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Abstract

This is the last in a series on configurations in an abelian category A. Given a finite poset (I, %),
an (I, x)-configuration (o,t, ) is a finite collection of objects o(J) and morphisms ¢(J, K) or
w(J,K):0(J) = o(K) in A satisfying some axioms, where J, K are subsets of 7. Configurations de-
scribe how an object X in .A decomposes into subobjects.

The first paper defined configurations and studied moduli spaces of configurations in .4, using Artin
stacks. It showed well-behaved moduli stacks Obj 4, MM(I, <) 4 of objects and configurations in A exist
when A is the abelian category coh(P) of coherent sheaves on a projective scheme P, or mod-KQ of
representations of a quiver Q. The second studied algebras of constructible functions and stack functions
on Obj 4.

The third introduced stability conditions (v, T, <) on A, and showed the moduli space Objg(t) of
T-semistable objects in class « is a constructible subset in Obj 4, so its characteristic function 8% (7)
is a constructible function. It formed algebras HP a, ’Htro, ’F[?a, T:Ktro of constructible and stack functions
on Obj 4, and proved many identities in them.

In this paper, if (z, T, <) and (7, YN", <) are stability conditions on A we write 8% () in terms of the
55;(7:), and deduce the algebras HER L ’F{‘TO are independent of (z, T, <). We study invariants 1%(t) or
Iss(I, %, Kk, T) ‘counting’ t-semistable objects or configurations in .4, which satisfy additive and multiplica-
tive identities. We compute them completely when A = mod-KQ or A = coh(P) for P a smooth curve.
We also find invariants with special properties when .4 = coh(P) for P a smooth surface with K ;1 nef, or
a Calabi—Yau 3-fold.
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1. Introduction

This is the fourth in a series of papers [29-31] on configurations. Given an abelian category
A and a finite partially ordered set (poset) (I, <), we define an (I, x)-configuration (o, t, ) in
A to be a collection of objects o (J) and morphisms ¢(J, K) or n(J,K) :0(J) = o(K) in A
satisfying certain axioms, for J, K C I.

The first paper [29] defined configurations, developed their basic properties, and studied mod-
uli spaces of configurations in .4, using the theory of Artin stacks. It proved well-behaved moduli
stacks Dbj 4, M(I, <) 4 of objects and configurations exist when A is the abelian category
coh(P) of coherent sheaves on a projective K-scheme P, or mod-KQ of representations of a
quiver Q. The second [30] studied algebras of constructible functions CF(Dbj 4) and stack func-
tions SF(Obj 4) on Obj 4, motivated by Ringel-Hall algebras.

The third paper [31] studied (weak) stability conditions (t, T, <) on A, which include slope
stability on mod-K Q and Gieseker stability on coh(P). If (z, T, <) is permissible then the mod-
uli space Obj (7) of T-semistable objects X in A with [X] =« in K(A) is a constructible set
in Obj 4, so its characteristic function 82 (7) is a constructible function. We used this to define
interesting algebras HY', H©, HE?, 7-_[20 and Lie algebras £2", £, ch, L:tro in CF(Dbj4) and
SF(bj 4), and prove many identities in them.

The first goal of this paper is to understand how moduli spaces Obj%(t) transform as we
change the (weak) stability condition (t,T, <) to (T, T, <). We express this as the following
identity in CF(Dbj 4), which is Eq. (44) below:

S (T) = > S{L,....n}, <k, T, T)
A-data({1,...,n},<,k):
k({L,....nH)=a

8D (1) 5 8K (1) s - % 8 (1), 1)

Here S(*, T, T) are explicit combinatorial coefficients equal to 1,0 or —1, and ‘*’ is the associa-
tive, noncommutative multiplication on CF(Obj 4) studied in [30].

Roughly speaking, (1) characterizes whether X € A is T-semistable in terms of 7 -semistability,
via an inclusion—exclusion process upon filtrations 0 = Ag C --- C A, = X with 7-semistable
factors S; = A;/A;_1. Writing k(i) = [S;] in K(A), the coefficient S(---) depends on the or-
derings of T ox (i) and T o k(i) fori =1, ..., n in the total orders (T, <) and (f, <), and this
determines whether a filtration is included, if S(---) = 1, or excluded, if S(---) = —1.

We say that (7, T, <) dominates (t, T, <) if () < 7(B) implies T(a) < T(B) forall o, B €
C(A). In this case (1) follows easily from the facts that each X € A has a unique Harder—
Narasimhan filtration 0 = Ao C --- C A, = X with §; = A;/A;_1 t-semistable and t([S1]) >
-+ > 1([S,]), and then X is T-semistable if and only if T([S;]) = T(«) for all i. For the general
case we go via a weak stability condition (7, f“, <) dominating both (z, 7, <) and (7, T, <). For
A = coh(P), Eq. (1) may have infinitely many nonzero terms, and converges in a suitable sense.

The second goal of the paper is to study systems of invariants of A and (t, T, <) which ‘count’
T-semistable objects or configurations in .A. Obviously there are many ways of doing this, so we
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need to decide what are the most interesting, or useful, ways to define invariants. The point of
view we take is that the invariants are interesting if they satisfy natural identities, and the more
identities the better. Such identities are powerful tools for calculating the invariants in examples,
as we shall see.

We obtain our invariants /& (t) by applying some invariant 7" of constructible sets in Artin
stacks to the moduli spaces ObjZ (7). If 7" takes values in a vector space A and T'(SUT) =
T (S) + T (T) when S, T are constructible sets with S N T = @, then constructible function
identities such as (1) and many more in [31] translate to additive identities on the invariants, such
as transformation laws under change of (weak) stability condition. This is our basic assumption,
and holds for Euler characteristics, virtual Poincaré polynomials, and so on.

If also A is a commutative algebra and 7" has multiplicative properties such as 7'(S x T) =
T(S)Y(T) or T([X/G]) = T (X)Y(G)~! then we can derive extra multiplicative identities
on the I(t). Usually these multiplicative identities require extra conditions on the groups
Ext! (X,Y) for X,Y € A and i > 1, and can be interpreted in terms of morphisms from a
stack (Lie) algebra in SF(Dbj 4) to some explicit algebra, as in [30, §6]. These assumptions
on Ext! (X, Y) mean that our invariants have good properties in special cases which we focus on,
namely, when A = mod-KQ, or A = coh(P) for P a smooth curve, or P a smooth surface with
K" nef, or P a Calabi-Yau 3-fold.

Here is an overview of the paper. Section 2 gives background material on Artin stacks, con-
structible functions and stack functions from [27,28], and Section 3 briefly reviews the first three
papers [29-31]. Section 4 defines and studies the transformation coefficients S (x, t, T) appearing
in (1), and related coefficients 7', U (x, 7, T); this part of the paper is wholly combinatorial.

In Section 5 we prove (1), its stack function analogue, and transformation laws for other fam-
ilies of constructible and stack functions 8ss, 8ss (I, <, &, T) and €%, €% (7). When A = mod-KQ,
Eq. (1) has only finitely many terms, but when A = coh(P) for P a projective K-scheme it might
have infinitely many nonzero terms, and holds with an appropriate notion of convergence. We
show there are only finitely many nonzero terms in (1) if P is a smooth surface.

Section 6 studies some families of invariants Is (I, <, &, T)4, Ifg(t)A, JUD)A, ¥ (1) tak-
ing values in Q-algebras A, A°, £2 which ‘count’ T-semistable objects or configurations in A.
We determine their transformation laws under change of stability condition, and additive and
multiplicative identities they satisfy under conditions on Ext' (X, Y) fori > 1 and X, Y € A.

We compute the invariants completely when A = mod-KQ or A = coh(P) for P a smooth
curve, recovering results of Reineke and Harder—Narasimhan—Atiyah—Bott. We also find invari-
ants with special multiplicative transformation laws when .4 = coh(P) for P a smooth surface
with K ;1 nef or a Calabi—Yau 3-fold. For surfaces P with ¢;(P) =0, such as K3 surfaces, we
define invariants J*(z)? which are independent of the choice of Gieseker stability condition
(r, T, <) on P. We discuss the connection of our invariants with Donaldson invariants of sur-
faces and Donaldson—-Thomas invariants of Calabi—Yau 3-folds, and make some conjectures on
the existence of invariants combining good features of the various sets of invariants.

Finally, Section 7 suggests problems for future research: extending the whole programme
to triangulated categories, combining the invariants in generating functions, with applications
to Mirror Symmetry, and use of esoteric kinds of stacks to weaken the assumptions we need
on Ext' (X, Y).

A sequel [32] explains how to encode some of the invariants we study into holomorphic
generating functions on the complex manifold of stability conditions. These satisfy an interesting
p.d.e., that can be interpreted as the flatness of a connection. This will be discussed in Section 7.
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2. Background material

We begin with some background material on Artin stacks, constructible functions, ‘stack func-
tions,” and motivic invariants. Sections 2.1-2.3 are drawn from [27,28], and Section 2.4 is new.

2.1. Artin K-stacks and constructible functions

Let K be an algebraically closed field. There are four main classes of ‘spaces’ over K used in
algebraic geometry, in increasing order of generality:

K-varieties C K-schemes C algebraic K-spaces C algebraic K-stacks.

Algebraic stacks (also known as Artin stacks) were introduced by Artin, generalizing Deligne—
Mumford stacks. For a good introduction to algebraic stacks see Gémez [20], and for a thorough
treatment see Laumon and Moret-Bailly [35]. We make the convention that all algebraic K-stacks
in this paper are locally of finite type, and K-substacks are locally closed.

We define the set of K-points of a stack.

Definition 2.1. Let § be a K-stack. Write §(K) for the set of 2-isomorphism classes [x] of
1-morphisms x : Spec K — §. Elements of §(K) are called K-points, or geometric points, of §.
If ¢ :§ — & is a l-morphism then composition with ¢ induces a map of sets ¢, : §(K) - &(K).

For a 1-morphism x : Spec K — §, the stabilizer group Isok (x) is the group of 2-morphisms
x — x. When § is an algebraic K-stack, Isox(x) is an algebraic K-group. We say that §
has affine geometric stabilizers if Isog (x) is an affine algebraic K-group for all 1-morphisms
x:SpecK — 3.

As an algebraic K-group up to isomorphism, Isok (x) depends only on the isomorphism class
[x] € §(K) of x in Hom(SpecK, §). If ¢ : § — & is a I-morphism, composition induces a mor-
phism of algebraic K-groups ¢, : Isox ([x]) — Isok (¢« ([x])), for [x] € F(K).

The theory of constructible functions on K-stacks was developed in [27].

Definition 2.2. Let § be an algebraic K-stack. We call C C F(K) constructible if C =
Uier 8i (K), where {3;: i € I} is a finite collection of finite type algebraic K-substacks §; of §.
We call S C §(K) locally constructible if S N C is constructible for all constructible C C §(K).

A function f:F(K) — Q is called constructible if f(F(K)) is finite and f~'(c) is a con-
structible set in F(K) for each ¢ € f(F(K)) \ {0}. A function f:F(K) — Q is called locally
constructible if f - §¢ is constructible for all constructible C C §(K), where §¢ is the character-
istic function of C. Write CF(F) and LCF(F) for the Q-vector spaces of Q-valued constructible
and locally constructible functions on 3.

Following [27, Def.s 4.8, 5.1 & 5.5] we define pushforwards and pullbacks of constructible
functions along 1-morphisms. We need char K = 0.

Definition 2.3. Let K have characteristic zero and § be an algebraic K-stack with affine geo-
metric stabilizers and C C §(K) be constructible. Then [27, Def. 4.8] defines the naive Euler
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characteristic x™(C) of C. It is called naive as it takes no account of stabilizer groups. For
f € CF(3§), define

MG H= Y, ™) nQ
ce f(FEN\{0}

Let §, & be algebraic K-stacks with affine geometric stabilizers, and ¢ :§ — & a repre-
sentable 1-morphism. Then for any x € §(K) we have an injective morphism ¢, : Isox (x) —
Isok (¢« (x)) of affine algebraic K-groups. Define my : §(K) — Z by mg(x) = x (Isox (¢« (x))/
¢+ (Isog (x))). For f in CF(§), define CF**(¢) f : 6(K) — Q by CF™*(¢) f (y) = x™(§.mg -
f-é o (y)) for y in &(K), where § o7 () is the characteristic function of ¢ ! {y}H € B(K). Then
CFStk((;S) :CF(F) — CF(®) is a Q-linear map called the stack pushforward.

Let 6 :§ — & be a finite type 1-morphism. If C € &(K) is constructible then so is 6, L) c
F(K). It follows that if f € CF(®) then f o 6, lies in CF(F). Define the pullback 6* : CF(&) —
CF(F) by 6*(f) = f o 6,. It is a linear map.

Here [27, Th.s 5.4, 5.6 & Def. 5.5] are some properties of these.

Theorem 2.4. Let €, §, &, § be algebraic K-stacks with affine geometric stabilizers, and
B:85— 6, y:86 — 9 be l-morphisms. Then

CF%(y o B) = CF**(y) o CF**(B) : CF(§) — CF(§), )

(y o B)" =pB* o y™:CE($) — CE(3), (3)

supposing B, y representable in (2), and of finite type in (3). If

¢ e & isa Cartesian square with ~ CF(€) V CF(8)
i o " l n, ¢ representable and T o ) - T

0, ¥ of finite type, then J——
§——=§ the following commutes: CF(®) 4(4)> CF(5).

“4)

As discussed in [27, §3.3] for the K-scheme case, Eq. (2) is false for algebraically closed
fields K of characteristic p > 0. In [27, §5.3] we extend Definition 2.3 and Theorem 2.4 to
locally constructible functions LCF(§). The main differences are in which 1-morphisms must be
of finite type.

2.2. Stack functions

Stack functions are a universal generalization of constructible functions introduced in [28].
Here [28, Def. 3.1] is the basic definition. Throughout K is algebraically closed of arbitrary
characteristic, except when we specify char K = 0.

Definition 2.5. Let § be an algebraic K-stack with affine geometric stabilizers. Consider pairs
(R, p), where R is a finite type algebraic K-stack with affine geometric stabilizers and p : R — §
is a representable 1-morphism. We call two pairs (R, p), (R, o) equivalent if there exists a
1-isomorphism ¢: R — PR’ such that p’ o ¢ and p are 2-isomorphic 1-morphisms R — §. Write
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[(4R, p)] for the equivalence class of (R, p). If (R, p) is such a pair and & is a closed K-substack
of R then (6, pls), R\ G, plr\e) are pairs of the same kind. Define SF(F) to be the Q-vector
space generated by equivalence classes [(R, p)] as above, with for each closed K-substack & of
R arelation

(R, 0] =[S, ple)] + [R\ &, plonys)]-

Define SF(J) in the same way, but without requiring the 1-morphisms p to be representable.
Then SE(F) C SE(3).

In [28, Def. 3.2] we relate CF(§) and SF(gF).

Definition 2.6. Let § be an algebraic K-stack with affine geometric stabilizers and C C
F(K) be constructible. Then C = [ [/, R;i(K), for Ry,..., R, finite type K-substacks of F.
Let p;:R; — § be the inclusion 1-morphism. Then [(R;, p;)] € SF(F). Define S¢c =
Z:’ 1L(Ri, pi)] € SF(F). We think of this stack function as the analogue of the character-
istic function §¢ € CF(F) of C. Define a Q-linear map i3 :CF(§) — SF(§) by (3(f) =
ZO;%c)ef(g(K)) c-§ f-1(c)- For K of characteristic zero, define a Q-linear map n‘tk SF(§) —

by

n§k<ZCi[(mi, ,Oi)]> B ch' CF™ (e 13,

i=1 i=1

where 1, is the function 1 in CF(%R;). Then [28, Prop. 3.3] shows nStk otz is the identity on

CF(%). Thus, 153 is injective and rr%tk

SF($§) is much larger than CF(F).

is surjective. In general 3 is far from being surjective, and

All the operations of constructible functions in Section 2.1 extend to stack functions.
Definition 2.7. Define multiplication ‘> on SE(F) by

[, 0] [(6.0)] = [(R X, 5.0 6. po70)].

This extends to a Q-bilinear product SF(F) x SF(F) — SF(§) which is commutative and asso-
ciative, and SF(F) is closed under *-’. Let ¢ : § — & be a 1-morphism of algebraic K-stacks with
affine geometric stabilizers. Define the pushforward ¢, : SF(F) — SF(®) by

m

}j (@i, 0] D e[ Ris o o))

i=1

If ¢ is representable then ¢, maps SF(§) — SF(®). For ¢ of finite type, define pullbacks
¢* :SF(8) — SF(3), ¢* : SF(&) — SF(J) by

m m
¢*: Y a[@®i o] D[R x 40,0 73]
i=1 i=1
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The tensor product @ : SF(§) x SF(®) — SF(F x &) or SF(F) x SF(B) — SF(§ x &) is
(Zci[(mi,l)i)]) ® (Zdj[(@ij,vj)]) = Zcidj[(mi x &, pi x0j)].
i=1 j=1 ij
Here [28, Th. 3.5] is the analogue of Theorem 2.4.

Theorem 2.8. Let &, §, &, 9 be algebraic K-stacks with affine geometric stabilizers, and
B:FT— &, y:6— 9 be l-morphisms. Then

(¥ © B)x = s 0 Bx : SE(F) — SE(9), (¥ © B)x = v« o B+ : SF(F) — SF(9),
(&)
(y o B)* = B* o y™:SF($) — SE(J), (y o B)* = pB"oy":SF(H) — SF(F),

for B, y representable in the second equation, and of finite type in the third and fourth. If f, g €
SE(®) and B is finite type then B*(f - g) = B*(f) - B*(g). If

¢ — =&  isa Cartesian square with SE(&) T SF(®)

n, ¢ representable and . .
l ¢ 4 v l 0,y of finite type, then o v ©)
§F——=§ the following commutes: SF(3) i) SF(H).

The same applies for SE(€), ..., SE($), without requiring n, ¢ representable.

In [28, Prop. 3.7 & Th. 3.8] we relate pushforwards and pullbacks of stack and constructible

; ; stk
functions using 15, 5.

Theorem 2.9. Let K have characteristic zero, §, & be algebraic K-stacks with affine geometric
stabilizers, and ¢ : § — & be a 1-morphism. Then

(a) ¢* ote =15 0@*:CF(®) — SF(F) if ¢ is of finite type;
(b) 7o ¢, = CF™(¢) o 3% :SF(F) — CR(®) if ¢ is representable; and

(©) n%tk op* =¢*o ngk :SF(®) — CF(3) if ¢ is of finite type.

In [28, §5.2] we define projections H,Xi :SF(§) — SF(F) and SF(F) — SF(§) which project
to stack functions whose stabilizer groups have ‘virtual rank’ n.

In [28, §3] we define local stack functions LSF, LSF(5§), the analogue of locally constructible
functions. Analogues of Definitions 2.6-2.7 and Theorems 2.8-2.9 hold for LSF, LSF(g§), with
differences in which 1-morphisms are required to be of finite type.

2.3. Motivic invariants of Artin stacks

In [28, §4] we extend motivic invariants of quasiprojective K-varieties to Artin stacks. We
need the following data, [28, Assumptions 4.1 & 6.1].
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Assumption 2.10. Suppose A is a commutative Q-algebra with identity 1, and
T: {isomorphism classes [ X] of quasiprojective K-varieties X } — A
a map for K an algebraically closed field, satisfying the following conditions:

(i) If Y C X is a closed subvariety then 7 ([X]) =7 (X \ YD) + 7T (Y]);
(i) If X, Y are quasiprojective K-varieties then V([ X x Y]) =T (XD T ([Y]);
(iii) Write £ = T ([K]) in A, regarding K as a K-variety, the affine line (not the point Spec K).
Then ¢ and ¢ — 1 for k = 1,2, ... are invertible in A.

Suppose A° is a Q-subalgebra of A containing the image of 7" and the elements £~! and (£X +
ey o4 D fork=1,2,..., but not containing (£ — DL Let £2 be a commutative
QQ-algebra, and 77 : A° — £2 a surjective (Q-algebra morphism, such that 7z (£) = 1. Define

O: {isomorphism classes [ X] of quasiprojective K-varieties X } — 2
by ® =7 o7. Then @ ([K]) = 1.

We chose the notation ‘¢’ as in motivic integration [K] is called the Tate motive and written L.
We have T ([GL(m, K)]) = ¢""=D/2 T, (¢F — 1), so (iii) ensures " ([GL(m, K)]) is invertible
in A for all m > 1. Here [28, Ex.s 4.3 & 6.3] is an example of suitable A, 7, ...; more are given
in [28, §4.1 & §6.1].

Example 2.11. Let K be an algebraically closed field. Define A = Q(z), the algebra of rational
functions in z with coefficients in Q. For any quasiprojective K-variety X, let 7 ([X]) = P(X; 2)
be the virtual Poincaré polynomial of X. This has a complicated definition in [28, Ex. 4.3] which
we do not repeat, involving Deligne’s weight filtration when char K = 0 and the action of the
Frobenius on /-adic cohomology when char K > 0. If X is smooth and projective then P(X; z)
is the ordinary Poincaré polynomial Ziil(r)nx b*(X)z¥, where b*(X) is the kth Betti number in
I-adic cohomology, for [ coprime to char K. Also £ = P(K; z) = z°.

Let A° be the subalgebra of P(z)/Q(z) in A for which z £ 1 do not divide Q(z). Here are

two possibilities for £2, . Assumption 2.10 holds in each case.

(@) Set 2=Qand 7: f(z) = f(—=1). Then @([X]) =7 o T([X]) is the Euler characteristic
of X.

(b) Set 2=Qandxw: f(z) = f(1). Then O([X]) =7 o T ([X]) is the sum of the virtual Betti
numbers of X.

We need a few facts about algebraic K-groups. A good reference is Borel [8]. Following
Borel, we define a K-variety to be a K-scheme which is reduced, separated, and of finite type,
but not necessarily irreducible. An algebraic K-group is then a K-variety G with identity 1 € G,
multiplication ;: G x G — G and inverse i : G — G (as morphisms of K-varieties) satisfying
the usual group axioms. We call G affine if it is an affine K-variety. Special K-groups are studied
by Serre and Grothendieck in [12, §1, §5].

Definition 2.12. An algebraic K-group G is called special if every principal G-bundle is locally
trivial. Properties of special K-groups can be found in [12, §§1.4, 1.5 & 5.5] and [28, §2.1]. In
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[28, Lem. 4.6] we show that if Assumption 2.10 holds and G is special then 7" ([G]) is invertible
in A.

In [28, Th. 4.9] we extend 7" to Artin stacks, using Definition 2.12.

Theorem 2.13. Let Assumption 2.10 hold. Then there exists a unique morphism of Q-algebras
Y’ :SF(SpecK) — A such that if G is a special algebraic K-group acting on a quasiprojective
K-variety X then T'([[X/G]]) = T ((X])/ T (G)).

Thus, if R is a finite type algebraic K-stack with affine geometric stabilizers the theorem
defines T'/([R]) € A. Taking A, 7 as in Example 2.11 yields the virtual Poincaré function
P(R; z) = T'([R]) of R, a natural extension of virtual Poincaré polynomials to stacks. In
[28, §6] we overcome the restriction that T([G])’1 exists for all special K-groups G by defining
a finer extension of 7" to stacks that keeps track of maximal tori of stabilizer groups, and allows
T = x. This can then be used with &, £2 in Assumption 2.10.

In [28, §§4-6] we define other classes of stack functions SF, SF, SF(§, 7, A), SF,
SE(3, T, A°), SF, SE(3, ©, 2) ‘twisted’ by the motivic invariants 7, @ of Assumption 2.10;
the basic facts are explained in [30, §2.5]. All the material of Section 2.2 applies to these spaces,
except that n%tk, H,fi are not always defined. For the purposes of this paper the differences be-
tween these spaces are unimportant, so we shall not explain them.

2.4. Essential stack functions and convergent sums

Motivated by ideas in Behrend and Dhillon [2], we extend the theory of Sections 2.2-2.3 to
include certain local stack functions, and convergent infinite series. This is new material, not
contained in [28]. It will be applied in Section 6.3. We develop it only for SF, LSF(5§), but the
extensions to SF, LSF(§) are obvious.

Definition 2.14. Let K be algebraically closed and § an algebraic K-stack with affine stabilizers.
As in [35, pp. 98-99] a K-stack R has a dimension dim®R in Z U {—o0, oo}, with dim[X/G] =
dim X — dim G for a global quotient. For m € Z define SF, LSF(§),, to be the subspaces of
SF, LSF(§) spanned by [((R, p)] with dim®R < m, where for LSF(§),, we allow infinite sums
Zie] ci[(Ri, pi)] with dimfR; <m for all i € I. Then SF(¥),, € SF(J), if m < n, and

SE@) = | SE@m, [ )LSF@m =10}, SF@)m =SF@ NLSF@)u. (1)

mez meZ

Behrend and Dhillon [2, Def. 2.2] define an algebraic K-stack ‘R to be essentially of finite type
if R = ]_[n> 1 Ry, for finite type K-substacks 2R, with dimR,, — —oo as n — 00. This motivates
our next definition, as [({R, p)] € LSF(g) lies in ESF(F) if and only if fR is essentially of finite

type.

Definition 2.15. For § as above define ESF(J) to be the subspace of f € LSF(F) such
that for each m € Z we may write f = g + h for g € SF(§) and h € LSF(§),,. Then
SF(F) € ESF($) C LSF(§). Elements of ESF(F) will be called essential stack functions. Write
ESF(§)n = ESE(F) NLSF(§) .
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Here are two notions of convergence of infinite sums in ESF, LSF().

Definition 2.16. Let § be as above. A possibly infinite sum Zi e Ji with f; € LSF(J) is called
convergent if for all finite type K-substacks & in §, the restriction of f; to & is nonzero for only
finitely many i € . Write f; =) . A c![(RY, p{")] foreach i € I, where [(RY, pf')] is supported
on the support of f; for eacha € A;. One can thenshow f =", ZaeAl_ c![(RY, pf)]is a well-
defined element of LSF(F). We call f the limit of ), ; fi, and write ) ., fi = f. Note that
LSF(§), for m € Z are closed under limits. The same notion of convergence and limits also
works for infinite sums in LCF(F).

Asum ), fi with f; € ESF(J) is called strongly convergent if it is convergent, and for all
m € Z we have f; € ESF(§),, for all but finitely many i € I. Write f =", _; fi as above, and let
m € Z. Then f; € ESF(¥),, foralli € I'\ J, for finite J C I. As f; € ESF(¥) for j € J we have
fi=gj+h; with g; € SF(F) and hj € LSF(F)m. Define g =3 ;c,gjand h =3, , h; +
Zie]\] fi- Then g lies in SF(F) as g; does and J is finite, and A lies in LSF(§)., as & for j € J
and f; fori € I\ J do and LSF(g),, is closed under limits. Therefore f € ESF(§), and ESF(F)
is closed under strongly convergent limits.

We modify the first part of Assumption 2.10.

Assumption 2.17. Let A be a commutative Q-algebra and A,, C A for m € Z a vector subspace,
such that A,, € A, when m <n and A,, - A, C A4, for all m,n, with 1 € Ag, and A =

UmEZ Am’ mmeZ Am = {O} Suppose
T: {isomorphism classes [X] of quasiprojective K-varieties X } — A
is a map for K an algebraically closed field, with 7 ([X]) € Agim x, satisfying:

(1) If Y € X is aclosed subvariety then 7 ([X]) =T (X \ Y]) + T ([Y]).
(i1) If X, Y are quasiprojective K-varieties then 7 ([X x Y]) =T ([ XD Y ([Y]).
(iii) Write £ = 7 ([K]) in A. Then £ is invertible in A, with =1 € A_;.
(iv) Suppose we are given elements A,, € A/A,, for m € Z, such that A,, + A, = A, whenever
m < n, using the inclusion A,, C A,. Then there exists A € A with A + A,, = A, for all
m € Z. This A is unique as (),,cz Am = {0}.

Here are two examples of suitable 7, A, the first modifying Example 2.11.

Example 2.18. Let K be an algebraically closed field. Define A to be the Q-algebra of Q-Laurent
series of the form ZZ:_OO ckzk for ¢y € Q and n € Z, that is, power series in z* where k € Z
is bounded above but not necessarily below. For m € Z define A,, to be the vector subspace
of series Zi'g_oo cxz¥ involving powers of z bounded above by 2m. For any quasiprojective
K-variety X, let 7 ([X]) = P(X; z) be the virtual Poincaré polynomial of X, as in Example 2.11.

Then Assumption 2.17 holds, with £ = 72

Example 2.19. Let K be an algebraically closed field. As in Craw [14, §2.3] and Behrend and
Dhillon [2, §2.1] we define the Grothendieck ring Ko(Varg) of the category of K-varieties Varg.
Setting £ = [K] € Ko(Vark) we form the ring of fractions Ko(Varg)[£~1] by inverting ¢. For
m € Z define Ko(Varg)[£ '], to be the subspace generated by elements £~"[X] for n > 0 and
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K-varieties X with dim X < m + n. This defines a filtration of Ko(Varg)[£~']. Write 120 (Varg)
to be the completion of Ky (Varg)[¢~1] with respect to this filtration. It is naturally filtered by
subspaces Ieo(VarK)m form € Z

Define a Q-algebra A" = Ko(VarK) ®7 Q, and set A‘"" = Ko (Varg),, ®z Q for m € Z. De-
fine Y"™ to be the natural map taking a K- -variety X to its class [X]in Ko(Vark) projected to A.
Then Assumption 2.17 holds for Y%, A" and they are universal in that any 7, A satisfying
Assumption 2.17 factor via a filtered algebra morphism A" — A. Note that the ring Ko (Varg)
is used all the time in the subject of motivic integration, as in Craw [14].

There is a natural notion of convergence of infinite sums in A.

Definition 2.20. Let Assumption 2.17 hold. A possibly infinite sum ), _; A; with A; € A is called
convergent if for all m € Z we have A; € A, for all but finitely many i € /. For m € Z define
Am € AJApy by Ay = Z;’elm Aj + Ay, where Jy, is the finite subset of j € I with A; ¢ Ay,.
Then A,, + A, = X, whenever m < n, so Assumption 2.17(iv) gives a unique A € A such that
A+ A = Ay, for all m € Z. We call A the limit of )", _; A;, and write Y ; _; A; = A.

iel iel

For k > 1, the usual geometric series proof shows Zn>1 £k converges in A and its limit is

(¢k — 1)~ 1. Therefore Assumption 2.10(i)—(iii) hold, which implies Theorem 2.13. We can also
strengthen it: as ¢~le A_y and (¢¥ — D! € A_; we deduce from [28, Lem.s 4.5 & 4.6] that
’1’([G])_l € A_gimg for all special K-groups G. Thus in Y/([[X/G]]) = T ([X])/ T ([G]) we
have ' ([X]) € Adimx and Y([G]) ™' € A_dimg, 50 T'([[X/G1]) € Adim X—dimG = Adim[X/G]-
As any finite type R with affine stabilizers is a disjoint union of [X/G] we deduce:

Theorem 2.21. Let Assumption 2.17 hold. Then there exists a unique morphism of Q-algebras
T’ :SF(SpecK) — A such that if G is a special algebraic K-group acting on a K-variety X
then Y'([[X/G1) = T ([(X1)/ Y ([G]), and if R is a finite type algebraic K-stack with affine
geometric stabilizers then ' ([R]) € Adimmn.

The next definition was suggested to the author by Behrend and Dhillon’s definition [2, §2.2]
of the motive of an essentially of finite type K-stack.

Definition 2.22. Let Assumption 2.17 hold, 7/ be as in Theorem 2.21, § be as above, and
IT:§ — SpecK be the projection 1-morphism. Then [T, maps SF(§) — SF(SpecK), so
T oIl :SF(F) — A, with Y/ o IT, : [(R, p)] =~ T’ ([R]). Since SF(F),, is spanned by [(R, p)]
with dimR < m, so that T/([R]) € A, by Theorem 2.21, we have T’ o IT, : SF(F)y, — Am
for m € 7Z.

Let f € ESF(§). For m € Z write f = g, + h,, for g, € SF(§) and h,, € LSF(§F),,. Set
m =7 0Il(gm)+ Ap in AJA,. If g, ), are alternative choices of gy, iy, then g, + by =
gn + h,, 80 gu — g, = h), — hy, which lies in SF(F) N LSF(), = SF(F)m by (7). Thus
Y oIl.(gm — &) € Am, 0 T o [T, (gm) + A =T 0 I1,(g),) + Ay, and A, is independent
of choices.

If m < n then we may define A, using g, h,, instead of g,, h,, giving A,, + A, = X,,. Thus
Assumption 2.17(iv) gives a unique A € A with A + A,;, = A, for all m € Z. Define IT5(f) = A
This gives a Q-linear map [T, : ESF(§) — A.If f € SF(J) we may take g,, = f and h,, = 0 for
allm € Z, giving Ay, =Y o [T (f) + Ay, 80 A = T’ o IT,(f) by uniqueness. Thus [Ty = T’ o [T,
on SF(§). It is easy to show IT, maps ESF(§),, = A, form € Z.
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This IT4 commutes with (strongly) convergent limits in ESF(§) and A.

Proposition 2.23. Let Assumption 2.17 hold, § be an algebraic K-stack with affine geometric
stabilizers, and )", _; f; be a strongly convergent sum in ESF(F) with limit f. Theny ; ; ITA(f;)
is convergent in A with limit IT5(f).

Proof. Let m € Z. As )_,; f; is strongly convergent we have f; € ESF(§),, foralli eI\ J,
where J C [ is finite. But [T, maps ESF(§),, — An, so [TA(fi) € Ay, foralli e I\ J with
J finite, and thus ) ;.; [T (f;) converges in A. Let the limits be f =",.; f; in ESF(F) and
A= ;c; Ta(fi) in A. Foreach j € J write f; =g; + h; for g; € SF(F) and h; € LSF(F) .
Deﬁnegzzjejgj andh:ZjEth +Z,~€I\Jf,~. Then f =g+ h with g € SF(§) and & €
LSF($),. Therefore using Definitions 2.16, 2.20 and 2.22 we have

OA(f) + A =TTAQ) + Am =Y (@) + An=D_Ta(f)) + An =1+ Ap,
JjeJ jed

forall m € Z. As (),,cz, Am = {0} this forces ITx(f) =x1. O
3. Background on configurations from [29-31]

We now recall in Sections 3.1 and 3.2 the main definitions and results from [29] on (/, <)-
configurations and their moduli stacks that we will need later, in Section 3.3 some facts about
algebras of constructible and stack functions from [30], and in Sections 3.4 and 3.5 some material
on (weak) stability conditions from [31].

3.1. Basic definitions
Here is some notation for finite posets, taken from [29, Def.s 3.2, 4.1 & 6.1].

Definition 3.1. A finite partially ordered set or finite poset (I, <) is a finite set / with a partial
order /. Define J C I tobe an f-setifi € [ and h, j € J and h < i < j implies i € J. Define
F1,=) to be the set of f-sets of I. Define §(; <) to be the subset of (J, K) € F(1,<) X F(1.<)
such that J € K, and if j € J and k € K with k < j, then k € J. Define H(; <) to be the subset
of (J,K) € F,<) x Fu,<)suchthat K € J,andif j € Jand k € K withk < j, then j € K.

Let I be a finite set and <, < partial orders on [ such thatif i < j theni < j fori,jel.
Then we say that < dominates <. A partial order < on [ is called a total orderifi < j or j <i
forall i, j € I. Then (I, <) is canonically isomorphic to ({1, ...,n}, <) forn =|I|.

We define (I, X)-configurations, [29, Def. 4.1].

Definition 3.2. Let (/, <) be a finite poset, and use the notation of Definition 3.1. Define
an (I, )-configuration (o,t, ) in an abelian category A to be maps o : F(; <) — Obj(A),
1:G(1,<) = Mor(A), and 7 : H (7, <) — Mor(A), where

(i) o(J) is an object in A for J € F(; ), with o(9) =0.
(ii) «(J, K):0(J) = o(K) is injective for (J, K) € G(1,<), and ¢(J, J) = idy ().
(iii) w(J, K):0(J) — o(K) is surjective for (J, K) € H(; <), and w(J, J) =1ids ().
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These should satisfy the conditions:

(A) Let (J,K) € G <) and set L = K \ J. Then the following is exact in .A:

1(J,K) n(K,L)

0—o(J)

o(K) o(L)— 0. ®)
(B) If (J,K) e Gu,<)and (K, L) € G, <) thent(J, L) =u«(K, L) ot(J, K).

(C) If (J,K) € H(;.<) and (K, L) € H;.<) then (J, L) = w(K, L) o w(J, K).

(D) If (J,K) € G1,<) and (K, L) € H(s,<) then

n(K,Lyou(J,K)=u(JNL,Lyor(J,JNL).

A morphism a: (o,t,7) — (¢/,/, ") of (I, %)-configurations in A is a collection of mor-
phisms a(J):0(J) — o'(J) for each J € F(; <) satisfying

a(K)ou(J,K)=1V(J,K)oa(J) forall (J,K)e G(1,<), and
a(K)yorn(J,K)=nr"(J,K)oa(J) forall (J,K) e Hq -

It is an isomorphism if a(J) is an isomorphism for all J € F(; ).
In [29, Prop. 4.7] we relate the classes [0 (J)] in Ko(A).

Proposition 3.3. Let (o, t, ) be an (I, X)-configuration in an abelian category A. Then there
exists a unique map « : I — Ky(A) such that [0 (J)] = Zjej k(j) in Ko(A) for all f-sets J C I.
Here [29, Def.s 5.1, 5.2] are two ways to construct new configurations.

Definition 3.4. Let (/, <) be a finite poset and J € F(; <). Then (J, <) is also a finite poset,
and F(;,<),. 9.<)- Hr,<) € Fu.<),9u.<), Hu,<)- Let (0,1, ) be an (I, <)-configuration in
an abelian category A. The (J, X)-subconfiguration (o’,!', ') of (o, t,7) is defined by o’ =
Ol 40V =gy, and ' =7l .

Let (/,=<), (K,<) be finite posets, and ¢:I — K be surjective with i < j implies
¢ (i) < ¢(j). Using ¢! to pull subsets of K back to I maps Fk,Q) 9k, Hik,< —
Fu.<)Gu.<), Hu.<)-Let (0,1, w) be an (I, <)-configuration in .A. Define the quotient (K, <)-
configuration (5,7, 7) by 6 (A) = o (¢! (A)) for A € Fk ), (A, B) = (¢~ (A), ¢! (B)) for
(A, B) € Gk.<), and 7 (A, B) = (¢~ (A), ¢~ (B)) for (A, B) € H(k <)

3.2. Moduli stacks of configurations
Here [29, Assumptions 7.1 & 8.1] is the data we require.

Assumption 3.5. Let K be an algebraically closed field and A a K-linear noetherian abelian
category with Ext! (X, Y) finite-dimensional vector spaces over K for all X,Y € A and i > 0.
Let K(A) be the quotient of the Grothendieck group K¢(.A) by some fixed subgroup. Suppose
that if X € A with [X]=0in K (A) then X =0.

To define moduli stacks of objects or configurations in .4, we need some extra data, to tell
us about algebraic families of objects and morphisms in .4, parametrized by a base scheme U.
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We encode this extra data as a stack in exact categories §_4 on the category of K-schemes Schy,
made into a site with the étale topology. The K, A, K (A), § 4 must satisfy some complex addi-
tional conditions [29, Assumptions 7.1 & 8.1], which we do not give.

In [29, §§9-10] we define the data A, K (A), § 4 in some large classes of examples, and prove
Assumption 3.5 holds in each case. Note that [29,30] did not assume A noetherian, but as in [31]
we need this to make 7-semistability well-behaved. All the examples of [29, §§9-10] have A
noetherian.

To apply the constructible functions material of Section 2.1 we need the ground field K to
have characteristic zero, but the stack functions of Sections 2.2-2.4 work for K of arbitrary
characteristic. As we develop the two strands in parallel, in this section for brevity we make
the convention that char K = 0 in the parts dealing with CF, LCF(9Dbj 4) and charK is arbitrary
otherwise.

Definition 3.6. We work in the situation of Assumption 3.5. Define
C(.A):{[X]GK(A): XeA, X%O}CK(A). ©)]

That is, C(A) is the collection of classes in K (A) of nonzero objects X € A. Note that C(A) is
closed under addition, as [X @ Y] = [X] + [Y]. Note also that 0 ¢ C(.A), as by Assumption 3.5
if X 20then [X]#0in K (A).

In [29,30] we worked mostly with C(A) = C(A) U {0}, the collection of classes in K (A) of
all objects X € A. But here and in [31] we find C(A) more useful, as stability conditions will
be defined only on nonzero objects. We think of C(A) as the ‘positive cone’ and C(A) as the
‘closed positive cone’ in K (A).

Define a set of A-data to be a triple (I, <, k) such that (/, %) is a finite poset and « : [ —
C(A) amap. We extend k to the set of subsets of I by defining k (J) = Z/eJ k(j). Thenk(J) €
C(A) for all @ £ J C I, as C(A) is closed under addition. Define an (I, <, k)-configuration
to be an (I, <)-configuration (o, (¢, ) in A with [0 ({i})] = k(i) in K(A) for all i € I. Then
[o())]=«(J) forall J € F(; x), by Proposition 3.3.

In the situation above, we define the following K-stacks [29, Def.s 7.2 & 7.4]:

o The moduli stacks Dbj 4 of objects in A, and Obj% of objects in A with class o in K (A), for
each o € C(A). They are algebraic K-stacks. The underlying geometric spaces Obj 4 (K),
Obj% (K) are the sets of isomorphism classes of objects X in A, with [X] = « for Obj% (K).

e The moduli stacks IM(I, <) 4 of (I, X)-configurations and IM(I, <, k)4 of (I, <, k)-
configurations in A, for all finite posets (I,<) and «:I — C(A). They are alge-
braic K-stacks. Write M(I, )4, M(I, <,x)4 for the underlying geometric spaces
MU, ) AK), MU, <, k) 4(K). Then M(I, <) 4 and M, <, k) 4 are the sets of iso-
morphism classes of (I, X)- and (I, <X, k)-configurations in A, by [29, Prop. 7.6].

In [29, Def. 7.7 & Prop. 7.8] we define 1-morphisms of K-stacks, as follows:

e For (I, <) afinite poset, k : I — C(A) and J € Fu.<), wedefinea (J) : MU, )4 — Obja
or o(J):IM(,<x,k) 4 —> Dbj'fi]). The induced maps o (J): MU, )4 = Obj4(K) or
M1, =, 1) 4 = Db (K) act by 6 (1), [(0, 1, m)] = [0 (D)].
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e For (I,<) a finite poset, k: I — C(A) and J € F1,<), we define the (J, <)-subconfig-
uration 1-morphism S(I, <, J) M, K, 6) 4 = M, <X, k|7) 4. Then S, %, J)4 takes
[(o,t,m)] — [(o,/, )], for (o,t, ) an (I, X, k)-configuration in A, and (o, !, ') its
(J, <)-subconfiguration.

e Let (/,=), (K, <) be finite posets, x : I — C_'(.A), and ¢:1 — K be surjective with i < j
implies ¢ (i) < ¢ (j) for i, j € I. We define the quotient (K, <)-configuration 1-morphism
O, <, K, <, ¢): MU, <, k) 4 — MK, <, 1) 4, where n: K — C(A) is given by (k) =
K(¢>’1(k)). Then Q(I, <, K, <, ¢), takes [(o,t, )] +— [(6,7,7)], where (o,t,7) is an
(I, %, k)-configuration in A, and (G, [, 77) its quotient (K, <)-configuration.

3.3. Algebras of constructible and stack functions

Next we summarize parts of [30], which define and study associative multiplications * on
CF(9Dbj 4) and SF(Dbj 4), based on Ringel-Hall algebras.

Definition 3.7. Let Assumption 3.5 hold with K of characteristic zero. Write djo; € CF(Obj 4)
for the characteristic function of [0] € Dbj 4 (K). Following [30, Def. 4.1], using the diagrams of
I-morphisms and pullbacks, pushforwards

(1) xo (2] (11.2))
Obj 4 x Objg <7 MA1,2), QA —— Obj 4,

CF(9Dbj 4) x CF(Obj_4)

o({(IM*(@{2})*

® .
/ (e({1hxa({2}))* CF%(a ({1,2}))

CF(Obja x Obj 4) CFOM{1,2}, ) CF(Dbj4),
define a bilinear operation * : CF(bj 4) x CF(Dbj 4) — CF(Dbj 4) by
fxg=CF%(a({1.2}))[o ((1)"(H) o (2))"(®)]- (10)

Then [30, Th. 4.3] shows x is associative, and CF(Dbj 4) is a Q-algebra, with identity §jo) and
multiplication . .

This extends to locally constructible functions, [30, §4.2]. Write LCF(bj 4) for the subspace
of f € LCF(9bj4) supported on | [, s Obj% (K) for S C C(A) a finite subset. Then * in (10) is
well-defined on LCE(Dbj 4), and makes LCE(Dbj A) into a Q-algebra containing CF(Dbj 4) as
a subalgebra. .

Following [30, Def. 4.8], write CFd, LCFmd(D bj4) for the vector subspaces of f in
CF, LCF(Dbj 4) supported on indecomposables, that is, f([X]) # 0 implies 0 7 X is inde-
composable. Define bilinear brackets [, ] on CF, LCF(Dbj4) by [f, gl = f * g — g * f. Then
[30, Th. 4.9] shows CFi“d, LCFlnd (Dbj 4) are closed under [, ], and so are Q-Lie algebras.

In [30, §5] we extend much of the above to stack functions, as in Section 2.2. Here are a few
of the basic definitions and results.

Definition 3.8. Suppose Assumption 3.5 holds. Define LSF(9bj4) to be the subspace of f €
LSF(Obj 4) supported on [ [, s Obj% (K) for § C C(A) finite. By analogy with (10), using
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M{1,2}, <A deﬁr}e [30, Def. 5.} & §5.4] biline;ar operations *: SF(Dbj 4) x SF(Obj4) —
SF(Dbj 4) and *: LSF(Obj 4) x LSF(Dbj 4) — LSF(Obj 4) by

frg=0({1,2}), [(c({1}) x o ({2}))"(f ® 8)].

Write‘S[o] € SF(Dbj4) for Sc in Definition 2.6 with C = {[0]}. Then [30,_ Th. 5.2] shows
SF, LSF(9bj 4) are Q-algebras with associative multiplication * and identity 8jg). When K has
characteristic zero there are Q-algebra morphisms

ngkbm SE(Dbj 4) — CF(Obj 1), 3% 4 - LSF(Obj4) > LCF(Obj »). (11)

As in [30, Def. 5.5] write SFy, LSFal(DbjA) for the subspaces of SF, LSF(DbjA) spanned by
[(R, p)] such that for all r € SR(K) with p,(r) = [X], the K-subgroup p.(Isox(r)) in Aut(X) is
the K-group of invertible elements in a K-subalgebra of End(X). Then (o , in Definition 2.6
maps CF(Db]A) — SFy(Dbj4) and LCF(Db]A) — LSFal(DbJA) and [30, Prop. 5.6] shows
SFy, LSF, (9 bj 4) are closed under * and so are (Q-subalgebras.

Definition 3.9. Suppose Assumption 3.5 holds. Following [30, Def. 5.13], define SFiaI]‘d,

LSFZId(Db]A) to be the subspaces of f € SFdl,LSFdl(Db]A) with HV‘(f) f, where Uf'i

is the operator of [28, §5.2], interpreted as projecting to stack functions ‘supported on virtual
indecomposables.” Write [f, g] = f x g — g x f for f, g € SF,, LSF;(Dbj 4). As * is associa-

tive [, ] satisfies the Jacobi identity, and makes SF,, LSFal (Obj4) into Q-Lie algebras. Then

[30, Th. 5.17] shows SFind LSFZ;d (Dbj 4) are closed under [, ], and are Lie subalgebras. When

al
charK =0, (11) restricts to Lie algebra morphisms

n ik, iSFI(Obj ) - CF™(©0big),  xfk. LSF, (Dbj.4) — LCF™(Obj.4).

All this also works for other stack function spaces on Obj 4, in particular for SE(Objy, T, A),
SFE(Obj4, T, A°) and SF(Dbj 4, O, 2), giving algebras SF, SF(Obj 4, *, %) and Lie algebras
F‘“d (Dbj 4, *, x). In [30, §6] under extra conditions on A, we define (Lie) algebra morphisms
from SFy, SF‘“d(Db)A, *, %) to explicit algebras A(A, A, x),...,C(A, 2, x), which will be
important in Section 6.

3.4. (Weak) stability conditions
We now summarize the material of [31, §4], beginning with [31, Def.s 4.1-4.3].

Definition 3.10. Let A be an abelian category, K (A) be the quotient of K((.A) by some fixed
subgroup, and C(A) as in (9). Suppose (T, <) is a totally ordered set, and 7:C(A) - T a
map. We call (z, T, <) a stability condition on A if whenever «, 8,y € C(A) with B =a + y
then either t(a) < 7(B8) < t(y), or T(a) > t(B) > t(y), or () = t(B) = t(y). We call
(t, T, <) a weak stability condition on A if whenever «, 8,y € C(A) with 8 = o + y then
either t(a) < t(B) < t(y), or 7(a) = 7(B) = t(y). The alternative t(x) < 7(8) < t(y) or
() = 1(B) = t(y) is called the weak seesaw inequality.
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We use many ordered sets in the paper: finite posets (I, <), (J, <), (K, Q) for (I, %)-
configurations, and now total orders (7, <) for stability conditions. As the number of order
symbols is limited, we will always use ‘<’ for the total order, so that (z, T, <), (7, f", <) may
denote two different stability conditions, with two different total orders on T, T both denoted
by ‘<.

Definition 3.11. Let (z, T, <) be a weak stability condition on A, K (A) as above. Then we say
that a nonzero object X in A is

(i) t-semistable if for all § C X with § 220, X we have t([S]) < 7([X/S]);
(ii) t-stable if for all S C X with S £ 0, X we have 7([S]) < t([X/S]); and
(iii) t-unstable if it is not T-semistable.

Definition 3.12. Let (7, T, <) be a weak stability condition on A, K (A). We say A is t-artinian
if there exist no infinite chains of subobjects --- C A C A; C X in A with A,4; # A, and
T([Ap1]) 2 t([An/Any1]) for all n.

Here is [31, Th. 4.4], based on Rudakov [39, Th. 2]. Wecall 0 = Ap C --- C A, = X in
Theorem 3.13 the Harder—Narasimhan filtration of X.

Theorem 3.13. Let (7, T, <) be a weak stability condition on an abelian category A. Suppose
A is noetherian and t-artinian. Then each X € A admits a unique filtration 0 = Ay C --- C
Ap = X for n > 0, such that Sy = Ag/Ak—1 is t-semistable for k = 1,...,n, and ©([S1]) >
T([$2D) > -+ > 7 ([SuD).

We define some notation, [31, Def.s 4.6, 8.1, 4.7 & 4.10].

Definition 3.14. Let Assumption 3.5 hold and (7, 7, <) be a weak stability condition on .4. Then
Obj’% is an algebraic K-stack for a € C(A), with Obj% (K) the set of isomorphism classes of
X € A with class « in K (A). Define

Objé (1) = {[X] € Obj% (K): X is r-semistable} C Obj 4 (K),
Objé (r) = {[X] € Obj% (K): X is T-stable}.

FOI‘ A_data (Ia #7 K)7 deﬁne MSS(Ia %71('7 T).A = {[(05 L, T[)] € M(I5 4’ K)A: O—({l}) iS T-
semistable for all i € I}. Then ObjZ, Obj% () and M (1, <, k, T) 4 are open sets in the nat-
ural topologies, and so are locally constructible sets in the stacks Dbj 4, MM (I, <, k) 4. Write
8%, 8%(1) : Obj 4(K) — {0, 1} and 8s(/, <k, T) MU, X, k) 4 — {0, 1} for their characteris-
tic functions. Define local stack functions &g (7) = dobje (r) and dss(1, <, &, T) = S M (1. <k.7) 45
using the local generalization [28, Def. 3.10] of Definition 2.6. Then
8%, 84(t) e LCE(Dbj0), 85I, <, &, 7) € LCF(IM(L, <, ) 4),
(12)
8s(t) € LSFu(Dbj 1), 8ss(I, <, &, 7) € LSE(M(I, X, k) 4).-

Definition 3.15. Let Assumption 3.5 hold and (7, T, <) be a weak stability condition on .4. We
call (z, T, <) permissible if:
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(i) A is t-artinian, in the sense of Definition 3.12, and
(ii) Objg(7) is a constructible subset in Obj% for all @ € C(A).

Examples of (weak) stability conditions on A = mod-KQ and A = coh(P) are given in
[31, §§4.3-4.4].

Definition 3.16. Let (7, T, <) and (7, T, <2 be weak stability conditions on an abelian cate-
gory A, with the same K (A). We say (7, T, <) dominates (t,T, <) if t(@) < 7(8) implies
T(a) < T(B) forall a, B € C(A).

If (¢, T, <) is permissible then [31, Th. 4.8] implies M (1, <, k, T) 4 is constructible. To-
gether with Definition 3.15(ii) this gives, following (13),

8%,8%(1) € CF(Obj ),  84(I, <.k, 7) € CF(M(, <, k) 4).

_ _ (13)
54(r) € SFa(Obj.0). (I, <.k, 7) € SEON(L, <.K).4)-

Now [30] also studies other locally constructible sets: ObjZ; () of 7-semistable indecomposable
objects in class a, and Mg, My, ME’S, MP MEI(I, <, k, T) 4 of (best) (I, %, k)-configurations

(0,1, m) whose smallest objects o ({i}) aré1 7-(semi)stable (indecomposable). Write ¢ (7), dsi,
Ssts (SES, 55, 83(1 , <, k, T) for their characteristic functions. We also define local stack function
versions Sgi(r) and 8, ..., Sft(l, <, k, 7). When (z, T, <) is permissible these sets and functions
are all constructible, and the local stack functions are stack functions.

In [31, §§5-8] we prove many identities relating these functions under pushforwards. For

example, if (7, T, <) is a permissible stability condition then

1
m= > I > CF* (0 (1)) 8 (I, <, &, T)
iso. classes Tk (1, <,k) is A-data,
of finite sets 1 k()=a, Tok=1(at)
: [ > n(l, <, N, 5)}, (14)

p.o.s Son I dominating <

with only finitely many nonzero terms in the sum. This follows from [31, Th.s 6.3 & 6.12], with
integers n(1, %, <), N(I, <) defined in [31, Def.s 6.1 & 6.9].

3.5. Algebras H', HY, HY, HY" and elements €* (1), € (1)
In [31, §§7-8] we study subalgebras H5", HY, H5*, H' in CF, SFy(Dbj).

Definition 3.17. Let Assumption 3.5 hold, and (7, T, <) be a permissible w_eak sEability condition
on A. Asin [31, Def.s 7.1 & 8.4], define H", H'° when char K = 0 and H%", H' for all K by

HY = (CF™ (0 (1))8ss (I, <, &, T): (I, <, &) is A-data)g € CF(Obj 4), (15)
HY = (8107, 81 (1) % - % 82 (T): a1, ..., an € C(A))g S CF(Dbj 1), (16)

HY = (0 (Dwbss(I, <k, 7)1 (I, %, k) is A-data)g  SFy(Obj 1), (17)
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HO = (8107, 8 (1) % - % 8% (0): @y, ..., oy € C(A))g S SFu (Db 4). (18)

Here (- --)q is the set of all finite Q-linear combinations of the elements *- - -’.
To relate 15", HE" and H, HY, let ({1,...,n}, <, k) be A-data. Then

D (@) k- % 85 (1) = CF™¥ (o ({1, ..., n}))8ss ({1, ... 1}, <.k, T),
(19)

V(@) x - x8M(@) =a({1,....n}) S ({1, ..., n}, <.k, 7).

Thus HY*, HE* are the spans of CF*™® (o (1))8ss(I, <., 1), 0(I)sdss(I, <, K, 7) for A-data
(I, <, k) with < a partial order, and H'°, H' the spans with < a total order. Hence H'® C HY"
and HY € HY". By [31, Prop. 7.2 & Th. 8.5], H:", H'® are subalgebras of CF(Dbj4) and
H, ﬂtro subalgebras of SF,(bj 4), and rr‘gkbu induces surjective morphisms H? > PR
and H© — HY.

Equation (14) implies that 8%(t) € H}". Other identities in [31, §5-§8] imply that the five
families of functions CF* (o (1))8si, 8t 82, 82, 82(*, 7) lie in HE" and are alternative spanning
sets, so that the identities yield basis change formulae in Hga, and similarly for 7%1;*‘. One moral is
that H2", H5" contain information on both t-stability and r-semistability, and so are good tools
for studying invariants counting t-stable and t-semistable objects, whereas the smaller algebras
H, H‘T" only really contain information about t-semistability.

In [31, Def.s 7.6 & 8.1] we define interesting elements €*(t), €* (7).

Definition 3.18. Let Assumption 3.5 hold, and (7, T, <) be a permissible weak stability condition
on A. For a € C(A) define €% () in CF(Obj4) for charK = 0, and €*(t) in SFy(Dbj4) for
all K, by

_1yn—1
(1) = Z %5&(1)(.[) % 3IS<S(2)(-L—) Kook 5;(8(n)(1-), (20)

A-data ({1,...,n},<,k):
k({1,...,.n})=a, tok=1(¥)

_1yn—1_ B _
(1) = > = 1}3 S () % 8P (x) % - % 5 (1), Q1)

A-data ({1,...,n},<,x):
k({1,...,n})=ca, tok=t(¥)

Then ngkm(éa(z)) = €%(1), and [31, Th.s 7.8 & 8.7] show €%(1) € CF™(9Dbj4) and E%(7) €
SFM(9Dbj 4). In [31, Th.s 7.7 & 8.2] we invert (20) and (21), giving

8% (1) = > ieK“)(r) 2 €@ (1) s %KM (), (22)

n!
A-data ({1,...,n},<,k):
k({1,....n}))=a, tok=1(t)

8 (1) = > i'é"(l)(r) # & (0) % x &M (D), (23)
n:

A-data ({1,...,n},<,k):
k({1,....n})=a, tok=1(t)
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There are only finitely many nonzero terms in (20)—(23). We have

1, X is t-stable,
e"‘(r)([X D=1inQ, X is strictly T-semistable and indecomposable, 24)
0, X is t-unstable or decomposable,

s0 €% (1) interpolates between 8%, 6% (7). In [31, eq.s (95) & (123)] we show that

Ss? “st

HY = (8[0], e“T(t)x---%x€* (1) ay,...,0, € C(A))Q, (25)
HY = (8107, €1 (T) % - % ¥ (1) ..., 0y € C(A))g. (26)

Thus €%, €% (t) are alternative generators for H, H' in CF", SFiaII‘d(D bj 4).

T
In [31, Def.s 7.1 & 8.9] we define Lie algebras LY, £, LY, L.

Definition 3.19. Let Assumption 3.5 hold, and (z, T, <) be a permissible weak stability con-
dition on A. Define L0 = HE" N CF"(Dbj 1), LY = H° N CF"(Dbj4) and LD = F2* N
SF;rl’d(Dbj A)- Then L Lo, L are Lie subalgebras of CFd, SFgl‘d(Dbj A). We also define
E‘T" to be the Lie subalgebra of SF;‘lld(D bj_4) generated by the €*(t) for all @ € C(A). Then
L c £ L:‘to c P and Jrfj‘kb i induces surjective morphisms £ — £P* and /3‘,0 — L.

In [31, Prop. 7.5 & Def. 8.9] we show £5", L2 are spanned by elements CFStk(o(I))cS?i I, <%,
K,T), a(I)*Ssbi (1, %, k, t) for connected (I, <), and deduce that Lga, [:f,’a generate HE", 7'_{1,)a as
algebras. This induces surjective morphisms oMU (Elr)a) - H® oP. U (Elia) — HY where
U (Ega), U (Z?a) are the universal enveloping algebras of £P P Moreover @ is an isomor-
phism.

In [31, Cor. 7.9] we show LY is the Lie subalgebra of CF"(Opj A) generated by the €*(7)
for @ € C(A). So from (25)—(26) we see L, E_tf generate H', 7:(20 as algebras, giving surjective
algebra morphisms ®°: U (L) — H® and ¢ : U (L) — H©. Again, ' is an isomorphism.

4. Transformation coefficients S, T, U (%, T, T)

Let A satisfy Assumption 3.5 and (7, T, <), (7, T, <) be permissible weak statlility condi-
tions on A. In Section 5 we shall prove transformation laws from (t, T, <) to (7, T, <) of the
form, for all & € C(A) and A-data (K, <, ),

Z S({1,....n}, <.k, 7, 7)

A-data ({1,...,n},<,k):
k({L,...nH)=a

D (1) % 85D (1) # - 85 (1) = 8%(3), (27)

) ﬁ 3 T, <6, K, .7, 7)

1iso. <,k,¢: (1,<,k) is A-data,
classes (I,<%,K,¢) is dominant
f ﬁ t ER\E] 9y ]
Sets T =P, =, K.9),

&)):u(k) for ke K

k(™
CCFY(QU, %, K. <,¢))8s(I, <, &, 7) = 855(K, <, . T), (28)
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Z UL, ...,n} <k, 1, 7) - D@ % @) 5 5 MW (1) = €%(F), (29)

A-data ({1,...,n},<,«):
k({1,...,n})=a

and analogues of these for stack functions 52;(%), Ses(K, <, u,T), € (). Here S, T, U(x, T, T)
are explicit transformation coefficients in Q, and * is as in Section 3.3. This section will define
and study the S, T, U(x, t, T), in preparation for Section 5. Its definitions and results are all
combinatorial in nature.

Suppose Assumption 3.5 holds, and (z, T, <) is a weak stability condition on .A. Then from
Section 3 the following hold:

Condition 4.1.

(i) K(A) is an abelian group.
(i1)) C(A) is a subset of K(A), closed under addition and not containing zero.
(iii) A set of A-data (1, <, k) is by definition a finite poset (/, <) and a map « : I — C(A). For
J € I wedefine k(J) = ZjEJK(j).
@iv) (T, <) is a total order.
(v) 7:C(A) — T isamap suchthatife, 8,y € C(A) with 8 =a+y then t(a) < t(8) < t(y)
ort(a) =2 t(B) = (y).

More generally, if we have more than one weak stability condition we shall say that ‘Condi-
tion 4.1 holds f0~r & T7,9,@,71T,5),...1i(T,<),(T,<),... are total orders, and (v) holds
fort:C(A)—-T,7:CA—T,....

These are the only properties of A, K (A), (t, T, <) that we will use in this section. We shall
not use Assumption 3.5, or suppose (7, T, <) is permissible.

4.1. Basic definitions and main results
We begin by defining transformation coefficients S, T, U (%, T, T).

Definition 4.2. Suppose Condition 4.1 holds for (7, 7, <) and (7, T, <), and let ({1,...,n},
<,k) be A-data. If foralli =1, ...,n — 1 we have either

(@) tTok(@)<tok(+1DandTok({l,...,i})>Tox({i+1,...,n}) or
) tok(@)>tok(+1andTox({l,...,i)<Tok{i+1,...,n}),

then define S({1, ...,n}, <,k, 1,7) = (—=1)", where r is the number of i =1, ...,n — 1 satisfy-
ing (a). Otherwise define S({1, ...,n}, <,x,7,7) =0.

If (I, %,«) is A-data with < a total order, there is a unique bijection ¢:{1,...,n} — I
with n = |I| and ¢(<) = <, and ({1,...,n}, <,k o ¢) is A-data. Define S(/, <,k,7,T) =
S{1,...,n},<,k0¢,1,7).

Definition 4.3. Let (/, <) be a finite poset, K a finite set, and ¢ : I — K a surjective map. We
call (1, <, K, ¢) dominant if there exists a partial order < on K such that (¢~ '({k}), %) is a total
order for all k € K, and if i, j € I with ¢ (i) # ¢ (j) theni < j if and only if ¢ (i) < ¢ (j). Then
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d is determined uniquely by (I, <, K, ¢), and we write < = P([, X, K, ¢). Note that i < j
implies ¢ (i) < ¢(j) for i, j € I. We use the notation ‘dominant’ as if < is a partial order on /
dominating < with i < j implies ¢ (i) < ¢(j), then < = <. That is, the partial order < is as
strong as it can be, given I, K, ¢, <.

Now suppose Condition 4.1 holds for (z, T, <) and (7, f‘, <), and let (I, <, k) be A-data and
(I, =, K, ¢) be dominant. Define

T([, <, K, K, ¢, T, f) = 1_[ S(¢_1({k}), < |¢_]({k})’ K|¢_I({k})’ T, :E) (30)
keK

Definition 4.4. Suppose Condition 4.1 holds for (z, T, <) and (7, T,<), and let ({1,...,n},
<, k) be A-data. Define

U({l,...,n},g,/c,r,f): Z Z

1<I<m<n surjective ¥ : {1,...,n}—>{1,...,m}
and & : {l,...m}—{1,...,0}:
i<j implies ¥ ()< (), i< implies £(1)<E()).
Define A: {1,...,m}—C(A) by A(b)=k (¥~ (b)).
Define p: {1,...,I}—>C(A) by u(a):k(s’l(a)).
Then tok=toiopu:I—T and Tou=7(x)

1 m

. o (=Dt 1
l_[S(S ({a}),g,k,r, ) 1 .l_[|1/f*1(b)|!' G

a=1 b=l

If (I, %,«) is A-data with < a fotal order, there is a unique bijection ¢:{1,...,n} — I
with n = |I]| and ¢(<) = <, and ({1,...,n}, <,k o ¢) is A-data. Define U(I, %,k,1,T) =
U{l,...,n},<,k0¢,1,7).

Then S, T(x,7,7) are 1, 0 or —1, and U(x, t, T) lies in Q. Here is our main result on the
properties of the S(x, t, 7). It is easy to see (32) and (33) are necessary if (27) is to hold: (32)
means (27) reduces to 8% (1) = 8%(t) when (7, T, <) = (1, T, <), and (33) is the condition for
transforming from (z, T, <) to (7, f’, <) and then from (7, f‘ <) to (7, f”, <) using (27) to give
the same answer as transforming from (7, 7', <) directly to (7, 7~", Q).

Theorem 4.5. Let Condition 4.1 hold for (z, T, <), (T, T, Qand (3, T, <). Suppose ({1, ...,n},
<, k) is A-data. Then

1, =1,
S({L....nL <k, 1,7) = " ) (32)
0, otherwise,

> > S({L,...,m}, <, A, 2, 7)

m=1 v {l,..,n}—{1,....m}:
Y is surjective,
I<i<j<n implies Y ()<Y (),
define A:{1,...,m}—C(A)
by Ak)y=k (¥~ (k))

JTS@ (K. < kly-1qay. 7. 2) = S({L. ... 0} <.k, 1. 5). (33)
k=1
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We also give a criterion for when S({1,...,n}, <,«, t,7) # 0 based on the minimum and
maximum values of the 7 o x (7).

Theorem 4.6. Suppose Condition 4.1 holds for (v, T, <) and (T, T,<), and ({1,...,n}, <, k)
is A-data forn > 1 with S({1, ...,n}, <,k, t,T) #0. Then there exist k,l =1, ..., n such that
ro;c(k)érox(i)grox(l)forallz =1,...,n,andTox(k)y=>Tok({l,...,n}) =>Tox(l).

Here are the analogues of Theorem 4.5 for the T, U (x, t, 7). Again, it is easy to see (34)—(35)
and (36)—(37) are necessary if (28) and (29) are to hold.

Theorem 4.7. Let Condition 4.1 hold for (z, T, <), (T, f" <) and (7, T, <). Suppose (I, X, k)
is A-data, and ¢ : I — K is surjective with (1, <, K, ¢) dominant. Then

1, ¢ is a bijection,
T, %,k,K,¢,7,7)= ) (34)
0, otherwise,

3 |J_1“ ¥ T, <6, J, 9,7, %)

iso. : Y 1—J,&: J—K surjective: p=Eo,

{%“gzi’t‘g (1,<,J,¥) is dominant, <=P(I1,=%,J.,Y),

sets J define 32 J— K (A) by x(/)=c (¥~ 1(j))
T, 50K 61,0)=TU,<,6,K,¢,7,7). (35)

This follows immediately from Theorem 4.5: to get (34) and (35) we take the product over
k € K of Egs. (32) and (33) with ({1, ..., n}, <, «) replaced by (¢~ ({k}), < lp=1 (k> K lp—1tkp)
and use (30) and some simple combinatorics. We leave the details to the reader.

Theorem 4.8. Let Condition 4.1 hold for (t, T, <), (T, f" <L) and (T, T, <). Suppose ({1, ...,n},
<, k) is A-data. Then

U({l,...,n},g,lc,r,r):{l’ n=1, (36)

0, otherwise,
n

> > U({l,....m}, <A, %, 7)

m=1 ¢ :{l,...n}—>{1,...m}:
Y is surjective,
i<j implies Y ()<Y (),
define x:{1,....m}—C(A)
by k)= (" (k)

m
JTv@ (1K), < kly-1quyy- 7. 2) =U({L.....n}. <.k, 7. ). 37
k=1

Theorem 4.8 follows directly from Theorem 4.5 and the following proposition, which is a
combinatorial consequence of the proof in [31, Th. 7.7] that (22) is the inverse of (20).

Proposition 4.9. Let 1 <I<nand ¢:{1,...,n} = {1,...,1} be surjective with 1 <i < j<n
implies ¢ (i) < ¢(j). Then
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Y Y e 1=y
) | 1 .
m=l W {l, ) {lm)  a=1 E= @1t o 0] 0, otherwise,
and &:{1,...m}—{1,...,1}
surjective with ¢==&Eo:
i) implies Y ()<Y (),
i< implies §(i)<&(j)

)SINED SR s (o Sy RS Rl
V{1, om): a=1 gt @l WO 10, otherwise.

and & (L.,m)—{1,..0)

surjective with ¢==&oy:

i<j implies ¥ ()<Y (),

i<j implies £(1)<E(j)

s
i

In the remainder of the section we prove Theorems 4.5 and 4.6.

4.2. Proof of Theorem 4.6 and Eq. (32)

In the situation of Theorem 4.6, as S({1, ..., n}, <, «, 7, T) # 0 one of Definition 4.2(a) or (b)

holds foreachi =1,...,n—1.1f n = 1 the result is trivial, so suppose n > 1. Letk =1, ...,n be
the unique value such that 7 o x (k) is minimal amongst all t o (i) in the total order (7, <), and
k is least with this condition. Then T ok (k) <t ok (i) foralli =1,...,n. To prove T o k (k) >

Tox({l,...,n}), we divide into three cases (i) k = 1, (ii) k = n, and (iii) 1 <k < n.

In case (i) we have T o k(1) < 7 0 k(2), which excludes (b) for i = 1. Hence (a) holds, giving
Tok({1}) >Tok({2,...,n}),s0Tok(l) =2 Tok({l,...,n}) by Condition 4.1(v), as we want. In
(ii) we have T ok (n — 1) > T ok (n), since k = n is least with the minimal value of t o « (). This
excludes (a) fori =n —1, so (b) holds, giving Tox ({1, ...,n—1}) < Tox({n}). Condition 4.1(v)
then gives T ok (n) > T ok ({l,...,n}), as we want.

Case (iii) implies that Tt o k(k — 1) > T o k(k) < T o k(k + 1), since k is least with the
minimal value of t o k(i). Therefore (b) holds for i = k — 1 and (a) holds for i = k, giv-
ing Tok({l,....k —1}) < Toxk({l,...,n}) <Tok({l,...,k}) by Condition 4.1(v). As
Tok({l,....,k—1}) < Tok({l,...,k}) Condition 4.1(v) gives T o k({1,...,k}) < T o x(k),
and so 7(k) > T ok ({1,...,n}), as we want. For the second part, let/ =1, ..., n be the unique
value such that 7 o (/) is maximal amongst all 7 o (i) in the total order (7', <), and [ is greatest
with this condition, and argue in the same way. This proves Theorem 4.6.

The first line of (32) is immediate from Definition 4.2. For the second, suppose for a
contradiction that n > 1 and S({1,...,n}, <,«,7,7) # 0. Then Theorem 4.6 gives k,! with
Tok(k) <tok(i)<tok() foralli and Tt ox(k) >2tox({l,...,n}) = 17 ok(l). Thus
Tok(k) =1t ok(l) and all T o k(i) are equal. Condition 4.1(v) and induction on i, j then implies
that T ok ({i, ..., j}) are equal for all 1 <i < j < n. So neither of Definition 4.2(a),(b) apply for
any 1, as the strict inequalities do not hold. This proves (32).

4.3. An alternative formula for S(x, T, T)
We will need the following notation.
Definition 4.10. Let Condition 4.1 hold, and (/, <, x) be A-data. We say

() (I, =%, «) is t-semistable if T(k(J)) < t(k(I\ J)) forall (1, <) s-sets J #£0, I.
(i) (I, %, k) is t-reversing if i X j implies Tt ok (i) <t ok(j) fori,jel.
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Part (i) is based on Definition 3.11, replacing subobjects by s-sets. If (o, ¢, ) isan (I, <, «)-
configuration with o (/) t-semistable, then Definition 3.11 implies (/, <, x) is T-semistable.
In (ii), if (1, <, ) is t-reversing then (I, <) is a fotal order, and i +— T o k (i) reverses the order
of (1, X).

Proposition 4.11. Suppose Condition 4.1 holds for (t,T,<) and (7T, T, <), and ({1,...,n},
<, k) is A-data. Then

S({l, .n) <k, T, f)
— > (=1t (38)

1<b<Lasn surjective o: {1,....,n}—>{1,...,a}, B: {1,...,a}—~>{1,...,b}:
I<i<jsn implies a(D)<a()), 1<i<j<a implies B(I)<B()),
(a_l(j),g,lc) t-reversing, j=1,...,a. Define v:{1,...,b}—C(A)
by v(k):K((ﬁooz)’] (k)). Then ({1,...,b},<,v) is T-semistable

Proof. The t-reversing, T-semistable conditions in (38) may be rewritten:

o I<i<nanda(i)=a(@ +1)impliestok(i) >Ttok(i+ 1),
e I<i<nand Boa(i)#Bowa(i+1)impliesTox({l,...,i}) <Tok{i+1,...,n}).

Suppose first that each 1 < i < n satisfies Definition 4.2(a) or (b), and a, b, «, § are as in (38).
If i satisfies (a) then a (i) #a(i + 1), so0a(i+ 1) =a@)+ 1,and Boa(@ + 1) =Bowa(i). Ifi
satisfies (b) there are three possibilities:

1) ai+1)=a@)and Boa(i+1)=Boali),
() e+ 1D =a@)+1and Boa(i +1)=pBoali),or
(i) a@+1)=a@)+land Boa(i+1)=Boai)+ 1.

Let r be the number of i =1, ..., n — 1 satisfying (a), and s1, 2, 53 be the numbers of i satisfying
(b) and (i), (ii) or (iii). Then r +s1 + 52 + 53 =n — 1.

It is not difficult to see that for all of the n — 1 — r values of i satisfying (b), any of (i)—
(iii) is possible independently, and these choices of (i)—(iii) determine a, b, 8, « uniquely. Hence
there are 3"~ 17 possible quadruples a, b, «, 8 in (38). Furthermore, as a — 1 is the number of
i witha(i+1)=oa()+1and b — 1 the number of i with Boa(i +1) =B oa(i) + 1, we see
that a =14 r + sp 4+ 53 and b = 1 + s3, so that (—1)~? = (=1)" - (—1)%2. Therefore the sum
over all 3"~ possibilities of (—1)" - (=1)%2 equals (—1)" - (1 — 1 4+ 1)"~ 17" = (1), since
(1=14+ D" 1" isthe sumoverall (n — 1 — r)-tuples of choices of (i), (ii) or (iii) of the product
(—1)*2 of 1 for each choice of (i), —1 for each (ii) and 1 for each (iii). Hence both sides of (38)
are (—1)".

Now suppose some i does not satisfy Definition 4.2(a) or (b). Then either

(©) tok(@)<tox(+DandTok({l,...,iHh) <Tok{i+1,...,n}),o0r
(d) tok()>tok(+1DandTox({l,...,i})>Tox({i+1,...,n}).

‘We shall show both sides of (38) are zero in each case.
Suppose i satisfies (c), and let a, b, «, B be as in (38). Then t ok (i) < T ok (i + 1) implies that
a(i)#a(i+1).Let j =a(i),sothat j+1=a(i+1), and suppose B(j) = B(j +1). Define b’ =
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b+1land B/ :{1,...,a} —>{1,...,b+ 1} by (k) = B(j) for 1 <k < j,and B'(k) = B(k) + 1
for j +1<k<a.Thena,b, o, B satisfy the conditions in (38), with B'(j) # B'(j + 1).

This establishes a 1-1 correspondence between quadruples (a, b, o, ) in (38) with Boa (i) =
Boa(i+1),and (a,b’, a, B') in (38) with B’ o (i) # B’ o (i + 1). Each such pair contributes
(=Dt 4 (—1)“"’, =0 to (38), as ¥’ = b + 1, so both sides are zero. In the same way, if i
satisfies (d) then B o (i) = B oa(i + 1) for any a, b, o, B in (38). We construct a 1-1 corre-
spondence between quadruples (a, b, a, 8) in (38) with a(i) = «(i + 1) and (a’, b, &', B') with
a(i) # a(i + 1), where @’ = a + 1. The contribution of each pair to (38) is zero, so both sides are
zero. This completes the proof. O

4.4. Proof of Eq. (33)
We begin with two propositions.

Proposition 4.12. Let Condition 4.1 hold, ({1, ...,b}, <, u) be A-data, and y :{1,...,b} —
{1,...,c} be surjective with i < j implies y (i) < y(j). Then there exist unique m =c,...,b
and surjective ¢ :{1,...,b} —> {1,...,m} and x :{1,...,m} = {1, C}Wlthy_xoq)and
i < j implies (i) < d(j) and x (@) < x(j), such that if k.{l,...,m} — C(A) is given by
() = w1 @0)) then (¢~ (i), <, ) is t-semistable for all i =1, ..., m, and (x ' (j), <, 1)
is T-reversing forall j =1, ..., c.

Proof. First consider the case ¢ = 1. By induction choose a unique sequence kg, . . ., k;, with 0 =
ko <ky <--- <ky =D, as follows. Set kyp = 0. Having chosen k;, if k; = b then put m =1 and
finish. Otherwise, let k; 1 be largest such that k; < k;+1 < band ({ki +1, ki +2, ..., ki+1}, <, 1)

is T-semistable. As ({k; + 1}, <, w) is t-semistable, this is the maximum of a nonempty finite set,
and k;41 is well-defined. Now define ¢: {1,...,b} — {1,...,m} by ¢(j) =i if ki_1 < j < k;.
Clearly ¢ is surjective with 1 <i < j<b implies ¢ (i) < ¢(j). Define A as above, and y = 1.

By definition (¢~ (i), <, w) = ({ki—1+ 1, ..., ki}, <, ) is T-semistable for all i, as we want.
We shall show ({1, ..., m}, <, A) is t-reversing. Suppose for a contradiction that 1 <i < m and
ToA(i) < T o A(i 4+ 1). This implies that

tou(tkici+1,... ki}) <tou(tkici +1,... kip}) <tou(lki+1.....kix1}), (39)

by Condition 4.1(v). Now ({k;j—1 + 1, ..., ki+1}, <, ) is not t-semistable by choice of k;, so by
Condition 4.1(v) there exists k;—1 < j < k;j4+1 such that

tou(fkici+1,.... ) 2ron(tkici +1, ... ki) Zton({j+1....kiq1}), (40

with at least one of these inequalities strict. Divide into cases

M) j=ki:
() kisiy<j<kiandtou(ki—1+1,...,j) >toulki-1+1,...,kix1});
(i) ki-y <j<kiandtou(ki—1+1,....kivi)>tou{j+1,....kir1});
(v) ki<j<kiztandtou(ki—1+1,...,j) >toulki-1+1,....kix1});
V) ki<j<kiprandtopu({ki1+1,... k) >touj+1,..., k).

In case (i), (39) and (40) are contradictory, as (40) has a strict inequality. In (ii), (39) gives
tou(ki—r+1,....,j) >t opulki—y +1,...,k}), implying 7 o u({kj—y +1,...,j}) >
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toul{j+1,...,k}) by Condition 4.1(v), which contradicts ({ki—1 + 1,...,ki}, <, )
t-semistable. For (iii), as 7 o u({j + 1,...,ki+1}) lies between 7 o u({j + 1,...,k;}) and
toulki +1,...,ki+1}) by Condition 4.1(v) we have either t o u({ki—1 + 1, ..., ki+1}) >
toul{j+1,....k}), giving t o u({ki—1 + 1,...,jH) >tou({j + 1,...,k}) by (40)
contradicting ({k;j—1 + 1,...,k;}, <, u) t-semistable, or 7 o u({ki—1 + 1,....ki+1}) >t o
ulki + 1,...,ki+1}), contradicting (39). Similarly (iv), (v) give contradictions, using
(ki + 1, ..., ki+1}, <, u) t-semistable. Therefore ({1, ..., m}, <, 1) is t-reversing.

This proves existence of m, ¢, x, A. For uniqueness, suppose m’, ¢’, x’, A’ also satisfy
the conditions. Then ¢'~'({1,...,i}) ={1,. ...k} for unique 0 =k < k| < --- <k, =b. As
({1,...,k}}, <, ) is T-semistable we have k| < ki by choice of k. Suppose k| < ki. Then 7 o
w1, ..., ki}) =t ou({l,...,k}}) by Condition 4.1(v), as 1 <kj <k and ({1, ..., k1}, <, i)
is T-semistable. Also

tou({l,....k1}) >tou({ki +1,....k3}) > - >tou(lk,_ +1,....k,})

as ({1,...,m'}, <, 1)) is t-reversing. Now k] < k1 < kl/.+1 for some 1 <i < m/, and using the
inequalities above and Condition 4.1(v) gives 7 o ({1, ..., k1}) > T o u({1, ..., k}}), so that

Tou(tki+1, .. ki) > tou({l, ..., k) > Top(lkl +1,..., k1)),

contradicting both k; = k;H, and t-semistability of ({k; +1,..., klfH}, < ) if k< k;H by
Condition 4.1(v). Therefore k’1 = k1. Extending this argument shows klf =k;fori=1,2,...and
m = m’, proving uniqueness of m, ¢, x, and the proposition for ¢ = 1.

For ¢ > 1 we apply the ¢ = 1 case to (y ~'({j}), <, u) for j =1,...,c. This gives unique
mj, ¢j:y’1({j}) — {l,...,m;} and A; such that (¢j_1(i),<,u) is t-semistable for i =
I,...,mj,and ({1,...,m;}, <,A;) is t-reversing for j =1,...,c. Definem =my +--- +m,
and ¢:{1,...,b} — {1,...,m} by ¢(@) =my + --- +mj_1 + ¢;(i) when y(i) = j, and
x:{l,...,m} = {l,...,c} by x(i) =j whenm; +---+mj | <i <my +---+mj. Then
m, ¢, x satisfy the proposition. Uniqueness of m, ¢, x follows easily from thatof them;, ¢;. O

Proposition 4.13. Let 1 <d <bande:{l,...,b} — {1,...,d} be surjective with 1 <i < j<b
implies € (i) < €(j). Then

d=b,

> > ()P = {(1) (41)

c=d surjective y : {1,...,b}—>{1,....,c} and otherwise.
§:{1,....,c}—{1,....d} with e=8oy:
i implies y )<y (), i< ] implies $§()<8())

Proof. The first line of (41) is immediate as if d = b the only possibility isc=b and e =y =
6 =1d. Sosuppose d < b.Define S={i=1,...,b—1: €(i + 1) =€(i)}. Then |S| =b —d. For
y,8asin (41),define T ={i € S: y(i+1)=y(i)}. Then |T| =c —d, and T determines y by
y(D=1yi+)=y@ifieTandy(i+1)=y@)+1ifief{l,...,b—1}\T.Alsoc,€,y
determine § by € = § o y. This establishes a 1-1 correspondence between choices of ¢, y, § in
(41) and subsets T C S with |T| = ¢ — d. Hence the left-hand side of (41) becomes

b—d

Y DITI=3" <b ; d) (—DP 7 = -1t =0,
j=0

subsets TCS

as there are (b;d) subsets T € S with |T|=j. O
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To complete the proof of Theorem 4.5 we use sets and maps as follows:

(L....n) > (1,. } {1,....b} — {1 my = (1 e) > {1 d),
V U

and maps «:{l,...,n} - C(A), r:{1,...,m} > C(A), wn:{l,...,b} - C(A) and v:
{1,...,d} - C(A). We deduce (33) from Propositions 4.11-4.13 by:

Zn: > S({1,....m}, < 4, 2, %)

m=1 v Al,...,n}—>{1,....m}:
V¥ is surjective,
1<i<j<n implies ¥ () <y (),
define A: {1,...,m}—>C(A)

by (k)= (¥~ (k)

m
TS (1K), < rly-1qnyy» T 2)

k=1

- ¥ | ¥ 3 o]

m=1,...,n and 1<d<c<m surjective x : {1,....m}—{1,...,c}
vi{l,..,n}—{1,...m}: and §: {1,...,c}—>{1,..., d}
) ¥ is surjectlve ) i<j 1mpl1es x@OL<x (), i<j implies §(1))<8()),
i<j implies ¥ ()<Y (j), x (), <A t-reversing, 1< <e.
define A.: “’--”’"E?C(A) Let v: {1,....d}—C(A) be v: kis A((ox) =L (k).
by A(k)=k (¥~ (k) Then ({1,...,d},<,v) is 7-semistable
| > )
m<b<asn surjective «: {1,....,n}—{1,...,a}, B: {1,....a}—{1,...,b}

and ¢: {1,...,b}—{1,...,m} with Y=¢oBou:
i< implies a () <a(j), i< j implies B(H<KB(),
i<j implies ¢ (i) <o (j), (a’l(j),g,l() T-reversing, 1 <j<a.
Let w:{1,....b}—>C(A) be ;,Likl—)K((ﬁOCt)_l(k)).
Then (¢~ 1), <, p) is #-semistable, 1<i <m

— Z (_l)a—d

d<b<a<n surjective o : {1,...,n}—{1,...,a},
B:{l,...,a}—{1,...,b} and €: {1,...,b}—>{1,....d}:
i<j implies a () <a(j),i<j 1mphes ﬁ(z)</3(j),
i<j implies €(i)<e(j), (a’l(]),\,/c) T-reversing, 1< j<a.
Let v:{l,...d})—C(A) be v: ki ((€ofoa)~ L(k)).
Then ({1,...,d},<,v) is T-semistable

= B

<Lceh surjective y : {1,...,b}—>{1,...,c
§:{1,....c}—=>{l,....d} with e=§oy:
i< implies y () <y (j), i< j implies 8(1)<8())

=S({L.....n}, <.k, 7. 7). (42)

Here the term [---] on the third line is S({1,...,m}, <,A,7,T) by (38), and [---] on the
fourth line is [[;, S(¥~ Lk, <, Kly=1kp» T 7) by (38), where we have relabelled and com-

bined the product over k = 1,...,m of sums over ay, akzt/ffl({k}) — {1,...,ar} and by,
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Bi:{l,...,ar} — {1,..., by} into one large sum over a, b, o, B and ¢, wherea =a; +--- +ay,
andb=>b;+---+b,.

To deduce the fifth and sixth lines of (42) from the third and fourth, we set y = x o ¢. Then
the conditions i < j implies x (i) < x(j) and (X_l(j), <, A) t-reversing for j =1,...,cin the
third line, and i < j implies ¢ (i) < ¢ (), (d)_l(i), <, 1) T-semistable for i =1, ..., m in the
fourth line, are the hypotheses of Proposition 4.12 with 7 in place of t. Thus Proposition 4.12
shows that for all choices of b, ¢, y and u there are unique choices of m, ¢, x satisfying the
conditions involving 7. So we drop the sums over m, ¢, x, ¥ and the T conditions, and also
rearrange the sums.

To deduce the seventh and last line of (42), note that the term [---] on the sixth line is 1 if
d = b and 0 otherwise, by Proposition 4.13. If d = b then € is the identity, and the fifth line of (42)
reduces to S({1,...,n}, <,k, t, T) by (38). This completes the proofs of (33) and Theorem 4.5.

5. Transforming between stability conditions

We now prove the transformation laws (27)—(29) from (z, T, <) to (7, T, <), and their stack
function analogues. For most of the section we do not suppose (7, T, <), (7, T, <) are permis-
sible. Therefore our equations are identities in LCF, LSFal (Dbj 4) rather than CF, SFy(Dbj 4),
which may have infinitely many nonzero terms, and must be interpreted using a notion of conver-
gence.

This is partly for greater generality, but mostly because even when (z, T, <), (7, T , <) are
permissible, to prove (27)—(29) we may need to go via an intermediate weak stability condition
(T, f" <) which is not permissible, which happens when A = coh(P). It is far from obvious that
(27)—(29) have only finitely many nonzero terms even for permissible (z, T, <), (7, T,<). We
prove this for A = coh(P) when P is a smooth surface and 7, T Gieseker stability conditions.

The (locally) constructible functions material below needs the ground field K to have char-
acteristic zero, but the (local) stack function versions work for K of arbitrary characteristic. As
we develop the two strands in parallel, for brevity we make the convention that char K = 0 in the
parts dealing with CF, LCF(©O bj 4) and char K is arbitrary otherwise, and will mostly not remark
on it.

5.1. Basic definitions and main results
We will need the following finiteness conditions.

Definition 5.1. Let Assumption 3.5 hold and (7,7, <), (7, T, <) be weak stability condi-
tions on A. We say the change from (t,T,<) to (T, f", <) is locally finite if for all con-
structible U C 9bj 4(K), there are only finitely many sets of A-data ({1, ..., n}, <, «) for which
S{1,...,n},<,k,7,7) #0and

Una({l,....n}), (Ms({1,....n}, <, 7) 4) #0. (43)

We say the change from (v, T, <) to (£, T, <) is globally finite if this holds for U = Obj% (K)
(which is not constructible, in general) for all @ € C(A). Since any constructible U C 0bj 4 (K)
is contained in a finite union of Dbj% (K), globally finite implies locally finite.

When we sayjhe changes between (t, T, é)~ and (7T, T, <), we mean both the change from
(r,T,<) to (7, T, <) and the change from (7, T, <) to (7, T, <).
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Here is the main result of this section.

Theorem 5.2. Let Assumption 3.5 hold and (t,T, <), (7, 7~", <), (7, f", <) be weak stability
conditions on A with (T, YA“, <) dominating (t, T, <), (T, f, <), and suppose the change from
(7, f" <) to (7, T, <) is locally finite. Then the change from (t, T, <) to (T, T, <) is locally
finite.

Leta € C(A) and (K, 4, 1) be A-data. Then

> S({1,...,n}, <,k 7, %)

A-data ({1,...,n},<,k):
k({1,...,n})=«

' 8§s(1)(1') * 555(2) (7:) Foeee ok Sgs(n)(T) = 8 (t) (44)

Z S({l,...,n},g,/c,r,f)

A-data ({1,...,n},<,k)

k({1,..., n})=a
D (1) % 5K (1) s - % 5K (1) = 5%(F), (45)
1 ~
Lo 2 ThswKgnD
cllascov.ev IR _<’{<‘) LS A-data,
of finite (1 2 KP?)I l: dlfémdl)’;dm,
sets 1 1 XL K,0),
k(@71 ()= (k) for keK
CF™(Q(1, =%, K, <, ¢))8s(I, <, K, T) = 855 (K, <, 1, ©), (46)

) ”17 3 T, <k, K, ¢,7,7)

clijs%es <,6,¢: (1,%,k) is A-data,
; (I <,K,¢) is dominant,
o e =P (1<K 9).
‘ k(p~ l(k)) u(k) for keK
: Q(11 .\<7 K1 g? ¢)*SSS(17 -\<9 Ks T) = SSS(Kv gs M’ f)' (47)

Ifalso (z, T, <), (T, T, <) are permissible then

> U(tl,...,n}, <k, 7, 7)

A-data ({1,...,n},<,k)
k({1,...,n})=a

D (@) D () 5w KW (1) = €¥(2), “48)

> U(fl,...,n}, <k, 7, 7)

A-data ({1,...,n},<,k)
k({1,...,n})=a

W ()« KO (1) s 80 (1) = 8 (). (49)

Here (44)—(49) are equations in LCF, LSF4(9bj 1), LCE, LSEON(K, <, 1) 4), CE, SFu1(Obj_4)
respectively, with char K = 0 in (44), (46), (48). There may be infinitely many nonzero terms on
the left hand sides of (44)—(49), but they hold as convergent sums in LCF, LSF(- - -) in the sense
of Definition 2.16.
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If the change from (t,T,<) to (T, T,<) is globally finite then there are only finitely many
nonzero terms in (44)—(49), and they hold as finite sums.

We assume (z, T, <), (£, T, <) permissible in (48)—(49), as we defined €* (1), €“(7) this way
in [31, §§7-8]. But (48)—(49) also hold in LCF, LSFal(DBjA) if (7, T, <), (7, T, <) are stability
conditions and A is t- and 7-artinian.

Suppose (48) holds as a finite sum. Then €%(7) lies in H!° and CF"(Obj A), so by Defi-
nition 3.19 it lies in the Lie algebra £, which is generated by the €P(r). That is, €¥(%) is a
Q-linear combination of multiple commutators such as

[[ .. [[eK(l)(r), e"(z)(r)], eK(3)(t)], ] e"(")(t)].

Thus it is natural to ask whether we can rewrite (48) as a sum of commutators of €* @) (1) rather
than a sum of products, so that it becomes an identity in the Lie algebra CF"(9bj_4) rather than
the algebra CF(9bj_4). The next theorem shows that we can. First we introduce some notation.

Definition 5.3. For I a finite set, write Q[/] for the associative, noncommutative (Q-algebra
generated by i € I. That is, elements of Q[/] are finite linear combinations of words i1iy - iy
form >0andiy,...,i, € I, with multiplication given by juxtaposition. If J C [ and < is a total
order on J, write

[T =i dn ET=0 o dnd with i< a5 < e
jeJ in order

We can regard Q[I] as a Lie algebra, with commutator [i] -« iy, j1 - junl = i1 imj1-  Jn —
J1-+* Jni1---im. Define L[I] to be the Lie subalgebra of Q[/] generated by i € I. Then L[I] is
the free Q-Lie algebra generated by 7, and Q[/] is naturally isomorphic to U (L[1]).

Theorem 5.4. Let Condition 4.1 hold for (t,T,<) and (7T, T, <), and I be a finite set and
k1 — C(A). Then the expression in Q[I]

> Ul <.t ©)-  [] i liesinLll). (50)

total orders <X on I i€l in order
The author has a purely combinatorial proof of Theorem 5.4, but it is long and complicated,

so we instead give a shorter constructible functions proof. By an easy combinatorial argument
(48)—(49) may be rewritten

“@= Y ”L‘ 3 [ > U, <,k,1,7)

iso. classes " k:I-C(A): Ltotal orders < on 1.
of ﬁ{lllte k(=a Write I={i1,...,in},
sets i <2< i

LD () k. *e'“(i”)(‘c):|, (51)
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& (F) = Z % Z [ Z Ul,<,k,1,7%)

iso. classes " k:I—>C(A): L total orders <on I.
of finite k(= Write I={i],...,in},
sets! ===
&< (r) *~~*é"("")(r):|. (52)

By Theorem 5.4, the terms [- - -] are linear combinations of commutators of e¥® gx@ forj e,
80 (51)—(52) are identities in the Lie algebras CF™ (Obj 4) and SFglIGI (Dbj 4). We can now de-
duce:

Corollary 5.5. Let Assumption 3.5 hold, (z, T, <), (T, 7~", <), (7, YA", <) be weak stability con-
ditions on A with (z, T, <), (T, f, <) permissible, and (T, f, <) dominate (t, T, <), (T, T, Q).
Suppose the changes from (7, f“, Qo (1, T,X), (1, T, <) are locally finite, and the changes
between (t, T, <) and (7, T, <) are globally finite. Then in the notation of Section 3.5 we have

HY =HE, MO =HP,  HY =P, HO=HY,
oa = S (53)
Le=cy, Le=cLe,  Ly=LY,  LY=LY.

Proof. Theorem 5.2 implies (44)—(49) hold as finite sums in CF, SF;(Obj4) and CF,
SFON(K, <, 1) 4). Thus 8%(F) € HY, §4(7) € HY, and applying CF**(0(K)),d (K)« to
(46)—(47) gives CF™ (g (K))8ss(K, <, 1, T) € HY and o (K)48s(K, <, , T) € HY'. Hence
’Hga CHE, ..., ’F{tfo - ’Htro Exchanging 7, T proves the top line of (54). The first three equa-
tions of the bottom line follow from Definition 3.19. For the last, (52) and Theorem 5.4 imply
Y1) e E_‘TO, SO E_tf" C E_[TO, and exchanging 7, T gives the result. O

In [29, Ex.s 10.5-10.9] we define data A, K (A), § 4 satisfying Assumption 3.5 with A =
mod-KQ or nil-KQ for Q = (Qg, 01, b, e) a quiver, and A = mod-KQ/I or nil-KQ/I for
(Q, I) a quiver with relations, and A = mod-A for A a finite-dimensional K-algebra. The last
case A = mod-A also has an associated quiver, the Ext-quiver Q of A, and K (A) = Z20 in each
case. All weak stability conditions on these A are permissible on by [31, Cor. 4.13], and as for
each a € C(A) there are only finitely many 8, y € C(A) with @ = 8 + y, the changes between
any two weak stability conditions are globally finite.

For any such A we have the trivial stability condition (0, {0}, <), mapping « — 0 for all
o € C(A). This dominates all weak stability conditions on .A. So applying Theorem 5.2 with
(7, T. <) = (0, {0}, <) and Corollary 5.5 gives:

Corollary 5.6. Let A, K (A), § 4 be as in one of the quiver examples [29, Ex.s 10.5-10.9], and
let (1,T,<), (7, T, L) be any two weak stability conditions on A, such as the slope functions
of [31, Ex. 4.14]. Then (z, T, <), (7, T, <) are permissible, and the changes between them are
globally finite, and (44)—(49) hold as finite sums in CF, SF;(0bj4) or CF, SEON(K, <, 1) 4),
and (54) holds. Thus HE"“, e, /jtt" are independent of the weak stability condition (t, T, <).

In [31, §4.4] we studied weak stability conditions on .4 = coh(P), the category of coherent
sheaves on a projective K-scheme P, with data K (coh(P)), Scon(p) as in [29, Ex. 9.1 or 9.2].
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With m = dim P, we defined [31, Ex.s 4.16-4.18] a permissible stability condition (y, G,,, <)
from Gieseker stability, a permissible weak stability condition (w, My,, <) from w-stability, and
a non-permissible weak stability condition (8, D,,, <) from purity and the torsion filtration,
which dominates (v, G,,, <) and (u, My, <).

Proposition 5.7. In the situation of [31, §4.4] with A = coh(P), the changes from (8, Dy, <) to
¥, G, ), (b, My, <) are locally finite.

Proof. We first verify Definition 5.1 with (t, T, <) = (8, Dy, <), (T, T,<) = y,Gpm, <) and
U={X}with[X]=acC(A).If ({1,...,n}, <, «)is A-data with ({1, ..., n}) = « then the
argument of (60) below shows that

=D yox(l,....i)>yox({i+1,...,n})
S({L,....n} <.k, 8,y) = forall 1 <i <n,and 8ok =8(e),

0, otherwise.

Suppose S({1,...,n},<,k,8,y) # 0 and [(o,t,7)] € Ms({1,...,n},<,k,8)4 with
o({l,...,n}) = X. As the o ({i}) are é-semistable and § = () = §([X]), by [31, Ex. 4.18]
the o ({i}) are all pure with dimo ({i}) = dim X.

By induction we see that o ({i + 1, ..., n}) is pure of dimension dim X for all 1 <i < n. But
we have an exact sequence

({1,...,i}{1,...,n})

0> o({l,....i}) Dy o(li+1,....n}) >0,
soo({i +1,...,n}) is a quotient sheaf of X. Also, y oxk({1,...,i}) >y ox({i +1,...,n})
implies y(@) > y o«({i + 1,...,n}) by the weak seesaw inequality, and as degy(«) =
degy ok({i + 1,...,n}) this implies that (o ({i + 1,...,n})) < (X), where { is the slope
of [23, Def. 1.6.8], basically the second coefficient in the y polynomial.

Now Huybrechts and Lehn [23, Lem. 1.7.9 & Rem. 1.7.10] prove that if X € coh(P) if fixed
and po € R, the family of all pure quotient sheaves Y of X with dim Y =dim X and 2 ([Y]) < uo
is constructible, and hence realizes only finitely many classes in C(A). Applying this with uo =
(X) shows there are only finitely many possibilities for k ({i + 1,...,n}) in C(A). It easily
follows that there are only finitely many possibilities for n, x, as we want.

This extends to arbitrary constructible U C Obj4(K) using a families version of
[23, Lem. 1.7.9 & Rem. 1.7.10], so the change from (8, Dy,, <) to (y, Gy, <) is locally fi-
nite. The proof for (i, M,,, <) is the same, since u(x) > pok({i +1,...,n}) and degu(a) =
degpuox({i+1,...,n})alsoimply p(c({i +1,...,n})) < a(X). O

In Theorem 5.2 choose (7, f, <) = (6, Dy, <) ~and (r,T,), (1, f, <) arbitrary from
[31, §4.4]. Then (2, T, <) dominates (t,T, <), (7,T, <), and the change from (7, T, <) to
(7, T, <) is locally finite. So Theorem 5.2 implies:

Corollary 5.8. Let P be a projective K-scheme and A = coh(P), K(coh(P)), Fcon(p) be as in
[29, Ex. 9.1 or 9.2]. Suppose (t, T, <) and (T, T, <) are any two weak stability conditions on
coh(P) from [31, §4.4], which may be defined using different ample line bundles E, E on P.
Then (44)—(47) hold for coh(P), as infinite convergent sums. If (t,T, <), (T, T, <) are chosen



158 D. Joyce / Advances in Mathematics 217 (2008) 125-204

from [31, Ex.s 4.16 or 4.17], so that they are permissible, then (48)—(49) also hold as infinite
convergent sums.

For surfaces changes between Gieseker stability conditions are globally finite.

Theorem 5.9. Let P be a smooth projective surface, and A = coh(P), K(A),F4 as in
[29, Ex. 9.1]. Suppose (t,T,<), (7, f, <) are any two permissible weak stability conditions
on A from [31, Ex.s 4.16-4.17], which may be defined using different ample line bundles E, E.
Then the changes between (t,T,<) and (7T, f, <) are globally finite in the sense of Defini-
tion 5.1. So (44)—(49) hold as finite sums in CF, SFy(Obj 4) and CF, SFON(K, <, 1) 4), and
(54) holds.

The author can prove some partial results on global finiteness of changes between permissible
weak stability conditions on .4 = coh(P) when dim P > 3, but we will not give them as they
are complicated and inelegant. The main conclusion is this. Suppose (7, T, <), (T, T, <) are
any two permissible weak stability conditions on A from [31, §4.4]. Then we can construct a
finite sequence (7, T, <) = (10, To, <), (71, 11, <), ..., (ty, Ty, ) = (T, f", <) of permissible
weak stability conditions on 4, such that the changes between (t;—1, T;—1, <) and (7;, T}, <) are
globally finite for i =1, ..., n. This implies that (54) holds, so H?a, cees E_tr" are independent of
choice of (7, T, ).

We show the locally finite condition in Theorem 5.2 is necessary.

Example 5.10. Take P to be the projective space KIP?, with A = coh(KP?) and K (A), § 4 as in
[29, Ex. 9.1]. Define (z, T, <) to be the trivial stability condition (0, {0}, <) on A and (7, f, <)
the Gieseker stability condition (y, G2, <) of [31, Ex. 4.16], defined using (’)K]Pz(l). Suppose
X1, ..., Xy are distinct points in KP? (K). Then there is an exact sequence

0= Yyy....x, = Ogpa(—1) ® Op2(0) > Oy (—1) ® P Oy, — 0, (54)

i=1

where Oy; is the structure sheaf of x;. Define X = Ogp2(—1) ® Ogp2(0) in A, @ = [X]in K (A),
and «:{1,2} — C(A) by k(1) = [Yy,,...x,] = [Ogp2(0)] — n[Oy] and «(2) = [Ogp2 (—=1)] +
n[Oy, 1, so that k ({1,2}) = .
124+ 3t4+1—n. Thus y ox(1) =12+ 3¢t +2—2nand y ok (2) =1 +1 + 2n, so that y o
k(1) >y ox({2}) and S({1,2}, <,«,0, y) = —1. As all sheaves are 0-semistable, (54) implies
51 0) % 552 (0) # 0 over [X].

Hence for each n > 0 we have distinct ({1, 2}, <, k) giving nonzero terms over [X] in (45).
Therefore (45) does not make sense, even with the notion of convergence in Definition 2.16. This
works because the change from (0, {0}, <) to (y, G2, <) is not locally finite.

The rest of the section proves Theorems 5.2, 5.4 and 5.9.
5.2. Transforming to a dominant weak stability condition

L~et Assumption 3.5 hold and (7, T, <), (7, 7~“, <) be weak stability conditions on .4 with
(7, T, <) dominating (7, T, <) in the sense of Definition 3.16. Suppose ({1,...,n}, <, «) is
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A-data with S({1,...,n}, <,«,1,T) #0. Then Theorem 4.6 gives k, [ with T ok (k) < T o k(l)
and T ok (k) > % ox(l). But as (7, T, <) dominates (z, T, <), T o k(k) < T o k(]) implies T o
k(k) <Tok(l),and so T ok (k) =T o k(l). Therefore all T o k(i) are equal, by Theorem 4.6.

Using this and Definition 4.2 we see that if (T, f, <) dominates (7, T, <) and ({1,...,n},
<, k) is A-data with ({1, ..., n}) = « then

. 1, tok(l)>--->1t0Kk(n),Tok=1(x),
S({17 e 7n}5 <’K’ T, T) = {0 Otherwise (55)

In our next theorem, (55) shows (56)—(57) are special cases of (44)—(45).

Theorem~ 5.11. Let Assumption 3.5 hold, (z, T, <), (T, T, <) be weak stability conditions on A
with (2, T, <) dominating (t, T, <), and a € C(A). Then

> S M (1) % 85 (7) % -+ % 85 (1) = 8%(%), (56)

A-data ({1,...,n},<,k): Tok=T(at),
tok(1)>-->tok(n), k({1,....n})=c

> S5 (1) % 85 (1) % - % 5 (1) = §%(%). (57)
A-data ({1,...,n},<,k): Tok=T(a),
tok(1)>-->tok(n), k({1,...,n})=c

These are potentially infinite sums, converging as in Definition 2.16.

Proof. Consider A-data ({1,...,n},<,«) with T o k(1) > --- > 7 0 x(n) and 8P (1) x
Sk SSKS(")(I) #0 at [X] € Dbj4(K). By (20) CP% o ({1,...,n))8s{1,...,n}, <.k, 1) #0
at [X], so there exists [(o,¢, m)] € Mg ({1,....n}, <,k, 1) 4 With o({1,...,n}) = X. From
[29, Cor. 4.4], such [(o, ¢, w)] are in 1-1 correspondence with filtrations 0 = Ag C --- C A, =X
with S; = A;/Ai—1 Eo({i}) for i = 1,...,n. Thus S; is t-semistable and 7([S1]) > --- >
7([S,]). Theorem 3.13 now shows that 0 = A9 C --- C A, = X 1is the unique Harder—
Narasimhan filtration of X. So n, k and [(o, ¢, )] are unique for fixed [X].

Now Isox ([(o,t,7)]) = Aut((o,t, 7)) = Aut(Ag C --- C A, = X) and Isog ([ X]) = Aut(X).
But Aut(Ag C --- C A, = X) = Aut(X) as X determines Ag C --- C A, = X by Theo-
rem 3.13. Thus o ({1, ...,n}).:Isox([(o,t, w)]) = Isok ([X]) is an isomorphism of K-groups,

8™ () =1 at [X].

As (%, T, <) dominates (7, T, <) we have Tox(1) > - > 7 o k(n), and the o ({i}) are 7-
semistable by [31, Lem. 4.11]. It easily follows that X is T-semistable if and only if T ok = T («).
Thus, if X is T-semistable and [X] = « there exist unique n, k in (56) with 8;(3(])(1) ke ok
85 (1) = 1 at [X] and all other terms zero at [X], and otherwise all terms in (56) are zero
at [X]. That is, the left-hand side of (56) is 1 at [X] if [X] € Obj%(7), and O otherwise. This
proves (56).

Consider the map on Dbj 4 (K) taking [X] to (n, k) constructed from the Harder—Narasimhan
filtration as above. In the natural topology on Dbj 4 (K), it is easy to see n is an upper semicon-
tinuous function of [X], and « is locally constant on the subset of Dbj 4(K) with fixed n. Thus
the map [X] — (n, k) is locally constructible. Hence if & C Obj 4 is a finite type substack then
[X]+> (n, k) takes only finitely many values on &(K), and the restriction of (56) to & has only
finitely many nonzero terms, so (56) converges.
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Next we extend all this to (57). The argument above shows that [X] € Dbj4(K) lies in
Objg (7) if and only if [X]=0({L,...,n})«([(o, ¢, 7)]) for some [(o,t,7)] € M ({1, ..., n},
<,k,T) 4 and n, k as in (57), which are then unique. This gives a disjoint union

Obj? (%) = 11 o({1.....n}),(Ms({1.....n}. <.k, T) ).

A-data ({1,...,n},<,k): Tok=T (),
tok(1)>-->tok(n), k({1,....n})=a

where for any finite type substack ® C Dbj 4, only finitely many sets on the right-hand side
intersect & (K). This translates into an identity in LSF(Dbj 4):

S (D) = > 8o ({1, D (Mas({1,.m), o, 7) ) (58)

A-data ({1,...,n},<,k): Tok=T (),
tok(1)>-->tok(n), k({1,....n})=c

which is a potentially infinite convergent sum.
Now for n, « as in (57), the argument above shows that o ({1, ..., n}).: Mg ({1, ...,n}, <,

kK, )A—> o({l,...,n}H).(Ms({l1,...,n},<,k,7)4) is a bijection, inducing isomorphisms of
stabilizer groups. Here each side is the set of K-points in a locally closed K-substack of
M{1,...,n}, <, k)4 and Obj 4, and one can strengthen the argument to show thate ({1, ..., n})

induces a 1-isomorphism of these substacks. Therefore

o ({1, 1}) M) <)) = S (1D M (Lot or7) 4)-

Combining this with Definition 3.14 and (20) gives

SED (@) -+ 5 B () = B (1, eoin e My (1ot o) ) (59)

,,,,,

Equation (57), and its convergence, then follow from (58) and (59). O
5.3. Inverting Egs. (56)—(57)

In the situation of Section 5.2, if (7, f, <) dominates (7, 7,<) and ({1,...,m}, <, ) is
A-data with A({1, ..., m}) = « then a similar argument to (55) shows that

(=D ror({l,....i)>tor{i+1,...,m})
S({ls-"sm}9<1)"af9r): fori=],...,m—l,andfO)\Ef(Ot), (60)

0, otherwise.
Equation (60) shows (61)—(62) are special cases of (44)—(45).
Theorem 5.12. Let Assumption 3.5 hold, (t, T, <), (7, f, <) be weak stability conditions on A

with (T, f", <) dominating (v, T, <) and the change from (T, f", <) to (7, T, <) locally finite,
and o € C(A). Then
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Z (=D D) 5 82D (F) 5 - # 82 (F) = 8%(2),  (61)
A-data ({1,...,m},<,A): ToA=T(a),
tor({L,....iN>toA({i+1,....m})
Sfor 1<i<m, A({1,....m})=c
> (=) 18D F) % 2P (F) % - % XM (F) = 8% (1), (62)
A-data ({1,...,m},<,A): ToA=T(a),

tol({1,...,i})>toA({i+]1,...,m})
for 1<i<m, A({1,....m})=a

These are potentially infinite sums, converging as in Definition 2.16.

Proof. As the change from (7, 7.9 to (7, 7,<) is locally finite, (60) implies that (61)—(62)
converge. Equation (61) follows from

> ()" 182D () 55 82 (F)
A-data ({1,...,m},<,1): Tor=T(a),
ToA({1,.ni))>ToA({i+1,...,m))
for 1<i<m, A({1,...,m})=«a

= > S({l...om)< A ET)

ook <oy T, ) (S D (@) e S (1))

* (assm(l)(f) ek 555,”(nm)(1))
= Z SSKS(I)(T) Kook 8:8(11)(_[)

A-data ({1,...,n},<,k):
k({1,...,n))=a

[Z > S({1,....m} < A, £, 7)

m=1 vi{l,..,n}—{1,....m}:
V¥ is surjective,
I<isj<sn implies ¥ () <y (),
define A: {1,...,m}—>C(A)
by A=k (' (k)

]—[ H({k}), <okl T r)j| = 8%(1). (63)

Here in the first step we use (55) and (60) and substitute (56) in for Jgg M0 (), and in the second
we replace the sums over m, A and n;, k; for 1 <i < m by sums over n, k¥ and m, ¥, A, where n =
ny+---+ny,andk:{1,...,n} > C(A) is given by « (j) = «; (k) if j =m + - - +m;_1 +k,
I<k<mj,andy:{1,....,n} = {1,...,m}isgivenby ¥ (j) =iifm;+---+mj_1 < j<m1+

-+ 4+ m;, and use associativity of . For the third and final step we note that [- - -] in the last two
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lines of (63)is S({1,...,n}, <,«, 7, 7) by (33), but this is 1 if » = 1 and 0 otherwise by (32). So
the only contrlbutlon isn=1and « (1) = o, giving 6% (7).

As (63) involves infinite sums, we must also check our rearrangements of these are valid. Let
& C Obj 4 be a finite type K-substack. We shall show that the restriction of (63) to & has only
finitely many nonzero terms at every stage, so our argument above just rearranges finite sums over
®, and (63) holds as a convergent sum. Since the change from (7, T, <) to (7, T, <) is locally
finite and & (K) is constructible, by Definition 5.1 there are only finitely many ({1, ..., m}, <, A)
with S{1,...,m}, <, A, 7,7) #0and

SEK) No({1.....m}), (Ms({1.....m}. <. 1 F) |) # 0. (64)

Thus there are finitely many nonzero terms over & in the first step of (63).

The second and third steps of (63) are equivalent as they are a relabelling. Suppose 7, «,
m, ¥, A give a nonzero term over & in the third step. Then S({1,...,m}, <, A, 7,7) #0 and
S (kY. < kly-1(4y). 7. T) #£Ofork=1,...,m, and

SEK)No({1.....n}),(Ms({1.....n}, <.k, 7) ) # 0. (65)

Let [(o,t,m)] € M({1,...,n}, <, k,T) 4. Then o ({i}) is T-semistable for all i, so that o ({i})
is T-semistable by [31, Lem 4.11] as (7, T, <) dominates (‘L’ T,<). Also, S(v~'({k}), <,
Kly=1(kyps T-T) # 0 implies that 7 o « is constant on ¥~ !({k}) by (55). It follows that
o (Y1 ({k})) is T-semistable for k = 1, ..., m, which implies that Q({1,...,n}, <, {1,...,m},
<, ¥)s maps Ms({1, ..., n}, <, &, 1) 4 > Mss({1,...,m}, <, A, T) 4.

Asa({l,...,n}) = a({l,...,m}) o Q(1,...,n}, <, {1,...,m}, <, ), this and (65) imply
(64). Thus from the previous part, there are only finitely many possibilities for m, A giv-
ing nonzero terms in the second and third steps of (63). Fix one such choice. Then any
(1,...,n;}, <, ki) fori =1,...,m giving a nonzero term in the second step comes from the
(unique) t-Harder—Narasimhan filtration of some point [X;] in

o (i), o ({1 ....m});  (BE) N Mg ({L,....m}, <. 1, 7) ,]. (66)

Since o ({1, ...,m}) here is of finite type by [29, Th. 8.4(b)] and &(K) is constructible,
o ({1, ...,m});l(Qﬁ(K)) is constructible, and so (66) is constructible. As in the proof of The-
orem 5.2 the map [X;] — (n;, k;) is locally constructible, and so takes only finitely many values
on (66). Therefore there are only finitely many choices for n;, k; giving nonzero terms, and the
restriction of (63) to & has only finitely many nonzero terms at each step. This proves (61). The

proof of (62) is the same, substituting (57) in for &, (’)(t). O
5.4. Proof of Theorem 5.2

Let U C Dbj4(K) be constructible, and suppose ({1,...,n}, <,«) is A-data for which
S{1,...,n},<,k,7,T) #0 and (43) holds. Then by (33) there exist .A-data ({1, ...,m}, <, A)
and surjectlve vifl,....,n} - {1,...,m} with i < j implies ¥ (i) < ¥(j) and A(k) =
k(Y Yk)) for k =1,...,m, such that S({1,...,m},<,A,%,7) # 0 and S~ '({k}), <,
K Ly =1 (giepy» T 7) # 0 for all k.

Since (f T,< <) dominates (t, T, <), the argument of Theorem 5.12 shows that Q({1, ..., n},
<AL oom), <, ¥y maps Mgg({1, .. n), <k, 1) 4 = M({LL .., mb, <, A, T) 4, andUﬁ
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o({l,...,m}s(Mg({1,...,m}, <, A, T)4) # 0. As the change from (7, 7,9t (F,T,<)is
locally finite, by Definition 5.1 there are only finitely many possibilities for m, A. The argument
of Theorem 5.12 then shows there are only finitely many possibilities for n, k. Hence the change
from (¢, T, <) to (£, T, <) is locally finite, as we want. This implies (44)—(45) are convergent in
the sense of Definition 2.16.

To prove (44)—(45) we now substitute (56)—(57) with 7, A(i) in place of T, fori =1,...,m
into (61)—(62) with 7, T in place of 7, T respectively. We then rearrange these equations using
(33) exactly as for (63), but without using (32). The argument of Theorem 5.12 shows that for
finite type & < Obj 4 there are only finitely many nonzero terms over & at each stage, so the
rearrangements are valid and (44)—(45) hold.

Next we prove (46)—(47). Let I, <, k, ¢ be as in (46), and set ny = |¢~ ' ({k})| for k € K. By
Definition 4.3, (¢~ ({k}), <) is a total order, so there exists a unique bijection ¥y : {1, ..., n} —
¢~ ({k}) with ¥ (%) = <. Since 8 (K, <, 1, T) = [[ex 0 (kD * (84" (7)), taking the product
over k € K of o ({k})* applied to (44) with p(k) in place of o and using (20) gives

S (K. <, ) =[] > S({1, ..., k), <o kk,y T, )

kekK A-data
(L, eoneh, < kp):
ek ({1,...ong H=p (k)

o ({k})" o CF*™ (a ({1, ..., m}))dss ({1, ..., mi}, <, ks T)

1
=y W' > [ (k). <. . 7. %)

liso. <k¢ (1L, K) is A-data, keK
classes (1 <,K,¢) is dominant,

of finite >

sets / I=P(,<,K,¢),

Kk(p~ ‘(k)) w(k) for keK

Lo ()" 0 CF (o (07" (161))3ss (07" (1K), <., )] (6D

keK

Here in the last two lines of (67) we note that as above, to each choice of I, <, k, ¢ in (46)
we can associate ng, ¥ as above and kx = k o Y as in the first two lines of (67). Conversely, the
data ng, ki for k € K determine I, <, k, ¢ uniquely up to isomorphism. However, the sum in (67)
is not over isomorphism classes of quadruples (/, <, k, ¢), but rather over isomorphism classes
of I, followed by a sum over all <, «, ¢. It is easy to see that (I, <,«,¢) and (I, <, k', ¢")
are isomorphic if and only if (5/,«’,¢") = m.(<, k, ¢) for some permutation 7 :I — I, and
different 7w give different (', x’, ¢’). So we include the factor 1/|I|! to cancel the number |/|!
of permutations of 1.

As (67) involves infinite sums, we must also consider the convergence issues, and whether
our rearrangements of sums are valid. Let & C 91(K, <, 1) 4 be a finite type K-substack. Then
B (K) is constructible, so o ({k})«(&(K)) is constructible in Obj 4 (K) for each k € K, so by the
convergence of (44)—(45) there are only finitely many choices of ny, kx giving nonzero terms
over & in (67), and so only finitely many choices up to isomorphism of I, <%, k, ¢. This proves
(67), as a convergent infinite sum in LCF(ON(K, <, 1) 4).-
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Now for I, <, k, ¢ as in (46), by applying the proof of [29, Th. 7.10] | K| times, we can show
that the following is a Cartesian square:

g
m(lv <7K),A Q(I,%,K,g],¢) m(Ka > :U’)A
lﬁkeK SU=.¢7 (kD) erkaak})i (68)
[Tiex 0@~ ({k})
[Ticx PP ({kD, <, 1) 4 [Teex 964

By [29, Th. 8.4] the rows of (68) are representable and the right 1-morphism is finite type, so the
left 1-morphism is too as (68) is Cartesian. Applying Theorem 2.4 then shows that

[ 1[0 (1)) o CF* (0 (67" (1K1)))dss (97" (141), < 5, 7)]

keK

- ( I1 or({k})>* o CFS‘k< [Te(e ({k}))> [ [Tos(@7'(tk). <. x, t)}

keK keK keK

=CF*(0(,%,K,<,¢)) 0 ( [Ts(.<.67"(tk}) ) []‘[ 8ss (¢ <K, r)]

keK keK
=CF™(Q(I, =, K, <,9))8ss(I, <, 5, 7).

Substituting this into the last line of (67) and using (30) then proves (46), and its con-
vergence. For (47) we use the same argument with (45) instead of (44), (---), instead of
CF*(...), Theorem 2.8 instead of Theorem 2.4, and replacing products of functions such as
iex 0 (kH* LD (7)) by expressions like ([T, x 6 (AD)* (Rpex P (7).

To prove (48)—(49), let (t, T, <) and (7, f‘, <) be permissible. Substituting (31) into the left
hand side of (48) and rewriting gives

_1yl-1 l
DD DI > [T (ta). <.2.7.9)

A-data 1<I<m surjective a=1
(1L,....om}, <, ) g {l,..om}—>{1,...0}:
A({1,...omph=a i< implies £(i)<E()).

Define p: {1,...,[}—>C(A) by
mw(@)=xr(E""(a)). Then Fou=%(x)

S (@) 5k 82 (1)

3 D0 O3y — (7
= fSé‘s (@) %+ % 8L(T) = €%(7),
A-data ({1,...,1},<, 1)
u({l,....l )=a, Tou=t ()

using (22) at the first step, (44) at the second, and (20) at the third. These rearrangements are
valid, and the equation holds as an infinite convergent sum, since (44) is convergent and (20),
(22) have only finitely many nonzero terms. This proves (48) and its convergence, and (49) is the
same, using (23), (45) and (21). The final part of Theorem 5.2 is immediate.
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5.5. Proof of Theorem 5.4

Let Condition 4.1 hold for (z, T, <), (£, T, <). When || = 1 Eq. (50) is trivial. Suppose by
induction that n > 1 and (50) holds whenever |I| < n, and let « : I — C(A) with |I| =n. We
shall prove (50) for I, x.

As in [31, Ex. 7.10], define a quiver Q = (Qo, Q1, b, e) to have vertices / and an edge
o — o for all i, j € 1. Consider the abelian category nil-CQ of nilpotent C-representations
of Q, with data K (nil-CQ), §nil-co satisfying Assumption 3.5 as in [29, Ex. 10.6]. Then
K nil-CQ) = Z! and C(nil-CQ) = N/ \ {0}. Write elements of Z! as y:I — Z. Fori € I
define ¢; € C(nil-CQ) by ¢;(j) =1 if j =i and ¢;(j) = 0 otherwise. Then ) ;_;¢; =1 in
C(nil-CQ). Define t": C(nil-CQ) — T and ¥’: C(nil-CQ) —» T by T'(y) =1} ¥ (DK (i)
and 7'(y) = T(}_;<; ¥ )k (i)). Then Condition 4.1(iv), (v) imply (7', T, <), (7', T, <) are weak
stability conditions on nil-CQ, which are permissible by [31, Cor. 4.13].

Apply (51) in nil-CQ with « =1 € C(nil-CQ) and 7', ¥/, J, A in place of 7, 7, I, k. By
[31, Prop. 7.11(a)], if J is finite and A : J — C(nil-CQ) with A(J) =1 then |J| < |I| = n, and
if |J| = n then there is a unique bijection : : J — I with A(j) =e,(j) € C(A) forall j € J. The
number of A:J — C(nil-CQ) is the number |/|! of bijections z, which cancels the factor 1/|/]!
in (51). Taking J = I and A:i > ¢;, the definition of 7/, T/ implies that U(I, %, A, T/, T) =
U(, %, k, t,T). Thus we may rewrite (51) as

Z U, <,k,T,7)-€1(t)) % %€ (7))

total orders < on 1.
Write 1={iy,..., in},
i Sia <<

~ 1 ;o
:61(7,')— Z W Z |: Z UJ,g,A,1,T)

iso. classes of " A J>Cmil-CQ): total orders < on J.
hqﬁ]e sJets J A)=1 Write J={ji,..., jm},
with |J]<n NS S

. ék(jl)(-,;/) %ok 6)‘(j'")(t/):|. (69)

Now €!(#'), *Ua) (') lie in CF™(Dbjpi-co) by [31, Th. 7.8]. By induction, as |J| < n
the term [---] is a sum of commutators of €*Ua) (/) and so lies in CFind(Dbjni]-CQ). So every
term on the right of (69) lies in CF"4(O binil-c@), and thus so does the left-hand side. However,
[31, Prop. 7.11(c)] implies the subalgebra A; ;» of CF(Objnil-co) generated by the €% (') for
i €1 is freely generated, so that Ay .+ = Q[I]. We can then deduce from [30, Prop. 4.14] that
the Lie algebra A; . N CFind(Dbjnj]_(CQ) is freely generated by the €% (z’) for i € I, so that
A7 NCF™(Dbjyi-co) = L[1]. Equation (50) for I, k follows, as the left-hand side of (69) lies
inA; N CFM (O bjnil-co). This completes the proof.

5.6. Proof of Theorem 5.9

Let P be a smooth projective K-scheme of dimension m and define A = coh(P), K (A), 4
satisfying Assumption 3.5 as in [29, Ex. 9.1]. We allow m arbitrary for our first two propositions,
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and then restrict to m = 2. As in [29, Ex. 9.1] the Chern character gives a natural injective group
homomorphism

ch: K (coh(P)) — @HZ’(P 7). (70)

Here H*(P,7Z) makes sense when K = C. For general K we can instead use the Ch_ow ring
A(P), but we will not worry about this. Write ch; (o) for the component of ch(«) in H 2P, 7).
These may be written in terms of the Chern classes ¢; (X) and the rank rk(X) as on [22, p. 432]
by

1
cho(IX]) =tk(X), (X)) =c1(X),  cha(IX]) = 5(e1(X)” = 2e2(X)).  (71)

and so on. Now let E be an ample line bundle on P. Then by the Riemann—Roch Theorem
[22, Th. A.4.1] the Hilbert polynomial px of X w.r.t. E is

pxm = (X @ E") = [ (1+a(E)' -eh(ix) - wd(P). )

P

Here f p(-+-) means the image of the component in H Zm(p,7Z)in (---) under the natural homo-

morphism H>" (P, Z) — Z, and td(P) is the Todd class of P, given in terms of Chern classes as
on [22, p. 432] by

1 1
td(P) =1+ Cl(P) t35 (Cl (P)* +c2(P)) + 226! (P)ea(P) +- (73)
For 0 % X € A, write dim X for the dimension of the support of X in P. This depends only
on the class [X] € C(coh(P)), and so defines a map dim : C(coh(P)) — N. Note that for all the
weak stability conditions (t, T, <) on A defined in [31, §4.4], t(«) is a polynomial of degree
dima for all « € C(A).

Proposition 5.13. Let (7, T, <), (T, f", <) be weak stability conditions on A from [31, §4.4] and
(1,...,n}, <, k) be A-data with k({1,...,n}) =a € C(A) and S{1,...,n},<,k,1,T) #0.
Then d1m ok =dima.

Proof. Apply (33) with (%, f", <) = (6, Dy, <) from [31, Ex. 4.18]. Then there exist m, ¥, A
in (33) with S(I//_l({k}),\,K|w71({k}),1’ §) #0 for k=1,...,m and S{1,...,m}, <, A,
8,7) #0. As (8, Dy, <) dominates (7,7, <), (7,7, <), Egs. (55) and (60) then imply that
dor=6(a)and §ok|y-1(yy =80A(k) fork=1,..., m. Together these give § ok = §(c). But
8(B) =t9mB for B € C(A), sodimox =dima. O

Here is a finiteness result for A-data of dimension zero or one.
Proposition 5.14. Suppose (t, T, <), (T, T, <) are weak stability conditions on A from [31,

Ex. 4.16 or 4.17]. Let & € C(A) with dima = 0 or 1. Then there exist at most finitely many sets
of A-data ({1,...,n}, <, k) withk({1,...,n}) =aand S{1,...,n},<,k,7,7) #Z0.
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Proof. If dima = 0 and n, k are as above then dimox = 0, so that T ok = 7 o k = ¥ in all
the examples of [31, §4.4]. Thus the strict inequalities in Definition 4.2(a),(b) cannot hold,
and S{1,...,n},<,x,7,7) =0 unless n = 1 and «(1) = «. Therefore there is only one set
of A-data.

Let dimo = 1, and suppose for simplicity that P is connected. If it is not, we may ap-
ply the argument below to each connected component of P. Identify H>"(P,Z) = 7Z. Let
(r, T, <), (7, T, <) be defined using ample line bundles E, E on P respectively. Then using
(72)—(73) we find that

chy, (o) + %CI(P) chy—1(e)
c1(E) chy—1 (o)

hym Ley(P)chy,—
’ f(a)=t+c (a)+~201( )c 1(01)7 (74)
c1(E) chy—1 ()

() =t+

whichever of [31, Ex. 4.16 or Ex. 4.17] are used to define (7, T, <), (T, T, Q).

Suppose ({1, ...,n}, <, k) is A-data with S{1, ...,n}, <,x,7,7) #0and k ({1, ...,n}) = .
Then dimox =1 by Proposition 5.13, forcing chj(k(i)) =0 for j <m — 1 and c1(E") x
chy,—1(k (i) > O for all i and ample line bundles E” on P. Since ) ;_; chy,—1(k (i)) = chy—1 ()
it is not difficult to see there are only finitely many possible choices for n and chy,—1(k(i)),
i=1,...,n.

Let k~,l be as in Theorem~ 4.6. Using (74) and T o x(k) > T(x), T o k(k) < 7 o k(i),
I < ci(E)chy—1(k (k) < ci(E)chy—1(a), 1 < c1(E)chy—1(k(k)) and c1(E) chy—1(k (D)) <
c1(E) chy,—1 (o) we deduce the first inequality of

c1(E)chy_q(a) ~min(chm(a) + %cl(P) ch,,_1(a), 0)
1
< ch (k@) + Fe1(P) chy—1 ( (1)
< c1(E)chy—1 (@) -maX<Chm (o) + %CI(P)Chm—l(a)’ 0) (75)

foralli =1,...,n. The second follows in the same way from 7(«x) > Tox (/) and ok (i) <70
k(). For each of the finitely many choices for n and ch,,—1 (x (i)), Eq. (75) shows there are only
finitely many possibilities for ch, (k(i)) in H Zm(p,7) = 7. So there are finitely many choices
for ch(k (i)), and thus for « (7) as (70) is injective. Hence there are only finitely many possibilities
forn,k. O

Now suppose P is a smooth 2-dimensional K-variety, that is, a K-surface. Following
[23, p. 71], define the discriminant of X € coh(P) to be

A(X) =21k(X)c2(X) — (rk(X) — 1)c1(X)?

= chy ([X1)” — 2cho ([X]) cha ([X1) (76)

in H*(P, Z) = 7, where the second line follows from (71). More generally, if « € C(coh(P)) we
write A(a) = ch; (@)% — 2chg(a) cha () in Z. We are interested in discriminants because of the
following important inequality due to Bogomolov [23, Th. 3.4.1] when char K = 0, and Langer
[34, Th. 3.3] when char K > 0.
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Theorem 5.15. Let P be a K-surface, (v, T, <) a weak stability condition from [31, Ex. 4.16
or 4.17] on A = coh(P) defined using an ample line bundle E, and X € A be t-semistable.
Then A(X) > Crk(X)2(tk(X) — 1)2, where C =0 if charK =0, and C < 0 depends only on
P,charK and E if charK > 0.

Drawing on ideas from Huybrechts and Lehn [23, §4.C], we prove a finiteness result for
dimension two A-data ({1,...,n}, <, k). It is related to Yoshioka [47, §2], who proves that for
P a smooth projective surface over C and o € C(coh(P)) fixed the ample cone of P is divided
into finitely many chambers, and if (y, G2, <) is Gieseker stability with respect to an ample line
bundle E then ObjZ (y) depends only on which chamber ¢ (E) lies in.

Theorem 5.16. Let P be a smooth projective surface, and A = coh(P), K (A) as in [29, Ex. 9.1].
Suppose (t, T, <), (T, 7~", <) are permissible weak stability conditions on A from [31, Ex. 4.16
or 4.17], defined using ample line bundles E, E.Letac C(A) with dima = 2. Then there exist
at most finitely many sets of A-data ({1, ...,n}, <, k) withk({1,...,n}) =a, S{1,...,n}, <,
k,7,T) %0, and Ak (i) > Crk(k (i) (tk(k (i) — D)2 fori =1,...,n and C as above, and if
there are any such n, k then A(a) > C rk(a)?(rk(a) — 1)2.

Proof. Identifying H*(P, Z) = Z, for B € C(A) with dim 8 = 2 define

1(B) =ci1(B)ei(E)/ k() and () =ci(B)ei(E)/1k(B) inQ. (77)

For s € [0, 1] define us(B) = (1 — s)u(B) + sit(B) in R. By computing Hilbert polynomials
with respect to E, E using (71)—(73) and referring to [31, Ex.s 4.16-4.17], we can show that if
B,y € C(A) withdim 8 =2 =dimy then u(B) < u(y) implies 7(8) < t(y) and (B) < i (y)
implies 7(8) < 7(y). So we shall use u, [t as substitutes for 7, T in the proof, and u; for s €
[0, 1] interpolate between them.

Let n, k be as in the theorem. Then dim o x = 2 by Proposition 5.13. If n = 1 the only possibil-
ityis k(1) = «, so suppose n > 1. For s € [0, 1] and 1 < i < n, consider the three (not exhaustive)
alternatives:

@ pusox({l,...,i) >us(@)andtok(i) <tok(i+1);
Md) usox({l,...,i}) <usg(@)and tox(i) >tox(i+1);0r
©) msox({l,...,i}) = ps(a).

The point of this is that as fi(8) < @(y) implies T(8) < T(y) from above, when s = 1 parts
(a), (b) above imply Definition 4.2(a), (b), and Definition 4.2(a), (b) imply (a)—(c). Thus,
S{L,...,n},<,k,7,T) # 0 and Definition 4.2 imply that one of (a)—(c) above hold for all
1<i<nwhens=1.

Similarly, when s = 0 parts (a)—(c) above are related in the same way to Definition 4.2(a), (b)
with 7 in place of 7. But S({1,...,n}, <,x,7,7) =0 by (32) as n > 1. Therefore Definition 4.2
implies that there exists 1 < i < n for which neither (a) nor (b) above holds when s = 0. As one
of (a)—(c) holds for this i when s = 1, the sign of us o« ({1,...,i}) — us(or) must change over
[0, 1], so there exist s € [0, 1] and 1 < i < n such that (c) holds. Choose such values sq, ig of s, i
with so as large as possible. Then since one of (a)—(c) hold for all 1 <i <n ats =1, it is easy
to see that one of (a)—(c) hold for all 1 <i < n at s = sq, and (c¢) holds for s = 59, i = iy. Also
so € Q, as u, [t take values in Q.
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Define o',a” € C(A) and A-data ({1,...,n'},<, k"), ({I,...,n"}, <, &) by o« =
k({1,... io)), " =«{io+1,...,n}),n =ip,n" =n—ip, ' (i) =« (i), and " (i) = k(i +ip).
Then «'({1,...,n'}) =o', «"({1,...,n"}) = a”. As one of (a)—(c) hold for all 1 <i < n at
s = 80, and (c) holds for s = s¢, i = iy, it is not difficult to see that the analogues of one of (a)—(c)
for @’ and ({1,...,n'}, <,«’) hold for s = sgp and all 1 <i < n’, and the analogues of one of
(a)—(c) for " and ({1, ...,n"},<,k”) hold for s =sg and all 1 <i <n”.

Set & = rk(a’)c1 (@) — rk(e”)e1 (@) in H>(P, Z). Then (71), (76) yield

. 1 ’ 1 ” ’§2
@ 2@ = 5@ 2T k@ ) T Ko k@) k@)

(78)

As so € QN [0, 1] we can write so = p/(p + q) for integers p, g > 0 with p 4+ g > 0. Since (¢)
holds for s = s¢, i = i¢ we find that

(gc1(E) + pei(E))éE =0. (79)

But E9Q EP is ample, so the Hodge Index Theorem [22, Th. V.1.9] implies that £2 < 0, and thus
(78) gives

1 I 1 1
e 00> e A + A, (80)
Suppose now that we know that
A@) = Crk(a)? (k@) —1)° and  A@") > Crk(@”)?(tk(@”) —1)°. (81)

Then from (78) and rk(a’), tk(a”) < 1k(r) we see that
2C rk(@)* (tk(a) — 1)* — k(@) A(e) <2 <0,

so there are only finitely many possibilities for the integer £2. Combining this with (79) we see
as in the proof of [23, Lem. 4.C.2] that & lies in a bounded, and hence finite, subset of H(P, Z).

Since 1 < rk(’), tk(a”) < rk(a) there are only finitely many choices for chg(a’) = rk(a’)
and chy(a”) =1k(a”). Butas c; (@’) +c1(a”) = ¢ (o), tk(a’), tk(a”) and & determine ch; (o) =
ci(a’) and chi(a”) = c1(a), so there are only finitely many possibilities for these. From (76)
and (81) we see that

cha(@') < chi (@) /2cho(e) — 3 C cho(@)(cho(@) — 1)’
" 11N2 ” 1 ” 1 2
cha(a”) < chy(a”)"/2chp(a”) — ECChO(Ol )(cho(a”) —1)7,

so as cha(a’) 4 cha(a”) = cha () we see that once ch; (o), ch; (o”) are fixed for i =0, 1 there
are only finitely many choices for chy(a’), chy(a@”) in Z. Thus, given a, C there are only finitely
many possibilities for ch(a”), ch(a”"), and hence for o', «” as (70) is injective.
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We can now prove the following inductive hypothesis, for given [ > 1:

(*;) Suppose a € C(A) with dima = 2 and rk(e) < I, and ({1,...,n}, <, k) is A-data
with «({1,...,n}) =« and A(k(i)) > Crk(k(i)2(k(k (i) — 1)2 for i = 1,...,n, such
that for some s € [0,1] and all 1 <i < n one of (a)-(c) above holds. Then A(x) >
C rk(a)?(tk(r) — 1)2. Moreover, for fixed « there are only finitely many possibilities for
such n, k.

When [ = 1 this is trivial as the only possibility is # = 1 and « (1) = «. Suppose by induction that
() holds for [ > 1, and let @ € C(A) with rk(e) =1+ 1, and n, x be as in (x;41). Construct
so € [0,s]and o, n’, k', &”, n”, k" as in the first part of the proof. Then rk(a’), tk(a”) <1, so
o, n', k" and a”, n”, k" satisfy the conditions of (#;), which implies (81) holds. Combining this
with (80) and rk(er) = rk(a’) + rk(a”) gives A(a) > C rk(a)?(rk(ar) — 1), as we want.

By the first part there are only finitely many possibilities for «’, a”. For each of these, (%)
shows there are only finitely many choices for n’, ¥’ and n”, «”. But these determine n, k, so
there are only finitely many possibilities for n, x, completing the inductive step. Thus (%;) holds
for all [ > 1. The theorem now follows from the first part of the proof, which showed that for
n, k as in the theorem the hypotheses of (%;) hold withs =1. O

Deﬁ~nition 5.1, Proposition 5.14 and Theorems 5.15:5.16 show the change from (7, T, <)
to (7, T, <) is globally finite, so the change from (7,7, <) to (7, T, <) is too by symmetry.
Theorem 5.9 now follows from Corollary 5.8.

6. Invariants

Given a permissible weak stability condition (z, T, <) on A, we now consider how best to de-
fine systems of invariants Iss(- - -) of A and (z, T, <) which ‘count’ 7-semistable objects in class
o € K(A), or more generally ‘count’ (I, <, k)-configurations (o, ¢, w) with o ({i}) t-semistable
forall i € I. Obviously there are many ways of doing this, so we need to decide what are the most
interesting, or useful, ways to define invariants. For instance, we could ask that the invariants we
choose can be calculated in examples, or are important in other areas of mathematics.

The criterion we shall use to select interesting invariants is that they should satisfy natural
identities, and the more identities the better. Of course, this is not unrelated to other criteria; for
instance, such identities are powerful tools for calculating the invariants in examples, as we shall
see, and may be a reason for the invariants to be important in other areas.

We shall divide the identities we are interested in into additive identities, for which the I(- - -)
should take values in an abelian group or Q-vector space, and multiplicative identities, for which
the Ig(---) should take values in a ring or Q-algebra. Here is a very general way of defining
invariants satisfying useful additive identities.

Definition 6.1. Let K, A, K (A) satisfy Assumption 3.5, and suppose A is a Q-vector space and

0 :SFa(Dbj 4) — A a Q-linear map. Let (z, T, <) be a permissible weak stability condition

on A. For all A-data (I, X, «), define invariants Iss(I,<,k,7) in A by I(I,<,k,7) =po

0 (1)sdss(1, <X, K, 7).

Remark 6.2. Here are some ways we might choose the linear map p:

(a) When charK = 0 we could take p = o o ngkbm, for some linear p’:CF(Obj4) — A.
This would have the advantage of making the meaning of the invariants—what they are
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‘counting’—clearer. For example, /J(7) in (83) below would measure the moduli space
ObjZ(r) of t-stable elements in class «, rather than the more obscure stack function

82(z) of [31, §8]. In the same way, we could take p = p’ o I_Yg’b'?A for some linear

p’:S_Fal(DbjA, ®, 2) — A. Then as in the discussion before [31, Th. 8.7], we could in-
terpret I (7) as counting ‘virtual t-stables’ in class «, etc.

(b) As in Section 6.1 we could take p = p’ o IT,, where IT:Obj4 — SpecK is the projec-
tion, IT, maps SF;(Dbj4) — SF(SpecK) (not SF(SpecK) as IT is not representable),
and p": SF(SpecK) — A is linear. Then Is(I, %, &, T) = p' (M1, %, &, T)]), s0 Is(1, <,
Kk, ) depends only on the moduli space M(/, <, «, T) and not on its projection to Obj 4.

(c) We could take A to be a (Q-algebra and p: SF;(Obj4) — A to be an algebra morphism,
such as those constructed in [30, §6]. This would imply multiplicative identities on the in-
variants in A. In the same way, we could restrict to invariants coming from L5 and take
p:SFM(Dbj 4) — A to be a Lie algebra morphism, as in [30, §6.6].

Applying p o 6 (K ), to (47) in Theorem 5.2 gives:

Theorem 6.3. Let Assumption 3.5 hold, (t, T, <), (T, T, <) be permissible weak stability condi-
tions on A, and Iss(x) be as in Definition 6.1. Suppose the change from (t, T, <) to (T, T, L) is
globally finite, and there exists a weak stability condition (T, f", <) on A dominating (t, T, <),
(%, T,<) with the change from (7, T. Q) 1o (3, T,<) locally finite. Then for all A-data
(K, <, u) the following holds in A, with only finitely many nonzero terms:

1 -
> > T, <6 K. ¢, 7.7) - Is(I, <.k, T)
iso. 7! <L.6,¢: (1,=.x) is A-data,
classes (1,%,K,9) is dominant,
of fmite I=P(1.<.K.9).
k(@ () =p(k) forkeK
=ISS(K7 é? M’f)' (82)

Knowing I (7, <, k, T) for all (I, <, k) is equivalent to knowing the restriction p : H? 5 AL
We know from Section 5 that under mild conditions, if (7, T, <) and (7T, f, <) are permissi-
ble weak stability conditions on A then HE = 7:1[?, as in (54), so knowing I (1, <, k, T) for
all (1, <, «) is equivalent to knowing I (I, <, «, T) for all (I, X, ). Theorem 6.3 makes this
equivalence explicit.

In the same way, subsystems of the Ig(*, T) are equivalent to knowing the restrictions of p
to 7'_0,0, E_ga and [ﬁtro. For example, knowing I (1, <, k, ) for all (I, <, «) with < a total order
is equivalent to knowing p : 7:0,0 — A.If (K, Q) is a total order then all (/, <) occurring in (82)
are total orders, corresponding to the fact that ﬂtro = 7-_[tf°. Thus, the I(1, <%, k, T) with (/, X)
a total order form a closed subsystem of the system I (*, T) under change of stability condition.

We can also define other families of invariants I, I, Isbs, Isbi, Isl{(], <, k, T) in A by applying
p o0 (D), to the stack functions &g, 8, 8%, 82, 85(1, <. k, 7) of [31, §81], and 1%, 1%, I, J*(7)
by applying p to 8%, B_g, 8%,&%(t). Then the identities of [31, §8] yield many additive identities
between these families of invariants. For instance, the stack function analogue of (14) implies
that
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1
K@= ) o > I(1, <.k, 7)

iso. classes <,k: (1,%,k) is A-data,
of finite sets / k(I=w, Tok=T (@)

>, n(l, <, N, 3). (83)

p.o.s < on / dominating <

Here I$(7) is an invariant which ‘counts’ t-stable objects in class o € K (A) (though see
Remark 6.2(a) on this point). One overall moral is that all the invariants can be written in terms
of the I (x, T), so we use Iy (*, ) for preference. The other invariants will be useful for some
purposes though; for instance, from [31, Def. 8.9] we see that p: £ — A is determined by the
I:;(I, <,K,T) or Isbt(l, <, k, T) for connected (I, <), so these Ig(*, T) or Ist;(*, 7) form a closed
subsystem under change of stability condition.

In the rest of the section we study examples in which A is a (Q-algebra and the invari-
ants satisfy additional multiplicative identities. The obvious way to do this is to arrange that
0 :SF(Dbj 4) — A is an algebra morphism, or p: SF;‘lld (Dbj4) — A aLie algebra morphism,
as in the constructions of [30, §6]. But in [30, §5.1] we also define multilinear operations Py <)
on SF,1(0bj_4), and in some cases we can arrange for these to commute with operations P(; <)
on A.

Multiplicative identities imply that the full system of invariants Iy (I, <, k, T) is wholly de-
termined by a smaller generating subset of invariants. For instance, if p is an algebra morphism
then p on H:" or H is determined by its value on a set of generators for H; or H'°, such as
the Sg‘s(r) or €%(t) for 7-_[‘;). This reduces the amount of data needed to specify the I (*, T), and
so simplifies the problem of computing invariants in examples. So where we can we will focus
on the invariants I (t), J%(t) associated to Sﬁ;(r), €%(1).

S

6.1. Multiplicative relations from disconnected (I, X)

Asin [31, §7.2], if (/, <) is a finite poset let =~ be the equivalence relation on I generated by
i~ jifi < jorj=<i,and define the connected components of (I, <) to be the ~-equivalence
classes. We shall now study invariants I (/, <, , T) that are multiplicative over disjoint unions
of connected components.

Definition 6.4. Let Assumption 3.5 hold and (z, T, <) be a permissible weak stability condition
on A. Suppose A is a commutative Q-algebra and o : SF(SpecK) — A an algebra morphism.
As in Remark 6.2(b), define invariants I(/, <, «, T) in A for all A-data (I, <, k) by

Is(I, <.k, 1) =p' 0 M1, <.k, T) = p/([Mss(Iv < K, f)])» (84)

with IT: Dbj 4 — SpecK the projection and IT, : SF4 (Dbj 4) — SF(Spec K).

There are many ways of constructing such p’. For example, we can take A = SF(SpecK)
and p’ =idy. Or for any 7, A satisfying Assumption 2.10, such as Example 2.11 or others in
[28, §4.1], we can take p’ to be the morphism 7"’ of Theorem 2.13. Also, using the notation of
[27, §4.4], if charK = 0 and w is any allowable multiplicative weight function on affine alge-
braic K-groups taking values in Q, then A = Q and o’ : [R] = xu» (R(K)) defines an algebra
morphism. Examples of such w are given in [27, Prop. 4.16].
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These invariants satisfy a multiplicative identity. Note that (85) holds without any additional
conditions on .A in contrast to the identities of Sections 6.2-6.5, which require assumptions on
the groups Ext' (X, Y) for X, Y € A.

Proposition 6.5. Let Assumption 3.5 hold and (t, T, <) be a permissible weak stability condition
on A, and define invariants I (I, %, k, T) as in Definition 6.4. Suppose (J, <, M), (K, <, u) are
A-data with J N K = @. Define A-data (I, <,k) by [I=J UK, k|j=A k|lg =, and i i’
Sori,i' e Iifeitheri,i’ € Jandi <i',ori,i’ € K and i <i’. Then

Is(I, <, 6, 1) = I (J, Nv)"a ) I(K, <, u, 7). (85)

Equation (85) also holds with I replaced by I, I, 12 1% or Ib throughout.

$S? 7s1

Proof. Asin [29, §7.4] we can prove we have a 1-isomorphism:
SU, =, J) x SU, <, K) ML < k) 4 = MU, S, ) 4 < MUK, <, 1) 4

This implies (S(I, <, J) X S, <, K))s (Ms(I, <, k6, T) 4) = Mss(J, S, 4, 1) 4 X M(K, <,
w,T) A, 80 [Ms(, 5,6, T) 4l = [Mss(J, S, A, 1) Al - [MSS(Kv <, u,7) 4] in the algebra
SF(Spec K). Equation (85) then follows from (84) and p’ an algebra morphism. The ana-
logues for I, ..., ISt can be deduced from (85) and the additive identities relating Is(, T)
and [, ..., Ist{(* 7) that follow from the additive identities on J, . . . , St(* t)in [31, 8§8]. O

We see from (85) that all I (1, <, k, T) are determined by the subset of I (/, <, «, T) with
(I, %) connected. Equivalently, they are determined by the subset of / b(I ,k,7) with (1, %)
connected. But by [31, Def. 8.9], the Lie algebra L_', is spanned by 3 (I, <, k,7) with (1, %)
connected. Therefore (85) implies that p = p’ o IT, HY > Als determmed by p: L A.

Here is a different way to define invariants I (, ) satisfying (85).

Definition 6.6. Let Assumption 3.5 hold, with K of characteristic zero. Then each X € A may
be written X = X, @ --- @ X,,, for X1, ..., X, indecomposable in A, and unique up to order and
isomorphism. Identifying X with X| @ - - - @ X,,, define an algebraic K-subgroup Tx of Aut(X)
by

Tx = {A1idx, +A2idx, ++ - + Apidy,: Ar, ..., Ay € KX} = (KX)"

Then Ty is a maximal torus in Aut(X), so Aut(X)/Tx is a quasiprojective K-variety, and its
Euler characteristic x (Aut(X)/Tx) exists as in [27, §3.3].

Now End(X) is a finite-dimensional K-algebra. Applying the Wedderburn structure the-
orem [3, §1.3] gives an algebra isomorphism End(X)/J(End(X)) = @;zl End(K"), where
J(End(X)) is the Jacobson radical, anilpotent, two-sided ideal in End(X),andn =n;+---+n,.
This implies an isomorphism of varieties Aut(X)/ Ty = K/ x [T, GL(n;, K)/(K*)", where
[ = dim J(End(X)) and (K*)" C GL(n;, K) is the subgroup of diagonal matrices. Elementary
calculation then shows that x (Aut(X)/Tx) = [];_, n;!, which is nonzero.

Define A = Q[¢], the Q-algebra of rational polynomials in f. Define a weight function
w:Obj4(K) = A by w([X]) = x(Aut(X)/Tx)~'t", for n, Tx as above. This is well-defined
as x (Aut(X)/Tx) # 0 from above, and is locally constructible on Dbj_4. One can prove that this
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weight function has the following multiplicative property. Let e be the partial order on {1, 2} with
i e jonlyifi=j,and Pqi 2. be the bilinear operation on CF(Obj 4) studied in [30, §4.8].
Then for all f, g € CF(Obj4) we have

X" (Obj 4, w+ P1,23,0)(f.8)) = x"™©Obj g, w- f) - x"(Objg, w-g) inA,  (86)

using the naive weighted Euler characteristic of [27, §4.1]. The proof is elementary: we calculate
the multiples of f([X])g([Y]) contributing to each side at [X @ Y] and show they are the same.
Now let (z, T, <) be a permissible stability condition on A and define

Is(I, <, k,T) = X" (Dbj 4, w - CF™ (0 (1)) 855 (I, <, &, T))

= X"(Obja, w7, 00 (Db, =, 6, 0)) @7

for all (I, <, ). Then using CF™*(a (1))dss(I, <.k, 7) = Py.< 5P (1): i € I), (86) and
[30, Th. 4.22] we find these invariants satisfy (85).

The Ig(*, ) of (87) do not come from Definition 6.4. Remark 6.2(a) applies to them, so
that invariants such as 1§ (t) in (83) have a clear interpretation. In fact, combining (14), (83)
and (87) yields I (1) = x"*(Obj 4, w - 8%(7)). But any t-stable X has Aut(X) =K*,sow =t
on Objg (1), giving I (1) =t x"*(Objg (7)), arguably the simplest, most obvious way to ‘count’
T-stables.

6.2. When Ext! (X, Y)=0forall X,Y € Aandi > 1

Recall that a K-linear abelian category A is called of finite type if Ext!(X,Y) is a finite-
dimensional K-vector space for all X,Y € A and i > 0, and Ext! (X,Y) =0 for i > 0. Then
there is a unique biadditive map x : Ko(A) x Ko(A) — Z on the Grothendieck group Ko(A)
known as the Euler form, satisfying

x([X1,[Y]) = Z(—l)i dimg Ext' (X, Y) forall X,Y € A. (88)
i=0

We shall suppose K(.A) in Assumption 3.5 is chosen such that x factors through the projec-
tion Ko(A) — K (A), and so descends to x : K(A) x K (A) — Z. This holds for nearly all the
examples of [29, §9-§10].

Now assume Ext' (X, Y) =0 forall X,Y € A and i > 1. Then (88) becomes

dimg Hom(X, Y) — dimg Ext! (X,Y)= X([X], [Y]) forall X, Y € A. (89)
This happens for A = coh(P) in [29, Ex. 9.1] with P a smooth projective curve, and for A =
mod-KQ in [29, Ex. 10.5].
Supposing (89) and Assumption 2.10, [30, §6.2] defined an algebra morphism
oI5 :SFa(Dbj4) — A(A, A, X), (90)

where A(A, A, x) is an explicit algebra depending only on K (A), C(A), x and A. In fact we
defined @4 on the algebra SF(Obj_4, T, A), but composing with the projection from SF, (Dbj 4)
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gives an algebra morphism from SF,;(Dbj 4). Furthermore, we showed (90) intertwines the mul-
tilinear operations P(; <) on SFy(9bj 4) of [30, §5.1] with operations P(; <) on A(A, A, x).
We shall define families of invariants 1¢(t)4, J¥()4"2 and I(I, <, k, T)4, J2(, <,
K, t)Ao’Q taking values in the algebras A, A°, £2 of Assumption 2.10, which will satisfy multi-
plicative identities when (90) is an algebra morphism. For later use we define them without extra

assumptions on Ext' (X, 7).

Definition 6.7. Let Assumptions 2.10 and 3.5 hold and (7, 7, <) be a permissible weak stability
condition. For all @ € C(A) and A-data (I, <, «) define

0" =T" 054 (r) and I <. 6,1 =Y oI, 00(I):8s(I. <.k, T) (91
in A, where 7’ :SF(SpecK) — A is as in Theorem 2.13 and IT:Obj 4 — SpecK is the pro-
jection, so that IT, maps SFy(Dbj4) — SF(SpecK). Now suppose (1, <) is connected. Then
[31, §8] defines stack functions €% (7), 85(1, <, k, T), which lie in SF;‘}d(DbjA) by [31, Th. 8.7].
Define

JOOY = —1)T o M,e%z)  and
(92)
IS %00 == DY o My 00 (1851, <., 7).

Suppose f € SF(Obj4), so that I'[]Vi(f) = f. Then 171Vi is also the identity on the

al
projection ﬁs};’é?:K o IT.(f) of f to SF(SpecK, 7, A°), since IT}' commutes with I_YS];’QK
and I7,. Using the explicit description [28, Prop. 6.11] of @(Spec K, 7T, A°) we now see that
ﬁs};e?:K o IT,(f) = B[[Spec K/K*1] for some B € A°. Now 7"’ factors.via ﬁ;;;e/éK’ and it easily
follows that (£ — 1) o IT,.(f) = B, so that (¢ — 1)T”’ o IT, maps SFgl‘d(DBjA) - A°C ATt
follows that J*(1)4°, JS?(I, <k, 7)Y actually lie in A°. Thus we may define

I =x(J* ") and U, <60 =7 (I3 <6, D), (93)
where 7 : A° — £2 is as in Assumption 2.10.
Note that Remark 6.2(b) applies, so that
I:é(r)A ZT/([Obj(gxs(T)]) and ISS(I5 %’K’T)A ZT/([MSS(I7 #aK} T)A])'
When _(r, T,<)isa stabivlity condition we can also define JS?(I, <, K, t)Ao"Q in the same way,
using (SEt(I, <,k,T) € SF;‘}d(DbjA) from [31, §8]. With the obvious notation we have Jsti’(l, <,
kD == DISU <0 D

Theorem 6.8. Let Assumptions 2.10 and 3.5 hold and x : K (A) x K (A) — Z be biadditive and
satisfy (89). Then for all « € C(A) and A-data (I, %, k) the following hold, with only finitely
many nonzero terms:
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o Sein (DN =D S
70" = 3 ¢~ Ticicjen x () (ZD n_( )HISKS(’)(I)A, (94)

A-data ({1,...,n},<,k): i=1
k({1,...,n})=0a, tok=t(t)

{—
I:;(-c)A = Z 0~ Li<i<jn X (), K(l))( 1_[ _/K(l)(.[)/\ and  (95)

A-data ({1,...,n},<,k):
k({1,...,n})=a, tok=1(¥)

ISS(I’ <, K, T)A — Z_Zi;é_jel:i%jX(K(j)”((i)) . l_[ISKS(l)(T)A (96)

iel

Suppose (t, T, <), (T, T, <) are permissible weak stability conditions on A, the change from
(r, T, <) to (T, 7~”, <) is globally finite, and there exists a weak stability condition (7, f, QDonA
dominating (7, T, <), (T, T, <) with the change from (7, T, Qo (3, T,<) locally finite. Then
for all @ € C(A) the following hold, with only finitely many nonzero terms:

I:;(f)A: Z S({l,’n}’ g,/(, T, -E),e_zlglkjgnx(l((j)ﬂ((i))

A-data ({1,...,n},<,k):
k({1,...,n)=a

JTEP @, 7)

JUHN = > U({L,...,n}, <k, T, F) - 07 Zisi<jsn KEODKD)

A-data ({1,...,n},<,k):
k({1,...,n)=a

(=1l HJK(i)(r)AO. (98)

i=1

Proof. The definition of ®4 in [30, §6.2] gives @/ o HDbJA(é (1)) = I&(1)"a”,

P4 o Db) (0(Dydss(I, <, k, 7)) = Is(I, <, 6, 7)2a*D and @4 o nobm(ea(r))

€ — D)~ 1J*(1)4°a®, where a® for a« € C(A) are a A-basis for A(A, A, x). Equations (94)—

(95) and (97)—(98) follow from (21), (23), (45) and (49) respectively, the definition [30, Def. 6.3]
of multiplication in A(A, A, x), and the fact [30, Th. 6.4] that (90) is an algebra morphism.
The powers of £ — 1 compensate for the factor £ — 1 in (93). There are only finitely many
nonzero terms in each equation as this holds for (21), (23), (45), and (49). Equation (96)
follows from o (I),8s (I, <, k,T) = Py, .<)(8K( )(‘L')Z i € I), the definition [30, Def. 6.3] of
P(1.<) in A(A, A, x), and the fact [30, Th. 6.4] that (90) intertwines the P, <) on SFy(0Obj 4)
and A(A, A, x). O

Equations (94)—(95) show that when (89) holds the systems of invariants I;‘g(r)A and J¢ (r)AO
for « € C(A) are equivalent. But one can argue the J¢ (v)4” are better, since they take their
values in the smaller algebra A°, and so it takes less information to describe them. Equivalently,
the I;‘g(r)/‘ satisfy natural identities, that the right-hand side of (94) lies in A° for all @ € C(A).
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Suppose now that x is symmetric, that is, x(«, 8) = x(B,«) for all «, 8 € K(A). Then
A(A, A, x) is a commutative algebra, as its multiplication relations are a® x a? = ¢=x(B.0) g +8,
Now Theorem 5.4 shows that (49) may be rewritten

€% (%) = €% (1) 4 sum of multiple commutators of two or more €@ (t).

Projecting this to the commutative algebra A(A, A, x) under the algebra morphism (90), the
multiple commutators go to zero, giving @4 o Hg’b/;A (€4(7) =P o Hg’b/;A (€*(7)). So as

4o Hg’é;A(e"‘(t)) = —1)"1J%1)" a® we deduce:

Corollary 6.9. In Theorem 6.8, if x is symmetric then J*(T)4° = J%(0)A" and J* (%)% =
JUT) forall o € C(A).

We compute the invariants of Definition 6.7 explicitly when A = mod-K Q.

Example 6.10. Let Q = (Qo, Q1, b, €) be a quiver. That is, Qg is a finite set of vertices, Q1 is a
finite set of arrows, and b, e: Q1 — Qg are maps giving the beginning and end of each arrow. Fix
an algebraically closed field K, and take .A to be the abelian category mod-K Q of representations
of Q. Objects X = (X, pg) € mod-KQ comprise of finite-dimensional K-vector spaces X, for
all v € Q¢ and linear maps p, : Xp) — Xe(q) foralla € Q.

Define data K (A), § 4 satisfying Assumption 3.5 as in [29, Ex. 10.5]. Then K (A) = Z<0,
with elements of K (A) written as maps Q¢ — Z, and [(Xy, pg)] = « in K (A) if dimg X, =
a(v) for all v € Qy. It is well known that Ext™ (X, Y) is zero for all X,Y € A and m > 2, and
(89) holds with x given by

X p)=> awp) — Y a(b@)p(e@) fora,pez.

veQy acQ

As in the proof of [29, Th. 10.11], for & € C(.A) there is a 1-isomorphism

Obj = [Kzaegla@(“”“(@(“” / I GL(a(v),K)]. (99)

veQp

Now suppose Assumption 2.10 holds with this K. Then Theorem 2.13 defines an algebra
morphism 7" : SF(Spec K) — A. Noting that [ ], o, GL(t(v), K) is a special algebraic K-group
and using Theorem 2.13, 7" ([K"]) = £" and a formula for 7 ([GL(m, K)]) in [28, Lem. 4.5], we
deduce from (99) that

¢ Xac0, @b@)a(e(@) =Y e gy @) (@(@)=1)/2
[hego [TEZ € = 1)

Let (r,7,<) be any weak stability condition on A, such as the slope stability condi-
tions of [29, Ex. 4.14]. Then (z, T, <) is permissible by [29, Cor. 4.13]. Define invariants
Is";(r)/‘, Is(I, <, k, 7)4 as in (91). One possibility for (t, T, <) is the trivial stability condition
(0, {0}, <). Since every object is 0-semistable we have Objg (0) = Dbj% (K), and thus 18(0)4 =
T'([Obj%]), which is given by (100). Applying Theorem 6.8 with (0, {0}, <) in place of

T([90i%]) =

(100)
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(r,T, <), (7, f, <) and (7, T, <) in place of (7, 7~“, <), and simplifying S({1, ..., n}, <, «,0, 1)
using (60), from (97) and (100) we deduce that for all « € C(A) we have

3 (—1)"1. [ [T o K(j)(b(a))x(i)(e(a))—zvegoK<j>(v>x<i><v)}

A-data I<i<j<n
({1,....n}, < x):
k({1,....n))=a,

tok ({1,...,i})>1 (),
1<i<n
|: n KZ“EQI K(i)(b(a))K(i)(e(a))—ZvEQO K(i)(v)(K(i)(v)—l)/2:|
K (@@)(v)
i=1 [Tocg, [Tisy ™ (€ = 1)

=I1%(0)". (101)

Combining this with (94), (96) gives expressions for J¢ (t)Ao, I, <, 6, T)A. It might be in-
teresting rewrite this formula for J*(z)4° so that every term lies in A°. Then projecting to £2
would give a formula for J "‘(r)g . This would, for instance, enable easier calculation of Euler
characteristics of quiver moduli spaces in the case Objg (t) = Objg (7).

We can relate Example 6.10 to results of Reineke [38]. Take K = C, let (7,7,<) be a
slope stability condition on A = mod-CQ as in [31, Ex. 4.14], and let « € C(A) be ‘coprime,’
which essentially means that Objg () = Objg,(7), that is, t-stability and t-semistability coin-
cide in class «. Regarding Obj(7) as an open C-substack of Dbj 4 we have a 1-isomorphism
Objg (v) = M (1) x [Spec C/C*], where M (7) is a nonsingular complex projective variety.
Here the factor [Spec C/C*] arises as Isoc(X) = C* for all X € ObjZ(r) = Obj¥ (1), and we
can split the stabilizers off as a product with [Spec C/C*]. Since 7" ([C*]) = £ — 1, we see that

T ([MLD)]) = € — DY ([MZ(7) x [Spec C/C*]]) = (¢ — DI&(T)". (102)

Equations (101) and (102) thus give an explicit expression for 7" ([MZ (T)]).

Now in [38, Cor. 6.8], Reineke gives a formula for the Poincaré polynomial P (MY, (7); z), as
in Example 2.11. Putting £ = z2 in (101) and (102), careful comparison shows that our formula
agrees with Reineke’s. We have reproved Reineke’s result by quite different methods, and also
extended it: Reineke restricts to K = C, to slope functions, to Poincaré polynomials, and to co-
prime «, but Example 6.10 holds for algebraically closed K, arbitrary weak stability conditions,
any motivic invariant 7" satisfying Assumption 2.10 (such as virtual Hodge polynomials), and
all @ € C(A). In particular, we can now interpret Reineke’s formula for non-coprime «.

6.3. Counting vector bundles on smooth curves

In two seminal papers which have been elaborated on by many other authors since, Harder and
Narasimhan [21] and Atiyah and Bott [1] found recursive formulae for the Poincaré polynomials
of moduli spaces of semistable vector bundles with fixed rank and determinant over a smooth
curve P of genus g. We will now recast this in our own framework, using the ideas of Section 2.4.

Let K be an algebraically closed field, P a smooth projective curve over K with genus g, and
take A = coh(P) with data K(A), § 4 satisfying Assumption 3.5 as in [29, Ex. 9.1]. Identify
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K (A) = Z2, such that if X is a vector bundle over P with rank n and degree d then [X] = (n, d)
in K (A) = Z2, and then

C(A) ={(n,d)eZ* n>0,andd > 0if n = 0}. (103)

Also Ext'(X,Y) =0 for all X,Y € Aand i > 1, so (89) holds, and using the Riemann—Roch
Theorem we find that x : K (A) x K (A) — Z? is given by

x((n1,d1), (n2,dr)) =nidy — dinz — (g — Dnyna. (104)

There is an ample line bundle E on P with [E] = (1, 1) in K(A), such that if X € A with
[X] = (n,d) in K(A) then the Hilbert polynomial of X with respect to E is px(t) = nt +
d+n(l —g). Let (y,Gq, <) be the Gieseker stability condition on A = coh(P) defined in
[31, Ex. 4.16] using this E; since dim P = 1 this coincides with p-stability in [31, Ex. 4.17]. It is
permissible by [31, Th. 4.20]. Let (8, D1, <) be the purity weak stability condition on .4 defined
in [31, Ex. 4.18], so that X € A is §-semistable if and only if it is pure. It is nof permissible.

As (8, D1, <) dominates (y, G, <), Theorem 5.11 applies with (y, Gy, <), (8, D1, <) in
place of (7, T, <), (T, T, <). We shall rewrite (57) witha = (n,d) forn > 0and d € Z. Forn, k
as in (57), replace n by k and write k(i) = (n;,d;) fori =1, ..., k, and use (103). Since n > 0
we have § (o) =1, and from [31, Ex. 4.18] we see that S ok (i) is t if n; > 0 and 1 if n; =0, so the
condition T ok = T(«) in (57) is equivalentto n; > O foralli. Then y ox (i) =t +d;/n; +1—g,
sotTok(l)>--->71ok(n) in (57) is equivalent to dy/ny > dr/ny > --- > di/ni. Putting all
this together, Theorem 5.11 gives

n

s(ny.d s(na,d <(nd
Z Z 85(:11 1)()/)*8522 2)(7/)*...*55:% k)()/)
k=1 ny,...n;>0: di,....dv€Z: di+--+dy=d,

ni+-+ng=n di/ni>->dy/ny

=500 (s), (105)

which holds as an infinite sum in LSF(Obj 4) converging as in Definition 2.16.

We shall show that (105) is strongly convergent. To do this we will need some dimension
calculations. Suppose a € C(A) and [X] € Objg(y). Then the Zariski tangent space to Dbj% at
[X]is Ext' (X, X), and Isog (X) = Aut(X) which is open in Hom(X, X). Since Ext>(X,X) =0
and Objg(y) is open in Obj% (K) we see by deformation theory (see for instance [23, §2.A,
§4.5]) that the dimension of Obj%(y) near X is dimExt! (X, X) — dimHom(X, X), which is
—x (o, o) by (89). As this is independent of [X] we see that dim ObjZ (y) = dim ObjZ(§) =
—x (o, &) provided ObjZ(y), ObjZ(8) # . Therefore

8% () € SF(DbjA)—y(@a) and 38%(8) € LSF(Ob) 4)—y(wa)- (106)
Lemma 6.11. In the situation above, suppose a,b € Z, o, € C(A) and f € SF(Dbj4),
and g € SF(Obj4)p are supported on Obj%(K) and Dbji(K) respectively. Then f x g €
SF(DbjA)a+b—x(/3,a)-

Proof. Clearly f ® g € SF(Obj 4 x Obj4)a+s. Now [30, Cor. 5.15] gives explicit expressions
for f ® g and f * g, involving vector spaces E?n, E,il isomorphic to Hom(Y, X) and Ext' (Y, X )
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for ([X], [Y]) in the support of f ® g. As ([X], [Y]) € Dbj% (K) x Dbji(K) we see from (89)
that dim E,ln — dim EB, = —x (B, a). The lemma then easily follows from [30, Cor. 5.15]. O

If (n;,dj) e C(A) fori=1,...,kwithn=n;+---+ng and d =dj + - - - + dj then using
(104), (106), induction on k and biadditivity of x we see that

SIMAD (1) 5 80128 (1) s 5 54 () € Ay,  where

k
= —ZX((ni,di), (ni, dp)) — Z x((nj.dj), (ni,dp))

i=1 1<i<j<k
=—x(nd), (. d)+ Y x((i.di). (nj.d)))
1<i<j<k
=(g—Dn*—(g—1) Z ninj+ Z (nid; —dinj)
1<i<j<k 1<i<j<k
<max(0,(g— D)n*+ Y (nidj —diny). (107)
1<i<j<k

For n;, d; as in (105) we have di/n > --- > di/ny, which implies that all terms n;d; —d;n; in
the bottom line of (107) are negative. Using this we prove:

Proposition 6.12. Equation (105) is strongly convergent, in the sense of Definition 2.16. Hence
514 (8) € ESF(Obj 1) foralln > 0 and d € 7.

Proof. We already know (105) is convergent. To prove it is strongly convergent, it is enough
to show that for each m € Z there are only finitely many choices of k and n;, d; in (105) with
N > m in (107). Let k, n;, d; be some such choice. As n;jd; —din; <Oforall 1 <i <j<k
from above, we see from (107) that for all 1 <i < j <k we have

m —max(0, (g — D)n* < nidj —dinj <0. (108)

Clearly there are only finitely many choices for k and ny, ..., ny. For each such choice (108)
shows there are only finitely many possibilities for the integers n;d; — dinj for 1 <i < j <k.
But these and d| + - - - + dy = d determine dj, ..., di, so there are only finitely many choices
for dy, ..., dy. This proves (105) is strongly convergent. The final part follows as ESF(Obj,) is
closed under strongly convergent limits, from Definition 2.16. O

If d > 0, so that (0,d) € C(A), it is easy to show that every [X] € Obj4(K) is y- and
5-semistable, so that Obje® (y) = Obj&® (8) = b)) (K). Therefore 55 (8) = 55" () €
SF(Obj 4), as (v, Gy, <) is permissible. Together w1th Proposition 6.12 this shows 5 “(8) €
ESF(Dbj 4) for all @ € C(A).

Definition 6.13. Let Assumption 3.5 hold and (z, T, <) be a weak stability condition on 4. Gen-
eralizing Definition 3.15, we call (z, T, <) essentially permissible if (i) A is t-artinian and (ii)
8% (t) € ESF(Dbj 4) for all @ € C(A). Clearly, (z, T, <) permissible implies (7, T, <) essen-
tially permissible.
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When A = coh(P) for P a smooth curve as above, part (i) holds for (8§, D, <) by
[31, Lem. 4.19], and (ii) holds as above. Thus (8, D1, <) is essentially permissible, but not per-
missible.

Suppose Assumptions 2.17 and 3.5 hold and (z, 7, <) is an essentially permissible weak
stability condition on A. For o € C(A), define invariants I%(t)? in A by I&(1)4 = T4 (8% (7)),
where I1, is as in Definition 2.22. If (7, T, <) is permissible then Sgs(‘() € SF(Dbj 4), and so
the 1;;(1)/‘ agree with those defined in (91), as IT, coincides with T’ o IT, on SF(Dbj 4) by
Definition 2.22.

Combining Propositions 2.23 and 6.12 shows that applying 74 to (105) yields a conver-
gent identity in A. Since (89) holds we are in the situation of Section 6.2, and as S§;’f odi )(y) €
SF(Obj 4) and T, coincides with 77 o IT, on SF(Obj 4), as in the proof of (97) we can rewrite
oG (1) 5. % 5049 (1)) as a power of £ times the product of the T4 (5% (3/)). This
proves:

Corollary 6.14. Suppose Assumption 2.17 holds, A = coh(P) for P a smooth projective curve
over K of genus g, and (y, G1, <), (8§, D1, <) are as above. Let Isog(y)A, IS"g(S)A be as in Defin-
ition 6.13. Then for all n > 0 and d € 7 we have

. k
Z Z Z ¢ 1<i<jnidj—dinj+(g=Dninj) | HIS(Sni,di)(y)/\
k=1 ny,..,ng>0: dy,....dx€Z: dy+-+dy=d, =l
ny+--+ng=n di/ny>->d/ni
=10, (1

which holds as an infinite convergent sum in A, as in Definition 2.20.

In the same way, (62) implies the inverse identity to (105). Proposition 6.12 and (106) im-
ply that Sfi (8) € ESF(Dbj 4)— 4 (a,0) for all & € C(A), and using this and a similar argument to
Proposition 6.12 we can show this inverse identity is strongly convergent. Applying I1, as above
thus shows:

Proposition 6.15. In Corollary 6.14, for n > 0 and d € 7 we have

n
Z Z Z (_l)k—1521<;<_/<n("id./_df”j+(3—1)"1”./’)

k=1 ny,..., ng>0: di,..., dy€Z: di+---+dr=d,
nyt-tng=n (dy+-+d;)/(ny+-+n;)>d/n, 1<i<k

k
J @) = 18P, (110)
i=1

which holds as an infinite convergent sum in A, as in Definition 2.20.

We shall give an explicit expression for IS(S" ) (8)4, using the following notation. For C as
above, write Jac(C) for the Jacobian of C, an abelian variety parametrizing degree 0 line bun-
dles on C which is topologically a torus 72¢ when K = C. For m > 0 write C™ for the mth
symmetric power of C, which is a nonsingular projective K-variety of dimension m. Then
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Theorem 6.16. In the situation above, for all n > 0 and d € 7 we have

T (Jac(O)D

1 Z £<n2—1><g—1>—22:zamaﬁr([c%)])_ (111)
{—

my,...,mu >0 a=2

I3V =

When T, A are virtual Poincaré series as in Example 2.18 this simplifies to

I(""l)(a)A _ (z+ 1)25’(z3 + 1)28 ... (Z2n71 + 1)2g
ss o (Zz_ 1)2(Z4_ 1)2,,,(Z2n72_ 1)2(22” D .

(112)

Here (111) converges in A, and the rational functions in £, z in (111)—(112) are interpreted as

elements of A by writing them as power series in £, z71.

Equation (111) may be deduced from Behrend and Dhillon [2, §6], who using important
results of Bifet, Ghione and Letizia [5] and Bialynicki-Birula [4] perform essentially the same
calculation, except that they fix the determinants of their vector bundles; allowing determinants
to vary gives our extra factor 7" ([Jac(C)]). Equation (112) comes from (111) using the following
Poincaré polynomial formulae, the second due to MacDonald:

S p(smes g — 1 H1D%
P(Jac(C)iz)=(1+2)* and Y P(S™C:iz2)t S U= -1

m=0

Substituting (111) or (112) into (110) then gives an explicit expression for IS(S" ’d)(y)A which
‘counts’ semistable vector bundles in class (2, d).

We now explain how the above relates to work by other authors. Let n > 1 and d € Z be
coprime, and fix a line bundle L over P of degree d. Then there exists a moduli space Ny » 4
of semistable rank n vector bundles over P with determinant L, which is a smooth projective
K-variety, so its Poincaré polynomial P (N , 4; z) is well-defined. By counting semistable bun-
dles over finite fields IF,, and applying Deligne’s solution of the Weil conjectures, Harder and
Narasimhan [21] proved results on Betti numbers of Ay , 4, that were strengthened by Desale
and Ramanan [15] to a recursive formula for P (N, ¢.n,d; 2), when K is an algebraic closure of IF,.

These relate to our invariants for 7", A as in Example 2.18 by

(1+2)%

I(rl,d) A _
SS (V) Zz _ 1

P(Ng,n,d; 2),

where (1 4 z)¢ compensates for us not fixing determinants, and (z> — 1)~! for the stabilizer
groups K* of points in N , 4, which appear in our stack framework but not in the moduli
schemes context. Then Desale and Ramanan’s recursive formula is equivalent to (109) above,
with (112) substituted in for 1% (8)4.

Atiyah and Bott [1] also derive recursive formulae for P (N, ¢.n,d; 2) when K = C, by com-
pletely different methods involving the topology of infinite-dimensional spaces. Their formula is
equivalent to (109), but in a surprising way. As they explain on [1, p. 596], their formula is an
infinite sum in positive powers of z. When n, d are coprime Ny , 4 is a nonsingular projective
K-variety of dimension (g — 1)(n2 — 1), and so Poincaré duality implies that

PWNgna: 2) =2€ D@ Dp(N, , 4i27Y). (113)
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If we replace z by 77! throughout and use (113) to transform P(./\/g,n,d; z71) into P(./\/g,n,d; Z)
then the Atiyah—Bott formulae again become equivalent to (109) above, with £ = z2 and (112)
substituted in for IS(S" -4) 4.

This suggests an interesting explanation for why we are dealing with infinite series in negative
powers of £ and z. If V is a smooth C-variety of dimension d then we have (compactly-supported)
cohomology groups H*(V, C) and HX (V, C) for 0 < k < 2d, with HX(V,C) = H?—*(v, C)*
by Poincaré duality. If § is a smooth C-stack of pure dimension d we also have cohomology
groups H k (&, ©) for all k > 0, which can be nonzero for k > 2d.

There may be a notion of compactly-supported cohomology Hcks (&, C) of stacks with
HE (§, C) = H??=k(F, C)* for § smooth of pure dimension d, which could be nonzero for inte-
gers k < 2d, and in particular for negative k. Compactly-supported cohomology is the right kind
for our purposes, as it behaves in a motivic way and is used to define virtual Poincaré polynomi-
als. So we can think of the negative powers of £, z in our formulae as measuring some kind of
compactly-supported cohomology of stacks which exists in negative dimensions.

6.4. Counting sheaves on surfaces P with K ;1 nef

Let K be an algebraically closed field and P a smooth projective surface over K. Take 4 =
coh(P) with data K (A), § 4 satisfying Assumption 3.5 as in [29, Ex. 9.1]. Then Ext'(X,Y)=0
foralli > 2 and X,Y € A, so from (88) there is a biadditive x : K(A) x K(A) — Z such that
for all X,Y € A we have

dimg Hom(X, Y) — dimg Ext! (X, Y) + dimg Extz(X, Y)=x ([X], [Y]). (114)
Also, by Serre duality, writing K p for the canonical bundle of P we have
Ext’(X,Y) = Hom(Y, X ® Kp)* forall X,Y € A. (115)

Let (y, G2, <) be the Gieseker stability condition on .4 defined in [31, Ex. 4.16] using an ample
line bundle E on P.Itis permissible by [31, Th. 4.20]. Let (8, D3, <) be the purity weak stability
condition on A defined in [31, Ex. 4.18].

First we consider how much of Section 6.3 can be generalized to the surface case. Unfortu-
nately the answer is very little. The next example shows Proposition 6.12 does not generalize to
KIE”Z; a similar argument works for all surfaces P.

Example 6.17. Let P = KP?. Computations with Chern classes show we may identify K (A)
with {(a, b, ¢) € Q% a,b,c—1b € Z} so that [E] = (tk(E), ¢1 (E), c2(E) — 31 (E)?) for E € A.
Then yx is given explicitly by

3
x((a1,b1,c1), (@2, b2, ¢2)) = ajaz + E(ale —bia) —biby +aicy +ciaz.  (116)

Suppose V,, € A is a rank 2 vector bundle with [V,] = (2,0,0) in C(A), such that V,, ®
O(—n) has a section s vanishing transversely at finitely many points for some n > 1. Calculation
with Chern classes show there must be n? such points x1, ..., x,2, and as [O(n)] = (1, n, %nz)
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in C(A) there is a pure sheaf X,, with [X,] = (1, —n, —%nz) in C(A) fitting into short exact
sequences

n2

00>V, - X,—-0 and 0— Xn—>(’)(—n)—>@(9xi.
i=1

Here O(n) C V, is the y Harder—Narasimhan filtration of V,,, so V,, is y-unstable. Clearly X,
is determined up to isomorphism by xi, ..., x,2. We shall describe the family of such vector
bundles V,,.

We have Hom(X,,O(n)) = Hom(O(—n),O(n)) = HO(O@n)) = K2+l and
Ext?(X,, O(n))* = Hom(O(n), X, ® O(=3)) € Hom(O(n), O(—n — 3)) = H*(O(-2n — 3))
=0 by (115), so Ext>(X,,, O(n)) =0. As x([X,], [O®)]) = n* + 3n + 1 by (116) we see that
Ext! (X,, O(n)) = K" . One can show Ext! (X5, O(n)) is the direct sum of a copy of K located
at each x;, and the extension of O(n) by X,, corresponding to an element of Ext! (X,,, O(n)) is
a vector bundle V,, if and only if the components in each of these n? copies of K are nonzero.
We also find that Aut(V,) = K* x Hom(X,, O(n)), so that dim Aut(V,) = 2n% + 3n + 2, and
the family of all such vector bundles V,, has dimension 312 — 1, that is, 2n> parameters for the
choice of x1, ..., x,2 in KP?, plus n? — 1 for the extensions P (Ext!(X,, O(n))).

Thus the family of all such points [V,,] is a K-substack of 0b'§§’°'0) ) C Dbjﬁ’o’o), the pure

sheaves in class (2, 0, 0), with dimension n? —3n — 3, that is, the naive dimension 3n% — 1 of the
family minus the dimension 21 4 3n + 2 of the stabilizer groups. Since n> — 3n — 3 — 00 as
n — oo we have dim Obj>*? (8) = 0o. This implies that 32*% (§) ¢ ESF(9bj 4), s0 (8, D2, <)
is not essentially permissible in the sense of Definition 6.13.
Because of this, for surfaces the invariants 1;;(3)/‘ counting pure sheaves on P are undefined,
and the analogues of (109)-(112) do not make sense. The example also shows that it will not
help to work with vector bundles rather than pure sheaves, as the K-substack of bj 4 of vector
bundles in class (2,0, 0) on KP? has dimension oo and is not essentially permissible either. So
we cannot hope to define invariants counting all vector bundles in class « on a surface P in any
meaningful sense.

However, note that if P is a ruled surface with ruling 7 : P — C, Yoshioka [46] computes
the Betti numbers of moduli spaces of stable rank 2 coherent sheaves on P in a similar way to
Harder and Narasimhan for curves. His method involves counting over finite fields the number
of sheaves in class « on P whose restriction to generic fibres of 7 is semistable. By analogy with
Section 6.3, the author expects that semistability on generic fibres of 7 comes from an essentially
permissible stability condition (¢, Z, <) on coh(P), and one could hope to prove an analogue of
Theorem 6.16 evaluating the invariants I&({)A.

In the rest of the section we will show that if the anticanonical bundle K ;1 of P is numerically
effective (nef) then the invariants I;’;(y)A of (91) transform according to (97) under change of
Gieseker stability condition, even though (90) is not an algebra morphism. The basic idea is that
for K ;1 nef we use (115) to force Ext>(X, Y) = 0 for X, Y satisfying some conditions, so that
(114) reduces to (89) for these X, Y.

The classification of algebraic surfaces, described for instance in Iskovskikh and Shafarevich
[24], determines the possible surfaces P with K ;1 nef very explicitly. As K ;1 is nef either (a)
K5 admits no sections for all n > 0, or (b) K is trivial for some n > 0. In case (a) P has
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Kodaira dimension —oo, and so is either rational or ruled. If also K ;1 is ample P is called a Del

Pezzo surface (or a Fano 2-fold), and is ]KIP’Z, or KP! x KIE”l, or the blow-up of KP?in d points,
1 <d <9.1Incase (b), P has Kodaira dimension 0, and is a K3 surface, an Enriques surface, an
abelian surface, or a bielliptic surface.

The next three results show how we will use K ;1 nef.

Lemma 6.18. In the situation above, with K;l nef, for all 0 £ W € coh(P) we have
y(IWD <y (W ® K} ') in Go.

Proof. Using Chern classes and the Riemann—Roch Theorem as in Section 5.6 we compute the
Hilbert polynomials of W and W ® K ;1 with respect to E as

1 1
pw(t) = (5 r1<(W)c1(E)2)t2 + (cl(vv)cl(m + 5 tk(W)er (B) (e1 (K p) = cl(E)))r

1 5 1 1 )
+ (E tk(W)(c1(Kp)* —2c2(T P)) + 561(W)61(TP) + 561(W) - 62(W)>,

1
Pyek,;' () =pw(t) — (tk(W)er(E)e1(Kp))t — (CI(W)CI(KP) - Erk(W)q(KP)z)

As E is ample and K;l nef we can show that c¢{(E)c1(Kp) < 0 with equality if and only if

c1(Kp) =0. Also tk(W) > 0, and if rk(W) = 0 then c¢;(W)c1(Kp) <0 as K;l is nef. Using

this we can show that Pyek-! (t) — pw(¢) has smaller degree than pw(¢), and has positive
P

leading coefficient if it is nonzero. Since y ([W]), y([W ® K ;1 ]) are these Hilbert polynomials

divided by their leading coefficients, it follows that y ([W]) < y([W ® K ;,1]) in the total order
‘<’ on G; defined in [31, §4.4]. O

Proposition 6.19. In the situation above, with K ;1 nef, suppose X, Y € coh(P) are y-semistable
with y([X]) < y ([Y]). Then Ext*(X,Y) =0.

Proof. By (115) it is enough to show that Hom(Y, X ® Kp) = 0. Suppose for a contradiction
that ¢ : Y — X ® K p is a nonzero morphism in A, and let W € A be the image of ¢». Then W 20
is a quotient object of Y, so y([Y]) < y([W]) as Y is y-semistable. Also W is a subobject of
X®Kp,soW® K;l is a subobject of X, giving y ([W ® K;l]) < y([X]) as X is y-semistable.
Putting this together with Lemma 6.18 gives y([Y]) < y (WD) < y((W ® K;l]) < y(XD,
which contradicts y ([X]) < y([Y]). O

Proposition 6.20. In the situation above with K_;l nef, let Assumption 2.10 hold, and define
Ig(y)A € Afora e C(A) by Is”é(y)A =70 IL5%(y), as in 91). Suppose ({1, ...,n}, <, k) is
A-data with y o k(1) > --- > y ok (n). Then

n
T o M, (55D (y) 5 -+ % 5 () = £~ Lriscn XKD D) l‘[ 150 (1)4, (117)

i=1



186 D. Joyce / Advances in Mathematics 217 (2008) 125-204

Proof. Let [Y;] € Objgs(i)(y) for i = 1,...,n. Then Proposition 6.19 and y o k(1) > --- >
y o k(n) give Ex2(Y;,Y;) =0 for 1 <i < j <n. Let [X;] lie in the support of 55 (y) *
Sk Sé‘s(i)(y). Using exact sequences and induction on i we can show that Extz(Y i Xi) =0
whenever 1 < i < j < n. For example, when i = 2 there is an exact sequence 0 — Y| —
X2 — Yy — Ofor [Y1], [Y2] in the supports of Sg(s(l) ), 555(2)()/). This induces an exact sequence
= BExt(Y;, Y1) — Ext(Y;, X2) — Ext?(Y}, Y2) — 0. As Ext*(Y;, V1) = Ext>(Y;, ¥2) =0
from above this gives Extz(Yj, X7) = 0. More generally Extz(Yj, X;) is built from terms
Ext*(Y;,Y,) =0fora=1,...,i,and so is zero.

Apply [30, Cor. 5.15] with £ =8V () % -+ %559 (y) and g = 557 (y). This gives ex-
pressions for f ® g and f % g, involving vector spaces E,?,, E,ln isomorphic to Hom(Y;, X;_1),
Extl(Yj, Xj_1) for ([Xj—1], [¥;]) in the supportof f ® g. As Eth(Yj, Xj—1)=0and [X; {]=
k({1,..., =1}, [¥Y;1=k(j) in C(A) for such X, Y we see from (114) that dim E;}, —dim E{, =

— Y77 X (e (), ke (0)). Hence

T o I, (85" () #8357 ()
i—1 . . _ . PR
= (fo:] X(K(./)’K(l))’}f‘/ 1o H* (8;(3(1)(7/) Kook 858(1_1)(3/))}/# o H*( :S(/)(y))’
by the proof of [30, Th. 6.1]. Equation (117) follows by induction on j. O

We can now prove our main result on invariants counting sheaves on surfaces. First we give a
sketch of why it is true, which may be more helpful than the actual proof. In the situation of the
theorem, suppose (¥, G2, <) dominates (y, G2, <). Then Theorem 5.11 applies, and (57) writes
3% () as a sum of 85 (1) -+ % 55 () with y ok (1) > -+ > y ok (n). So applying T o IT,
and using Proposition 6.20 writes 15;(;7)/‘ as asumof £ [; Is'(s(’)(y)/‘, a special case of (118)
and an analogue of (109).

We then invert these identities in A to write the Is‘fé(y)A in terms of the 1@(;7)/‘. Exchanging
y, ¥y proves another special case of (118), when (y, G2, <) dominates (y, G, <), an analogue
of (110). It is important that this inversion is done in A rather than trying to apply 1’ o IT, to
(62), as in (62) we do not have y o k(1) > --- > y o k(n) and so cannot use Proposition 6.20.

For the general case, suppose we could find a permissible weak stability condition (y, G2, <)
dominating both (y, G2, <) and (y, G2, <). Then the two special cases above allow us to write
1&(7)4 in terms of the I£)4 and 12(5)4 in terms of the 157 ()4, and substituting one in
the other yields (118).

The problem in proving Theorem 6.21 is that we have no suitable (y, G2, <). The purity weak
stability condition (8, D>, <) will not do as it is not permissible, nor even essentially permissible,
so the Is’z (8)* are undefined. So instead we introduce a 1-parameter family of stability conditions
(¥s, G2, <) for s € [0, 1] with yg = y and y| = y, in a similar way to the proof of Theorem 5.16.
There are finitely many ‘walls’ in [0, 1] where the expression for Sgg(ys) in terms of the Si(y)
changes. Jumping onto a wall s from a nearby point s’ is like transforming to a dominant weak
stability condition, so we can use the ideas above.

Theorem 6.21. Suppose K is an algebraically closed field and P a smooth projective surface
over K with K ;1 numerically effective. Take A = coh(P) with data K (A), § 4 satisfying As-
sumption 3.5 as in [29, Ex. 9.1], with biadditive x : K (A) x K(A) — Z satisfying (114) for all
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X,Y € A Let (v, G2, <), (¥, Ga, <) be Gieseker stability conditions on A defined using ample
line bundles E, E on P as in [31, Ex. 4.16]. Suppose Assumption 2.10 holds, and define invari-
ants I:;(y)A, I;‘;()?)A for a € C(A) as in (91). Then for all o € C(A) the following holds, with
only finitely many nonzero terms:

IS%();)A _ Z S({l,...,n},é,x,y,)?) P i< X W () K@)

A-data ({1,...,n},<,k):
k({1,....n)=a

J TP o0 (118)

i=1
Proof. For X € coh(P) define the joint Hilbert polynomial qx with respect to E, E by

dim P
gx(k.)= Y (=1)'dimg H' (P, X ® E*® E') fork,l € Z.
i=0

As for conventional Hilbert polynomials, one can show that

dim P
ax(k.)= )" cqpk“l"/alb! forcqp € L.
a,b=0

where ¢, =0if a +b > dimX and ¢, > 0 if a + b = dim X. Also gx is additive in [X] €
K (A), so there is a unique group homomorphism HE,E :K(A) — Q[t, u] with HE,E (Xl
qx(t,u) for all X € coh(P).

Define y; : C(A) — G by ys(a) = L;,inE,E((l — s)t, st) for each s € [0, 1], where L, g is
the leading coefficient of [Ty ((1 — s)t, st), which is a polynomial in ¢ with positive leading
coefficient. Then yp = y and y; = y, and the proof in [31, §4.4] shows that (ys, G2, <) is a
stability condition on A. As gx(z,0), gx (0, ) are the Hilbert polynomials of X with respect to
E,E respectively, we see that 9 = y and y| = y, so the y; for s € [0, 1] interpolate between
y and y. When s = p/(p + ¢q) for integers p,q > 0 with p + g > 0 it is equivalent (after
rescaling ) to Gieseker stability with respect to the ample line bundle £9 ® EP . Thus (vs, G2, <)
is permissible for all s € [0, 1] N Q by [31, Th. 4.20].

Each o € C(A) has a Hilbert polynomial pg(¢) = agt?/d! + - - - + ag with respect to E, with
a;i € Z and ag > 0, where d = dima. We shall prove (118) by induction on a;. Here is our
inductive hypothesis, for » > 1:

(*r) Suppose that for all « € C(A) whose Hilbert polynomial py (1) = adtd /d!+--- 4+ ap with
respect to E has 0 < ag < r, Eq. (118) holds with ys, yy in place of y, y, with only finitely
many nonzero terms, for all s, s” € [0, 11N Q.

From Corollary 5.8 and Theorems 5.2 and 5.9 we see that (45) holds in SF(Obj 4) with y;, vy
for s,s" € [0, 1] N Q in place of 7, T with finitely many nonzero terms. This implies there are
only finitely many nonzero terms in (118) with y;, y, in place of y, y, proving part of (x,).

Let «, d, ag, s, s’ be as in (%), and n,« as in (45) or (118) with S({1,...,n}, <, «,
Vs, ¥s') # 0. Then the Hilbert polynomials p,;)(¢) are also of the form ai,td A+ + aé for
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afl > 1, and sum to py(¢). Thus Z?:l afl = ay < r, which forces n < r. In particular, when

r =1 the only nonzero terms in (45) and (118) are » = 1 and « (1) = «. Thus (45) reduces to
8% (yy) = 8% (ys), 50 I&(vs) ™ = I&(ys)?, which is (118). This proves (*1), giving the first step.

Suppose by induction that (%,) holds for some r > 1, and let « € C(A) with p,(t) =
adtd/d! +---+4ap and ag =r + 1. Using the methods of Section 5.6 we can show that there are
only finitely many sets of A-data ({1, ...,n}, <,«) with ({1, ...,n}) = «, such that for some
s,s' €[0, 11N Q we have S({1, ..., n}, <,k ys, vs) 20 and 857 () £0fori =1,...,n.

Let U be the finite set of all such pairs (n, k). Let V be the finite set of elements of C(A) of
the form k(i) or k ({1, ...,i}) or k({i, ..., n}) for (n,x) € U and 1 <i < n. Let W be the set of
w € [0, 1] such that for some v, v’ € V we have y,,(v) = y,(v") but y5(v) # ys(v') for generic
s € [0, 1]. In fact y,, (v) = y,, (V') is equivalent to aw + b = 0 for a, b € Z, so there is at most one
w for each pair v, v/, which is rational. Therefore W is a finite subset of [0, 11N Q.

The point of this is that in (118) with s, y, in place of y, y only (n, k) in U can give nonzero
terms, and the S({1,...,n}, <,k, ys, ys) depend only on whether or not y,(v) < ys(v") and
v, (v) < ¥y (V) hold for pairs v, v" in V, by Definition 4.2. But these inequalities only change
when s or s’ pass through a point of W. Thus, we have a finite set of ‘walls’ W such that
S{1,...,n}, <, K, ¥s, ys) is locally constant for s, s” € [0, 1]\ W, for all n, « that could con-
tribute nonzero terms in (118).

Order the elements of W U {0,1} as 0 = wg < wy < -++ < wg—1 < wg = 1. We divide the
remainder of the proof into three steps:

Step 1. Show (118) holds with yy, v, in place of y, 7 when s’ = w; and s € (w;—1, w;) N Q or
s € (w;, wi+1) NQ.

Step 2. Show (118) holds with y;, y, in place of ¥, 7 when s = w; and 5" € (w;_1, w;) NQ or
s € (wi, wiy1) NQ.

Step 3. Show (118) holds with s, v in place of y, 7 for any s, s’ € [0, 11N Q.

Step 1. Since s’ € W and no elements of W lie between s and s, we see by definition of W
that y; (v) < ys(v') implies yy (v) < (V') for all pairs v, v' in V. If (n,x) € U we see using
the proof of (55) that S({1,...,n}, <,k,¥s,yy) is L if yy ok =yy () and y50k(1) > --- >
ys o k(n) and zero otherwise. Applying 1’ o IT, to (45) with yy, y, in place of 7, T and using
Proposition 6.20 then gives (118) with y;, y in place of y, y.

Step 2. For s, s” as in Step 2, in Step 1 we proved (118) with yy, y; in place of y, 7. The only
term on the right withn =1 is 1;;(;/5/)/‘, SO we may rewrite it as

Iy =18 ()" — > S({L o)y ok Yo y5) - €7 Zrimin KD D)

A-data ({1,...,n},<,k):
n>22,k({1,...n))=a

n
TP .

i=1

For n, x on the right hand side we have Hilbert polynomials p, ) = afitd /dl+ -+ a(i) for

i=1,...,n which sum to py, so Z?zlaézadzr—l—lbychoiceofa.Asn>2anda2>1
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we have 0 < afl < r so the inductive hypothesis (x,) applies with « (i) in place of «, yielding
expressions for Is'(s(i)(ys/)A in terms of the Isg(ys)/‘. Substituting these into the right hand side
above gives an expression for I&(ys/)A in terms of the Iﬁ(ys)/‘ and powers of £. But this is
exactly (118) with yy, ¥y in place of y, 7, since (118) with y, y exchanged is the combinatorial

inverse of (118) by properties of the transformation coefficients S(: - -).

Step 3. Let 5,5 € [0, 11N Q, and suppose for simplicity that s’ < s. Then there exist unique
1<i<j<kwithw;,_; <s <w; and wj—1 <s <wj.Choose x;,...,x;in ([0,1]NQ)\ W
with 8 <x; < w; < Xjp1 <wjq2 <--- <wj_1 <x; <s, where we take x; = 5" if w;_1 <’
andx; > s"if w1 =s",andx; =sif s <w; andx; <sif s =w;.
Then we write 1%(yy)4 in terms of the IZ(y,)4 by 2(j — i + 1) substitutions, as follows.
For the first substitution, if x; < s then s’ = w;_1, and Step 2 writes I%(yy)* in terms of the
Is'i(yx,.), where either 8 = or pg(t) = bat?/d! + - - + by with 0 < by < r, so that (x,) applies
with B in place of a. If x; = s’ then IS"g(yX/)A = I:g(yx,)/‘ and the first substitution is trivial.

For substitution number 2k for k =1, ..., j —i we have already written Igg(ys/)A in terms of
Iﬁ(nyH)A for B = « or B to which (x,) applies. We then use Step 1 for 8 = « and (%;) other-
wise to write Iﬁ()/ka,l )4 in terms of the Iﬁ/(yw,#kfl )4 for B’ =« or B’ to which (x,) applies,

and substitute this into the previous expression to write I%(y,)* in terms of these Is'z/ (CYRPD K
For substitution number 2k + 1 fork =1,..., j —i we use Step 2 for 8’ = o and (*,) otherwise
to write these IS’Z/(ywkal)A in terms of Isi//(yxiH)A for 8” = o or B” to which (x,) applies.
Finally, for substitution number 2(j — i + 1) we use Step 1 and (%,) if x; < s and do nothing
ifx;=s.

As all we are doing at each stage is substituting in finitely many copies of (118) with different
values for «, y, v, by repeated use of (33) we see that the expressions we get for I:‘S()/S/)A in
terms of IsﬁS (y) for t = x;, w;, Xi+1,.-.,Xj,s respectively are just (118) with y;, yy in place
of ¥, . So at the last substitution we prove (118) with yy, y, in place of y, y, as we want. The
case s < s’ is similar, and s = s’ is trivial.

In Step 3 we have proved (1) supposing (x,). Thus by induction (x,) holds for all r > 1.
The theorem follows by setting s =0ands'=1. O

An interpretation of the theorem will be proposed after Problem 7.3 below. When P is a ruled
surface with K ;l nef, Yoshioka [47, Cor. 3.3] proves a result related to Theorem 6.21, a wall-
crossing formula for Poincaré polynomials of moduli spaces ObjZ(y). It is valid only when y,
y are in the interiors of chambers separated by a single wall, in contrast to (118) which holds for
arbitrary y, .

We now define invariants J%(y)4 related to the J*(y)4" of (93).

Definition 6.22. In the situation above, motivated by (94) define invariants J*(y)% € A for all
a € C(A) by

Tt = Y - Srerjen iy CDTHE=D) |n| w119
SS N
A-data ({1,...,n},<,k): n i=1

k({1,....n} )=, yok=y(a)
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Using the proof of [31, Th.s 6.4 & 7.7] in the algebra A(A, A, x) rather than SF(Obj 4) we
deduce an analogue of (95):

-1
[:;(-L-)/\ — Z Vi Yigi<jn X&), K(l))( ) HJKO)(T) (120)
A-data ({1,...,n},<,k):

k({1,...,n})=a, tok=t(0)

There are finitely many nonzero terms in both equations, as for (21) and (23).

If (89) held in A = coh(P) then Eq. (94) of Theorem 6.8 would give J*(y)4 = J*(y)4", so
that J* (y)A € A°. We can prove this in a special case, but as (89) does not hold, in general it is
likely that J¥(y)4° # J%(y)4 ¢ A°. Thus we do not define invariants J* ()%, as projecting to
£2 may not be possible.

Proposition 6.23. In the situation above, suppose K;,l is ample and o € C(coh(P)) with
dima > 0. Then J%(y)2 = J%(y)A" and lies in A°.

Proof. If K;l is ample and 0 %2 W € coh(P) with dim W > 0, so that tk(W) # 0 or ¢ (W) # 0,
the proof of Lemma 6.18 also shows that y ([W]) < y([W ® K;l]) in G,. Then we can modify
Proposition 6.19 to show that if X,Y € coh(P) are y-semistable with dim X, dimY > 0 and
y([X]) = y([¥]) then Ext*(X, Y) = 0, and Proposition 6.20 to show that if ({1, ...,n}, <,«) is
A-data with ({1, ...,n}) =a and y ok = y(«) and dim« (i) > 0 then (117) holds. So applying
Y’ o I, to (21) gives (94), and the proposition follows. O

Combining (118)—(120) and the definition (31) of the coefficients U(---) we see that the
J%(y)4 transform according to (98) under change of Gieseker stability condition. Then the proof
of Corollary 6.9 shows that J%(y)* is independent of y if x is symmetric. Now using Chern
classes and the Riemann—Roch theorem as in Hartshorne [22, App. A] we find that forall X, Y €
A we have

x (X1, 1Y) = x (1Y1, [X]) = (k(X)e1 (Y) = tk(Y)e1(X))e1 (K p).

Thus y is symmetric if ¢;(Kp) = 0 in HZ(P,Q) or H2(P, Qy), though not necessarily in
H?(P,Z). This holds if K 2 is trivial for some n > 0. So from the classification of surfaces
[24] we deduce:

Theorem 6.24. In the situation of Theorem 6.21, for all @ € C(A) we have

AR > U({L,...,n}, <k, 7, F) - €7 Zsi<jsn K 6Ox@D)

A-data ({1,...,n},<,k):
k({1,...,n)=«

SR Vol [ FALICORR (121)

i=1

with only finitely many nonzero terms. If ¢1(Kp) =0 then the J%(y)*? are independent of the
choice of Gieseker stability condition (y, G2, <) on A = coh(P), that is, independent of the
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ample line bundle E. This holds if P is a K3 surface, an Enriques surface, an abelian surface,
or a bielliptic surface.

Yoshioka [47, Rem. 3.2] proves a related result, that if P is a K3 or abelian surface for which
the Bogomolov—Gieseker inequality holds and (y, G2, <) is a suitably generic Gieseker stability
condition on coh(P), certain weighted counts of y-semistable sheaves in class « over finite fields
are independent of y.

We now propose a conjectural means to compute many of the invariants J%(y)% when
c1(Kp) = 0, motivated by ideas of Bridgeland [9—11]. It involves the extension of our whole
programme to triangulated categories, and the bounded derived category D?(coh(P)) of co-
herent sheaves on P. This extension will be discussed in Section 7. Suppose for the moment
that:

e There is a good notion of permissible stability condition 7 on DP(coh(P)), based on
Bridgeland stability [9], which includes the extension of Gieseker stability on coh(P) to
D" (coh(P)), perhaps as a limit. These stability conditions form a moduli space, with a topol-
ogy. Write Stab(P) for the connected component of the moduli space including Gieseker
stability.

e One can define invariants f“(r)A € A ‘counting’ t-semistable objects in class o € K (A).
They transform according to a generalization of (121) under change of stability conditions,
at least for ‘nearby’ stability conditions. When 7 is the extension of y to D?(coh(P)) and
o € C(A) we have J¥(1)4 = Je(y)A.

e When ¢1(Kp) =0 the J 2(7)4 are independent of choice of 7 in the connected component
Stab(P).

e The whole framework is preserved by autoequivalences @ : D (coh(P)) — DP (coh(P)) of
the derived category. Write Aut* (D? (coh(P))) for the group of autoequivalences preserving
the connected component Stab(P).

A Let c](PA) =0,7¢€ Stab(PZ and @ € Aut+(D’i(coh(P))). Then for « in K(A) we have
JUT)A = JP@O(p (1)4 = JP@ ()4, s0 the J¥(r)? are unchanged by the action of @,
on K (A). This suggests the following:

Conjecture 6.25. Let Assumption 2.10 hold and P be a smooth projective surface over K with
c1(Kp) =0, and define A = coh(P), K (A) and invariants J“(y)A as above. Then there exist
J% € A for a € K(A) satisfying:

(@) If a € C(A) then J*(y)A = J*. A
(b) If @ € Autt(D?(coh(P))) then J®*@ = J¢ for all « € K (A).

This conjecture has recently been proved by Yukinobu Toda [41], motivated by an earlier
version of this paper.

The conjecture, now Toda’s theorem, could be applied in the following way. We first com-
pute the invariants J (y)A for some small subset S of « € C(A) for which the moduli spaces
ObjZ (y) can be explicitly understood. For example, if rk(a) =1 and x (o, o) = x (O, 0) —n
for n € Z one can show that Objg (y) is empty if n < 0 and otherwise is 1-isomorphic to
Jac(P) x Hilb"(P) x [Spec K/K*], where Jac(P) is the Jacobian variety of line bundles L on
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P with [L] = [O] € K (A), and Hilb" (P) is the Hilbert scheme of n points on P. So J*(y)4 =0
forn <0 and

T = — DY ([0bj%(»)]) = T ([Jac(P)]) T ([Hilb" (P)]) forn > 0.

This gives J% for a € S, so (b) determines Jo for o € Autt(D?(coh(P))) - S, and then (a)
gives J® (y)A for o € (Aut™ (D?(coh(P))) - S)NC(A). Thus, provided we understand the action
of Aut™(D?(coh(P))) on K (A) reasonably well, we can compute the invariants Je (y)A ona
much larger subset of C(.A), perhaps even the whole of it.

Let P be an algebraic K3 surface over C. Using his notion of stability condition on triangu-
lated categories [9], Bridgeland [10] (surveyed in [11, §6]) parametrizes a connected component
Stab(P) of the moduli space of stability conditions on DP(coh(P)). Bridgeland’s definition does
not include the extension of Gieseker stability on coh(P) to D”(coh(P)), but can probably be
generalized so that it does, perhaps following Gorodentscev et al. [19].

Using results of Orlov [37] on autoequivalences of D”(coh(P)), Bridgeland [10, Conj. 1.2]
conjecturally describes Aut™ (Db (coh(P))). His description implies that Aut™ (Db (coh(P))) acts
on H*(P,Z) as a certain index 2 subgroup of the group of automorphisms of H*(P,Z) pre-
serving the Mukai form and the subspace H 20(py ¢ H*(P,Z) ®z C. Combining this with
Conjecture 6.25 should make an effective tool for conjecturally computing invariants J%(y)4
when P is a complex algebraic K3 surface, which might lead to new formulae for Poincaré and
Hodge polynomials for moduli spaces of y-semistable sheaves on P.

To support Conjecture 6.25 we note some results of Yoshioka [48]. Let P be an abelian sur-
face, o € C(A) primitive with x (o, ®) < —2 and (y, G2, <) a Gieseker stability condition with
Obj% (y) = Obj%(y), so that Obj% (y) = M (y) x [Spec K/K*] for a nonsingular projective
symplectic variety Mg (y) of dimension 2 — x («, ). Then [48, Th. 0.1] shows M (y) is de-
formation equivalent to Jac(P) x Hilb™% @)/2(py Ifinstead P is a K 3 surface then [48, Th. 8.1]
shows MY, (y) is deformation equivalent to Hilb!—x(@®)/2(p)y.

Now if our choice of 7" in Assumption 2.10 is unchanged by deformations of smooth pro-
jective K-varieties, which holds for virtual Poincaré polynomials and virtual Hodge polynomials
when K = C, these results allow us to evaluate J* (y)A for most primitive & € C(A). The answer
depends only on P and x(«, «), and so is invariant under Aut+(Db(coh(P))) as in Conjec-
ture 6.25(b).

We quote Bridgeland [11, §6]:

‘As a final remark in this section note that Borcherds’ work on modular forms [7] allows one
to write down product expansions for holomorphic functions on Stab(P) that are invariant
under the group Aut(D”(coh(P))). It would be interesting to connect these formulae with
counting invariants for stable objects in D (coh(P))’

If Conjecture 6.25 and the reasoning behind it are correct, then the J* we propose are invari-
ants ‘counting’ t-semistable objects in class «, which are independent of choice of . Following
Bridgeland’s suggestion, the author wonders if the J® can be combined in a generating func-
tion on Stab(P) to give one of Borcherds’ automorphic forms of weight k > 1. One might try
something like:

fo= > Jiz@™* (122)
aeK (A\(0})
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where Z: K(A) — C is the ‘central charge’ associated to t. If the sum converges absolutely
then f:Stab(P) — A ®q C is a holomorphic function. See [32] for results on how to encode the
invariants of this paper into holomorphic generating functions on complex manifolds of stability
conditions.

Donaldson invariants are invariants of smooth 4-manifolds P described in Donaldson and
Kronheimer [16], which when P is a Kihler surface effectively ‘count’ stable rank 2 holomor-
phic vector bundles in class « on P. When b%r(P) > 1 these invariants depend only on P as
a smooth 4-manifold, and so are unchanged under deformations of P. When b%r(P) =1 they
depend on a little more: they are defined using a metric g on P, which determines a splitting
H*(P,R) = H%r @® M2, and the invariants depend on this splitting and have wall-crossing be-
haviour when H2 N H?(P, Z) # {0}.

If K;l is nef but not trivial then H%(P) =0, so b%r(P) =1, and H%r = ([w]) is spanned by
the cohomology class of the Kihler form w. This depends on the ample line bundle E used to em-
bed P into projective space, and so on the stability condition (y, G2, <). Thus, the wall-crossing
behaviour for Donaldson invariants when b%r( P) =1 is directly analogous to the transformation
laws (118), (121) for our invariants under change of (y, G2, <). When Kp is trivial we have
b%r(P) = 3, so Donaldson invariants are independent of H_%E; this is analogous to J%(y)* being
independent of y in this case.

The author wonders whether there exist invariants related to Donaldson invariants and similar
to I;’g(y)", J (y)A above, for which the analogues of Theorems 6.21 and 6.24 hold, but which
are independent of deformations of P which do not change K (coh(P)). When K = C this means
not changing H'(P) N H?(P, Q) in H*(P, C). We discuss a similar question for Calabi—Yau
3-folds and Donaldson—Thomas invariants in Conjecture 6.30 below.

6.5. Invariants of Calabi-Yau 3-folds

We now prove that when A = coh(P) for P a Calabi—Yau 3-fold the invariants J* (0)%,
JS?(I, <, k,7)* of (93) have special properties. Suppose Assumptions 2.10 and 3.5 hold, and
x : K(A) x K(A) — Z is biadditive and satisfies

(dimg Hom(X, ¥) — dimg Ext' (X, ¥)) — (dimg Hom(Y, X) — dimg Ext' (¥, X))
=x(X],[Y]) forallX,Y €A (123)

We showed in [30, §6.6] using Serre duality that this holds if A = coh(P) for P a Calabi—Yau
3-fold. Also, (89) implies (123) with x(a, B) = x (o, B) — x (B, ), so (123) is a weakening of
(89), and thus holds for A = coh(P) with P a smooth projective curve and for A = mod-KQ, as
in Section 6.2.

Under these assumptions, in [30, §6.6] we defined a Lie algebra morphism

o o : 1_
W o 15,7 SF4 (Db 4) — C™ <A, 2, 5;(), (124)

where C i“d(A, $2, % x) is an explicit Lie algebra contained in an explicit algebra C (A, £2, % X)-
Now CM(A, 2, %)’() is an £2-module with §2-basis ¢* for « € C(A), and comparing Defini-
tion 6.7 with [30, Def. 6.10] shows that
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w2 o 15 (351, <.k, 7)) = I3, <6, 1)% ¢ and
(125)
=0.2 (=
weo gy () = J4)% .
We use this to prove multiplicative identities on the Jg(l, <, K, 1)9.

Theorem 6.26. Let Assumptions 2.10 and 3.5 hold, x : K(A) x K(A) — Z be biadditive and
satisfy (123), and (t, T, <) be a permissible weak stability condition on A. Suppose (I, X, k),
(J, <, A) are A-data with (I, X), (J, <) connected and I N J = @. Define K =1 U J and

w:K — C(A) by ulf =k and w|y = A. Then

b 2 b 2
Z Jsi(Ka Q,I\L,T) - Z Jsi(Ky g”ljﬂf)
p.o.s Qon K: (K,) connected, p.o.s Jon K: (K,d) connected,
=<, dly=S, and ==, dly=5, and
iel, jeJ implies ji iel, jeJ implies i
= b 2 1b ko)
=X (c (D), M) IGU, <6, DTG, S A, T, (126)

Proof. As (124) is a Lie algebra morphism, by (126) we have

w2 ﬁgh‘fA([S;;(I, <k, 0), 880, S0 0)]) = I2UL <k, 0P IR, S A, D E [ D D,
Also [¢“D, D) = (ke (1), M(J))c* D) by definition of C(A, £2, §%). The multiplica-
tive relations between the 53(1 ,=<,Kk,T) in HP are given explicitly in [31, §7.1 & §8]. Using
these we can write [82(1, <, k, 7),82(J, <, A, T)] as a linear combination of 6%(K, <, i, 7)
over different <. Combining all this and (126) gives (126), but without the conditions (K, <)
connected. However, as (I, ), (J, <) are connected the only possibility for < with (K, <) dis-
connected is given by a < b if and only if a,b € I witha < b or a,b € J with a < b. As this
appears in both sums with opposite signs, the terms in disconnected (K, <) cancel out, so we

may restrict to connected (K, <) in (126). O

Next we discuss how the invariants depend on (z, T, <). The Jg(l, <, K, I)Ao and .IS?(I, <,
K, T)% satisfy additive transformation laws similar to (82), which may be deduced from (82) and
identities in [31, §8]. The J% (1) satisfy a multiplicative transformation law, (129) below. To
deduce it we need some facts about multiplication in C (A, 2, % X).

Suppose a1, ...,a, € C(A), so that ¢*!, ..., c* € cindA, 2, %)Z). Then using the multipli-
cation relations in [30, Def. 6.10] we can compute ¢*! xc*2 - - - xc*" in the algebra C (A, £2, % X)-
This is rather complicated, but we will only need to know the component in C ind (A, $2, % X), that
is, the coefficient of ¢¥ ™ 7% in this sum. Calculation shows this is given by:

o]

¥ ke x

=terms in cpz ., 1| > 1,

+ |:2n_11 Z ]_[ )Z(ai,o:j)}c‘“”'*“". (127)

connected, simply-connected digraphs I": edges
. i

vertices {1,...,n}, edge e—e implies i<j 9—)1_9

in
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Here a digraph is a directed graph.

Since (49) can be regarded as an identity in the Lie algebra SF;‘lld (Dbj 4) by Theorem 5.4, we
can apply the Lie algebra morphism (124) to (49) to get an identity writing J(¥)* in terms of
the J"(i)(t)g. This is expressed as a sum over all A-data ({1, ..., n}, <, x) followed by a sum
over digraphs I with vertices {1, ..., n}. To simplify this formula we define some new notation.
Definition 6.27. Suppose Condition 4.1 holds for (z,7,<) and (7, 7~“, <), and let I" be a
connected, simply-connected digraph with finite vertex set I, and « : I — C(A). Define

VU, Ik, 7,7) €Qby

v, r T) = ! U, < T 128
, ,K,T,T)—m Z I, <,k,1,7T). ( )

total orders < on I:

edge lo—>£ in I implies i< j
With this we prove a transformation law for the J* (7).

Theorem 6.28. Let Assumptions 2.10 and 3.5 hold and j : K (A) x K (A) — Z be biadditive and
satisfy (123). Suppose (t, T, <), (T, 7~", <L) are permissible weak stability conditions on A, the
change from (t, T, <) to (T, T, <) is globally finite, and there exists a weak stability condition
(7, T, <) on A dominating (t,T, <), (T, T, <) with the change from (T, T, Qo (5,T,<)
locally finite. Then for all o € C(A) the following holds in $2, with only finitely many nonzero
terms:

HC= 3 > > VL e ®) - [ xlk@.e())

iso. k:1—>C(A): connected, i

classes K(D=a simply-connected edges e—e in I”

of finite digraphs I',

sets I vertices 1

JT7P @~ (129)
iel

Proof. Theorem 5.2 implies that (49) holds, with only finitely many nonzero terms. Theorem 5.4
shows (49) can be rewritten as a Lie algebra identity, a linear combination of multiple commuta-
tors in SFglld (Dbj_4)- So applying the Lie algebra morphism (124) yields a Lie algebra identity in
cind( 4, 02, % %), which by (126) writes J%(7)*¢? as a linear combination of multiple commu-
tators of J¥@ ()24 But ¢ (A, 2, %)Z) is a Lie subalgebra of the algebra C (A, £2, %)Z), SO
we can regard this as an identity in C (A, £2, % X ), avoiding the need to rewrite (49) in terms of
multiple commutators. This proves:

n

Ja(f)-Q o _ Z U({l,...,n},é,x, T, f)[nJK(i)(I)Q:|CK(D*"'*CK(”).

A-data ({1,...,n},<,k):
k({1,...,n})=a

i=1

Equating coefficients of ¢* on both sides of this equation, and noting that the coefficient in
M woox e s given by (127), yields:
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1
T )¢ = > > V(L) < kT F)

A-data ({1,...,n},<,k): connected, simply-connected digraphs I":

1., = . i T
e nh=a vertices {1,...,n}, edge oo implies i <j

[T xk@.c))]]7O@%. (130)

o i—1
edges eseinl !

We claim that substituting (128) into (129) gives a sum equivalent to (130). For substituting
(128) into (129) gives sums over I, k, I', and total orders < on /. The relationship with (130)
is that having chosen 7, I', <, there is a unique isomorphism (7, <) = ({1, ..., n}, <), where
n = |I|. So identifying I with {1, ..., n} relates the sums over I", < in (128)—(129) to the sums
over n, I" in (130). But this is not a 1-1 correspondence: rather, to each choice of n, I" in (130)
there are |7|! choices of I, I', < in the substitution of (128) in (129), as there are |/|! total orders
=< on [. This is cancelled by the factor 1/|7]! in (128). All the other terms in (128)—(129) and
(130) immediately agree. O

Remark 6.29. The author can prove that in Definition 6.27, if I is a directed graph obtained

from I by reversing the directions of k edges in I" then V/(I, I', k, T, =DV, Tk, 1, 7).

Since j is antisymmetric, replacing I” by I" also multiplies the product []; ; . - Xk (@), k(j))
e— e 1N

in (129) by (—D*.

Thus the product of terms on the right-hand side of (129) is actually independent of the orien-
tation of I", and depends only on the underlying undirected graph. As there are 2///~! orientations
on this graph, we could omit the factor 1/ 2111=1'in (128) and write (129) as a sum over undirected
graphs rather than digraphs.

Equation (129) will play an important role in a sequel [32]. Neglecting issues to do with con-
vergence of infinite sums, we encode the invariants J%(t)* in holomorphic generating functions
on the complex manifold of stability conditions. Because the J%(7)* satisfy the multiplicative
transformation law (129), these generating functions satisfy a nonlinear p.d.e., which can be
interpreted as the flatness of a connection over the complex manifold of stability conditions.

In the remainder of the section we discuss how our results should relate to other proposed
invariants of Calabi—Yau 3-folds, and the whole Mirror Symmetry picture. Motivated by Don-
aldson and Thomas [17, p. 33-34], Thomas [40] defines invariants DT%(t) ‘counting’ t-stable
coherent sheaves in class « € C(coh(P)) on a Calabi—Yau 3-fold P, which are now known as
Donaldson—Thomas invariants. We compare these with our invariants J%(7)* above, which also
‘count’ t-semistable coherent sheaves in class & on P:

e The main good property of Donaldson-Thomas invariants DT (7) is that they are un-
changed under deformations of the complex structure of P. Thomas achieves this by using
a virtual moduli cycle to cut the moduli schemes down to the expected dimension (zero) and
then counting points.
In contrast, our invariants J%(7)% are not expected to be unchanged under deformations
of P. This is because rather than using virtual moduli cycles we just take a motivic invariant,
such as an Euler characteristic, of the moduli scheme as it stands. This is quite a crude thing
to do.
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e Donaldson-Thomas invariants are (so far) defined only for « € C(A) for which Obj (7) =

Obj% (7), that is, T-semistability and t-stability coincide. This is because strictly 7-semi-
stable objects would give singular points of the moduli space which the virtual moduli cycle
technology is presently unable to cope with.
In contrast, our invariants J%(t)% are defined for all & € C(A). Moreover, a great deal of
the work in this paper and [27-31] is really about how to deal with strictly T-semistables—
for instance, €*(7), €* (1) coincide with §%(7), S;"S(r) except over strictly T-semistables, and
much of [27,28,30] concerns how best to include stabilizer groups when forming invariants
of subsets of stacks, and this is not relevant for r-stable objects as they all have stabilizer
group K*.

e The transformation laws for Donaldson—Thomas invariants under change of stability condi-
tion are not known. In contrast, our invariants J%(7)% transform according to (129).

e Donaldson-Thomas invariants are defined uniquely and take values in Z. In contrast, our
invariants depend on a choice of motivic invariant ® in Assumption 2.10, with values in a
Q-algebra £2. As in [28, Ex. 6.3], possibilities for ® include the Euler characteristic x, and
the sum of the virtual Betti numbers.

e Donaldson and Thomas worked hard to produce invariants whose behaviour under defor-
mation of P is understood. In contrast, we have worked hard to produce invariants whose
behaviour under change of weak stability condition (7, 7', <) is understood.

We would now like to conjecture that there exist invariants ‘counting’ t-semistable coherent
sheaves on P which combine the good features of both Donaldson-Thomas invariants and our
own.

Conjecture 6.30. Fix K = C, let P be a Calabi-Yau 3-fold, and define A = coh(P), §4
and K(A) as in [29, §9.1]. Let (z,T,<) be a permissible stability condition of Gieseker
type on A, as in [31, §4.4]. Then there should exist extended Donaldson—-Thomas invariants
DT (1) € Q defined for all a € C(A), which should be unchanged under deformations of P,
and should transform according to (129) under change of stability condition. If a € C(A) with
Obj¢ (t) = Obj3 (1), so that the Donaldson—-Thomas invariant DT*(t) is defined as in [40], we
have DT®(t) = DT%(t) € Z.

There may also exist more complicated systems of invariants analogous to the Iy(I, <, Kk, T)
or Jsl;(l, <, K, ‘L')‘Q above, which take values in Q, are unchanged under deformations of P, and
transform in the appropriate way under change of stability condition.

I believe that proving this conjecture is feasible, although difficult, and that proving it will
probably involve an extension to virtual moduli cycle technology. I have plans to attempt this in
the next few years, in collaboration with others.

The invariants of Conjecture 6.30 should be defined using 0-dimensional virtual moduli cy-
cles, which are basically finite sets of points with integer multiplicities. The only information in
them independent of choices is the number of points [ X], counted with multiplicity and weighted
by the correct function of the stabilizer group Aut(X), probably x (Aut(X)/Tx)~!, where Ty is
a maximal torus in Aut(X). This is why we say the invariants should take values in Q, in contrast
to the rest of the section where our invariants take values in more general algebras A, A°, £2.

Now under the Homological Mirror Symmetry programme of Kontsevich [33], (semi)stable
coherent sheaves on P are supposed to be mirror to special Lagrangian 3-folds (SL 3-folds) in
the mirror Calabi—Yau 3-fold M. So we expect invariants counting (semi)stable (complexes of)
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coherent sheaves on P to be equal to other invariants counting SL 3-folds in M, at least if these
invariants count anything meaningful in String Theory.

Motivated by a detailed study [26] of the singularities of SL m-folds, in [25] I made a con-
jecture that there should exist interesting invariants K%(J) of M that ‘count’ SL homology
3-spheres in a given class « € H3(M, Z). I expected these invariants to be independent of the
choice of Kéhler form on M, and to transform according to some wall-crossing formulae under
deformation of complex structure J, but at the time I could only determine these transformation
laws in the simplest cases. I can now expand this conjecture to specify these transformation laws.

Conjecture 6.31. Let (M, J, w, §2) be an (almost) Calabi-Yau 3-fold, with compact 6-mani-
fold M, complex structure J, Kdhler form @ and holomorphic volume form §2. Then there
should exist invariants K*(J) € Q for « € H3(M,7Z) which ‘count’ special Lagrangian ho-
mology 3-spheres N in M with [N] = «, and probably other kinds of immersed or singular SL
3-folds as well. These invariants K*(J) are independent of the Kdhler form w and of complex
rescalings of $2, and so depend only on the complex structure J.

The holomorphic volume form §2 determines a stability condition T of Bridgeland type [9] on
the derived Fukaya category D”(F (M, )) of the symplectic manifold (M, w), a triangulated
category, and SL 3-folds N whose Floer homology is unobstructed correspond to t-semistable
objects in D?(F(M, w)). Thus, the K*(J) are invariants counting t-semistable objects in class
a in H3(M,7) = K(DP(F (M, »))). Under deformation of complex structure of M, the K*(J)
transform according to the triangulated category extension of (129).

If P is a mirror Calabi—Yau 3-fold to M, then the K (J) should be equal to invariants count-
ing ©-semistable objects in the derived category D”(coh(P)) of coherent sheaves on P, with
respect to a stability condition T on DP(coh(P)) of Bridgeland type. These invariants are a
triangulated category version of the extended Donaldson—-Thomas invariants DT (1) of Con-
Jjecture 6.30, and coincide with them if T is induced by Gieseker stability on coh(P).

There may also exist more complicated systems of invariants analogous to the Is(I, <X, k, T)
or Jst;(l, <, &, 1) above, that count configurations of SL 3-folds, take values in Q, are indepen-
dent of w, and transform in the appropriate way under change of complex structure. This set-up
may generalize to (almost) Calabi-Yau m-folds for all m > 2.

The extension of our programme to triangulated categories will be discussed at length in
Section 7, so we will say no more about it here. I expect Conjecture 6.31 to be extremely difficult
to prove, much more so than Conjecture 6.30, even just the part concerning the definition of
K%(J), independence of w, and transformation laws under deformation of J. This is because
we cannot use the machinery of algebraic geometry, and instead need to know a lot about the
singular behaviour of SL 3-folds, which is at the moment only partially understood.

In fact clarifying Conjecture 6.31 was the beginning of this whole project, which eventually
grew to [27-31] and this paper, and may continue to expand. I wanted to know more about
the proposed invariants K*(J), in particular their transformation laws under change of J, so I
decided to study the mirror problem of counting semistable coherent sheaves on Calabi—Yau 3-
folds using algebraic geometry. I did not realize at the time how large an undertaking this would
be.

The necessity of introducing, and counting, configurations in order to understand transforma-
tion laws under change of stability condition came directly out of my work [26, §9] on creation
of new SL m-folds by multiple connected sums under deformation of the underlying Calabi—Yau
m-fold.
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I believe that the invariants DT (7) and K“(J) proposed in Conjectures 6.30 and 6.31 should
play an important part in a chapter of the Mirror Symmetry story that has not yet been understood.
They should encode a lot about the structure of the ‘stringy Kahler moduli space,” teach us about
branes and I1-stability in String Theory, and perhaps have other applications.

Note that Conjecture 6.31 has predictive power for the kind of wall-crossing phenomena in
special Lagrangian geometry considered in [26, §9]. For example, we can consider a smooth
family of Calabi—Yau 3-folds M;: t € (—¢, €) with compact nonsingular SL homology 3-spheres
N1, Ny in My of the same phase, intersecting transversely in a single point. Then [26, Th. 9.7]
gives necessary and sufficient criteria for the existence of a connected sum SL 3-fold Ny # N3 in
M, for small t >0 ort < 0.

Using Conjecture 6.31 and a little geometric and algebraic intuition, we can make predictions
for the number of SL 3-folds in M, of the general form a; N1 #a, N> for ay, ay > 0. This is not
at all clear using the techniques of [26], as for a; > 1 the connected sum ‘necks’ might occur at
any point in Ny, and we might have to consider branching or covering phenomena over N too.

7. Questions for further research

We have already discussed a number of research problems in Sections 6.3—6.5, in particular
Conjectures 6.25, 6.30 and 6.31. We now pose some more, and in the process sketch out how the
author would like to see the subject develop in future. Perhaps the most important is:

Problem 7.1. Develop an extension of the work of [29-31] and this paper from abelian categories
to triangulated categories, and apply it to derived categories D?(A) when A is a category of
quiver representations mod-K Q, mod-KQ/I or coherent sheaves coh(P).

Here are some issues and difficulties involved in this:

e Defining configurations in triangulated categories T . This looks straightforward: in De-
finition 3.2 we replace the exact sequences (8) by distinguished triangles. This involves
introducing a third family of morphisms (L, J):0(L) — o(J)[1] in 7, so that a con-
figuration is a quadruple (o, ¢, m, d), and we must add some extra axioms involving the
d(L, J). For example, a ({1, ..., n}, <)-configuration will be equivalent to a distinguished
n-dimensional hypersimplex in T, [18, p. 260-1].

o Constructing moduli stacks of objects and configurations in 7. This seems difficult, and

neither triangulated categories nor Artin stacks may be the right frameworks. Toén [42-44]
works instead with dg-categories [43], a richer structure from which one can often recover
the triangulated categories we are interested in as the homotopy category. When 7 is a dg-
category Toén and Vaquié [44] construct moduli co-stacks and D~ -stacks of objects in 7T,
some of which can be truncated to Artin stacks.
For our applications we may not need the moduli ‘stack’ of all objects in 7, but only those
which could be 7-semistable for some stability condition 7, or appear in the heart of some
t-structure. So we can probably restrict to X € 7 with Ext' (X, X) =0 for i < 0, which may
improve the problem.

e Non-representable morphisms. For abelian categories o (1) : 9(I, %) 4 — Obj 4 is a repre-
sentable 1-morphism, but in the triangulated category case this will no longer hold. This is
because for abelian categories the automorphism group of an exact sequence injects into the
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automorphism group of its middle term, but the analogue fails for distinguished triangles in
triangulated categories.

Because of this, the multiplication % and operations P(; <y on CF(9bj4), SF(Dbj4) in
[30] cannot be defined in the triangulated category case. We can still work with the spaces
SF(bj 1), though, as they do not require representability.

Non-Cartesian squares. In [29, Th. 7.10] we proved some commutative diagrams of
1-morphisms of configuration moduli stacks are Cartesian. In the triangulated category case
the corresponding diagrams may be commutative, but not Cartesian. So the multiplication *
on CF, SF(Obj 4) may no longer be associative, which spoils most of [30,31] and this paper.
The reason is the ‘nonfunctoriality of the cone’ in triangulated categories, discussed by
Gelfand and Manin [18, p. 245]. If ¢ : X — Y is a morphism in an abelian category .4, the
kernel and cokernel of ¢ are determined up to canonical isomorphism. But in a triangulated
category 7 the cone on ¢ is determined up to isomorphism, but not canonically. This means
that the triangulated category versions of operations on configurations such as substitution
[29, Def. 5.7] will be defined up to isomorphism, but not canonically, which will invalidate
the proof of [29, Th. 7.10].

I expect the right solution is to change the definition of triangulated category, perhaps fol-
lowing Neeman [36] or Bondal and Kapranov [6]. Neeman’s proposal includes as data a
category S of triangles in 7, but the morphisms in S are different from morphisms of trian-
gles in 7, which restores the functoriality of the cone. If in defining configurations we took
the distinguished triangles to be objects in S, and their morphisms to include morphisms in
S, I hope the relevant squares will be Cartesian.

In the dg-category approach of Toén and Vaquié [44] this problem may not occur. In par-
ticular, Toén [42] defines derived Hall algebras for certain dg-categories 7, which are
associative. This is an analogue of associativity * on SF(9bj 4), and suggests that the pro-
gramme ought to work.

Defining stability conditions on triangulated categories. Here we can use Bridgeland’s won-
derful paper [9], and its extension by Gorodentscev et al. [19], which combines Bridgeland’s
idea with Rudakov’s definition for abelian categories [39]. Since our stability conditions are
based on [39], the modifications for our framework are straightforward.

Invariants and changing stability conditions. Given a triangulated category 7 and a Bridge-
land stability condition T on 7, there is a ¢-structure on 7 whose heart is an abelian category
A, and 7 determines a slope function u on A, and X € 7 is r-semistable if and only if
X = Y[n] for some p-semistable ¥ € A and n € Z. Here A is not unique, but two A, A’
coming from 7, T are related by tilting. Thus invariants counting 7-semistable objects in 7°
are essentially the same as invariants counting p-semistable objects in .4, which we have
studied in this paper.

We can also reduce changing stability conditions in triangulated categories to the abelian cat-
egory case, in the following way. Let 7, T be stability conditions on 7" which are ‘sufficiently
close’ in some sense. Then the author expects that we can find a third stability condition T
on 7 and two z-structures on 7 with hearts A, A, such that the first z-structure is compat-
ible with 7, 7, which arise from slope functions 1, &1 on A;, and the second z-structure is
compatible with 7, 7, which arise from slope functions iy, fi2 on A;.

As both z-structures are compatible with 7, A, A are related by tilting, and /i {-semistable
objects in A; are essentially the same as fip-semistable objects in A,. Thus transforming
between invariants counting t- and 7-semistable objects in 7 is equivalent to transforming
between invariants counting w1- and ji|-semistable objects in the abelian category A;, and
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then transforming between invariants counting (- and [i,-semistable objects in the abelian
category Az, which we already know how to do.

Because of this reduction to the abelian category case, the author is confident that there
should be a well-behaved theory of invariants counting 7-semistable objects in triangulated
categories, despite all the problems described above.

In Section 6.4 we proposed that invariants counting y -semistable sheaves on a K3 surface
should be combined in a holomorphic generating function (122). This had a simple form because
for K3 surfaces the invariants J%(y) and conjectured invariants J® were independent of the
choice of weak stability condition. Our next problem concerns the ‘right’ way to form generating
functions when the invariants are not independent of weak stability condition.

Problem 7.2. (a) Let A, K(A), §4 be one of the examples defined using quivers in [29,
Ex.s 10.5-10.9], such as A = mod-KQ. Let ¢,r: K(A) — R be group homomorphisms with
r(a) > 0 for all @ € C(A). Define a slope function pu:C(A) — R by u(a) = c(a)/r(a).
Then (1, R, <) is a permissible stability condition by [31, Ex. 4.14]. Define Z: K(A) — C by
Z(x) = —c(a) +ir(a). Then Z determines p, and the family of Z arising from slope functions
w in this way is an open subset U in the complex vector space Hom(K (A), C).

Form invariants Iy (7, <, , ) or I;‘;(M)A or J4(u)A" or J* ()% counting p-semistable ob-
jects or configurations in 4, as in Section 6. Find natural ways to combine these invariants
in generating functions F:U — V, where V is C, A ®g C, A° ®g C or 2 ®q C, and F(Z)
depends on Z and the values of the invariants for the stability condition (1, R, <) depending
on Z. Is F holomorphic? If it is defined by an infinite sum, does it converge? Note that the
Is(1, <, Kk, 1), ... change discontinuously with & and Z according to the transformation laws
(82), (97), (98) or (129). Can we make F continuous under these changes?

(b) Let 7 be a triangulated category and Stab(7") the moduli space of Bridgeland stability
conditions [9] on 7. Each t € Stab(7) has an associated central charge Z : K (4) — C, and the
map 7 — Z induces a map Stab(7) — Hom(K (7)), C) which is a local diffeomorphism, and
gives Stab(7) the structure of a complex manifold. When 7 = DP(A) for A as in (a), each
W, Z in (a) determines a unique t € Stab(7) with the same Z, such that X € A C DP(A) is
wu-semistable in A if and only if it is T-semistable in 7.

Suppose we can solve Problem 7.1 and have a good theory of invariants /&(7), ... counting -
semistable objects in 7, for T € Stab(7'). As in (a), try to encode these in holomorphic generating
functions F :Stab(7) — V. Can we make F' continuous when the /& (t) change discontinuously
with t?

(c) Now let 7 = D?(coh(P)) for P a Calabi—Yau 3-fold. Can we form holomorphic gener-
ating functions F on Stab(7") encoding derived category versions of the J*(t) of Section 6.5,
or the DT* () of Conjecture 6.30? If so, does F encode some structure on Stab(7") important
in String Theory and Mirror Symmetry; for instance, can we recover the stringy Kihler mod-
uli space, the subset of Stab(7") corresponding to complex structures on the mirror Calabi—Yau
3-fold, from F?

In a sequel [32], we present the author’s attempt at solving this problem. Rather than a sin-
gle generating function F, we define a family of generating functions F for all « € C(A), or
a € K(7) \ {0} in the triangulated case. For example, the invariants J¢ ()% of Section 6.5 are
encoded in maps F“: U or Stab(7) — §2 ®q C of the form
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n

F(Z) = > Fa(Z@), ..., Z@) [T 7w ®

n=1,ay,....a,€C(A) or K(T)\{0}: i=l
o1+ tam=a, Z(ag)#£0 all k

[2% 3 I )Z(a,-,aj):|, (131)

connected, simply-connected digraphs I": edges

vertices {1,...,n}, edge oo implies i <j ‘Hlé
in

where F,, : (C*)" — C are some functions to be determined, and C* = C \ {0}.

Supposing that the J*(7)* transform according to (129), and neglecting issues to do with
convergence of infinite sums, in [32] we show that there is an essentially unique family of func-
tions Fy such that (131) yields F* which are both continuous and holomorphic. These F; are
special functions of polylogarithm type, and are holomorphic at (zi,...,z,) € (C*)" except
along the real hypersurfaces arg(zy) = arg(zx+1) for 1 < k < n, where F,, is discontinuous.

The point is that as we cross a real hypersurface in U or Stab(7) where arg(Z(B8)) =
arg(Z(y)) for some B,y € C(A) or K(7) \ {0}, both the invariants J% (1)*¥ and the functions
F,(Z(a1), ..., Z(ay)) in (131) can jump discontinuously. We arrange that these jumps exactly
cancel out, so that F* remains continuous. Very surprisingly, it turns out that with these choices
of functions F), the F“ satisfy the p.d.e.

d(Z(8))

dF*(Z) = - > X(B,VIFP(2DF (2) Z6) "

B.yeC(A) or K(T)\{0}: a=p+y

(132)

which can be interpreted as the flatness of an infinite-dimensional connection over U or Stab(7).
This still leaves many questions unanswered, for example, mathematical questions on the con-
vergence of the infinite sums (131) and (132), and physical questions on the interpretation of
(131) and (132) in String Theory.

Here is our final problem.

Problem 7.3. Redo [28-31] and this paper using instead of Artin stacks some other kind of
stack, which at points [X] includes the data Ext! (X, X) fori > 1 as part of its structure. In this
framework try to generalize results in [30,31] and this paper which work when Ext(X,Y)=0
forall i > 1 and X, Y € A to the general case, in particular the morphisms to explicit algebras
in [30, §6].

Some good candidates for the appropriate notion of stack are the D-stacks of Toén and Vezzosi
[45] and the dg-stacks of Ciocan-Fontanine and Kapranov [13, §5]. Both of these papers explain
relevant ideas in derived algebraic geometry.

The motivation behind this problem is that in constructing the algebra morphism @4 in
[29, §6.2], if we could include the groups Ext' (X, X) for i > 1 appropriately then &4 would
be an algebra morphism without assuming Ext' (X, Y) =0 for all X, ¥ and i > 1. So we must
work with a kind of stack including the data Ext' (X, X) for i > 1, and new ‘derived stack func-
tion” spaces SFI (Obj 4).

There is a cost to this, though: the author expects Theorem 5.2 to fail for the spaces
SFder(DbjA), since in the proof of Theorem 5.11, the 1-morphism o ({1,...,n}) is a 1-iso-
morphism of Artin stacks with a substack of Obj 4, but it is probably not a 1-isomorphism of
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D-stacks or dg-stacks, as it may not preserve the data Ext' (X, X) for i > 1. So our material on
change of stability condition will not work in SF¥(Obj 4) in general.

However, in the situation of Section 6.4 when A = coh(P) for K ;1 nef, the author expects
that at least Eq. (45) of Theorem 5.2 should hold in some suitable class of spaces SEder(o bj4),
as Section 6.4 works precisely by forcing Ext' (X, Y) =0 for i > 1 and the relevant X, Y. Then
we could interpret Theorem 6.21 as saying that we have an algebra morphism SFY"(Dbj 4) —
A(A, A, x), and the invariants I&(y) encode the restriction of this to a derived version ﬂ;ﬁ)'der

of 7-_{‘;’, which is independent of stability condition (y, G, <). This would clear up a mystery
about Theorem 6.21, that is, why we have invariants with multiplicative transformation laws but
no underlying (Lie) algebra morphism.

8. Note added in proof

Between the appearance of this article on the archive and its journal publication, Yukinobu
Toda proved Conjecture 6.25 above [41].
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