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We construct a moduli space of stable pairs over a smooth projective variety,
parametrizing morphisms from a fixed coherent sheaf to a varying sheaf
of fixed topological type, subject to a stability condition. This generalizes
the notion used by Pandharipande and Thomas, following Le Potier, where
the fixed sheaf is the structure sheaf of the variety. We then describe the
relevant deformation and obstruction theories. We also show the existence
of the virtual fundamental class in special cases.
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1. Introduction

The past couple of decades of research have highlighted the importance of moduli
spaces of decorated sheaves, which are sheaves with additional structure, such as
one or more sections. Moduli spaces of rank two vector bundles with a section on
a Riemann surface X,

EFE— X and o:0x— E,

were used in [Thaddeus 1994] to deduce an important invariant of the moduli space
of sheaves, the Verlinde number. More recently, Pandharipande and Thomas [2009;
2010] studied stable pairs (E, o), where E is a sheaf with dimension 1 support,
on a Calabi—Yau threefold. They showed that invariants of this moduli space are
closely related to the Gromov—Witten invariants of the Calabi—Yau threefold.
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We would like to broaden our perspective and replace the structure sheaf by a
general coherent sheaf. Subject to a stability condition, we would like to parametrize
morphisms of coherent sheaves,

o:Ey— E,
where E is a fixed coherent sheaf. We will denote such a morphism as a pair
(E, o).

Let us set up the problem. We will work over an algebraically closed field k
of characteristic 0. We denote by X a smooth projective variety of dimension 7,
with a fixed polarization ¢y (1). We fix a coherent sheaf Ey on X. Let P be a fixed
polynomial of degree d < n. Let § € Q[m] be 0 or a polynomial with a positive
leading coefficient; this will play the role of parameter for stability conditions.

When § is large, i.e., deg 6 > deg P, a pair (E, «), such that the Hilbert polynomial
of E equals P, is stable if E is pure and the support of coker o has dimension
strictly smaller than d. This is the most significant case geometrically. In this
case, the moduli space of stable pairs is closely related to Grothendieck’s Quot
scheme. But intersection theory on the moduli space of stable pairs is expected to
be more tractable than that on the Quot scheme. This is because we impose the
purity condition on the sheaves underlying stable pairs, which allows us to avoid
some large dimensional components.

The moduli space of stable pairs in the large & case is expected to have interesting
applications to the enumerative geometry of higher rank sheaves on a surface X.
In particular, a potential application is towards the strange duality conjecture. The
conjecture over curves was proved [Belkale 2008; Marian and Oprea 2007] by
studying intersection theory on related Grassmannians and Quot schemes. It is
reasonable to expect that a similar method using the moduli space of stable pairs
will work for the surface case.

The study of stable pairs by Pandharipande and Thomas was built on Le Potier’s
work [1993] on coherent systems. The moduli space of coherent systems was also
used to study the Donaldson numbers of the moduli space of sheaves [He 1998].
A coherent system on X is a pair (I', E), where E is a coherent sheaf and I" C
HY(X,E)isa subspace of global sections. A pair (E, o : Ox — E) can be viewed as
a coherent system (k{«), E). However, when O is replaced by, for example, ﬁ;‘?z,
the pair can no longer be viewed as a coherent system, because the map

H%a) : k®* > HY(E)

may not be injective. Aside from this issue, there is yet another difference between
pairs and coherent systems: while the morphism « is part of the data of the pair,
the coherent system only remembers the image of H(«). Consequently, when one
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tries to parametrize « : Eg — E for general Eg, Le Potier’s construction does not
automatically apply. But the main ingredients of constructing the moduli space
remain the same: Grothendieck’s Quot scheme [1961b] and Mumford’s geometric
invariant theory [Mumford et al. 1994].

Theorem 1.1 (existence of moduli spaces). For the moduli functor Sg,(P, §) of
S-equivalence classes of 6-semistable pairs, there exists a projective coarse moduli
space Sg,(P, 8). The moduli functor 8‘1‘50 (P, &) of equivalence classes of 5-stable
pairs is represented by an open subscheme Sy, (P, 8) of Sg,(P, 3).

Deformation-obstruction theory of stable pairs is very similar to that of the Quot
scheme. For a quotient g : Ey — F, let G = ker g, then we have a short exact
sequence,

0—-G—Ey— F—0.

The deformation space and the obstruction space are Hom(G, F) and Ext' (G, F).
Notice that G is quasi-isomorphic to the cochain complex J* = {Ey) — F}, and
the deformation space and the obstruction space of this quotient are isomorphic to
Hom(J*, F) and Ext' (J*, F), respectively.

The deformation-obstruction problem of stable pairs has a similar answer. Let
Arty be the category of local Artinian k-algebras with residue field k. Let A, B €
Ob Art;, and

0-K—->B-">5A—-0

be a small extension, i.e., mp K = 0. Suppose (E, «) is a stable pair. Let /* denote
the following cochain complex concentrating at degree 0 and 1:

I* = {Eq-%> E).

Theorem 1.2 (deformation-obstruction). Suppose a: EgQy A — E 4 is a morphism
over X 4 = X Xspeck Spec A extending o, where E 5 is a coherent sheaf flat over A.
There is a class,

ob(as, 0) € Ext'(I*, E® K),

such that there exists a flat extension of a4 over Xp if and only if ob(as, 0) = 0. If
extensions exist, the space of extensions is a torsor under

Hom(/*, EQ K).

In some special cases, Ext'(I*, E) # 0 only when i = 0, 1. In these cases, we
will demonstrate the existence of the virtual fundamental class, which is important
for the study of intersection theory on the moduli spaces.

Theorem 1.3 (virtual fundamental class). Suppose X is a surface, Ey is torsion-
free,deg P =1, and deg$ > 1. Then the moduli space Sg,(P, §) of stable pairs
admits a virtual fundamental class.
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The virtual fundamental class can be used to define invariants of the surface.
Kool and Thomas [2014a; 2014b] studied stable pairs invariants with Eg = Ox on
surfaces, using the reduced obstruction theory, which is necessary. We will address
the intersection theory of the moduli space of stable pairs on a surface in future work.

After this project was completed, we learned about the article [Wandel 2015]
where the stability condition for pairs had been defined. When degé < deg P,
Theorem 1.1 of this paper had been stated as the main theorem, Theorem 3.8, in
[Wandel 2015]. In the large § case,

degd > deg P,

the linearized ample line bundle needs to be chosen differently, as in (4-4), for
the GIT construction. In this paper, the construction of the moduli space focuses
on the large & case, which is geometrically important but has not been treated in
[Wandel 2015]. The construction is carried out from a basic level. For example,
Lemma 3.5 is shown for characterizing stability in terms of global sections instead
of Hilbert polynomials. As preparation, Section 2 introduces the notion of stable
pair and states basic properties of pairs. Section 3 studies the boundedness of the
family of stable pairs. Proofs of statements that have been proved in [Wandel 2015]
are omitted. This paper also contains, in Section 5, the deformation-obstruction
theory, captured by Theorem 1.2, which holds for all §’s, small or large. Section 6
shows the existence of the virtual fundamental class in special geometries (see
Theorem 1.3). Section 7 gives examples of smooth moduli spaces and calculates
their topological Euler characteristics.

We recently learned that the stable pair moduli space for degé > deg P was
also previously studied in [Kolldr 2008], where it appears as the moduli space of
quotient husks. The author constructed it as a bounded proper separated algebraic
space, and used it to study an analogue of the flattening decomposition theorem for
reflexive hulls. The current paper settles affirmatively the question raised in [Kollar
2008] regarding the projectivity of the space.

We finally note that once it is constructed for deg § < deg P, the moduli space
is available in an indirect way for degd > deg P as well. This follows from two
facts: the set of critical values! is finite and the largest critical polynomial 8,4, has
degree < deg P. Let 8’ be of degree deg P — 1 and larger than 8;,,x. Then, for any
8 with deg § > deg P, we have Sg,(P, 8) = Sg,(P, §'). Although this observation
is not made in [Wandel 2015], the author proves the set of critical §’s is finite.

This indirect argument does not, however, yield the linearized ample line bundle
for Sg,(P, 8) with deg 8 > deg P. For stability polynomials §" with degé’ < deg P,
the linearization depends directly on §’; the highest critical polynomial 8.« cannot

LA critical value is a value such that as & crosses over it, the moduli space S Eo (P, 8) changes.
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be determined explicitly, however, since the boundedness which underlies the
finiteness of the set of critical stability values is itself not explicit.

For some applications, it is nevertheless important to know the line bundle
explicitly. A natural problem to study next is that of wall-crossing formulas, using
Thaddeus’ master space [Thaddeus 1996; Mochizuki 2009]. The construction of
the master space requires the linearized ample line bundle. So, it is important to
construct the moduli space directly via GIT and obtain the ample line bundle. We
will address the problem of wall-crossing formulas in future work.

2. Basic properties of stable pairs

2A. Preliminaries on coherent sheaves. For a coherent sheaf E on (X, Ox (1)),
we denote by Pg its Hilbert polynomial . Recall that we can write the Hilbert
polynomial in the form

d .
l
Pp(m) =) ai(E)",
i=0
where d is the dimension of the support of E, which we simply write as dim £, and
a; (E) € Q. We denote by

r(E) =aq(E)
the multiplicity of E. The reduced Hilbert polynomial is
Pg
PE = FE)
The slope of E is
W(E) = ad—l(E)‘
aq(E)

A coherent sheaf E is pure if there is no subsheaf with lower dimensional support.
It is semistable (respectively, slope-semistable) if it is pure and there is no subsheaf
with larger reduced Hilbert polynomial (respectively, slope). For a pure sheaf, there
is a Harder—Narasimhan filtration with respect to the slope

0CE CES - CE=E,

where E;/E; is slope semistable and w(E;/E;_1) > w(E;+1/E;), fort €[1,1—1].
We shall denote pmax(E) = u(E1) and pmin(E) = u(E/Ej—1).

To construct the moduli space via GIT, the first step is to prove a boundedness
result. For our convenience, we group a sequence of boundedness results here.

Theorem 2.1 (Grothendieck). Suppose F is a pure coherent O'x-module of dimen-
sion d. Then:

(1) The slopes of nonzero coherent subsheaves are bounded above.
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(ii) The family of subsheaves F' C F with slopes bounded below, such that the
quotient F/F' is pure and of dimension d, is bounded.

We can also make a statement similar to the second assertion about the bounded-
ness of quotients. For the proof of this basic theorem, see [Grothendieck 1961b,
Lemma 2.5].

Let Y be the scheme-theoretic support of a pure sheaf E of dimension d and
multiplicity . We include the following results discussed in [Le Potier 1993].

Lemma 2.2. The degree of Y is no larger than r’.

Proof. This is clear from an equivalent definition of multiplicity [Le Potier 1993,
Definition 2.1]. |

Lemma 2.3. The minimum slope jnin(Oy) is bounded below by a constant deter-
mined by n, r, and d.

Proof. See [Le Potier 1993, Lemma 2.12]. O
The following statement is crucial to our proof of boundedness.

Theorem 2.4 [Simpson 1994, Theorem 1.1]. Let C be a rational constant. The
Jamily of pure coherent sheaves E with Hilbert polynomial Pr = P, such that
Umax(E) < C, is bounded.

Bounding pmax from above is equivalent to bounding i, from below, because
the Hilbert polynomial is additive in a short exact sequence.
We will also need the following statement.

Lemma 2.5 [Simpson 1994, Corollary 1.7]. Suppose F is a slope semistable sheaf
of dimension d, multiplicity r and slope . There is a constant C depending on r

and d such that* o
h'(F) 1 d
p < E([M +Cl4)".

2B. Stable pairs. Let Eq be a coherent sheaf on X. Let P be a polynomial of
degree d, and 8 be 0 or a polynomial with a positive leading coefficient.

Definition 2.6. A pair (E, o) (of type P) on X consists of a coherent sheaf £ with
Hilbert polynomial P and a morphism « : Eg — E. A subpair (E’, ') consists of
a coherent subsheaf E’ C E and a morphism o’ : Eqg — E’, such that

too =a if E'Dima,
o' =0 otherwise.

Here, ¢ denotes the inclusion E’ < E. A quotient pair (E”, ") consists of a
coherent quotient sheaf ¢ : E — E” and a morphism «” =goa : Eg —> E”.

2[x]+ = max{0, x}.
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We say a pair (E, «) has dimension d if dim E =d.

A morphism ¢ : (E, a) — (F, B) of pairs is a morphism of sheaves ¢ : E — F
such that there is a constant b € k, where ¢ o« = bf. By this definition, subpairs
and quotient pairs can be viewed as morphisms. For simplicity, we shall use the
notation ¢ for both the morphism of pairs and that of their underlying sheaves.

A short exact sequence of pairs,

0— (E' o) (E,0) L (E",a") = 0,

consists of a short exact sequence of sheaves, 0 — E’ — E — E” — 0, such that
(E’, &) is a subpair and (E”, o) the corresponding quotient pair. More precisely,
a"=qgoaifa’=0,anda” =0iftoa’ =«a.

The Hilbert polynomial of a pair (E, @) is

P(E,a) = Pr +€(Ol)5

and the reduced Hilbert polynomial of the pair is

. 4 e(a)d
P(E.a) = PE r(E) .
Here,
1 if 0
=1 Te#0
0 otherwise.

Clearly, the Hilbert polynomial is additive in a short exact sequence of pairs.
Definition 2.7. A pair (E, «) is 8-stable if

(i) E is pure;

(i) pE'.«’) < P(E.a) for every proper subpair (E’, &').

Semistability is defined similarly, replacing the strong inequality by the correspond-
ing weak inequality.

Assuming purity, the second condition is equivalent to that for every proper
quotient pair (E”, o) of dimension d, p o7y > P(E.a)-

Convention. In the rest of this paper, if stability is characterized by a strong
inequality, semistability can be characterized by the corresponding weak inequality.
So, in such a case, we will only make the statement for stability.

When the context is clear, we will omit § and only say a pair is stable or
semistable.

Clearly, a pair (E, 0) is (semi)stable if and only if E is (semi)stable as a coherent
sheaf. We will call a pair (E, «) nondegenerate if a # 0. We are primarily interested
in nondegenerate semistable pairs, which we are going to parametrize.
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A family of pairs parametrized by a scheme 7 is a morphism of sheaves
ar :nyEy— &

over T x X, such that & is flat over 7. Here, mx is the projection 7 x X — X.
Two families ar : 7y Eg — & and Br : my Eg — % are equivalent if there is an
isomorphism

Y& — % suchthat ¥ oar = Br.

In the large 6 regime, semistable pairs have some special features.

Lemma 2.8. When degd > deg P, there is no nondegenerate strictly semistable
pair, i.e., every nondegenerate semistable pair is stable.

Proof. Suppose (G, ') is a subpair of a semistable (E, «), such that p(G oy = P(E,a)
that is,
e(@)s 8

¢t ~PET I E

Consider the leading coefficients. Because degd > d, we have ¢(«¢’) = 1 and
r(G) =r(E). Thus, pg = pg. Therefore, Pr = Pg, which implies that G = E.
Hence, (G, «') = (E, o). We have shown that (E, «) is not strictly semistable. [J

We also have a reinterpretation of the stability condition.

Lemma 2.9. Suppose E is a pure coherent sheaf with Hilbert polynomial Pp = P
and multiplicity r (E) =r. If degd > d = deg P, then a pair (E, o) is stable if and
only if for every proper subpair (G, «'),
Pg P
< .
2r(G) —e(a’) 2r —e(a)

Proof. When deg 8 > d, for any proper subpair (G, ), the inequality

o +e<a’)r(‘3—6) < pe +e(a>§

is equivalent to

/
e(a) - e(a)’
r(G) = r
The latter can be easily seen to be equivalent to
r(G) - r
2r(G) —e(@’) ~— 2r —e(a)’

2-1) and in case of equality, p¢g < pg.

and in case of equality, pg < pk.

This last condition is equivalent to the inequality in the statement. (]

Moreover, there is a geometric characterization of stability.



MODULI SPACES OF STABLE PAIRS 131

Lemma 2.10. [f deg$ > deg P, then (E, «) is stable if and only if E is pure and
dim coker o < deg P.

This is essentially [Wandel 2015, Proposition 1.12]. The author stated the result
for the case where degd > dim X while his argument actually showed the same
result under a weaker assumption deg § > deg P.

Pairs share some similar properties of sheaves.

Lemma 2.11. Suppose ¢ : (E, a) — (F, B) is a nonzero morphism of pairs.

(i) Suppose (E,«a) and (F, B) are §-semistable pairs of dimension d. Then
D(E.a) = P(F.B)-
(i) If (E, o) and (F, B) are §-stable with the same reduced Hilbert polynomial, ¢
induces an isomorphism between E and F. In particular, End((E, a)) = k for
a stable pair (E, ).
Proof. (i) Let a” be p oa : Eg — im¢. Then (im ¢, «”) is a quotient pair of
(E, @) and a subpair of (F, 8). Thus,

(2-2) P(E,@) < P(mé,a") < D(F.B)-

(i1) Suppose not, then ker ¢ # 0 or im ¢ # F. We also have the inequalities (2-2).
But two equalities do not hold simultaneously, which contradicts the fact that the
two stable pairs have the same reduced Hilbert polynomial. Therefore, ker ¢ =0
and im ¢ = F. Thus, ¢ is an isomorphism of coherent sheaves. Clearly, the inverse
also provides an inverse of pairs. In particular, End((E, «)) is a finite-dimensional
associative division algebra over the algebraically closed field &, and hence is k. [J

The second part of the lemma is essentially [Wandel 2015, Lemma 1.6].

Proposition 2.12 (Harder—Narasimhan filtration). Let (E, o) be a pair where E is
pure of dimension d. Then there is a unique filtration by subpairs

05 (G1,a1) G (G, 0) G --- S (G, o) = (E, @)
with gr; = (G, ;) /(Gi—-1, aj—1) such that
(1) gr; is 6-semistable of dimension d for all i
(1) pg, > per,,, foralli.
We call this filtration the Harder—Narasimhan filtration of the pair.

The proof is similar to the proof of the existence and uniqueness of the Harder—
Narasimhan filtration of a pure sheaf [Shatz 1977, Theorem 1].

Evidently, in the filtration, there is only one nonzero «;. In the case where
degd > d, only «; is nonzero.
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Proposition 2.13 (Jordan—-Holder filtration). Let (E, a) be a semistable pair. There
is a filtration

0G (Fran G (F,a0) G- G (FL,a) = (E, a),

such that each factor gr; = (F;, a;)/(Fi—1, aj—1) is stable with reduced Hilbert
polynomial p(g o). Moreover, gr(E, o) = @; gr; does not depend on the filtration.

Proof. Since we have Lemma 2.11, the proof proceeds the same way as the argument
for Jordan—Holder filtrations of a semistable sheaf, see, e.g., [Huybrechts and Lehn
1997, Proposition 1.5.2]. (]

Two semistable pairs are S-equivalent, if they have isomorphic Jordan—Hélder
factors.
Let
Sgy(P,8) : Sch) — Set

denote the moduli functor of S-equivalent nondegenerate semistable pairs of type P.
Let

S5, (P, 8)

denote the moduli functor of equivalence classes of nondegenerate stable pairs.

3. Boundedness

In order to construct the moduli space via GIT, we first need to prove that the family
of semistable pairs is bounded. As mentioned in the introduction, the case where
deg 8 < deg P has been treated in [Wandel 2015]. So, in this section and the next,
we will focus on the case

degd > deg P.
We will show boundedness using Theorem 2.4, by studying the umin’s of sheaves

underlying semistable pairs.

Lemma 3.1. Fix the Hilbert polynomial P. Assume deg§ > deg P. Suppose (E, o)
is a pair, which is semistable for some §, with P = P. Then, (inin(E) is bounded
below by a constant depending on P and X.

Proof. Let (E, a) be a semistable pair. By Lemma 2.10,
(3-1) dim cokera < d.

Choose an m large enough such that Eq(—m) is generated by global sections. Let
Y be the scheme-theoretic support of E. The morphism « factors through Ey|y.
We have the sequence of morphisms

H°(Eo(m)) ® Oy (—m) — Egly — E —» gr, E,
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where the last morphism is the surjection from E onto the last factor of the Harder—
Narasimhan filtration with respect to the slope. By (3-1), the composition is nonzero.
Therefore,

fimin(E) = (1(gt; E) > pmin(H(Eg(m)) ® Oy (—m))
= Mmin(ﬁY(_m)) = Mmin(ﬁY) —m,

where the last term is bounded below, by Lemma 2.3. Thus, (i (E) is bounded
below by a constant, which depends on X and P. (]

Remark 3.2. The lemma also holds for deg § < deg P. Moreover, the constant can
be chosen to be independent of §.

Combining Lemma 3.1 and Theorem 2.4, we obtain the following boundedness
result.

Proposition 3.3. Fix the Hilbert polynomial P. The family
{E|(E, @) is a semistable pair of type P with respect to some §}

of coherent sheaves on X is bounded.

For a bounded family of pure pairs, the family of factors of their Harder—
Narasimhan filtrations is bounded:

Lemma 3.4. Suppose ® : nxEq — & over T x X is a flat family of pure pairs
over X parametrized by a finite type scheme T. For a closed point t € T, let
E(t) = &|speck(ryxx and P (t) be the corresponding morphism. Then, the family of
the Harder—Narasimhan factors of (£(t), ®(t)), forallt € T, is bounded.

The following proof is very similar to the proof of the corresponding statement
about the boundedness of Harder—Narasimhan factors of pure sheaves [Huybrechts
and Lehn 1997, Theorem 2.3.2]. We do not assume deg § > deg P in this proof.

Proof. We can assume T to be integral. Define A as the set of 2-tuples (P”, €”),
such that there is a point # € T and a pure quotient ¢ : &(t) — E” with Hilbert
polynomial Pg» = P” and €” = €(q o ®(¢)), which destabilizes (& (z), ®()):
1
pra €2 g SO0

Here, p and p” denote the corresponding reduced Hilbert polynomials, and r
and r” denote the multiplicities. From this inequality, we know that w(E”) is
bounded above by a constant determined by P and é. Therefore, A is a finite set by
Theorem 2.1.

If this set is empty, then all pairs are semistable. Then, we are done. Otherwise,
we define a total order < on A as:

(P1,€1) X (P, €)
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if p1 +€18/r1 < pa+€28/r2, and in the case of equality, P; > P». Let us consider
whether there is a (P_, €_), which is minimal with respect to the total order <
and satisfies the condition that for a generic point ¢ € T, there is a pure quotient
q:&(t) > F with

(3-2) Pr=P_ and e(go®(t))=e€_.

If there is no such (P_, €_), then generically, say over the open subscheme
U C T, pairs are already semistable.

If there is such a (P_,€_), let U C T be the open family having quotients
satisfying the condition (3-2). The minimal Harder—Narasimhan factors of pairs in
U are parametrized by a subscheme of Quot’- (&). To parametrize all the Harder—
Narasimhan factors of pairs parametrized by U, we can iterate the above process
for the kernel, which is flat, of the universal quotient over QuotP ~(&). This process
will terminate due to multiplicity.

Then, we can run the same algorithm for pairs parametrized by irreducible
components of the complement 7 \ U. Because T is noetherian, the process will
terminate.

We have thus parametrized the Harder—Narasimhan factors by a finite sequence
of Quot schemes. U

The following statement enables us to handle the semistability condition via
spaces of global sections, instead of Hilbert polynomials.

Lemma 3.5. Fix P and § with degé > deg P. Then there is an mo € Z~, such that
for any integer m > mq and any pair (E, o), where E is pure with Pp = P and
multiplicity r (E) = r, the following assertions are equivalent.
1) The pair (E, @) is stable.
i) Pe(m) < h°(E(m)), and for any proper subpair (G, ') where G is of
multiplicity r (G),
h(G(m)) h(E(m))
< .
2r(G) —e(@’) 2r —e(w)

iii) For any proper quotient pair (F, ") where F is of dimension d and multi-
plicity r (F),
hO(F (m)) P(m)
2 (F)—e@)  2r—e@)

The proof is modified from that of a similar statement in [Le Potier 1993].

Proof. The proof will proceed as follows: 1)=> ii)=> iii)= i). The integer m¢ will
be determined in the course of the proof, nonexplicitly.
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i) = ii) The family of sheaves underlying semistable pairs with a fixed Hilbert
polynomial is bounded. Thus, there is my € N such that for any integer m > my,
we have H'(E(m)) =0 for all i > 0. In particular, P(m) = hO(E(m)).

In the course of proving the boundedness, we also proved that pmax (E) is bounded
above, say fmax (E) < w. For a proper subpair (G, «’) of multiplicity r (G), consider
the Harder—Narasimhan filtration of G with respect to the slope. Let us denote the
multiplicity and the slope of the i-th grading by r; and . Then, we have u; < u.
Notice that ] is positive and bounded above by r, which implies that there are only
finitely many possible 7/’s and u;’s. Let v = fimin(G). By Lemma 2.5 and an easy
calculation, we can find a constant B depending on r and d, such that?

W(Gam) _ 1
r(G) —d!

Choose a constant A > 0, which is larger than all roots of P. Replace m( by
max{mg, A}. Then

(3-3) ((1 - %)([/L+m+B]+)d+%([v+m+B]+)d).

hO(E(m)) = P(m) > %(m — A4, forall m > my.

Suppose vy is an integer such that

r

B+u(1—%)+m<—A.

Enlarging my if necessary, we have

G4 ((1=5) (rmBL) L (votm-+B1) ) < 222 for all m=m,

by considering the first and the second leading coefficients.
Thus, when m > mg and v < vy, combining (3-3) and (3-4), we get

"D 0k (my) < 2D =)

r 2r —e(a)
The last weak inequality is a consequence of (2-1).

We are left to consider the case where v > vy. First, notice that we can assume
E /G to be pure. If not, consider the saturation of G in E, namely, the smallest
G O G, such that E/G is pure. If we can prove the inequality in ii) for G, then it’s
also true for G, since r(G) =r(G) and h°(G (m)) <h°(G (m)). Since 1 (G) > v > v,
the family of such G is bounded, by Theorem 2.1. So, there are only finitely many
Hilbert polynomials of the form Pg for such G. Moreover, we can enlarge my
again, if necessary, such that for m > mg, Pg(m) = h°(G(m)) and

Pg P Pg(m) P(m)
< — < .
2r(G) —e(a’) 2r —e(a) 2r(G) —e(a’) 2r —e(a)

(3-5) (G (m)) < hO(E(m)).

3To obtain this inequality, one can also see [Huybrechts and Lehn 1997, Corollary 3.3.8].
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Therefore, by Lemma 2.9 and (3-5),

ho(G(m)) hO(E (m))
(G —e@)  2r—e@)

ii) = iii) From a proper quotient pair (F, «”), we can get a short exact sequence
0— (G,d) = (E,a) — (F,a")— 0.

We thus obtain an exact sequence

(3-6) 0— H(G(m)) — H(E(m)) — H"(F(m)).

Therefore, h°(F (m)) > h°(E(m)) — h°(G (m)). Notice that r(E) = r(G) + r(F)
and €(a) = ¢(a’) + €(a’). Thus,
hO(F (m)) - hO(E(m)) — h°(G (m)) - h(E (m)) - P(m)
2r(F)—e(a”) — 2r —e(@)) — 2r(G) —e(a))) = 2r—e(a) — 2r —e(a)’
iii) = i) Take the Harder—Narasimhan filtration of E with respect to the slope.
Suppose F is the last factor, then p(F) = pimin(E), denoted as p”. By Lemma 2.5,
0
WFm) _ 1
r(F) —d!

(3-7) (I +m +C1.)".

Let (F, «”) be the induced quotient pair. If € («”) # 0, then (E, ) is stable, since
in the Harder—Narasimhan filtration, only the first morphism is nonzero. So, assume
€(a”) =0. Then

P(m)< 2P (m) <h0(F(m))<l
r 2r —e() 2r(F) — d!

(" +m+Cly)".

If m > my, the preceding inequality with P(m)/r > (m — A)?/d! implies that
m— A <u” +m+ C. Therefore, umin(E) = u” > —A — C. Thus, the family of
coherent sheaves satisfying the third condition for some m > m is bounded.
Let gr, = (gr, E, gr, o) denote the last Harder—Narasimhan factor of the pair
(E, a). Then
h°(gry E(m)) P(m)
2r(er, E) —e(gr,a)  2r—1

By Lemma 3.4, enlarging m if necessary, we can assume that, for all m > my,
(i) h°(gry E(m)) = Py, £ (m);

.. Pgr g(m) P(m) Pgr P
(i1) : > — : > .
2r(gr, E) —e(grya)  2r—1 2r(gry E) —e(gryo)  2r—1

Therefore, e(gr; a)/r(gr, E) > 1/r, which implies e(gr, ) = 1. Thus, s =1,
which means (E, «) is semistable, and thus stable. O
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Replacing the strong inequalities by weak inequalities, we conclude that the
lemma is also true.

4. Construction of the moduli space

Fix the smooth projective variety (X, 0x (1)), the coherent sheaf Ey, the Hilbert
polynomial P, and the stability condition &.

By the boundedness results proven in the last section, there is an N € Z such
that for any integer m > N, the following conditions are satisfied:

(1) Eg(m) is globally generated.

(i) E(m) is globally generated and has no higher cohomology for every E ap-
pearing in a §-semistable pair (Proposition 3.3). Similar results hold for their
Harder—Narasimhan factors (Lemma 3.4).

(iii) The three assertions in Lemma 3.5 are equivalent.
Fix such an m and let V be a vector space such that
dimV = P(m).
Suppose (E, o) is a semistable pair, then E can be viewed as a quotient
q:VQ®0x(—m)—» E.
Another datum of the pair is the morphism «. It gives rise to a linear map
o : H'(Ey(m)) — HYE(m) = V.

Thus, a semistable pair gives rise to the following diagram:

Ko —— H(Eo(m)) ® Ox(~m) —» Eq
\LO’ la
V®ox(-m) ——» E
Here, ¢ is the kernel of the evaluation map ev. Conversely, we can obtain a pair
from a quotient ¢ and a linear map o as long as g oo ot = 0. Also notice that 0 =0
if and only if o« = 0.
We will study the following spaces:
P = P(Hom(H®(Eo(m)), V)) = Proj(H°(Eg(m)) ® V"),
0 = Quoty (V ® Ox(—m)).

The second space is Grothendieck’s Quot scheme, parametrizing quotients of
V ® Ox (—m) with Hilbert polynomial P. This is motivated by a similar construction
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in [Huybrechts and Lehn 1995a; 1995b]. Spaces P and Q are fine moduli spaces,
with the following universal families:

4-1) H(Ey(m)) ® 0p — V ® 6p(1),
(4-2) V® Ox(—m) — &.
Let

ZCcPxQ

be the locally closed subscheme of points £ = ([o], [¢]) such that
(i) gooot=0;
(ii) E is pure;
(iii) the quotient ¢ induces an isomorphism of vector spaces V => H O(E(m)).

There is a natural SL(V)-action on P x Q:

(Io], [q]).g = (g "' o0l. [g0gl),

for g € SL(V) and ([o], [¢q]) € P x Q. It can be easily checked that this indeed
defines a right action. It is clear that Z is invariant under this action. The closure Z
of Z C P x Q is invariant as well.

For a very large [, there is an SL(V)-equivariant embedding,

Q = Quoth (V ® 0x(—m)) < Grass(V @ H(0x (I —m)), P(])),
[q:V ®Ox(—m) - Elr [H(q()) : V® H(Ox (1 —m)) — H (E())].

The standard very ample line bundle on the Grassmannian is SL(V)-linearized. Let
O (1) be its pullback to Q. The line bundle &p(1) is also SL(V)-linearized. Thus,
for positive integers n; and ny, the following line bundle is SL(V)-linearized:

L= 0p(n)X0g(n2).

We are going to construct the moduli space by taking the GIT quotient of Z,
eliminating the extra information coming from identifying V and H°(E(m)). A
key step is to relate the §-stability condition to the GIT-stability condition with
respect to L, which will occupy a large part of this section.

An application of the Hilbert—-Mumford criterion shows the following lemma. It
is very similar to [Wandel 2015, Proposition 4.3]. For the proof of the lemma, see
[Lin 2016, Lemma 12].

Lemma 4.1. For [ very large, let £ = ([0], [q]) € Z be a point with associated
morphism o : Eg — E. Then the following two conditions are equivalent:

(1) & is GIT-stable with respect to L.
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(i1) For any nontrivial proper subspace W ;Cé V,let G =q(W Q Ox(—m)). Then

dim W dim W
dimV dimV"’

(4-3) Po(l) > " (ew (@) - ) +P0)
ny

Here, ey (o) is either 1 or O depending on whether W contains im o or not.

GIT-semistability can also be characterized by the corresponding weak inequality.
Now, let
ni _ P()

4-4 — = .
“4-4) ny 2r

We fix an [ such that

(i) Lemma 4.1 holds;

(i1) (4-3) holds if and only if it holds as an inequality of polynomials in /:

dim W) P dim W

dimV dimV "’

We can ask for the second condition because the family of such G’s is bounded.
In defining Z, we required the quotient to be pure. When we take the closure,

we may include quotients which are not pure. But the following statement imposes

restrictions.

Corollary 4.2. If ([o], [q)) € Z is GIT-semistable, then H(q(m)):V — H°(E (m))
is injective and for any coherent subsheaf G C E such that dimG < d — 1,
H°(G(@m))=0.

Proof. Let W be the kernel of H O(q (m)) : V — HO(E(m)), then for the image G
we have

(4-5) Pg > " (ew(0) -
np

G =q(W® Ox(—m)) =0.

The inequality (4-5) forces dim W to be zero, otherwise the right-hand side of the
inequality is a positive polynomial while the left-hand side is 0.

Suppose G C E such that dimG <d — 1. If we let W = H°(G(m)), then
q(W ® O0x(—m)) C G. By the inequality (4-5), we have dim W = 0, otherwise the
right-hand side will be a positive polynomial of degree no less than ¢, while the
left hand side is of degree <d — 1. ]

We are ready to relate the §-stability condition to the GIT-stability condition.

Proposition 4.3. Let ([0], [q]) be in Z and (E, &) be the corresponding pair. The
following two assertions are equivalent:

(1) ([o], lq)) is GIT-(semi)stable with respect to L.
(i) (E, a) is (semi)stable and q induces an isomorphism V =~ H O(E(m)).

Recall that when deg § > deg P, there are no strictly semistable pairs.
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Proof. First, assume that a point ([o], [¢g]) € Z is GIT-semistable. Denote the
quotient by

q:V®O0(—m)— E.

Then by Corollary 4.2, we know that the induced linear map V — H°(E(m)) is in-
jective. The sheaf E can be deformed to a pure sheaf since ([o'], [¢]) is in the closure
of Z. By [Huybrechts and Lehn 1997, Proposition 4.4.2], there is an exact sequence,

0— Ty_(E) — E -2 F,

where T;_;(E) is the maximal dimension d — 1 subsheaf of E and such that
Pr = Pg = P. According to Corollary 4.2, the exact sequence provides an injective
linear map,

HO(E(m)) < H°(F (m)).
For any dimension d quotient 7w : F — F”, let G be the kernel of 7 o ¢,
0> G— EZ2% F" 0.
Let W =V N H°G(m)). Then we have
(4-6) hO(F"(m)) = h°(E(m)) — h°(G(m)) = dim V — dim W.

Let r” =r(F"). Let’s consider the leading coefficients of the two sides of (4-3),
viewed as polynomials in /. (This is where the argument diverges, depending on
the degree of §. Here, we focus on the case where degd > d.) Then

4-7) 2r(G) —ew(o))dimV > 2r — 1) dim W.
Combining ((4-6), (4-7)), we have

hO(F" (m)) dlmV 2r" — (1 —eW(a)) P(m)
2r”—6(7ro¢ooz) 2r—1 2r”—6(no¢oa) 2r—1°

To prove the second inequality, notice that, when e(m o ¢p o) =0, ima C G.
Therefore imo C H°(G(m)). Thus, imo C W.

According to Lemma 3.5, the pair (F, ¢ o «) is semistable. Therefore, by our
choice of m, h°(F(m)) = P(m). We have the following commutative diagram:

V® Ox(—m) —— HYE(m))® Ox(—m)ev —— HO(F(m)) ® Ox(—m)ev
E > F

So, ¢ is surjective. Since they have the same Hilbert polynomial, it is an
isomorphism. Therefore, (£, o) is a semistable pair.
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Next, we assume that (E, «) is semistable, thus stable, and ¢ (m) induces an
isomorphism between global sections. For any nontrivial proper subspace W ; V, let

G =q(W® 6(—m))

and (G, o) the corresponding subpair. If (G, «') = (E, ), the inequality in
Lemma 4.1 holds. Assume that (G, ') is a proper subpair. According to Lemma 3.5,
we have
h(G (m)) h°(E (m))
26 —e@) = 2r—1 "

From the commutative diagram

W —— H%G(m))

/ [

V —= HYE@m))

we know that dim W < h°(G(m)). Thus,

dim W h(E (m))
271G —e(a) ~ 2r—1

Therefore,
G) 1 o) 1 dimW+ dim W
>—¢e(a')— = ,
d 2 2 dmv " dimV
which implies the inequality in Lemma 4.1, since €(a’) > €w (o). Hence, ([0 ], [¢])
is GIT-stable. O

We still need the following lemma, which will help us identify closed orbits. A
pair is polystable if it is isomorphic to a direct sum of stable pairs, degenerate or
not, with the same reduced Hilbert polynomial.

Lemma 4.4. The closures of orbits of two points, (lo1], [R1]) and ([02], [R2]), in
75 intersect if and only if their associated semistable pairs (E1, a1) and (E», a3)
have the same Jordan—Holder factors. The orbit of a point ([o], [q]) is closed if
and only if the associated pair (E, o) is polystable.

The proof is similar to that of [Huybrechts and Lehn 1997, Theorem 4.3.3], using
the following lemma on semicontinuity.

Lemma 4.5 (semicontinuity). Suppose (¥, «) and (4, B) over X7 =T x X are
two flat families of pairs, with Hilbert polynomials P# and Py, parametrized by a
scheme T of finite type over k. Then, the following function is semicontinuous:

t = dimy Homyy, x ((F1, 1), (92, Br).
The proof is modified from that of [Huybrechts and Lehn 1995a, Lemma 3.4].
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Proof. The space Hom((:%;, a;), (¢, B;)) is related to the pullback in the diagram

|
! [

Hom(%,, %) —~— Hom(Eo, %)
in the sense that it satisfies the equality
dimHom((.%;, &), (4, By)) =dim C; — 1 +€(By).

By our flatness assumption, f; is either always zero or never zero. Thus, it is enough
to show that C, is a fiber of a common coherent &r-module, as ¢ varies. Since the
question is local on 7, assume T = Spec A, where A is a k-algebra.

It is shown in the proof of [Huybrechts and Lehn 1995a, Lemma 3.4] that there
is a bounded-above complex M}, of finite type free A-modules, such that for any
A-module M,

(4-8) h'(My, ®4 M) = Exty (15Eo, 9 ®4 M).
Similarly, there is such an M?; that
(4-9) h' (M3 ®4 M) ZExty (7,9 ®a M).

The morphism o« induces a morphism of complexes, which is still denoted as
o : M% — My, . The morphism g induces a morphism g : A — M}, . Thus, there
is a morphism,

V=(a,—B):Mz®A—> Mg,

Then the mapping cone C () fits in the distinguished triangle
CW)I-11-> M3 ®A— My — C).
Taking the long exact sequence, we have
0— h~'(C(y¥)) — Homy, (#,9)® A — Homy, (1} Eq, ) — - - - .

Thus, we have the following fiber diagram:

i (CW) ——— A

| l

Homy, (#,9) — Homy, (n% Eo, 4)

Therefore, together with (4-8) and (4-9) and the isomorphism Ext"XT (Z,9k() =
Ext"X[ (Z:, %), we know C; = h~"(C(¥)) @ k(1). 0

We can now prove the existence of the moduli space.



MODULI SPACES OF STABLE PAIRS 143

Proof of Theorem 1.1. Let
S =Sg,(P,8)=2Z*" ) SL(V)

be the GIT quotient. This is a projective scheme. We will show that this is the
coarse moduli space of S-equivalence classes of semistable pairs.
Suppose we are given a family of semistable pairs parametrized by T':

B:nyEy— 7.

Let w be the projection from T x X onto T. Let m be chosen as before, then
. (F (m)) is locally free of rank P (m)=dim V and we obtain a morphism over 7':

T (B(m)) : (7 Eg(m)) — 75(F (m)).

Therefore, there is an open affine cover T = | T}, such that 77, (% (m))|r; is free of
rank P (m) over each T;. Choose an isomorphism over T;:

w; : V®Or, = m.(F(m))|r,.
Then a)l._1 o (B (m)) induces a morphism 7; — P. Also, the quotient
evor* () : V ® Ox(—m) —=> 7 1. (F(m)) @ Ox(—m) —» F

over T; x X induces a morphism 7; — Q. Thus, they induce a morphism f; :
T; — P x Q. By the definition of Z and Proposition 4.3, f; factors through Z*°.
Therefore, we obtain unambiguously a morphism,

fg:T—S.
Thus, we have a natural transformation,
S = S8g,(P, §) — Mor(—, ).
Suppose there is a natural transformation,
(4-10) S — Mor(—, N).
Let T = Z*. Universal families (4-1) and (4-2) induce
HO(Eo(m)) ® Ox(—m) = V ® Op(1) ® Ox (—m) — & ® Op(1).
Over T, the composition induces a family,
4-11) 73 Eo— £ ® Op(1),

and thus an element in S(T). This in turn produces a map T = Z** — N. Because
(4-10) is a natural transformation, this map is SL(V)-equivariant, with the action
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on N being trivial. According to properties of a quotient, the map factors uniquely
through S. Therefore, we have the following commutative diagram of functors:

S —— Mor(—, S)

!

Mor(—, N)

Moreover, closed points in S are in bijection with S-equivalence classes of semistable
pairs, according to Lemma 4.4. Thus, § is the coarse moduli space.
Let us consider the open set Z° C Z*° of stable points. The geometric quotient

provides a quasiprojective scheme parametrizing equivalence classes of stable pairs.
We shall prove this quotient to be a principal PGL(V)-bundle. It is enough to show
that the stabilizers are products of the identity matrix and roots of unity.

Suppose a point ([o], [¢]) € VAl gives rise to a stable pair « : Eg — E and
([o1, [q]) is fixed by g € SL(V), that is, [0] =[g "' 0o ][q] =[q o g]. Then there
is a scalar a € k*, such that g_1 o0 = ao, and there is an isomorphism ¢ : E — E,
such that ¢ o ¢ = g o g. Therefore,

¢poaoev=aaoev: HO(EO(m))(X)ﬁX(—m) — E.

So, ¢ oa = aw. Thus, ¢ is a multiplication by a nonzero scalar, by Lemma 2.11.
In the diagram

0
y 2O o pimy)

gl lH°<¢><m>)

HO%q(n
y GO 0 iy

the horizontal arrows are isomorphisms and the right vertical arrow is a multiplica-
tion by a nonzero scalar. Therefore, g is also a multiplication by a nonzero scalar.
Because g lies in SL(V), it is the product of a root of unity and the identity matrix.

In the family (4-11), & ® Op(1) is SL(V)-equivariant. Although the actions of
the center of SL(V) on Op(1) and & are not trivial, its action on & ® Op(1) is. Thus,
& ® 0p(1) is PGL(V)-equivariant. Therefore, the restriction of (4-11) to Z°x X
descends to S° x X to give a universal family of pairs. Hence, S* represents the
functor S%O(P, 8). O

Remark 4.6. The construction above can be carried out in the relative case. By
[Grothendieck 1961b, Lemma 2.5], the boundedness result still holds. According to
[Seshadri 1977], the GIT construction works in the relative setting. More concretely,
let T be a k-scheme of finite type, X — T a flat projective morphism, and & a
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coherent Ox-module flat over 7. Then, there is a relative moduli space of §-
semistable pairs Sg (P, §) which is projective over 7. There is an open subscheme
S}O(P, 8) C Sg (P, §) parametrizing stable pairs. Moreover, fibers Sg, (P, §); over
closed points are moduli spaces of semistable pairs on X;.

5. Deformation and obstruction theories

This section is devoted to the proof of Theorem 1.2, following [Huybrechts and
Lehn 1997; Inaba 2002]. In Section 5A, we will outline the construction of the
obstruction class and identify the deformation space. In Section 5B, we will fill in
the proofs.

SA. Constructions. Suppose (E, «) is a stable pair and
0-K—>B->A—0

is a short exact sequence, where A, B € Art; are local Artinian k-algebras with
residue field k, such that mp K = 0. Suppose

dp Eg®A— Ey

over
X4=X xSpecA

is a (flat) extension of (E, «). Let
I3 ={E0®A — E,}

denote the complex positioned at 0 and 1. We would like to extend (E 4, o4) to a
pair (Ep, ap) over Xp. This is similar to deforming a sheaf or a perfect complex.
But we need to fix Ey.

We take two locally free resolutions P* => Ey and Q% = E, and lift ay
to a morphism of complexes a, : P*® A — Q%. Then, we have the following
commutative diagram:

-2

dp’®A d'eA
LS Pl A S PPQA —— Eg@A —— 0

—1 0
laA laA laA
~1

0 — 9]
— 0y A 04 > Eq > 0
where
(5-1) P =V ®0x(—m;) and Q') =W ®0x,(—n;).

Here, V! and W' are vector spaces and m;,n; € N. Then, Q* = Q% ®a k is a
resolution of E, because E 4 is flat over A.
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We can view the morphism « 4 as a morphism between complexes concentrated at
degree 0, then I} can be viewed as a mapping cone I} = C(aa)[—1]= C(aj)[—1].
For the sake of notation, we write down the mapping cone explicitly:

-2 —1
5 P RAB 0 P'o A 07 s 0% 0,

where

. —di"'®@A 0
(5-2) dg=( L ; )
oy, dQA

We lift diQA to dézB, getting a sequence (Q%,, dézB)iSO’ where
Q% =W'® Ox,(—n).
We also lift ozix PI®A— Qi‘ to ajé :PI®B — Q’é. We then obtain a sequence
(5-3) (P @ B® Q. dj)i<o.

where d}; is similar to di‘ in (5-2). This is not necessarily a complex:

o 0 0
5-4 diyodi! :( . , , , , - )
G- BoTB —aj o (d, @ B)+d, ool di ody

may not vanish. But when it is a complex, (Q%,d} ) forms a complex and
ay: P*® B — Q% is a morphism of complexes. Thus,

H(ay): Eo® B — HY(Q%.dy,)

provides a flat extension of o4, according to Lemma 5.1, which will be stated and
proved in the next subsection.
The lower row of (5-4) constitutes a map

(5-5) P11® B® 0% — O3l2].

When restricted to X 4, it becomes zero. Moreover, mgK = 0. The map above
induces a map*

(5-6) (wp, wp) : C(a”) > O03[2]1®p K = 0°[2] Qr K.

We claim that (w3, @j,) is a morphism of complexes, which will be proven, see
Lemma 5.3. This induces a class, which will be shown to be the obstruction class

(5-7) ob(aa, 0) = [(wp, wy)] € Homg x)(C(a*), Q°[2] @k K).

4The argument used to deduce (5-6) from (5-5) will be applied repeatedly.
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To identify Homg (x)(C (a*), Q°[2] ® K) with Ext'(I*, E ® K) in the theorem,
we only need to take (5-1) to be very negative such that H' (X, E(m 7)) =0and
H'(X,E(n;))=0,foralli >0and j <0. Then
Ext'(I*, E® K) = Hom x)(C(a"), E[2]® K) = Homg x)(C ("), Q"[2] ® K).

Suppose we have two extensions ap : Eo® B — Ep and 8 : E® B — Fp,
which arise from the following liftings:

{dy, : Q% — Q3. af: P'® B — Q).
{a'pr : Q’é — Q’;l, ﬁg :PP®B— Q’é}.
The differences dijB — d}B and ag — /3}'g induce a morphism of complexes

(5-8) (fp, fo): C@) = Q[1]®K.

This induces a class
v=I[(fp, fH)] € Homg x)(C(a*), OQ°*[11® K) = Ext'(I*, E ® K).

Conversely, given ap and (fp, fé), we can produce another extension fg.
Moreover, ap and Bp are equivalent if and only if v =0.

5B. Proofs. In this subsection, we fill in the proofs of several claims we made
in Section 5A. We will assume the independence of choices in 5SB1 and provide
proofs of independence in 5B2. To simplify the notation, we will sometimes omit
the superscripts in maps between complexes, such as o* and o’.

5B1. Obstruction classes. We first show that ob(a 4, o) defined in (5-7) is an
obstruction class.

Suppose an extension (Epg, ap) exists. The definition of ob(x4, o) does not
depend on the choice of the resolution Q%. We can assume (Ep, apg) arises by
lifting diQA and (xg, making Q% into a complex and « a morphism of complexes.
Then, (%, a)‘Q) = 0. Thus, ob(a4,0) =0.

Conversely, suppose ob(xa, o) =0. It is enough to show that (@}, {,) =0, after
possible modifications of the liftings. The vanishing of ob(« 4, o) is equivalent to
(wp, wy) being homotopic to 0. Let (g3, g7) be a homotopy. By abuse of notation,
let ¢ denote inclusions . _

1: 0 QK — Qf%.
Similarly, = denotes the corresponding quotients,
7:P'®@B—» P and n:Q’é—»Q".
We can replace ap and dg, by
ap—togpom and dg,—togpom,

then the new (w5, w'Q) is zero.
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The following well-known lemma is central to our argument. For completeness,
we give a proof here.

Lemma 5.1. Letr (Q%, dbA) be a sequence of the form Q"A W R Ox ,(—n;),
i <0, such that
(0%, dp) ®ak = (0", d")

is a resolution of E. If (Q%, d'QA) is a complex, then it is exact except at the 0-th
place and the cohomology H O(Q;‘, d'QA) is an extension of E flat over A.

Proof. There is a short exact sequence of complexes
0— 0% ®amy — 0% — 0°— 0.

First, let n be the least integer such that m’y = 0. We shall show that for 0 <i <n,
Oy ®A/ m’IA is exact except at the O-th place, by induction on i decreasingly. Tensor
Q¢ over A with the short exact sequence

0—m > mi?—m)2/mh ! -0,
whose last term is a direct sum of copies of k. On the other hand, Q% ® m" ' =
0°* @ m"%~'. We deduce that the complexes 0%, ® m”,"" and Q3 ® m" 2/m" ™!
are exact except at the O-th places. So, from the associated long exact sequence,
0% ® m'j\_z is also exact except at the O-th place. Inductively, we can prove this
for Q5.

Next, let E4 = H°(Q%,, dy ). We shall show that E 4 ®A/m!, is flatfor 1 <i <n,
by induction on i.

Of course E4 ®4 A/my = E is flat over A/my = k. Tensor the short exact
sequence

(5-9) 0—my/m3 — A/m3 — A/my — 0

by Q¢ over A. Since the ideal my /mi is square-zero, we have the short exact
sequence of complexes

0— Q*®cmy/mi — Q% ®4 A/m} — 0 — 0.
The associated long exact sequence degenerates to
(5-10) 0> EQmu/mi > E,®A/m% — E — 0.

Therefore, E4 ®4 A/ mf\ is flat over A /mi, according to Lemma 5.2. Replacing
(5-9) by
0— mi/mi — A/mi — A/mﬁ — 0,

we can repeat this argument. Inductively, we can prove E 4 is flat over A.
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Similar to obtaining (5-10), we also have the short exact sequence
0> EsQ®@myu — E4— E— Q.

So, E 4 is an extension of E flat over A. O

For the reader’s convenience, we include the following basic lemma about flatness.
For a proof, see [Hartshorne 2010, Proposition 2.2].

Lemma 5.2. Let B — A be a surjective homomorphism of Noetherian rings whose
kernel K is square zero. Then a B-module M’ is flat over B if and only if M =
M' ®p A is flat over A and the natural map M @4 K — M’ is injective.

Lemma 5.3. The map (5-6) is a morphism of complexes.
Proof. We have two equalities
(5-11) —apodp®B +dQB oag=towpom and dQB OdQB =lowQoT.

The map (5-6) is indeed a morphism: one can show that

to (dQ ® K o (wp, wg) — (wp, ) <_dP dO )) omr =0.
0

o

Because ¢ is injective and 7 is surjective, (wp, @) commutes with differentials.’ [J

5B2. Obstructions: independence of choices. We now show that ob(aa, o) is
independent of various choices we have made: o, aj, d‘QB, and Q5.

To start, if we choose a different lifting oy of a4, then (w3, wf,) only differs by
a homotopy.

We next show that the morphism (@}, @p) is independent of liftings ap and
dg,, modulo homotopy.

Let oy and dy,  be different liftings, giving rise to (o, (). The differences
ap — o and dg, —dy,, induce a map, which will be shown to be a homotopy,

(hp, hy) : P[1]1® 0* — O°[1] &« K.
We have the following equalities:
(5-12) tohpor =ap—ap and tohgomw=dg, — /QB'
Combining (5-11) and (5-12), we obtain
a)p—a);u =—hpodp +dQ®KOhP +hQOOl,

a)Q—a)/deQ(X)Kth—I—hQ on.

SThe trick using ¢ and 7 will be applied repeatedly.
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Therefore,

, —dp O
(a)p,a)Q) — (a)P,a)/Q) :dQ QKo (hp, hQ)+(hp, hQ) ( O{P dQ) ,

which means (o}, ®j,) and (@'p, a)/'Q) are homotopic.
Finally, we show the independence of Q.
Let (R}, d},) be another very negative resolution of the form:

Ry =W"'® Ox,(—n)).

Then, there is a lifting of the identity map g5 : Q% — Rj, unique up to homotopy.
Let
By=ghoay: P°®A— Rj.

Moreover, there is a morphism
diag(id, g%) : C(ay) — C(BY).

Lift g% and B3 to g3 : Q3 — Ry and B3 : P*® B — Rj. Then, we have a map of
sequences
diag(id, g3) : P*[11®@ B® Q3 — P'[1]1® B ® R}.

This fits in the following square, which is not necessarily commutative,
P11®@ B® Qy —— Q3l2]

(5-13) diag(id,ql‘;)l lql;
P*[1]® B® Ry —— R3[2]

Here, the two horizontal maps are defined as in (5-5). The square above induces

0p,wy)
Pil® 0 —, pie K

diag(id,q')l/ lq'

@%.@%)

P[]l R* —— R°[2]®K

To show that ob(cy4, o) is independent of the resolution, it is enough to show
that the two compositions in the square above differ by a homotopy. This is because,
if they differ by a homotopy, two classes [(w}p, wy)] and [(@%, w%)] are identified
via the isomorphism

Homg x)(C(a*), Q°[2]1 ® K) = Homg (x)(C(B°), R°[2] ® K).
Indeed, the difference dg, o gp —gp 0dg, and Bp — qp o ap induce maps

°:0°"—> R'[1]l®K and v':P°'— Q0°®K.
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There are the following equalities:
(5-14) dryoqp —qpodg, =totom and Bp—gpoag=tLovom.

Combining (5-11) and (5-14), we know that the difference of two compositions
in (5-13) is

to((@p, ®g) odiag(id, ¢) —q o (wp, wg)) o

— o ((u, 7)o (_jf’ dOQ> +dr®K o (v, r)) o

Thus, (v°, T°) is a homotopy.

5B3. Deformations. Assume that the obstruction class ob(a 4, o) vanishes.
Suppose there are two extensions:

ap: Eo®B— Eg and PBp:EyQ®B — Fp.

Resolve Eg and Fg by two very negative complex with identical terms but different
differentials: (Q%, d;EB) and (Q%, d'FB). Then, lift @p and Bp:

P°®B —— Ey®B P*®B —— Ey®B
la;; l‘” and l’% lﬂs
(Q%.dy,) —— Ep (Q%.dy,) —— Fp

The differences deB — d}B and (x% — /35'3 induce maps
f5:0' > Q0"'®@K and f}:P' - 0'®K.
One can show that these provide a morphism of complexes
(5-15) (/3 [5): C@) > Q'TI®K.
Thus, they induce a class v defined by
v=[(f}. [Pl €Ext'(I", E® K).

Conversely, if we are given an extension (Eg, ap) and a class v represented by

(fp, fo), then
,BBZOZB—LOprYT and dFB:dEB—LOfQOﬂ

produce a morphism of complexes P*® B — (Q%, dj., ). This induces an extension
of (E4,0p):

(Fg. Bp) = (H*(Q%.d},). H(B})).
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If we choose a different resolution R} and define (f'P, J?}e) similarly as in (5-8),
then [(f7, fé)] and [(f'P, f}e)] are identified under the isomorphism

Homg x)(P*[1]1® Q°, Q°[1]1® K) = Homg x)(P*[1]1® R*, R°[1]® K).

So, v is independent of the resolution Q%.

We next show that the difference of two equivalent extensions gives a zero class v.
Indeed, suppose ap and Bp are equivalent, then by Lemma 2.11, there is a constant
z € B such that 8 = zag. Denote the image of z in k as z. We have proven that v
is independent of resolutions. So, for our convenience, we take the same resolution
Q3% for Ep and Fp, and take 8* = za*. Then fé = 0. Furthermore, f7 in (5-8) is
homotopic to zero via homotopy

0,1-2): P"e0 - Q0'®K.

Thus, the associated v = 0.

It remains to prove that if (h7, h{y) is a homotopy between (f3, ff)) and zero,
then ag and B are equivalent. One can actually check:

(1) id—tohgom: (Q%, dZ“B) — (0%, d;B) is a morphism of complexes.

(i) id—tohgom)oap =Pp—drsotohpomr —tohpomodp ®B.
Hence, there is a morphism ¢ commuting two families of stable pairs ap and 8p.
Therefore, by Lemma 2.11, this is an isomorphism.

6. Stable pairs on surfaces

In this section, we assume that (X, Ox (1)) is a smooth projective surface, Ey is
torsion-free, P and § are of degree 1. We shall demonstrate that in these cases, the
moduli space of stable pairs admits a virtual fundamental class, proving Theorem 1.3.

To show the existence of the virtual fundamental class, it suffices to show that the
obstruction theory is perfect [Behrend and Fantechi 1997; Li and Tian 1998]. That
is, there is a two-term complex of locally free sheaves resolving the deformation
and obstruction sheaves. In order to do this, we essentially need to show that there
are no higher obstructions, which is guaranteed by the following lemma.

Lemma 6.1. Fix a stable pair (E,«a). Let I* denote the complex {Ey — E}
positioned at 0 and 1. Then

Ext'(I*, E) =0, unlessi=0, 1.

Proof. The stable pair fits into an exact sequence
0—>K—>Ey—E— Q—0,

which can be written as a distinguished triangle

K—I'— Q[-1]— KI1].
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Notice that K is torsion-free and Q is O-dimensional. Apply the functor Hom(—, E)
to this triangle. The associated long exact sequence is

0 — Hom(Q, E) — Extfl(l', Ey—0— ...
— 0— Ext*(I*, E) — Ext’(K, E)— 0.

Since Q is O-dimensional and E is pure, Hom(Q, E)=0. Thus, Ext~!(I*, E)=0.
The kernel K is torsion-free, so Extz(K ,E) =Z=Hom(E, K @ wy)” = 0. Therefore,
Ext>(I*, E) = 0. O

Using this lemma, the expected dimension of the moduli space can be easily
calculated via Hirzebruch—Riemann—Roch, knowing invariants of Ej.
Now, let
I* = {7} Eg > E}

be the universal pair, according to Theorem 1.1. By Theorem 1.2, the deformation
sheaf and the obstruction sheaf are calculated by

Rr.RHom([°, E).

Take a finite complex P* of locally free sheaves resolving [ and a finite complex
Q- of very negative locally free sheaves resolving [*. Take a finite, very negative
locally free resolution A* of (Q*)¥ ® P*. Then

(6-1) Rr.RHom(I*,E) = Rn,RHom(Q"®, P*) = Rm,A".

Denote this complex on the moduli space as B*. By Grothendieck—Verdier duality
[Hartshorne 1966; Conrad 2000],

B* = Rm,A* = Rr,RHom(A* @ wy, wx)
= RHom(Rm.(A*Y ® wx)[-2], O).

Moreover, notice that
R (A*Y Q@ wx) = m.(A*Y @ wy)

is a complex of locally free sheaves, due to the negativity of A/’s. Thus, B* is a
complex of locally free sheaves as well. Denote the differentials as d'’s.

Next, we show that B® can be truncated to degree 0 and 1. The cohomologies of
B* concentrate at degree 0 and 1, by Lemma 6.1. Suppose B’ for ani > 2 is the last
term that is nonzero. Both B’ and B'~! are locally free, then ker d'~! is also locally
free. Replace B’ by zero and B'~! by kerd’~!. We get a new complex of locally
free sheaves, which is quasi-isomorphic to B*. Inductively, we can trim B* down to
degree 1. On the other side, suppose B/ for a j < 0 is the first term that is nonzero.
Then, d/ is injective fiberwise. Therefore, coker d’ is flat [Grothendieck 1961a,
(10.2.4), Chapter 0], thus locally free. Hence, we can replace B/~! by zero and B/
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by cokerd’ to get a new complex of locally free sheaves. Inductively, B* becomes
a complex concentrated in degree 0 and 1, with cohomologies the deformation
sheaf and the obstruction sheaf. Namely, we have the following exact sequence on
SE, (P, d):

0— Def — B — B! — Obs — 0,

where BY and B! are locally free.
Therefore, the moduli space admits a virtual fundamental class.

7. Examples

In this section, we study examples of moduli spaces of dimension 1 stable pairs over
K3 surfaces. Let (X, 0x(1)) be a polarized K3 surface, P be a Hilbert polynomial
of degree 1, and § be a positive polynomial of degree larger than 1. Let Ey be a
fixed coherent sheaf over X. Then a pair (E, ), such that Pg = P, is stable if E is
pure and coker o has dimension 0, by Lemma 2.10.

Let H =c1(0(1)) € Hy(X, Z). Suppose the schematic support of E, which is a
curve, has arithmetic genus /. There are two discrete invariants of E°:

(7-1) Bh=ci(E)ye Hy(X,Z) and x(E)=1—h+d.
They are related to the Hilbert polynomial by
Pg(m)=(Bp.Hm+1—h+d.

So, with the Hilbert polynomial fixed, there are only finitely many possible 8;’s.
The moduli space decomposes as a disjoint union:

Sk (P, 8) =] [ Sk, (Bur 1 —h+a),
B

where Sg,(Br, 1 —h +d) denote the moduli space of stable pairs satisfying (7-1).
Let Cj, be a representative in the class fj; then the linear system |Cj,| is isomor-
phic to P". Let
Ch CIChl x X

be the universal curve.
When Ey = O, by [Pandharipande and Thomas 2010, Proposition B.8],

Soy (B, 1 —h+d)y=c),

where C}[ld] is the relative Hilbert scheme of points. If there is an ample line bundle
H such that

(7-2) Cn.H =min{L.H | L € Pic(X), L.H > 0},

OThere is a slight abuse of notation concerning 8 and d, but this is unlikely to cause confusion.
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then S, (Br, 1 —h +d) is a smooth scheme of dimension 4 4 d, see [Kawai and
Yoshioka 2000, Lemmas 5.117 and 5.175] or [Pandharipande and Thomas 2010,
Proposition C.2].

The moduli space is not smooth in general for a higher rank Ey. For example,
assume Eg = 6’;'?2 and the stable pair (E, « : ﬁ;‘?z — E) maps a summand &x to 0.
Then, the deformation space of this stable pair is isomorphic to

Hom(0x — E, E)® HY(E).

The dimension of Hom(¢y — E, E) is h + d, while h°(E) may vary as E varies.
But when 4 is large, we do expect the moduli space to be smooth for higher rank Ej.

Proposition 7.1. Suppose By, is irreducible, i.e., B, is not a sum of two curve classes,
and d > 2h — 2. Then the moduli space S o (Bn, 1 — h+d) is smooth of dimension
rd+ @ —=2)(1—h)+1.

Proof. Apply the functor Hom(—, E) to
I°— ﬁ;‘?r — E — I'[1].
According to Lemma 6.1, the associated long exact sequence is

0 — Hom(E, E) — H°(X, E)® — Hom(I*, E) —
Ext'(E, E) > H' (X, E)® — Ext'(I*, E) — Ext*(E, E) — 0.

Since B, is irreducible, E is stable. Therefore, ext?(E, E) = hom(E, E) = 1.
When d > 2h—2, by Serre duality, 2' (X, E) =h'(C, E) =0 where C is the support
of E. Thus, the tangent space Hom(/*, E) has constant dimension x (/*, E) + 1=
rd4+ @ —2)1—h)+1. ([l

For every h > 0, there exists a K3 surface X, and a curve class 8, € Hy(Xy, Z),
such that 8.8, = 2h — 2 and (7-2) is satisfied, see [Kawai and Yoshioka 2000,
Remark 5.110]. For each 4 > 0, we fix such X, and gj,.

Kawai and Yoshioka [2000, Corollary 5.85] calculated the generating series of
topological Euler characteristics of the moduli spaces.

Theorem 7.2 (Kawai—Yoshioka). For 0 < |gq| < |y| < 1, the generating series of
topological Euler characteristics is

[o ol o]

DO xiop(Sow, (Bun 1 = h+d))g" "y

o = ((y‘ y'?) q]_[ Y(1-¢"y)*(1 —q"y‘l)z)_l-



156 YINBANG LIN

Next, we consider stable pairs over X, of the form
a:L,— E,

where L, is a line bundle with the first Chern class ¢y (Lj) = [8j,. Such a stable pair
is equivalentto Oy — E® L;l. Notice that c{ (£ ® L;l) =Bpand x(E® L;l) =
1—h+d—2l(h—1). Therefore,

St,Br, 1 —h+d)=Sp,(Bn, 1 —h+d —2l(h—1)).
If « #0, then d > 2[(h — 1). The generating series is

o.¢] (o.¢]
Yo > Xiop(SuBr T —hAd))g" Ty

h=0d=2I(h—1)

=) Xop(Sox (Bur 1 —h+d)) (gy™)' ! y+1 "

h=0 d=0
1 ad -1
— ((y 2 l_[ n 2nl (1 qnyan—H) (1 qnyan l) ) )
Now, we consider stable pairs over X of the form

a:@Li,haE,
i

where L; j, is a line bundle with ¢;(L; ) = [; 8. The proof of Proposition 7.1 can
also show that the moduli space is smooth when d is large compared to /; and 4. Let
Gy, act on direct summands with distinct weights; then there is a natural (,,-action
on the moduli space S;‘?;i'h (Bn, 1 —h+d). A morphism ®L; , — E is fixed under
the action if and only if exactly one summand L; j is mapped to E nontrivially.
Thus, we have the following the fixed loci:

Sor.Brs 1 —h+d)*" =] [ S1,,(Bn, 1 —h +d).

When o # 0, d > min{2[;(h — 1)}. To calculate the Euler characteristics, we can
use the localization formula, even when the moduli space is not smooth [Lawson
and Yau 1987]. Then,

Z Z XtOp (S®L,‘_[l (ﬂ/‘la 1 - h + d))qh_lyd+l_h
h d

00 -1
_1 1 . . .
— Z(O) 5 _y2)2qy21, l_[(l _qnyanl)ZO(l _qnyan,—H)Z(l qnyan 1)2) ]
i n=1
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