INFINITESIMAL DEFORMATIONS OF SOME QUOT SCHEMES
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ABSTRACT. Let E be a vector bundle on a smooth complex projective curve C of genus
at least two. Let Q(E,d) be the Quot scheme parameterizing the torsion quotients of E of
degree d. We compute the cohomologies of the tangent bundle Tg(g 4). In particular, the
space of infinitesimal deformations of Q(F, d) is computed. Kempf and Fantechi computed
the space of infinitesimal deformations of Q(O¢,d) = C@ ([Kems81], [Fan94]). We also
explicitly describe the infinitesimal deformations of Q(F,d).
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1. INTRODUCTION

Let C be a smooth projective curve over C of genus go, with g0 > 2. Let E be a
vector bundle on C' of rank r > 1. Fix an integer d > 1. Let Q@ := Q(FE,d) be the
Quot scheme parameterizing all torsion quotients of E of degree d. It is known that Q is a
smooth projective variety of dimension rd. This Quot scheme has various moduli theoretic
interpretations, see [BGL94], [BDW96], [BFP20], [HPL21], [BRal3], [OP21], which have led
to extensive studies of it. Our aim here is to compute the cohomologies of the tangent bundle
To, especially H1(Q, To) that parametrizes the infinitesimal deformations of Q.

The group of holomorphic automorphisms Aut(Q) of Q is a complex Lie group whose Lie
algebra is H°(Q, To) [Ser06, Lemma 1.2.6]. It is known that

H°(Q(O%",d), Toioera) = sl(r,C) = H°(X, End(0%"))/C

for all » > 2 [BDH15]. From this it follows that the maximal connected subgroup of
Aut(Q(0%",d)) is PGL(r,C) = Aut(O®")/C*. More generally, if either E is semistable or
r = 3, then

HY(Q(E,d), Topa) = H"(X, End(E))/C
[Gan19], and hence the maximal connected subgroup of Aut(Q(F,d)) is Aut(E)/C*.

Regarding the next cohomology H'(Q, Tg), first consider the case of r = 1. In this
case, the Quot scheme Q(F,d) is identified with the d-th symmetric product C9 of C.
The infinitesimal deformation space H'(CY T,w) was computed in [Kem81] under the
assumption that C' is non-hyperelliptic, and it was computed in [Fan94] when g > 3.

Henceforth, we will always assume that r = rank(E) > 2.
If d = 1, then Q@ = P(E). Consequently, H'(Q(E, 1), To(g,1)) can be computed easily.

Associated to the vector bundle E there is the Atiyah bundle A¢(E) on C [Ati57, Theorem
1]. The infinitesimal deformations of the pair (C, F) are parametrized by H'(X, At(F))
[Chel2, Proposition 4.2]. For the natural homomorphisms O¢c < End(E) — At(FE), the
quotients End(F)/O¢ and At(E)/O¢ will be denoted by ad(E) and at(E) respectively. Also,
given any vector bundle V' on C' we can construct a natural bundle called the Secant bundle
Sec’ (V) on C@ (see [Mat65, Proposition 1], [BL11, Section 2]). In particular we have a
bundle Sec?(at(E)) on C@.

Recall that we have the Hilbert-Chow map ¢ : @ — C@ (also called Quot-to-Chow
morphism by some authors [Ric20, Section 2.4]). We refer to [GS20, Section 2] for the
definition of this map.

We prove the following (see Theorem 9.9):
Theorem 1.1. Let r = rank(E) > 2. Then
(1) Sec¥(at(E)) = ¢.Tg and
(2) Rigp, Tg = 0 for alli > 0.
The cohomologies of Sec?(at(E)) can be computed easily. Therefore, we can compute the

spaces H'(Q, Tg) using Theorem 1.1. We prove the following (see Theorem 9.10):

Theorem 1.2. Let rank(E), d > 2. Denote the genus of C by gc. The following three
statements hold:
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(1) Foralld—1 > i > 0,
H'(Q, To) = H(C, at(E))® /\ H'(C, Oc)
i—1
P HE(C, at(E) @ \ H(C, Oc).

In particular,

hZ(Q7 TQ)

(95) - h0(C, at(E)) + (ig_cl) -hN(C, at(E)).

(2) Wheni = d,

HYQ, Tg) = [\ H'(C, Oc) @ h'(C, at(E)).

In particular,
KI(Q, To) = (dgf 1) W(C, at(E)).
(8) Foralli > d+1,
H'(Q, To) = 0.

Note that in Theorem 1.2,
H'(Q, To) = H°(C, at(E)) = H(C, ad(E)).

The elements of the vector space H'(C, At(FE)) can be thought of as quadruples
(C — Spec Cle], 1 : C = C, E,0 : E = i*E),

where (C — Spec Cle|, i) is a first order deformation of C' and £ is a vector bundle on
C. Now given such a quadruple, we can construct a first order deformation of Q simply
by taking the relative Quot scheme associated to the morphism C — Spec C[e] and the
bundle &, for the constant Hilbert polynomial d. From Theorem 1.2 it follows that for any
stable vector bundle E (or more generally for any simple vector bundle), the first order
deformations of Q constructed as above from the elements of H'(C, At(E)) in fact cover the
entire space of deformations of Q.

For the general E we consider a certain relative Quot scheme which is closely related to
Q. The elements of the vector space

HY(C,At(E)) @ H*(C, At(E)) ® H*(C, O¢)

induce natural first order deformations of this relative Quot scheme. Such a deformation
induces a first order deformation of Q. Using Theorem 1.2 it is shown that all first order
deformations of Q arise in this manner. This gives an explicit description of all the first
order deformations of Q. The details are given in Section 10.

Recall that @ is a fine moduli space, that is, there exists a certain universal quotient on
C x Q. The kernel of this universal quotient, which is locally free, is denoted by A. We
also compute H*(C x Q, &nd(A)), which is the space of all infinitesimal deformations of A.
More precisely, the following is proved (see Corollary 9.16):
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Theorem 1.3. Let rank(F), go, d > 2. Then we have
HY(C x Q, &nd(A)) = HY(C x Q, Ocxo) = HY(C, Og) @ H(Q, Op) .

It can be seen using Corollary 9.1 that H(Q,Og) = HY(C,Oc).

In [Ganl8] it was shown that when £ = O for some n > 1, then A is slope stable
with respect to some natural polarizations of C' x Q. By [HL10, Corollary 4.5.2], H*(C' x
Q, &nd(A)) is the tangent space of the Moduli space M of sheaves on C' x Q with the same
Hilbert polynomial (with respect to some fixed polarization on C' x Q) as A. Therefore,
Theorem 1.3 implies that the determinant map M — Pic(C x Q) induces an isomorphism
at the level of tangent spaces at the point [A] (see [HL10, Theorem 4.5.3]).

We briefly describe how the paper is organized. In Sections 2 to 5 we prove several
preliminary results which we shall need later. In these sections we show that the relative
adjoint Atiyah sequence associated to a vector bundle V on C' x X (see (4.4)), restricted to
¢ x X can be obtained in three different ways. In Section 6 we recall the construction of the
space Sy from [GS20] and prove a result relating to its canonical divisor. In Section 7 we
prove some results related to projective bundles. In Section 8, the results in Section 7 and
Section 5 are used in computing cohomologies of some sheaves on S;. These cohomology
computations are used in Section 9 to compute higher direct images, for the Hilbert-Chow
map, of some natural vector bundles on Q. These computations are then used to prove the
main results. In Section 10 we establish an explicit description of the deformations of Q.

2. SOME TANGENT BUNDLE SEQUENCES
The base field is C. As before, C' is a smooth projective curve. Let X be a smooth
projective variety and V' — C' x X a vector bundle. Let
T:PV) — CxX

be the projective bundle parametrizing the hyperplanes in the fibers of V. Denoting the
natural projections of C' x X to C and X by ¢q¢ and gx respectively, define

o = qcom :P(V) — C and nxy :=¢qxorm:PV) — X. (2.1)

Let O(1) := Opp,(1) — P(V) be the tautological line bundle, and let £, — P(V') be
the relative cotangent bundle for the morphism 7. We have the relative Euler sequence on
P(V):

0 — Q1) == B O(1) — 7V L O(1) — 0. (2.2)
Define

prax  CxP(V) — Cx X, (c,v) — (¢, mx(v)),
where 7y is the map in (2.1). Let

i:P(V) > CxP(V), v (mc(v), v) (2.3)
be the closed embedding, where ¢ is the map in (2.1). The composition of maps
P(V) - C xP(V) 225 0 x X

evidently coincides with 7. Let

q: pT,QXV — .0(1)
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be the surjective homomorphism given by the following composition of homomorphism of
sheaves

ProxV — 6Pl V = i,mV 25 .0(1) — 0
on C' x P(V), where ¢’ is the projection in (2.2). Denote
V := kernel(q) C PiaxV;
so we have the short exact sequence
0 — V — pioxV -5 4,0(1) — 0. (2.4)
Restricting (2.4) to ¢(P(V)) = P(V) we get a right exact sequence

iV — PV 2wV L 0(1) — 0,

where ¢ and ¢ are the maps in (2.3) and (2.2) respectively. In view of (2.4), the above
homomorphism *)V — 7*V factors through a surjective homomorphism

PV — Q. (1) — 0. (2.5)

Proposition 2.1. There is a natural isomorphism *V(—=1) = Qpyy)x. The composition of
this isomorphism with the tensor product of (2.5) with O(—1)

Qpovyx = iV(=1) —

coincides with the natural surjection of cotangent bundles Qpry/x — 2 — 0.

Proof. The codimension of a subvariety A C B will be denoted by codim(A, B).

Let
AcCcBcCT

be smooth varieties such that A and B are closed in T. Assume that there is a quadruple

(G, W, s, §'), where

e G is a vector bundle on 7" with rank(G) = codim(A, T),

e s € HT, G) with the property that its vanishing defines A,
e W is a vector bundle on B with rank(W') = codim(A, B), and
e s’ € H°(B, W) with the property that its vanishing defines A.

Further assume that there is a homomorphism W — G|  that takes the section s’ to S‘ B
Consequently, we have a commutative diagram

\Y% ~
G|, — Layr/ 51 (2.6)

T

\Y ~
W|A—>IA/B/Ij/B.

For convenience C' x X will be denoted by Y. There is the natural inclusion map
P(V) xy P(V) — P(V) xx P(V)
and also the diagonal embedding
P(V) — P(V) xy P(V), z+— (2, 2).
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For 1 < i < j < 3, let p;; denote the projection of C' x P(V') x x P(V) to the product of its
i-th and j-th factor. Consider the diagram of homomorphisms on sheaves C' x P(V') x x P(V)

P12V - pTQPT,zxv = pikgping — P1pi.O(1) —=0 (2.7)
Pisi«O(1).
The dotted arrow gives a global section
s € H'(P(V) xx P(V), pas.(p1oV @ p13i.0(1))), - (2.8)

It is straightforward to check that this pes.(pj,VY ® pi4i.O(1)) is locally free. Let
Z c B(V) xx P(V)
be the vanishing locus of s in (2.8).

We will prove that Z is the diagonal in P(V') x x P(V).

To prove this we will first show that Z is contained in P(V') xy P(V'). For this consider
the commutative diagram

P(V) xx P(V) —= C x P(V) xx (V) —2% C x P(V)

L |

P(V) - C xP(V) C x X;

here j(a, b) = (wc(b), a, b) and ¢z(a, b) = b. Pullback (2.7) along the map j. It is easy to
see in this pullback that pj;i.O(1) is a line bundle supported on P(V) x x P(V) and p},i.O(1)
is a line bundle supported on P(V') xy P(V). Further restricting this pullback to Z we get
a surjection

Pi2i:0(1)], — pisiO0(1)| (2.9)
which shows that Z is contained P(V') xy P(V) and the homomorphism in (2.9) is an iso-
morphism. Consequently, the restrictions to Z of the two projection maps

G, Go : P(V) xy P(V) — P(V) (2.10)
actually coincide, which means that Z is contained in the diagonal.

Conversely, it is easily checked that the section s in (2.8) vanishes on the diagonal in
P(V) x x P(V). This proves the assertion that Z is the diagonal in P(V') xx P(V).

Let q1, g2 : P(V) xx P(V) — (V) denote the two projections. The sheaf pj, V¥ ®
Pi30.O(1) is supported on the image of j and it is locally free, in fact, it is isomorphic to
7PV @ ¢5O(1). Thus, we may identify pos.(pf, VY & pi3i.O(1)) with j*pi, VY @ ¢;O(1).
Denote j*pi, VY @ ¢5O(1) on P(V) x x P(V') by G. It is easily checked that the restriction of
s € HY(P(V) xx P(V), G) (see (2.8)) to P(V) xy P(V) factors as

O(-1) = G(-1) — g VY

(see (2.10)). Let W on P(V) xy P(V) be the locally free sheaf g5O(1) ® q;2/(—1). The
vanishing locus of the section s is precisely the diagonal. Restricting to the diagonal, and
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using (2.6) it follows that there is a commutative diagram

| i

Qp ==
This proves the proposition. O

3. ATIYAH SEQUENCE

Let V' be a locally free sheaf of rank r over a smooth variety X. Its Atiyah bundle
At(V) — X fits in the following Atiyah exact sequence

0 — &nd(V) — AL(V) — Tx — 0 (3.1)

(see [Ati57]). We recall a construction of (3.1) which will be used. Let Py — X denote the
principal GL,(C)-bundle associated to V. The differential of ¢ produces an exact sequence
on PV

0 — K = TPV/X — TPV ﬂ) q*TX — 0 (32)
Applying ¢, to it and then taking GL,(C)-invariants we get (3.1).
We have Ox C &nd(V); the quotient ad(V) := &nd(V')/Ox is identified with the sheaf

of endomorphisms of V' of trace zero. Define at(V) = At(V)/Ox. Taking the pushout of
(3.3) along the quotient map &nd(V) — ad(V') we get an exact sequence

0 — ad(V) — at(V) — Tx — 0. (3.3)

We will need an alternate description of (3.3). Consider the projective bundle P(V) - X
for V., and let

0 — TIF"(V)/X — TIP’(V) ﬂ> W*TX — 0 (34)
be the exact sequence on P(V') given by the differential dr.

Lemma 3.1. The sequence (3.3) coincides with the one obtained by applying m. to (3.4).

Proof. Consider the commutative diagram

Py x P 2 P(gV) L P(V) (3.5)
S

(p1 is the projection to the first factor). The differentials of the maps in it produce the
following commutative diagram (without the dotted arrow)

CTpwyx — ¢ TIP’ y — ¢ T

T K —— Tpgy) ——> q*TP
|

%“* K *TPV >k
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in which the rows and columns are short exact sequences. As P(¢*V) = P, xP™! it follows
that ¢ has a section s : #7Tp, — Tp+v). Define B := vyos, and consider the commutatlve
diagram of short exact sequences

0 K T, —= 7 ¢*Tx —= 0 (3.6)
|
Bo (6} l”
o~y o~y \V —~y
0 ——q"Tpevyyx —= ¢ Ipey)y —=q¢7Tx —=0.

We will prove that J is surjective and GL,(C)-equivariant.

For this it suffices to verify the assertion over an open subset U C X on which V' is trivial.
In this case (3.5) becomes

U x GL,(C) x ' L 7 x pr-1

p1~%l ™

U x GL,(C) —~ U
where q(u, A, [w]) = (u, [Aw]). Let (¢, X, 0) be an element in the fiber %*TPV‘(uA )y 1

is sent to (t, Xw) by ¢, where Xw € Tpr ’[ Aul is the image of Xw € T(Cr\o’ 1, Under the
natural map
C"\ {(0,0...,0)} — P"%
It is straightforward to see that the map
Blatn * T T waguy — TT0|agu) = T pau
is surjective.
The GL,(C) action on U x GL,(C) x P! is given by
(u, A, [w]) - g = (u, Ag, [g7 w]).
This action sends any (¢, X, 0) € 7T, pv‘ ) to (t, Xg, 0) € 7 Tp, Clearly,

(u,Ag,lg~ w])’
both these get mapped to the same vector in T ]p(v)} ([ Au])’ This completes the proof of the

assertion that 3 is GL,(C)-equivariant and surjective.

Next we will show that 7.(53) is surjective Again, this would be done locally For any
(u, A) € UxGL,(C), the bundle (¢*Tp)| (wpyxpr—1 18 SINPLY Ty ® Opqy,) @ Ty, There-
fore, the dimension

ho((u7 A) X PT_17 (?TP(V))‘(U,A)XPPJ

does not change. Thus, by Grauert’s theorem the canonical map
(%* (TTIP’(V)»‘(H’A) — ho((uu A) X ]P)Tila (fq\*TIP(V)>}(u7A)X]PJ7'f1>

is an isomorphism. Since m.(7*Tp,) = Tp,, to prove that 7.5 is surjective it suffices to
show that
TPV‘(u7A) — HO((U7A) X Pril? (&I*TP(V))‘(U’A)XPT_1) (37)

is surjective. Take any (¢, X) € Tpv‘(u 2 the map in (3.7) sends it to a pair consisting

of t and a vector field on P"~!. Computing as above, the vector field assigns to the point
[w] € P! the tangent vector XA 'w € Tpr-1p,). Vector fields on P(V,,) are naturally




INFINITESIMAL DEFORMATIONS OF SOME QUOT SCHEMES 9

identified with End(V,,)/(\-1d) = ad(V,). Thus, the map in (3.7) sends (¢, X) to (¢, X A~1).
Consequently, (3.7) is surjective and its kernel consists of pairs of the form (0, AA), which
implies that the kernel is one dimensional. This proves that 7, () is surjective with its kernel
being a line bundle on Py, .

The locally free sheaf K in (3.2) is identified with P, x M, (C); note that M,(C) is the
Lie algebra of GL,(C). The map K — Tp, has the following local description. Consider
an open set U C X over which V' is trivialized. For any (u, A) € U x GL,(C), the map

Tovraa = Kl — Trv|ga = Toa® Tor©.a

is identified with the map defined by X —— (0, AX). As 7.(0) is surjective, it follows
from Snake Lemma for 7, applied on (3.6) that the kernels of 7.(fy) and 7.(5) are the
same. Consequently, the kernel of 7,(/3) is precisely the trivial bundle Py x C sitting inside
Py x M,(C) as scalar matrices.

Apply ¢,7. to (3.6) and take the GL,(C) invariants. The top row of the resulting sequence
is the one in (3.1), while the bottom row is obtained by applying 7, to (3.4). The map
¢.(K) — m.(Tpqv)/X) is identified with the canonical map &nd(V) — ad(V). This
proves the lemma. O

Let
[At(V)] € Ext!(Tx, &End(V)) (3.8)

denote the class of the extension in (3.1).

Lemma 3.2. Let f : V. — V' be a morphism between vector bundles V, V' on X. Then
the image of the cohomology class [At(V')] in (3.8) under the natural map

Ext!(Tx, &nd(V)) L5 Ext!(Tx, Zom(V, V')

coincides with the image of A(V') under the natural map
Ext!(Tx, &nd(V")) =L Ext'(Tx, Zom(V, V')).

Proof. We will recall a description of the image of [At(V')] under the isomorphism
Ext'(Tx, &nd(V)) =2 Ext'(V, V @ Qy), (3.9)
where Qy = T%. The ideal sheaf of the reduced diagonal
AcCXxX

will be denoted by Z. Let py, po : X x X — X be the two natural projections. Tensoring
the exact sequence

0 — I/I? — Oxxx/I* — Op — 0.

with piV, and then applying ps., we get an exact sequence
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The extension class of this sequence is —[At(V')] under the isomorphism in (3.9); see [Ati57,
Theorem 5]. Now we have a natural diagram

00— VeQy —— pg*(pIV(X)OXXx/IQ) s V > 0
lf@id l lf (3.10)
0 —— V'@ Qx —— po.(p}V' @ Oxxx/T?) » V! > 0

where the top row (respectively, bottom row) corresponds to —[At(V)] € Ext'(V, V ® Qx)
(respectively, —[At(V")] € Ext'(V', V'®Qyx)). Consequently, the pushout of the top row of
(3.10) by the morphism Id ® f is same as the pullback of the bottom row by the morphism
f. In other words, the image of the class of top row under the map

Ext!(V, V@ Qy) 2%

coincides with the image of the class of the bottom row under the map

Ext!(V, V' ® Qx) —L Ext'(V, V' ® Qy).

Using this together with the canonical identification
Ext'(V, V' ® Qx) = BExt!(Tx, som(V, V')

the lemma follows. ]

Ext'(V, V' @ Q)

4. THE RELATIVE ATIYAH SEQUENCE

Let X be a smooth projective variety, C' a smooth projective curve and V' a vector bundle
on C'x X. Let

pc: OCxX — C and px : OCxX — X (4.1)

be the natural projections. Pulling back, along the inclusion map piTe — pile @ pxTx,
of the Atiyah exact sequence for V'

0 — End(V) — AL(V) — piTc @ pxTx — 0 (4.2)
we get the relative Atiyah sequence
0 — &End(V) — Ate(V) — pitTc — 0. (4.3)
The pushout of (4.3) along the projection &nd(V) — ad(V') produces an exact sequence
0 — ad(V) — ate(V) — piTc — 0 (4.4)
on C' x X. Henceforth, (4.4) will be referred to as the relative adjoint Atiyah sequence.
Let m : P(V) — C x X denote the projective bundle for V; define
o ==pcom : P(V) — C,
where p¢ is the projection in (4.1).

The tangent bundle sequence for the maps P(V) — C' x X 25 X (see (4.1)) produced
an exact sequence
0 — ,T7r — TP(V)/X — WZ‘TC — 0. (45)

The following lemma is similar to Lemma 3.1.
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Lemma 4.1. The sequence in (4.4) coincides with the one obtained by applying m,. to the
sequence in (4.5).

Proof. Applying m, to (4.5) we get the top row of the natural commutative diagram

0 (4.6)

0 ——ad

(V) — mTpwvy)x relc
0 —— ad(V) —= 1. Toy — peTe ® piy Ty — 0.

By Lemma 3.1 the lower sequence in (4.6) is the pushout of (4.2) by the quotient map
End(V) — ad(V'). Therefore, from the commutativity of (4.6) it follows that the top row
of it is the pushout of (4.3) by the quotient map &nd(V) — ad(V). O

Let f : Y — X be a morphism of smooth projective varieties. Define
F:=Idexf:CxY — CxX.
Let
pc : OxY — C
be the natural projection. Consider the Cartesian square

F/

P(F*V) ——=P(V) (4.7)
OxY —L-0xX
It is easily checked that applying F™* to the sequence
0 — m(T%) — m(Towyx) — pelec — — 0
the sequence
0 — W;(Tw) — W*(T]P’(F*V)/Y) — p*CTC' — 0
is obtained.
The following is a consequence of Lemma 4.1.

Corollary 4.2. The relative adjoint Atiyah sequence for F*V coincides with the one obtained
by applying F* to (4.4).

Proof. The proof is straightforward and it is omitted. O

Let
[Ate(V)] € Ext'(peTc, End(V))
be the class of (4.3). The next result follows immediately from Lemma 3.2.
Corollary 4.3. Let f : V. — V' be a morphism between vector bundles V, V' on X. Then
the image of [Atc (V)] under the natural map

Ext!(piTe, End(V)) L5 Ext!(piTe, #Hom(V, V')

coincides with the image of A(V') under the natural map

Ext' (pt,Te, End(V')) =L Bxt!(phTe, #Hom(V, V')).
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The following lemma will be used later. Consider the Cartesian square

/

P(gV) ———=P(V) (4.8)
ﬂi ! Ciﬂx

Lemma 4.4. Applying g, (see (4.8)) to the exact sequence
0 — T — Tpw)yx — mpcdlec — 0
yields the exact sequence
0 — 7 (g"Tn) — 7(g" Tovyyx) — gPeTe — 0,

where pc is the projection in (4.1).

Proof. The proof is straightforward and it is omitted. O

5. INFINITESIMAL DEFORMATION MAP

We continue with the notation of Section 4.

Applying the functor pe. to (4.3) produces a homomorphism
p:Te — R'pe.&nd(V) (5.1)
on C' which is called the infinitesimal deformation map. Take any ¢ € C, and define
Vo= V|, Let

pe + Toe — HY (X, End(V,)) (5.2)
.» obtained by

be the composition of the homomorphism p‘ 1o, - Toe — Rlpc.&nd(V)
restricting p in (5.1) to ¢ € C, with the natural map

R'pe&nd(V)|, — HY(X, End(V2)).

The homomorphism p. in (5.2) is called the infinitesimal deformation map, at ¢, for the
family of vector bundles V' on X parametrized by C.

Let . : P(V,) — X be the projective bundle for the above vector bundle V.. Denote
F:=Idegxm : CxP(V,) — CxX,

and let i, : ¢ x P(V.) — C x P(V,) be the natural inclusion map. Let K be the kernel of
the quotient map

F*V — il F*V 2 i Ve — i.Opy (1) — 0,
so it fits in the exact sequence
0 — K — F'V — i.Opy,(1) — 0. (5.3)
From this one easily computes that det(K) = det(F*V) ® ptOc(—c).
Applying i* to (5.3) we get a right exact sequence
Wl — CFV = 1V, — Opy(1) — 0.

This produces a surjection
K — Q. (1). (5.4)
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The kernel of this map is a line bundle. Taking determinants and using det(K) = det(F*V)®
PeOc(—c) it is easily checked that the kernel in (5.4) is

Opvy(1) @ pOc(—0)|, = Opr(1) @c T, -
Therefore, we get an exact sequence
0 — Opwy(l) @cT¢h, — K — Qr (1) — 0. (5.5)
Dualizing (5.5) and twisting with Op(y,)(1) produces an exact sequence
0 — Tp, — i:KY(1) — Opyy ®c Toe — 0. (5.6)
Applying 7. to (5.6) we get the sequence
0 — ad(V,) — 7.i:KY(1) — Ox ®@c T — 0 (5.7)
on X. The long exact sequence of cohomologies for (5.7) gives a map
H(X, Ox) ®@c Tee — H'(X, ad(V,)). (5.8)

Lemma 5.1. The image of the map in (5.8) coincides with the image of the following
composition of homomorphisms:

To. 2 HY(X, &nd(V.)) — HY(X, End(V,)/Ox) = HY(X, ad(V,)), (5.9)

where p. is the homomorphism in (5.2).

Proof. The images of the maps in (5.8) and (5.9) correspond to extension classes determined
by two short exact sequences on X. Thus, to prove the Lemma, it suffices to show that the
corresponding short exact sequences can be identified with each other. It is straightforward
to see, using the definition of p. in (5.2), that the image of the map in (5.9) corresponds
to the restriction of the short exact sequence (4.4) to ¢ x X. Thus, it suffices to show that
the restriction of the short exact sequence (4.4) to ¢ x X is identified with the short exact
sequence (5.7).

Using Lemma 4.1 the sequence (4.4) is identified with
0 — T — m1Ipwvyx — masle — 0.

Applying Lemma 4.4 by taking g (in equation (4.8)) to be the inclusion map ex X — C'x X,
it follows that the restriction of (4.4) to ¢ x X is

0 — Teu(Tul ) — Tee(Tovysxlpny) — Tes (2 TCpgy,)) — 0. (5.10)

It now remains to identify this sequence with (5.7).

In Proposition 2.1 it was proved that on P(V'), the natural surjection of cotangent bundles
Qpvy/x — i, coincides with the map of bundles i*V(—1) — Q. in (2.5). It is easily
checked that, the restriction of the map *V — Q. (1) in (2.5) to P(V,), is the map i*}C —
Q..(1), that was obtained in (5.4). Putting these two together, we see that the restriction,
QP(V)/X|JP(V) — QW|P(V) coincides with the map if/C(—1) — 2., obtained after twisting
(5.4). Taking dual we see that the map TW‘]P’(V) — Tp(v)/X}P(V) is identified with T;, —
%KV (1), which appears in (5.6). Now applying 7. we see that (5.10) is identified with (5.7).
This completes the proof of the Lemma. U
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Remark 5.2. We summarize what we have done above as follows. Given a triple (¢, X, V),
where V' is a vector bundle on C' x X, and ¢ € C' is a closed point, we produced a short
exact sequence (5.7) on X. We shall refer to this short exact sequence as SES(c, X, V).
In Lemma 5.1 we proved that SES(c, X, V') is the same as restricting the relative adjoint
Atiyah sequence of V' to ¢x X. We also produced another triple (¢, X1, V), where X; = P(V,)
and V3 = K. The next Proposition combined with Lemma 5.1 shows that SES(c, X1, V}) is
non-split on X;. We will use this in the proof of Lemma 8.3.

We have the following Proposition due to Narasimhan and Ramanan.

Proposition 5.3. The infinitesimal deformation map of IKC (see (5.3)) at ¢, that is, the map
in (5.2)

To. 255 H(P(V,), £nd(i2K))
1S 1njective.
Proof. 1f the vector bundle F is defined by the cocycle {ans} on a variety X, then the Atiyah
bundle At(F) is given by the cocycle {—aqpdaqs}; this is well known, for example, see [BROS,
§ 4.4]. Tt is easily checked that, after identifying &nd(F) with &nd(F") using the transpose

map, the Atiyah bundle At(F") is given by the cocycle {ansdaas}. Thus, the classes At(F)
and At(F") differ by a minus sign in H'(X, &nd(F) @ Qx).

If we take X = C' x P(V.) and apply the above to I, then it is clear that the images of
At(K) and At(KV) differ by a minus sign in H'(P(V,), &nd(i:K)). From this it follows that
the infinitesimal deformation map at ¢ for K is injective if and only if the infinitesimal defor-
mation map at ¢ for KV is injective. The injectivity for KV is proved in [NR75, Proposition
4.4]. O

6. CANONICAL BUNDLE OF S,

In this section we begin by recalling a construction from [GS20, § 4]. The main result of
this section is Lemma 6.1. All assertions in this section, before Lemma 6.1, can be proved
by using minor modifications of the proofs in [GS20, § 4,§ 5].

As before, C' is a complex projective curve and £ — (' a vector bundle of rank r. Let
D € C@. We fix an ordering of the points of D

(€1, coy - o+, cq) € ce. (6.1)

We will use this ordering to inductively construct a variety S; and a vector bundle A; —
CxS;jforall < j <d.
Set Sy = SpecC and Ay = E. For j > 1, we will define (5;, A;) assuming that the pair
(Sj—1, Aj_1) has been defined. Let
Qi1 {Cj} X Sj—l — C X Sj—lu ij : {Cj} X Sj — (C X Sj

be the natural closed immersions, where ¢; is the point in (6.1). Consider the projective
bundle

fj7j—1 : Sj = P(a;_lAj_l) — Sj—l (62)
and define the map

F},jfl = IdC X fj,j*l - O x Sj — (O x ijl- (63)
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Let p1j : CxS; — Cand py; : C'xS; — S; be the natural projections. For each j,
we have the following diagram

{Cj}XSjL)CXSjMCXSj_l

\ lPQ,j lpzj—l
o1
fig—1 ’
AL L NN
SJ

Sj_l

Let O;(1) — S, denote the universal line bundle. Then over C' x S; we have the homo-
morphisms

F;j—lAJ'—l — (Z‘j)*i;F;j—lAj—l (6.4)
= (i)} 105 141

— (13):0;(1)
Define A; to be the kernel of the composition of homomorphisms F._;A;_1 — (i;).0;(1)

JJ=1
in (6.4). Thus, we have the following short exact sequence on C' x S;
0 — Aj — F;j_lAj—l — Z]*(O]<1)) — 0. (65)

Note that A; is locally free on C' x S;. Thus, (S;, A;) is constructed.
Ford > j > ¢ > 0, define morphisms
fii = fijo10...0 fiz1s 0 S; — S, (6.6)
Fi;, =lde x fj; = Fjj-10...0F1,;, : CxS; — CxS;.
Note that both the morphisms are flat.
Closed points of Sy are in bijective correspondence with the filtrations
EiCFEyy CEyeC--CE CEy=FL,
where each Ej is a locally free sheaf of rank » on C and E;/E;; is a skyscraper sheaf of
degree one supported at c¢j1; € C.

Let p1 : C x S; — (' denote the natural projection. We will construct a quotient of
piE. Using the flatness of Fj;, and pulling back (6.5), for i =0,...,d—1, we get a sequence
of inclusions

Ag C g Aa C Fyy0Aae C - C Fj AL C FjgAy = piE. (6.7)
Define
Bf == piE/F;;A; = F;,(piE/A;),
so B4 fits in the exact sequence
0 — Ay — pilE — B — 0. (6.8)
The sheaf B is Sy-flat.

Pulling back the exact sequence (6.5) on C' x S; along Fy; and using flatness of Fy ;, we
see that

FojaAji/FiA = Fiui;).(0;(1) = f3,;(0;(1)).
Thus, for each j there is an exact sequence on C' x Sy

0 — f1;(0;(1)) — B} — B, — 0.
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The support of ij is finite over S;. Consider the natural projection py : C' x S35 — 9y,
and apply pa. to the above sequence; taking the top exterior products, we have

det p2* Bd ®fd] (69)

Consider the Hilbert-Chow map
¢ Q — CW (6.10)

The universal property of Q and (6.8) yields a morphism g4 : Sy — Q. Let Qp denote
the scheme theoretic fiber of ¢ over the point D € C@. It is straightforward to check that
gq factors as

a:Ss — 9p (6.11)
(the same notation g4 is used for the map it is factoring through).

Lemma 6.1. There is a line bundle L on Qp (see (6.11)) such that the canonical bundle
of Sq 1s isomorphic to g;L.

Sa

Proof. We will compute Kg, by induction on d. Recall the exact sequence (6.5) on C' x S;
defining A;
0 — A, — F'. A1 — i;(0;(1)) — 0.

Ji—1
The rightmost sheaf is a line bundle on the divisor ¢; x S; and so
det(Aj) = det(ﬁ;kj 1Aj_1) ®p*COC’(_Cj)7 (612)

where pc : C' x §; — C denotes the projection. Since S; is obtained as a tower of
projective bundles, it follows that the restriction of a line bundle £ on C' x S; to {c} x S, is
independent of the point c. Restricting (6.12) to ¢; x S; we get that

det(Aj|chsj> (F;_det(A;- ))|cjxs]~
- ]] 1(det(A )|C'><Sj—l>

- ].7 1 <det J— 1‘0 1><Sj,1)> ’

The last equality makes sense only when j > 1. However, when j = 1,

det(Al‘clxsl) - in(det(AO)’qXSO)’

and the bundle on the right hand side is trivial. Thus, by descending induction on j we
conclude that det(A; | ) is trivial. This also shows that det(A; | ) is trivial for all c.

For a locally free sheaf of rank r on a smooth variety X and the corresponding projective
bundle 7 : P(E) — X ,

Kpg) = 7*(det(E) ® Kx) ® Opg)(—r) .

Setting X = S;_; and £ = Ajfl‘oxs.,l’ we conclude that

Kg.

J

_f]] 1KS 1®O( )
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(note that det(FE) is trivial). Using induction we get the first equality in the following.

®fd] = (det(pa.(BS))1)®".

The second equality follows using equation (6.9). It follows from [GS21, Lemma 3.1] that
p2«(B2) is the pullback along g4 (see (6.11)) of a locally free sheaf from Q. Thus, the line
bundle det(pa.(B2)) is the pullback along g4 of a line bundle from Q, and hence it is the
pullback of a line bundle from Qp. This completes the proof of the Lemma. O

Corollary 6.2. Let V be a locally free sheaf on Qp. Then H'(Qp, V) = H'(Sy, g3V).

Proof. As g, is birational (see [GS20, Proposition 5.13]), and Qp is normal (see [GS20,
Corollary 6.6]), it follows that g4.(Os,) = Og,. From [Laz04, Theorem 4.3.9] it follows
that R7g4(Ks,) = 0 for all ¢ > 0. Using Lemma 6.1 this shows that R1g4(0g,) @ L = 0
for ¢ > 0, that is, R%g4(Os,) = 0 for ¢ > 0. Now the result follows using the Leray
spectral sequence. l

7. PROJECTIVE BUNDLE COMPUTATIONS

We collect here some facts which shall be used later. Let E be a locally free sheaf of rank
r on a scheme T' and P(E) — T the corresponding projective bundle. Then we have an
exact sequence on P(FE)

0 — Qi (1) — 7E — Opm (1) — 0. (7.1)
Lemma 7.1. With notation as above,

(1) Rim(Q:(1)) = 0 V4,

(2) H'(B(E), Q.(1)) = 0 ¥
(3) R'm(Op)(—1)) = 0 V4,

(4) H'(B(E), Op(ry(—1)) = 0 Vi,

(5) H'(P(E), 7 (—1)2 =0Vi,

(6) H'(P(E), Opr)) — HTHP(E), Qz) Vi,
(7) H(P(E), W*Ev(1)®9ﬂ) =0 Vi,

(8) H(P(E), &nd(Qy)) — HTYP(E), Q) Vi,

Proof. Note that for any ¢ € T from the Euler sequence on the projective space P(E;)
0 — Qo) (1) — Bt @ Ops,y) — Opmy(l) — 0

it follows that ‘
H'(P(EY), Qpy(1)) =0 V i > 0.
Also we have that H (P(E;), Opg,)(—1)) = 0 for all i > 0. By Grauert’s theorem we get
that
R'7m.(2:(1)) = R (Oppy(—1)) =0 V i > 0.
Therefore we get (1) and (3). Using the Leray spectral sequence we see that (2) and (4)
follows immediately from (1) and (3) respectively. From projection formula and (3) we get
that
R (r*E(-1)) = E® R'm.(Opy(—1)) =0 V i > 0.
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Therefore (5) again follows from the Leray spectral sequence. Twisting (7.1) by Opg)(1) we
get an exact sequence

0 — Q — 7"E(-1) — Opy — 0.

Considering the associated long exact sequence of cohomologies, and applying (5), we get
(6). Using projection formula and (1) we get that

Rm (mEY(1)®Q,;) = Y@ R7. (Q:(1)) =0 V i>0.
Therefore (7) follows from the Leray spectral sequence. For the last assertion consider the
exact sequence
0 — Q — 7B (1)@ Q0 — End(Q;) — 0
obtained by tensoring the dual of (7.1) with Q,. Taking the corresponding long exact
sequence of cohomologies and using (7) we see that the statement follows. O

Next let G be a locally free sheaf on C' x T" with C' being a smooth projective curve. Set
G. = G’ and consider the corresponding projective bundle P(G,) — T. Define
F:=Idexm:CxP(G,) — CxT.

Let i : {c} x P(G.) — C x P(G.) be the inclusion map. On C' x P(G.) we have the short
exact sequence

exT?

0 — K — F'G — i. (Opc.,)(1)) — 0; (7.2)
the map on the right is the composition as in (6.4). It is evident that
F*G(—C X P(Gc>) = "G ® OCXIP’(GC)(_C X ]P)(GC)) Cc K.

Restricting (7.2) to {c} x P(G.) we see that the quotient of the above inclusion is i, (€2, (1)).
It, furthermore, fits in a commutative diagram

0 — > F*G(—c x P(G.)) T i(2:(1) —=0 (7.3)
0 L i (IC|CX1P,(GC)> i (Q4(1) —0

The kernel of the left and middle vertical arrows are both K(—c x P(G.)). From this de-
scription it is clear that the left vertical arrow in (7.3) is the cokernel of the inclusion map

K(—c x P(G,)) € F*G(—c x P(G,))

which is obtained by tensoring the inclusion map K C F*G with Ocxpa,)(—c x P(G,.)). In
particular,

o [ = Z*(Op(gc)(l)), and
e the left vertical arrow in (7.3) is identified with the map F*G — i.(Op(.)(1)) in
(7.2).

Lemma 7.2. Using the above notation, for alli > 0, and t € C, the natural maps
(1) H (P(Ge), F*G(=¢ x PG| oy ) — H (PG, K, ) and

(2) H' (IP’(GC), FGY ) T (IP(GC), K|

Ge) txP(Ge)

are 1somorphisms.
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Proof. The inclusions maps F*G(—c x P(G.)) € K C F*G are isomorphisms outside
¢ x P(G.). Thus, it suffices to prove the two assertions under the assumption that ¢ = t.
From the above discussion it follows that the map in (1) is identified with the composition
of homomorphisms

Hi (P(Gc)v F*G‘CXP(GC)> — HZ(P(GC)7 OP(GC)(]')) — HZ (P(Gc)v ’C‘CXP(GC)> .
From Lemma 7.1 it follows that both these maps are isomorphisms.
The map F*GV}CX]P,(GC) — ICV|CX]P(GC) factors as
* YV \
LNE }CXIP’(GC) — Tx(-1) — K |c><]P’(Gc) '
Taking cohomology, the second assertion in the lemma follows using Lemma 7.1. U
8. COHOMOLOGY OF SOME SHEAVES ON Sy
Recall from Section 6 that associated to a divisor D € C'¥ and an ordering (cy, co, .. . , cq)
of points of D we have the schemes S; for 1 < j < d. In this section we again fix this divisor
D. We now choose the ordering (cq, o, . .., ¢q) of D in the following manner: Define ¢; to be

any point in D. Now suppose we have defined ¢; for 1 < j < d—1. Then we define ¢;; to
be ¢; if ¢; € D\ {ec1,c¢a,...,¢;}. Otherwise define ¢; to be any point in D\ {c1, ¢, ..., ¢;}.
Throughout this section, we fix this ordering of D. To clarify, the above conditions on the
ordering do not determine the ordering uniquely.

For every 1 < j < d, let
Qj — Sj
be the relative cotangent bundle of the map f;;_; in (6.6). We have the relative Euler
sequence

0 — (1) — fi,105 A1 — O;(1) — 0 (8.1)
on ;. For the sequence in (6.5)

0 — A; — F;

Aj,1 — (ZJ)*O](l) — O,
since the quotient is supported on c¢; x S;, there are the natural inclusion maps

Fr. A 1(—Cj XS]') C Aj and F7, A;/ 1 € A;/

3J—17— Jj—175—
For a locally free sheaf V on C' x S;, and an effective divisor D" on C, the vector bundle
V @ ptOc(—D") will be denoted by V(—D’) (this involves a mild abuse of notation).

Lemma 8.1. Let D’ be an effective divisor on C. For alli > 0, andt € C, the two natural
maps

(1) H' (5j> Fyj1Aja((=¢; = D') X Sj)‘txsj> — I <Sj’ Aj<_D/)|tX$j)
(2) H (Sjv F]fj—lA]v'—1|t><Sj) — i <Sj’ Ajv|t><sj)
are 1somorphisms.

Proof. This follows from Lemma 7.2 by setting 7' = S;_1, G = A;_1(=D’) and ¢ = ¢; in
it. 0
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Recall from (6.8) that we have an exact sequence
0 — Ay — F;,Ag — B — 0
on C' x Sy, and a filtration
Ag C Fiy 1Aq1 C Fjy 0Aq0 2 C -+ C Fj A C FjyAo = piE
(see (6.7)). Since B¢ is supported on D x Sy, there is an inclusion map
FjoAo(—D) C Ay,
Corollary 8.2. For anyt € C, the following statements hold:

(1) the natural map H' (Sd, FjoAo(—=D x Sd)}txs) — H° (Sd, Ad|t><Sd> is an isomor-
phism,
(2) the natural map H* <Sd, FjvoAgLXsd) — H! (Sd, A\d/}txsd> is an isomorphism,

(3) H' (Sa, Adl,s,) =0 Vi > 0, and
(4) B (S0, Afl,g,) =0 Vi >0

Proof. First statement (2) will be proved. For i, j > 0, we have a commutative square

Hi (Sd, FJJA}/‘tXSd> HZ (Sd, Fj’j+1A;/+1 thd)
H (Sj+1v F;—l-l,jA}/‘thﬁl) — (Sﬂ_l’ A}/"'l‘tXSﬁl)

The lower horizontal arrow is an isomorphism using Lemma 8.1. Therefore the upper hori-
zontal arrow is also an isomorphism. The composition

i * \% ) * i Vv
H (sd, Fd70A0|thd> s H (Sd, Fd71AY|thd> .. s H <5d, Adhxsd)
of these upper horizontal isomorphisms for j = 0, 1, --- , d — 1 produces an isomorphism
H (Sd, Fj}oA(\)/’thJ — H <Sd, A21/|t><5’d>' This proves (2).
Now note that we have

Fi0Aolixs, = piE)| = E®0s,.

txSq

This and (2) together prove statement (4).
For every 0 < 7 < d — 1 define the divisor



INFINITESIMAL DEFORMATIONS OF SOME QUOT SCHEMES 21

on C. Define Dy =0. For d >, j > 0, we have a commutative square

o (Sd, Fy i (Aj(=Dj x Sj"'l))‘txsd) —H <5d, Fy i (Aj(=Dj ¥ Sj+1))|t><5d>

H' <5j+1> Fi(A(=D;j % Sj+1))’txsj+l> — (Sj+1’ Ajrr(=Djr % SJ‘H)Lstl)

The lower horizontal arrow is an isomorphism using Lemma 8.1. Therefore the upper hori-
zontal arrow is also an isomorphism. The composition of these upper horizontal arrows for
j=01---,d—-1

Hi <Sd7 Fj’o(AQ(_D X Sl)‘txé}) — Hz (de F;,I(Aj(_Dl X SQ)‘thd>

—_ . — Hz (Sd, Ad|t><5d>

produces an isomorphism H* (Sd, Fo(Ao(=D x Sl)‘txs) — H (Sd, Ad|t><5d>' This
proves (1).
Again, (3) follows using (1) and the fact that Fj;Ag(—Dx Sy) }tXSd is the trivial bundle. [

For convenience of notation, denote G4 := Adlc ‘s
d d

Lemma 8.3. Using the above notation,
(]) hl(Sd, é’nd(Gd)) =1

(2) h'(Sy, End(Gy)) = 0 for alli > 2,
(3) h'(Sy, GY(1)) = 0 foralli > 1.

Proof. The lemma will be proved by induction on d. First set d = 1. Then S; = P(E,,)
and G sits in the short exact sequence

0 — O]pr—l(l) — Gl — Q]Pw—l(l) — 0
Since HY(P™~!, Tpr-1) = 0, this sequence splits. Using this, it is easily checked that all three
assertions of the lemma are true when d = 1.

Let 6 > 2 and assume that the lemma holds for all 1 < d < §—1. Set d = §. We will
first prove (3).

Set X = Sy 1andV = Ay 1 on C'x X. Then the quotient in (5.3) is exactly the quotient
in (6.4) when j = d. Thus, the short exact sequence in (5.3) is identified with the short
exact sequence (6.5). In that case, (5.5) becomes

0 — O4(1) — Gg — Q4(1) — 0. (8.2)
Let T; — Sy denote the relative tangent bundle for the map fyq4-1 : Sq —> Sa—1 (take
j =din (6.2)). Dualizing (8.2) and after a twist we have an exact sequence on Sy
0 — Ty — Gy(1) — Og, — 0 (8.3)
This sequence is identified with the short exact sequence in (5.6). Since

R faa-1:(Ty) = R f14-1:(0sg,) = 0
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for all i > 1, it follows that R'fs4 1.(GY(1)) = 0 for i > 1. Therefore by Leray spectral
sequence we get that

H'(S4,Gy(1)) = H'(Su-1, faa-1:(Gy(1))) .-
Thus, it suffices to compute dimensions of H(Sy 1, faq-1+(GY(1))). Recall that Sy is the
projective bundle associated to the bundle Ad_llch Syt Therefore the sheaf f;q-1.(Ty) is

aal(Ad_1|CdX Sd—l). Applying fi4-1. to (8.3) we get an exact sequence
0— ad(Ad,1|CdXsd71) — fua1:(GY (1)) — Og, , — 0. (8.4)
First consider the case where ¢; # c4_1. By the choice of the ordering (cq,ca, ..., cq)

made in the beginning of this section, this means that c¢; appears in D with multiplicity 1,
and hence we can write D = ¢4+ D’ such that ¢4 does not appear in the support of D’. The
sheaf A1 on C' x S, agrees with p&E outside D' x S;_y. It follows that Ad,l‘ ’ is

C XSd71
the trivial bundle. Therefore
H' (Sar, ad (A, ) =0 Vi > 0.
From the long exact sequence of (8.4) it follows that
h(Sa, Gi(1)) = h'(Sa-1, faa1(Gi(1))) = 0
for all 7 > 1.

Next consider the case where cg = cq4_1. Set Y = Sy o, W = Ay_5 and ¢ = ¢4_1. Then
we have a triple (¢, Y, W) as in Remark 5.2. We observed in Remark 5.2 that we get a triple
(¢, Y1, Wq) such that SES(c, Y7, W) is non-split. We leave it to the reader to check that
SES(c, Y1, W) is exactly (8.4).

As a consequence, it follows that the boundary map in the cohomology sequence of (8.4),
that is,

HO (Sq1, Os,,) — H' (Sar, 0d (a6, ) (8.5)

is an inclusion. By inductive hypothesis, using ¢4 = c4_1, and the rationality of Sy, we
get that

B (Sd_l,ad (Ad_lywsd_l)) — (sd_l,cs’nd (Ad—l\cdxsd_l))
= 0t (S nd (Acal,, s, )
— h'(Sy_1, End(Gar)) = 1,

R (Sd—l,ad <Ad—1‘cdx5d71>> =N (Sd_l, énd (Ad_1|CdXSd71>>
(

= h' (Sdfl, @f”‘nd(Gd,l)) =0 V1 2 2.

Consequently, the boundary map in (8.5) is an isomorphism. It follows from the long exact
sequence of cohomologies associated to (8.4) that

R (Sa-1, faa-1:(Gi(1))) = h'(Sa, G4 (1)) = 0

for i > 1. This proves the third assertion of the lemma when d = 4.
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Tensoring (8.2) with G we get the sequence
0 — Gy(1) — End(Gyg) — Gy @ 0Q4(1) — 0.

Using (3) we see that h'(Sy, &nd(Gq)) = h'(Sa, Gy @ Qq(1)) for i > 1. We have a short
exact sequence obtained by tensoring (8.3) with €,

0 — &nd(Qy) — G @Q(1) — Qg — 0.
Since fyga—1 : Sq —> Sa—1 in (6.2) is a projective bundle, using Lemma 7.1 it follows that
h'(Sg, End(2)) = h'(Sq, Os,) =0 Vi > 0.
Therefore, (again using Lemma 7.1) we get
R (S, G @ Qq(1)) = h'(S4, Q) = h'"1(Sy, Og,)

for i > 1. Thus, h'(Sy, &nd(Gy)) = h'1(S4, Og,) for i > 1, which proves the first two
assertions of the lemma for d = 9. This completes the proof of the lemma. U

9. ON THE GEOMETRY OF Q

9.1. Notation. As before, the d-th symmetric product of C' is denoted by C®. Let

P CxQ — C, p: CxQ — Q, (9.1)
g COxCY — C ¢ :CxCYD — W@ (9.2)
denote the natural projections. Recall that there is a universal exact sequence on C' x Q
0 — A— pijF — B — 0. (9.3)
Let
Y CCx0W (9.4)

be the universal divisor. Define
d:=Idex¢:CxQ— CxC9, (9.5)
where ¢ is the Hilbert-Chow map in (6.10).

9.2. Direct image of sheaves on C' x Q.
Corollary 9.1. The following statements hold:

(]) CI)*OCXQ = OCXC(d) and Ri@*OCxQ =0 Vi>0.
(2) gb*OQ = Oc(d) and Rigb*(’)g =0 Vi>0.

Proof. The fibers of ¢ (respectively, ®) over any point D € C@ (respectively, (c, D) €
C x C?) is isomorphic to Qp. By Corollary 6.2 we have h'(Qp, Og,) = h*(S4, Os,). Since
Sy is a tower of projective bundles, it follows that h%(Sy, Og,) = 1 and h'(Sy, Og,) = 0 for
all i > 0. As both ¢ and ® are flat morphisms (see [GS20, Corollary 6.3]), the result now
follows from Grauert’s theorem [Har77, p. 288-289, Corollary 12.9]. O
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Let
ZC (CxQ (9.6)

be the zero scheme of the inclusion map det(A) — det(pjE), where p; is the map in (9.1).
From the definition of ¢ it follows immediately that ®*> = Z. In fact, Z sits in the following
commutative diagram in which both squares are Cartesian

Z—(CxQ—=0Q (9.7)

A T,

S O x O s )
(see (9.4) and (9.6)) and the composition of the top horizontal maps is a finite morphism;
the same holds for the composition of the bottom horizontal maps in (9.7). The ideal
sheaf Ocxo(—2Z) therefore annihilates B in (9.3), which in turn produces an inclusion map
piE(—Z) C A, where p; is the map in (9.1). Applying @, and using Corollary 9.1 an
inclusion map

GE(-Y) = O piE(-2)] — &.A (9.8)
is obtained, where ¢; is the map in (9.2). We also have the natural inclusion map p;EY —
AY. Applying @, and using Corollary 9.1 we get an inclusion map
GEY — o, (AY).

Proposition 9.2. The following statements hold:

(1) The natural map qiE(=%) — ®.A is an isomorphism (see (9.8)).
(2) The natural map q;EY — ®.(AY) is an isomorphism.
(3) R"®,A = R'®.(AY) = 0 forall i > 0.

Proof. First consider the map ®,[p;E(—2)] — ®,A. Fix (¢, D) € C x C¥. We will
show that the homomorphism

HO (c % Qp, p’;E(—Z)\CXQD) S HO (C x Qb, A\CXQD> (9.9)

is an isomorphism.

In view of Corollary 6.2, showing that (9.9) is an isomorphism is equivalent to showing
that the map

HO (ex 84, pE(=D)|.5,) — H* (€% Sa, Adl,.5,)
is an isomorphism. But this is precisely the content of Corollary 8.2 (1) when ¢ = 0. Since

A is flat over C x C@ | using Grauert’s theorem, [Har77, Corollary 12.9], it now follows that
¢tE(-Y) — ®.A is an isomorphism.

The other two statements follow from Corollary 8.2 in the same way. U
Corollary 9.3. The natural map
G FE ‘E — . B
is an isomorphism, where ¥ is defined in (9.4) and q, (respectively, ®) is the map in (9.2)
(respectively, (9.5)). Moreover,
R®,B =0
for alli > 0.
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Proof. Using projection formula and Corollary 9.1 it follows that
O piE = ¢F and R'®.piE = ¢{E® R'®,0cxg = 0

for all ¢ > 0. Therefore the statement follows immediately by applying ®, to the universal
exact sequence
0 — A—pilF — B —0

and using Proposition 9.2. O

Lemma 9.4. The natural map Oz — Fom(B, B), where Z is defined in (9.6), is an
isomorphism.

Proof. We will first show that Z is an integral and normal scheme. First let us show Z
is irreducible. As the squares in (9.7) are Cartesian, it follows that the fibers of the map
Z — X are the same as the fibers of the ¢. These fibers have the same dimension (see
[GS20, Proposition 6.1]) and X is irreducible. It follows Z is irreducible.

Next consider the locus U where the map ¢ is smooth. The set U meets each fiber of ¢
in an open set whose complement has codimension at least two (see [GS20, Corollary 5.6,
5.7]). It follows that Uz := (C' x U)N Z is an open set in Z where Z — ¥ is smooth and
codim(Z \ Uz, Z) > 2.

As ¥ is smooth, it follows that Uz is smooth. Thus, Z satisfies Serre’s conditions Ry,
Ry. That the fibers of ® (and hence of Z — ) are Cohen-Macaulay is proved in [GS20,
Corollary 6.4] (this is not explicitly mentioned in the statement of the Corollary, but is
mentioned in the proof). It follows from [Stk, Tag 045.J] (or see Corollary to [Mat86, Theorem
23.3]) that the Z is Cohen-Macaulay. This shows that Z is reduced, integral and normal.

Next we show that B in (9.3) is a torsionfree Oz-module. Indeed, if B’ C B is a torsion
Oz-module, then it is also torsion as a Og-module. This is a contradiction as B is a coherent
and flat Og-module. Hence B is a torsionfree Oz-module.

Let Spec(A) C Z be an affine open set, and let B4 denote the module corresponding to
B. We have the inclusion maps

A C HOHIA(BA, BA) C HOHIK(A)<BA Xa K(A), Bi®a4 K(A)) = K(A)

As A is normal, and Homa(Bga, B,) is a finite A-module, it follows that Hom(Ba, Ba)
coincides with A. This proves the lemma. 0

Theorem 9.5. There is a map = that fits in a short exact sequence
0 — ad(qiE|,) — ®.50m(A, B) — R'®.End(A) — 0
on 2.

For every i > 1, there is a natural isomorphism
R'®,#om(A, B) — R™T®,&nd(A).
Proof. Application of s#om(A, —) to the exact sequence in (9.3) produces an exact sequence
0 — &nd(A) — Hom(A, piE) — Hom(A, B) — 0. (9.10)

Using the projection formula and Proposition 9.2 it follows that
R'®, #om(A, piE) = ¢{E® R'®,(AY) = 0
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for all i > 0. Therefore, applying @, to (9.10) produces an exact sequence

0 — ®,8nd(A) — d.Hom(A, piE) — &, 0m(A, B) — R'®.End(A) — 0 .
(9.11)
Moreover, we get that there is an isomorphism

R'®, #om(A, B) — R, End(A)
for every ¢+ > 1. This proves the second part of the theorem.
To prove the first part of the theorem, it is enough to show that the image of the map
O, Hom(A, piE) — D, om(A, B)
is isomorphic to ad(qu}E).
Consider the commutative diagram

0 —— Hom(piE, A) — Hom(piE, piE) —= Hom(piE, B) —=0

| | |

End(A) Hom(A, piE) Hom(A, B) ——0.

0

Using projection formula together with Proposition 9.2 it follows that
R'®, #om(piE, A) = ¢;EY @ R'®,A = 0,
¢, #om(A, piE) = E @ ,(AY) = Hom(G E, ¢F).
Consequently, applying ®, to the preceding diagram we get a diagram
00— &, Hom(piE, A) —= &, #om(piE, piE) — &, om(piE, B) —= 0

! | |

O, End(A) o, 0om(A, piE) —— &, 0om(A, B).

Thus, the image of the homomorphism ®,70m(A, piE) — . 80m(A, B) coincides
with the image of the homomorphism ¢, 70om(piE, B) — &, 0m(A, B). Now consider
the following commutative diagram in which the left vertical arrow is an isomorphism due
to Lemma 9.4

0

00— Oz —— End (piE| ) — ad (5E],) — 0

lN l l (9.12)

0 —— Hom(B, B) —— Hom(piE, B) —— Hom(A, B)

Applying &, to it and using Corollary 9.3 we get the diagram (the right vertical arrow is
defined to be Z)

0 Tz &nd (¢ Bl ad (47 E] ;)
0 —— &, om(B, B) —= o, om(piE, B) — &, 0m(A, B)

Therefore, the image of the homomorphism ®..7om(piE, B) — ®,..70m(A, B) is same
as the image of the map ad(qikE‘E) = ®,#0m(A, B). But the above diagram shows that

0 (9.13)
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this map is an inclusion. Hence its image is isomorphic to ad (q’l“E’E). This completes the
proof of the theorem.

Note that it follows from Theorem 9.5 that the sheaf R'®.&nd(A) is supported on X
for every i > 1. By Corollary 9.1, the canonical map R'®,&nd(A) — R'®,ad(A) is an
isomorphism. Recall the relative adjoint Atiyah sequence (see (4.4)) for the locally free sheaf

AonC x Q

0 — ad(A) — atc(A) — piTe — 0. (9.14)
Applying @, to (9.14) we get a map of sheaves
T — R'®.ad(A) (9.15)

on C' x C'@,

For ease of notation, let
7 X —C (9.16)

be the composite ¥ < C x C@ L O where ¢ is the map in (9.2).
Theorem 9.6. The map in (9.15) induces an isomorphism
¢Tcly, = @iTe — R'®.ad(A),
where ® is the map in (9.5). Moreover, R'®,.&nd(A) = 0 for alli > 2.
Proof. We have already observed above that R'®,ad(A) is supported on ¥. Thus, the map
¢;Tc — R'®,ad(A) factors through ¢;Tc|,, — R'®.ad(A).

Let (¢, D) € ¥ be a point. Then ¢ € D. We fix an ordering of the points of D as
mentioned at the beginning of Section 8. We also choose this ordering in such a way that
cq = c. Associated to this ordering, we have the space Sy as constructed in section 6. Recall,
from (6.11), the map g4 : Sq — Qp. We used the same notation to denote the composite
map Sy — Qp — Q. Consider the composite

Te. = q’{TC|(C7D) — Rlcb*ad(A)](cﬁD)
— 1 (Qp, ad (A, )) = H'(S ad(A],, ). (9.17)
The last map, which is induced by g¢,4, is an isomorphism by Corollary 6.2.

We will prove that the composite in (9.17) is an inclusion.
Take v € T¢,.. Let

a € H <QD’ ad <A|cng>) and B € H! (Sd, ad <A|std>) (9.18)
denote the images of v along maps in (9.17). We need to show that 5 # 0.

Consider the following diagram in which the square is Cartesian
ex Sy L5 exQp —— CxQ
| J»
(¢, D) —— O x C@

It is evident that a in (9.18) is the extension class of the short exact sequence obtained by
restricting (9.14) to ¢ x Qp. When we further pullback this short exact sequence using the
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map gq, we get the short exact sequence on S; whose extension class is 5 in (9.18). Thus,
is the extension class of the short exact sequence obtained by pulling back (9.14) along the
top horizontal row.

However, the top horizontal row ¢ x Sy Iy ex Op — C x Q factors as

xS — Ox 8y Mexva, oy 0.

We conclude that [ corresponds to the short exact sequence on S; obtained by pulling
back the sequence (9.14) along the map Ids x g4 and restricting it to ¢ x Sy. Note that
A|std = Ay (see (6.8)). By Corollary 4.2, the pullback of (9.14) along the map Id¢ X gq4 is
the relative adjoint Atiyah sequence for the bundle A; on C' x Sy, that is, the exact sequence

0 — ad(Ad) — atc(Ad) — p*CTC — 0. (919)

We shall use Proposition 5.3 to show that the restriction of (9.19) to ¢ x Sy is a non-trivial
extension. Set X = Sy_1, V = Az_1 on C x X and ¢ = ¢4 in Proposition 5.3. Note
that the quotient in (5.3) is exactly the quotient in (6.4) when we take j = d. As a result,
applying Proposition 5.3, we get that the infinitesimal deformation map of A4 at the point
cq is injective. This means that the class of the restriction of

0 — &nd(Ag) — Atc(Ag) — pilc — 0

to ¢ x Sy is non-zero. As H'(Sy, Og,) = 0, it follows that the class of the restriction of
(9.19) to ¢ x Sy is non-zero. This proves that § in (9.18) is nonzero. Thus the composite in
(9.17) is an inclusion.

From Lemma 8.3 it follows that h'(Sy, é"nd(Ad‘chd)) = 1. Thus, h'(Sq, ad(Ad|cxsd)) =

1. In view of the injectivity of the composite in (9.17), this implies that the composite map
in (9.17) is actually an isomorphism.

Since the composite in (9.17) is an isomorphism, it follows that the map

R'@.ad(A)] , , — H' (Qp, ad (4], )

is surjective. By the base change theorem [Har77, Chapter 3, Theorem 12.11] the surjectivity
of this map implies that it is in fact an isomorphism. Moreover, this also implies that

ai1c| wp) R'®,ad(A)| D)

is an isomorphism. As ¥ is integral we easily conclude that R'®,ad(A) is a line bundle, and
the first statement of the theorem follows easily.

Next we prove the second statement. Proceeding as above, it suffices to show that for
(¢, D) € &

H' (Sa, &nd (Ad,.5)) = 0

for i > 2. Now this is the content of Lemma 8.3. This completes the proof of the theorem.
O

Corollary 9.7.
(1) There is the following short exact sequence on ¥ (= is the map in (9.13))
0 — ad(qu|E) = o, 0om(A, B) — qTTC‘E — 0.
(2) Ri®, #0om(A, B) =0 fori > 1.
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(3) H(Z, &, 80m(A, B)) — HY(Z, #om(A, B)) for all i.

Proof. Statement (1) follows by combining the short exact sequence in the statement of The-
orem 9.5 with the isomorphism in Theorem 9.6. Statement (2) follows using the isomorphism
in the statement of Theorem 9.5 and the second assertion in Theorem 9.6. Statement (3)
follows using the Leray spectral sequence and (2). O

9.3. The tangent bundle of Q. The following proposition describing the tangent bundle
of Q is standard.

Proposition 9.8. The tangent bundle of Q 1is
To = py.(Hom(A, B)),

where po is the projection in (9.1).
Proof. The proof is same as that of [Str87, Theorem 7.1]. O

Recall that associated to a vector bundle V on C there is the Secant bundle on C(?
Sec'(V) = qulg;V]y]-
Theorem 9.9. The following statements hold:

(1) There is a diagram

0 — qjad(E)|, — qjat(E)|, —— ¢Tc|y, — 0

| l ) o

0 — qiad(E)| —= 5 &, om(A, B) —— R'®,ad(A) — 0

in which the squares commute up to a minus sign, where ¢ — 1 and ® are the maps in
(9.2) and (9.5) respectively. The right vertical arrow is the one coming from Theorem
9.6. In particular, the middle vertical arrow is an isomorphism.

(2) Sec¥(at(E)) — ¢.Tq.

(3) Ri¢.Tg = 0 for alli > 0.

Proof. We will first construct diagram (9.20). Denote by F the pushout of the diagram

0 ——— > ad(A) ——— > atc(A)

l (9.21)
HA'om(A, piE)/Ocxa.
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So using Snake lemma the following diagram is obtained:

0 0
0O —— ad\(’A) : atc:EA) ——— piTe —— 0
0 —— SHom(A, }};E)/OCXQ . F ; p;lc —— 0 (9.22)
e%”om\(A, B) %”om\(.A, B)
0 0

Recall that by Corollary 4.2 the relative adjoint Atiyah sequence of pjE on C' x Q, where p;
is the projection in (9.1), is simply the pullback of the relative adjoint Atiyah sequence for
E. From Corollary 4.3 it follows that the middle row in (9.22) coincides with the pushout of
relative adjoint Atiyah sequence of pjE by the morphism ad(piE) — Fom(A, piE)/O,
that is, we have a diagram

0 ———— pfad(E) ———  piat(E) —— piTc —— 0

| | | 09

0 —— Hom(A, piE)/Ocxo > F > piTe —— 0

Combining (9.22) and (9.23) we get maps
piat(E) — F — Hom(A, B).
Applying ®, we get a map
giat(E) — &, 70om(A, B) (9.24)
Next we show that in the following diagram the squares commute up to a minus sign:

0 —— ¢fad(E) ——— ¢fat(F) ———— ¢(Tc —— 0

l l l (9.25)

0 — gjad(E)|, —— ®,0om(A, B) —— R'®,ad(A) —— 0

Here the bottom sequence is the one in Theorem 9.5. The middle vertical arrow is given by
(9.24) while the right vertical arrow is given by the boundary map of the sequence obtained
by applying ®, to the relative adjoint Atiyah sequence of A. The commutativity of the box
in the left is evident as ®,.770om(A, B) is supported on . For the commutativity of the box
in the right, first recall that since F is a pushout of the diagram (9.21) we have a diagram
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in which the squares commute up to a minus sign

0 —— ad(A) > ato(A) y il ——— 0
0 —— ad(A) —— atc(A) @ Hom(A, piE)/Ocxo S > 0

f
0 —— ad(A) ——— Hom(A, piE)/Ocxg ——— Hom(A, B) —— 0
Applying ®, we get a diagram
T —— R'®.ad(A)

I |

¢at(E) —— &, F ———— R1®.ad(A)

l |

o, om(A, B) —— R'®,ad(A)

in which the squares commute up to a minus sign. This shows the commutativity of the right
square in (9.25) up to a minus sign. The first assertion of the theorem is proved because all
sheaves in the lower row of (9.20) are supported on .

It follows that we have an isomorphism ¢fat(E |2 =~ ¢, om(A, B). Applying go. to
this and using Proposition 9.8 yields the second assertion. The third assertion is deduced

from Corollary 9.7 using ¢»|.. and ps| . are finite maps. O

|5 and po| ;

9.4. Computation of cohomologies of 7. The following theorem is deduced using the
fact that the middle vertical arrow in (9.20) is an isomorphism.

Theorem 9.10.
(1) Let go be the genus of C. For alld—1 > i > 0,

H'(Q, To) = H°(C, at(E ®/\H1

P H'(C, at(E ®/\H (C, Oc).

In particular,

h(Q, To) = <9f) CRY(C, at(E)) + (Zg_c 1) -hN(C, at(E)).

(2) When i = d,
-1

HYQ, Tg) = [\ H'(C, Oc) @ h'(C, at(E)).

In particular,

h(Q, To) = ( dgc >.h1<c, at(E)) .

-1
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(8) For alli > d+1, ‘
H'(Q, Tg) = 0.
Proof. From Corollary 9.7, Proposition 9.8 and Theorem 9.9 it follows that
HY(Q, Tg) = H'(Z, #om(A, B)) = H' (X, ¢jat(E)|,.) .
But & = C x C1 and Q1‘E : 3 — (' is just the first projection [ACG11, Section 10,
Chapter 11]. Therefore by Kiinneth formula we get that
HY(Q, To) = H°(C, at(E))®H (C“™V, Opw)
P H'(C, at(E)) @ HHC™Y, Ocw) .

Now by [Mac62, Equation 11.1] we have

HY(CY™Y Opury) = AHl(C, Oc)
if0 < ¢ < d—1 and 0 otherwise. The statement of the theorem now follows immediately. []
Theorem 9.11.
(1) If d,gc > 2, then
R (Q, To) = go - h°(C,ad(E)) + h'(C,ad(E)) + 3gc — 3.

In particular, the dimension of the space H'(Q, Tg) depends only on C' and E and
s independent of d.
(2) Let d, go > 2. Then there is an exact sequence

0 — H'(Z, ¢ad(E)|,) — H'Y(Q, To) — H'(C, Tc) — 0,
where H' (3, ¢jad(E)|,) = H°(C, ad(E)) @ H'(C, Oc) @ H'(C, ad(E)).

Proof. Recall that we have an exact sequence on C'
0 — ad(E) — at(E) — Te — 0. (9.26)

Since go > 2, it follows that H°(C, T¢) = 0. Therefore, the long exact sequence of coho-
mologies for (9.26) gives H°(C, ad(E)) = H°(C, at(F)) together with an exact sequence

0 — HYC, ad(E)) — HYC, at(E)) — H'(C, Te) — 0.

This shows that h!'(C, at(E)) = h'(C,ad(FE)) + 3gc — 3. The first statement now follows
from Theorem 9.10.

We will prove the second statement. Using Kiinneth formula it follows that
HY(%, ¢{Tcl|,) = H'(C, T¢).
Then using (9.20), we get an exact sequence
H' (%, jad(E)|,) — HY(Q, To) — H'(C, T¢). (9.27)

It was shown in (1) that the dimension of the middle term equals the sum of the dimensions
of the extreme terms. It follows that the sequence in (9.27) must be injective on the left

and surjective on the right. The last isomorphism follows using Kiinneth formula and the
isomorphism H'(C@Y Opu-1y) = HY(C, O¢). O
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In [BDH15] it was shown that when £ = Of and gc > 2, then
H°(Q, Tg) = sl(r,C) = H"(C,ad(O)).

This was generalized in [Ganl9] where it was shown that when g > 2 and either E is
semistable or rank(E) > 3, then

HY(Q, To) = H(C, ad(E)).

It follows immediately from Theorem 9.10 that we can drop these assumptions on £ to get
the following general statement.

Corollary 9.12. Let g0 > 2. Then
HY(Q, To) = H(C, at(E)) = H(C, ad(E)).
Corollary 9.13. There is an isomorphism of sheaves

0.6nd(A) = Opyow @D ad(giE)(-X).

Proof. Consider the exact sequence in (9.11). In it, from Proposition 9.2 we have
O, . A om(A, piE) = End(q E).

Also, from (9.13) we know that the image of the map &nd(¢iE) — P, 0m(A, B) is
ad(q}‘E)!Z. Consequently, (9.11) produces an exact sequence

0 — ®.End(A) — End(¢fE) — ad(¢{E)|, — 0.
Writing &nd(qiE) = Ogyow @ ad(gi E), the result follows easily. O
Lemma 9.14. The vanishing statements
1.0(=%) = R'q;,O(=%) =0
hold.

Proof. Consider the exact sequence
0 — O(-%) — Opgyowy — Os — 0. (9.28)
Note that the map ¢1.Opy @ — ¢1+Ox is an isomorphism since both of these sheaves are
isomorphic to O¢. Therefore we have ¢;,O(—%) = 0 and an exact sequence
0 — qul*O(—E) — R1q1*00><0(d) i> qul*Oz (9.29)
from (9.28). In view of it, to prove the lemma it suffices to show that @ in (9.29) is an
isomorphism.

The sheaves Oqy ) and Oy, are flat over C' and if ¢ € C, the induced map

Ocxc@ |cxc<d> > Os ‘cXC(d)

coincides with the homomorphism Oy — Opgw-1y corresponding to the inclusion map
Cld=1) s C@ defined by D > D+c. By [Kem81, Corollary 1.5] and the remark following
it we know that the induced map

Hl (O(d), Oc(d)) — Hl (O(d), Oc(d—l))

is an isomorphism. Using Grauert’s theorem this implies that w in (9.29) is an isomorphism.
This completes the proof of the lemma. 0
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In [Ganl8] it was shown that when E = OF for some n > 1, the vector bundle A is
stable with respect to certain polarizations on Q. In particular, H°(C' x Q, &nd(A)) = 1
in that case. In the following corollary we see that this is in fact true in general without any
assumptions on E.

Corollary 9.15. The equality h°(C' x Q, &nd(A)) = 1 holds.

Proof. Combining Corollary 9.13 and Lemma 9.14 we have
QP End(A) = qu. [OCXM P giad(E)(-%)| = Oc.
The corollary now follows immediately. 0

Corollary 9.16. Let g0 > 2. Then
Hl(C X Q, @“’nd(A)) = H1<C X Q, OCXQ) = Hl(C, Oc) @Hl(Q, OQ)

Proof. From the Leray Spectral sequence, it follows that there is an exact sequence
0 — HYC x C9D, &,6nd(A)) — HY(C x Q, End(A))
— H'(C x CY9, R'®,&nd(A)).
From Theorem 9.6 it follows that R'®,&nd(A) = quc’Z. Therefore, we have
H°(C x C9, R'®.&nd(A)) = H° (C x C9, ¢{T¢|,) = 0.

Here the last equality follows from the assumption that g > 2. So it suffices to compute
HY(C x C9 ®,.&nd(A)).

By Lemma 9.14 we have
01 (qlad(E)(=%)) = 0 = R'qy.(qiad(E)(~%)).
Using this and the Leray Spectral sequence it follows that
HY(C x C9 gtad(E)(-%)) = 0.
Therefore, using Corollary 9.13 it is deduced that
HYC x O, ,6nd(A) = H (C x C9, Ocycw)
= H'(C, Oc) & H'(CD, Opw)
= H'(C, Oc)® H'(Q, Og).

Here the last equality follows from Corollary 9.1 and the Leray spectral sequence. This
completes the proof of the Corollary. 0

10. EXPLICIT DESCRIPTION OF DEFORMATIONS

In the previous section we proved that the vector space H'(Q,Tg) is isomorphic to
HY(3, giat(E) }E) The elements of H'(Q, Tg) correspond to the first order deformations of
Q. In this section we construct deformations of Q using deformations of the curve C' and
deformations of ¢} E ‘E. We show that their images in H'(Q, Tp) encompass the entire space.

First recall that when d = 1, then Q(FE,1) = P(FE). Now note that the projective bundle
can also be thought of as a relative Quot scheme associated to the identity morphism C' — C'
and the bundle E with constant Hilbert polynomial 1, that is, P(E) = Quotg,c(E,1).
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Analogously, for d > 2, given a deformation of the curve C' and a deformation of ¢;E|,
we consider a certain relative Quot scheme and construct a first order deformation of this
relative Quot scheme. This in turn naturally induces first order deformation of a very large
open subset of Q, and hence of Q itself. Using Theorem 9.11 we show that all first order
deformations of Q arise in this manner. This gives an explicit description of all the first
order deformations of O.

10.1. Some deformation functors. We shall refer to [Nit09], [Ser06] and [Stk, Chapter
0DVK] for basic results on deformation theory. Let Sets denote the category of sets. Let
Artc be the category of all Artin local C-algebras, with residue field C.

Recall from Basic example 4 in [Nit09, § 1], for a scheme X of finite type over C, we have a
deformation functor Defx. In particular, we get the deformation functors Defs and Def .
Recall from Basic example 2 in [Nit09, § 1] the deformation functor Dg: g, where g, is the
map in (9.16). We begin by describing some of the other functors that we need.

We want to define the functor Def(cg:p). For A € Artc consider a pair
(€ : C — SpecA, i),

where ¢ is flat and the pair fits into a Cartesian square

C—"—cC
Lk
Spec C —— Spec A.
Let Sym(j) denote the group of permutations of {1, ---, j}. For 7 > 0 define
CY = (C Xspeea C Xspec - -+ Xspeca C)/Sym(j) .

The map & gives rise to flat maps C¥ — Spec A and C X Spec A Cl4=1) — SpecA. We
define

¥ = C Xgpeen C47Y (10.1)
and denote its structure morphism by
&s Y Spec A.
The map 7 gives rise to a closed immersion
Iy @ X — >
which sits in the Cartesian square

PR

|k

Spec C —— Spec A.

Consider quadruples (§, i, £, 0), where £ and i are as above, £ is a locally free sheaf on 5
and

0 :itE — qF

is an isomorphism.
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If £ and &' are two maps as above, then an A-isomorphism f : ¢ — (' induces an
A-isomorphism fx : ¥ — ¥'. Two quadruples (£, i, £, 0) and (£, i, £, 0') are said to be
equivalent if there is a pair (f, «), where

e f:C — (C'is an A-isomorphism such that fo: = ¢, and
o o : f3& — & is an isomorphism such that 6 o i, = ¢ invoking the canonical
isomorphism
infs€ = (feoix) & = (iy)°E".
Define Def ¢ g:r) : Artc — Sets by letting Def(cg:5)(A) to be the set of equivalence
classes of quadruples (&, i, £, 0) described above. One easily checks that this defines a

functor which is a deformation functor (see [Nit09, § 1] for definition of deformation functor)
and it satisfies the deformation condition (He); see [Nit09, §2.3].

Clearly, there are natural transformations
DQTE — Def(C@TE) — Defc.
Lemma 10.1. There is a natural short exact sequence of vector spaces

0 — Dgr(Cle]) — Def(cg:5)(Cle]) — Defo(Cle]) — 0.

Proof. We only need to prove surjectivity on the right, because it is clear that there is an
exact sequence

0 — DﬂE(C[E]) — Def(C@IE)(C[e]) — Defc(C[E]) .
First note that for a diagram

C ! C

Lk

Spec C —— Spec Cle]

representing an equivalence class in Def(C[e]), there is a locally free sheaf F on C and an
isomorphism 7 : i*F — FE. Indeed, this follows easily using [Chel2, Proposition 4.3] and
the surjectivity of the map H'(X, Ap) — H'(X,TX) (the notation of [Chel2] is used).
Recall that g, denotes the projection ¥ — C (see (9.16)). Similarly, we define

X —C
to be the natural projection (see (10.1)). Consider the commutative square
IRy
Q1 l llﬁ
C—-¢C
Take £ := ¢;F and 0 : i€ — @i E to be the composite isomorphism
58 = g F = g F 25 gE.

It is clear that the class of the quadruple (&, 4, £, 0) in Def(¢g:£)(Cle]) maps to the class of
the tuple (¢, i) € Defo(C[e]). This completes the proof of the lemma. O
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We will also need to consider the deformation functor described in [Stk, Example 0E3T],
or in simpler terms in [Ser06, Definition 3.4.1]. Let f : X — Y be a morphism of C-
schemes. For A € Artc, let Def ;. Y(A) be the collection of diagrams of the following
type modulo equivalence:

X X
; |7
Y Y
Spec C —— Spec A

Both squares in the above diagram are Cartesian while the maps X — Spec A and Y —
Spec A are flat. We leave it to the reader to check that this defines a deformation functor
and that it satisfies the condition (He); see [Nit09, § 2.3]. The reader is referred to [Stk,
Section 06L9], [Stk, Lemma 0E3U].

10.2. A transformation of deformation functors. Consider the finite map ¥ — C(@
and the relative Quot scheme

Q' = Quoty,cw (7, E.d) - C@. (10.2)
We will show that there is a natural transformation of deformation functors
n Def(cﬂE) — Defg. (103)

Let (¢, i, £, 0) be a quadruple representing an equivalence class in Def (¢ g: ) (A). Consider
the relative Quot scheme

Quots ) (€, d) 2 c@ 5 Spec A. (10.4)
Lemma 10.2. Quotg (€, d) is flat over A.
Proof. Let

G : 2 — C9 and ¢ ¥ — CW (10.5)

denote the restrictions of the projection maps C' x C@ — C@ and C XspecA C @ _y cld)

respectively. Let W C C@ denote an affine open set, and define W = 3 (W). Using the
base change property of Quot schemes we have

n'(w) = QuotW/W(S‘W, d).
Define W := CD AW and W == SN W. Thus, there is a Cartesian square

W—sWw
@l llﬁ
W —W

Both W and | W are smooth affine schemes, from which it follows that W = W x Spec A
and W = W x Spec A. Further, £ |W is isomorphic to the pullback of gjE ‘W along the
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projection map W x Spec A — W, Using base change property of Quot schemes we get
that
7' (W) = Quotiy (@1 Bl d) x Spec A.

Thus, ﬁfl(W) is flat over A. Covering C¥ by such open subsets the proof of the lemma is
completed. 0

Define
¢ : Quoti/ad)(c‘f,d) — Spec A.

Using the universal quotient on ¥ X~ Q' = D X o Q' and the isomorphism 6 : i€ —
¢ we get a map

i Q — Quotgew (€, d).
It is straightforward to check that there is the following Cartesian square

Q—— Quots e (€, d)

| )

Spec C Spec A
Now define the map 7 in (10.3) by the rule
n&, i, €, 0) = (¢, J) (10.6)

It is easy to check that n defines a natural transformation Def(cg:p) —> Defg and we
leave this to the reader.

Remark 10.3. The natural transformation 7 in (10.3) factors as

Def(C@i«E) — DefQ/ — Defgz

I @

We leave this verification to the reader.

10.3. An open subset of Q'. Recall the notation of Section 9.1. We have the universal
quotient (9.3) on C' x Q and the sheaf B is supported on Z = ¥ X @ Q. Let py denote the
projection from ¥ X @ Q to ¥. Thus, the universal quotient factors (9.3) as

s B — B — 0.
This quotient defines a map
j:Q— Q. (10.7)
Recall the Hilbert-Chow map ¢ : @ — C@. For a closed point ¢ € O, let E -5 B,
denote the quotient on C' corresponding to it. The map j in (10.7) has the description

(B % B,) — (E|,, %% B,).

It follows easily that j is an inclusion on closed points. In fact, it can be easily checked that
J induces an inclusion Q(T)) — Q'(T) for any C-scheme T'. In particular, it induces an
inclusion at the level of Zariski tangent spaces.

Let Q° C Q be the open subset parametrizing the quotients {¢ : F — B, } such that
B, = Op, where D = ¢(q). A proof that Q" is open can be found in [GS21, Definition 24,
Lemma 25]. Let

jo: @ CcQ— & (10.8)
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be the restriction of j in (10.7) to the open subset Q.
We will use the following general fact in the proof of Lemma 10.5.
Lemma 10.4. Let f : Y — X be a morphism of C-schemes of finite type. Assume Y

1s smooth, irreducible and f is injective on closed points of Y. For all closed points y € Y
assume that the map df of Zariski tangent spaces

dfy : TyY — Tf(y)X

is an isomorphism. Then the image f(Y') is an open subset of X, and the map f is an open
1somorphism.

Proof. Let X’ denote an irreducible component of X which contains the image f(Y) with the
reduced subscheme structure. As f is injective on closed points, it follows that dim(Y) <
dim(X"). We also have

dim(c TyY = dlm(Y) g dll’Il(X/) < dlm(c Tf(y)X/ < dlm(c Tf(y)X.

In it, because of the given equality dim¢ 7Y = dimc T,y X of the extremes it follows that
we have equality throughout. In particular, we get that X’ is smooth at f(y). This shows
that there are equalities at each step in the following sequence of inequalities

dim(c Tf(y)X/ = dim(X’) < dimf(y)(X) < dim(c Tf(y)X.
This proves that X is smooth at f(y) of same dimension as Y. Now the lemma follows

easily. U

Lemma 10.5. The map jo in (10.8) is an open immersion.

Proof. Lemma 10.4 will be applied to jo. We know that Q° is smooth, irreducible and jy is
an inclusion on closed points and tangent vectors.

Fix a point ¢ € Q% let ¢ := jo(q) € Q@ and D := ¢(q). Then the point ¢’ corresponds
to a short exact sequence on D

0—>A’—>E|DL/>OD—>O.

It is clear that A" = (’)%(T_l). As Exty, (A, Op) = 0, an easy computation using the short
exact sequence in [HL10, Proposition 2.2.7] shows that

dime 7,(Q°%) = dime T, (Q') .

It follows that jo induces an isomorphism of Zariski tangent spaces. By Lemma 10.4 j, is an
open immersion. U

Lemma 10.6. Let Z; := Q\ Q°. Then codim(Z;, Q) > 3.

Proof. Denote by

A cCcW
the images of all points (c1, ca, -+, ¢g) € C*¢ for which ¢; = ¢; for some 1 < i < j < d.
Under the Hilbert-Chow map ¢ it is clear that ¢(Z;) C A. For a point D € A, let Qp
denote the fiber. It follows from [GS20, Corollary 5.6] that codim(Z; N Qp, Op) > 2.
In [GS20] The open subset Q% is denoted by V; see just before [GS20, Lemma 5.1]. As
codim(A, C@) = 1, the lemma follows. O
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Lemma 10.7. Take X to be smooth, and let f : U — X be an open immersion. Assume
that codim(X \ U, X) > 3. For a coherent sheaf F' on X, denote by Fy; its restriction to U.
For a locally free sheaf F' on X, the following two hold:

(1) R f.(Fy) = 0, and
(2) H(X, F) = H\(U, Fy).

Proof. Define Z := X \ U, and let p € Z be a closed point. Let X, := Spec(Ox,),
U, = UNX,and Z, := X, \ U, with the reduced scheme structure. To prove the first
assertion, it suffices to show that

le*(FU)|Xp = H'(U,, Oy,) = 0.

For this, using [Har77, Chapter 3, Ex 2.3], it is enough to show that H%p(Xp, Ox,) = 0 for
i = 1, 2. Now this follows using [Har77, Chapter 3, Ex 3.4] and [BH93, Definition 1.2.6,
Theorem 2.1.2(b)].

The second assertion follows from the first one and the Leray spectral sequence. O

10.4. A commutative square. In this subsection we want to establish the commutativ-
ity of the diagram in (10.9). Consider the following square which, a priori, need not be
commutative:

~

Dq{E(C[E]) e Def(CmE)(C[e]) — DefQ/(C[e]) —_— DefQo (C[G])

al l(; (10.9)

H(S, ad(3;E)) s HY(Q", Too)

B

The two vertical arrows in (10.9) have the usual description using cocycles. The map = is
the composite of the maps using the natural transformations defined above. The map ( is
the composite

HY(S, ad(@ E)) = H'(Z, ®,.0m(A,B)) (10.10)
— HY(Z, #om(A,B))
— H'(Q, Tg)
— HY(Q° Tqo).
The map = is defined in (9.13). In (10.10), the second map is actually an isomorphism
which follows using the Leray spectral sequence and Corollary 9.7. The third isomorphism

follows using Proposition 9.8 and the fact that Z — Q (see (9.7)) is a finite map. The
last isomorphism in (10.10) follows using Lemma 10.6 and Lemma 10.7.

Proposition 10.8. The diagram (10.9) is commutative up to a minus sign.

Proof. We will start with a cocycle description of any element of Dg:(Cle]) and show that
the resulting element in H'(Q°, Tgo) is independent of whether we take the path 3o a or
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0 o~. Recall the commutative diagram in which the middle and right squares are Cartesian

P2

C Iz =S0x0 0

10.11
| Jo s 0.1
G R x5 e

92

the commutativity of it defines the maps p; and py; see (9.5), (9.16), (10.5) for the other
maps in (10.11).

For a C-scheme X we shall denote by X[e] the scheme X x Spec C[e]. For a coherent sheaf
F on X we shall denote by Fle] its pullback along the projection X[e] — X. Similarly, for
a homomorphism of sheaves f : F — G on X, denote by f[e] the pullback of f to X]e].

Let

¢ = Ju; (10.12)

be an affine open cover for C(4. Set
Y =g, (U), Qi i=0¢'(U;) and Z; :=p(Q)); (10.13)

see (6.10), (10.5) and (10.11) for ¢, g, and p, respectively. Let U;; = U; N Uj; similarly
define the open subsets

Zij = GQ_I(Uij), Qij = ¢_1(U1) and Zij = p2_1<QU) (1014)
An element of Dy (Cle]) is a locally free sheaf £ on X[e] together with an isomorphism
0:GE — £|,.
As the deformation is trivial on ¥;[¢], it follows that there is an isomorphism
©O; - (q“{E\E) €] — &

such that the following diagram, in which the lower row is obtained by pulling back ¢; along
the closed immersion ¥; — ¥;[€],

i€l

. Ols,
“E |E¢ — & bR
H H (10.15)
— vils,
QL |2 ; 5|2i
commutes. Consider the following composite map
. @fllzi‘- .
<Q1E|Zia‘) g Ziild — (qlE Ez‘j) U

(see (10.14)). In view of (10.15) it follows that the restriction of this map to 3;; is the
identity. Thus, we may write

pilsy;

— &

Yij = 90;1’2”_ o pils,; = Id+ ey, (10.16)
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where ;; € I'(X;;, &nd(giE)). These {1;;};; define a cohomology class in
€] € HI(S, &nd(@F)).

The image of this class [£] in H'(X, ad(q;E)) is precisely the image of the deformation &
under the map « in diagram (10.9).

Consider the universal quotient (9.3) on C' x Q. Restricting this to Z, and using B is
supported on Z, we get a quotient which we denote by

u:piE — B. (10.17)

Recall the two commutative diagrams (9.12) and (9.13). Using these, together with the
projection formula and Corollary 9.7, it is easily checked that there is a commutative diagram

T(Si;, End(GE)) — L(Sy, ad(q; E)) —— T(S;, @, 0m(A, B))

K

(Zl], @“’nd ]_QTE)) I F(Zij, (ld(]_QTE)) —— F(Zij, %ﬂom(A, B))

(see (10.14)).
Consider ®*¢;; € I'(Z;;, &nd(piE)) and its image
©,; € I'(Z;;, #om(A,B)) (10.18)
under the map &nd(piE) — s om(A, B). In order to avoid the notation from becoming

too cumbersome, we continue to denote the restriction of a sheaf F' to an open set U by F,
instead of F|y. The map ©;; is the composite

A— Az — FE 20 5iE 5 B,

where P, is defined in (10.11). Let A’ denote the following kernel of the map of sheaves u
on Z

0— A L 7E - B — 0. (10.19)

Restriction of the universal exact sequence (9.3) to Z produces the commutative diagram

Alz ——piE|, —=B—0

|

0 A—LopE-t 0

(the map p; is defined in (9.1)). It follows that the map ©;; in (10.18) factors uniquely
through ©Y; € I'(Z;, Hom(A’,B))

A m B. (10.20)

0
ey,

We now summarize what has been done so far. Given a deformation & € Dg:g(Cle]) we
have defined, using cocycles, a cohomology class [£] € HY(Z, &nd(q;FE)). The class Boa(E)
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in diagram (10.9) is the image of [E] along the maps

{wij} {7} {©45}
m m Mm

HY X, End(¢E)) — HY(Z, #om(A,B)) — HYZ, #om(A, B))

— Hl(QO, TQO)
The last map is the composite of the last two maps in (10.10).

Next we analyze the map 6 o in (10.9). Recall the open covers from (10.12) and (10.13).
The deformation & defines the deformation Quoty, i) (€, d) of Qs see (10.3), (10.6).
This in turn defines a deformation of every open subset of @', and in particular, a deformation
of Q°. This is precisely the deformation corresponding to the element y(£) € Def go(Cle]).
We denote this open subscheme by

éO C QUOtZ[e]/(C’(d)[E])(gvd) . (1021)

The underlying set of points of QU is the same as those of Q°. The space Q° defines a cocycle
as follows. Set

Q) =9,nNQ" and Q) :=Q;NQ’,
where Q; and Q;; are defined in (10.13) and (10.14) respectively. Using the base change
property it follows immediately that

é0|Ui[€] - Q?[E] :
The isomorphism Jij (see (10.16)) defines an isomorphism
Uy o Qiyle — Qjjld, (10.22)
which gives rise to an element of F(Q%, Tgo). We will compute this element of F(Q?j, Too).

Define Z° := ¥ x w Q; recall that this is an open subset of both Z = 3 X @ Q and
¥ X Q. Observe that the restriction of (10.19) to ZY is the restriction, to X X @) Q°, of
the universal quotient on X X @ Q'. As before, we have open subsets Z? := Z°( Z; and
Z) = 29N Zy; of 2° (see (10.13) and (10.14)). The isomorphism ¥;; in (10.22) is defined
by the lower row in the following commutative diagram of sheaves on Z?j [€]

0 —— Ald 1 mEg —"Y Bl —— o0

e |

0 —— Al - piE[d > Ble] > 0.

u[e]oCI>*1Zij

If we write an element a®b®e € PiFEle], where a, b € PE, as the column vector [a, b® €],
then the matrix of ®*¢;; has the expression

d 0
Oy Id )

This shows that the map [’ is equal to

l 0
—P*y; L)
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This gives us the section

—uo ®* 0l € T(ZY, #om(A, B)).

5

The images of these in I'(Q};, Tgo) along the map
D(Z), Aom(A, B) — T(2), #om(A, B)) — T(QY;, Too)

(R i) 19
define the required cocycle which represents the class 6 o y(€) (see (10.9) for § and ). It is
evident using (10.20) that

—uo® Y0l = —9% .
This completes the proof of the proposition. O

Recall that go denotes the genus of the curve C.

Theorem 10.9. Let d, g0 > 2. The composite map

Def (7:1(Cle]) — Defgo(Cle]) — H'(Q°, Tgo)

in (10.9) is surjective.

Proof. Denote the composite map in the statement of the theorem by dy. From Proposition
10.8 we conclude that the square in the following diagram commutes up to a minus sign

Dy 5(Cle]) —2— Def(c.5:1)(Cle]) — Defe(Cle)
| | (10.23)

H1<Ea CLd(GTE)) T> Hl(Q()? TQO) B H1<Cv TC)

The two rows in the above diagram are short exact sequences; see Lemma 10.1 and Theorem
9.11. It follows that there is an induced map

f : Defc(Cle]) — H'(C, Tr) (10.24)
which makes the right-side of (10.23) a commutative square.

We will show that every element in the kernel of the above defined map dy is in Dg: (Cle]).
Take an element in the kernel of §y. For ease of notation we denote it by a pair (C, £). Recall
the definitions of the maps II and jy (see (10.2), (10.8)). Let

oo - QO — 9

be the restriction of the Hilbert-Chow map ¢ in (6.10). Observe that ¢o = Il o jo. Using
Remark 10.3 we conclude that there is a commutative diagram

Def(C@TE) —— Defg&o(d) — DefQ/

| |

Def — Def xo

00 2% c(a)
Applying the Grothendieck spectral sequence to the composite ¢g = ¢0jy, and using Lemma,
10.7 and Corollary 9.1, we conclude that R'¢g.(Ogo) = 0 and ¢p.Og0 = Op. Using [Stk,
Lemma 0E3X] it follows that if a deformation of ¢ induces the trivial deformation of Q°,
then the deformation itself was the trivial one. In particular, the deformation of the base is
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also the trivial one, that is, C'¥) is the trivial deformation of C'¥. Using [Kem81, Lemma 4.3]
it follows that C is the trivial deformation. Consequently, the pair (C, &) is in Dg:x(Cle]).

Recall the map f from (10.24). As kernel(a) = kernel(dy) and cokernel(ar) = 0, using
Snake lemma it follows that kernel(f) = 0. Considering the dimensions it is deduced that
f is surjective. It now follows that g is surjective. O

Theorem 10.9 shows that all first order deformations of Q arise from elements of
Def ¢ ;) (Cle])

as described above.
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