by = and y
to assume x is maximal in Q. A non-zero homomorphism L;; — L, ; then lifts
to a homomorphism f: ¢(N, ;) — ¢(N, ;) by projectivity of ¢(Ng ;). Now Im f
is not contained in the maximal submodule of ¢(N, ;), so f is an epimorphism.
Since Hom(N, ;, Ny ;) = Hom(¢(Ny:), (N, ;) # 0 we have z < y and so z = y.
But then ¢(N, ;) is projective as well, so f splits to give a non-zero idempotent
d(Ng.i) ER d(Ny,;) = ¢(Ng ;) in End(¢(N;;)). Since End(N; ;) = End(¢(N, ;) is
local, this idempotent is the identity. Hence ¢(Ny ;) = ¢(Ny ;) and so Ny ; = Ny ;
by faithfulness of the Gabriel-Quillen embedding. Thus x = y and 7 = j as required.

Now we determine End(L, ;). Again without loss of generality, assume z is
maximal in Q. If M is any object with a unique maximal subobject in an abelian
category, the endomorphisms of M preserve its unique maximal subobject. This
gives a ring homomorphism

a: Rx,i = End(Na:,i)op = End(¢(Nw,i>)op - End(L:v,i>Op'

Since ¢(N; ;) is projective, « is an epimorphism. From the above description of Fp,
it is clear that ker o contains J, ;. Since J; is the unique maximal ideal of R, ;,
we get kera = J, ;.

To prove the final assertion, it is enough to show that for any object F' of C*,
there is a non-zero morphism F' — I ; for some z and i. For some z and %, we
have a morphism ¢(N, ;) — F with non-zero image G, say, which we regard as a
subobject of F. Then we get from above a non-zero composite G — Ly ; — I ;
which lifts to a non-zero F' — I, ; since I, ; is injective. O

4.9. We list some additional properties of C*, leaving proofs to the reader. Let us
say that an object F of C* (resp., C') is a highest weight object of highest weight
(x,1) if every simple subquotient object of F' is of the form L, ; for some y < z,
and there is a surjection F — L, ; such that for every proper subobject F’ of F,
the composite F' — F — L, ; is zero.

4.9.1. The object ¢(N, ;) is a universal highest weight object of highest weight (z, %)
in C* (resp., C'), in the sense that the highest weight objects of highest weight (z, i)
in C* (resp., CT) are precisely the non-zero quotients of ¢(N ;).

For the remaining properties, we let Lf)i denote the unique simple quotient of
¢ (Ny ;) in C§, for z € X.

4.9.2. Let A be a coideal of Q. Then for a simple object L, ; of C*, ¢} Ly is zero
unless x € A, in which case ¢} L,,; = LQZ Moreover, if © € A then LA*LQJ has a
unique maximal subobject with L, ; as corresponding quotient object and TK(L;\J)
is an essential extension of Ly g; if also 2 is minimal in A, 73 (L2 ;) = 77(L% ;) and
LA*L;\J = 144 Ly ; are independent of A.

4.9.3. For any ideal T" of I, one has T;(Lgl) & Lg;. Moreover, TryLy; =t} Ly ; is
zero if 2 ¢ T' and isomorphic to L} ; if z € T.
5. INVERSE SYSTEMS AND SHEAVES

The rather technical results in this section are applied to give the most general
version of our construction of weakly stratified exact categories (mentioned after
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1.7) and are used in the study in subsequent sections of the category C of pro-
objects of a (weakly) stratified exact category C with an infinite weight poset. The
reader interested primarily in situations with finite weight posets may wish to omit
this section (since C = C if Q is finite).

5.1. Let D be an exact category and (to begin) I be an arbitrary poset. Let DI
be the exact category of contravariant functors (i.e. inverse systems) I — D. We
write an object of DI as Q = {Q,},es and its limit (as a functor I°P — D) as

lim hen it exists.
ZGIQmwe t exists

Remarks. We assume for convenience once again that D is a perfectly exact sub-

category of an abelian category B. Then DI™ is a perfectly exact subcategory of
the abelian category B!™.

5.2. For an object A of D and z € I, define the (“skyscraper”) object jLA in D"
as follows. Set (jLA), equal to A if z < y and to 0 if z £ y. For y > z in I,
the canonical map 5”;‘: (j1A), — (jLA). of the inverse system j. A is the identity
map if z > z and (necessarily) the zero map if z 2 x. Extended in the obvious
way to morphisms, this defines for each z € Q an exact functor j.: D — DI. Note
that the inverse system @Q in D™ is isomorphic to jLA iff @y is isomorphic to A
fory >z, Q, =0if y 2  and Q, — @ is an isomorphism for y > z > =z.

Lemma. Let x,y € I and A, B be objects of D. Then there are isomorphisms
Exth(A,B) ifz <y
0 ifx Ly,

natural in A and B, for i =0 and for i =1 (of course, Ext® is just Hom).

Extier (2 A, j) B) & {

Proof. One has for any y € € the natural exact functor D" — D given by
M = {M,}zer — M,. This induces natural homomorphisms of Yoneda Ext-

groups Extl op (M, N) — Extf, (M, Ny) for all p. In particular, there are natural

homomorphisms
(5.2.1) 0;: Extipron (j1A, j) B) — Ext((j1A)y, (74 B)y)-
It will suffice to show 6; is an isomorphism for i =0 or 7 = 1.

The image of an element {h,}.c: jLA — jéB of Hom(jiA,jéB) under 6y is by
definition hy, : (jLA), — (j;B)y. On the other hand, given h: (jLA), — (j;B),
in D, define h.: (jLA). — (j)B). by h. = (fg’yB)*lhff,’;‘ if z>yand h, =0
otherwise. Then {h.},cr: jLA — j;B in DI and h — {h.}.cs defines an inverse
to 90.

Now we consider the map 6;. Suppose e is an element of Ext' (A, jiB) repre-
sented by the class of an extension

(5.2.2) 0—jsB— M= jlA—0

in DI*". Write M = {M.,}.c; with canonical maps Grw: M, — M, for z > w in
I. Then 6, (e) is by definition the class in Extp,((j1A),, (jiB)y,) of the extension

(5.2.3) 0= (jyB)y—M, — (jLA), — 0.

We claim that 6; is injective. For suppose that d: M, — (j;B)y is a split-
ting map for the extension (5.2.3). For z € €, define c¢,: M, — (j;B)z by
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c. = (f¥P) dg.y if z > y, and ¢, = 0 if z # y. Then one can check that
{c.}zer is in Homprer (M, jiB) and defines a splitting map for (5.2.2). Now we
show that 6 is surjective. If z £ y, then (jLA), = 0, (5.2.3) is necessarily split,
Extp((jLA),, (jiB)y) = 0 and 6, is an isomorphism of zero modules. So assume
z < y. Consider an element ¢’ of Extp((j1A),, (iiB)y) = Exth (A, B) represented
by the class of an extension

(5.2.4) 0-B—-ML a0

in D. Define an inverse system M = {M.}.c; in DI"™" by setting M, equal to M” if
z>y,to Aif z > x but z 2y and to 0 if z # x; the maps M, — M, for z > w are
the obvious maps Idy;/, Id4 or f whenever possible, and 0 otherwise. One obtains
an extension (5.2.2) in D!*” in which the corresponding extension

inDis (5.24) for z > y,is0 -0 —> A — A — 0 for z > x with z 2 y, and is
a short exact sequence of zero modules if z 2 x. Letting e denote the class of the
extension (5.2.2), one has 6;(e) = ¢’ and so 6 is an isomorphism as required. O

Remarks. For x € I, j1: D — DI is perfectly exact.

5.3. For the remainder of Section 3, {2 denotes a fixed interval finite poset. Let
Iy, I1 be as defined in 1.15 but let I be any set of ideals of {2 which contains Ij.
We order I, Iy, I; by inclusion. The poset I is isomorphic to €2, under the map
which takes an element of ) to the ideal it generates.

5.4. We assume till 5.6 that 2 is finite (so I; is the family of all open sets of 2).
Let B be any additive category. There is a natural “forgetful functor” B! — Bl"
given on objects by {Qulver — {Qulver,-

We say that an object (“presheaf”) Q = {Qu}ves, of BT satisfies the sheaf
axiom if @y = 0 and for any open U,V in I;, the restriction maps of @ give a
pullback square in B

Quuv Qu

L

Qv —— Qunv

(cf. 2.4). Let Shp denote the full additive category of B!'” consisting of objects
satisfying the sheaf axiom.

The defining properties of limits imply that the sheaf axiom is equivalent to the
requirement that for each open set U of (2, the canonical maps Qu — Q< for
x € U induce an isomorphism

QU — m Qﬁx
xeU
(in particular, these limits exist). This implies that the natural composite functor
0p: Shg — BI" — BI" is full and faithful.

If B is an exact category, we denote by Flg the full additive subcategory of Shp
consisting of objects @ such that all restriction maps Qu — @y are admissible
epimorphisms (we call such objects @ flabby sheaves). One sees from the sheaf
axiom and exact category axioms that Flg is a full, extension closed subcategory
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of the exact category B'". Hence Flg may be naturally regarded as a perfectly
exact subcategory of B,

5.5. In this subsection, we assume that B is an abelian category. For @ in BI",
and open sets Uy, ..., U, and U = U}, U, of €1, there is a standard complex

0— Qu ER o, (Qu,) & D1<i<j<nQu;nv;,
where the components of f are the restriction maps Qu — Qu, and for ¢ # j, the
component Qu, — Qu,ny, of g is the restriction map (resp., the negative of the
restriction map) if ¢ < j (resp., ¢ > j). Exactness of these complexes for n = 0 and
n = 2 is equivalent to the sheaf axiom for @) as given above. Conversely, if @ is a
sheaf, one sees by induction on n that the above complex is exact.

Hence, the notion of sheaf as defined here is the usual one for abelian B. Like-
wise, a sheaf @ is flabby as defined here iff the restriction map Qo — Qu is an
epimorphism for all open U in Q i.e. iff it is flabby (flasque) in the usual sense.

Note also that p: Shy — Bl is a category equivalence for abelian B; one
readily verifies that there is an inverse to 6 taking an inverse system M = {My }ver,
to M in Shp where for U € 1, MU = }iLnIGU M<, (note that the finite limits exist
in B and the restriction maps are determined by the universal properties of limits).
Since B%" is an abelian category, Shp is (as well-known) an abelian category: a
sequence

(5.5.1) 0—-M —->M-—-M"—0

in Shp is exact iff it is carried by #p to an exact sequence i.e. iff the sequence of
“stalks” 0 — ML, — M<, — MZ, — 0 is exact in B for all z € Q. Recall the
following well-known fact (e.g. [27])

5.5.2. Suppose that (5.5.1) is a short exact sequence in Shp and that M’ is flabby.

Then (5.5.1) is a short exact sequence in BI": moreover, M is flabby iff M” is
flabby.

On the other hand, it follows readily from the sheaf axiom that

5.5.3. If (5.5.1) is a short exact sequence in B'T" and M", M’ are sheaves, then M
is a sheaf and (5.5.1) is a short exact sequence of sheaves.

These facts imply that
5.5.4. For an abelian category B, Flp is a perfectly exact subcategory of Shp.
5.6. For an exact category D, let ap denote the composite Flp — DI — DL”.
Lemma. If D is an exact category, the functor ap is perfectly exact.

Proof. Consider the commutative diagram of functors

Flp —— pIs®

|

Flg —— BL"

The vertical arrows are perfectly exact functors functors, and it will suffice to show
the bottom arrow has the same properties. The bottom arrow factorizes as

Flg % Shg & BL" 2 BI”
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As seen above, u is perfectly exact and wv is an equivalence of abelian categories.
O

Remarks. It follows that an inverse to the restric‘fion ap: Flp — Imap Atakes
an inverse system M := {Mr}rer, in Imap to M = {My}yer, where My =
lilner M<, (limit in B). In particular, the limits defining the My exist in D, and

M — My is an exact functor Imap — D.

5.7. Let F = (D,{Ds}zcq) where the D, are any full additive subcategories of
the exact category D indexed by an interval finite poset Q. For z € €, the ideal
< z generated by z is in I, and we abbreviate jL_: D — DI by jL or even j, if
I is fixed. We denote the strict image of the restriction j.: D, — D" by jL(D,).
Then by 5.2, F1 := (D" {j1(D,)}zeq) satisfies the conditions imposed on D in
Section 2, so one may define the additive category D°[F] of objects of DI with
a FI-filtration.

The category D°[F!] is independent of the choice of I containing Iy, up to
equivalence. More precisely,

Lemma. The “forgetful” functor DI" — D" given on objects by {Mr}rer —
{Mr}rer, restricts to an equivalence pr: DO[FT] — D°[F1o]. A functor which is an
inverse to py is given by {Mr}rer, — {Mr}rer where My := im  Mc,. These
equivalences are compatible with the respective truncation functors or on D°[F']
and D°[F™]. Moreover, the short exact sequences in D" of objects of DO[F']
correspond under pr to short exact sequence in DI” of objects of D°[FT°].

Proof. Consider an object M = {My}yer of D°[F!]. Then M is an object of
DO[(F!)x] for some finite locally closed subset 3 of 2. We claim that

5.7.1. For any U € I, the canonical map My — MU = @mesz M<, in B is an
isomorphism (here, the limit exists as a finite limit in the abelian category B and
hence it is also the limit in D).

We prove the claim by induction on the number n(M) of x € ¥ with 7,(M) # 0
(alternatively, one could reduce to the case where 2 = ¥ is finite and use Remark
5.6). If n(M) = 1, then M = jI(B) for some object B of D, and z € ¥, and the
claim is trivial. Otherwise, one may choose a short exact sequence 0 — M’ — M —
M" — 0in DI of objects of D°[(F)s] with n(M’) and n(M") both smaller than
n(M). The claim follows from the commutative diagram with exact rows in B

0 My, My My 0
0 M, My M}

(recall the left exactness of lim).

Now the claim implies that the restriction maps My — My of the inverse system
M are uniquely determined by the restriction maps M<, — M<, for z > y in X
(using the universal properties of limits). It follows immediately from this that p;
is full and faithful. For any I" € I, the claim also implies

EH}Asz %fgg}ﬂfgx = EE} Mc, = Mpr = Mr.
z€el zel zel'NX
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Here, the limits are taken in B (and hence are also the limits in D).
Now we show p; is essentially surjective on objects. Suppose given an object

{My}ver, in D°[(F0)s]. The (finite) limits defining My := liinzesz M<, exist

by Lemma 5.6 and Remark 5.6. They determine an object M = {M}yes of DI
with restriction maps determined by the universal properties of limits. The map
M — M extends naturally to a functor DO[(F)y] — D’*", and, by Lemma 5.6
again, this functor maps short exact sequences in Do” of objects of DO[(F0)g] to
short exact sequences in D™, Note that if M = jlo(B) for B in D, and 2 € %,
then M = jI(B). It follows that M is in D°[F] in general, and clearly p; M = M.
The remaining claims of the lemma follow readily. (|

5.8. Let F be as in the previous subsection. Suppose now that for each U € I, the
data Fyy = (D,{Dy}ycv) satisfies the conditions 1.4(i) and 1.4(ii). Then we may
define the exact category D°[Fy;] for U € I and the associated truncation functors
oa for A locally closed in U. If U C V are in I, then D°[Fy] is a full additive
subcategory of D°[Fy].
Let DO = DO[F!] denote the full additive subcategory of DI” consisting of
inverse systems {Qu }ues satisfying the following conditions:
(i) Qu is in D°[Fy] for any U € T
(ii) for U C V in I, the restriction map Qv — Qu of @ is an admissible
epimorphism in D with kernel oy \y Qv
For any locally closed subset I' of 2, define the “truncation” functor or =
or.g: DO[F!] — DO[F!] with (61Q)y = ornuQu and restriction maps

ornv Qv — ornuQv — ornuQu
for VO U in I.

Lemma. (a) In general, DO[F!] contains DO[F!] as its full additive subcate-
gory of objects Q with 7,(Q) non-zero for only finitely many x; these two
categories coincide if Q € I7.

(b) The forgetful functor {Qu}uer — {Qu}luer, induces a category equivalence
Yﬁo[FI] — ﬁO[FIO] provided In C I C I.

(c) Suppose that the data F' = (D,{D,},cq) itself satisfies the conditions 1.4(i)
and 1.4(ii). Then there is a natural equivalence of additive categories 6 =
07: D[F] — D°[F] mapping an object Q of D°[F] to the inverse system
{QU)}yyer (with restriction maps Q(U) — Q(V) compatible with all the
canonical admissible epimorphisms Q — Q(W)).

Proof. For this proof, we denote the truncation functors in D°[F!] by o}. and those
on DO[FU] by ar.

We first prove (a). Suppose Q = {Qu}ver is an object of D°[F]. Then for
U € I, the definitions immediately show that Qp is an object of DO[Fy], with
or(Qu) = (01 Q)v for any locally closed subset I' of U; for I" a coideal of I (resp.,
I an ideal of '), the natural map or(Qu) — o (Qu) identifies with the natural
map (01-Q)y — (01Q)y. For U CVin I and z € V, the map 0,(Qv) — 0.(Qu)
induced by Qv — Qu identifies with (¢.Q)v — (0,Q)u, which by the definitions is
an isomorphism of objects of D, if z € U and is the zero map otherwise. It follows
readily that Qv — Qu is an admissible epimorphism with kernel oy\yQv, so Q is
in DO[FI].
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Now suppose @ is in ZﬁO[FI}. If A is a coideal of T' and ¥ = T\ A, there is a
natural short exact sequence

0—0AQ — orQ — 6@ — 0

in DI with 6,Q — 61Q given by {oaruQu — ornuQutuer (and similarly for
the other map). It is easily seen that 6,(Q) = jl(0.(Q<.)) for z € Q. From these
facts, it follows that @Q is in D°[F?] provided 6.(Q) # 0 for only finitely many
z €.

Consider arbitrary z1,...,z, in , and let V' be the ideal of Q they generate.
Choose any finite coideal ¥ of V’ which contains all (finitely many) z € § with
0:(Q<z,) # 0 for some i. For any U € I with U C V' and any z € U \ £, one
has 0,(Qu) = 0 (if, say, z < x;, consider the restriction maps Qu — Q<. «— Q<a,
and use the definition of DO [FI]). If Q € I, choose x1,...,x, as generators of
as an ideal; the above shows that 6,(Q) # 0 implies z € ¥, and since X is finite,
it follows that @ is in DY[F!] with of.Q = 6rQ for all locally closed T' C €. This
completes the proof of (a).

Now let @ be in DO[F!] and € € I;. Define J := {V € I|V C Q'}. Observe
that {Qu }uey is in DO[(Fqy)?]. Taking V/ D € above, we sce that 7,({Qu }ues) is
nonzero for only finitely many z € ', so {Qu }ueys is even in DO[(Fo/)’]. If I C I,
it follows immediately from this using 5.7 that an inverse equivalence to the forgetful
functor in (b) is given by {Qu}lver, — {Qutver where Qu := @meU Q<. This
completes the proof of (b).

In the situation (c), it is readily checked using 5.7 that the functor taking an
object Q = {Qu}ver of D[FI] to lim  _, Qu gives an inverse equivalence; in fact,
one may take I = I; and then the limit in question is canonically isomorphic to
Qu for any U € I; which contains the finitely many z € Q with 6,(Q) # 0. O

Remarks. The embedding DO [F1] — D°[F1] of (a) and equivalences as in (b), (c)
of the lemma are obviously compatible with the respective truncation functors on
these categories. Moreover, they are easily seen to preserve exact sequences in the
following sense. For a “base” additive category DO[F!] (resp., D°[F!] or D°[F]),
define the corresponding “ambient” exact category as D! (resp., DI or D). Let
F: X —Y denote the embedding of (a) or the equivalence as in (b) or (¢); then a
three term exact sequence of objects of the base category X is exact in the ambient
exact category of X iff application of F' gives a short exact sequence of objects of
the ambient exact category of Y (this is trivial for (a) and follows using 5.6 for (b)
and (c)).

5.9. We now give the more general construction of weakly stratified exact cate-
gories mentioned after Theorem 1.7.

Let E := {F, : D, — D},cq denote an arbitrary family of exact functors from
exact categories D, into a fixed exact category D, indexed by the interval finite poset
Q. Then for any I with Iy C I C Iy, the family B! := {j!F,: D, — D" },cq
satisfies the condition 3.1, by 5.2, so the weakly stratified exact category C°[E7]
may be defined as in Section 3.

Theorem. CY[E!] is independent of I (with Iy C I C I;) up to equivalence of
weakly stratified exact categories. Moreover, if E itself satisfies the conditions of
3.1, then C°[E] is equivalent as weakly stratified exact category to C°[ET].
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Proof. The first claim follows from Lemma 5.7, and the second claim follows from
the Lemma and Remark in 5.8. d

5.10. Maintain the notation of the previous subsection. There is a natural exact
functor H: C°[E"] — D determined on objects by

Q@ ={Qu}lver, — lim Qu
vel

(the limit is canonically isomorphic to Qu for any U € I; which contains all the
finitely many z € Q with 6,(Q) # 0). One can check that H is faithful if all the
F, are faithful. Further, using the second assertion of the theorem, one sees that
H is full and faithful if E satisfies the conditions of 3.1 and all the F, are full
and faithful. Finally, if in addition the F, are (strict) inclusion functors, then H
obviously induces an equivalence C°[E’] — C where C is as defined in Theorem 1.7.

6. PRO-OBJECTS

In this section, we define the category C of pro-objects of a weakly stratified
exact category and discuss its functoriality in C.

6.1. Throughout this section, we fix a weakly stratified exact category C with
strata C, and weight poset Q. Define F := (C,{Cy}scq) (note that F satisfies the
assumptions of 2.1). Now for any I with Iy C I C I;, we form F! as in Section 5
and then define the additive subcategory DO[F] as in Section 2.

Thus, DO [F1] is the full additive subcategory of the exact category C! " consisting
of inverse systems {Qu }uer on I such that Qp is in Cy and the restriction map
Qv — Qu for V 2 U is an admissible epimorphism in C with kernel oy\yQy. It
is easily checked that DO[F!] is closed under extensions in CI”". We may therefore
regard ZﬁO[F ] as a perfectly exact subcategory of C!"". We denote this exact
category as Cj := lﬁo[FI]; it coincides with C; defined in 1.15. Moreover, the
truncation functors 6 : DO[F!] — DO[F!] for T locally closed in €, with (61Q)y =
ornuQu, coincide with the functors 61 ; defined for C 7 in 1.15 and are readily seen
to be exact. In fact, all the assertions of Lemma 1.15 are immediate consequences
of the definitions together with Lemma 5.7, Lemma 5.8 and Remark 5.8. As in
1.15, we henceforward denote Cifor [y, CICI just as é, Or as 0 and 61 1 as or.

It is easy to check that idempotents split in C if they split in C.

6.2. For a locally closed subset I' of 2, we define Cr to be the perfectly exact
subcategory of ¢ consisting of objects @ with Qp in Cr for all U € I; (equivalently,
for all U € Iy).

We let 71: ¢ — é{‘ denote the restriction of or, and ir: ép — C denote the
inclusion. Observe that for {Qu }ver, inCr, T’ € Iy, one has 6,(Q) # 0iff 0, (Qr) #
0. One therefore has from 5.8(a),(c) that

6.2.1. If ' € I, then 6 restricts to an equivalence of exact categories Cr — Cr.
Moreover, 6r(M) = 6(Mr) for any M in C.

The following facts follow readily from their analogues in 2.5.
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6.2.2. For any locally closed subsets I' and ¥ of €2 such that ¥ is a coideal of I’
there are short exact sequences

(6.2.3) 0—0sQ — 6rQ — or\z@ — 0
functorial in @ for @ in ¢
6.2.4. If A is an ideal of Q, then Hom(6og\pM,5aN) = 0 for all M, N in C.

6.2.5. If T" is an ideal (resp., coideal) of 2 then 7 is left (resp., right) adjoint to ir
and the counit 7rir — 1 (resp., unit 1 — 7pir) is a natural isomorphism.

6.2.6. For two locally closed subsets I', ¥ of £ there is a natural isomorphism
Consider two objects M, N of C. There is a natural inverse system of abelian
groups {Homp (My, Ny)}uer. The maps Homs (M, N) — Home (My, Ny) for U €
I (from the definition of Hom in é) induce isomorphisms of abelian groups
(6.2.7) Homg (M, N) = lim Home(My, Nu).
Uel

Also, for in M in C, and in Q in Cr with I € I;, the natural map gives an isomor-
phism

(6.2.8) Homg (M, 6(Q)) = Home (Mr, Q).

Applying this equation and the definition of projective object to the admissible
epimorphism N — 6y (N) = 0(Ny) for N in C shows that

6.2.9. If M is a projective object of é, then for each U € I, the natural map
Homg (M, N) = Home(My, Ny) is an epimorphism.

6.3. Consider weakly stratified exact categories (C(*), {Cg(f)}iemi)) for ¢ € Z. For
notational simplicity, we henceforward abbreviate X (¥ as X? for any X. There are
various standard objects X* associated to C’ in the same way as X is associated
to C; for instance, we have posets I§ C I C I? of ideals of QF, categories Ct of
pro-objects of C?, truncation functors o, 6%, perfectly exact functors %: C? — Ci
etc.

Let F: C' — C? be a fixed covariant functor. For A C 2, we define

F7YA) :={y € Q'oaF(A) # 0 for some A in C; }.
Similarly, for I' C Q', we define
F(T):={z € Q?|o.F(A) # 0 for some A in C;, yel}.

If A is an ideal of Q2 T is an ideal of Q' containing F~!(A) and M is in C! with
oaF'M # 0, then it follows if F' is left or right exact that op M # 0.

We say that F' is stable backwards for f.g. ideals if for any f.g. ideal A of
02, there exists a f.g. ideal ' of Q! with I' O F~1(A). We say that F is stable
forwards for f.g. ideals if for any f.g. ideal T of Q', there is a f.g. ideal A of Q2
with A D F(I'). We say F is stable for f.g. ideals if it is stable forwards and
stable backwards for f.g. ideals. Similarly, we define what is meant by saying F' is
stable, or stable forwards, or stable backwards, for f.g. coideals (recalling (C*)°P is
weakly stratified with weight poset (Q%)°P, each stability condition for f.g. coideals
is dual to the corresponding stability condition for f.g.ideals). Finally, we say that



54 MATTHEW J. DYER

F is bistable if F' is stable for both f.g. ideals and for f.g. coideals (i.e. F and
FeoP: (C1)°P — (C?)°P are both stable for f.g. ideals). Observe that each of the
above stability conditions (stability forwards or backwards for ideals or coideals)
is preserved under the operations of taking direct sums or direct summands of
functors, or composites of right (resp., left) exact functors. There are relationships
between stability properties of adjoint functors; we shall not need them, so they
are left to the interested reader.

6.4. Proof of Theorem 1.16. We regard C’ as a full subcategory of C' via the
completely exact embedding 6°: C* — C?. Consider an object M = {Mp}rcr of
Cl. ForT' € I? and A, X € I' with A D X, there is an exact sequence

orFonsMy — orFMy — orFMy — 0

in C? obtained by applying orF to the evident canonical short exact sequence

in C'. Now if ¥ O F~YI), then opFonsMy = 0. Hence @Aell orF(My)

exists and is canonically isomorphic to opF(M,) for any A O F~}T). Now
for 12 5 T D I” and A € I', the natural maps opF(My) — op F(M,) induce

maps lim ., orF(My) — im ., op F(My), defining an object F(M) of C? with
(FM)F = lim orF(My) for T' € I%2. This construction extends in an obvi-

«~——Aerl!
ous way to define a functor F': C' — €2 as in (a). (Right) exactness of F' follows
immediately from the (right) exactness of F' and exactness of the truncation func-
tors. It is clear that F' extends F in the sense that there is a natural isomorphism
Fé, = 6,F.
Now we define é. The components é;; for M in C! are induced by the morphisms

or(eny): orF(Mp) — opF'(My).

It is clear that I/d\p =1Idp and that if ¢': I’ — F" is another natural transformation
with I right exact and stable backwards for f.g. ideals, then e = g’&, where
(€'€)nr = €ypenr for M in C1 ete. Thus, € — ¢ is functorial.

On the other hand, we claim that F' +— F is functorial up to coherent natural
isomorphisms. More precisely, suppose that G: C? — C? is another right exact
functor which is stable backwards for f.g. ideals. There is a natural isomorphism
GF = GF defined as follows. For M in C! and T € I3, one has

(GFM)r = lim orG lim o\ FMy = orGopFMs
AeI? Yelt

provided A D G7'T and ¥ D F~'A. But then application of orG to the admissible
epimorphism F'Ms, — op F' My, gives an isomorphism

(GFM)r = orGFMs, & orGopFMs, = (GEM)r

since ¥ 2 (GF)~!(T'). One can check this isomorphism is well-defined; over all
I' € I3, these isomorphisms yield isomorphisms GFM <= GFM which are the
components of the desired natural isomorphism GF = GF'.
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These natural isomorphisms are coherent in the following sense: given another
stable exact functor H: C® — C!, the diagram

IR

—

GFH — GFH

ig lg

GFH —> GFH

commutes. This follows since for N in C°, "' € I*>, AD G™'T'in I2, ¥ D F~'A in
I' and U D H~ 'Y in I°, the diagram

orGFHNy —— > orGFos HNy

T

orGopFHNy ——> opGopFos HNy

commutes. For F, F', ¢, G, H as above, there are also commutative diagrams

— Ge  — _——  eH
GF —= GF’ FH —>F'H
AiA Ge AJ/A l eH AiA
GF —=Gr”’ FH—F'H

the straightforward verification of which is left to the reader.

The proof of the proposition can be completed as follows. Suppose that G: C? —
C! is a right exact right adjoint to F. We let v: Iden — GF and e: FG — Ide» be
the unit and counit of the adjunction, respectively. Define the composite natural
transformations

—

GF

— 2

FG

G
Idg.

._.

&
luz
'11)

|1 o
I»

=sH
(N

We claim that the triangular identities (eF)(Fv) = Idp and (Ge)(vG) = Idg for the
adjoint pair (F, G) imply the corresponding identities for an adjoint pair (F , é) with
the above natural transformations as unit and counit respectively. One triangular
identity for (F , é) follows by inspection of the commutative diagram

F

F A
ek

—

FGF — FC

? lu lu

L TOFD o~ 2 L
F— FGF —= FGF

1R

=SH

using the coherence properties proved above, and the other follows similarly.
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6.5. Let {M;},cs be a family of objects of C; we write M; = {M;r}res. Suppose
that for each I' € I, there are only finitely many j € J with M r # 0. Then the di-
rect sum and direct product of {M;};c s exist in C and are canonically isomorphic;
denoting them by M, we have Mr = @;M;r = [[,c; M;r. Denoting the projec-
tions and inclusions as p;: M — M; and u;: M; — M, we have p;i; = Idyy; for all
j. Moreover, Zj i;p; = Idas in the sense that for each ' € I, Zj ijrpjr = Idumy,
the latter sum involving only finitely many non-zero terms. Henceforward, all di-
rect sum and products considered in C are assumed to be of this form; we call them
convergent direct sums (products). Finite direct sums are obviously convergent.

7. PROJECTIVE OBJECTS OF C AND é

In this subsection, we consider projective objects in a weakly stratified exact
category C with strata C, and weight poset 2. Many of the later results require
that C be a stratified exact category.

7.1. Let P denote the full additive subcategory of projective objects in C.

Lemma. For an object P of C, the following conditions are equivalent:
(i) Pisin P
(i) Exts(P,?) =0
(iii) for all ideals T of Q and all M in C, the natural map

f—or(f): hom(P,M) — hom(P(T), M(T))

is an epimorphism, and for all x € Q and for any admissible epimorphism
f: N — N" in C,, any homomorphism P — N can be factored through

1.

Proof. Clearly, P is projective in C iff it is projective in Cyx, for all finite, locally
closed subsets ¥ with P in Cx. Hence in the proof we assume without loss of
generality that € is finite.

In general, an object P of an exact category is projective iff Extl(P, 7) =0,
establishing the equivalence of (i) and (ii). Clearly, (i) implies (iii) as well. The
proof that (iii) implies (i) will be given after the following lemma.

7.2. Suppose that x is a maximal element of Q). For any M in C, we denote by iy,
and pps the indicated maps in the canonical exact sequence

0 — M(z) 25 M 2% M(#£2)— 0
in C.
Lemma. Suppose that P in C satisfies 7.1(iii). Then for any admissible epimor-

phism a: M — N and maps f: P — N and g: P(# x) — M(# z) in C satisfying
PN f = 0xg(a)gpp: P — N(# x), there is a map h: P — M making the following
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diagram commute:

O#£(x) (a)

N(# )

Proof. By the first condition in 7.1(iii), there exists a map h’': P — M with gpp =
pyh’. Then

pn(f —al') =pnf —pnal) = o4.(a)(gpp — puh') = 0.

Since iy = ker py, we may write f — ah’ = iym for some map m’: P — N(x).
By the second condition in 7.1(iii), m’ = o,(a)m for some m: P — M (z). Then
h:=h' +ipym is as required. O

7.3. Completion of proof of Lemma 7.1. To show (iii) implies (i), we proceed
by induction on (). Let z € Q be a maximal element. Suppose that P € C
satisfies 7.1(iii) and that we have an admissible epimorphism a: M — N and
map f: P — N. Then oxza: 02, M — 04, N is an admissible epimorphism and
04zt P(# ) — N(5 ) is a map, so by induction there is a map g: P(# ) — M (#
x) with 0,(a)g = f. In the notation of the previous lemma, one has o, (a)gpp =
frp = pnf and the existence of a map h: P — M with f = ah follows by the
lemma. t

7.4. The second condition in 7.1(iii) holds automatically if C is a stratified exact
category, since admissible epimorphisms in C, are split. Hence

Corollary. If C is a stratified exact category, then P in C is projective iff for all
M in C and all ideals T' € I, the natural map Hom(P, M) — Hom(P(T"), M(T")) is
an epimorphism.

7.5. Let T be an ideal of 2 with a maximal element x. Let P (resp., N) be an
object of C (resp., C;). Set IV :=T'\ {z} € I. The short exact sequence

(7.5.1) 0— P(z) —» P(') —» P(I'") -0

in C gives an exact sequence

(7.5.2) 0 — Hom(P(I"),N) — Hom(P(T'), N) — Hom(P(z),N) —
Ext'(P(I"), N) — Ext'(P(I'), N) — Ext'(P(z), N).

Lemma. The exact sequence (7.5.2) is independent of the ideal T' with x as maximal
element, up to isomorphism.

Proof. Let ¥ :={z€ Q|z % x} DT and set &' := X\ {z}. Then ¥ is another ideal
of Q with maximal element z. We have the following commutative diagram with
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exact rows and columns:

0 0

P(E\T) == P(S\T) —>0

0 P(z) P(x) P(s) 0

0 P(z) P(I) P(I) 0
0 0

Note that P(X \ I') has a finite filtration with successive subquotients in C, for
various y in  not comparable to x, so Hom(P(X\T'), N) = Ext'(P(2\T), N) = 0.
Taking the start of the long exact Ext(?, N) sequences from the rows and columns
of this diagram gives an isomorphism of the sequences (7.5.2) associated to I" and
Y, as required. O

7.6. The construction of projective objects in many stratified categories of interest
hinges on the following observation.

Proposition. Consider an object P of C with P(x) projective in C, for all x € ).
Then P 1is projective in C iff for all x € Q and N in C,, the map
Hom(P(z), N) — Ext'(P(< z), N)

induced by the short exact sequence 0 — P(x) — P(< z) — P(< x) — 0 is an
epimorphism.

Proof. Clearly, Ext}(P,?) = 0 iff Ext'(P,N) = 0 for all 2 and all N in C, i.e. iff
Ext'(P(< z), N) = 0 for all such 2 and N, since

Hom(P(£ ), N) = 0 = Ext'(P(£ ), N).
Since C, is closed under extensions in C and P(x) is projective in C,, we have

Ext{(P(z), N) = 0. The desired conclusion follows from the exact sequence (7.5.2)
taking I' equal to the ideal generated by =x. O

7.7. Let P denote the full subcategory of projective objects of C.

Lemma. For P = {Pp}re; in C, the following conditions (1)—(iii) are equivalent:
(i) P is projective in C
(ii) Pr is projective in Cr for allT € I
(i) P<y is projective in C<y for all x € Q.

Proof. Assume (i) holds. By 6.2.5, 7 is left adjoint to the exact inclusion ir, so
#r P is projective in Cr. Then Pr is projective in Cr by 6.2.1, proving (i) implies (ii).
It is trivial that (ii) implies (iii), since I 2 Iy. Now we prove that (iii) implies (i).
For M = {Mrp}res, in C = Cr,, write M’ for the inverse system M’ := {M/}.cq
where M/ := M<,. Identifying © with I, via the order isomorphism sending x
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to the ideal it generates, we regard M’ as the object of éIU corresponding to M
under the standard equivalence ¢ n = ¢ 1,; We use similar notation for morphisms.
Suppose given an admissible epimorphism f: M — A and a map g: P — A in C.
We consider families b’ = {hy: P, — M/ },er of morphisms in C satisfying the
following conditions: I is an ideal of  containing the ideal Q := {y € Q|P, =0},
gr = fohy for all x € T, and the diagrams

(7.7.1) Pt

|

/ Y !
P M

commute for all y < z in T. Given another such family g = {g,: P, — M_.}.ex, we
write h R g if ' C ¥ and h, = g, for all x € . By Zorn’s lemma, there is maximal
element h in the set of such families in the order <. To complete the proof, it is
sufficient to show I' = Q, since then h’ defines a morphism P’ — M’ in C 1, With
¢ = f'h’ and the corresponding morphism h : P — M in C satisfies g = fh.

If z € Q\ T, there are only finitely many x < z with « € g, so we may choose
a minimal element = of O\ T'. Note that IV :=T'U {z} is an ideal of Q. Define the
poset ¥ :={y € Qy < x} CT. We obtain a contradiction to maximality of h by
constructing a map h, such that the following diagram commutes:

liinyeil P?: - liLnyeE MY: - liLnyGE A;
In this diagram, the vertical maps and maps in the bottom row are the canonical
ones from the universal properties of inverse limits. The bottom row identifies with
Ps — My — Ay, in Cy in which the last arrow is induced by f: M — A. The
vertical maps identify with the canonical admissible epimorphisms B<, — B, for
B one of P, M or A. The rightmost trapezoid and outer rectangle are commutative
since f (resp. g¢) is a morphism in C. The existence of h, with the required
properties follows from 7.2. g

7.8.  We record the following simple relations between projectives in C, in C and
in Cx, for locally closed X € I.

Suppose that P is projective in C. For any I € I, or has an exact right adjoint
i, so P(I) is projective in Cp. This implies by 7.7 that §(P) is projective in C.

If A is any coideal of €, then ¢ has the exact right adjoint o, so any projective
object of Cy is projective in C and hence projective in C. Further, any projective
object of Cyp is projective in C.

Finally, suppose that C has enough projective objects. Then if I" € I, Cr has
enough projective objects; for given M in Cr, one may choose choose an admissible
epimorphism P — §(M) with P projective in Cr, and then one has the admissible
epimorphism Pr — 6(M)r = M in Cr.



60 MATTHEW J. DYER

7.9. Start of proof of 1.18. For the remainder of this section, we assume that C
is a stratified exact category over GG such that each stratum C, is svelte. Fix a set
N, = {N,}; of objects of C, satisfying C, = add N,. Define R, := end(N, )P =
Di,ir€x,illpes i and Ry ; = end(Ny ;)P = e, i Rey ;.

In this subsection, we prove 1.18(a). For any P in Cand z € Q, choose I'' € I}
with maximal element x. The short exact sequence

(7.9.1) 0— P(x) —» P(') — P(I'") -0
in C gives an exact sequence

P gprP,x

(xpz) 0 — hom(P(I"),N,) — hom(P(T),N,) — hom(P(x),N,) —=
ext!(P(I"),N,) — ext' (P(I"),N,) — ext'(P(x), Ny).

of Ry-modules which is independent of I' by 7.5. It follows immediately from 7.7
and 7.6 that P is projective in C iff gp, is an epimorphism for all z € 2, proving
1.18(a).

7.10. The following lemma proves 1.18(c) and most of 1.18(b).

Lemma. A standard family of projectives in C exists if either ext' (N, ;,Ny) is a
graded Noetherian right R,-module for all x <y € Q and all i, or Cr has enough
projective objects for allT" € I.

Proof. Assume first that Q € I;, and identify C =C. If ¥ is a finite coideal of Q,
then an object P of Cyx is clearly projective in Cy iff it is projective in C. Hence we
may assume for now that 2 is finite.

Suppose that I' is an ideal in 2 with maximal element z and @ is an object of
Cr\{z}- Then by C.9, if ext!(Q,N,) is a f.g. R,-module, there is an object P of Cr
such that P(T'\ {z}) 2 Q and

gp..: hom(P(x),N,) — ext!(P(# ), N,)

is an epimorphism. If such an object P exists, we denote an arbitrary choice of one
such object by P = z x @) (this definition of x * @ depends only on = and @, and
not on the choice of the ideal I' as above). Note that by 1.18(a),

7.10.1. If Q is projective in Cr\(,} then z x Q is projective in Cr (if it exists).

Now construct some objects of P as follows. Let = € §2; choose a compatible
ordering * = xg,Z1,...,2, of {y € Qy > x}. For any object N of C,, define if
possible (i.e. if the required ext! groups are f.g. ) Proj(N) := (z, *...* (v1 * N)).
Since N is projective in Cy,, 7.10.1 implies the following.

7.10.2. If N is in C, and Proj(V) is defined, then Proj(INV) is a projective object in
C with Proj(N) = N and o,Proj(N) = 0 unless y > x.

To complete the proof of the lemma in case ) € Iy, it is sufficient to check
that Proj(N) is always defined under the hypotheses of the lemma. Under the
Noetherian hypothesis of the lemma, z * Q is defined since ext!(Q,N,) is a finitely-
generated right R,-module for any z € Q and Q = Q(# z) in C; this follows from the
ext! terms of the long exact ext(?,IN,) sequences and the definition of C on recalling
C.2.1. On the other hand, suppose that C has enough projectives. Let I' be an ideal
of 2 with maximal element z, and @ be a projective object of Cr\y.}. Choose an
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admissible epimorphism f: P — @ with P projective in C. By 7.6, the right R,-
module ext! (P(I'\{z},N.) is f.g., since in (*p ), hom(P(z),N,) is a f.g. projective
right R.-module. But f gives an admissible epimorphism op\ (.1 f: op\ (1 P — @Q,
so @ is a direct summand of op\ ;3 P. Therefore, ext’(Q,N,) is a f.g. R.-module
and so z x Q is defined. This implies that all z % @ occurring in the definition of
Proj(N,) are defined.

Now we consider the general case i.e. we no longer assume 2 € I;. It is clear
from the proof of the special case above that if A C ¥ € I, any projective object
Q' of Cy is isomorphic to the truncation o, (Q) of some projective object @ of Cx
such that Q'(x) # 0 only if Q(y) # 0 for some y < z. An Zorn’s lemma argument
similar to (but simpler than) that in the proof of 7.7 now shows that

7.103. T e I anAd P’ is a projective object of Cr, then there is a projective object
P ={Py}yer, of C with Pr = P’ and P(x) # 0 only if P'(y) # 0 for some y < x.

Applying this to the objects P = N, ; in C<, proves the lemma in general. [

7.11. The following lemma isolates the main part of the proof of 1.18(d).

Lemma. Let P be a standard family of projective in C. If M is any object in é,
there is a short exact sequence 0 - N — P' — M — 0 in C in which P’ is a direct
summand of a convergent direct sum of translates of objects from P. Moreover, one
may assume that the supports of P' and N are contained in the support I' of M
and that the support of N contains none of the minimal elements of I'. If M is in
the strict image of 0: C — C, one may require in addition that P’ is in add P.

Proof. For z € T, one may choose a projective object P, of C in add {P,;}; so
there is an admissible epimorphism P, (z) — M(z). We take P, = 0 if M(z) =
0. Using projectivity of P,, choose a morphism h,: P, — ¢>,M in C in which
hy(x): PL(z) & (6>,M)(x) identifies with P,(x) — M (x). Define the convergent
direct sum P’ = @yer P,. Composing the h, with the natural inclusion 6>, M —
M gives maps P, — M which induce by the universal property of the direct sum a
map h: P’ — M. Each map h(y): P'(y) — M (y) with y € Q is a split epimorphism
since P, (y) — M (y) is a split epimorphism, so h is an admissible epimorphism in C.
This shows that C has enough projectives, and implies that the projectives in C are
precisely the direct summands of the convergent direct sum of translates of objects
of P. Now repeat the above argument choosing P, so in addition P.(z) — M (x)
is an isomorphism, which is possible by 7.10.3. Then by construction h(y) is an
isomorphism if y is a minimal element of the support of M. Taking N = ker h, the
evident short exact sequence has the required properties. (]

7.12. Completion of proof of Theorem 1.18. We have remarked that if C has
enough projectives, then Cr has enough projectives for all I' € I; and seen that
this latter condition implies existence of a standard family of projective objects of
C. By the preceding lemma, existence of a standard family of projectives implies ¢
has enough projectives; hence 1.18(b) holds, and we have already proved 1.18(c).
Finally, 1.18(d) follows immediately from 7.11 (the assertions concerning the sets
I'; are easily checked).
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8. C' AS A MODULE CATEGORY

In this section, we assume that the fixed, weakly stratified exact category C
is svelte. We study the abelian categories C*, C! associated to C as in 1.8 and
Appendix B, and show how they can be described module-theoretically if C has
enough projective objects.

8.1. Consider again the situation of 6.3. Let A be an ideal of Q2 and I" be an ideal
of Q. Identify CL* (resp., C3*) with its strict image under 7* (resp., 72*). It is
easy to check from the definition of F* that if I' O F~!(A) then F* maps C3* into
CL*. Hence if F is stable backwards for f.g. ideals, then F* restricts to a functor
Ff.c? — ¢,

Also, if A D F(A) then F, maps CA* into C3* (since F, maps the generators
¢ (M), M in CL, of C* to elements ¢?(FM) in C3* where ¢': C' — C™* is the
Gabriel-Quillen embedding). Hence if F' is stable forwards for f.g. ideals, then Fi
restricts to a functor Fy: C!T — C1.

8.2. For the remainder of this section, we assume that the condition below holds.

Assumption. There is a set P := {P;},c; of projective objects of C such that for
any coideal A of Q and any object M of éA, there is an admissible epimorphism
@ — M such that @) is a convergent direct sum of translates of objects P; in P
with P; in Cj.

This implies that C and hence C has only a set of isomorphism classes of objects,
so C* and C* are defined. In fact, we shall construct an equivalence of abelian
categories between C* and a full abelian subcategory £ of end(P)°P-Mod.

8.3. We set I = I and write P; = {P, r}res. For any ideal T' of 2, we have the
family of objects Pr := ér(P) := {6r(P;j)}jes of C. If ' € I, Pr identifies via 0
with the family Pr = {P; r};e of objects of Cr.

Notice that for any coideal A of Q, any projective object in Cy is a direct sum-
mand of a convergent direct sum of translates of objects P; in Ca, and there are
sufficiently many projective objects in Ca. Note also that for T' e I, P;r is projec-
tive in Cr by 7.7. It follows readily that

8.3.1. If ¥ is any locally closed subset of 2 which generates an ideal I' contained
in I, then Cy has sufficiently many projective objects, and those projectives are
precisely the objects of add{ Pjr | Pjr in Cs }.

8.4. Define for any ideal I' of Q the J-diagonalizable G-graded rings A := end;(P)
and Ar := ends(Pr). There is a natural epimorphism A — Ar of J-diagonalizable
G-graded rings. If I' O A, the admissible epimorphisms 61 P; — 6 FP; determine
similarly epimorphisms Ar — Aa; these define an inverse system (Ar)r of J-
diagonalizable G-graded rings. By (6.2.7), we have A @Fe ;A as G-graded
J-diagonalizable ring.

8.5. For any ideal T' of Q, the inclusion functor jr: Ar-mod — A-mod has on
general ring-theoretic grounds a right adjoint kr given on objects M of A-mod by
kr: M — @;hom4(Are;, M) and a left adjoint ir given by ir(M) = Ar ® 4 M.

The adjunction morphisms Id =N krjr and irjr — Id are natural isomorphisms,
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while the components of jrkr — Id (resp., Id — jrir) are monomorphisms (resp.,
epimorphisms).

We regard Apr-mod as a full subcategory of A-mod via jr; then for M in
A-mod, jrkrM (resp., jrirM) is the largest subobject (resp., quotient object)
of M in Ap-mod. We have the direct system {@; hom 4(Are;, M)}res of graded
A-submodules of M and a canonical monomorphism

Y lim @;Hom 4 (Arej, M) — M.
rel
Definition. Let £ denote the full abelian subcategory of A-mod consisting of
graded modules which are Ar modules for some I" € I, and € be the full additive
subcategory of graded A-modules M such that i, is an isomorphism.

The preceding remarks imply that & consists of the graded A-modules M which
are the directed union of the family of their graded submodules which are in £.
Clearly, £ is closed under formation of subobjects and quotients in A-mod, and
hence it is a (perfectly exact) abelian subcategory of A-mod. Furthermore, Eisa
complete abelian category with exact filtered colimits. In fact, colimits in & are
induced by colimits in A-mod and filtered colimits in A-mod are exact. To explicitly
describe limits in &, note the exact inclusion functor from j: & — A-mod has a
right adjoint & given on objects by k: M — h—n>1re1 @, hom 4(Are;, M). To take
the limit of a functor to & , one takes its limit in A-mod and then applies k.

8.6. ForI'e I and M € Cr, (6.2.8) gives that hom;(P,0(M)) = home (Pr, M) is
in Ap-mod. Define the exact functor ¢ = hom(P,6?): C — & (with its strict image
in &).

Theorem. All statements of Theorem 1.19 hold for the weakly stratified exact cat-
egory C over G under the assumption 8.2.

Proof. By C.8, (C.8.1) and (C.8.2), we have inverse equivalences ar: Cit — Ap-mod
and fOr: Ap-mod — Cf: given by ar(G) = G(Pr) and

(8.6.1) PBr(N)(M) = Hom .. (¢r (M), N)

where @r (M) := home(Pr, M). These equivalences are compatible with the nat-
ural inclusions Cf — Cx and Apr-mod — Ap-mod for I' C A in I;. We denote
by jr: Ar-mod — € and kr: A-mod — & the restrictions of the functors jr, kr
defined in 8.5.
Define functors a: Cft — Ar-mod and beta: Ar-mod — Cf: by
a(F) = lim ((jrarg) (F))
rel
and
B(M) = lim (v frkr) (M)).
rerl
It will be shown that o and @ define inverse category equivalences satisfying the
conditions (a)—(c) of Theorem 1.19. This will in particular prove Theorem 1.19,
since a standard family P of projectives in C (for a stratified exact category C)
satisfies the assumption 8.2 by Lemma 7.11.
Firstly, for M in & and N in C, the definitions give

((7¢Brkr)(M))(N) = Homa. (¢r (Nr), kr (M) = Hom 4 (¢r (N (T)), M).
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The right hand side is independent of I up to canonical isomorphism provided N
is in Cr. It follows that the colimit defining (M) can be calculated pointwise (i.e.
the pointwise colimit is left exact), that
(.6.2) B(M)(N) = Homg (lim r(N), M)
rel

in general and that 3(M)(N) = Homg(or(N), M) for N in Cr. The functor « is ex-
plicitly described as follow: for G € C*, there is a natural direct system {G(Pr)}res
in £ and
(8.6.3) a(G) = lim G(Pr).

rel

We now assert that
8.6.4. For I' € I, 18 = frkr and kra = aruf. as well.

The first follows easily using 8.6.2. For F' in C*, one has

kra(F) = &;Homg (Are;, lim F'(Py)).
serl
The natural map F(Pr) — limg _, F(Py) is a monomorphism. To show kra(F) &
apti(F), it will suffice to show that under the monomorphism
ej,r: Homg (Arey, lim F(Py)) — e; lim F(Py) = lim F(P;x)
serl sel serl

given by h — h(e;) for h: Are; — limg, F(Ps), Homg(Are;, lim, _ F(Pg)) iden-

tifies with the Z-submodule F'(P; ) of limg F(P;yx).

Since Are; is a f.g. A-module, the above claim will follow once it is checked that
for any ¥ O I'in I, the image L of Hom 4, (Are;, F(Px)) under h — h(e;) coincides
with the image of the monomorphism F(g): F(P;r) — F(P;x) induced by the
canonical admissible epimorphism ¢: P; sy — P;jr. Now from the definitions and
2.1.1, L consists of all m € F(P;yx) such that F(f)(m) =0 for all f: P,»; — P;x»
which factor through the inclusion P; (X \I') — P;x. If m = F(g)n where
n € F(P;r) then F(f)(m) = F(gf)(n) = 0 since Hom(P; »(X\T'),P;r) =0. On
the other hand, by 8.3.1 there is an exact sequence Q — Pjx % Pjr — 0 with
Q=Q(X\T) in AddPyx. Applying F gives an exact sequence

0— F(P;r) ~9 p(Pys) — F(Q)

el

from which one sees that L is contained in Im F'(g). This completes the proof of
8.6.4; observe that these natural isomorphisms for I' € I are coherent in a natural
sense.

Now for F, G in C, one has F' = lim___ 7 and
—Tel

Home- (F, G) = lim Home: (e F, (3 F).
rer

Analogous results hold in €. Using 8.6.4, it follows immediately that o and 3
are inverse category equivalences. The assertions 1.19(a)—(b) now follow from the
definitions of @ and 8 using 8.6.4 and C.8 (note that any equivalence of categories
between abelian categories is exact). Finally, 1.19(c) follows noting each Are; =
or(Pjr) is in the strict image of ¢r and using B.8, B.9 and B.11. O
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Remarks. The standard automorphisms T,: M +— M{g~') for g € G of A-mod
by grading shift preserve £ and £. One can check that the automorphism on C*
corresponding via [ to Ty is given by F' — Tg*,lF = F'Ty-1 where Ty: C — C also
denote the standard automorphisms of C. Note also that ¢T, = Tp: C — &.

8.7. The equivalence constructed above reduces to C.8 if € is a singleton set. Note
C.8 also makes it possible to give a direct description of C* for C' = ¢ , taking Q to
be a set of representatives of isomorphism classes of convergent direct sums of trans-
lates of objects of P. It is then possible to describe end(Q)°P in terms of end(P)°P,
since for any two convergent direct sums Q1 = @, P, (gp) and Q2 = [, P, (hq) in
Q with the [, and mg in J, we have hom(Q1, Q2) = [[, , hom(F,,{(gp), Pm,(94))-

8.8.  We can now prove Proposition 1.20 under the weaker conditions of this sec-
tion.

Proposition. Suppose that C is a perfectly exact subcategory over G of an abelian
category B over G, and that B has Serre subcategories Br over G for ' € I satisfying
the conditions 1.20(i)-(v). Then the statements in Proposition 1.20 hold.

Proof. We use C.7 for the proof. We claim first that

8.8.1. for any I' C A € I, any j € J and any object M of Br, the canonical
admissible epimorphism P; » — P;r induces an isomorphism

hom(P;r, M) =, hom(Pj 5, M).

It is enough for this to show that hom(P; A(A\T),M) = 0. By 8.3.1, we may
choose an admissible epimorphism @ — P A(A\T) with @ = Q(A\T') in add Py
(so @ is projective in By) and it will suffice to show that hom(Q, M) = 0. But M is
a quotient of a (possibly infinite) direct sum of translates of objects P;r which are
in Br and hence in By, and by (v) hom(Q,?) preserves infinite direct sums from
Ba. Hence we are reduced to showing that hom(Q, P;r) = 0 for all j, which is
immediate from 2.1.1 since Q is in Cy\r and P is in Cy.

Now we can define a functor F': B — & by

F' = lim hom(Py, 7).
Ael
By the last fact above, the restriction of F to Br for I' € I is equivalent to
hom(Pr, ?), which by the first fact above gives an equivalence Br =, Ap-mod.
It is clear that F' gives an equivalence B — &£ with Fi = ¢, as desired.

Conversely, suppose given the weakly stratified exact category C satisfying the
assumption 8.2. Then Br := Ap-mod is obviously closed under subquotients in
B := &, and it is closed under extensions by 4.1(c) and 8.6, so Br is a Serre
subcategory of B. It is clear that the conditions (i)—(v) of 1.20 hold. O

8.9. Suppose given two exact categories C' for i = 1,2 over G and a right exact
functor F': C' — C? over G (i.e. T;F = FT, for g € G (cf 6.3). One has the
corresponding left (resp., right) exact functor F*: C** — C!* (resp., Fi: C** —
CQ*).

Suppose P* = {P;} ¢ ;i is a set of projective objects in P satisfying the assump-
tion 8.2. Define A" = End(P?), £, of, 3, ¢ etc for C' as for C. Regarding o as
an identification, we may regard F™* (resp., F) as a left (resp., right) exact functor
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Fro 2 — & (resp., 'F.: £ — £2). Tt is convenient to have explicit formulae
available for these functors in terms of standard functors on module categories.
Define the family {Fx r}a,ryerzx(rtyer of (A2, A')-bimodules with

Far :=hom(P}, F(Pr))
where F(PL) := {F(P/)};. For A2 A in I? and T 2 I in I', there are natural
maps Fprr — Fa s given by

(P2p(9) L F(PI1)) = (PPrlg) — P2a{g) & F(Plr) — F(Plw))

which make {F r} rerzx)er into a direct system.

For fixed T, the direct system {Fj re;}aerz is stable for A sufficiently large that
F(P;jr) is in C3 and so we may define the (A2, A')-bimodule Fj = li_rr}AeI2 Fr.
There is a natural inverse system {FT}reyt.

Corollary. The following formulae for 'F* and 'F, hold:
B = h_n} (@jEJl hom 42 (Fpej, 7))
rert

'F, = hi}n (Fp Qg1 (@je']l hom 41 (All,ej7 7)))
rernt

with the colimits calculated pointwise.
Proof. Directly from the definitions, 'F* = o' F*3? is given by

@jesr lim hom g2 (lim @, s> home: (P2, F(P)r)),?)
rert Acr?
which gives the first formula. Now in the special case € I', the formula for 'F*
simplifies to
'F* = @jc s hom g2 (Foej, 7)
and in that case the left adjoint 'F, of 'F™* is clearly given by
'F, = Fo® 417

Now consider the general case. For any functor G in C'*, one has a direct system
{Gor}ren of functors in C!* and a canonical isomorphism G &£ @Fell Gor in C1*.
To see this, note the canonical isomorphism G(M) = limp, Gor(M) for M in C,
by stability of the direct system.

Since F is a left adjoint to F™*, it preserves colimits and hence F, = h—n>1re11 F.of.

But or = tpmr and 7 = (ps so Fy 22 lim Fur).t}; there is of course a corre-

—>FeIl(
sponding formula for 'F,,. Now the given formula for 'F, follows from the explicit
formulae (from the special case examined above) for (Fir). and %f. For com-
pleteness, we should indicate how the canonical maps of the inverse system whose
colimit appears in the formula for ‘F, may be described module-theoretically. Con-
sider I € ¥ in I'. Let j: Cr — Csx be the inclusion, and k: Cs — Cr be the
restriction of the truncation functor or. Since Fiiry = Fity.j«, We obtain an
equivalence of functors

Fp@A%7§Fg®A12 A%@A%T?

from Ak-mod to A%-mod, or equivalently, an isomorphism Fr & Fy ® AL AL of
(A2, AL)-bimodules.
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Now the canonical map (Fir).«ts — (Fix).«t% considered above is
T )
Forat} & Fuse o™ty = Fats (K775 — Faisls

(using the natural isomorphism Id 2 jk). In terms of modules, this is the map
Fr @ 41 (@j hom 41 (.All—\ej, ?)) & Fy ® a1 (@j hom 41 (A%ej, 7))
— Fy Q@41 (EBj hom 41 (A%ej, 7))

9. A-MODULES AND V-MODULES

For the rest of the paper, we fix a stratified exact category C such that C has
enough projectives, and a standard family P = {P,;} of projectives in C. Unex-
plained notation is as in Section 1 (see especially 1.17 and 1.19) unless otherwise
indicated.

9.1. For any locally closed subset ¥ of 2, define the family 65(P) = {65(Psi) s,
in C. Then Ay := end(6%(P))°P is a ring and there is a natural (diagonalizable,
graded) ring homomorphism A — Ay induced by f — &xf. By pullback along
this homomorphism, we obtain an exact functor Ayx-mod — A-mod. In partic-
ular, ext!(6x(P),?) may be regarded as a functor to .A-mod, and the long exact
ext’(65(P), ?)-sequences are then exact sequences of A-modules; similar remarks
apply to right modules and ext?(?, s (P)).

Define the (A, Ay )-bimodule A(X) := hom(P, 65 (P)) and regard it as a (graded)
(A, A)-bimodule as above. As (A, A)-bimodule, A(X) is a subquotient bimodule
of A, by projectivity of the objects of P. If A is a coideal of 3, we have again by
projectivity an exact sequence

0— AA) - AX) - AZ\A)—0

of (A, A)-bimodules. Observe also that if ¥ is an ideal of 2, then projectivity
implies that Ay, is a quotient ring of A and that A(X) = Ay as (A, A)-bimodule.

IfT € I, then Ar = End(Pr)°? where Pr := {P, ;r}s: There is a natural
inverse system of diagonalizable rings Ar = End(Pr)°P for I' € I; with A as
its projective limit. Using Theorem 1.19, we identify C* with f, Ct with £ and
Ci = Ar-mod for I € 1.

If ¥ above is contained in an ideal I' € I;, then As-modules regarded as A-
modules are actually Ap-modules and hence lie in £.

9.2. Proof of Lemma 1.21. We first prove 1.21(b). Observe that there is a
natural map
lim  Extg. (M, N) — Extg(M, N).
A€l ,ADT
It is clear from the point of view of Yoneda Ext-groups that this map is an iso-
morphism; for I; is directed, and given an i-fold extension 0 - N — N; — -+ —
N; = M — 0in &, there is some A € I, A D I" with all terms of the sequence in C}
(incidentally, this also shows that Yoneda Extg—groups are defined i.e. the classes
of extensions are sets).
To prove (b), it will therefore suffice to show that all the natural maps

Ext’ (M,N) — Exty, (M, N)
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are isomorphisms. If ¢ < 1, this is true since Cf is a Serre subcategory of £ (by
Proposition 1.20). The remainder of the proof of (b) follows that of [15, Statement
3 ]. We first prove Exti‘A (Areg j, N) = 0 for Ap-modules N and ¢ > 1. To do this,
use 7.11 to choose a projective resolution P* — P, jr — 0 in Cx such that the map
pPY — P, ;r is the canonical admissible epimorphism P, j » — P, ;r and Pk is a
direct sum of translates of objects Py ;o with y € A\T for all £ > 1. Compute
the Ext’-group in question using the projective resolution p(P*) of Ap in Ax-Mod;
it vanishes since Hom(p(P?),N) = 0 for i > 1 (observe p(P,; 1) = Ape,, and
ey N =0ify ¢T).

It follows from the preceding paragraph that Extf4 L(F,N)=0fori>1andany
projective Ap-module F'. The proof of (b) can now be completed using dimension
shifting, taking a short exact sequence 0 — L — F — M — 0 with F projective in
AF—MOd.

Now to prove (a), we may by (b) and 1.6(b) assume that Q € I;. Choose a
projective resolution P®* — M — 0 in C. Then

Exte (M, N) = H' (Home (P®, N) & H'(Hom(p(P*), o(N)) = Ext (p(M), o(N))
since @(P*) — (M) — 0 is a projective resolution of M in A-mod (i.e. in &).

Remarks. Combining similar arguments to those above with those in the proof of
4.5 shows that if C has enough projectives and I' C A € I, then the left derived
functor Lr: D™ (Cf) — D™ (C}) is a full embedding, with L. L7t = Id (one has
to note additionally that each object of D™ (Cf:) can be represented by a bounded
above complex of projectives which are (possibly infinite) direct sums of projectives
of the form ¢¢.(P) with P projective in Cr). Together with 4.5(b) and 4.1, this
has implications for “recollement” of these derived categories, particularly if 2 is
finite; see [44].

9.3.  We describe in module-theoretic terms some of the standard functors defined
on certain subcategories of £ (cf 4.1). The formulae follow easily from those in 8.9.

Fix I' € A in Iy; let i: Cr — Ca be the inclusion and t: CA — Cr denote
truncation at I'. Then we have an adjoint triple (¢.,t* = i,,4*) of functors between
Apr-mod and Ap-mod such that ¢, = Ar®.4,7, t* = i, is the natural inclusion
Ap-mod — Ax-mod and i* = @, j homy, (Are, ;, 7).

Suppose now instead that I' € I; and X is a coideal of I'. Then C5; identifies
with A5-Mod where A%, 1= @ueni Buen,ir €5,iAres . Let j: Cs — Cr be the
inclusion and s: Cr — Cx, be truncation at 3. Then the localization functor j* =
sx: Ar-mod — A§-mod is just M — Pyex ;e M; the left adjoint of j* is

Jx = (@$EZ,iAF6x7i)®A’E?
and the right adjoint of s, is

£
§" = @gr, homyy (Drex,i €aiAres,ir, 7).

9.4. We record some basic properties of the families A = A4, V = VA AA™
VA of modules (recall their definitions in 1.25 and 1.27).

Note first that under the identification £ = CT, A, ; identifies with A(N, ;) and
Vg, identifies with V,, (N, ;), in the notation of Section 4. Proposition 1.26 therefore
follows immediately from the statements in 4.6.
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If we also identify identify C; = R,-mod for x € 1, the functor j, = 7 of Section
4 identifies with V,®p_ 7: Ry,-mod — £. For using 9.3 and 9.4, 7): R,-mod — &
is given by

75 2 @y homp, (@) ez jA<aeyi,?) 2 @y ihomp, (A e, i,7) = V@R, 7.
In module-theoretic terms, the right adjoint j% of j, (see 4.4) is therefore simply
given by j¥ = homg(V,,7)
Fix x € Q and an ideal T" € I of Q with x as maximal element. Observe that

Ay = Areg,; (resp., Aﬁzp > e, Ar) is a f.g. projective left (resp., right) Ap-
module. One has

endA(Az)% = @ jeqiAres j = end(Ny)P = R,
and
endaor (AZ7)P 22 (@ jeg i Ares ;)P 2 ROP.

Note that e, ;V, = hom(P, ;(z),N,) (resp., A2"e, ; = hom(N,, P, ;(x))) is a
f.g. projective left (resp., right) Ry-module since P, ;(z) is in add N,. It follows
using C.9 that for each z, one has

By homp, (A" e, i Ryej) =V,
as (A, R;)-bimodule and

©y,i,; hompor (ey i Ay, ejRy) = AR”
as (Ry, A)-bimodule.

9.5. The following observation is also useful. By 1.19, for any M in C, ¢(M) has
a finite filtration with successive subquotients equal to the (A, end(M))-bimodules,

(M(z)) 2 hom(P<;,Ny) ®pg, hom(Ny, M(z)) = Ay ®p, hom(N,, M(x)),

where hom (N, M(z)) is a f.g. projective R,-module.

9.6. Proposition 1.26 allows the construction of additional stratified exact cate-
gories as follows.

Proposition. Define C® (resp., CV ) to be the full additive subcategory ofé consist-
ing of modules with a finite filtration with successive subquotients in add A, (resp.,
add V) for various x € Q. Regard them as perfectly exact subcategories of E. Then
(CA, {add AL} seq) (resp., (CV,{add V,}reqor)) are stratified exact categories.

Proof. This follows readily from the definition in 1.1 and the ext-vanishing proper-
ties 1.26. O

Remarks. It would be more natural to define instead C® (resp., CV) as subcategories
of C* using as a-stratum the strict image of V, (resp., of A,) in C*; the categories
as we have defined them identify with the Karoubianizations of these (cf B.11) so
the difference is immaterial for most purposes.

Observe also that by C.9, add A, and add V, are both equivalent as additive
categories to the category of f.g. projective R, -modules.
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10. STRATIFIED RINGS

10.1. Proof of Proposition 1.22 and 1.32. It is clear that a family (A, {Ar}rer)
obtained as in 1.19 from a split stratified exact category such that C has enough
projectives satisfies conditions 1.22(i)—(iii); for the first part of (ii), observe that the
kernel of end(PA)°? — end(Pr)°P consists of those endomorphisms which factor
through an object of Ca\r, or equivalently those which factor through an object of
add {Px,i,A}wEA\F-

Conversely, let A be any left stratified ring. We consider the full abelian category
B consisting of all A-modules which are A(I')-modules (i.e. are annihilated by
the kernel of A — A(T")) for some I' € I;. We claim that A(I')-mod is a Serre
subcategory of B. It is enough to check it is a Serre subcategory of A(A)-mod
for T' C A in I;. Closure of A(T")-mod under subquotients in A(A)-mod is clear.
On the other hand, consider an exact sequence 0 — L — M — N — 0 of A(A)-
modules in which L and N are A(T")-modules. By 1.22(ii), A(T') = A(A)/J for
some idempotent ideal J of A(A). Then JN =0so JM = J?M C JL =0 and M
is a A(T')-module as required.

Note that by 1.22(ii), if = is maximal in I' € Iy, then A(T)e,; = A(< x)ey
is a projective A(I")-module and so Homp(A(< z)ey i, M) = e, ;M for any A(T)-
module M; in particular, this vanishes if e, ;M = 0. By 1.22(i), it follows that

homp(A(< x)ey i, A(< y)ey ;) =0 unless z < y.

Let Cy := add {A(< z)ey ; }; and C be the smallest extension-closed full additive
subcategory of B containing all C,. It follows from 1.2 (taking B, to be the Serre
subcategory of all objects of B which are A(T)-modules for some I' € [} with
maximal element x) that (C, {C,}zeq) is a split stratified exact category if endowed
with the class of short B-exact sequences of objects of C'. The condition 1.22(ii)
implies that A(I")e, ; isin Cr for I' € I, and it is obviously a projective object of Cr,
so C has enough projectives using 1.18. There is an obvious projective object P, ; =
{A(D)eg.i}res in C. The family P’ := {P, i}z is astandard family of projectives in

C (with respect to the families of standard objects N’ := { A< e, }; for z € Qin C).
Moreover, one has isomorphisms end(P’)°P = A of rings and {end(67P’)°P}rer =
{A(T)}rer of inverse systems of rings, canonically. This completes the proof of the
first assertion of Proposition 1.22.

Assuming that (A4, {A(T)}) is left stratified, it follows further that the abelian
category C* identifies with the full subcategory of A-Mod consisting of objects
which are the directed unions of their subobjects in B. The family {A(< x)ey i}
in C* constitutes a full set of A-modules of highest weight x, and the opposite ring
of the endomorphism ring of this family of A-modules is k, := @; je, ;A(< x)ey ;.
We define the subquotient (A, A)-bimodule A(X) := hom(P’, 55 (P’)) of A for any
locally closed subset 3 of §2; this is compatible with the existing notation for the
quotient ring A(T") of A for T € I. By 9.5, we have for « € Q that

Alr) = A(S 2)/A(< 2) = (BiA(S T)eai) Ok, (Bica,iA(S 7))
where for each y and j, ®e,,;,A(< )e, ; is a f.g. projective ky-module. Now if
(A, {A(")}) is stratified, it follows by symmetry that @;e, ; A(< x)e, ; is a f.g. right
k,-module.

Conversely, suppose that (A, {A(I")}) is left stratified and each ®;e, ; A(< z)ey i
is f.g. projective as right k,-module. To show that (A, {A(T')}) is stratified, it
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will be enough to show that for I' C A in I, the kernel V' of the epimorphism
A(A) — A(T) is such that for each y and j, e, ;V has a finite filtration with
successive subquotients in add {e, A(< z)}x for various k and z with z > y and
z€ A\T. Set N =AN(TU{z|z2y}). ThenT' C A/ C A are all in I;. By
1.22(1)—(ii), e, ;A(A'\T') = 0 since e, jA(< 2)e, = 0 for any z € A’\T'. From the
short exact sequence
0—>A(A\A/) — A(A\T) —>A(A/\F) — 0,

it follows that e, ;A(A\T) = e, ;A(A\ A’). Now A(A\ A’) has a finite filtration as
(A, A)-bimodule with successive subquotients A(x) for z in the finite set A\A’. The
above formula for A(x) and our assumption that @;e, ;A(< z)e, ; is f.g. projective
as right k;-module imply that, as required, e, jA(z) is in add {e, ;A(< x)};. This
completes the proof.

Remarks. Let C7, := {add e, ;A(< z)}; and let C’ be the smallest extension closed
additive category of the abelian category of A°?-mod containing all C!, with = € Q.
It follows by the same argument as in the proof of the proposition that (C’, {C? }.cq)
is a split stratified exact category, if C’ is regarded as a perfectly exact subcategory
of A°P-mod. However, one will not in general have e, ;A(I') in C’ for all T' € Iy
and x, 7 unless A is stratified.

10.2. We now restate some consequences of 1.22 and the above remark in the case
of a left-stratified ring (A, {A(T')}rer) obtained from a stratified exact category
(C,{Cs}zeq) by the construction 1.19.

10.2.1. Let B be the smallest extension closed subcategory of right .A-modules
containing all {add A"}, endowed with the short exact sequences of right A-
modules in B. Then CA™ = (B, {add A"} ,cq) is a stratified exact category.

10.2.2. The pair (A, {A(T)}rer) is stratified iff each “weightspace” e, ;AN =
hom(Py j <z, N;) of A;“Op is f.g. projective as right R,-module. In that case, the
functor ¢g.: C; — CL,, is exact for all € Q, so the condition (i) of Proposition 4.7
holds. N

To establish the last claim, note that ¢y, identifies with A, ®g, 7: R;-mod —
A<gz-mod by 9.4.

Assume for the remainder of this subsection that A is stratified. Then B* identi-
fies with the full subcategory of diagonalizable right .A-modules which are directed
unions of their right Ap-submodules as T ranges over I;. One can check that
the family A2 (resp., V") identifies with a full family of A-modules (resp.,
V-modules) with highest weight « in B*. Moreover, it follows by the symmetry
between A4 and A°P that

Ap = @y i homper (V5 ey s, Reej)

op
end gon (V2A) 2 ROP,
11. RELATIONSHIP WITH QUASI-HEREDITARY AND CELLULAR ALGEBRAS

In this section, we indicate some conditions under which algebras A arising from
our constructions are integral quasi-hereditary algebras or cellular algebras. The
results are included only for their possible interest to readers familiar with those
classes of rings, so we just consider the case of ungraded unital rings and finite
weight posets.
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11.1. Suppose for the remainder of this section that we are given a fixed stratified
exact category (C,{C,})zcq where Q is a finite poset and C,, = Add N, for some
N.. We assume also that C' is a k-category over a given commutative ring k i.e. for
each M, N in C, Hom(M, N) has a given k-module structure compatible with its
natural abelian group structure, such that composition of maps is k-bilinear. We
suppose C' contains a projective object P such that for any M in C, there is an
admissible epimorphism Q — M with @ in Add P.

11.2. See [11] for the definition of split integral quasihereditary k-algebras and
split heredity ideals.

Proposition. Suppose for all x € Q that the natural map k — End(N,) is an
isomorphism and that Hom(P, N,.) is a f.g. projective k-module. Then if k is
Noetherian, B := End(P)°P is a split integral quasihereditary k-algebra.

Proof. In view of the recursive definition of integral quasi-hereditary k-algebras, it
is enough to check that for a maximal element x of Q, B(z) = Hom(P, P(z)) is f.g.
projective as k-module and is a split heredity ideal of B. But

B(xz) = Hom(P, P(x)) = Hom(P, N,) ®x Hom(N,, P(x))

with Hom(P, N,) (resp., Hom(N,, P(z)) = Hom(N,, P)) f.g. projective as left
(resp., right) B-module and as k-module. So B(x) is certainly f.g. projective as
left or right A-module, and as k-module. We have B(z)? = B(z) since Add P(z) =
Add N, is in Add P. Finally, End(B(z)) = End(P(z)) is isomorphic to the endo-
morphism ring over k of the f.g. projective faithful module Hom(N,, P(x)) over
k = End(N).

11.3.  For the definition of a cellular basis and cellular algebra, see [28].

We make the following assumptions in addition to our standing assumptions on
C. First, assume that P = @,cq P, where P, = P,(> z) and P,(z) = N,. Second,
assume that there is a contravariant self-equivalence § of the additive k-category
Add P satisfying §(P,) = P, for all x and 6% = Id (for simplicity we take strict
equalities rather than isomorphisms satisfying suitable extra conditions).

Proposition. If each module Hom(P, N,) is f.g. free as k-module and End(N,) =
k for all z, then B := End(P)P is a cellular k-algebra.

Proof. We indicate how a cellular basis may be constructed, leaving the proof to
the reader. Note first that the map f +— &(f) defines a k-algebra anti-involution w
of B, and w(e,) = e, where e,: P — P, — P is the natural idempotent. If I is
a coideal of 2 and f € B(I') = Hom(P, P(I')) C B, then w(f) € B(I") also; for f
factors through an object of Add {P,}cr, and hence so does 4(f).
Choose for each z > y in Q a k-basis {b], , ;}; of Hom(Ny, P,(< z)) and lift these
basis elements to elements by, ;: P, — P,. Assume without loss of generality that
the (unique for each z) element b, , ; is e;. For y,z in Q and any coideal T' of 2,
eyB(I')e. consists of homomorphisms P, — P, which factor through an object of
Add{P,}zer. One can verify by induction on the cardinality of I' that e, B(I')e.
has the elements w(by y )by . ; with 2 € T' as k-basis.

For z € Q, let T'(x) = {bsy,i}z>y,i- The elements cf, := w(s)t for y € Q and
s,t € T(z) are readily seen to form a cellular basis for B over k. ]
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Remarks. For x < y the images in Hom(P,, N,) of the elements {w(b, )} in
Hom(P,, P,) form a k-basis of Hom(P,, N,). Thus, Hom(P,, N,) is a f.g. free
k-module, so B is integral quasi-hereditary as well if k is Noetherian.

12. TILTING MODULES

We return to the study of a general stratified exact category C with weight poset
Q such that C has enough projective objects. Until the last subsection of this
section, we assume that € is finite, so that & = £ = A-mod.

12.1. Recall the stratified exact categories C2 and CV defined as subcategories of
A-mod in 9.6. We define F = F[C] to be the full additive subcategory of A-modules
which are objects of both C» and CV.

Lemma. Objects of F are injective as objects of the exact category C* and projec-
tive as objects of CV .

Proof. Observe that by 1.26,

12.1.1. exty,(M,N) = 0if i > 0, M is in C® and N is in CV (for instance, if M
and N are both in F).

We now show that an object M of F is injective as an object of C*. Choose a
coideal T of Q with a minimal element z. By (the dual of) Proposition 7.6, it is
sufficient to show that the short exact sequence

0> MT\{z}) - MT)— M(z) —0
induces an epimorphism f in the corresponding long exact ext(A,, ?)-sequence

hom(Ag, M(z)) L5 ext' (A, M(T\ {z}) — ext!(A,, M(T).
We prove that in fact ext!(A,, M(T)) = 0. As part of the long exact ext(A,,?)-
sequence corresponding to

0—->MT)—>M—M®Q\T) -0,
we find the exact sequence
hom(A,, M(Q\T)) — ext' (A, M(T)) — ext!(A,, M).

Here, the first term is zero by 1.26 since z € Q\T" and the last term is zero by 12.1.1
above, so the middle term is zero as required. An argument dual to the above one
shows that an object of F is projective in CV . ]

12.2. For the remainder of this section, we assume in addition that the split strat-
ified exact category (C,{C,}zecq)°® has enough projective objects i.e. that C has
enough injective objects. We fix a family Q = {Qy;}zecq of injective objects of C
with Qg = Qu,i(< x) and Qg ;(z) = N, ,; (it is not essential to choose the family
Q of injectives as done here, so it is indexed in the same way as P, but we do so
for notational simplicity). We call a family Q arising as above a standard family
of injective objects of C.

Set B = end(Q)°P. By abuse of notation, we write e, ; € B for the projection on
Qi (recall also e, ; € A denotes the projection on P, ;). Define the (perfectly exact
by 1.19) contravariant functor ¢ := hom(?,Q): C — B°P-mod. Define the (A, B)-
bimodule 7 = hom(P, Q). We write T for the family of .A-modules {7 e, ;},;, and
T’ for the family of right B-modules {e; ;7 }4.;-
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The bimodule structure on 7 gives ring homomorphisms
(12.2.1) B = end4(T), A =5 endges (T')
which are isomorphisms by Theorem 1.19.

12.3. Proof of 1.28. Theorem 1.28(a) follows immediately by the general fact
C.14, and Theorem 1.28(b) is restated as part (a) of the following Proposition.

Proposition. Assume that B is a stratified ring.
(a) F=addT
(b) Given M in C? (resp., in CY ), there is an admissible monomorphism M —
T inC» (resp., an admissible epimorphism T — M in CV ) with T in add T.
In particular, C® has enough injectives (resp., C¥ has enough projectives).
(¢) The functor hom4(T,?) induces an equivalence vt ca® of stratified
exact categories, with inverse T®g?.

Proof. Objects of add T are injective in C® since objects of Q are injective in C,
using for instance Lemma 1.21 and Remark 9.6. The part of 1.28(b) concerning
CA follows using Remark 9.6 again. Thus, add T consists of the injective objects of
CA and hence contains F by Lemma 12.1.

Now since Q,; is injective in C, Te,; = hom(P,Q, ;) has a finite filtration as
A-module with successive subquotients

(12.3.1)  hom(P(y), Q) = hom(P(y), N,) @ena(n,)yor hom(Ny, Q. ;)

= Vy ®Ry hOHl(Ny, Q.L,Z)
Our assumption that B°P is stratified is equivalent to the statement that each
hom(N,, Q) is a f.g. projective R,-module. It follows that hom(P(y), Q) is in
add V. So Te,; is in CV and thus is in F, proving 12.3(a).

By 12.1, objects of add T are projective in CV. Using the above formula for
hom(P(y), Qz,;) and noting Q, ; = Q4:(< x) with Q4 ;(x) = N, ;, one readily sees
that T is a standard family of projective objects of the stratified exact category CV
(corresponding to the standard families of objects V, for x € Q). The part of (b)
concerning CV follows.

Now we prove (c). For M in cV", we have by 1.26 that R (hom(T,?))M =

hom 4 (T, M), with the right hand side regarded as a complex concentrated in degree
0. Now using 1.26, 9.5 and C.9, we have

hom4(T, V) = homa(T(z), V) = homa(A; ®r, Hom(N,, Q(z)), V)
= homp, (hom(Ny, Q(x)), Rse;) = hom(Q(x), Ny.i) = AZ.

This implies that hom4(T,?) restricts to an exact functor V' = ¢A%. It also
follows now from C.13 that 7 ®@§ A5, = V,; i.e. tor?(T,AB) = 0 for i > 0 and

T ®5 Afﬂ- = V. Thus, T®é? induces an exact functor C2° — ¢V™. The desired
equivalence of exact categories is the restriction of the derived category equivalence
Theorem 1.28(a). O

Remarks. Replacing C by C°P, one obtains by symmetry equivalences
D’(B°P-mod) — D’(A°P-mod), v e
provided for the second that A is stratified.

AAP
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12.4. Assume that B°P is stratified. The ring endcor (Q°P)°P = B°P is associated
to C°P in exactly the same way as A is associated to C. Identifying left B°P-modules
with right B-modules gives identifications of (choices of) the families of A-and V-
objects as AB” = hom(N,, Q) and V2" = hom(N,, Q(z)). It follows from the
above proof and 9.5 that

Corollary. If B°? is stratified, then T = Hom(P, Q) has two natural filtrations as
(A, B)-bimodule: one filtration has successive subquotients

Hom(P,Q(x)) = A7 @g, V5,
while the other has successive subquotients

Hom(P(z),Q) = VA ®p, AB™.

12.5.  Suppose that (2 is infinite and that ¢ and C°P both have enough projectives.
Choose standard families family P = {P, ;},; of projectives in C and Q = {QZI,)i}«T,i

of projectives in (C°P). Here, @ is a direct system {Qq,ia}aer; of objects of
C, where I] is the family of coideals of € which are contained in a f.g. coideal,
ordered by inclusion and Qz;a = Quia(A N (< x)) is injective in Cp. Define
A = end(P)°P and B = end(Q)°P. Now for any z, 4, y, j, one has the direct system
hom(Px,i,r,QyJ,A)FeIl,AeIi. This direct system stabilizes once ANT > x,y; in
particular, the direct limit e, ;7Te, ; := @F,A hom(Py ;r,Qy,jA) exists. There is
a natural graded (A, B)-bimodule structure on 7 := @, jez ;7 €y ;. It is natural
to expect that many of the preceding results for finite weight posets may have
extensions to infinite Q, using T := {Te; i}, as a substitute for the family of
tilting modules and suitable abelian subcategories (perhaps £ or é) in place of
A-mod, etc.

13. k-STRUCTURE AND BASE CHANGE

In this section, we suppose our given stratified category (C,{Cs}zcq) over G is
a k-category, where k is a fixed Z-graded unital ring for some subgroup Z of the
center of G (see 1.31). Note that C, &, € etc are naturally k-categories and A, Ar,
R, etc are graded k-algebras. Let k' be a Z-graded commutative unital k-algebra.
For a G-graded, J-diagonalizable k-algebra A and a module M in A-mod, we let
A’ and M’ denote the G-graded, J-diagonalizable k’-algebra A’ := k’ ®; A and
module M’ := k' ® M in A’-mod obtained by base change k'®;?, unless otherwise
indicated.

13.1. Proof of Lemma 1.31. We use the well-known fact that any left Artinian
graded unital ring is also left Noetherian as graded ring.

First, it follows from the assumptions and C.2.1 that if M and N are in C,
then home (M, N) is f.g. as k-module. Now choose T' € I so M, N are in Cr,
and a projective resolution P®* — M — 0 in Cr. Then using 1.6, ext’: (M, N) is a
subquotient of hom(P?, N) and hence it is f.g. as k-module. This proves 1.31(a).

Clearly, any object M of £ with all weightspaces e, ;M f.g. over k is in £. Now
ey,j Vi =hom(P, ;(x), Ny ;) is k-f.g. If M is in C, then M is in Cr for some I" € I;
and e, ;o(M) = Hom(P, ; r, M) is f.g. as k-module. This shows in particular that
all Areg i, Ag,; and tilting modules (for Q finite) have f.g. weightspaces over k,
proving (b).
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If M is in &g, then M is a Ap-module for some I' € 1. The weightspace e, ;M is
a f.g. ey Areg -module by definition, and we have just seen that e, ;Are, ; is f.g.
as k-module, so e, ;M is f.g. as k-module also. This proves 1.31(c). Clearly, &qp is
a full subcategory of &. If k is Artinian and M is in &, then each weight space
eziM is Noetherian and Artinian as k-module, hence also as e, ;Aes ;-module,
showing M is in &g,. This proves 1.31(d).

If Q and each I, is finite, then A = @, ;4 jez i Aqes; and M = @ e, ;M are
f.g. k-modules, if M is in &. This proves 1.31(d), and the final assertion is well
known (and easily proved by an argument like part of that for 1.31(a)).

13.2. We say that A-modules (for C) are k-projective (resp., k-flat) if each A, ;
is a graded projective k-module (resp., flat k-module).

Proposition. Suppose that A-modules are k-projective. Then for all M in C,
there is an isomorphism of k-modules (M) = @, (Ay @R, hom(N,,,M(y))) and

in particular, o(M) is a projective k-module. Moreover, short exact sequences in
C» are necessarily k-split.

If each ey jAy; is f.g. k-projective and each set Q and I, for x € Q is finite,
then A and each (M) for M in C is a f.g. graded projective k-module.

Proof. Let M be in C. By exactness of ¢, ¢(M) has a finite filtration with successive
subquotients (M (y)) in add p(N,) = add A, for y € Q. So ¢(M) is isomorphic
in k-mod to @, ¢(M(y)), hence it is in add k. Thus the first assertion holds by 9.5,
and the other statements follow readily. (I

13.3. Flat base change. Assume in this subsection that we are given a com-
mutative k-algebra k' which is flat as k-module (i.e. k'®;? is an exact functor
k-mod — k’-mod).

Let A be a G-graded J-diagonalizable k-algebra for some J. Suppose given for
each z € Q a full, additive subcategory D, of the abelian category D = A-mod,
regarded as a split exact category. Assume the conditions 1.4(i) and 1.4(ii) hold,
so one may construct the stratified exact category C as in 1.7 from D and the D,.

Note that if if A is left Noetherian, M is a f.g. A-module and N is any A-module,
the natural maps

(13.3.1) k' @ ext’y (M, N) = ext’s,(M', N")

are isomorphisms for all ¢ > 0.

Throughout this subsection, we assume that the above maps are isomorphisms
for all M, N in C and i < 1. Define the full additive subcategories D}, = add { N ;};
of D' := A’ mod , and regard them as split exact categories. These satisfy the as-
sumptions 1.4(i) and 1.4(ii), so one may form from D’ and its subcategories D,
the split stratified exact category C' as in 1.7. The functor k'®x?: M — M’ re-
stricts to a (trivially bistable) exact functor F': C — C’, satisfying home/ (M', N') =
home (M, N)' for M, N in C. In turn, F induces the exact functor F': ¢ — C' of
the associated categories of pro-objects. Note that by 1.18, F maps projectives in
C to projectives in CA’, since for @ in Cand z € Q, 950w = Idy ®g gQJ? is an
epimorphism whenever g, . is. The standard family P = {P,;}.; of projectives

in C therefore maps to a standard family (with respect to families of standard ob-
jects {N; ;}i) P' = {P, ;}si of projectives in C’, where P, ; = FP,;. We have
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end(P’)°P = lim A(T) where A(T")’ = end(P1)°P; by abuse of notation we write
A" :=end(P’)°P. Then (A, {A(T") }rer,) is a left stratified ring, which one readily
checks is stratified if A is stratified.

Define the full subcategory £’ of objects of .A’-mod which are A(T")’-modules for
some I' € I;. It is easy to check from 8.9 that base change change k’'®;7? induces
the exact functors F,: & — & and Fi:&—=¢&.

Observe that the A-(resp., V-) modules in & can be taken to be the modules

homa (P, N; ;) = A, ; and homa (P<.(z)', N, ;) = V., ;.
Remarks. We assume that 2 is finite and briefly discuss flat base change in relation
to tilting modules. Assume that Q = {Qu}s; is a standard family of injective
objects in C as in Section 12, and define B, T, 7 as there. Then Q' = {Q;Z}m
is a standard family of injective objects in C’. One has end(Q’)°? = B’ where
B = end(Q)°P. Also, homa/ (P, Q") = 7', and T' := {7"ey ;}4, is a full family of
tilting modules for A’. We have end 4/ (T') = end 4/ (Q') = (B')°P.

13.4. Proof of Theorem 1.35. Assume that each A, is k-flat. We define A[,
A;)i, A/ etc as in 1.35. The assumptions and long exact tor®-sequences imply
that any object M of C is k-flat. Moreover, if M in C has a finite filtration M =
My 2 ... D M, = 0 with successive subquotients Mi_l/Mi in add A,,, then
M’ = k' ®; M has the finite filtration M’ = M{j D ... D M, = 0 with successive
subquotients M{_, /M] = (M;_1/M;)" in add A/, . This implies that for I' C Ain 1,
the kernel V' of the natural surjection A(A) — A(T) is k-flat, since V = @&, Ve,
with Ve, ; in C. In particular, taking I' = ), A(A) is k-flat for all A € I;. Now it
follows readily using the definition 1.22 that A’ is a left stratified ring.

Now we may define ¢’ = k' ®;, C and make the standard identifications described
in 1.32. Thus, & = k' @ €& = (C')' identifies with the full abelian subcategory
of A’-mod consisting of modules which are Ap-modules for some I' € I, C' is the
smallest extension closed subcategory of £ containing add {A;l}m, and A! is a set
of standard objects in C’ (and also a set A-objects in £’) corresponding to = € .
The assertion 1.35(b) follows easily using k-flatness of objects of C. Note F:c—C
is exact and preserves convergent direct sums. For I' € I, F(A(T)e, ;) = A(T) es
is projective in A(I')’-mod and hence projective in Cf, so F clearly maps P, ; in
P to a projective object of C’. Since F clearly preserves convergent direct sums,
1.35(c) follows. The formulae in 8.9 imply 1.35(d).

If T € I, P is projective in Cr and M is in Ap-mod, then

(13.4.1) homg/ (P', M") = homg (P, M)’

Indeed, it is enough to check this for P = Are,; when it is trivial. It follows in
particular that end(A’)°P = R’ | from which it follows directly that A’ is stratified
if A is stratified. Also,

Vi = @y jhome (A(2)ey j, Ay i) = @y 5 homas (A'(x)ey 5, AL ;)

(since A(x)ey,; is in add A, and hence is projective in C<;). This proves the
remaining parts of 1.35(a)—(e).

Before proving 1.35(f), we record the following useful fact concerning the exact
sequences (*p,) of 7.9:
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13.4.2. For any y € ) and any projective object @) of C, if we denote Q' := FQ
then there is a commutative diagram with exact rows

/ /

hom(Q(< 1) Ay) 22" hom(Q(y), A) —2L ext(Q(< V), A,) —0
hom(Q'(< y), A') hom(Q'(y), A )4>ext1(@ (<y),Al,) —=0.

In this diagram, ext? is taken in £ in the top row, and in £ in the bottom row.
The top exact row arises by applying k'®;? to part of (xg,,). The bottom (exact)
row is part of (xqry); ggr,y is surjective since Q' is projective in C. To prove that
the left and middle vertical maps are isomorphisms, one may assume by 9.2 that y
is a maximum element of ; then Q(< y) and Q(y) are both projective in C and
one has isomorphisms as required by (13.4.1). By the five lemma, the right vertical
map is an isomorphism too.

Now make the assumptions of 1.35(f), and define A, B, T, T, C*, CV etc as
in Section 12. Let C2" (resp., CV') denote the smallest extension-closed additive
subcategory of £ containing all add A, (resp., add {V’}) for x € Q, regarded as
a perfectly exact subcategory of £’. Let F’ be the full additive subcategory of &’
consisting of objects in both A" and CV'.

Our assumptions imply that objects of C2 or CV are k-flat and so base change
Fi = K'®? induces exact functors C* — 2" and €V — CV'. Hence F' induces an
additive functor F — F’. Now from 12, F = add Q and F’ consists of injective ob-
jects of €' = CA; it follows that Q' = {Q,;} is a family of injectives in C’. Clearly,
Q' is a standard family of injectives in C’ and it follows F' = add Q’. We now make
the standard identification of the family of tilting modules T’ corresponding to Q'
as TV =Q'.

We assert that

(13.4.3) homg/ (A!, N') 2 homg(A,, N)’

for any N in CV. In fact, using the 5-lemma and 1.26 for C and C’, one sees the
class of modules N for which the natural map from right to left is an isomorphism
contains V ; and is closed under extensions. We claim also that

(13.4.4) homg: (M’, T’) = homg (M, T)’

for all M in C. For the class of modules M in C for which the natural map from right
to left is an isomorphism contains A, ; by (13.4.3) and is closed under extension; for
since T/ (resp., T consists of injective objects of C’ (resp., C) applying homg (?, T')
(resp., homg(?,T)) to a short exact sequence in C’ (resp., C) gives a short exact
sequence of projective k’-modules (resp., projective k-modules) which is necessarily
split, and one can finish with the five lemma. As a consequence of (13.4.4), we
obtain end(T’)°P = end(T)’, completing the proof of 1.35(f).

13.5. Adjoint functors. Let C' (i=1,2) be split stratified exact categories over G.
We extend all standard notation for C to C?, denoting by X* the standard object
associated to C' in the same way X is associated to C (so associated to C¢, we have
a standard family of projectives P’ in C?, the endomorphism ring A" := end(P?)°P,
abelian categories £ 2 C* and &£ =~ C'f etc). We extend this notation, defining X*
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for such X for all integers i by setting X7 = X? whenever i and j have the same
parity (so ---=C2=C"=C?=---and---=C1=C'=C%=--- ete).

Now suppose F?: C' — C'*t! are exact functors with F? left adjoint to Fi*!
for all integers i and each F' stable forwards for f.g. ideals (we do not assume
F' = F"2). Recall the restriction F} of F} is defined under these conditions; it is

left adjoint to F;'H. For use in the proof of 1.36, we shall give a module-theoretic

description of an adjunction between FJ? and F;H, similar to the results in 8.9 (cf.
[23, 1.9] for the much less technical case of finite weight posets).

Let A € I' and T’ € I**1. We define the graded (A'*!, A%)-bimodule (actually,
even a (AL, A} )-bimodule)

(13.5.1) rMj = homm+1(P%“7orFi(PZ))~

There is a natural inverse system {FMX}AeIi)FEIi+1, in which the canonical maps
are all epimorphisms. If I' O F¥(A), then one has isomorphisms

home; (oA F*~* M, N) 2 home: (F*~* M, N) 2 homg:+1 (M, F'N)
r
naturally for M in C:t' and N in C}. Hence

13.5.2. opF'1: Ci7t — €4 is left adjoint to F': Cy — CL ' if ' O F'(A); in
particular, since F? is exact, oo F*~! takes projective objects of Cffl to projectives
in C{ if ' O F¥(A).

Thus, if I' O F¥(A) then

(13.5.3)  rMi 2 homgis (P}“, Fi(PiA)) >~ home: (aAFi’l(PiFH), Pf\)

and so

13.5.4. each e, ; (rM}) is a f.g. projective right A% -module provided that I' D F7A.
From 13.5.2, it follows also that

13.5.5. each (pM})e,, is a f.g. projective .A%H—module if A D FiHiT,
We claim now that if A’ D A, then there are short exact sequences

(1356) 0— Z (FM/i\/)ez7in6$7l L pM}.\/ex,l L FM}-\BQCJ — 0

zZ€X,J
for all z, [ where p is the induced by the restriction map rM}, — rM} and ¥ is
the finite coideal of A’ defined by ¥ := {z € A’'|z >z, z & A }. For obviously, Im o
is contained in ker p. For the reverse inclusion, choose an admissible epimorphism
©enQL(A) — PLy o (A"\A) with Q in add {P] ;};. Applying the exact functors
homei 41 (P op F'?) to the diagram

Y5,
0—— Pé,m/ (A'\A) —— P:i,l,/\' Paﬁ,l,A 0
Dzex (QL)(A).

gives ker p C Imo. From this short exact sequence (13.5.6), it follows that
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13.5.7. For a A -module N, the natural epimorphisms
FMj\/ ® 41 N — FM/i\ & 4i N
are isomorphisms if A’ D A.
Now define the inverse system {F}ac: of graded (A, A%)-bimodules with
Fj :=lim hom (P%, F(P})). Note Fj = lim .., rMy, in fact F{ = pMy

——Teri+ =

canonically provided I' D Fi(A). By 8.9, Fi: £ — £+ is given by

Fz = 1&1 FA ® 4i (@x,i hom 4 (Af\em, 7))

Iy
Hence F; =~ G, where
(13.5.8) G; = lim lim rMi®?: £ — £
A€l Telt+!

It follows using 13.5.7 that
rMpy ® i N2 My @4 N = Fi @4 N 22 GHN)

canonically provided N is in As-mod, A 2 ¥ and I' O Fi(x).
For M in A’-mod and N in A{fl-mod there is adjointness

(13.5.9) hOInA;Jrl ( FM/i\ ®4i M, N) = homAj\ (M, Dz, hOInAz‘FJrl ( pMiem’l, N)) .
Assume that A D F*1(T"). Then one has isomorphisms of (A*"!, A?)-bimodules
Dz, hom 42 ( (rM})ex i, @y,j«‘l?ﬂey,j)
~ _ i+1 i (pi i+1 (pitl
=hom i1 (er™ (or F'(PR)), er (PE))
~homei+i (op F'(PY), PEF) &2\ M
using finite generation of rMje, ;, 1.19 and (13.5.3) i.e. we have an an isomorphism
(13.5.10) D homA;H((ng)em,l,Agl)  MEH
By (13.5.5), one has for A D F**1(T") an isomorphism of (A%, A*™!)-bimodules
(13.5.11) 1 OM 44110y (ez,l(AMIEJrl)’A?rl) ~ LM
and a standard isomorphism
(13512) Dzl homA;H ( (FM/i\)exyl, N) = AMIiJrl ® pit1 N
for N in 5. Hence for A D F**1(T), we obtain an adjunction
(13513) h0m51§‘+1 ( FM/Z\ ®A1 ]\47 N) =~ homg}\ (M, /\1\411_.‘+1 ®Ai+1 N)

Now r M} := homgi+ (P?rl,UFFi(PfX)) and if A O F*!(T) then we have A Mi™! =
homei+1 (op F*(P%), PL) so composition induces a linear map

(13.5.14) rMi @40 AMETY — AR
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In terms of the map (13.5.14), the adjunction (13.5.13) is given by the composite
homAj\ (M, AMIi~+1 ®qi+1 N)

—>homA;+1 ([‘M}\ Q4i M, FM/Z-\ ® 4i AMlé‘H ®A'li+1 N)
(13.5.15) ) )
—>h0mA;+1 ([‘M/Z\ ® i M, Aifl ®A;‘1+1 N)

=hom i+ ( rMj ®4: M, N)

Now suppose that we have A C A’ € I' and T C I € I* with A’ D Fi*1(I”) and
A D F(T). One can check that the evident diagram

(13.5.16) M, ® girn o MEF! Aif!

i i

_ - '
M} @ qitr AMETH ——— A

with horizontal maps induced by composition of maps is commutative. It follows
readily from (13.5.15)—(13.5.16) that the adjunctions (13.5.13) are compatible with
the maps defining the inverse systems M?, M‘T!, and give an adjunction between
the functors G* and G**! as given by (13.5.8).

Remarks. It should be possible to give a module theoretic description of an adjunc-
tion between F* and Fj in 8.9 and use it to give conditions more general than those
in 1.36 under which one can perform “base change” on the adjunction between F*
and F.

13.6. Proof of Theorem 1.36. Maintain the notation of the previous subsection,
but make the additional assumptions in 1.36. Most of the argument doesn’t require
bistability of the F but just that they are stable forwards for f.g. ideals.

Set pM}'{ = k' Q FM}(. Now the facts 13.5.4-13.5.16 used in constructing the
functors G*, G**! and proving their adjointness give corresponding statements with
AM replaced by A M}, Fi replaced by FY, A’ replaced by A” etc (note that the
modules in 13.5.6 are in C*™! and hence are k-flat by our assumptions). We obtain
functors

G":=lim lim pM{®?: & — &
A€l Telitt
with t MY ®4: N & GY(N) canonically provided N is in A%-mod, A 2 ¥ and
' O F{(X). Moreover, G” is exact and is left adjoint to G**'’ and one has a
diagram

gi e gitl

L,;i \LLHl

k! Qe 51‘ Gi; k! k gi+1
which is commutative up to natural isomorphism. The diagram shows that G* takes
any object k' @4 M with M € C’ to an object of C**1/. This applies in particular
to k' @ AL, and by exactness of GV, it follows that G” restricts to an exact
functor C¥ — C**1/ which we denote by H® = k' @4 F'*. One has H'T1[? = [+ [
from the diagram. One easily sees using the diagram that if F? is stable forwards
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or backwards for f.g. ideals or f.g. coideals, then H® has the same property. In
particular, if F* is bistable, then so is H? and so ffﬂ H'L PAI% are defined.

Finally, suppose given n': F' — K'. Define the inverse systems N/ in the same
way as M7 above but using K in place of F' i.e. pNj := homg;+1 (P{fl, apKi(PfX)).
Then 7’ induces a morphism of inverse systems M? — N’ and hence a natural
transformation k' ®j 1 as required.

Remarks. Using 8.9, one can show that
H; = lim F{ ® 40 (©r1 hom 4o (Afes, 7)) : gV — gy
Aert

where Fi/ := k' @y, F}.

14. GROTHENDIECK GROUP OF C

In this section we establish the main facts about Grothendieck groups of C and
related categories, as summarized in Theorem 1.38.

14.1. Proof of Theorem 1.38(a)—(d). The maps described in 1.38(a)-1.38(c)
are well-defined homomorphisms. It is easy to check that

([NZ]e.)zeq — [BecalNile

gives an inverse for the map in 1.38(a).
The inverse to the map in 1.38(b) (resp., the map in the first assertion in 1.38(c))

sends [Q] to Y2,5,(—1)"[Qi]p where
0—-Q"—...-»Q'-Q—0

is a finite projective resolution of @ in C (resp., finite projective resolution of Q
by f.g. projective A-modules). The fact these are well-defined and inverses to the
given maps follows by Schanuel’s lemma (which is applicable in 1.38(b) because of
the functor ¢, for instance). See [2, Ch VII, Prop 1.3] for details of this standard
argument.

It remains to prove 1.38(d). If z is a maximal element of an ideal I" of Q, we
have R, = @; jes i Areg j. The assumptions imply that then

A(z) = @3 Areq i Ar = (B Aresi) g, (Dieq,iAr)

is projective as both left and right Ap-module. Hence the last assertion follows
inductively from (C.12.2).

Remarks. Observe that Theorem 1.38(a) and its proof continue to hold for a small
weakly stratified exact category. Using the exactness and resolution theorems in
[45], one sees that the analogues of 1.38(a)-1.38(c) also hold for Quillen’s higher
K-groups.

14.2.  The proof of 1.38(e) is similar to that of (its special case) 1.38(b); it uses a
version for C of Schanuel’s lemma.

For the proof, we shall find it convenient to fix for each isomorphism class { N}
of objects in C, an object @@ = Proj(N) in C with Q(z) = N and Q(y) = 0 unless
y > (and Proj(0) = 0). For M in C, one may construct as in 7.11 an admissible
epimorphism P° — M — 0 with P° = ¢,ProjM (z) such that (ProjM(z))(z) —
M (z) is an isomorphism. Observe that ker(P? — M)(x) & &y, (ProjM (y))(z).
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Recursively, one obtains a projective resolution - -- — P! — P% — M — 0 in which
for i > 0, P* = @,Proj(ker(P"~! — P=2)(z), with P~ = M and P~2 = 0.

We call such a projective resolution P* — M — 0 a standard projective resolu-
tion of M. The above remarks imply that

14.2.1. In a standard projective resolution P®* — M — 0, P depends up to iso-
morphism only on the family {M(x)},cq, and the support of P? is contained in T';
as defined in 1.18.

14.3. Schanuel’s lemma. Given M in é, we shall call a projective resolution
P* > M—0inCa convergent projective resolution if @; P’ is a convergent direct
sum. For example, standard projective resolutions and finite projective resolutions
are convergent. We now have the following analogue of Schanuel’s lemma for C.

Lemma. Let P* — M — 0 and Q° — M — 0 be two convergent projective
resolutions of M in C. Then

@z(PQz D Q2i+1) ~ @i(Q% D P2i+1)

Proof. Let P*® = &;(P? & Q**!) and Q> := ®;(Q* @& P**1). Note that for
I' € I, application of r to the convergent projective resolutions give finite pro-
jective resolutions of 6r (M), and the usual Schanuel’s lemma gives isomorphisms
or(P>) = 61(Q>). (If the N, are Krull-Schmidt families, this is already sufficient
to give the assertion, by the arguments in 15.5).

In order to sketch a proof of the assertion in general, we first recall the usual proof
2] of Schanuel’s lemma. Define L° = MY = R® = M and decompose the resolutions
into short C-exact sequences 0 — Mt — P! — M — 0 and 0 — L't — Q' —
L — 0. Define projective objects P(®) = P0 Q) = Q0 pli+tl) = pitl g Q) and
QU+ = Q1 @ P for i € N. Recursively define objects R* and isomorphisms
L' @ PU—D = R >~ M ¢ QU~Y by considering the commutative diagram

Mi+1 MiJrl
i+l Ri+l P(z)
Lit+1 QW R

in which the bottom right hand square is a pullback square, and the rows and
columns are exact (note the middle row and column are split). Let I' € I and let n,
denote the smallest integer such that P%I =Q, =0 for all j > n,. Note that for
z € Q and j > n,, one has sz = PZ, and Qgi = QZ, for even j and ngz =~ QZ,
and Q(gi = P2, for odd j, canonically. To prove the lemma, one uses Zorn’s
lemma to show that one may choose the splittings of the middle row and column in
such a way that for any x € €, the isomorphism 6, ;: Pg; = Qg induced by the
isomorphism L' @ P = M1 @ Q) is independent of i for i > n, (note that if
i > ng then Ligz = M’Sm = 0). The (obviously compatible) family of isomorphisms
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Ormy - ng) = Q(<°§) give an isomorphism P> = {Pg}meg =] {Q%OI}IEQ = Q> as

required. (I

14.4. Proof of Theorem 1.38(e). It is known (e.g. see [2]) that if C' is a small
split exact category, every element of the Grothendieck group Ko(C) can be written
in the form [L] — [M] for some objects L, M of C. Moreover, [L]—[M] = [L'] —[M']
iff there is an object N such that L& M’ & N = L' ® M & N. These facts apply in
particular to the split exact categories C, and P.

We define Z[GJ]-module homomorphisms 7': Ko(C) — Ko(P) and ¢/ Ko(C) —
Ko(C) as follows. For M in C, choose a convergent, projective resolution P* — M —
0 and define /(M) = [®;P?*] — [®;P**1]; this map is well-defined by Schanuel’s
lemma and the horse-shoe lemma, and clearly 7't = Id. For a family {[M,]c, }zcq
in Ko(C) with M, an object of C,, define t({[Mz]}seq) = @zcaf(M,) (a convergent
direct sum); this induces a well-defined map +/ by the preceding remarks on split
exact categories, and clearly 7w/ = Id.

Finally, we check that min’s’ = Id and 7’t/7me = Id. For the first of these, consider
M = {[M;]c, }zeq in IA{O(C) with M, in C, and only finitely many M, # 0 for
xz €T, for any I' € I;. Choose a standard projective resolution P* — @, M,. Then
mr'd (M) = {[®;P*(z)]e, — [®:P* 1 (2)]c,}» = M since for each z, P*(z) —
M, — 0 is a finite resolution of M, in the (split) exact category C,. On the other
hand, suppose @ is in P. Choose for each z in Q a standard projective resolution
Qr — 0(Q(x)) — 0. Then R* := @,Q% — ©,0(Q(x)) — 0 is a convergent
projective resolution of ®,0(Q(x)), so ©'/7([Q]) = [®:R*] — [®;R*1]. By 14.2.1
a standard projective resolution S® of Q also has R* = S%, so by Schanuel’s lemma
7'/m([Q]) = [Q] as required.

15. PROJECTIVE COVERS AND HIGHEST WEIGHT STRUCTURE

Throughout this section we suppose in addition to our standing assumptions
that each family N, for z €  is a Krull-Schmidt family. Then R, ; is a graded
local ring with trivially graded residue ring and R, is a basic semiperfect ring.

15.1. Proof of Theorem 1.40 in the case Q € I;. Identify C = C. We first prove
1.40(d) by induction on §({ € Q|z > y }). Define the ring S, ; and homomorphism
a. If y is maximal in €2, 1.40(d) clearly holds. If not, choose some maximal element
x >y of 2 and consider a homogeneous element f € end(P,;). Its enough to show
f is a unit in end(P, ;) iff a(f) & Jy .. If a(f) € J,; then clearly f is not a unit
in S, ;. On the other hand, if a(f) & J, 4, then, firstly, f is homogeneous of degree
1¢. By induction o4, (f) is a unit in End(P, ;(# z)) and there is a diagram

(15.1.1) 0 —> Pyi(z) —= Py; — P, i(# ©) —=0

l%(f) if Nlum(f)

0 > Pyi(z) —= Py —— Py i(#2) —=0
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giving a morphism of extensions in C. In turn, this gives a commutative diagram

(15.1.2) hom(P, ;(x), Ny) — ext! (P, ;(# z),N;) —0

| l

hom (P, ;(x), Ny) — ext!(Pyi(# ), N;) — 0

of R%-modules in which the rows are projective covers of ext!(P,;(# z),Ny).
Applying ? @g, R./J, to this diagram gives a commutative diagram (15.1.2)" in
which the horizontal arrows and right vertical arrow are isomorphisms, and so the
left vertical arrow in (15.1.2)" is an isomorphism also. Since the the left vertical map
in (15.1.2) is between f.g. projective right R,-modules, this map is an isomorphism
too. But this map is induced by o, (f) in (15.1.1), and the equivalence C.9 implies
0. (f) is an isomorphism. Finally, the 5-lemma applied to (15.1.1) implies that f is
an automorphism of P, ;, completing the proof of 1.40(d).

Since Q € I, convergent direct sums are just finite direct sums. Clearly, P =
add P. Observe that P, ; = P, ;(g) implies (z,7) = (y, 7). For 0 # Ny ; = P, ;(x) =
P, i(x)(g) implies y < z, so x = y by symmetry and then N, ;, = N, ;(g) soi=j
and g = 1g. It now follows from 1.40(d) that P is a Krull-Schmidt family, and
hence 1.40(c), (e) hold (in fact, A is basic semiperfect). We now identify C with its
strict image C® under ¢, noting that idempotents split in C by Remark 9.6. If M
is in C, it is a finitely generated A-module so there is a projective cover P — M
with P a finitely generated projective A-module. We have P in C, hence P — M is
an admissible epimorphism in C by 1.2. It now follows that P — M is a projective
cover in C, proving 1.40(a). Since P,; — N, ; is an admissible epimorphism in
C with P, ; indecomposable projective, 1.40(a) implies P, ; — Ny, is a projective
cover in C, proving 1.40(b).

15.2. We sketch a more explicit construction (independent of the functor ¢) of a
projective cover g: Q' — N of an object N of C, leaving the proof to the reader.

First, fix a maximal element x of €, choose a projective cover b: Q1 — N(# x)
in Cx, by induction on the cardinality of the support of N, and set @ := N, * Q@ in
P. Identify Q1 = Q(+# x) and form the following commutative diagram with exact
rows:

(15.2.1) 0—= Q) —>Q—=Q(#2z) —=0
J{a l lb
0— N(z) —= N — N(#z) —0.
Now form another commutative diagram with exact rows as follows:

0 —— hom(N,, Q(z)) —— hom(N,, Q'(z)) —— hom(N,, Q") ——=0

lf )

hom(N,, Q(x)) 4. hom(N,, N(x)) H 0

Here, d is induced by a, and we choose the bottom row so it is exact as a sequence
of R,-modules. Then choose @/, in C, and e so e is a projective cover of H as right
R, -module, using C.9. Define Q' = Q & Q% so Q'(r) = Q(x) & Q), and one has the
evident split short exact sequence as the top row of the diagram. Finally, the map f
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may be inserted since hom(N,, Q") is projective in k,-mod. Note f is a (necessarily
split) epimorphism by Nakayama’s lemma. We identify Q' (# ) = Q(# ).

Now we construct the map g: Q' = Q, ® Q@ — N with component maps Q — N
from (15.2.1) and Q, — Q’(z) — N(xz) — N, where the middle map Q’(xz) — N(x)
corresponds to f by C.9. It may be checked that g is a projective cover of N.

15.3.  We next give two lemmas for use in the proof of 1.40 in general.

Lemma. Suppose that QQ € Iy, that P, Q in P are isomorphic and x € Q is
mazimal. Then any isomorphism P(# z) = Q(# z) in C can be lifted to an
isomorphism P = Q

Proof. Let P’ — P(# z) and Q' — Q(# z) be projective covers of P(# z) and
Q(# z) in C respectively. Clearly, P’ = @' and there is N in add N, such that
PP @ N and Q=2 Q @& N. Now the given isomorphism P(# ) & Q(# x) lifts
to an isomorphism P’ = )’ which is necessarily an isomorphism. Extending this
isomorphism in the obvious way to a map P = P/ & N = Q' & N = () gives an
isomorphism P — @ extending the given one P(# z) — Q(# x). a

15.4. Recall Lemma 7.7.

Lemma. For a morphism f: P — M in C, the following conditions (i)—(iil) are
equivalent:

(i) f is a projective cover of M in ¢
(ii) for allT €I, fr: Pr — Mr is a projective cover of Mr in Cr
(ili) for all x € Q, f<z: P<y — M<y is a projective cover of M<, in C<,.

Proof. We show that (i) implies (ii). Assume f is a projective cover of M; in
particular, it is an admissible epimorphism. Suppose that g: Q' — Pr is a map in
Cr such that Q' is projective in Cr and frg: Q' — Mt is an admissible epimorphism;
we must show ¢ is an admissible epimorphism. We may assume without loss of
generality by 7.10.3 and 6.2 that Q' = Qr and g = hr for some Q € P and some
map h: Q — P. Choose a projective object Q" = Go\rQ" in C and an admissible
epimorphism I": Q" — do\r P. This gives amap (h,1): Q& Q" — P wherel: Q" —
do\nrP — P is the obvious composite map, and one readily verifies f(h,l) is an
admissible epimorphism. Hence (h,l) is an admissible epimorphism since f is a
projective cover, so (hp,lr): Qr & Qf — Pr is an admissible epimorphism in Cr.
Since Qf = 0, g is an admissible epimorphism as required.

It is trivial that (ii) implies (iii). Finally, assume (iii) and let g: @ — P be a
map in C such that fg is an admissible epimorphism. Then f<,g<, is an admissible
epimorphism in C<, for all z € €2, which implies g<, is an admissible epimorphism
in C<, since f<, is a projective cover. The standard equivalence = éIO now
implies that g is an admissible epimorphism, as required. ([l

Remarks. As a corollary of the lemma, it follows that if P — M is a projective
cover in Cr for some I' € I, then for any ideal A C T', oA P — opM is a projective
cover in Cx. (This fact is also obvious from the explicit construction of projective
covers.)
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15.5. Proof of Theorem 1.40 in general. There is a natural epimorphism of
rings S = ends(P,;) — ende(Py;r) by projectivity of P,. A homogeneous
element of S;; is a unit iff its image under each of these epimorphisms is a unit,
using 6.2. Now 1.40(d) follows from 15.1. As in 15.1, P is a Krull-Schmidt family,
A is basic semiperfect and 1.40(e) follows.

Next we prove 1.40(c). Consider an object @ of P. Define an ideal Qqy of Q by
Qo :={z € Q<. = 0}. It is easily seen from 15.1 that there are unique up to
isomorphism objects P, in add{ P, ;}:, for € Q, such that P, = 0 if z € Qy and
there are isomorphisms p,: (BzeaPr)<y = Q<y for all y € Q. An application of
Zorn’s lemma in C 1, shows that there is an inclusion-maximal ideal ¥ D € of {2 on
which the py for y € 3 can be chosen compatibly with the maps defining the inverse
systems @, P, and Q. By 15.3, it follows that in fact X = Q. The exact category
equivalence =T I, implies ®P, = @ in C. Uniqueness of the multiplicities is clear
from the definition of the P,.

Now we prove 1.40(a). Let M be in C, Qy = {z|M<, = 0}. Choose for each
I' € I a projective cover fr: Pr — Mp. By the preceding remark, one may identify
fr = orfa for T C A in I. The canonical epimorphisms Py — or(Px) = Pr so
defined make P := {Pr}res into an object of C and f = {fr}rer a morphism in
C. By the preceding lemma, f is a projective cover in C. Finally, 1.40(b) follows
from 1.40(a) as in 15.1.

15.6. Proof of Theorem 1.41 and Lemma 1.42. Clearly, A, ; = A<ze,; is a
highest weight module of highest weight (x,4) and degree 1¢. Let V' be another
such module, generated by v € e, ;V1.. Suppose V is a Ay-module for z € A € I;.
Then one has an epimorphism «: Axe;; — V mapping e;; — V. Since A is
left stratified, there is an epimorphism Ape;; — Ag,; with kernel K having a
finite filtration with successive subquotients in add A, for various y > z. Now
hom(A, ;,V) = hom(A<ye, ;,V) = 0 for y > x since e, ;V = 0. Thus, a(K) =0
and V' is a quotient of A, ;, proving 1.41(a).

We have already seen that A is a basic semiperfect ring. In particular, Ae, ; has
a unique simple quotient module in .A-Mod, namely L, ; := Ae, ;/rad Ae,; and
the assertions of 1.41(c)—(d) hold in A-mod in place of £, using 1.40(e). Fix an ideal
I' € I of Q with = as a maximal element. Since A, ; = Are, ; is a quotient module
of Aeg ;, it follows that A, ; := ¢(NV; ;) has a unique maximal graded submodule
with simple graded quotient module L, ;. Now L ; is a Ap-module and thus in &£.
Since any object of £ is a Ajx-module for some A € I, we see 1.41(b)—(d) hold.

Note that L, ;{g) appears as a simple subquotient of an object M of £ iff e, ; M, =
hom(Aey,;, M)y # 0. Since Ar is basic semiperfect, we have using 1.40(e) that the
maximal graded submodule of A, ; = Are, ; is

rad Az,i = ez’iAz,inyi + Z ey,jAm.
(y,5)#(x,1)
The remaining assertions of 1.41 follow easily. One also sees that 1.42 holds, recall-
ing 1.26(a) for V in 1.42(b) and noting for 1.42(c) that Q3" is projective in C°P,
ende(Qq,:)° = endeor (Q7), and end(7 e, ;)°P = end(Qy,i)°P.

15.7.  We define local composition series of objects of &g, and discuss their rela-
tionship with composition factor multiplicities as defined in 1.43.
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For M in &g, and x € €, define a local composition series of M at x to be a
finite filtration M = M°® D> M' D ... D M"™ = 0 such that for each i, MP~1/MP
is either simple or satisfies eyijpfl/Mp =0 for all y > z and j. For instance, a
composition series of M in the usual sense (if it exists) is a local composition series
of M at any xz € Q. If M has a local composition series at x, then [M : L, ;(g)] is
clearly the number of factors M~!/M?* isomorphic to L, ;(g).

Lemma. If the index sets I, are all finite (for instance, all singletons), then for
all x € Q, every M in Eqn has a local composition series at x.

Proof. The quantity > o, > 2. > [M : Ly j{(g)] is finite. One proves the lemma by
an induction on this quantity using 1.41; the argument is essentially the same as in
[34, 9.6], so we omit it. O

15.8. Proof of Proposition 1.44. We show both sides are equal to {{e;;V, ;}}.
First, Ly ; = (€3,iL4.:)1, is & quotient of

(2,i0¢i)1e = (exiA<ulsi)ig = (eiRz€i)14
and is therefore finite dimensional over k. Note that by 1.25,
ew,ivy,j = h0m<AFew,i7 vy,]) = hom(AFew,i(y>7 vy;])

provided z,y € I' € I;. Now Are,;(y) is a direct sum of ng; copies of T,A,; for
varying ¢g and [, with n,; defined as in 1.44 and by 1.26, hom(A, ;, V, ;) = e;Rye;.
A simple computation shows that the left hand side of the formula in Proposition
1.44is just {{e;;Vy, ;}}; it follows immediately that V, ; is in Ewgin since (€5,;Vy, j)g
is finite-dimensional over k. On the other hand, {{e,;V, ;}} is clearly equal to the
right hand side of the formula as well by definition of composition factor multiplicity.

15.9. We conclude this section with a formula for the multiplicities of the pro-
jective indecomposables P, ; as direct summands of a projective object @) of C, in
terms of the maps gg,, associated to (). We assume for simplicity in the formu-
lation that G is the trivial group (the result in this case is equivalent to that for
general G by C.6).

Fix @ in P and consider for z € () the exact sequence

Hom(Q(< 2),N.) L Hom(Q(2),N.) % Ext'(Q(< 2),N,) — 0

of right R,-modules. Applying ? ® g, R./J, gives a right exact sequence of R,/.J -
modules. Since Hom(Q(z),N,) is a f.g. projective right R.-module, it follows that
Hom(Q(#),N,)®r. R,/J, is a f.g. right R, /J,-module. Now the modules e¢;R,/J,
form a full set of representatives of isomorphism classes of simple right R./J,
modules, and R./J, is semisimple so any f.g. R./J, module N is isomorphic to a
direct sum of such modules with (uniquely determined) finite multiplicities which
we denote [N: e;R,/J,].

Proposition. Define natural numbers c.; := [Im(f. ®g, Idg,/;.) : ei(R2/J.)].

Then Q = ®;;c; P, ;, where for n € N and an object P of 75, nP denotes the
direct sum of n copies of P.

Proof. We may assume ) € I without loss of generality. The Grothendieck group
Ko[C] is a free abelian group on basis {[Ny]}s:. For a f.g. right R,-module N,
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define a “generating function” Poinc,(N) € Ky[C] by
Poinc,(N) := » [N @g. R./J. : e;R./J.][N.].

2

For any M in C one has the identity
[M] = Z Poinc, (Hom(M(z), NZ))

in Kg[C]. Indeed, since [M] = @.[M(z)] one may assume M = M(z) for some z,
and then note both sides are additive in M and the identity holds for M = IV, ;.

By 1.40(ii), Poinc, (Hom(P, ;(2),N.)) = Poinc, (Ext' (P, (< 2),N.)) for z # z
since P, ; is indecomposable projective. Hence

[Poi] = [Nzil + > Poinc, (Ext'(Py i(< 2),N.)).
2>,

Write Q = @, ;dy i Py, for some d;; € N. Then
[Q] - Z dz,i[Nac,i] = Z dx,i([Px,i] - [Nac,iD

= Z dx7iPoincZ(Ext1(Px,i(< z),NZ))

2>,

= Z Poinc, (Ext' (Q(< 2),N.).
Finally, we obtain

Z dyi[Ny i) = Z (Poincz (Hom(Q(z),N.)) — Poinc, (Extl(Q(< z), NZ))

z

= Poinc. (ker (g: @r. Idg_/;.))

= Poinc. (Im (f. @&, 1dg_;.))

S0 dy i = ¢y, as required. O

16. BLOCKS OF C

This section describes a notion of “blocks” for the stratified exact category
(C,{Cs}zeq). Here, our “blocks” give a partition of the weight poset 2; variants
giving a partition of the indexing set {(z,4)},,; of the standard objects N, ; could
be given.

16.1. Define the finest equivalence relation = on Q (i.e. the one with the smallest
equivalence classes) such that « = y if < y and either hom(N,,N,) # 0 or
ext! (N, N,) # 0. The equivalence classes for = will be called “blocks” of §2; let us
denote them by {€;},cs. Let ©’ be a new poset equal to § as set, but with partial
order <’ given by x <’ y iff z < y and x, y are in the same block of 2. In the order
<’ each “block” is both an ideal and a coideal, and elements of different “blocks”
are incomparable in <’. Then (C, {C, }.cq’) is also a split stratified exact category,
by 2.2(c). For the remainder of this section, we use notation M (T") for M in C and
locally closed subsets T" of €)',
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Any object M of C has a canonical “block decomposition” M = &,;M (£2;) with
M(Q;) = 0 for all but finitely many j, by Lemma 2.4, for instance. If M’ =
@, M'(;) is another object of C, then any map f: M — M’ is the direct sum of
the induced maps f = ©ogq,(f). Thus, C is the direct sum C = @;Cq, of (statified)
exact categories. In particular, one may choose the projective objects P, ; in C so
that P, ;(y) = 0 unless = and y are in the same block; note this condition holds
automatically if the P, ; are indecomposable.

For the remainder of this subsection, we assume that P is chosen in this way,
so P, ;(y) is zero unless « and y are in the same block. Then A = &;A(€;) where
A(Q)) = Beyeq, p.q CapAey,q is a two-sided ideal of A. For any M in A-mod, we
have canonically M = ©M; where M; = ©cq, i €z, M is a A-mod annihilated by
A(Qy) for k # j. This provides an identification of .A-mod with the product of
categories A(Q;)-mod. For A(§2;)-modules M;, the direct sum @&;M; is in € (resp.,
&) iff all M; are in € (vesp., there is a T' € I so all M; are A(T")-modules).

Remarks. If C' is obtained by base change from C under the conditions of 13.3 or
1.35, each “block” of C is a union of “blocks” of C’.

16.2.  Observe that hom(P, ;, P, ;) # 0 iff hom(P, ;r, Py jr) # 0 for some I' € I;
then hom (P, ; a, Py ja) 70 forall ADT in 1.

Proposition. Let ~ denote the finest equivalence relation on Q) such that x ~ y if
hom(P; ;, P, ;) # 0 for some i and j. Then ~ coincides with =.

Proof. Suppose first that hom(P, ;, P, ;) # 0. Then there exist z,w € Q such
that hom(P, ;(z), Py ;(w)) # 0. This implies that hom(N,,N,,) # 0, so z = w.
Moreover, by choice of P, we have z = z and y = w, so x = y. Hence if x ~ y, then
T =y.

For the converse implication, it will be sufficient to assume that z < y and
ext?(Ng,i, Ny ;) # 0 for p=0 or p =1, and show that z ~ y.

Choose I' € I containing = and y, and a projective resolution P* — N,; —
0 of Nz i in Cr, with PY = x5, Since homCr(PU,k,l"an,l,l") = 0 unless v ~
w, one may assume that each P? is an object of add ®,~z 1 P: . Computing
ext? (N i, Ny ;) # 0 using the projective resolution shows that hom(P?, N, ;) #
0, so there exists z ~ = and k with hom(P; xr, N, ;) # 0. This implies that
hom(P, i, P, ;) # 0 and so z ~ y. This gives x ~ y as required. O

Remarks. Suppose each N, is a Krull-Schmidt family and P, ; is chosen to be
indecomposable. Then the above shows that = = y iff there is some I' € I, and a
sequence x = g, 1, .- ., T, =y in {2 such that for each p = 1,...n, there are i and
j such that A(T)e,,; and A(T")e, ; have simple subquotient objects in & which are
isomorphic up to degree shift.

16.3. Assume in this subsection that for I' € I, z,y € Q and all 4, j, one has
hom(Py ;r, Py jr) # 0 iff hom(P, jr, Pyir) # 0. This holds for instance if there is
a suitable duality functor on P fixing the P, ; up to translation.

Proposition. Under the above assumptions, the block equivalence relation = is the

finest equivalence relation «~ on Q such that x « y if hom(P,;,0(Ny ;)) # 0 for
some i and j.

Proof. If hom(P, ;, N, ;) # 0, then hom(P, ;, P, ;) #0andso z ~y ie. z=y.
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Conversely, it will suffice to show that if I' € I and H := hom(P, ;r, P, ;r) # 0,
then  « y. Note that z and y are in I'. Suppose that H # 0 and z 4 y.
Then hom(P, ;r, N, ;) = 0, so by 9.5, there is some I' 5 y; > y and k; with
hom(Ny, k,, Py,j(y1)) # 0 and hom(P, ; r, Ny, k,) # 0. These imply that z « y;
and hom(P,, x, r,Py,;r) #0. Soy <y € T, hom(P, ;r, Py, k,r) # 0 and y A y1.
Repeating the above argument, we obtain a sequence y = yo < y1 < yo < ---
in ' with y;—; ¥ y; for all i. This contradicts the finiteness of {z € T'|z > y },
completing the proof. ([l

Remarks. Suppose above that each N, is a Krull-Schmidt family and the P, are
indecomposable in P. Then the above result implies that x = y iff there is a
sequence x = xg,&1,..., T, =y in Q such that for each i =1,...n, A,, , and A,,
have irreducible subquotient modules which are isomorphic up to degree shift.

17. PRESERVATION OF INDECOMPOSABILITY UNDER BASE CHANGE AND
UNGRADING FUNCTORS

Here, we prove Propositions 1.46 and 1.47, and some related results. For this
section only, rings and modules are assumed to be trivially graded unless otherwise
indicated.

17.1. Proof of Proposition 1.46. Set A} := {A ;};. We have end(A})°P =
E @k Ry = Ry/JR,. Now e;Rye; C rad R, if @ # j since R, is graded basic
semiperfect. By the assumptions, we therefore have JR, C rad R,. Hence

end(A’)°P /rad end(A!)°P = R, /rad R, = &R, ;/rad R, ;

and {A] ;}.,i is a Krull-Schmidt family over G. In particular, A/ ; # 0.
Observe that if x € I € I, then Arel, ; is graded projective in Afp-mod and has

T,
Al ; # 0 as a quotient. The endomorphism ring end(Apes )P = e; jApeq is a
graded quotient ring of the local ring end(Are, ;)P = e, ;Are, ; and so it is itself
a graded local ring. Hence Are/, ; is indecomposable in C’, which implies that P ;

x,1
is the projective cover of A/ ; in C'. The assertions that various objects are Krull-
Schmidt families over G now follows from 1.42 applied to C’ in place of C (note that

E @i Ay = AL, where the right hand side is the analogue for C' of A, ;). To

x,1)

complete the proof, it suffices to note that L} , = Al ,/ @y j)£(x,i) €y,jAL ;, 50 by
Theorem 1.41 the L;’i are a set of representatives of isomorphism classes of simple

object of £ up to translation.

17.2.  We will actually prove Proposition 1.47 for a slightly more general class of
ungrading functors considered below.

Assume that F': B — B’ is a weak ungrading functor, as defined in 1.37. Let
{Ny.i}zeq, be a family of objects of B with © an interval finite poset. Assume that
Ext}, (F Ny, FNy ;) = 0 for p = 0 unless 2 < y and for p = 1 unless = and y are
comparable. Then one may form as in 1.7 a stratified exact category (C’, {C.}zeq)
with C., equal to the split exact category Add {F'N,;}; and with C’ a full additive
subcategory of B’.

The assumptions imply that ext} (N, ;, Ny ;) = 0 for p = 0 unless < y and for
p =1 unless x and y are comparable, so one may form similarly a stratified exact
category (C,{Cs;}zeq) over G where C, = add {N,;}; and with C a full additive
subcategory of B.
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It is easy to check that F' restricts to a (trivially bistable) exact functor F': C —
C’, inducing in turn an exact functor F:C>C.IfP = {Py,i}s, is a standard
family of projective objects in C, then by 1.18 and the assumptions, P’ := {FPJH}JH
is a standard family of projective objects in C'. Note that since one may compute
exth (M, N) using projective resolutions in Cr provided M and N are in Cp, and
similarly in C’, it follows that F': C — C’ is an ungrading functor.

We have A := end(P)°P = lim__, end(P(T))°P (inverse limit of G-graded, di-
agonalizable rings) and A’ := End(P’)°P = lim, End(P’(T"))°P (inverse limit as
diagonalizable rings) with A'(T") = End(P’(T"))°P isomorphic to the diagonalizable
ring (with G-grading forgotten) underlying A(I") = end(Pr)°P. We identify A'(T")
with the underlying ungraded ring of A(T), for T € I;.

It follows from 8.9 that the natural forgetful functors (forgetting G-grading)
A(T)-mod — A(T")’-Mod induce the exact functor Fy: & — £’ between the abelian
subcategory € of A-mod associated to C and the abelian subcategory & of A’-Mod
associated to C'. Clearly, F; maps the standard A-modules (resp., V-modules) for
A to standard A-modules (resp., V) modules for A’. Also, if Q is finite and C
has sufficiently many injective objects, then I} takes a standard family of graded
tilting modules T for A as graded ring to a standard family of tilting modules for
A’ as ungraded ring.

Observe that the ungrading functor associated to a graded stratified ring in 1.37
may be regarded as a special case of the construction of this subsection.

17.3. Proof of Proposition 1.47. We maintain the notation of the previous sub-
section. It will suffice to show the following.

Proposition. Suppose that for each x, N, is a Krull-Schmidt family over G and
that the P, ; are chosen to be indecomposable. Assume also that for each x, i the
natural isomorphism endg(N, ;)°? — End(F N, ;)P (forgetting the grading on the
first factor) maps the graded Jacobson radical of endp(Ny ;)°P isomorphically onto
the ungraded Jacobson radical of End(F N, ;)°P. Then all statements of Proposition
1.47 hold for the ungrading functor F' constructed in the previous subsection.

Proof. The hypotheses imply that the underlying ungraded ring End(F} A ;)°P of
R, ; is a local ring with the (underlying ungraded ring of) R, ;/J,; as its residue
ring. We claim that if there is an isomorphism f: FyA,; = FyA, ; then ¢ = j.
Indeed, write f = > 4G fq with f; homogeneous of degree g € G, and similarly
write h= f~lash= Zg hg. Then the map Zg Jghg-1 is the identity in the graded
local ring end(A; ;)°? so some fqh,-1 is a homogeneous unit in that ring. Hence
the homomorphism f, has a right inverse k of degree g~ !, satisfying fyk=' = Id.
The map kf, is a homogeneous idempotent in the local ring end(A, ;(g))°?, hence
it is the identity and we get an isomorphism A, ;(g) = A, ; which implies since N
is a Krull-Schmidt family over G that ¢ = j and g = 1.

By 1.39 and the assumptions, it now follows that {F}A, ;}; is a Krull-Schmidt
family (over the trivial group) and Rad End({F}A,;};)°P identifies with the un-
derlying ungraded ideal of J, in R,. For z € I' € I, the maps gp, , y ®r, Idr, s,
from

home (Area,i(y), Ay) ®r, Ry/Jy — exte(Aresi(< y), Ay) @r, Ry/Jy

are isomorphisms of graded right R, /J,-modules by 1.40(ii). Forgetting the grad-
ing, this shows A(T")e,; is indecomposable projective as an object of Cf and
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F:C - C maps each projective indecomposable object P, ; in C to a projec-
tive indecomposable object F'P, ;.. Now 1.47(a)~(b) follow in a similar way to
1.46(a)—(b).

Now to prove 1.47(c), it is enough by 1.39 to show rad e, ; Are, ; = Rad e, ;Aey ;
for all z,7 with x € ' € I;; this holds since by 1.40, the underlying abelian group
of both sides is the kernel of the ring epimorphism

end(Are; ;) — end(A; ;) = Ryi — Ryif/ T

induced by the natural epimorphism Are;; — Ay ;.

Let M be in Ap-mod for I" € I;. Note that the unique (up to degree shift) simple
graded e, ;Are, ;-module is simple even as ungraded e, ; Are, ;-module by (c). If
ez,iM has a composition series as ungraded e, ; Are, ;-module then it is Artinian
and Noetherian as ungraded module, hence also as graded module, and so has a
composition series as graded e, ;Are, ;-module; on the other hand, a composition
series as graded ey ;Are, ;-module is also one as ungraded module, and 1.47(d)
follows.

Finally we prove 1.47(e). If M is a graded Ar-module, its socle in £ is {m €
M]|(rad Ar)m } = 0 which equals {m € M|(Rad Ar)m } = 0 as ungraded module.
Similarly, if M is f.g. one has rad M = (rad Ar)M = (Rad Ar)M = Rad M as
ungraded module. ([

17.4. In this subsection, we consider another set of conditions under which inde-
composability of projectives in C is preserved by ungrading functors.

Suppose that F': C — C’ is an ungrading functor constructed as in 17.2. We
continue to suppose in this subsection that the N, are Krull-Schmidt families and
the P, ; are chosen to be indecomposable, but now we assume also that C is a
k-category over G for some commutative unital graded ring k.

Proposition. Assume that that each ey ;A j is a f.g. projective k-module and that
there is some graded Artinian quotient ring k' of k such that for each non-zero f.g.
projective k-module M one has k' @ M # 0 (for instance, k is graded local with
trivially graded residue field k'). Then F(Pm) is indecomposable in C'.

Proof. Tt is clearly enough to show that F'P,;r is indecomposable in C’ for all
I' € I. For that, we may assume 2 is finite and I' = Q. Then it is enough to
show that Ae, ; is indecomposable as ungraded A-module. For any M in C, the
assumptions imply e, ;o(M) is a f.g. projective k-module; in particular, e, ;Ae, ;
is a f.g. projective k-module.

Suppose Ae;; = @1 & Q2 as an ungraded A-module with @; # 0. Writing
M'" = K ®; M, one gets Ae), ; = Q) © Q5 where Q', @ are non-zero by assumption
on k. On the other hand, end(Aef,c,i)Op = e, A€, is f.g. as graded k’-module,
hence it is a graded Artinian ring. As a (non-zero) quotient ring of e, ;Aeg ;,
ez iA'es ; is graded local with trivially graded residue ring. By C.19, the underlying
ungraded ring end(Ae/, ;)°P of e, ;A’e,; is local, contrary to decomposability of
Ae, ; as ungraded A-module. O

17.5. Suppose in this subsection that k is a commutative, local ring over G with
graded Jacobson radical J such that k/.J is a trivially graded field. We assume that
k is Noetherian as ungraded ring. Let k' denote the localization k' := k; of k at J,
and denote base change k'®;? by M — M’.



94 MATTHEW J. DYER

Suppose given families of objects N, in A-modfg so the full additive subcat-
egories C, := add N, satisfy the conditions 1.4(i) and 1.4(ii). Then we have the
stratified exact category (C,{Cy}scq) with C a full additive subcategory of A-modfg
as constructed in 1.7. By forgetting the grading and applying flat base change
k' ®?, we have also a split exact category (C', {Add N/ },cq) with C’ a full addi-
tive subcategory of A-Modfg, where N7, = {N ; }:.

If we choose a standard family of projective pro-objects P = {P, ;},, in C, then
the obvious family P’ = {P, ;},; with (P, ,)r = P, is a standard family of
projective pro-objects in C’. We have corresponding abelian categories & contained
in A-mod and € contained in A’-Mod where A’ := lim A, The corresponding
A-modules A;,i for C’ are obtained by forgetting the grading and applying base
change to the A-modules A, ; i.e. A;,i =k Qr Ay

Proposition. (a) The A-module weightspaces ey ;A ; are f.g. graded projec-
tive k-modules iff the weightspaces ey,jA;’i are f.g. projective k'-modules.

(b) Suppose each I, is a singleton, that the structural morphism k — R, is an
isomorphism, and that the P, ; are chosen indecomposable in C. Then Pa'H

1s indecomposable in C'.

Proof. The first claim follows immediately from C.21.2, since ey jA;; is a f.g. k-
module. The second claim follows using condition 1.40(ii). O

APPENDIX A. POSET TERMINOLOGY

A.1. Let Q be a poset (partially ordered set). For any « < y in Q, we define the
(closed) interval [z,y] := {2z € Q|z < z < y}. We say that Q is interval finite if
each interval [z, y] with <y in  is a finite set.

If * denotes one of the relations =, >, <, >, <, #, 2 etc on 2, we sometimes
abuse notation by writing xx or (xz) in place of {z € Qlz x x }, for x € Q; for
example, we commonly write M (> z) instead of M({z € Q|z > z}). We also
commonly write z instead of the singleton {z}.

The opposite poset Q°P coincides with ) as a set, but is endowed with an order
<°P satisfying x < y iff y <°P z.

We give () the topology for which the sets < x for z € Q form a basis. The
open (resp., closed) sets of this topology are called order ideals or just ideals (resp.,
order coideals or coideals) of Q. The intersection of the ideals (resp., coideals) of {2
which contain a subset I' C  is called the ideal (resp., coideal) of Q generated by
I'; the closure of a subset coincides with the coideal it generates. An ideal (resp.,
coideal) is called finitely generated if it is generated by some finite subset of 2. We
write “f.g.” for short for “finitely generated” (we also refer to f.g. modules, f.g.
projectives etc).

We often have occasion to refer to locally closed subsets of € i.e. subsets which
are open in their closure, or equivalently, those which are the intersection of an
ideal and a coideal. A subset I' of € is locally closed iff for all x,y € I" and z € Q
with x < 2z <y, one has z € T.

A.2. We sometimes regard a poset {2 as the set of objects of a small category,
with a unique morphism from x to y if x < y in Q and no other morphisms besides
these. An inverse (resp., direct) system on a category A (e.g. Q) with values in a
category C' is then defined to be a contravariant (resp., covariant) functor A — C.
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Usually, we denote an inverse or direct system F: A — C simply as {F(z)}zca,
suppressing notation for the values of the functor F' on the morphisms of A when
these are obvious from the context. Of course, direct systems on A are the same as
inverse systems on the opposite category A°P.

One defines limits and colimits of inverse and direct systems as usual; lim F°
(resp., h_n)lF) is a terminal (resp., initial) object in the category with objects con-
sisting of an object ¢ of C' with morphisms ¢ — F(z) (resp., F(x) — ¢) for all
objects x in A satisfying the obvious compatibility conditions.

APPENDIX B. EXACT CATEGORIES

We record here for the reader’s convenience the axioms and basic facts we shall
use concerning exact categories in the sense of Quillen [45]. Most important for our
applications is the functoriality of the Gabriel-Quillen embedding of a small exact
category in an abelian category.

B.1. We begin with some general terminology we shall use concerning categories.
A full subcategory B of a category A is called a strict subcategory if any object of
A isomorphic to an object of B is also in B; the strict image of a functor F': A — B
is the smallest strict full subcategory of B containing all objects F(a) for a in A.
A category is called small if it has only a set of objects, and it is called svelte if it
has only a set of isomorphism classes of objects.

We say that idempotents split in an additive category C if each idempotent
endomorphism e of an object M has a kernel (so e is the composite morphism
M — ker(Id — e) — M induced by the projections and inclusions of a direct sum
decomposition M = kere @ ker(Idys — €)).

B.2. Let C be an additive category endowed with a class D of sequences
(B.2.1) 0—=M 5ML M —0

in C to be called short exact sequences. One calls the maps ¢ (resp., j) occurring in
some member of D an admissible monomorphism (rep., admissible epimorphism).
(Some references e.g. [37] call the maps ¢ inflations, the maps j deflations and pairs
(i,7) conflations). We say that C is an exact category (with short exact sequences
D) if the following self-dual system of axioms holds:

(i) Any sequence (B.2.1) in C isomorphic to a sequence in D is in D.
(ii) For M, M’ in C, the split exact sequence 0 - M — M & M’ — M’ — 0 is
in D.
(iii) For (B.2.1) in D, i =ker j and j = coker i in C.
(iv) Admissible epimorphisms are closed under composition. Dually for admis-
sible monomorphisms.
(v) Admissible epimorphisms are closed under base change by arbitrary maps
in C'. Dually for admissible monorphisms.
Note (i) and (ii) above trivially imply that Idy is an admissible epimorphism.
Hence by [37, Appendix A], axioms (i)—(v) imply that

B.2.2. If a map M — M’ in C has a kernel in C and there is a map N — M in
C such that N — M — M’ is an admissible epimorphism, then M — M’ is an
admissible epimorphism, and dually.
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The axioms for an exact category in the sense of Quillen [45] are precisely (i)—(v)
and B.2.2, so the axioms (i)—(v) are equivalent to those of Quillen. (Note that by
[37, Appendix A], axioms (i)—(v) still contain some redundancy; we mention also
[16, Appendix A], which gives a system of axioms for exact categories in which all
retractions admit kernels).

B.3.  We explicitly record the following alternative description of pullbacks in exact
categories (cf. the proof of [37, Proposition A.1]). Let C be an exact category,
f: M — N be an admissible epimorphism and k: L — N be an arbitrary map.
The axioms imply there is a commutative square with exact rows

g

0 H K L 0
f
0 H M N 0

in which the right hand square is a pullback square.

B.3.1. The pullback square is determined up to isomorphism by the requirement
that (g, —h)! is a kernel of the admissible epimorphism (k, f).

To prove this, one has only to see that the sequence

0K ponm &I v g
is exact in C; this holds by B.2.2, since (k, f) has a kernel (g, —h)* by definition

of pullbacks and the composite map f: M LCDIN Lo M &D, N is an admissible

epimorphism.

B.4. An admissible subobject of an object M of an exact category is by definition
an isomorphism class of admissible monomorphisms M’ — M; we usually pick one
monomorphism from the isomorphism class and write M’ € M or M D M’, calling
M’ itself a subobject by abuse of terminology. We write M /M’ for a cokernel
(object) of M" — M. One subobject M" of M is contained in another subobject
M" of M, written M"” C M’ C M, if M" — M factors as M" — M’ — M for
some (necessarily unique) admissible monomorphism M” — M’. Finite decreasing
filtrations M = M9 O M' D ... D M™ =0 (or increasing filtrations) of an
object M are defined similarly. Admissible quotient objects are defined dually to
admissible subobjects. The admissible subobjects of admissible quotients of an
object M of an exact category coincide with the admissible quotient objects of
admissible subobjects of M; we call these objects the admissible subquotients of
M.

B.5. An additive subcategory A of an exact category C is said to closed under
extensions if in a short exact sequence (B.2.1) in C, M is in A whenever both M’
and M are in A.

In an exact category C, if a map f: M — N factorizes as f = wv where u
is an admissible monomorphism and v is an admissible epimorphism, then this
factorization is unique up to isomorphism. One says that a sequence M LNLp

in C is exact (at N) in C if there exist an admissible epimorphism M ELN Ly, an
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admissible monomorphism Lo 2, P and a short exact sequence
0L N 21,0

such that f = fof1 and g = ¢g192. Exactness of longer sequences is defined in the
usual way. For example, a sequence (B.2.1) in C is exact in this sense iff it is in D.
An exact sequence M/ — M — M"” — 0 (resp., 0 = M’ — M — M") is called a
left (resp., right) exact sequence.

An additive functor F': C' — D between exact categories is said to reflect ex-
actness provided that a sequence (B.2.1) in C is exact in C' whenever F(B.2.1)
is exact in D. We shall say F is perfectly exact if F' is full and faithful, exact,
reflects exactness and the strict image of F is closed under extension in D. If F is
a perfectly exact inclusion functor, we say C' is a perfectly exact subcategory of D.

An equivalence of exact categories is a category equivalence which is exact and
reflects exactness (i.e. the equivalence and an inverse equivalence are both exact).

B.6. A covariant functor F': C' — D between exact categories is called right exact
(resp., left exact) if it is additive and carries short exact sequences in C' to right exact
(resp., left exact) sequences in D. The axioms imply that F is left (resp., right)
exact iff it carries left exact (resp., right exact) sequences in C' to left (resp., right)
exact sequences in D; in particular, composites of left (resp., right) exact functors
are left (resp., right) exact. These definitions are extended to contravariant functors
C — D by regarding such functors as covariant functors C°? — D. For example,
the covariant (resp., contravariant) functor Home (M, ?) (resp., Home (7, M)) is left
exact for any object M of C.

An object M of an exact category C' is called projective if Hom(M,?) is an
exact functor from C to abelian groups; equivalently (cf [16, Lemma 2.1]), every
admissible epimorphism p: P — M is split (i.e. there is a map s: M — P with
ps = Idys). One says C has sufficiently many projectives if for each M in C there
is an admissible epimorphism P — M with P projective. The full subcategory of
projective objects of C is closed under formation of finite direct sums and taking
direct summands. Injective objects etc in exact categories are defined dually.

The following technical fact is included here simply to make the compatibility
of terminology between [52, Appendix A] and [37, Appendix A] more explicit.

B.6.1. For an exact category C, a contravariant additive functor G: C — Z-Mod
is left exact iff for each admissible epimorphism g: F — F in C, the two canonical

projections pg,p1: L — E from the pullback L = F xg E to E give a left exact

sequence 0 — G(F) S, G(E) LR

To see this, first form the commutative diagram with exact rows

G(L) of abelian groups, where h = G(pg — p1).

p1

0 A—ts1p E 0
f g
0 A E F 0

The top row is split, giving an isomorphism (i, A): A® E — L where A: E — L
is the diagonal map given by pgpA = p;A = Idg. Using this isomorphism, the

sequence L 2224 F 4, F — 0 identifies with A ® E 0, E L F — 0. Hence

G(g) is a kernel of G(po—p1) in Z-Mod iff G(g) is a kernel of G(f), and the assertion
follows.
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B.7. Parts (a)—(c) of the following proposition (cf [45], [37, Appendix A]) indicate
some of the most common ways in which exact categories arise in practice. The
Gabriel-Quillen embedding theorem ([25], [45]) described in the next subsection
implies that any svelte exact category is equivalent to one arising as in (c), and
then (d) often permits one to establish results in exact categories using standard
diagram lemmas (9-lemma, 5-lemma, snake lemma etc) for abelian categories.

Proposition. (a) Any abelian category with the usual short exact sequences is

an ezxact category.

(b) Any additive category with the split exact sequences as short exact sequences
18 an exact category.

(¢) Any full, extension closed additive subcategory of an exact category has a
natural structure of exact category, so the inclusion is perfectly exact.

(d) An additive category C with a class D of short exact sequences is an exact
category iff for each svelte subcategory A of C there is a svelte exact category
B with exact sequences E such that B is a full subcategory of C containing
A and E is a subclass of D containing each short exact sequence 0 — L —
M — N — 0 i C with L, M and N in A.

We say that an exact category is split if each of its short exact sequences is split
exact i.e. all of its objects are projective (and injective). A Serre subcategory B
of an exact category C' is defined to be a full additive subcategory B of C' which
is closed under extensions and formation of admissible subquotients in C; we then
regard B as a perfectly exact subcategory of C.

B.8. Gabriel-Quillen embedding theorem. For any small exact category C, let
let C' be the abelian category of contravariant additive functors F: C' — Z-Mod,
with natural transformations as morphisms, and let C* denote the full additive
subcategory of C' consisting of left exact contravariant functors.

Theorem. (a) The category C* is an abelian category with all limits, exact
filtered colimits, and a generator (so C* is therefore a “Grothendieck cat-
egory”; it has injective envelopes, an injective cogenerator and is well-
powered i.e. there is only a set of subobjects of any object).

(b) The Yoneda representation functor ¢c = ¢: C — C* which is determined
by ¢(M) = Home (?, M) is perfectly exact.

Proof. Proofs of this can be found in [52, Appendix A] (using the equivalent char-
acterization of left exact functors given in B.6.1) and [37, Appendix A]. We recall
in outline the proof sketched in [37], emphasizing some additional points which we
shall require.

First, C itself is an abelian category with all limits, exact filtered colimits and a
family of generators Hom(?, M) for M in C (i.e. for any F in C', Hom(¢(M), F) =
F(M) is non-zero for some M in C). Limits and colimits in C' are computed
pointwise. Limits (e.g. kernels or products) and direct sums in C of left exact
functors are also left exact, so C* has all limits and direct sums, and they are
computed pointwise as well.

A functor F in C is called effaceable if for each M in C and each = € F(M), there
is an admissible epimorphism f: N — M in C such that F(f)(x) = 0. One checks
that the full subcategory of effaceable functors forms a Serre subcategory of C
and the corresponding quotient (abelian) category [25] is equivalent to C*. Letting
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j.: C* — C denote the inclusion functor, the quotient functor provides an exact left
adjoint j*: C — C* and the counit j*j, — Id is an isomorphism. Given n: F — G
in C*, the cokernel of 7 in C* may be calculated as coker ¢ (1) = j*(coker ~(n)).

The fact that ¢ is full and faithful follows from the Yoneda lemma. In verifying
that ¢ is perfectly exact, one establishes the following (cf [52, A.7.15])

B.8.1. For Fin C* and M in C, amap f: F — ¢(M) is an epimorphism in C* iff
there is an admissible epimorphism h: N — M in C and a map g: ¢(N) — F such
that ¢(h) = fg.

The assertions that C* has exact filtered colimits and a generator follow from
the analogous facts for C' by general facts about quotient categories [25]; the other
claims on the nature of the category C* are well-known consequences of these facts
together with the existence of limits in C* (cf loc cit and [40]). O

B.9. In general, let us say that an object M of a cocomplete abelian category B
is small if Homp (M, ?) preserves infinite direct sums. Observe that for any object
M of a small exact category C, ¢(M) is small since by the Yoneda lemma,

Hom(¢(M), ©F;) = (D F)(M) = ©(F;(M)) = ©Hom(¢(M), F).

Corollary. (a) If P is a projective object of C, then ¢(P) is a small projective
in C*.
(b) If Q = {Q;}i is a family of projective objects of C' such that every object of
C is an admissible quotient of an object of Add Q, then ¢(Q) := {d(F;)}:
s a generating set of small projective objects of C*.

Proof. Using B.8.1 and the fact that admissible epimorphisms M — P in C are
split, one sees that any epimorphism f: A — ¢(P) in C* is split, so (a) holds. For
(b), it is enough to show that given A in C*, there is a non-zero map ¢(P’) — A
for some P’ in Q; but there is a non-zero map ¢(M) — A for some object M of C
and an admissible epimorphism P — M with P in Add Q, and then the composite
¢(P) — ¢(M) — A is non-zero. O

Remarks. See C.8.

B.10. Extensions in exact categories. Given an exact category C, one may
define Yoneda Ext-groups Extl (M, N) for M, N in C as equivalence classes of i-
fold extensions as for abelian categories (see e.g. [40] and [30]), provided the classes
of extensions form sets, as we assume (this assumption always holds for svelte C).
The Yoneda Ext-groups for exact categories have the usual properties of Yoneda
Ext in abelian categories. If C has enough projectives (resp., injectives) the Yoneda
Ext-groups exist and can be computed as usual using projective (resp., injective)
resolutions in the first (resp., second variable). Proofs of these assertions given for
abelian categories in [40] for instance apply mutatis mutandis to exact categories.
(One may even define derived categories D*(C), for * € {0, +, —, b} if C is svelte
and has split idempotents [43], though we shall not use this).

An exact functor F': A — C between exact categories induces a natural map on
i-fold extensions and hence natural maps Ext’y(M, N) — ExtS(FM, FN). If F is
a perfectly exact functor, these maps are isomorphisms for ¢ < 1.

Lemma. If C is a small exact category, then the natural maps ExtiC(M, N) —
Exte. (9(M), (N)) for M, N in C' are isomorphisms.
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Proof. If C has enough projectives, this follows since one may choose a projective
resolution P* — M — 0 in C and compute

Ext’(M, N) = H'(Hom(P®, N) = H (Hom(¢p(P*), p(N)) = Ext’(¢(M), $(N))

noting ¢(P*) — ¢(M) — 0 is a projective resolution in C* since ¢ is exact and
preserves projectives. This case is adequate for the applications in this paper.

In general, for 7 < 1 this follows since ¢ is perfectly exact. For ¢ > 1, use the
terminology of “morphisms with fixed ends between i-fold extensions” and related
facts from [40]. One first deduces from B.8.1, that if E is an i-fold extension of
¢(M) by ¢(N), there is an i-fold extension E’ of M by N in C and a morphism
¢(E') — E with fixed ends. This implies at once that the given maps between
Ext’-groups are epimorphisms. To show they are monomorphisms, suppose E is an
i-fold extension of M by N in C such that the class of ¢(F) is zero. By [40], there
are morphisms of i-fold extensions 0 «— F' — ¢(E) with fixed ends where

0:0=¢(N) = ¢(N) =0—---—=0—¢(M) = ¢(M) =0
represents the zero element of Ext’(M, N). By above, there is a morphism ¢(F’) —
F with fixed ends and hence morphisms 0 L o(F') L5 ¢(E) with fixed ends. Since

¢ is perfectly exact, this gives a sequence of morphisms 0 L P % Ein C' with
fixed ends which satisfies ¢(f) = f' and ¢(g) = ¢’. This implies the class of E is
Z€ro. (]

B.11. For the following facts about splitting idempotents in exact categories, cf
[52, A.9.1].

Any additive category C has a “Karoubianization” F: C — C’ i.e. an additive
functor F' from C to an additive category C’ in which all idempotents split, such
that any additive functor G: C — D where D is additive with splitting idempotents
factors as G = G'F for some additive functor G’: ¢/ — D which is unique up to
natural isomorphism. Moreover, F' is full and faithful, and any object in C’ is a
direct summand of an object of the strict image of F'. (Because of a misprint in [52,
A.9.1], we recall the construction of F. The objects of C are pairs (M, e) with M an
object of C' and e an idempotent morphism of M. A morphism g: (M,e) — (N, f)
in C’ is a morphism g: M — N in C satisfying fg = ge = g, and F is determined
on objects by F(M) = (M,Idy;) for M in C.)

If C is an exact category, C’ has a natural structure of exact category making
F perfectly exact (regarding F' as an inclusion, the exact sequences in C’ are those
which are direct summands of exact sequences in C). If C' is a small exact category,
one can take C’ to be the full additive subcategory of all direct summands of objects
in the strict image of ¢: C' — C*, and F': C — C' to be the restriction of ¢ (as
follows from the proof in loc cit).

Remarks. If C is small with splitting idempotents, then by [52, A.7.16], a morphism
fit M — N in C is an admissible epimorphism iff ¢(f): ¢(M) — ¢(N) is an
epimorphism in C*.

B.12. Functoriality of the Gabriel-Quillen embedding. In the next several
subsections, we discuss functoriality of the Gabriel-Quillen embedding with respect
to right exact functors between small exact categories (cf [52, A.8.2], where the
discussion is limited to exact functors).
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Suppose that T: C — D is a covariant right exact functor between small ex-
act categories C and D. For F in D*, the composite (contravariant) functor
T*(F) := FT: C — Z is left exact i.e. is an object of C*, by the discussion in
B.5. Given a morphism (natural transformation) n: F — G in D*, define the nat-
ural transformation T*(n) = nT: F* — G* with components T*(n). = nr.. This
makes T : D* — C* into a functor. We claim that T* is left exact. Indeed, suppose
that 0 — H L K S L is a left exact sequence in D* i.e. for any object d of D,
1ng = ker €4 in Z-Mod. Then for an object ¢ of C, nr. = ker ep, which implies that
0—-T"H T, T*K 2% T*L is exact in C*.

Now given another right exact functor S: D — E between small exact categories,
one has (ST)* = T*S*. To summarize,

B.12.1. The assignment X — X™* described above defines a contravariant func-
tor from the category of small exact categories and right exact functors to the
“category” of abelian categories and left exact functors (we write “category” for a
category possibly without small Hom-sets).

It is not difficult to check the following fact (cf [40, V.4])

B.12.2. If S: D — C is left adjoint to T: C — D and both S, T are right exact,
then S* is left adjoint to T*. If the unit 1 — TS (resp., counit ST — 1) of
the adjoint pair (5,7 is a natural isomorphism (and hence S (resp., T') is a full
embedding) then the unit (resp., counit) of the adjoint pair (S*,7*) is a natural
isomorphism.

In fact, the triangular identities for the unit and counit of the adjoint pair (S, 7))
imply the triangular identities for (S*,T*). We also record:

B.12.3. Let R: C — D be another right exact functor and v: R — T be a natu-
ral transformation. For F' € D*, one has a natural transformation Fv: T*(F) —
R*(F) of functors in C* with components (Fv). = F(v.): FT(¢) — RT(c). More-
over, these natural transformations Fv for FF € D* form the components of a
natural transformation v*: T% — R*.

B.13. The Proposition below follows from the special adjoint functor theorem
exactly as in [52, A.8.2], so we do not repeat the proof.

Proposition. Suppose that T: C — D is a right exact functor between small exact
categories. Then T*: D* — C* has a left adjoint T,.: C* — D* and the diagram

c—2>p

J/d)C \L¢D
F
C* _ D*
is commutative up to natural isomorphism.

B.14. Tt follows from the essential uniqueness of adjoints that the maps C +— C*
and T +— T, defines a covariant functor from the category of small exact categories
with right exact functors (up to natural isomorphism) as morphisms to the “cate-
gory” of abelian categories with right exact functors (up to natural isomorphism)
as morphisms. Properties of adjoints also imply that a natural transformation
n: S — T between right exact functors C' — D induces a natural transformation
N Se — Ty (the “conjugate” of n*: T* — S*, see [38]) in a natural way.
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B.15. We find it convenient to extend 7" +— T* and T +— T, to functors defined
on the category of svelte exact categories, with morphisms right exact functors
up to natural isomorphism. This can be accomplished by choosing for each svelte
exact category C' an equivalent small exact category Cy and defining C* := Cjj. By

abuse of notation, we write ¢ for the composite C' =R Cop — C; = C* and still
call ¢¢ the Gabriel-Quillen embedding. Similarly, if D is a svelte exact category
equivalent to the small exact category Dy, replace a right exact functor 7: C' — D
with a right exact functor T: Cy — Dy compatible with T" under the equivalences
C = Cy, D= Dy and set T* = (Ty)*, Tx = (Tp)«- In the body of the paper, rather
than do this explicitly, we always tacitly assume that any svelte exact category we
consider is to be replaced by an equivalent small exact category.

B.16. Grothendieck Group. Let C be a svelte exact category. The Grothendieck
group Ko(C) of C is defined to be the abelian group with generators [M]c for
(isomorphism class of) objects M of C' with relations [M]c = [M']¢ + [M"]¢ for
each short exact sequence 0 — M’ — M — M" — 0 in C. We often abbreviate
[ ] by [ ] when the category C' is fixed.

An exact functor F': C — D between exact categories induces a group homo-
morphism Ko (F): Ko(C) — Ko(D) determined by [M]¢c — [FM]p.

APPENDIX C. APPENDIX: DIAGONALIZABLE RINGS AND MODULES, AND
CATEGORIES WITH AUTOMORPHISMS

This appendix contains a more detailed discussion of categories over GG and di-
agonalizable G-graded rings and modules, as introduced in 1.10. Generally, we do
not provide proofs when these are straightforward modifications of proofs of corre-
sponding facts about graded or ungraded unital rings as can be found in standard
references such as [12] or [2]. However, the following remarks may be helpful to the
reader. Many general facts about unital G-graded rings can be found in [42]. The
notion of trivially graded J-diagonalizable ring is equivalent to the notion of a small
additive category with J as its set of objects, in such a way that diagonalizable left
(resp., right) modules correspond to covariant (resp., contravariant) functors on the
category with values in abelian groups; the references [26] and [41] actually give, in
this alternative language, most of the facts we use about trivially graded diagonal-
izable rings and their modules. In general, for a G-graded J-diagonalizable ring A,
the category A-mod of graded diagonalizable A-modules is equivalent to the cate-
gory B-Mod of diagonalizable B-modules for some ungraded G x .J-diagonalizable
ring B (see C.6). Most of the results we give for G-graded diagonalizable rings are
actually equivalent to their special cases for trivially graded diagonalizable rings,
so the reader may wish to assume G = {Id} in reading the paper. However, we
state most of our results in the graded setting since the description in terms of
B-Mod loses track of the natural automorphisms provided by grading shifts on
A-mod (which are essential for deeper study of the motivating examples) and is
inconvenient for applications in that it uses the unnecessarily “large” ring B.

C.1. Categories over G. Let B be an additive category, G a multiplicative group
(always abelian in applications, though we do not assume this) and {T}},ecc be a
fixed family of functors T,: B — B with T, = Idg and T T}, = T, (we say for
short that B is an additive category over G). For a class C' of objects in B, or a
subcategory C of B, addg C = add C denotes the full additive subcategory over G
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of objects M in B such that M & N = @I ; M;(g;) for some objects M; in C, N in
B and some g; € G.

For M, N in B, we define we define the G-graded Z-module hompg (M, N) with
hom(M, N), = Homg(M,TyN). One has associative, bilinear composition maps

hom(N, P)y x hom(M, N);, — hom(M, P)p,
induced by the usual maps
Hom(T,N,T,T,P) x Hom(M,T,N) — Hom (M, T}, P).

These maps make end(M)°P := hom(M, M)°P a G-graded ring and hom(M, N) a
graded (end(M), end(NV))-bimodule.

We say that B is an abelian or exact category over G if the T, are exact functors.
We may than define similarly ext% (M, N) with ext?(M, N), = Ext’; (M (g), N) and
associative, bilinear “graded Yoneda product” maps

ext? (N, P)g x ext'(M, N) — ext™ (M, P)pg

induced by the usual Yoneda product.
A covariant functor F' between categories over G will be called a functor over G
if FT, = T4F for all F.

Remarks. Instead of assuming strict equalities 1T} = Tyn, 11, = Id in the def-
inition of category over G, it would be enough to require the existence of “co-
herent” natural isomorphisms 7,1}, = T, and Ti, = Idg. The coherence con-
ditions stipulate that for all g, h, k in G, the evident composite natural isomor-
phisms TgTth — Tgth — Tghk and TgTth — TgThk — Tghk coincide, that
T,T. = T,Id = T, coincides with T,T, = T,, = T, and that T.T, = IdT, = T,
coincides with T.T, = T., = T,. Similarly, one can extend the notion of functor
over G.

All the constructions and results of this paper extend to categories and functors
over (G in this more general sense. Though this extension may be strictly necessary
in some applications, we leave details to the interested reader.

C.2. Diagonalizable rings and modules. Let J be a set and G be a group. We
identify the opposite group G°? with G as a set. By a G-graded, J-diagonalizable
ring A, we mean a (possibly non-unital, associative) G-graded ring A (A = @,A4,,
AgAn, C Agp) with a given family {ef}jeJ C A, of homogeneous orthogonal
idempotents of A such that A = EBi,je{‘Aef. We usually abbreviate e; = eZ'. The
family {e;},cs is regarded as part of the data defining A, but we often will not
introduce a specific notation for the index set J unless required for clarity. The
opposite ring A°P has a natural structure of G°P-graded, J-diagonalizable ring with
(A°P), = A, as sets. A homomorphism A — B of G-graded J-diagonalizable rings
is a ring homomorphism f: A — B satisfying f(A4,) C By and f(ej‘) = ef.

Let A be any G-diagonalizable, J-diagonalizable ring A. Note that if {fx}x
is another family of orthogonal idempotents of A such that A = ®fiAf; and
eifx = fre; for all 7, k, then a graded A-module M satisfies M = ®;e; M iff it
satisfies M = @y, fi M, since both conditions are equivalent to A = @; ye; fr M. A
G-graded A-module M (i.e. M = @gecqM, with AyMy C My,) will be called di-
agonalizable if M = ®;e; M. Graded modules M over A not necessarily satisfying
M = ®icjgeceiMy will be called possibly non-diagonalizable graded A-modules.
We denote the full abelian subcategory of the category of G-graded A-modules
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consisting of the diagonalizable G-graded A-modules by A-mod. A morphism
f: M — N in A-mod is an A-module homomorphism preserving the G-grading
ie. f(My) € Ngy. In general, a G-graded diagonalizable ring A has an underlying
diagonalizable ring (forgetting the G-grading on A) and we shall write A-Mod for
the category of diagonalizable A-modules.

The category A°P-mod will frequently be identified with the category of G-graded
right A-modules M satisfying M = ®;Me;.

Observe that if J is finite, then 14 = ZjEJ e; is an identity element of A,
that homomorphisms of G-graded, J-diagonalizable rings preserve their identity
elements and that A-mod (resp., A-Mod) is the usual category of unitary G-graded
A-modules.

A graded A-module is said to be graded Noetherian if it satisfies the ascending
chain condition in A-mod, and A itself is said to be (left) Noetherian if finitely
generated graded A-modules are graded Noetherian (or equivalently, Ae; is graded
Noetherian for all 4). Recall that

C21. If M - M’ — M" is an exact sequence in A-mod for a ring A, then M is
Noetherian if M’ and M" are both Noetherian.

C.3. Let A be a G-graded, J-diagonalizable ring. For g € G, there is an exact
grade-shift functor T,: A-mod — A-mod defined on objects by setting Ty M equal
to M as ungraded A-module, with gradation (T,M)h = M},. Then T, = Id and
TyTy = Tyn. We often write M(g) = T,~1 M. The family {T;}4cc makes A-mod
into an abelian category over G, so we may define homa.moa(?,?) and ext$_ 4(7,7).
Observe also that add 4{Ae;} is the full subcategory of A-mod consisting of f.g.
graded projective A-modules.

If K is another set and B is another G-graded K-diagonalizable ring, then by a
(A, B)-bimodule we mean a G-graded abelian group N with commuting left A and
right B-module structures making N a graded (A, B)-bimodule (i.e. A;NpBj C
Nghi) and satisfying N = @j,kefNekB. Using hom in place of Hom, many standard
properties of modules and bimodules extend to this setting, and will be used without
special comment. For example, N®p?: B-Mod — A-Mod has a right adjoint given
by @) homa(NeB ?), and A®4? =2 1d = &, hom(Ae;, ?): A-Mod — A-Mod.

C.4. Let A be a G-graded, J-diagonalizable ring. Note that the exact inclusion
functor from A-mod to the category of all G-graded A-modules has an exact right
adjoint given on objects by M — @je; M = Zj Ae; M. This implies that A-Mod
is complete; limits in A-mod may be computed by first computing the limit in the
category of all G-graded A-modules and then applying the above right adjoint.

Observe also that a direct sum in the category of all G-graded A-modules for a
family of objects in A-Mod lies in A-mod and hence gives their direct sum in A-mod.
It follows that A-mod has exact filtered colimits. Since A is clearly a projective
generator for A-mod, one may conclude by general properties of abelian categories
(see e.g. [40]) that A-Mod has injective envelopes and an injective generator.

C.5. Many of the diagonalizable rings and modules we consider arise in the fol-
lowing way. Given a family M := {M;},c; of objects of a fixed additive category
C over G, the abelian group A := &; je;home(M;, M;) has a structure of J-
diagonalizable ring with e; = Idu,, e;Ae; = hom(M;, M;) and multiplication map
e;Ae;j x e; Aey, — e;Aey, given by composition (f, g) — ¢f in hom-sets. By abuse of
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notation, we denote this ring by A = ende(IM)°P. If H is a (covariant, say) functor
from our fixed additive category to another additive category, we sometimes write
H(M) i= {H(M;)}e).

If N = {Ni}lrex is another family of objects of C, B := end(N) is a K-
diagonalizable ring and &, , hom(M;, Ni) has a natural structure of graded (A, B)-
bimodule L with e]ALekB = hom(M,, Ni). Again by abuse of notation, write
L = hom(M,N). Similarly, we have an (A, B)-bimodule ext’(M,N) if B is an
abelian or exact category over G. In particular, if K (resp., J) is a singleton, we
may regard ext’(M, ?) (resp., ext?(?,N) as a covariant (resp., contravariant) functor
C — A-mod (resp., C'— B-mod).

If G above is trivial, we usually write L = Hom¢(M,N), A = End¢(M)°P,
Ext’(M, N) etc.

C.6. Let A be a G-graded, J-diagonalizable ring. Consider the family M :=
{Ae;(9)}(j.g)erxa of objects of A. We have a J x G-diagonalizable ring B :=
End A_mod(M)°P with

ep,gBegn = Homa moa(Aep(g), Aeq(h)) = (epAeq)gn-1-
Regarding this as an identification, the multiplication map
ep,gBeqn X eqgnBerr — ep gBer i
identifies with the multiplication

(epAeq)gn-1 X (eqAer)pp-1 — (epAey) g1

in A.

We define a B-module structure on any object M of A-mod, making M an object
of B-Mod as follows. Note M = @; 4e;M,. Set e; oM = e;M,, and define the B-
module multiplication by the map e; ,Be; 4 X €j M — e; , M which identifies with
A-module multiplication (e;Ae;)py-1 x ejMy — e;My,. One can easily check that
every B-module arises in this way from a uniquely determined A-module structure
on its underlying set, and that if N is another object of A-mod, a function f: M —
N is a morphism in A-mod iff it is a morphism in B-Mod. Hence one has an
isomorphism of categories A-mod = B-Mod. (Note that non-isomorphic G-graded
J-diagonalizable rings A, A’ may produce isomorphic G x J-diagonalizable rings B,
B’; this simply corresponds to the possibility of different actions of G on B-Mod.)

In particular, suppose that C' is an additive category over G and M = {M,},cs
is a family of objects of C'. We have another family M’ := {M;(g)}j,g)esxq in C.
If A :=ende(M)°P above, then one sees immediately that B = End(M’) as J x G-
diagonalizable ring. Hence end(M)°P-mod = End(M’)°P-Mod in this situation;
regarding this as an identification, the functor hom(M,?): C — end(M)°P-mod
identifies with Hom(M',?): C' — End(M’)°P-Mod, etc.

C.7. If Ais a G-graded diagonalizable ring, then A-mod has infinite direct sums
and a set {Ae; }; of small projective objects, the family of translates of which form
a set of generators. Conversely, we have the following result, which, in case Q is
a singleton and G is trivial, reduces to a standard characterization [2, Chapter II,
(1.3)] due to Mitchell and Gabriel of the categories of unitary modules over unital
rings, amongst the abelian categories. The proof in general is essentially the same
as in loc cit so it won’t be given here.
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Proposition. Suppose that B is a cocomplete abelian category over G with a set of
small projective objects Q = {Q;}i such that the set of translates of projectives in Q
forms a set of generators for B. Then the functor hom(Q,?): B — end(Q)°P-mod
is an equivalence of abelian categories.

C.8. The following general fact is of basic importance in this paper.

Proposition. Suppose that C' is an exact category over G with a family Q =
{Q;}jes of projective objects such that for any M in C, there is an admissible epi-
morphism @@ — M with @) in add Q. Then there is an equivalence o: C* = A-mod
where A := end(Q)°P under which ¢¢ identifies with p = pc :=homg(Q, 7).

Proof. The translates of objects in P := ¢(Q) form a generating set of small pro-
jectives in C* by B.9(a). By C.7, @ := hom(P,?): C* — A-mod is an equivalence.
Then ¢ corresponds to ¢ := a¢ = home(d(Q), ¢?) = home(Q,?) since ¢ is full
and faithful.

It is convenient to have more explicit descriptions of @ and an inverse equivalence
B. For G in C*, let G(Q) be the object of A-mod with e¢;G(Q), = (GT,-1)(Q;)
and module structure

(exAej)g x €;G(Q)n — ¢;G(Q)gn

given by (f,m) — ((GThq)(f))(m) if f: Ty-1Qr — Q; and m € (GT,-1)(Q;). By
the Yoneda lemma, one has

(C8.1) o(G) = hom(6(Q), &) = G(Q)
for any G € C*. Define B¢ = : A-mod — C* by
(C.8.2) B(N)(M) = Homa(p(M), N)

for N in A-mod and M in C (note 3(V) is left exact since @ is exact and Hom(?, N)
is left exact). Then

a(B(N)) = (B(N))(Q) = &; hom(p(Q;), N) = &; hom(Ae;, N) = G;e;N = N
naturally in N, and [ is an inverse equivalence to a. O

C.9. Let C be a split exact category over G with a class Q = {Qg}trex of
objects such that ¢ = addQ. Set A = end(Q)°P. There is an equivalence
¢ = hom(Q,?) of C with a full additive subcategory of add {Aey}recx. (This
is a special case of C.8, but also follows more directly since the natural map
home (M, N) — homy(pM, pN) is an isomorphism for M = Qr and N = Qy.)
Dually, ¢’ = hom(?, Q) induces a contravariant equivalence between C' and a full
additive subcategory of add {exA}rex in A°P-mod. Letting p: add {Aeg}rex —
add {ex A}rck be the standard contravariant equivalence &,Hom(?, Aer) between
f.g. left and f.g. right projective graded A-modules, we have

¢ = pp.
Indeed, the right hand side is just @y hom 4 (¢?, ¢Qk) = @&y hom(?, Qk).
C.10. Let C be a full additive subcategory over G of an exact category B over
G. We regard C as a split exact category and assume C' = add Q for some set

Q = {Qr}trex of its objects. Set A = end(Q). The following simple fact is basic
for the construction of projective objects in stratified exact categories.
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C.10.1. Let N be in B and f: F — ext!(N,Q) be a map in A-mod, with F f.g.
projective. Assume there is an isomorphism g: hom(P,Q) = F for some P in
add Q (this holds if F' is isomorphic to a finite direct sum of translates of modules
Ae;j for various j € J, or if idempotents split in C). Then there is a short exact
sequence 0 — P — N’ — N — 0 in B inducing a commutative diagram

hom(P, Q)
F ! ext'(N, Q)

in A-mod.

To see this, note that for any N, P in B,there are homomorphisms
(C.10.2) ext! (N, P) — hom 4 (hom(P, Q),ext' (N, Q))
natural in V and P. For P = @, this map is the isomorphism

e; M = hom g-moa(Ae;, M)

for M = ext!'(N,Q). It follows that in general the above homomorphism is an
isomorphism for all P in add Q and all NV in B, and this proves the fact.

C.11. Let R be a commutative, unital Z-graded unital ring where Z is a subgroup
of the center of a group G. We regard R as a G-graded ring with R, = 0 for
g € G\ Z. We say that a G-graded, J-diagonalizable ring A is an R-algebra if there
is a given G-graded R-module structure on each set e;Ae, = @, (e;Aey)y making
the multiplication e;Aey, x epAe; — e;Ae; a R-bilinear map for all j, £ and [ in J.

An additive category C over G will be said to be a R-category if all groups
hom(M, N) with M, N in C have a given structure of graded R-module (compatible
with their natural structure of graded abelian groups) making composition maps
R-bilinear. In particular, end(M)°P is an R-algebra for any family of objects M of
C. If C is an abelian or exact category, then ext!(M, N) is also a graded R-module
and the graded Yoneda product is R-bilinear.

If A is a G-graded, J-diagonalizable R-algebra, then any object of A-mod has
a natural graded R-module structure and homomorphisms in A-mod are automat-
ically homomorphisms of graded R-modules. It follows that A-mod has a natural
structure of R-category.

C.12. Projective dimension and extensions. Let A = ®; jer geceidge; be a
G-graded ring. The graded projective dimension of a graded left A-module M is
the minimum length of all graded projective resolutions of M; we denote it by
proj.dim. M. The left graded global dimension gr.gl.dim. A of A is defined as the
supremum of the graded projective dimensions of all graded left A-modules. If A
is left and right graded Noetherian, the left and right graded global dimensions of
A coincide.

Proofs of the following facts are essentially the same as those in the ungraded or
Z-graded cases to be found in [14], [15] and [21].

Fix I C L. Abbreviate eM = >, ;e;M, Me = ), Me; for a left or right
A-module, AeM = @;Ae; M, AeA = @icrAe; A, eAe = @; jere;Ae; ete.
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C.12.1. For a graded left A-module M, AeM is a graded projective A-module iff e M
is a graded projective eAe-module and the multiplication map Ae®¢a.eM — AeM
is an isomorphism of graded A-modules.

C.12.2. Suppose that the ideal J = AeA is projective as both left and right graded
A-module. Then gr.gl.dim. (4) < max(2 + gr.gl.dim. A/J, gr.gl.dim. eAe).

C.12.3. If J = AeA with J projective as graded left A-module, the natural maps
0;: extf;/J(M, N) — exty (M, N) are isomorphisms for all A/J-modules M, N.

C.13. Tilting modules. A family T := {Te;},c of graded modules for a G-
graded ring A = @, jer geceiAge; will be called a full family of tilting modules for
A if there exists an integer IV such that each T'e; has a graded projective dimension
of length at most N by f.g. projective A-modules, if for each j € L there is an
exact sequence 0 — Ae; — T9 — ... — TN — 0 with 7% € add {Te;};, and if
exth (T'e;,Te;) = 0 for p > 0. If L is finite, then @;c;Te; is a full tilting module
for the unital ring A in the standard sense.

Let T be a full family of graded tilting modules for A, and define the G-graded
ring B := end(T)°?, so 7 := @;T; is naturally a graded (A, B)-bimodule. Let
D’(A-mod), D’(B-mod) be the bounded derived category of A-mod and B-mod re-
spectively; they are naturally triangulated categories over G, with automorphisms
G induced by grading shifts. The argument [8] from the ungraded setting ap-
plies mutatis mutandis to show that the right derived functor Rhomy(T,?) of
@; hom 4 (Te;,?) induces an equivalence D’(A-mod) — D°(B-mod) of triangulated
categories over (G, with inverse equivalence induced by the left derived functor
T®L?. Moreover, the family T/ := {®,e;7} of B°P-modules is a full family of
graded tilting module for B°P, with end gop (T”) = A°P.

C.14. 1In our applications, tilting modules arise in the following way.

Proposition. Let C' be a small exact category over G for which there exists an in-
teger N such that every object of C' has a projective resolution of length at most N
and an injective resolution of length at most N. Choose a family of projective (resp.,
injective) objects P’ := {P;} (resp., Q' := {Qr}) so every object of C has a pro-
Jective (resp., injective) resolution of length at most N by objects of add P’ (resp.,
addQ’). By C.8, C* =2 A-Mod where A := end(P’)°? and (C°P)* = B°P-mod
where B = endgoer(Q) = endc(Q’) = end(T’)°P. Then the (A, B)-bimodules
T := {hom(P,Qx)}r constitute a full family of tilting modules inducing equiva-
lences D°(A-mod) = DP(B-mod) and D°(B°P-mod) = D’(A°-mod).

Proof. We need only verify that T’ is a full family of tilting modules in the sense
of C.13. The projective (resp., injective) objects of C' coincide with the objects
of add P (resp., add Q). Therefore, applying hom(P,?) to an injective resolution
of P; and a projective resolution of @} in C gives existence of resolutions as re-
quired. Now for any object M of C, B.10 implies that ext’) (hom(P’, (M), Te;) =
exth (M, Q) = 0 for p > 0 since Qy, is injective in C. In particular, this implies that
ext’ (Teg,i, Tey ;) =0 for p> 0. O

C.15. Radicals of graded rings and modules. For a G-graded diagonalizable
ring A = @, jer gec €idge; and graded A-module M = ©&M,, the radical rad M
of M is defined as the intersection of all maximal graded submodules of M. One
has rad (M (g)) = (rad M){g). A homomorphism f: M — N of graded A-modules
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restricts to a homomorphism rad M — rad N, and so rad (M & M’') = rad M @
rad M’. If N is a submodule of rad M, then rad (M/N) = (rad M)/N.

The graded Jacobson radical of A is the intersection of all maximal graded left
ideals of A, i.e. J:=rad 4A. We call A/J the residue ring of A (even if it is not a
division ring).

Note that any simple object in A-mod is isomorphic to (Ae;/I){g) for some
maximal submodule I of Ae; and some g € G. Moreover, any maximal left ideal
of A is of the form @;x;Ae; ® I for some i and some maximal left ideal I of Ae;,
so J = @;rad Ae;. Using these observations, standard facts about the Jacobson
radicals of unital ungraded rings (and their proofs, see e.g. [12]) apply mutatis
mutandis in this situation. For example, J is the intersection of the maximal
graded right ideals of A, so J is a two sided ideal of A. Also, J is the intersection
of the annihilators of all simple graded left A-modules.

Note that for i € L, e;Ae; is a G-graded ring with identity e;. We will use
frequently the following characterizations of the radical:

C.15.1. for 4,5 € L and g € G, e;Jq4e; consists of those elements z of e;Age; such
that e; — ax (resp., e; — axb) has a left inverse in ejA;e; (resp., inverse in e;A1e;)
for all a € ejA,-1e; (vesp., a € ejAye;, b € e;jAse; with pgg = 1 where 1 is the
identity of G).

We will also use various special cases of the following general fact:

C.15.2. Suppose that {fx}rek is a family of homogeneous orthogonal idempotents
of A with fre; = e; fi for all 4, and H is a subgroup of G. Then one has a H-graded
K-diagonalizable ring B = ®; jex ®nen [iAnf; and rad B = ®; jex ®nen fiAnfj.

Indeed, the characterization of radicals in terms of left inverses proves the claim
in the special case in which {fx} C {e;}. In general, this proves that for K’ C K,
one has &; jex’ ®nen fi(rad B)f; = rad (& jex fiBnf;) and shows it is enough
to prove the claim with K replaced by any of its finite subsets (of cardinality 1 or
2). So now we assume that K is finite. But then one may regard A (resp., rad B)
as a diagonalizable ring with respect to the orthogonal idempotents {e;fx}:r U
{ei = >k eifr}i (vesp., {e€;fr}ix) without changing A-mod or rad A (resp., B-mod
or rad B) and the claim reduces to its previously considered special case (with K
possibly infinite again).

In particular, the above fact implies that Ji, is the Jacobson radical of the
trivially graded L-diagonalizable ring A, and e;Je; is the Jacobson radical of the
G-graded unital ring e; Ae;. If G is an additive ordered ordered group (e.g. Z) and
A = ®g>04, is positively graded, then J = J; ® Ao where Aso = @044, and
similarly for the radical of a positively graded module M = ®4>¢M, over A.

C.16. Nakayama’s lemma. For a G-graded ring A with graded Jacobson radical
J, the Jacobson radical of A/J is zero, and for any A-module M, we have JM C
rad M. Hence one gets Nakayama’s lemma: if M is a f.g. graded A-module with
rad M = M (e.g. JM = M) then M = 0.

It follows that if f: M — N is a map of f.g. graded A-modules with M/JM —
N/JN an epimorphism, then f is an epimorphism.

This in turn implies (see e.g. [2]) that the functor 6: add A — add A/J given
on objects by @ — Q/JQ has the following property: if f: Q@ — Q' with Q,Q’ in
add A and 0(f) is an isomorphism then f is an isomorphism. In particular, 6 is
injective on isomorphism types of f.g. graded projective A-modules.
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C.17. Basic semiperfect rings and projective covers. A graded diagonaliz-
able ring A = @; jer geqeiAge; will be called a basic semisimple ring if for each
i, Ae;A = e;A = Ae; = e;A1,e; and this ring is a trivially-graded division ring.
Clearly, the Ae; then form a full set of isomorphism classes of simple A-modules, and
any module in A-mod is completely reducible. We will say that A = ®; ; se;Age; is
a basic semiperfect ring if A/J is basic semisimple, where J is the Jacobson radical
of A.

Fix a G-graded basic semiperfect ring A. By the discussion in C.16, any f.g.
projective A-module is a direct sum of copies of modules Ae;{g) with uniquely-
determined finite multiplicities. Moreover, end4(Ae;) = (e; Ae;)°P has graded rad-
ical (e;Je;)°P, and (e;Ae;/e;Je;)P = endy,5(Aei/Je;) = ei(A)J)e; is a trivially
graded division ring. i.e. end4(Ae;)°P is a local ring with trivially graded residue
ring.

Now since A/J is semisimple, rad M = JM for any graded A-module M. If
M is a f.g. A-module, a standard argument shows that a map Q — M with Q
in add A is a projective cover for M if the induced map Q/JQ — M/JM is an
isomorphism; in particular, one may choose an isomorphism Q/JQ = M/JM for
some @ in add A and lift the composite Q@ — Q/JQ — M/JM to a projective cover
Q@ — M of M. Hence any f.g. graded module for a basic semiperfect ring has a
projective cover.

C.18. Local rings. Let R be a unital G-graded ring. We shall say that R is a
graded division ring if every non-zero homogeneous element of R is invertible. We
call R a graded local ring if the following three equivalent conditions hold

(a) R/J is a graded division ring, where J is the graded Jacobson radical of R
(b) R has a unique maximal graded left ideal
(¢) the homogeneous non-units of R generate a proper ideal of R.

Note that R is a graded local ring iff Ry is local as an ungraded ring.

C.19. We have the following simple relationships between graded and ungraded
modules over Artinian rings.

Lemma. Let R be a graded unital ring which is left Artinian as graded ring. Let
J denote the Jacobson radical of R as graded ring. Assume that R/J is a trivially
graded semisimple ring. Then J coincides with the Jacobson radical J' of R as
ungraded ring; if R is a graded division ring, it is also a division ring as ungraded
ring. For any graded R-module M, the radicals rad M of M as graded module and
Rad M of M as ungraded R-module coincide. Similarly, the socles of M as graded
or ungraded R-module coincide. Finally, M has a unique maximal (resp., unique
simple) submodule as graded module iff it has a unique mazimal (resp., unique
simple) submodule as ungraded module.

Proof. 1t is well known that J’ contains any nilpotent ideal of R, and that if R
is ungraded Artinian, then J’ is the largest (under inclusion) nilpotent ideal of R.
Since R is Artinian as graded ring, one has similarly that .J is the largest nilpotent
graded ideal of R. Hence J C J’, so Rad R/J = J'/J = 0 since R/.J is semisimple.

Now one has J'M C Rad M and JM C rad M in general. Since M/JM is a
graded R/J-module, it is semisimple as graded or ungraded R-module and thus
0=rad (M/JM) = (rad M)/JM =0 and 0 = Rad (M/J'M) = (Rad M)/J M.
Therefore rad M = JM = J'M = Rad M.
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A graded (resp., ungraded) R-module is semisimple iff it is annihilated by J.
Hence the socle of a graded R-module M as either graded or ungraded R-module
is {m € M|Jm = 0}.

Simple graded R-modules are simple as ungraded R-modules, so the length of a
composition series of a graded R-module N as graded module is the same as the
length of a composition series of N as ungraded module. The final claim follows
by applying this observation to the head M/rad M (resp., socle) of M as (graded
or ungraded) R-module. O

Remarks. The ring R/J is a trivially graded semisimple ring if R is (unital and)
basic semiperfect.

C.20. Proof of Lemma 1.39. Let J denote the radical of A. For any i, e;Ji,€e; is
the radical of the local ring e; A e; = End(M;)°?. We now show that e;Age; C J
ifi#jorg#1. Let feeAge;. If f¢&J, there exists f € ejA,-1e; s0 e; — ff'
is not left invertible in e; A;e;. Since e; Aie; is local, this means ff'k = e; for some
k € e;Aqe;. This implies that the homomorphism f: M;(g) — M; has a left inverse.
Similarly, f has a right inverse and hence an inverse. Thus, M;(g) = M;,soi=j
and g =1

Hence we have the decomposition A/J = @;e;(A/J)1e; with e;(A/J)1e; =
End(M;)°P /Rad End(M;)°P a division ring, and A/.J is basic semiperfect as claimed.
The claims 1.39(a)—(c) follow.

Now for 1.39(d), consider the full and faithful functor (cf C.9) given by « :=
hom(M, ?)add M — A-mod. The family a(M) is a Krull-Schmidt family in A-mod
and idempotents split in A-mod. By the Krull-Schmidt theorem [2], any object in
add «(M) is a direct sum with uniquely determined multiplicities of translates of
objects a(M;). Since any such object is clearly in the strict image of a, 1.39(d)
follows.

C.21. Suppose that A is a Noetherian graded local ring with graded Jacobson
radical J and that k := A/J is a trivially graded division ring. Then

C.21.1. A f.g. graded A-module M is projective if and only if tor{ (k, M) = 0.

To see this, choose an exact sequence 0 - L — P —- M — 0so f: P — M is
a projective cover of M i.e. so f induces an isomorphism k®4 P 2 k®4 M. If
tor{!(k, M) = 0, then application of k® 47 to the short exact sequence above gives
another short exact sequence, so k ®4 L = 0 ie. L/JL =0 and thus L = 0 by
Nakayama’s lemma.

Now suppose in addition that A is commutative, so k is a field above, and that
A is Noetherian even as ungraded ring.

C.21.2. Af.g. graded A-module P is projective iff its localization P; at the maximal
ideal J of A is a projective A j-module.

For tor” (ky, Nj) & tor{(k, N); is zero if and only if
tors' (k, N) s /J tor(k, N) s = tor{(k, M)/ .J tor{ (k, M)

is zero, by Nakayama’s lemma. The last module is zero iff tor{'(k, M) = 0, by the
graded version of Nakayama’s lemma.
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C.22. Semisimple rings. In this final subsection, we record some facts which are
useful in extending some of the results of this paper to the more general situation
mentioned in Remark 1.39. The (standard) proofs will not be given (but see [26]
and [41] for many of them if G is trivial).

Let us say that a graded, diagonalizable ring A is semisimple if A is completely re-
ducible as left A-module, or equivalently, every M in A-mod is completely reducible.
Let us say that A is simple if it is non-zero, semisimple and has no non-trivial proper
two-sided ideals (or equivalently, any two simple left A-modules are isomorphic up
to degree shift). Finally, say that A is semiperfect if A/J is a semisimple ring as
defined above and every homogeneous idempotent of A/.J lifts to a homogeneous
idempotent of A.

Given G-graded L-diagonalizable rings I,, (with idempotents {e!'};cr) such that
for fixed i € L, €? € I, is non-zero for only finitely many p, the direct sum @1, is
naturally a G-graded L-diagonalizable ring with respect to the idempotents e; :=
>~ e, and the I, are two-sided ideals of @,1,,.

Proposition. (a) Any G-graded L-diagonalizable semisimple ring A is a direct
sum @pl, as above of G-graded, L-diagonalizable simple rings I,,. Regarded
as two-sided ideals of A, the I, are uniquely determined.

(b) If A is a G-graded, L-diagonalizable simple ring, then there is G-graded
division ring D and a family M = {M;};,cr, of f.g. graded D-modules
(unique up to isomorphism and simultaneous degree shift) such that A =
end(M)°P as G-graded, L-diagonalizable ring.

(¢) If A is a graded semiperfect ring with graded Jacobson radical J, then a
map P — M with M a f.g. module in A-mod and P projective in A-mod
is a projective cover of M iff it induces an isomorphism P/JP — M/JM;
in particular, M has a projective cover.

(d) If M = {M;}; is a family of objects in an additive category over G such
that the endomorphism rings end(M;) are graded local (or even unital graded
semiperfect), then end(M)°P is a graded semiperfect ring.
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