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ABSTRACT. This is the second of series of papers studyig moduli
spaces of a certain class of coherent sheaves, which we call stable
perverse coherent sheaves, on the blow-up p: X 3 Xofa projec-
tive surface X at a point 0.

The followings are main results of this paper:

a) We describe the wall-crossing between moduli spaces caused
by twisting of the line bundle O(C) associated with the ex-
ceptional divisor C.

b) We give the formula for virtual Hodge numbers of moduli
spaces of stable perverse coherent sheaves.

Moreover we also give proofs of the followings which we observed
in a special case in [25]:

¢) The moduli space of stable perverse coherent sheaves is iso-
morphic to the usual moduli space of stable coherent sheaves
on the original surface if the first Chern class is orthogonal
to [C].

d) The moduli space becomes isomorphic to the usual moduli
space of stable coherent sheaves on the blow-up after twisting
by O(—mC) for sufficiently large m.

Therefore usual moduli spaces of stable sheaves on the blow-up
and the original surfaces are connected via wall-crossings.

INTRODUCTION

This paper is formally a sequel, but is independent of our previous
paper [25] except in §1.3] All the rest do not depend on results in [25],
though motivation to various definitions come from [25]. The result in
g1.3| is independent of other parts of the paper. See also the comment
below.

Let p: X — X be the blow-up of a projective surface X at a point 0.
Let C be the exceptional divisor. Let Ox (1) be an ample line bundle
on X. A stable perverse coherent sheaf E on )/(\', with respect to Ox (1),
is

(1) E is a coherent sheaf on X,
(2) Hom(E, Oc(—-1)) =0,
1
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(3) Hom(O¢, E) = 0,
(4) p.E is p-stable with respect to Ox(1).

As was explained in [25], this definition came from two sources, a work
by Bridgeland [2] and one by King [9]. In [25] the latter was explained
in detail, and the first will be explained in this paper.

For a given integer m € Z and homological data ¢ € H *()? ), we will
consider the moduli space M " (c) of coherent sheaves E with ch(F) = ¢
such that F(—m(') is stable perverse coherent. This family of moduli
spaces interpolates the moduli space MX(p.(c)) of stable sheaves on
X and the moduli space M*X(c) on X as explained in the abstract.
We assume that (c1,p*Ox(1)) and r are coprime, so the p-stability
and ypi-semistability are equivalent on X. Then we construct varieties
M™™F1(c) connecting various M™(c) by the diagram

M™(c) . M)
Mm,m—l—l (C) Mm+1,m+2 (C)

The morphism & is a kind of ‘flip” of &,,. (See Proposition for
the precise statement.) This kind of the diagram appears often in
the variation of GIT quotients [27] and moduli spaces of sheaves (by
Thaddeus, Ellingsrud-Gottsche, Friedman-Qin and others) when we
move ample line Egndles.

Furthermore, M™™*1(c) will be constructed as the Brill-Noether
locus in the moduli space MX(p,(c)) of stable sheaves on X, and the
fibers of &,,, & over FF € M*(p,.(c)) are Grassmann varieties consisting
of subspaces V' C Hom(O¢(—m—1),p*F) and U C Hom(p*F, Oc(—m—
1)) of dimV = (¢1,[C]) + m, dimU = (¢4, [C]) + m + r respectively.
The dimensions of spaces of homomorphisms depend on the sheaf F,
$0 &m, &1 are stratified Grassmann bundles. This looks similar to the
picture observed in the context of quiver varieties [I8] and exceptional
bundles on K3 [29] [14] (see also [22] for an exposition). But there is
a sharp distinction between the blowup case and these cases. In the
other cases, the spaces of homomorphisms (or extensions) appearing in
the fibers of &,, and & are dual to each other, and dimU = dimV/,
so that two varieties are related by the stratified Mukai flop. However,
our spaces Hom(O¢(—m — 1), p*F') and Hom(p*F, Oc(—m — 1)) have
different dimensions, and dimU # dim V. (See also Remark for
another difference.)

Next we consider the formula for (virtual) Hodge numbers. This
study was not originally planned when we started this research project,
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and is motivated by recent works on wall-crossings of Donaldson-Thomas
invariants [3, [10]. It turns out to be a simple application of techniques
developed for the blow-up formula for virtual Hodge polynomials in
24, Th. 3.13).

Since the formula becomes /gomplicated /11\1 higher rank cases, we con-
sider the rank 1 case, where M°(c) (resp. M™(c)) is the Hilbert scheme
XN (resp. XWw 1) of N points in X (resp. X for sufficiently large m de-
pending on N). Then we have the formula for the generating function
of Hodge polynomials

(1) D Py (M7 ()" = (Z Px,y<X[N]>qN> (H ﬁ) |

where ¢ = 1 - N pt. When m — oo, the left hand side converges to
S o Pey(X™Mg" as we have just remarked. Then the above formula
is compatible with the famous Gottsche formulaﬂ of Betti numbers of
Hilbert schemes of points of surfaces [5]. Thus factors of the infinite
product of the Dedekind n-function appear one by one when we cross
walls. .

Moreover, in this rank 1 case, M!'(c) is isomorphic to the nested
Hilbert scheme of N and N + 1 points in X, where two subschemes
differ only at 0. The above formula coincides with Cheah’s formula [4,
Theorem 3.3.3(5)] in this special case. However our ]/\I\m(c) for m > 2
seems new even in rank 1 case. In particular, they are different from
incidence varieties used to define Heisenberg generators in |20, Chap. 8.

In higher rank cases, we have the formula relating virtual Hodge
polynomials of ]\//Tm(c) and M*(p.(c)). (See Corollary ) In the
limit m — oo, the formula converges to the blow-up formula for virtual
Hodge polynomials in [24, Th. 3.13]. (See also [24, Rem. 3.14] for earlier
works.)

Similar wall-crossing formulae for Donaldson-Thomas invariants in
3-dimensional situation of [2] will be discussed elsewhere ([17, [16]).

Finally let us comment on the quiver description in our first paper
[25]. The most of materials in this paper can be worked out in the lan-
guage of quiver representations. In fact, the constructions of moduli
spaces and the diagram are automatic in that setup, and the as-
sertion that the fibers are Grassn/lgnn varieties are easy to prove. The
only missing is the isomorphism M™(c) = M°(ce™™I¢) induced by the
tensor product by O(—m(C'). We do not know how to construct the
isomorphism explicitly in terms of quivers. This, if it is possible, would

We learned this naming from Atsushi Takahashi.
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be given by analog of reflection functors, developed by the first-named
author in the context of quiver varieties [21].

The paper is organized as follows. In §I]we study the category of per-
verse coherent sheaves Per(X /X) which is the heart of the t-structure

in the derived category D(X ) of coherent sheaves on X introduced in
more general setting in [2]. One of the main results in this section is
a simple criterion when a coherent sheaf E is perverse coherent (see
Proposition [1.9(1)). In §2] we construct moduli spaces of perverse co-
herent sheaves in the general context in [2]. One of key observations is
that though perverse coherent sheaves are objects in D()? ) in general,
they are genuine sheaves if we impose the stability and the assumption
on the dimension of their supports. This was already observed in [2] in
the case of perverse ideal sheaves. Combined with the result in §1| we
get the conditions (1)~(4) in the blow-up case. In §3| we construct the
diagram (). Our tools here are Brill-Noether loci and moduli spaces
of coherent systems, which had been usg(\i in different settings as we
mentioned above. In §4| we show that M°(c) is an incidence variety
in the product of two moduli spaces M*(p.(c)) x M*(p.(c) + npt)
(n = (c1,[C])). In §5| we give the formula for virtual Hodge numbers
of ]\/Zm(c) The proof goes like that of [24, Th. 3.13]. We observe that
the formula is universal, i.e. is independent of the surface X, and is
enough to compute it in the moduli of framed sheaves. Then we can
use a torus action to deduce it from a combinatorial study of fixed
points. The combinatorics involves Young diagrams and removable
boxes, which is closely related to one appearing in the Pieri formula
(but only for the multiplication by e; !) for Macdonald polynomials
[13, §VI.6].

Acknowledgements. The first named author is supported by the
Grant-in-aid for Scientific Research (No. 19340006), JSPS. A part of
this work was done while the first named author was visiting the Insti-
tute for Advanced Study with supports by the Ministry of Education,
Japan and the Friends of the Institute. We are grateful to Y. Soibelman
for sending us a preliminary version of [10].

Notations. D(X) denotes the unbounded derived category of coher-
ent sheaves on a variety X. The full subcategory of complexes with
bounded cohomology sheaves is denoted by D?(X).

We consider a blowup p: X — X of a smooth projective surface X
at a point 0 € X. But occasionaly we consider a general situation
where p: Y — X is a birational morphism of projective varieties such
that Rp.(Oy) = Ox and dimp~!(z) <1 for any z € X.
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When we write O without indicating the variety, it means the struc-
ture sheaf of Oy.

Let ¢ = p~}(0) € X denote the exceptional divisor. Let O(C)
denote the line bundle associated with C, and O(mC) its m'® tensor
product O(C)®™ when m > 0, (O(C)®~™)" if m < 0, and O if m = 0.

The structure sheaf of the exceptional divisor C' is denoted by Oc.
If we twist it by the line bundle Opi(n) over C' = P!, we denote the
resulted sheaf by Oc(n). Since C has the self-intersection number —1,
we have O¢ ® O(C) = O¢(—1).

For ¢ € H*()?), its degree 0, 2, 4-parts are denoted by r, ¢, chs
respectively. If we want to specify ¢, we denote by r(c), ¢;(c), cha(c).

We also use the following notations often:

e 1k I/ is the rank of a coherent sheaf E.

e ¢:=ch(O¢(—1)).

e pt is a single point in X or X. Tts Poincaré dual in H Y(X) or
H*(X) is also denoted by the same notation.

o0

o (E,F) = AZ (—1)" dim Ext’(E, F) :'Z (—1)* dim Hom(E, Fi]).

e W(E,F) :=dimHom(E, F).

* X(E) :=Xx(0%, E).
o W(E):=h"(0g, E).

1. PERVERSE COHERENT SHEAVES ON BLOW-UP

1.1. General situation. Let p: Y — X be a birational morphism of
projective varieties such that Rp,Oy = Ox and dim p~!(z) < 1 for any
x € X. This is the assumption considered to define perverse coherent
sheaves in [2]. We set Z :={z € X | dimp~!(x) = 1}. Then p~(Z) is
the exceptional locus of p. The example we have in mind is the blowup
of a projective surface X at a smooth point 0 € X, but we review the
arguments in [2] for the completeness in this subsection.

Definition 1.1 ([2] 3.2]). Let Per(Y/X) be the full subcategory of
D(Y) consisting of objects E € D(Y') satisfying the following condi-
tions:

(1) H'(E) =0 for i # -
(2) Rop.(H"'(E)) =0 and Rlp*(HO(E)) =0,
(3) Hom(HO(E) K) = 0 for any sheaf K on Y with Rp,.(K) = 0.
An object E € Per(Y/X) is called a perverse coherent sheaf.

By [2 §5§2,3] Per(Y/X) is the heart of a ¢-structure on D(Y'), and
in particular, is an abelian category. This will be reviewed below.
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An object E € Per(Y/X) satisfies H(Rp.(E)) = 0 for i # 0. Thus
Rp.(E) € Coh(X).

Lemma 1.2 (cf. [2] 5.1]). (1) For a coherent sheaf F' on X, we have
an ezxact sequence

0 — Rlp (L7 'p*(F)) = F — p.p*(F) — 0.

Moreover we have p*(F') € Per(Y/X). Furthermore, F = p,p*(F) if F
18 torsion free.

(2) Let E be a coherent sheaf on'Y. For a natural homomorphism
¢: p'p(E) — E, we have (i) Rp.(Ker¢) = 0, (i) p.(Im¢) — p.(E)
is isomorphic, (iii) p.(Coker ¢) = 0, (iv) R'p.(Im¢) = 0, R'p.(E) =
R'p,(Coker ¢).

(3) A coherent sheaf E belongs to Per(Y/X) if and only if ¢ p*p.(E) —
E is surjective.

(4) For a coherent sheaf F' on X, we have Ext'(p*(F), K) = 0 for
all K € Coh(Y') with Rp.(K) = 0.

Proof. (1) The first assertion is a consequence of the projection formula
Rp.(Lp*(F)) = F and the spectral sequence

RPp,(L%*(F)) = H" Y (Rp.(Lp*(F)).

We also get R'p.(p*(F)) = 0 at the same time. Now we have Hom(p*(F), K) =
Hom(F,p.(K)) = 0 for K € Coh(Y) with Rp.(K) = 0. There-
fore p*(F') is perverse coherent. For the last assertion we note that
R'p.(L~'p*(F)) is supported on p~*(Z), and hence is torsion.

(2) We have exact sequences

0 = p«(Ker ¢) = p.(p*(p<(E))) = ps(Im ¢) — R'p,(Ker ¢) — 0,

0 —— p(Im ¢) ——— p.(F) ——— p.(Coker ¢)

R'p.(Im ¢) —— R'p,(E) —— R'p.(Coker ¢p) —— 0,

where we have used R'p.(p*(p«(E))) = 0 from (1) in the first exact
sequence. Since the composition p,(E) — p.(p*(p«(E))) — p«(E) is
the identity, (1) implies that both homomorphisms are isomorphisms.
Therefore p,(Im ¢) — p.(E) is also an isomorphism. We have Rp.(Ker ¢) =
0 from the first exact sequence.

Since R'p,(Im ¢) = 0 follows from R'p,(p*(p.(E))) = 0, the second
exact sequence gives p,(Coker ¢) = 0 and R'p.(E) = R'p.(Coker ¢).

(3) Suppose E € Coh(Y) and ¢: p*p.(F) — F is surjective. We
have R'p.(E) = 0 from (2)(iv). We also have 0 — Hom(FE, K) —
Hom(p*(p.(E)), K) and Hom(p*(p.(E)), K) = Hom(p.(E), p.(K)) = 0
for a sheaf K with Rp.(K) = 0. Therefore E € Per(Y/X).
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Conversely suppose E € Per(Y/X)NCoh(Y'). By (2)(iii),(iv) we have
Rp.(Coker ¢) = 0. By Definition [1.1}(3) we have 0 = Hom(E, Coker ¢),
i.e. Coker ¢ = 0.

(4) We consider a distinguished triangle L<°p*F — Lp*F — p*F —
L<%*F[1]. We apply the functor Hom(e, K) to get an exact sequence
Hom(L<p*F[1], K[1]) — Hom(p*F, K[1]) — Hom(Lp*F, K[1]).

We have
Hom(Lp" F, K[1]) = Hom(F, Rp. (K[1])) = Hom(F, Rp, (K)[1]) = 0,
Hom(L<"*F[1], K[1]) = Hom(L~°p*F, K) = 0,
where the latter follows from the degree reason. We therefore have
Hom(p*F, K[1]) = Ext' (p*F, K) = 0. O
Let
C:={K € Coh(Y) | Rp.(K) = 0},
T :={E € Coh(Y) | R'p.(E) =0, Hom(E,K) =0 for all K € C},
F :={F € Coh(Y) | p«(E) = 0}.
From the above definition, we have
Per(Y/X)={E D) | H(E)=0fori#0,—-1,H (E) € F,H(E) € T}.

Then the definition of Per(Y/X) is an example of a general construc-
tion in [6, §2]:

Lemma 1.3. (7, F) is a torsion pair on Coh(Y') in the sense of [0,
§2].

Proof. We check two assertions: (i) Hom(7,F)=0for T € T, F € F,
(ii) for any E € Coh(Y'), there exists an exact sequence 0 — T — E —
F—0withTeT,FelF.

(i) By Lemmal[1.2{(3), we have p*p.(T") — T. Therefore Hom(T, F') C
Hom(p*p«(T), F) = Hom(p.(T),p«(F)) =0 for T € T, F € F.

(ii) For E € CohY, let us consider the exact sequence 0 — Im ¢ —
E — Coker ¢ — 0 for ¢ as in Lemma[1.22). We have R'p,(Im¢) =0
and p.(Coker¢) = 0 by (2)(iii),(iv). We also have Hom(Im ¢, K') C
Hom(p*p«(E), K) = Hom(p.(E),p«(K)) = 0 for K € C. Therefore
Im¢ € T, Coker ¢ € F. O

An exact sequence 0 - A — B — C' — 0 in Per(Y/X) is a dis-
tinguished triangle A — B — C — A[l] in D(Y') such that all A, B,
C € Per(Y/X). Hence it induces an exact sequence

0— H A - HYB)— H*C)— H(A) - H°(B) — H°(C) = 0
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in Coh(Y). From a general theory, if A - B — C — A[l] is a
distinguished triangle in D(Y") such that all A, C' € Per(Y/X), then
B € Per(Y/X). We have Extp,y,x)(4, B) = Hompy)(A, Bli]) for
A, B € Per(Y/X), i = 0,1 ([0, Cor. 2.2(c)]). It was proved that
D°(Y) = D®(Per(Y/X)) in [28], but we will not use it in this paper.

Remark 1.4. Let E € Per(Y/X) N Coh(Y). By Lemma|[l.2|(3) we have
the exact sequence 0 — Ker¢ — p*p.(F) — E — 0 in the category
Coh(Y'). This gives a distinguished triangle Ker ¢ — p*p.(F) - E —
Ker ¢[1]. Now notice that p*p.(E), E, Ker ¢[1] € Per(Y/X). There-
fore we have 0 — p*p.(E) — E — Ker¢[l] — 0 in the category of
Per(Y/X).

Lemma 1.5. Let E, F be objects in Per(Y/X), and hence Rp.(E),
Rp.(F) € Coh(Y).
(1) Assume that H'(E) =0 for i # 0 and p.(E) =0. Then E = 0.
(2) a homomorphism &: E — F' is injective in Per(Y/X) if and ony
if HY(E) — H™Y(F) is injective in Coh(Y) and Rp.(E) — Rp.(F)
is injective in Coh(X).
Proof. (1) Since Rp.(E) = 0 from the assumption and the Defini-
tion [1.1(2), we have Hom(E, E) = 0 by Definition [1.1(3). Thus £ = 0.
(2) We first assume that F — F' is injective in Per(Y/X). Since
Per(Y/X) is an abelian category, we have an exact sequence

0—-FE—F—G—0, G:=Cokeré e Per(Y/X).

Hence H'(E) — H~'(F) is injective in Coh(Y) and we have an exact
sequence in Coh(X):

0 — Rp.(F) — Rp.(F) = Rp.(G) — 0,

as Rp.(E), Rp.(F), Rp.(G) € Coh(X).

Conversely, we assume that H ' (F) — H~'(F) is injective in Coh(Y")
and Rp.(F) — Rp.(F) is injective in Coh(X). Let K € Per(Y/X) be
the kernel of ¢ in Per(Y/X). Then H '(K) = 0 and we have an exact
sequence

0 — Rp.(K) — Rp.(E) — Rp.(F).
Hence Rp.(K) = 0. By (1), we get K = 0. O

Lemma 1.6. Let E € Coh(Y') and let F' be a subsheaf of p.(E). Then
F — p.(p*(F)) is an isomorphism.

Proof. Consider the composite of F' — p.(p*F) — p.(p*(p«(E))) —
p«(F). It is equal to the given inclusion F' — p,(F). Hence F —
p«(p*F') is injective. On the other hand, F' — p.(p*(F')) is surjective
by Lemma [1.2(1). So F' — p.(p*(F)) is an isomorphism. O
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1.2. Blow-up case. Suppose p: X Xisa blow-up of a projective
surface X at a smooth point 0 € X.

We first determine the sheaves K appearing the condition (3) in
Definition [L.1l

Lemma 1.7. Let K be a sheaf on X.
(1) If p.(K) = 0, then there is a filtration

K=F'DF'>---DF 'DF =0
such that F*/F*1 =~ Og(—1 — a,) for ay > 0. In particular, we have

K =0 if Hom(K,O¢c(—1)) = 0.
(2) If Rp.(K) =0, then K = Oc(—1)%5.

Remark 1.8. The filtration in (1) can be considered as a kind of Harder-
Narashimhan filtration. This will be clear in a different proof given in
the next subsection.

Proof. (1) We may assume K # 0. Since p.(K) = 0, K is of pure
dimension 1, and hence ¢;(K) = s[C] with s > 0. Then

V(K 0c(-1) = [

X

ch(K)Y ch(Oc(=1)) td X = —(c1(K),[C]) = s > 0.

Let Cy be the skyscraper at 0. Since
Ext?(K, Oc(—1)) = Hom(O¢, K)¥ = Hom(p*(Cy), K)¥
=~ Hom(Cy, p«(K))" =0

from the assumption, we must have Hom (K, Ox(—1)) # 0. Take a non-
zero homomorphism ¢: K — Og(—1). Then we have p.(Ker¢) = 0
and Im ¢ = O¢(—1—a) with a > 0. Applying this procedure to Ker ¢,
we get the assertion.

(2) We first note that x(K) = 0. Let E be a subsheaf of K.
Then HO()?,E) = 0, which implies that x(F) < 0. Applying this
to E := Ker¢ in the proof of (1), we get x(Im¢) > 0. Then a in
(1) must be 0, i.e. Im¢ = Oc(—1). We also have x(Ker¢) = 0. Re-
peating this argument, we conclude all F*/FF1 =~ On(—1). Since
Ext'(Oc(—1),0c(—1)) = 0, we get the assertion. O

~

Proposition 1.9. (1) A coherent sheaf E on X belongs to Per()A(/X)
if and only if Hom(E, Oc(—1)) = 0.

(2) Let E € Per(X/X) N Coh(X) and ¢: p*(p.(E)) — E be the nat-
wral homomorphism. Then Ker ¢ = Ext!(E, Oc(—1))Y ® Oc(—1), and
the ezact sequence 0 — Ker¢ — p*(p.(E)) — E — 0 obtained from
Lemmal[1.9(3) is the universal extension of E with respect to Oc(—1).
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Proof. (1) From Definition[1.1(3) E € Per(X /X) satisfies Hom(E, Oc(—1))
= 0. For the converse, suppose E € Coh()?) satisfies Hom(FE, O¢(—1)) =
0. By Lemma [I.2(3) it is enough to show that ¢: p*p.(E) — E
is surjective. By Lemma [1.22)(iii) we have p.(Coker¢) = 0. Since
Hom(Coker ¢, Oc(—1)) € Hom(E, Oc(—1)) = 0 from the assumption,
we have Coker ¢ = 0 from Lemma [L.7(1).
(2) Consider ¢: p*p.(E) — E. By Lemma [1.2(2),(3) this is surjec-
tive and Ker ¢ satisfies Rp.(Ker¢) = 0. By Lemma [1.7)(2), Ker¢ =
Oc(—1)®* for some s € Zsg. We also have Ext'(E, O¢(—1)) = Hom(Ker ¢, Og(—1))

by Lemma [1.2/4). O
Lemma 1.10. If E € Per(X/X) N Coh(X), then R'p.(E(C)) = 0.

Proof. By the exact sequence 0 = Og — O¢(C) = Oc(—1) = 0, we
have Rp,(O%(C)) = Ox. From the projection formula we have

Rp.(05(C) @ Lp*(p.(E))) = Rp.(0%(C)) @ p.(E) = p.(E).

The spectral sequence as in the proof of Lemma (2) implies R'p,(O5(C)®
p*(p«(E))) = 0. As p*p.(F) — FE is surjective by the assumption, we
have the conclusion. U

Lemma 1.11. Let E € Coh()?). Then p.(E) does not contain a 0-
dimensional subsheaf at 0 if and only if Hom(O¢, E) = 0.

Proof. We have
Hom(O¢, F) = Hom(p*Cy, E) = Hom(Cy, p.(E)).
Now the assertion is clear. O

1.3. Perverse coherent sheaves and representations of a quiver.
This subsection is a detour. We look at the definition of the perverse
coherent sheaves in view of [25]. The result of this subsection will not
be used later. R

Let X = C? and let X be the blowup of X at the origin 0. As a by-
product of the main result of [25], we have an equivalence between the

derived category D%(Coh X ) of complexes of coherent sheaves whose

homologies have proper supports and the derived category of finite
Bi1,B2
dimensional modules of the quiver e £ e with relation BidBy =
d

BydB;.

Proposition 1.12. The abelian category {E € Per()?/X) | E has a proper
support } is equivalent to the abelian category of finite dimensional rep-
resentations of the above quiver with relation B1dBs = BodB;.
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Proof. Let us first recall how we constructed the equivalence between
derived categories in [25]. Let us number the left (resp. right) vertex
as 0 (resp. 1). We consider line bundles Ly := O and Ly := O(C),
and homomorphisms between them s = z;/z = z/w: Ly — Ly, z,
w: Ly — Lo, where X = {(z1, 23, [z 1 w]) € C2 x P! | zyw = 2,2}. For
an object E € DY(Coh X), we define

Vi =R(pt)«(F® L), (k=0,1)

where pt is a projection of X to a point. Then the homomorphisms
s, z, w give a structure of a quiver representation. Conversely given
a complex of quiver representations, we define a double complex of
coherent sheaves on X as

Vo ® Ly C?® Vo ® Lo , Vo @ Lo
A= & —2 5 B:= &) —— C= &
Vi® Lo C?® Vi ® Ly Vi® Ly

with «, f as in [25 (1.2)]. We assign the degree by deg A = —2,
deg B = —1,AdegC = 0. Then the associated total complex is an object
in D%(Coh(X)). (For the reader familiar with [25]: We consider the
W = 0 case. So objects have proper supports, and hence implicitly
have the framing.)

Let us start the proof of this proposition. Suppose E is a perverse
coherent sheaf on X with a proper support. The corresponding repre-
sentation satisfies

H(Vy) = H(X,E),  H(V)=H(X,EQ)).
We have a spectral sequence Hi(X, Hi(E)) = H*(X, E). Therefore

Hi(Vy) = 0 for i # 0 follow from the following vanishing results, which
are direct consequence of the definition of perverse coherent sheaves:

H(X,H\(E)) = H(C*, Rp.(H"\(E))) = 0,
H'(X,H(E)) = H*(C*, R'p.(H°(E))) = 0.
Next consider V;. We consider the exact sequence of vector bundles

0— 04(C) L] 02 =22 0 (—0) = 0.

This exact sequence is preserved under ¢ @ H'(E) as Og(—C) is
locally-free. Therefore we get an exact sequence 0 — p.(H 1 (E(C))) —
p.(H7Y(F))®2. But the right hand side vanish by the assumption. This
implies H-1(V4) = 0 as above. We have H°(E) € Per(X/X), and
hence we have R'p.(H°(E(C))) = 0 from Lemma [.10] This gives
H' (V1) = 0. Vanishing of other cohomology groups is trivial.
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For the converse we check that the object £ = {A — B — C} €
D’(Coh X ) corresponding to a quiver representation satisfies the condi-
tions in Definition[1.1] The condition (1) follows from the injectivity of
« as argued in [25 §5.2]. The condition (2) follows from H*(V;) = 0 for
i # 0 by the above discussion. Let us consider the condition (3). Note
that H°(E) = Coker 8. We also know that O¢(—1)[1] corresponds to
the representation Cy = 0 E C by [25, Prop. 5.3]. Let us write the
corresponding complex as { A" — B’ — C’}. Then we apply the proof
of [25, Prop. 5.12] to show that (i) Hom(H°(E), Oc(—1)) is isomorphic
to the space of homomorphisms between monads, where the complex
{A" — B’ — ('} is shifted by —1, and (ii) this space of homomorphisms
between monads vanishes. U

Let us give another proof of Lemma based on the above result.

(1) If p.(K) =0, E := K[1] is a perverse coherent sheaf. Let us con-
sider the corresponding complex as above. Since K is a sheaf, we have
H°(E) = 0, which means 3 is surjective. By [25, Lem. 5.1] this is equiv-
alent to codim7} > codim Ty or (Ty,T1) = (Vo, Vi) for any subrepre-
sentation T' = (Ty,T}) of E. Taking the Harder-Narashimhan filtration
with respect to the slope 0(Sp, S1) = (—dim Sy + dim S;)/(dim Sy +
dim S;), we get a filtration K = Y > Y! D> ... D YN 1 5 YV =
such that Y*/Y**1 is §-semistable and (Y°/Y!) < 0(Y1/Y?) < --- <
O(YN-1/YN). Taking (Ty,Ty) = Y, codimT; > codimT, means
O(Y°/Y1) > 0. Therefore all §(Y*/Y**1) > 0. Looking at the clas-
sification of all stable representations in [25, Rem. 2.17], we find that
Yk /YkEH is (a direct sum of) C,, = Oc(—m — 1) for m > 0.

(2) If we further have Rp.(K) = 0, we have Vi = 0 for the represen-
tation corresponding to £ = K[1]. Then assertion is obvious.

2. MODULI SPACES OF SEMISTABLE PERVERSE COHERENT SHEAVES

We return to the general situation considered in le.p: Y = X
is a birational morphism of projective varieties such that Rp,(Oy) =
Ox and dimp~!(z) < 1forall z € X.

2.1. Stability. Let Ox(1) be an ample line bundle on X. We also
denote the pull-back p*(Ox (1)) by Oy(1).

Let M be aline bundle on Y. For E®* € D®(Y), we define a;(E®, M) €
Z by the coefficient of the Hilbert polynomial of E*® with respect to M:

X(E* @ M®™) = dimzy a;(E*, M) (m N Z) .

- 1
=0
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We use the same notation for £ € D?(X) and a line bundle M on X
instead of Y.

If E*® is a coherent sheaf of dimension d and M is ample, then
a;(E*,M) =0, ¢ > d and a4(E*, M) > 0. For a perverse coherent
sheaf E* € Per(X/Y), we denote a;(E*®,Ox (1)) = a;(m.(E*), Oy (1))
by a;(E®) if there is no fear of confusion.

Recall that we say a coherent sheaf E of dimension d on X is
(semi)stable if

ag(E)x(F(m))(<)aa(F)x(E(m)) for m >0

for any proper subsheaf 0 # F' C E. Here we adapt the convention
for the short-hand notation in [8]. The above means two assertions:
semistable if we have ‘<’, and stable if we have ‘<’. If E is semistable,
then it is pure of dimension d: if 0 # F C F is of dimension < d, then
the right hand side is 0, while the left hand side is positive. Under
the assumption that F is pure, the above inequality is equivalent to
X(EF(m))/aq(F)(L)x(E(m))/aq(E), as we automatically has a4(F) >
0.
We say E is p-(semi)stable if it is purely d-dimensional and

ad_l(F) < ad_l(E)
CLd(F> - CLd(E)
for any subsheaf 0 # F C E with aq(F) < aq(E).

If F is a d-dimensional coherent sheaf on X, then we have the fol-
lowing implications:

E is p-stable = F is stable = E is semistable = E is p-semistable.

Now we return to the situation p: ¥ — X. Let Ly an ample line
bundle on Y. We set L; = Ly(l).
We consider the following conditions on an object E* € Per(Y/X):

(2.1a) dimp,(E®) > dim Z,
(2.1b) X(E*(m)® LP™) >0 for n>> 0.

Definition 2.2. Let E* € Per(Y/X) be an object satisfying (2.1)).
Then E*® is (semi)stable if for any proper subobject F'* € Per(Y/X) of
E*, we have

(2.3) X(F*(m))(<)

foralln > 1> m>0.

X(F*(m) @ Li™)
X(E*(m) @ Li™")

X(E*(m))

Remark 2.4. The above definition is suitable for perverse coherent
sheaves satisfying (2.1). On the other hand, it is also natural to expect
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that Oc(—m — 1)[1] (in case of p: X — X) is stable in some definition
in view of [25].

Note that for E* € Per(Y/X) satisfying (2.1) with d := dim p.(E*),
F is (semi)stable if and only if H~*(E*®) = 0 and for any subsheaf F'
of F:= H°(E®) in Coh(Y') with F € Per(Y/X),

aq(F, Oy (1))

) X(F(m) < 2422 ()
) X(F(m) = 2422 (B ),
(PO (D) < 24000, 5.0y (1)
®) o
(F(m)) = 24 B )
alFLOy(1) = 24 0,(5. 0y (1),
xX(F(m) @ LF™)(> )%x(E(m)@Li@") for n > 1> m> 0.

Remark 2.5. If d = dimY’, then a4 is essentially the rank, so we have

aq(F, Oy (1)) = %adw, Oy (1)).

Therefore the second case (2) does not occur.

Lemma 2.6. Let E* € Per(Y/X) be an object satisfying [2.1). Then

(1) If E* is semistable, then E* € Coh(Y).

(2) If E* is semistable, then p,(E*®) is semistable.

(3) Suppose further E* = E € Coh(Y). Then E is (semi)stable if
and only if holds for any proper subsheaf F'* = F' of E in Coh(Y)
which is also in Per(Y/X).

(4) Suppose further E®* = E € Coh(Y) and p.(E) is stable. Then E

1s stable.

Proof. (1) First note that we have x(E®*(m) ® L") > 0 for n > 0 by

(2.1p). On the other hand, as 0 # Rp.(E*) € Coh(X) from ({2.1p) and
the perversity, we have x(FE*(m)) > 0 for m > 0.
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Next note that E*® contains a subobject H'(E®)[1]. Assume that
HY(E*)[1] 0. Then x(H-'(E*)[1](m)) = x(R'p.(H*(E*))(m)) >
0 and x(H Y (E®*)[1](m) ® L") = —x(H Y(E*)(m) ® L") < 0, which
means that E*® is not semistable.

(2) Suppose Fj is a subsheaf of p,(E). Note that we can apply
Lemma to Fi C p«(E) thanks to (1). Therefore p.(p*(F1)) =
Fy. Let a be the composition of p*(Fy) — p*p.(E) — E. We have
p*(F1), E € Per(Y/X) by Lemma [1.2(1) and the assumption respec-
tively. We have H '(p*(F})) = H '(F) = 0. We also have that
Fy = p.(p*(F1)) — p«(F) is injective by the assumption. There-
fore the homomorphism « is injective in the category Per(Y/X) by
Lemmal[L.5(2). Therefore we have the inequality for F'* := p*(F}).
It means that

X(p*(F1)(m) ® LP™)

X = (e @ 1)

X (p-(E)(m)).

From the note after Definition [2.2] we must have

Since ad(E‘, Oy<1)) = ad(p*(E°), OX(l)), ad(p*(Fl), Oy(l)) = ad(Fl, Ox(l)),
this inequality says p.(E®) is semistable.
(3) The ‘only if’ part is clear: if F' C F is a subsheaf, then E/F is
also in Per(Y/X) obviously from the definition. Therefore 0 — F' —
E — E/F — 0 is also exact in Per(Y/X), hence F' is a subobject of F
in Per(Y/X).
Let us show the ‘if’ part for the semistability. Suppose F* is a
subobject of E, and let E/F* be the quotient in Per(Y/X). Then we
have an exact sequence in Coh(Y):

X(Fi(m)) <

0— H Y F*)— HYE)=0—— H Y(E/F*)

HO(F®) E HY(E/F*) ——0,
Therefore we have H~!(F*) = 0 and an exact sequence in Coh(Y):
0— H Y (E/F*) — H°(F*) = F' =0,

where IV = Im(H°(F*) — E). Note that I’ € Per(Y/X). Take the
direct image with respect to p to get

0 = pu(H'(F*)) = p(F') = Rip(H ' (E/F*)) = 0.
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Therefore we have
(2.7)
X(F*(m) ® L")

X(F'(m) @ L") + x(H(E/F®)(m) @ L")
X(F'(m) & L{™),

X(p«(HP(F*))(m)) + x(R'p.(H ' (E/F*))(m))
> X(F7*(m)).

So the inequality (2.3)) for F’ implies one for F*°.

Finally show the ‘if” part for the stability. Assume that the strict in-
equality in holds for a proper subsheaf F. Suppose that the equal-
ity holds for a subobject F'* C E in Per(Y/X). From the above discus-
sion, F' = F follows from the assumption. Therefore H'(E/F*) = 0.
Moreover the inequalities in (2.7)) must be the equalities, so we must
have H '(E/F*) = 0. Therefore £ = F*.

(4) To test the stability of E, it is enough to check the inequality
for a subsheaf F' C FE such that F' € Per(Y/X) by (3). We have
p«(F) C p(E). We may assume p,(F) # 0 by Lemma [L.5(1). If
p«(F') # p«(E), then the stability of p,(F) implies the strict inequality
for (2.3). Here we have used (2.1h) so that the leading coefficient of
X(E(m) ® L") is aq(E, Oy) = aq(p(E), Ox).

Therefore we may assume p.(F) = p.(E). Let C be the cokernel
of F — E in Coh(Y). Then C is perverse coherent and Rp.(C) = 0.
Therefore C' = 0 by Lemma [L.5(1). Hence F = E. O

If B* = E € Per(Y/X)NCoh(Y), we have the following implications:

p«(F) is stable = FE is stable = F is semistable = p,(FE) is semistable.

v

X (p«(F')(m))

Lemma 2.8. Suppose thatY is a nonsingular surface, dim p,(E*®) = 2,
and E* = E € Coh(Y) NPer(Y/X) satisfies the condition (2.1)). Then
E is semistable if and only if the followings hold:
a) p«(E*®) is semistable,
b)
rk F'
(e1(F), e1(Lo)) 2 S (e(B), er(Lo))
for any subsheaf F' C E such that F' € Per(X/Y') and x(F(m)) =
tk Fx(E*(m))/rk E*.
Moreover, E is stable if and only if the followings hold:

c) p«(F) is semistable,
d) p.(F) is stable, or the strict inequality in above b) holds.

This is a consequence of the note after Definition and Lemma [2.6]
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2.2. Construction of moduli spaces. Thanks to the discussion in
the previous subsection, we can work entirely in the category of coher-
ent sheaves.

For a perverse coherent sheaf E, let h(x,y) be the polynomial such
that x(E(m) ® L§") = h(m,n). Then x(E(m) ® LF") = x(E(m +
In) ® L") = h(m + In,n). We call h the Hilbert polynomial of the
perverse coherent sheaf E.

The following is the main result in this subsection.

Theorem 2.9. Let X — S be a flat family of projective schemes and
p: Y — X a family of birational maps over S such that dimp~!(z) < 1
for all z € X and Rp.(Oy) = Ox. Let Ox(1) be a relatively ample
line bundle on X/S and Ly a relatively ample line bundle on Y/S.
Then there is a coarse moduli scheme m/x/s(h) parametrizing S-
equivalence classes of semistable perverse coherent sheaves E on X, s €
S with the Hilbert polynomial h. Moreover, Mg,/x/s(h) s a projective

scheme over S. There is an open subscheme M3, . o(h) C m/x/s(h)
parametrizing isomorphism classes of stable perverse coherent sheaves.

For simplicity, we treat the absolute case p: ¥ — X.

Our construction of the moduli space of semistable perverse coherent
sheaves is a modification of that of usual moduli spaces by Simpson [26]
(see also [8, 15]). This idea was already appeared in [2]. However we
modify the arguments in many places, so we need to recall almost all
steps of the usual proof.

Definition 2.10. Let A be a nonnegative rational number.

(1) Let E be a coherent sheaf of dimension d on X. Then E is of type
A (with respect to the semi-stability), if the following two conditions
hold:

a) FE is of pure dimension d,
b) For all subsheaf I of E' we have

aq(F)
ad,l(F) S ad(E) ad,1<E) + A
Note that this is equivalent to the p-stability if A = 0.
(2) For a perverse coherent sheaf F on Y with F € Coh(Y), E is of
type A, if p.(E) is of type A.

Since the set of type A coherent sheaves on X is bounded (see e.g.,
[8, 3.3.7]) and p*(p.(F)) — F is surjective for a perverse coherent sheaf
of type A, we get the following.

Lemma 2.11. The set of type A perverse coherent sheaves on X with
a fixed Hilbert polynomial is bounded.
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From Langer’s important result [11], Cor. 3.4] (see also [8 3.3.1]), we
have the following estimate for the dimension of sections for F' on X
of type A:

W(F) 1 [adl(F) r
92.12 < = YAt
( ) CLd(F) d! ad(F) +
where ¢ depends only on (X, Ox(1)), d, aq(F) and [z]; := max{z,0}.
Definition 2.13. Let U = U(\, h) be the set of pairs (E' C FE) such

that F is a perverse coherent sheaf of type A with the Hilbert polyno-
mial h, B’ € Per(X/Y), and E” := E/E’ satisfies

(2.14) X(E(m))?d((g /)) > X(E"(m)) for m > 0.

The inequality means p,(E’) destabilizes p.(F) in a weak sense (i.e.
=" is allowed).

Since the set of E is bounded, by Grothendieck’s boundedness theo-
rem, the set U of such pairs (E’ C E) is also bounded. Hence there is
an integer m(\) which depends on h and A such that if m > m(\) and
(E'C E)el,

(2.15a) H°(E'(m)) ® Oy — E’'(m) is surjective and
(2.15Db) H'(E'(m)) =0 fori> 0,

and for F' € Coh(X) of type A

(2.16a) H°(F(m)) ® Ox — F(m) is surjective and
(2.16Db) H'(F(m))=0 fori>0.

In particular, we apply to (F = E) to have that the above two
conditions hold for FE.

Furthermore, since the set of Hilbert polynomials of E’ is finite, we
may assume that m(\) satisfies also the followings: for all m > m(\),
we can choose sufficiently large integers [(m) and n(m) > I(m) such
that

(2.17a)
X(E(m)) o XxX(E(m))

X(E(m) @ (™) ~ x(E'(m) @ L")

X(E(m)) X(E'(m))
— C(E(m) @ L > W(E'(m) @ LF) for all n > 1> m,
(2.17b) X(E'(m) @ L™) = h°(E'(m) ® L™

hold for (E' C E) e U.
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For m > m(0) let V, be a vector space of dimension h(m,0). Let
9 = Quot}‘g:goy Iy be the quot-scheme parametrizing all quotients
Vin @ Oy — F (in Coh(X)) with the Hilbert polynomial h[m], where
hm](z,y) = h(m + z,y). Let V,, @ Oaqxy — E(m) be the universal
quotient sheaf on QXY . Let Q% be the open subscheme of Q consisting
of quotients f: V,, ® Oy — E(m) such that

(1) the canonical map V,, — H°(E(m)) is an isomorphism and
(2) E is a semi-stable sheaf.

Note that E(m) is automatically in Per(Y/X). Other conditions clearly
define the open subscheme.

By the above discussion all E appearing as (E' C E) € U together
with a choice of basis of H°(E(m)) gives a closed point in Q if m >
m(A). In particular, we can construct the moduli scheme as a quotient
of O%.

In order to take the quotient via the GIT, we use a Grassmann
embedding of Q as follows. Let n > [>> m. Set W := H°(L?"). Let
&(l,n) = Gr(V,,,@W, h(m+In,n)) be the Grassmannian parametrizing
h(m + In,n)-dimensional quotient spaces of V,,, ® W. For a quotient
(Vin ® Oy — E(m)) € 9 its kernel F satisfies

(1) HY(F ® Lf") ® Oy — F ® LP" is surjective and

(2) H(F@LE") =0,i>0
for sufficiently large n. Hence we get a quotient vector space V,,, QW —
H(E(m) ® LF"). Thus we get a morphism Q — &(l,n), which is a
closed immersion. This embedding depends on the choice of n > [ >
m. We have a natural action of SL(V;,) on &(l,n). Let £ := Og(n)(1)
be the tautological line bundle on &(l,n). Then £ has an SL(V,,)-

linearization. We consider the GIT semi-stability with respect to L.
The following is well-known (cf. [8 4.4.5])

Proposition 2.18. Let a: V,, ® W — A be a quotient corresponding
to a point of &(l,n). Then it is GIT (semi)stable with respect to L if
and only if

dim [a(V' @ W)] <>>dim [a(V,, ® W)]
dim V'’ - dim V,,

for all non-zero proper subspaces V' of V,,.

We prepare several estimates in order to compare the semistability
of E and that of the corresponding point in the Grassmann variety.

Lemma 2.19. Let E be a d-dimensional sheaf with the Hilbert poly-
nomial h and E' a subsheaf of E. Then if we take a sufficiently large
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[ > m depending on h, m, we have
ad(E',Ll) CLd(E/) < 1

ad(E,Ll) ad(E) - 3h(m, O)CLd<E)'

In particular, we may suppose that [(m) in the above ([2.17)) satisfies
this condition.

Proof. We have a4(E) > aq(E') > 0 and aq(E/E’, L;) > l%aq4(E/E").
Since aq(E/E', L) = aq4(E, L)) — aq(E', L)) and aq4(E/E') = a4(F) —
aqg(E'), we have aq(E, L)) — laq(E) > aq(E', L;) — l%a4(E’) > 0. Hence
we have

ad(E’, Ll) (ld(E/) < (ld(E/, Ll) — ldad(E’) ld(ld(El) ad(E’)
ag(E, L) aq(E) |~ aq(E, Ly) aq(E, L)  a4(E)
d
<9 ‘1 _ Had(E) |
aq(E, Ly)
If we take a sufficiently large [ depending on h, this can be made
smaller than an arbitrary given number. 0

We consider a set of pairs
F={(V,y® Oy - E(m)) € Q} x {V' C V,,}.

Let a: V,, ® W — H°(E(m) ® L") be the corresponding point in
&(l,n). We set E'(m) := Im(V'® Oy — E(m)). Since F is a bounded
set, E'(m) satisfies
(2.20a) a(V'e@ W)= HE'(m)® L")
(2.20b) H'(E'(m)® L") =0 fori>0
for a sufficiently large n which depends on m and [. Then we have
dim[a(V' @ W)] = x(E'(m) ® L;™).
Lemma 2.21. (1) dim V' < R°(E'(m)).

(2) Take | > m as in Lemma[1.7 If we take n sufficiently large
depending on h, m, [, we have
dimfa(V'@ W)]  aq(E') 1
dim[a(V,, @ W)]  aq(FE) 2dim V,,, aq(E)!
Proof. (1) We have a natural homomorphism V' — H°(E’(m)). If we
compose an injective homomorphism H°(E'(m)) — H°(E(m)) = V,,,
it becomes equal to the given inclusion V' C V,,, so it is injective. The
assertion follows.

(2) We have
X(E'(m) @ L) aq(E')

X(E(m) @ L") aa(E)

1
< 2dimV,, ag(E)!
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for this sufficiently large n by Lemma [2.19] Thus the assertion follows
from the above conditions (1),(2). O

We replace n(m) > [(m) > m in ([2.17)) if necessary so that they
also satisfy the assertion in this lemma.

Proposition 2.22. There is an integer mqi(> m(0)) such that for all
m > my, Q% is contained in &(l,n)%, where [ =1(m),n =n(m).

Proof. We first take m > m(0).
Suppose E € 0%, i.e. E is semistable, and take V' C V,,. From

Lemma [2.21)(1),(2) we have
(2.23)
dim V,, dim[a(V' @ W)] — dim V" dim[a(V},, @ W)]
> hY(E(m)) dim[a(V' @ W)] — h°(E'(m)) dim[a(V,, @ W)]
0 aq(E') ~_B(E (m
> () A e )

Since p.(FE) is semistable, in the same way as in [8, 4.4.1], we see
that there is an integer ms which depends on A such that for m > mg3
and a subsheaf E’ of F,

WOE () _ WO(E(m)

ag(E') 7 aq(E)
and the equality holds, if and only if
X(E'(m+m') _ x(E(m+m'))

a(E)  alB)

for all m’. More precisely we apply the argument in [8, 4.4.1] to
p«(E') C pu(E).

We take m; := max{ms, m(0)} so that both hold for

m > m;.

If the inequality in is strict, the last expression of is
positive. Therefore « is stable.

So we may assume the equality in (2.24) holds. Then p,(E’) is also
semistable by , and we may assume @a,b) holds for E’. So we
have h°(E’'(m)) = x(E’(m)). Therefore the middle expression of
is equal to

X(E(m))x(E'(m) @ Lf™) — x(E'(m))x(E(m) @ Li™").

This is nonnegative by the semistability of E. Therefore our claim
holds. 0

- m> dim[a(V;,, @ W)].

(2.24)

(2.25)
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Proposition 2.26. There is an integer mo such that for all m > mo,
Q% is a closed subscheme of &(1,n)%, where n =n(m), L =1(m).

We choose an m(> my) so that h(m)/aq(h) > 1. We shall prove
that Q% — &(l,n)* is proper. Let (R,m) be a discrete valuation
ring and its maximal ideal, and K the quotient field of R. We set
T := Spec(R) and U := Spec(K). Let U — % be a morphism such
that U — Q% — &(l,n)** is extended to a morphism 7" — &(l,n)%.
Since 9 is a closed subscheme of &(I,n), there is a morphism 7" — Q,
i.e., there is a flat family of quotients:

Let a: V,, @ W® R — pr.(E(m)® L") be the quotient of V,,, @W @ R
corresponding to the morphism 7" — &(l,n)*. We set £ := & @ R/m.

Claim 1. V,,, — H°(E(m)) is injective.

Proof. We set V' := Ker(V,, — H°(E(m))). Then a(V' @ W) = 0.
Hence we get

0 <dim V,,, dim[a(V' @ W)] — dim V' dim[a(V,,, @ W)]
= — dim V' dim[a(V},, ® W)] < 0.
Therefore V' = 0. O

Claim 2. There is a rational number A which depends on A such that
E is of type .

Proof. By [20, Lem. 1.17] (see also [8, 4.4.2]) there is a purely d-
dimensional sheaf F' with the Hilbert polynomial h(z,0) and a ho-
momorphism p,(E) — F whose kernel is a coherent sheaf of dimension
less than d. Note that the assumption in [26, Lem. 1.17] that p.(E)
can be deformed to a pure sheaf is satisfied by our definition of E. We
shall first check that F' is of type A. We need to check the inequality
in Definition [2.101b) for the maximal destabilizing subsheaf of F'. Let
F — F" be the corresponding quotient, which is semistable. We set
E' = Ker(p.(E) — F") and E" := Im(p.(E) — F"). Since F" is
semistable, gives
1" d 0/ o 0f

oo Ay s T ) R )

: CLd(F ) + ad(F/) ad(E /)
where we have used h°(E”(m)) < h°(F"(m)) and aq(E") = aq(F") in
the second inequality.
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We note that V,,, — H°(p.(F)(m)) is injective by Claim [I]] We set
V"=V, N H°(E'(m)). Then
(2.28) R(E"(m)) > dim V,, — dim V".
Let Ey(m) be the image of V' ® Oy — E(m). Then E; comes from
(E,V'") € F. (We have denoted the corresponding sheaf by E’ above,
but we change the notation as it is already used for a different sheaf.)

Since E” is purely d-dimensional and (p.(E,) + E’)/E" is supported on
Z, we have p,(E;) C E'. Therefore

(229) ad(El) S ad(E') = ad(E) — ad(E").

We write € := 1/2h(m, 0) aq(E)! the constant appearing in Lemmal[2.21(2)
for brevity. Then

R°(E"(m)) _ dimV,, —dim V'

WB) T aalB) (by @29)
> 2;1?]5‘/”; (1 _ jﬁgfgﬂ;z%}]) (by the semistability of a)
EEG-E) st
) e
> dimVj, (ﬁ - 5) (as a(E") > 1).

There is a rational number A\; and an integer my > A\ —aq_1(F)/aq(E)
which depend on h(z,0) such that

, 1 dim V;, 1 1 aq_1(E) ¢
dmV,, | —= —¢ ) = - > — - A

o (ad(E) 5) wa(B)  2aq(E)! = d! (”” aw(E)
for m > my. Combining this with the above inequality and ({2.27)), we

get
1 aq—1(F")
— —a >
dl (m+ aaFn T ¢) =0
and
ad_l(E) Ag—1 (F”)
2.30 - < —
(2:80) aa(B) VS Ty
for m > my. Hence F' is of type A := (A1 + ¢)aq(E).
We set my := max{my,m(\)} and take m > my. We consider

Vi = H(po(E)(m)) — H°(F(m)) and let V' be the kernel. Then
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J :=Im(V' ® Oy — E(m)), restricted to Y \ p~(Z), is of dimension
less than d. Hence we get aq(J) = 0. By Lemma [2.21)2) (applied to
E’ := J) and Proposition |2.18] we have V' = 0. Thus H"(m.(E)(m)) —
HY(F(m)) is injective. But both have dimension equal to h(m,0),
and hence they are isomorphic. Since H°(F(m)) ® Ox — F(m) is
surjective, p,(E) — F must be surjective. As they have the same
Hilbert polynomials, they are isomorphic. Therefore p,(FE) is of pure
dimension d, of type A and V,,, — H°(E(m)) is an isomorphism. Thus
we complete the proof of Claim [2] O

Proof of Proposition|2.26. Finally we need to show that F is semistable.
Then it gives the lifting T — Q% and finish the proof that Q% —
&(l,n)% is proper.

Assume that there is an exact sequence

0—-FE —FE—FE,—0

such that E; € Per(X/Y') and E; destabilizes the semistability. Then
(2.14) is satisfied, so (Ey C E) € U, so E; satisfies (2.15). Since

a € &(l,n) corresponding to E is semistable, we have the inequality in

Proposition for V' := H°(E,(m)) C H°(E) = V,,. But by (2.20))

the inequality is equivalent to
X(E1(m)) < Xx(E(m)
X(Ey(m) @ Li"S™) ~ x(B(m) ® Lit(™)

which means that F; is not a destabilizing subsheaf. Therefore E is
semistable. O

By standard arguments, we see that SL(V,,)s, s € Q° is a closed or-
bit if and only if the corresponding semistable perverse coherent sheaf £
is isomorphic to €, E;, where E; are stable perverse coherent sheaves.
This completes the proof of Theorem [2.9

3. WALL-CROSSING

Hereafter we only consider the case when p: Y = X — X is the
blow-up of a point 0 in a nonsingular projective surface X. Let Ox (1)
be an ample line bundle on X and let A "(¢) be the moduli space of
objects E such that E(—mC) is stable perverse coherent with Chern

character c € H* ()?) We say E' is m-stable if this stability condition is
satisfied. When m = 0 this was denoted by My, /x/c(c) in Theorem .

We assume that 7(c) > 0 and ged ((¢1, p*Ox(1)),r(c)) = 1, then p-
stability and p-semistability (and hence also (semi)stability) are equiv-

alent. Then F is stable perverse coherent if and only if £ € Coh(X) N
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Per(X /X) and p.(E) is p-stable by Lemma . In particular, we

have m/x/c(c) = Mil;/X/(c(c) in the notation in Theorem . This

assumption is essential to compare moduli spaces on X and X. See
Lemma[2.8 that the relation of stabilities is delicate if we do not assume
the condition. N N

In case of £r\amed sheaves on P? = C? U (., moduli spaces corre-
sponding to M™(c) for various m are constructed by GIT quotients
of the common variety with respect to various choices of polarizations
in the quiver description. From a general construction by Thaddeus
[27], we can construct a diagram in Introduction, which induces a

flip M () --» M "m+1(¢) under some mild assumptions. Unfortunately
our spaces M "(c) and M m+1(c) are not quotients of a common space.
Therefore we must construct the space M mmtl(c) and the diagram by
hand. This will be done in this section. We also study the fibers of &,
and &!. Under a condition (= [27, (4.4)]) Thaddeus showed that fibers
are weighted projective spaces. This condition (even in the framed
case) is not satisfied, but we will show that the fibers are Grassmanns.

We have an isomorphism ]\/4\’"(0) = ]\/4\0(06*’”[0]) given by E +—
E(—mC), twisting by the line bundle O¢(—mC'). Therefore we only
need to consider the case m = 0. But we also use M ™(c) to simplify
the notation, and make the change of moduli spaces apparent.

3.1. A distinguished chamber — torsion free sheaves on blow-
down. As is explained above, we restrict ourselves to the case m = 0
in this subsection. -

By the definition of M(c) we have a morphism

M°(c) — MX(p.(c))

&:
(3.1) E o plB),

where M* (p,(c)) is the moduli space of p-stable sheaves on X.

Here p.(c) is defined so that it is compatible with the Riemann-
Roch formula. So it is twisted from the usual push-forward homo-
morphism as p,(c) = p*U!(c td X)(td X)~!. In particular, we have
ps«(€) = pi(ch(Oc(—1))) = 0. This convention will be used throughout
this paper.

Lemma 3.2. Let E € M°(c). Then we have Hom(E, Oc(—1)) =
Ext*(E,0c(—1)) = 0 and Hom(O¢, E) = Ext*(O¢, E) = 0. In par-
t’iCUZG/f’, X(anC(_l)) = X(007E) = _(Cl(E)a[C]) < 0. (Cf [257
Lem. 7.3]).
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Proof. By the Serre duality, we have Ext*(E, Oc(—1)) = Hom(O¢, E)¥
and Ext*(O¢, E) = Hom(E,Og(—1))Y. Then the assertions follow
from the definition of stable perverse coherent sheaves. 0

We first consider the case (¢q, [C]) = 0.

Proposition 3.3 (cf. [25, Prop. 7.4]). The morphism &: M°(c) —
M (p.(c)) is an isomorphism if (c1, [C]) = 0.

Proof. We have dim Ext'(E, O¢(—1)) = x(E, Oc(—1)) = —(c1(E), [C]) =
0. Therefore we have E = p*p,(E) by Proposition [1.9(2). O

Besides the morphism &: M°(c) — MX(p,(c)), we have another nat-
ural morphism:

Lemma 3.4. We have a morphism

n: M°(c) — MX(p.(c)+npt))
E = p*(E(C)),

where n = (cy, [C]).

Proof. From Lemma the direct image sheaf p,(F(C)) has the
Chern character p,(ch(E)el®l) = p,(cel!) = p,(c) + npt. Therefore
it is enough to show that p.(E(C)) is p-stable.

As Hom(O¢, E(C)) = Hom(O¢(1), E) = 0 from Hom(O¢, E) = 0,
p«(E(C)) is torsion free by Lemma [1.11]

Consider p.(E) — p«(E(C)). This is an isomorphism outside the
point 0. Therefore the kernel is 0 since p,(F) is torsion free by the as-
sumption. Since p,(E) is p-stable and p.(E(C))/p«(E) is 0-dimensional,
p«(E(C)) is also u-stable. O

3.2. The morphism to the Uhlenbeck compactification down-
stairs. Let Mg (p.(c)) be the Uhlenbeck compactifiction, that is | | M (p.(c)+
mpt) x S™X, where My (p.(c) +mpt) is the moduli space of p-stable
locally free sheaves on X. Then J. Li [12] defined a scheme structure
which is projective, and there is a projective morphism 7: M* (p,(¢))rea —
Mg (p.(c)) sending E to (EVY,Supp(EVY/E)). In [24, F.11] the authors
defined a projective morphism 7 from the moduli space of torsion-free
sheaves on X to Mg (p.(c)). One of essential ingredients of the con-
struction was a morphism to M= (p,(ce~™¢1)) for sufficiently large m.
Since we have the natural morphism M’ m(c) — M*X(ce ™) by the
construcion in the previous subsection, we can apply the same method
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to define a projective morphism
(3.5)

o~

T M"™(C)rea — Mg* (p«(c))
E = (p«(E)YY, Supp(p.(E)"Y /p.(E)) + Supp(R'p.(E))) -

3.3. Smoothness.
Lemma 3.6. Let F € ]\//Tm(c) We have an injective homomorphism
Hom(E,E ® Kg) < Hom(p.(E)", p(E)"" @ Kx).

Proof. Since we have Hom(E, F ® K¢) = Hom(E(—mC), E(—m(C) ®
K3) and p(E)YY = p (E(—mC))"Y, we may assume m = 0.

If F is perverse coherent, Lemma [1.2(3) implies that the natural
homomorphism p*p.(F) — E induces an injection

Hom(E, E®QK ) — Hom(p*p.(E), EQK ) = Hom(p,(E), p.(E(C))@Kx)).

We compose it with the induced homomorphism from p.(E(C)) —
p«(E(C)YY = p.(E)"Y to replace the right most term by Hom(p.(E), p.(E)"V®
Kx). Let us consider the exact sequence 0 — p,(E) — p.(E)YY — Q —

0. Since p,.(E)YY is torsion free, we have Hom(Q, p.(E)"Y ® Kx) = 0.

We have Ext'(Q,p.(E)"Y ® Kx) = Ext!(p.(E)"V,Q)Y = 0 as Q is
O-dimensional. Therefore we have

Hom(p.(E)"Y, p.(E)" @ Kx) = Hom(p,(E), p«(E)"Y @ Kx). O

Corollary 3.7. If (Ox(1),Kx) < 0, then ]\/Zm(c) is nonsingular of
dimension 2rA(c) — (r* — 1)x(Ox) + h'(Ox), where A(c) := [¢ 2 —

(r—1)/(2r)c.

In general, the number 2rA(c) — (r2—1)x(Ox)+h*(Ox) is called the
expected dimension of M™(c), and denoted by exp dim M™(c). If any ir-
reducible component of M™(c) has dimension equal to exp dim M™(c),

then we say M™(c) has the expected dimension. By the results of
Donaldson, Zuo, Gieseker-Li, O’Grady (see [8, §9]) there exists a con-
stant A depending only on X, Ox(1) and r(c) such that M*X(c) is
irreducible, normal, locally of complete intersection, and /Qf expected
dimension for A(c) > Ay. The argument is applicable to M™(c).

Proposition 3.8. There exists a constant Ay such that ]\7’”(0) 18 ir-
reducible, normal and of expected dimension if A(c) > Ay.
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3.4. Evaluation homomorphisms. This subsection is the technical
heart of this paper. Starting from a stable perverse coherent sheaf and
a vector subspace in the space of homomorphisms from O¢(—1) or to
Oc, we construct a new stable perverse coherent sheaf. It will become
a key to analyze the change of stability conditions.

Lemma 3.9. (1) Let E € Per(X/X) N Coh()?) such that p.(FE) is
torsion free, and let V. C Hom(Oc(—1), E) be a subspace. Then the
evaluation homomorphism induces an exact sequence (in the category

Coh(X))
(3.10) 0—=V®0Oas(-1)Z E— E' = Coker(ev) — 0,
and Coker(ev) € Per(X /X)(N Coh(X)).
(2) Let B’ € Per(X/X)NCoh(X) and let V' C Ext'(E', Oc(—1)) be
a subspace. Then the associated extension (in Coh(X))
0= (V)YW®0s(-1)—=E—E —0

defines E € Per()A(/X)(ﬂ Coh()?)).

(3) Let F € Per(X/X)NCoh(X) and let U C Hom(F, O¢) be a sub-
space. Tl}\en the evaluation homomorphism induces an exact sequence
(in Coh(X))

(3.11) 0— F':=Ker(ev) » F =5 U ® Oc — 0,
and F' € Per(X /X)(N Coh(X)).

(4) Let F' € Per(X/X) N Coh(X) and let U’ C Ext'(O¢, F') be a
subspace. The associated extension (in Coh(X))

0F - F—-U®0s—0

defines F € Per(X /X)(NCoh(X)) satisfying Hom(O¢, F) = Hom(O¢, F').
In (1) we have an exact sequence in Per(X /X):
0> E—E —-V®Oc(-1)[1] = 0.

This corresponds to the inclusion V' C Hom(O¢(—1), E) = Ext'(Oc(-1)[1], E).
This makes sense without the assumption that p,(E) is torsion free, but
E’ may not be a sheaf in general. Similarly in (2) we have an exact

sequence in Per(X /X):

0—=FE—=FE = V)Yo0z-1)1]—0
corresponding to the inclusion V' C Ext!(E’, O¢(—1)) = Hom(E', Oc(—1)[1]).
In (3), (4), the natural exact sequences in Coh(X) are also exact se-
quences in Per(X /X).
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In the following there are two ways to prove the assertion. One is
working in the category Coh()/(\' ) and check the condition in Proposi-
tion [L.9(1) to show that sheaves are perverse coherent. The other is
working in the category Per(X /X) and check the condition H~!( ) =0
to show that objects are, in fact, sheaves. We will give proofs of (2),(3)
in the first way, and ones of (1),(4) in the second way. We leave other
proofs as an exercise for a reader.

Proof of Lemma[3.9. (1) Let 0 = E — E' — V ® Oc(—1)[1] — 0 be
the extension in Per(X /X) corresponding to V C Ext'(Oc(—1)[1], E).
Then we have Rp.(F) = Rp.(E’). Applying Rp.( ) to an exact se-
quence 0 — H-Y(E')[1] — E' — H°(E') — 0 in Per(X/X), we get
an injective homomorphism R'p,(H'(E’)) — Rp.(E') & Rp.(F) =
p«(E). But Rlp,(H~1(E")) is a torsion, so we have R'p,(H *(E')) =0

Y

from our assumption that p,(F) is torsion free. Therefore H!(E’) =
Oc(—1)%* by Lemma [1.7](2).

From the first exact sequence, we get a long exact sequence
0 — Hom(O¢(—1)[1], E) — Hom(Oc(—1)[1], E') = V — Ext'(Oc(—1)[1], E')

The first term is 0 as it is Ext™' (Og(—1), E). The right most arrow is
injective by our choice. Therfore Hom(O¢(—1)[1], E') = 0. Therefore
s must be 0. This shows E’ is a sheaf.

(2) Applying Hom(e, Oc(—1)) to the given exact sequence, we get

0 — Hom(E, O¢(—1)) = V' = Ext'(E', Oc(-1)).
By the construction the right most arrow is injective. Hence Hom(E, O¢(—1))

0. Therefore E € Per(X/X).
(3) We consider the following exact sequences in Coh(X):

0 — Ker(ev) - F — Im(ev) — 0,

3.12
(312) 0 — Im(ev) — UY ® O¢ — Coker(ev) — 0.

Applying Rp,(O¢(C) ® e) to the second exact sequence, we have
Rp. (Im(ev)®@04(C)) = 0, Rp.(Coker(ev)®@O(C)) = 0. By Lemmal[L.7(2),
we have Im(ev) = 0%, Coker(ev) = OF for some a,b € Zsy.
Applying Hom(e, O¢) to (3.12), we get
0 — Hom(Im(ev), O¢) — Hom(F, O¢),
0 — Hom(Coker(ev), O¢) — U — Hom(Im(ev), O¢).

As the composition of U — Hom(Im(ev), O¢) — Hom(F,O¢) is the

natural inclusion, the left homomorphism is injective. So Hom(Coker(ev), O¢) =
0. But as we already observed Coker(ev) = O, this means Coker(ev) =

0. Hence ev is surjective.
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Applying R Hom(e, Oc(—1)) to the first exact sequence of (3.12)),
we get

0 — Hom(Ker(ev), Oc(—1)) — Ext!(Im(ev), Oc(—1)).

But as Im(ev) & UY®O¢, the latter space is 0, hence Hom(Ker(ev), Oc(—1))

0. Therefore Ker(ev) € Per(X /X).

(4) Noticing O¢ € Per(X/X), we consider the extension in the cat-
egory Per(X /X) instead of Coh(X). Then H~(F) =0 as H™'(F’) =
0=H '(Oc®U). Therefore F € Coh()A(). So the extension is also an
exact sequence in Coh()A( ). O

Lemma 3.13. In the following (a) (a = 1,2,3,4) we suppose E, F',
F, F' are as in the corresponding Lemma|3.9(a).

(1) If E is stable, then so is E'.

(2) If E' is stable, then so is E.

(3) If F is stable, then so is F'.

(4) If F' is stable, then so is F.

Proof. (1) As p.(F) = p.(E') from the exact sequence and
Rp.(Oc(—1)) = 0, the assertion is clear.

(2) The same argument as in (1).
(3) From the exact sequence 0 — F’ := Ker(ev) = F — UY®0O¢ —
0 we get an exact sequence

(3.14) 0= pu(F') = p(F) - U ®@Cy— 0.

As p.(F) is torsion free, so is p,(F"). Note that p,(F’) and p,(F) have
the same p, as they differ only at 0. Therefore p,(F’) is also u-stable,
and hence F” is stable.

(4) Since F" is stable, p.(F") is torsion free, so we have Hom(O¢, F') =
0 by Lemma [1.11] Therefore Hom(O¢, F) = 0 by the last assertion in
Lemmal[3.9(4), so p.(F) is also torsion free. We have the exact sequence
(3.14). Then by the same argument as in Lemma , the p-stability
of p«(F’) and the torsion freeness of p,(F') implies the p-stability of
s (F). O

3.5. Stable sheaves becoming unstable after the wall-crossing.
Note that
EeM’(¢c) = Hom(E,Oc(-1))=
EeM' () = Hom(E,0x(—2))=

, Hom(O¢, E) =0,
., Hom(O¢(—1),E) = 0.
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Note also that
Hom(E,Oc(—1)) =0 = Hom(E,Oc(-2)) =0,
Hom((’)(;(—l), E) =0 = HOIIl(OC, E) =0.

The following proposition says that these are the only conditions
which are altered under the wall-crossing.

Proposition 3.15. (1) Suppose E~ is 0-stable, but not 1-stable, i.e.
E~ is stable perverse coherent, but E=(—C) is not. ThenV := Hom(O¢(—1), E~) #
0 and the evaluation homomorphism gives rise an exact sequence

0=V®0s(-1)—FE —FE —0

such that E" is both 0-stable and 1-stable. Moreover the induced homo-
morphism V — Ext'(E', Oc(—1)) is injective.

Conversely if E' is both 0 and 1-stable and E~ is the extension cor-
responding to a nonzero subspace V of Ext'(E', Og(—1)) as above.
Then E~ 1is 0-stable, but not 1-stable, and V s naturally identified
with Hom(O¢(—1), E7).

These give a bijection

{E~ € M°(c)\ M"(c) | dim Hom(O¢(—1), E7) = i}
«— {(E, V)| E' € M°(c—ie)nM"(c—ie),V € Gr(i, Ext'(E', Oc(—1))}.

(2) Suppose Et € M\I(C)\A/J\O(c). Then U := Hom(E*, Oc(—1)) # 0
and the evaluation homomorphism gives rise an exact sequence

0= FE - Et—=U"®0c(-1) =0

such that E' is both 0-stable and 1-stable. Moreover it induces an in-
jection UY — Ext'(Oc(—1), E').

Conversely if E' is both 0 and 1-stable and E™ is the extension
corresponding to a monzero subspace UV of Ext'(Oc(—1), E'). Then
E™ is 1-stable, but not 0-stable, and U" is naturally identified with
Hom(E™, Oc(—1))".

These give a bijection

{E* € M'(c)\ M°(c) | dim Hom(E*, O¢(—1)) = i}
s {(E,UY) | E' € M°(c—ie)nM"(c—ie),U" € Gr(i, Ext' (Oc(—1), E')}.

Proof. (1) By Lemma[3.9(1) we can consruct the exact sequence as in
the statement. Then E’ is stable by Lemma [3.13|(1). Note also that we
have Hom(O¢(—1), E') = 0 from the exact sequence and our choice of
V. Therefore p,(E'(—C)) is torsion free by Lemma [1.11]
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Next consider 0 - V @ O¢ — E~(—-C) — E'(-C) — 0. We have
an injective homomorphism
0 — Hom(E'(—C),0c(—1)) = Hom(E~(—C),Oc(—1)) = Hom(E~, Oc(—2)).
But Hom(E~,O¢(—2)) = 0 as Hom(E~,O¢(—1)) = 0 from the as-
sumption. Therefore E'(—C) € Per(X/X). Since p,(E') is p-stable
and p,(E")/p«(E'(—C)) is 0-dimensional, p,(E'(—C)) is also u-stable.
This shows E'(—C) is stable, and hence E’ is both 0 and 1-stable. As
E(—C) is not stable by the assumption, we have V' # 0. The injection
V — Ext'(E’, Oc(—1)) comes from the long exact sequence associated
with the given exact sequence, together with Hom(E~, Oc(—1)) = 0.

Let us show the converse. From Lemma m(Q), E~ is stable. As
Hom(O¢(—1), E7) # 0, E~ is not 1-stable. Moreover we have a natural
isomorphism V' = Hom(O¢(—1), E7) induced from the given exact
sequence together with Hom(O¢(—1), E') = 0.

It is also clear that these constructions give a bijection. R

(2) As Et(—C) is stable by the assumption, E*(—C') € Per(X/X).
Therefore we can apply Lemma [3.13[(3) for F = E*(—C) with U =
Hom(F,O¢) = Hom(E™, Oc(—1)). Then the corresponding exact se-
quence 0 — E' — Et — UY ® Og(—1) — 0 defines E’ such that
E'(—C) is stable, i.e. E' is 1-stable.

Note Hom(E', Oc(—1)) = 0 from the exact sequence and our choice
of U. Then E' € Per(X/X) by Proposition (1) By Lemma
we have p,(E') is u-stable, as E'(—C) is stable. Therefore E’ is also
O-stable. The injection UV — Ext'(Oc(—1), E') is induced from the
given exact sequence and Hom(O¢(—1), ET) = 0.

Let us show the converse. From Lemma [3.13(4) applied to F’ :=
E'(-C) with U’ := Ext'(O¢, E'(—C)), E*(—C) is stable, i.e. BT is
1-stable. A natural isomorphism UY = Hom(E™, Oc(—1))" is induced
from the given exact sequence and Hom(E', Oc(—1)) = 0. O

Proposition 3.16. Let E= € M™(c) (resp. E+ € M™(¢)) and sup-
pose that its image under T in has the multiplicity N at 0 in its
symmetric product part. If m > N, then E~ (resp. E™) is (m+1)-stable
(resp. m-stable).

Proof. Suppose that E~ is m-stable, but not (m + 1)-stable for some
m > 0. From Proposition [3.15(1) 7 := dim Hom(Og(—m — 1), E~) > 0
and we have an exact sequence
0= p(E7) = pu(E') = CJ'™ — R'p.(E7) = R'p.(E') — 0.
),

As E~, E" are m-stable, and hence Hom(O¢(—m), E'), Hom(O¢(—m), E~)
are 0. Therefore we have Hom(O¢, E~) = 0 = Hom(O¢, E'). By
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Lemma p«(E7), p«(E') are torsion free. Therefore p.(E~) —
p(E7)YY, pu(E") — po(E')YY are injective. From the above exact se-
quence, we have p,(E7)YV = p,(E")YY. Therefore we have an exact
sequence

0= pu(E)/pu(E7) = pu(E7)" /0 (E7) = pu(E)" [p(E') — 0.
We get
leng(p.(E7)" /p.(E7)) = leng(p.(E")" /p.(E")) + im — leng(R'p.(E7))
>m — leng(R'p.(E7)),
where leng is the length of the stalk at 0. This inequality is impossible

if m > leng(p.(E7)YY/p.(E7)) + leng(R'p.(E™)). From the definition
of 7, we get the assertion. The proof for ET is the same. O

3.6. Brill-Noether locus and moduli of coherent systems. Mo-
tivated by Proposition |3.15] we introduce the Brill-Noether locus:

Definition 3.17 (Brill-Noether locus). We set
M™(c); :={E~ € M™(c) | dim Hom(Og(—m — 1), E7) = i},
M™Ye) = {E* € M™(¢) | dim Hom(E™, Oc(—m — 1)) = i},

When we replace '= 4" by "> 4’ in the right hand side, the correspond-
ing moduli spaces are denoted by the left hand side with 7’ replaced
by "> . . .

The scheme structures on M™(c);, M™(c)* are defined as in [14]
5.5] (cf. [1, Ch. IV]). Let us briefly explain an essential point. Let £
be a universal family over X x M "(c) and let f be the projection to

M "(¢). Then we construct an exact sequence
(3.18)
0 — Hom(Oc(—m—1),E7) — Fo & F — Ext}((’)c(—m—l),g_) — 0

such that Fy, J; are vector bundles. Then we define M’ "(¢)>; to be
the zero locus of A™7°™ ™"y, Moreover M "(¢); is the open subscheme
M™(¢)5i \ M™ ()51 of M™(c)s:.

In Proposition we have E~ € M°(c);, E* € M"(c). Therefore
Proposition says that when we change the stability condition from
0to 1, M°(c)s is replaced by M (c)=!, and M°(c)o = M°(c)NM'(c) =
M (€)% is preserved. We have a set-theoretical diagram

MO(c) M (c)

(3.19) _ _
LI, M°(c —ie)o = | ], M (c — ie)°
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and fibers over E/ € M O(c — ie)y of the left and right arrows are
Grassmann Gr(i, Ext'(E', Oc(—1))) and Gr(i, Ext'(Oc(—1), E")) re-
spectively. This is similar to , but we need to endow the target

Ll ]/\4\0(0 —ie)p with a scheme structure.
Let us introduce moduli spaces of coherent systems in order to study
Brill-Noether loci more closely.

Definition 3.20. Let M (¢,n) be the moduli space of coherent systems
(&,
V C Hom(O¢(—1), F)) such that £ € M°(c) and dimV = n.

The construction is standard: M| (¢,n) is constructed as a closed
subscheme of a suitable Grassmannian bundle over M° (c). We have a
natural morphism ¢ : M (c,n) — M (c). We have a universal family
V which is a rank n vector subbundle of ¢} (Fy) contained in Ker(gqp),
where F; and p are as in (3.18)).

For (E,V) € ]\//T(c, n), we set £’ := Coker(ev: V @ Og(—1) — E).
By Lemma Iﬁ(l), we have E' € M\O(C—ne). Thus we get a morphism
22 M(c,n) — M°(c — ne).

Therefore we have the following diagram:

—~

a1 M<C’ n> q2
(3.21) o —~
MY(c) MO(c — ne)

Conversely suppose that E' € M O(c — ne) and an n-dimensional
subspace VV C Ext'(E’,Oc(—1)) are given. Then we can consider
the corresponding extension (3.10). By Lemma [3.13|2), we have E €

M %(c). Moreover, the exact sequence induces an injection V' —
Hom(O¢(—1), E). Thus (E,V) € M(C, n). This gives an isomorphism
from M (¢,n) to the moduli space of ‘dual’ coherent systems (E', VY C
Ext'(E', Oc(—1))) such that £’ € ]/\4\0(0 —ne), dim VY = n.
Note Hom(E', Oc(—1)) = 0 = Ext*(E’, Oc(—1)) and dim Ext' (E’, Oc(—1))

= (c1,[C]) + n by Lemma [3.21 This is a constant independent of
E' € M°(c — ne). Let & be an universal family over X x M°(c — ne)
and let f be the projection to ]/\4\0(0 — ne). By the above observation

Ext (€, Oc(—1)) is a vector bundle of rank (1, [C])+n over M°(c—ne).
Therefore

Lemma 3.22. The projection qo identifies ]\7(0, n) with the Grassmann
bundle Gr(n,Exty (€', Oc(—1))) of n-dimensional subspaces associated
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with the vector bundle Ext}(E', Oc(—1)) over ]\/Zo(c—ne). In particular,
we have

dim ]\//T(c, n) = dim ]\//To(c —ne) +n(cy, [C]),
exp dim ]\7(0, n) = exp dimﬁo(c) —n(n+r+ (c,[C))).

If (Ox(1),Kx) <0, then ]\7(0, n) is smooth and of expected dimension,
provided it is nonempty.

Proposition 3.23. Let us consider the diagram in (3.21)).

(1) The image of qy: ]/W\(C, n) — ]/\4\0(0) is the Brill-Noether locus
M(c)s-

(2) The morphism q : ]\//_7(0, n) — ]\/4\0(0)271 becomes an isomorphism
if we restrict it to the open subscheme qfl(]\/io(c)n).

(3) M°(c), is a Gr(n,n + (c1, [C]))-bundle over ]\/4\0(0 — ne)o via the
restriction of qs.

(4) Suppose M°(c — ne) is irreducible. Then MO(c), = M°(c)s.

(5) Suppose that M\O(c) and M\O(c—ne) are irreducible and of expected
dimension. Suppose further that J/\/[\O(C—ne) 1s normal. Then the Brill-

Noether locus ]/\ZO<C)Zn = ]\70(0)71 is Cohen-Macauley and normal.

Proof. (1) is clear.
(2) We use the following facts: (i) M(c,n) — M°(c) is projective,
(ii) we have an exact sequence

C—V'eV % Ext'(F, E)—»Ext'(E, E),

with V' = Hom(O¢(—1), E), (iii) the Zariski tangent space of ]/\/[\(c, n)
at (B,V) is coker g = Ext'(E', E)/(VV @ V). (See [7].)
(3) follows from Lemma and (1).

(4) From the assumption and Lemma [3.22 M (¢,n) is irreducible.
Then the assertion follows from (1).

(5) From the assumption M %(c) is a local complete intersection ([8,
Th. 4.5.8]), and hence Cohen-Macauley. Since the determinantal sub-

variety M (c)>n has the correct codimension Codimﬁo(c)(]\? O(c)sn) =
n(n—+r+(ci, C)), it is also Cohen-Macauley. From the assumption and
Lemma [3.22| M (c,n) is normal. Therefore M°(c)s,, is also normal. [

Remark 3.24. If we take A(c — ne) > Ag, where A is as in Proposi-
tion M°(c), M°(c — ne), are irreducible, normal and of expected

dimension.
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Lemma 3.25. Suppose (Ox(1),Kx) < 0. If 2(c1,[C]) > 2rA —r —
1—(r? = 1)x(Ox) + h'(Ox), then M°(c)s; = 0.
Proof. We may asume that (¢q, [C]) > 0.
Suppose that M°(c — ne) # () for n > 0. Then
0 < dim ]/\4\0(0 —ne)
= 2rA(e) —n(n+1+2(cy,[0)) — (r* = 1)x(Ox) + h'(Ox)
<2rA(c) — (147 +2(c1, [C]) = (r* = 1)x(Ox) + h' (Ox).
The result follows. O

Next we consider the corresponding study for another Brill-Noether
locus M!(c)! appearing in the other side of the wall.

Definition 3.26. Let N(c, n) be the moduli of coherent systems (E, U C
Hom(E, Oc(—1))) such that E € M*(c) and dim U = n.

We have a natural morphism ¢} : N(c,n) — M(c).
For (E,U) € N(c,n), we set E' := Ker(E — UY ® Oc(—1)). By
.13

Lemma (3), we have E' € ]\//.71(0 —ne). We thus have the diagram:
. Nen)
(3.27) - ~3
M*(c) M*'(c — ne).

Conversely suppose that E' € M (¢ — ne) and an n-dimensional
subspace UY C Ext'(O¢(—1), E’) are given. Then we can consider the
associated exact sequence

(3.28) 0—>FE - E—=U"®0c(-1) =0

by Lemma m(él), we have £ € M (¢). Moreover (3.28) induces an
injection U C Hom(E, O¢(—1)). Therefore (E,U) € N(c,n).

Note Hom(O¢(—1), E') = 0 = Ext*(Oc(—1), E') and dim Ext' (O¢(—1), E')
= (c1(E"),[C]) + tk B by Lemma [3.2] If £ denotes an universal sheaf

o~

over M'(c — ne), then Ext(Oc(—1),&’) is a vector bundle of rank
(c1,[C]) +n + 1 over M(c — ne).
We have

Lemma 3.29. The projection ¢, identifies ]\Af(c, n) with the Grassmann
bundle Gr(n, Ext}(OC(—l), E")) of n-dimensional subspaces associated

with the vector bundle Ext}(Oc(—1),&') over ]\/Zl(c—ne). In particular,
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we have

dim N(c,n) = dim M"(c — ne) + n(r + (c1, [C])),
expdim N(¢,n) = expdim ]\71(6) —n(n+ (c1,[C))).

If (Ox(1),Kx) <0, then N(c, n) is smooth and of expected dimension,
provided it is nonempty.

We have the statements corresponding to Proposition [3.23] Since
they are very similar, we omit them.

Remark 3.30. As already mentioned in the introduction, a similar
Grassmann bundle structure has been observed in the contexts of quiver
varieties [I8] and an exceptional bundle on K3 [29] 14] (see also [22]
for an exposition). The moduli spaces of coherent systems in [29] and
Hecke correspondences [I8] play the same role connecting two moduli
spaces with different Chern classes. However, there is a sharp distinc-
tion between the above blowup case and the other cases, which can be
considered as the (—2)-curve. Namely the Grassmann bundle is defined
only on a Brill-Noether locus, as both Hom and Ext survive in general
for the other cases.

3.7. Contraction of the Brill-Noether locus. Consider M\O(c) and
set n = (c1,[C]), e := ch(O¢(—1)), ¢, := ¢+ ne. Then we have

(c1,[C]) = 0. Therefore we have M°(c.) = MX(p.(c.)) = M*(p.(c))

by Proposition . Therefore € in (3.1]) can be considered as £: M(c) —
MPO(c1). Explicitly it is given by £(E) = p*(p«(F)).

Proposition 3.31. Suppose n := (c1,[C]) > 0. Let & be as in (3.1).

(1) £(M°(c)) is identified with the Brill-Noether locus M°(cy ), via
the above isomorphism. In particular, f(]\/i\o(c)) is a Cohen-Macauley
and normal subscheme of MX(p.(c)), provided ]/\ZO(CL), ]\/4\0(0) are ir-
reducible and of expected dimension, and ]\/4\0(0) 18 normal.

(2) € is an immersion on ]\/4\0(0)0.

(3) Each Brill-Noether stratum M°(c| )n4s is isomorphic to M°(c —
ie)o, SO ]/\ZO(CJ_)Zn can be considered as a scheme structure on | |, M\O(c—
ie)o requested in (3.19).

(4) & maps ]\/4\0(0)1- to M\D(cl)mﬂ-, and it can be identified with the
Grassmann bundle M°(c); — M%(c — ie)o in under the isomor-
phism in (3).
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Proof. We consider the following diagram:

—

q M<CLa n)

/ \/\

M(cy) MO(c)

S M¥(pa(e) ¢

By Lemma ¢2 is the Grassmann bundle of n-planes in a vector
bundle of rank (¢, [C]) = n. Therefore ¢, is an isomorphism. Therefore
the image of ¢ is identified with the image of ¢;. Hence (1) follows from
Proposition [3.23(1).

Moreover ¢, is an immersion over g, * (]\//7 %(c1),) by Proposition 3.23(1).
Via the isomorphism ¢ it is identified with M 9(c)o. Hence we get (2).

(3) is also proved in a similar way. We consider M (ci,n+1) and the
diagram

M (cr,n+1)

q1 q2

/

MP(c,) MO(c — ie)

Then ¢, is again an isomorphism in this case also, and we have M Ocy ) pys =
M(cy,n+1i)o = M°(c —ie)o.
]

Let us constract the contraction in the other side of the wall. We
consider the diagram with a yet undefined morphism £:

i Newen)
—_~ —_~ /
MO(CL) ng(CJ_e[C]) Ml(C)

M) €

where n’ = (c1, [C]) 4+ r, which is equal to the rank of the vector bundle
Ext}((’)(;(—l), &' over M'(c). Therefore ¢} is an isomorphism. Hence
we can define £* so that the diagram commutes.

Proposition 3.32. Suppose n’ := (¢1,[C]) +r > 0.

(1) 5*(@1(6)) is identified with the Brill-Noether locus ]/\ZO(CJ_)ZTL/ via
the above isomorphism. In particular, £+(]/\/[\1(c)) is a Cohen-Macauley
and normal subscheme of MX (p.(c)), provided ]/\ZO(CL>, ]\/Zl(c) are ir-
reducible and of expected dimension, and ]\71(0) 18 normal.

(2) &1 is an immersion on ]\//.71(0)0.
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(3) Each Brill-Noether stratum M°(c. )"+ is isomorphic to M*(c —
ie)?, so M°(c.)=™" can be considered as a scheme structure on | |, M*(c—

ie)? requested in (3.19).

(4) £ maps A/Zl(c)i to M\O(CL)”/“, and it can be identified with the
Grassmann bundle M*(c)' — M (c — ie)° in under the isomor-
phism in (3).

The proof is the same as one for Proposition [3.31] as we have the

=

commutative diagram. We just describe how E € M?(c) is mapped
under the diagram:

(0—=F—F —-U"®0c(-1) = 0)

/ // \
E(=C) +— E E
T p.(E'(~C)) /

We finally need to show that the targets of £ and £ are the same.

Proposition 3.33. Suppose that (c(c1),[C]) = 0. Then M°(c )2+ =
M°(cy)sn. In fact, the both Brill-Noether loci are identified with

{F € M*(p.(cL)) | dimHom(F,Cqy) > n +r}
under the isomorphism ]\/ZO(CL) >~ MX(p.(cp)).

Proof. Let F be a universal family over X x M~ (p.(cy)). Let 0 —
YV —- W — F — 0 be a locally free resolution.

Then M%(c. )=, is defined by the zero locus of A ~X(CeD# D+
where

0 ———— Hom;(Oc(=1),p"(F))
Ext;(Oc(=1),p" (V) = Ext(Oc(=1),p"(W)) — Ext(Oc(-1),p"(F))

0.

On the other hand, M°(c,)>"™*" is defined by the zero locus of

/\—x(p*(W)»Oc)H—n—rp/, where

0 — Hom¢(p*(F), Oc) — Hom¢(p* (W), O¢) LN Hom¢(p*(V), O¢)

Ext}(p*(F), Oc) —— 0

The transpose of p is given by
Exty(p*(W), Oc(—2)) — Ext}(p*(V), Oc(—2)),
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which is naturally isomorphic to p’. Moreover, the projection formula
shows that p’ is equal to

Hom (W, Cy) — Hom(V, Cy),

which implies the isomorphisms among Brill-Noether loci as in the
assertion. 0

3.8. Ample line bundles on moduli spaces. If both ]\//Tm(c) and

M\mﬂ(c) would be GIT quotients of a common variety for the sta-
bility/\conditions /\separated by a single wall, they are flip provided
Em: M™(c) — M™™F1(c) would be a small contraction ([27]). As
we do not know how to construct this picture in our setting, we prove
this statement directly. Moreover the smallness condition is related
to the dimension of the moduli spaces, and hence we do not expect
such a result unless we assume (Ox(1), Kx) < 0 or ¢, is sufficiently
large. Instead of assuming these kinds Q\f conditions, we p/r(\)duce a
line bundle which is relatively ample on M™(c), but not on M™(c),
where we consider the spaces relative to the Uhlenbeck compactifica-
tion Mg (p«(c)).

We continue to assume ged(r, (c1,p*Ox(1))) = 1. For d € K(X)
with rk(d) = r and ¢1(d) = ¢1(p«(c)), there is a class ay € K(X) such
that tkay = 0 and x(d ® ag) = 1.

Let px, py be the projections from X x M*(d) to the first and
second factors respectively. If we twist a universal bundle £ by a line
bundle L over the moduli space M*(d), we have det pyn(€ ® pi;L @
pha) = detpan(€ ® pia) @ L2 for o € K(X). Therefore for
o = ag we can normalize a universal family £ on X x M*(d) so that
det pan(€a @ pxa) = Onx gy

Lemma 3.34. Let § € K(X) be a class with vtk = —1. Then
det pan(Eq @ pi B) is relatively ample over Mg*(d).

Remark 3.35. For ' := 5 — x(d ® B)ag, we have x(d ® ') = 0, which
means that det py; (€ ® ') does not depend on the choice of the uni-
versal family €.

Proof. By Simpson’s construction of the moduli space, N¢ := det ppn(E(n+
m))X) @det pap (€ (m)) =X +m) is ample for n > m > 0, where & is
a universal family. Since N does not depend on the choice of the univer-
sal family, we may assume that Ng = Ng,. We set v := x(d(n))Ox(n+
m) — x(d(n +m))Ox(m). Then rky < 0 and 5 € Qs¢y + Qh + Qay,
where h € K(X) is a class such that det pp (€ ®@h) descends to a deter-
minant line bundle on Mg (d). (See [8} §8.2].) Therefore det pyn(E4®.3)
is relatively ample over Mg (d). O
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Suppose d = p.(c) and take § with k3 = —1 as above, and we
normalize the universal family as above.

Proposition 3.36. We set L; := det pyz, (€ ® pk (8 + tOc(—1))) .

(1) If m — 1 <t < m, then Ly is relatively ample over M:(d).

(2) Assume that ]\/4\7"(6) # ]\/Zm“(c). Then Ly is not relatively ample
over M (d) fort > m.

(3) Assume that Mm(c) # Mm_l(c). Then Ly is not relatively ample
over M (d) fort <m —1.

Proof. (1) We note that Ogz(—mC) = Oy — mO¢c(—1) — m(”;H)(Cp,
where p is a point in C. Hence ¢ ® (8 + mO¢c(—1))) = ¢(—mC) &
(8 — ™2, Since p,(E(—mC)) € MX(d — ™2 Cy) for E €
M ™(c), Ly, is the pull-back of a relatively ample line bundle on M (d—
TWCO) by the previous lemma. In the same way, we see that
L,,_1 also the pull-back of a relatively ample line bundle on M*(d —
P0Gy, Since M™(c) — MY (d—r™2HCo ) x MY (d—r™2=0 )
is an embedding, alL,, + bL,,_1 is relatively ample for a,b > 0.

(2) By M\m(c) — M*(d - r@@o) the Grassmann bundle struc-

tures of the Brill-Noether loci M "(c); are contracted. From the as-

—

sumption, the Brill-Noether locus M™(c)>; is nonempty, so L,, is not
relatively ample. The proof of (3) is the same. O

This completes our construction of the diagram in the introduc-
tion.

3.9. Another distinguished chamber — torsion free sheaves on
blow-up.

A~

Proposition 3.37 (cf. [25, Prop. 7.1)). Fiz ¢ € H*(X). There exists

mg such that if m > mg, M™(c) is the moduli space of (p* H—eC)-stable

torsion free sheaves on X for sufficiently small € > 0.
If (Ox(1),Kx) <0, then we can take

mo = ~(e1, [C]) 4 TA — S(r+ 1+ (7 ~ )x(Ox) —h(Ox)) + 1

Proof. Consider the projective morphism 7 : M m(c) = Mg (p«(c)) in
(3-5), where Mg* (p.(c)) is the Uhlenbeck compactification on X. From
Proposition , there exists mg such that if m > mg and E € M " (c),
we have £ € M™1(c), i.e. M™(c) = M™1(c) = M™2(c) = ... If
(Ox(1), Kx) < 0, then mq can be explicitly given by Lemma

Suppose that E is torsion free and (p* H—eC)-stable. Then p,(E(—mC))
is p-stable for sufficiently large m. The torsion freeness of E implies
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Hom(Oc(—mC), E) = 0 for any m. On the other hand, we have
Hom(E(—mC'), O¢) is zero for m > 0, as O¢(—C) is relatively ample
with respect to p: X — X. Therefore E is m-stable for sufficiently
large m. From the above discussion, £ is mg-stable.

Conversely suppose that F is mg-stable. Then E is m-stable for any
m > mg. In particular, Hom(O¢, E(—mC)) = 0 for m > mgy. Suppose
that F is not torsion free, and let 0 £ T" C E be its torsion part. Then
as O (—C) is relatively ample, we have p,(T(—mC)) # 0 for m > 0.
Since p.(T'(—mC)) is supported at 0, we have

0 # Hom(Cy, p.(T(—mC))) = Hom(O¢, T(—mC')) C Hom(O¢, E(—mC)).

This is a contradiction. Therefore E is torsion free. Since p,(E(—mC))
is p-stable for any m > my, F is (p* H —eC')-stable for sufficiently small
E. U

3.10. The distinguished chamber — revisited. In this subsection

we assume 0 > (¢q, [C]) > —r and study moduli spaces M (¢) under
this assumption. We can twist sheaves by a line bundle O(C'), and this
condition is satisfied. But it also changes the stability condition, so

studying only M !(c) means that we are choosing a certain chamber.
The case (c1,[C]) = 0 was already discussed in §3.1] (Strictly speak-

ing we studied J\/f\o(c).) So we consider the case 0 > (c1, [C]) > —7.

Proposition 3.38. Suppose 0 < n := —(c,[C]) < r. We have a
diagram
, Nen)

T

o ~
M*(c) M*'(c — ne)
such that (i) M(c) = M (c)>™, (i) ¢} is surjective and isomorphism
over the open subscheme ]/\4\1(0)", (iii) ¢4 is a Gr(n,r)-bundle.
If M (c), ]\//Tl(c—ne) are irreducible and of expected dimension, then
qy 1s birational.

We have (¢i(c —ne), [C]) = (¢1,[C]) +n = 0. Therefore ]/\4\1(0 — ne)
becomes M (p,(c)) after crossing a single wall.

Proof. Let E € M'(c). We have x(E,Oc(=1)) = —(c1,[C]) =n > 0
by our assumption. As Ext*(FE, O¢(—1)) = Hom(O¢, E)" = 0 by the
stability of E, we have dim Hom(E, Oc(—1)) > n. This shows (i).

We consider ¢} : ]\Af(c, n) — J/\/[\l(c) as in (3.27). From the above ob-
servation, it is surjective. Moreover it is an isomorphism over M Le)m.
(i) follows.
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We have ¢}: N(c,n) — ]\//To(c —nch(O¢)). By Lemma it is the
Grassmann bundle Gr(n, Ext}(Oc, £')) of n-dimensional subspaces in
Ext}(Oc,&') over M°(c — nch(O¢)), which is of rank (c1(E"),[C]) =
(¢1,[C]) + n = r. Therefore we have (iii). O

4. MODULI SPACES AS INCIDENCE VARIETIES

Recall that we have a morphism

Exn: ]\/4\0(0) — M*X(p.(c)) x MX(p.(c) + npt)
E = (p«(E), p(E(C))),

where n = (c1, [C]). (See §3.1])

The purpose of this section is to prove the following:

Theorem 4.1. The morphism & xn identifies M\O(c) with the incidence
variety L(p«(c) + npt,n) with n = (¢, [C]), where

L(d,n) = {(F,U) | F € M*(¢),U C Hom(F,Cy),dimU = n}
for ¢ € H*(X).

Remark 42. If ¢ =1 — Npt, n = 1, then L(d,1) = {(I,U) | I €
XU € Hom(I,Cy),dimU = 1} ¢ XN+ x XV is called the nested
Hilbert scheme, and has been studied by various people. Here XM is
the Hilbert scheme of N points in X.

The variety L(c¢/,m) is the quotient of the moduli of framed sheaves
(F, F — C&™) by the action of GL(m). We have a projective morphism
o: L(c;m) — M*() by sending (F,U) to F. For (F,U) € L(c/,m),
we set [ := Ker(F — UY ® Cy). It is easy to see that ' — UY ® Cq
is surjective. Moreover F” is a pu-stable sheaf. Thus we also have a
morphism ¢: L(c,n) — M*(d — npt) by sending (F,U) to F’. By
the same argument as in the case of M (¢,n), we have an isomorphism
from L(c,n) to the moduli space of ‘dual’ coherent system (F',UY C
Ext!(Cy, F')) with F' € M¥(¢' —npt), dimU" = n.

Consider

oxs: L(d,n) — MX()x MX(cd —npt)
(B,U) — (F, F").

Lemma 4.3. The morphism o X < is a closed immersion.

For this purpose, it is sufficient to prove that
(1) o x ¢ is injective and
(2) d(o x <), is injective.
From the p-stability of F', F' and u(F) = p(F"), the following holds
from a standard argument.
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Lemma 4.4. Hom(F, F) = Hom(F’, F') = Hom(F', F) = C.

Proof of (1). Assume that (Fy,Uy), (Fy, Us) € L(¢,m) satisfy I} = F,
and F| = Fj where F!, := Ker(F, — U, ® Cy) for « = 1,2. Since
Hom(F}, Fy) = Hom(F}, F;) = Hom(Fy, F3) by the previous lemma,
we have the following diagram:

0 > Fll > F1 > Ul\/ ®(C0 — 0
0 > FQI F2 > U2\/ ®(C0 — 0
Hence (F1,U;) = (Fy, Us). O

Proof of (2). The Zariski tangent space of L(¢/,n) at (F,U) is
Ext'(F, F")/End(U)
and the obstruction for an infinitesimal lifting belongs to
Ext*(F, F') =2 Hom(F', F ® Ky)",

where End(U) — Ext'(F, F’) is the homomorphism given by the com-
position of End(U) — UY ® Hom(F,Cy) = Hom(F,U" ® Cy) and
Hom(F,UY ® Cy) — Ext'(F, F'). Therefore the assertion follows from
the following lemma. O

Lemma 4.5.
d(o x §), : Ext'(F, F")/End(U) — Ext'(F’, F') ® Ext'(F, F)
1S 1njective.
Proof. We have the following exact and commutative diagram:
0

l

UY @ Hom(F,Cy)/End(U) —— Ext'(F,F")/End(U) —— Ext'(F,F)

l |

[0}

Hom(F',UY @ Cy) ey Ext!'(F', F')

Since Hom(F’, F') — Hom(F’, F') is isomorphic, « is injective, which
implies the assertion. 0

Obviously we have an isomorphism

L(d,n) S N(p*(d)el, n)
(FU) = (pr(F)(C), ),
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where N (p*(')ell, n) is as in Definition and we have used Propo-
sition 3.3
We also have a morphism

o

N (el n) S M(p () — nch(Oc))
(E(C),U) — B :=Ker(E —-U"®0O¢),

which is essentially ¢ in (3.27). As rk Ext'(O¢, E') = n by Lemma ,
this morphism is an isomorphism by Lemma [3.29
As p*(/) — nch(O¢) = ¢, this completes the proof of Theorem [4.1]

Remark 4.6. If n > dim M%(p*(c) — nO¢), then we also have an em-
bedding M7, (p*(c) —nO¢) — L(c,n) — My (c — npt).

5. BETTI NUMBERS

In this section, we prove the formula in the introduction and its
higher rank generalization.

5.1. Framed moduli spaces. We consider p: P2 — P? the blow-up
of the projective plane at 0 = [1 : 0 : 0]. Let o, = {[0 : 21 : 2]}
and denote its inverse image p~'({s) by the same notation /., for
brevity. Following [25] we consider the framed moduli space of framed
coherent sheaves (E,®) on P? = C2 U (. with ch(E) = ¢, where E is
assumed to be locally free along /.., the framing ® is a trivialization
®: Bl = O over [y, and finally E satisfies

Hom(F,Oc(—m — 1)) =0, Hom(O¢(—m), E) = 0.

This space was written as ]\/4\4(7’, k,n)in [25], where r(c) = r, (c1(c), [C]) =
—k, Ac) == [mealc) — (r — Der(e)?/(2r) = n, and the parameter
¢ = (¢, (1) € R? satisfying 0 > m{y + (m + 1) > —1. But we
use the same notation Mm(c) as in the ordinary moduli space for
brevity. We hope this does not make any confusion. Also we set
X = C?, X = C?. This convention applies to the other moduli spaces:
MX(c') denotes the framed moduli space of torsion free sheaves on
P? = C? U/, Mg (') denotes the Uhlenbeck partial compactification,
ie. Mgt (') = My (¢ )UMF (¢ 4 pt) x CPUMF (¢ +2pt) x S*(C*)U- - -,
where M 15‘( () denotes the framed moduli space of locally free sheaves
on P2

A modification of the construction of the moduli space in §2] to the
framed moduli space is standard, and is omitted. Otherwise, we can
use the quiver description in [25] to construct the framed moduli space.

We also have a projective morphism 7: M™ (¢) = My(p.(c)), where M,



46 HIRAKU NAKAJIMA AND KOTA YOSHIOKA

denote the Uhlenbeck partial compactification of the framed moduli
space on P2, (See [20, Chapters 2, 3] or [24, §3].)

As is mentioned in the beginning of §3] we may assume m = 0 for
most purposes.

5.2. Universality of the blow-up formula. We consider the framed
moduli spaces and ordinary moduli spaces of m-stable sheaves simul-
taneously. So p: X — X be the blowup of either a projective surface
or C? at the point 0. We define a stratification of M*(c), ]/\4\7”(0) as in
[24, F.4]: Let - X \ {0} — X be the inclusion. We define

M ()i = A{E € M*(c) [ A(t(Elx\(oy) = Ale) — k},
M™(e)i = {E € M™(c) | A@(Elz\0)) = Ale) — k},
where we identified X \ C' with X \ {0}. Then [24, Cor. F.22] shows

that we have the following equalities in the Grothendieck group of C-
varieties when m = oo:

SN ()R = (Y (elat ) (Pl mla™).

SO = (S (ola ) (SRl

~

where ¢, ¢ runs over all H*(X), ¢ € H*(X) with fixed r(c) =r(c) =r
and ¢1(c) = c1, ¢1(c) = p*e+k[C]. Here Q(r,n), Qm="(r, k,n) are cer-
tain quot-schemes, which are independent of surfaces. Moreover they
are the same for framed moduli spaces and ordinary moduli spaces.
These equalities in the Grothendieck group of C-varieties imply the
corresponding equalities for virtual Hodge polynomials. If varieties are
smooth and projective (e.g. the rank 1 case or (Ox(1), Kx) < 0), then
virtual Hodge polynomials are equal to Hodge polynomials.

From the proof of [24, Cor. F.22], the same result holds for finite
m. In particular, in order to prove the formula or its higher rank
generalization, it is enough to prove it for framed moduli spaces. So
we only consider framed moduli spaces in the rest of this section.

5.3. A combinatorial description of fixed poigts. We have an
(7 +2)-dimensional torus T = T" x (C*)? action on M°(c), M* (p.(c)).
The first factor 7" acts by the change of framing, and the second factor
(C*)? acts via the action on the base space P? given by

[20 0 21 1 22] > [20 @ t121 @ Loz,

and the induced action on P2
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The purpose of this subsection is to classify the fixed points in M (c).
As in the case of Z/\/[\m(c) for m > 0 and M*(c) (23] or [24, §3]),
a framed sheaf (F,®) is fixed by the first factor 7" if and only if it
decomposes into a direct sum E = E; @ --- @ E, into rank 1 sheaves.
So we first assume that the rank r is 1, and 7' = C* x (C*)?, but the
first factor C* acts trivially. By Theorem we have

M°(c) = L(pu(c) + npt, n)
={(F,®,U) | (F,®) € M¥(p.(c) + npt),U C Hom(F,Cy),dimU = n}

with n = (¢, [C]), and it is an incidence variety in M~ (p.(c) +n pt) x
M*X(p.(c)). As we are assuming that the rank is 1, it is the product
XIWN+nl 5 XINI of Hilbert scheme of points in X = C2, where p,(c) +
npt = 1—N pt. Also recall XV is the set of all ideals in the polynomial
ring C[z, y] such that dim C|x,y]/I = N. So we have

MY(c)
=~ {(I')]) € XN 5 XINT| [" € T € Clz, y] a flag of ideals, I/I' = C"},

where C™ is the n-dimensional vector space with the trivial Clz,y]-
module structure. _

As the isomorphism is T-equivariant, a fixed point is mapped to a
fixed point. The torus fixed points in X! are monomial ideals I in
C[x,y], and are in bijection to Young diagrams with N boxes as in [20,
Chap. 5]. Moreover, the box at the coordinate (a, b) corresponds to the
1-dimensional weight space Cz%y® (mod I) of weight t; ;"

Therefore the fixed points in M O(c) correspond to pairs (I,I') of
monomial ideals such that I/I’ =2 C". Let Y be the Young diagram
corresponding to I’. Tts boxes correspond to weight spaces of Clx, y] /I’
Then I/I" C Clz,y]/I' is a direct sum of weight spaces, so corresponds
to a subset S of boxes in Y. Moreover, as /I’ must be the trivial
C[x, y]-module, so it must be contained in

Ker 7] : Clx,y]/I' — C* ®¢ Clx,y]/I'.

Therefore S must be consisting of removable boxes. Here recall a box
in a Young diagram Y at the coordinate (a,b) is removable if there
are no boxes above and right of (a,b). In terms of a monomial ideal
I' corresponding to Y, removable boxes correspond to weight spaces
contained in Ker[y].

Conversely if (Y, .S) is given, then we set I, I’ be the monomial ideals
corresponding to Y'\ S, Y respectively. Then I’ C I, and /I’ is a trivial
C[z, y]-module.
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For an arbitrary rank case we have r-tuples of such pairs (Y, S)
corresponding to each factor E, (. =1,...,7).

Lemma 5.1. The torus fized points in ]\/4\0(0) are in bijection to r-
tuples of pairs (Y, Sa) of a Young diagram Y, and a set S, con-
sisting of removable boxes such that ) #S. = (c1,[C]), D, |Yal =
— f)? ChQ +%(Cl, [O])

We mark a box in S, and call it a marked boz. (See Figure[l])

As fixed points are isolated, so the class of M™(¢) in the Grothen-
dieck group of C-varieties is a polynomial in the class of C. In par-
ticular, it is determined by its Poincaré polynomial. Therefore we will
discuss only on Poincaré polynomials hereafter.

Q©

FiGURE 1. Young diagram and marked removable boxes

5.4. Tangent space — rank 1 case. We first state the weight decom-
position of the tangent space in the rank 1 case.

Let (Y, .S) be a pair of a Young diagram and marked removable boxes
corresponding to a torus fixed point (E, ®) in M %(c). We call a box in
Y arrelevant if

a) the upmost box in the column is marked, and
b) the rightmost box in the row is marked.

In Figure [2 the boxes with ¢ are marked removable boxes, and the
boxes with © or # are irrelevant boxes. We call a box relevant if it is
not irrelevant. Then

Proposition 5.2. We have
Ch T(E7<I>)]/\4\O(C) — Z (t;ly(s)t;Y\S(s)+l + tllY\S(S)J’_lt;aY(S)) 7

S

where the summation runs over all relevant bozes s in'Y, and Y \ S is
the Young diagram obtained by removing all marked bozes from Y .

The proof will be given in more general higher rank cases in Propo-
sition .5

We have ]/\/[\O(ce*m[c}) = ]\/4\’"(0), so we may assume ¢; = 0. Then
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Q@
()
()

3
3

Y

FiGUureE 2. Marked removable boxes ¢ and a pair of
Young diagrams

Corollary 5.3. Let cy = 1 — Npt. The Poincaré polynomial of
M™(cy) is given by
Z P2N+m—1(Y))

where the summation runs over all Young diagrams with m marked
removable boxes with |Y| = N +m(m +1)/2, and I(Y') is the number
of columns in'Y .

Proof. By the same argument as in [20, Cor. 5.10], it is enough to
count the dimension of sum of weight spaces which satisfy either of the
followings:

(1) the weight of 5 is negative,

(2) the weight of ¢5 is 0 and the weight of ¢; is negative.
The second possibility cannot happen. Therefore it is number of rele-
vant boxes with ay (s) > 0. This is equal to |Y|—m(m—1)/2—1(Y) =
N+m—1(Y). O

5.5. A combinatorial bijection. In [23], §3] we parametrized torus
fixed points in the Hilbert schemes of points on the blowup C? via a
pair of partitions. The parametrization in the previous subsection must
be related to this parametrization in the limit m — oo. This will be
done in this subsection.

Let us consider two sets A, B consisting of

(1) pairs of Young diagrams Y and sets S of m marked removable
boxes such that |Y| —m(m+1)/2=N,
(2) pairs of Young diagrams (Y, Y?) such that Y2 has at most m
columns and |[Y!| +|Y?| =N
respectively. Note that m is fixed here, so it must be included in the
set B if we move it. We construct a bijection between A and B.

Take a Young diagram with marked boxes from A. We define a
Young diagram Y! by removing all columns containing marked boxes
from Y. (And we shift columns to the left to fill out empty columns.)
We define another Young diagram Y? as follows. We first define a
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Young diagram Y’ consisting of columns removed from Y when we got
Y. Then we remove all the irrelevant boxes from Y’. (And we move
boxes to down to fill out empty spots.) Call the resulted Young diagram
Y2, See Figure[2] where the boxes with O are marked removable boxes,
and the boxes with Q or # are irrelevant boxes. This Y? is a Young
diagram which has at most m columns and |Y'!| 4+ |Y2?| = N. Thus we
have a map from A to B.

Conversely from (Y, Y?) € B we can construct a Young diagram
Y with marked removable boxes by the reverse procedure. Namely we
add m boxes to the first (=leftmost) column of Y2, m — 1 boxes to the
second column, ... Put markings on the top box in each column of Y?2.
Then merge two Young diagrams to Y keeping columns.

C/?\orollary 5.4. Let Cy = 1 — Npt. The Poincaré polynomial of
M™(cn) is given by

Mm (cx)) th (Y +Y? = zyl))

where the summation runs over all pairs of Young diagrams (Y1,Y?) €
B. Therefore its generating function is

— 5 N - 1 1
NZ_OPt(Mm(CN))CI = (H m) (H 1——t2dqd>'

d=1

Let m — oo. Then ]/\4\’"(01\/ becomes the Hilbert schemes (@2)[1\” of
h

points on C2 by Proposition for m > 0. From the above formula

we get

1 |

This is nothing but Goéttsche’s formula for Betti numbers of (@2)[]\’ ]
(See e.g., [20].)

5.6. Tangent space — general case. We consider general case. Let
(Ya, Sa), (Ys,Sp) be two pairs of Young diagrams and marked remov-
able boxes. Let (E,, ®,), (Es, ®s) be the corresponding framed per-
verse coherent sheaves of rank 1.

For a given pair (s,s") € S, x Ss, we consider the box u (resp. u')
which is the same row as in s (resp. s’) and the same column as in s
(resp. s). We have

(1) If a'(s) < d/(¢) (i.e., § sits higher than or equal to s), then
ueYs u ¢ Yy\ Sa.
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(2) If d'(s) > d'(s') (ie., s sits lower than s), then u ¢ Yj, v’ €
Yo\ Sa.

We say u or v is irrelevant accordingly. We say a box (in Y, \ S, or
Y3) is relevant otherwise.

u s U S

S U s u'

F1GURE 3. The irrelevant box is u in the first case, and
v’ in the second case.

Proposition 5.5. We have
1 a s a
ch Ext! (Ea,Eﬁ Z t vg(s Ya\sa( Z tlya\sa YB( )’

5€Ya\Sa teYy

where the summation runs over all relevant boxes s € Y, \ Sa, t € Yj.

Proof. The space Ext!'(E,, E3(—/s)) is a weight space of the tangent
space of ]/\4\0(0) at a T-fixed point (E,®) = (B, &) & --- @ (E,, d,).
Since M (c) and L(c/,n) are isomorphic by Theorem , the tangent
space Ext!'(E, E(—00)) of ]\/4\0(0) at (F, ®) is isomorphic to the tangent
space of L(c',n) at ((F,®),U) corresponding to (E, ®). In the genuine
moduli space of sheaves case, the latter was given Ext!(F, F”)/ End(U)
where I’ := Ker(F — UY ® Cy). (See the proof of Lemma[£.3(1).) In
the framed case, it is modified as Ext'(F, F'(—{s,))/ End(U). Since the
isomorphism M O%c) = L(d,n) is T—equivariant, the weight spaces at
fixed points must be respected, SO
Ext!(E,, Es(—{s)) is isomorphic to Ext'(F,, Fi(—Loo))/ Hom(U,, Up),
where (F,,U,) corresponds to the summand E,.

If (F,,U,) corresponds to a marked Young diagram (Y, S,), then
the T2-character of Ext'(F,, Fj(—{s)) was computed in [23], §2]:

—ly,(s) a s —a
chExt!(Fo, Fy(—)) = 3ty 0 gasalH L ghnsa (0 050,

5€Ya\Sa teYs

where we should notice that F, corresponds to the Young diagram
Y, \ Sa, while F, ,é corresponds to Y.
On the other hand, we have

Ch HOm(Sa, SB) = Z tl (S) (s’)tg/(s)—a/(s/).

SESq, S/€35
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For a given pair (s,s") € S, x Sg, we consider the boxes u and v’
explained as above. Then we have

lyas.(uw) +1=10(s) =1U(s), —ay,(u) = a(s)—d(s),
—lyﬁ(u’) =1'(s) = U'(s), ay\s. (U) +1=2d'(s) —d'(s).

Therefore we substract the box u from Yj, or v’ from Y, \ S, according
tou € Yzoru €Y,\ S, to get the assertion. O

Corollary 5.6. The Poincaré polynomial of Mo(c) s given by

p Z th (r|Y L +r|Y2|—ad(Y, )Ht(ma mg)(ma—mg— 1)

(7, vyl yz) a<f

where the summation runs over r-tuples (m, Y1, 372) = ((my, Y1, Y2), ...,
(m,, Y1, Y?)) of triples of nonnegative integers and two Young diagrams

roTr

such that Za my = (c1, [C]), the number of columns of Y2 is at most
o (0. 1) and 3y B = 80001/ e
Here A(c fX chy +1/(2r) 2.

And thezr generating function (for fized r, c1) is given by

170 c - 1
ZC:Pt(M (€)™ = Z H (H 1 — {2(rd—a)qd H 1— t2rdqd>

mea >0 a=1

> ma=(c1,[C])

where (M, p) = Za<ﬁ(ma —mg)/2, (m,m) =1/(2r) Zaﬁ(ma —mg)?.

Proof. The torus fixed points in M (c) is parametrized by r-tuples
((Y1,51),...,(Y,,S,)) of pairs of Young diagrams with marked remov-

able boxes with Y |Sa| = (c1,[C]), >, [Yal = — [5 cho +5(c1, [C]).
Moreover such r-tuples correspond to r-tuples of triples of nonnegative
intergers and two Young diagrams ((my, Y, Y?), ..., (m,, Y}, Y?)) as

above by §5.5] where m, = [Sa/.

As in [24, Th. 3.8] we take a one parameter subgroup A: C* — T
with

At) = (N N2 )
and
No>ng >ng>--->n. > N; > 0.

Then we compute the dimension of negative weight spaces of the tan-
gent space at each fixed point. Thus we count those weight spaces such
that

(1) weight of ¢, is negative,
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(2) weight of ¢, is zero and weight of e; is negative,
(3) weight of ¢, e; are zero and weight of ey is negative,
(4) weight of to, €1, ey are zero and weight of eg is negative,

(r 4+ 1) weight of 5, €1, e, ..., e, are zero and weight of e, is

negative,
(r 4+ 2) weight of ts, ey, ey, ..., e, are zero and weight of ¢; is
negative.

We have decomposition of the tangent space

TipayM° = @ Bxt! (B, Bs(—()).

a7ﬁ
The T"-weight of the summand Ext'(E,, Es(—/s)) is given by ege;!.
Therefore in the summand a = [, the total dimension of negative

weight spaces is 2(|Y.! |+ |V2| —(Y.})) as in the rank 1 case (see Corol-
lary . In the summand o < 3, we compute the total dimension of
weight spaces whose to-weight is nonpositive. It is given by

2[[Ys| — #{(s,5") € Sa x Sz | d'(s) < a'(s)}]

by the same argument as in Corollary [5.3] In the summand o > 3, we
get

2[|Ys| = 1(Ys) — #{(s,5') € Sa x S5 | d(s) < d'(s')}].
We combine the last term for a <  and the corresponding term for
a <> 3 to have

#{(s,5") € SuxSs | d(s) <d' () }+#{(s,5) € Ssx S, | d'(s') < d'(s)}
= Muyng.
We also note
1
Vs = [Yg| + V5] + gma(ms +1), 1Y) = I(Yy) +mg.

So in total we have

-1
22 [ (Y2 +Y2]) — al(Y)) + “—ma(ma + 1)] —2) (Mg + mampg)
a<f
_22 (Y + V2D = el (Y )] + D (ma Me —mg — 1),
a<f
From this we get the formula. O

For general M " (c), we just need to apply the formula for M 0(ce—mICl)

and replace m, by m + kg:
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Corollary 5.7.
S R(M™(0)gd®

c: r, (c1,[C)) fixed

T o] 1 m+keq 1

k1+-+kr=(c1,[C])
o -2(Ep) (t2rq)(E,E)/2.

In the limit m — oo, we recover the formula [24, Cor. 3.10].
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