ARCHIVIO ISTITUZIONALE
ONIVERSITA DI BOLOGNA DELLA RICERCA

Alma Mater Studiorum Universita di Bologna
Archivio istituzionale della ricerca

Deformations of polystable sheaves on surfaces: quadraticity implies formality

This is the final peer-reviewed author’s accepted manuscript (postprint) of the following publication:

Published Version:

Bandiera R., Manetti M., Meazzini F. (2022). Deformations of polystable sheaves on surfaces:

guadraticity implies formality. MOSCOW MATHEMATICAL JOURNAL, 22(2), 239-263 [10.17323/1609-4514-
2022-22-2-239-263].

Availability:
This version is available at: https://hdl.handle.net/11585/896933 since: 2022-10-22
Published:

DOI: http://doi.org/10.17323/1609-4514-2022-22-2-239-263

Terms of use:

Some rights reserved. The terms and conditions for the reuse of this version of the manuscript are
specified in the publishing policy. For all terms of use and more information see the publisher's website.

This item was downloaded from IRIS Universita di Bologna (https://cris.unibo.it/).
When citing, please refer to the published version.

(Article begins on next page)

24 June 2026


http://doi.org/10.17323/1609-4514-2022-22-2-239-263
https://hdl.handle.net/11585/896933

This is the final peer-reviewed accepted manuscript of:

Bandiera, R., Manetti, M., Meazzini, F. DEFORMATIONS OF POLYSTABLE SHEAVES
ON SURFACES: QUADRATICITY IMPLIES FORMALITY (2022) Moscow Mathematical
Journal, 22 (2), pp. 239-263

The final published version is available online at https://dx.doi.org/10.17323/1609-
4514-2022-22-2-239-263

Terms of use:

Some rights reserved. The terms and conditions for the reuse of this version of the manuscript are
specified in the publishing policy. For all terms of use and more information see the publisher's
website.

This item was downloaded from IRIS Universita di Bologna (https://cris.unibo.it/)

When citing, please refer to the published version.



https://cris.unibo.it/
https://dx.doi.org/10.17323/1609-4514-2022-22-2-239-263
https://dx.doi.org/10.17323/1609-4514-2022-22-2-239-263
https://dx.doi.org/10.17323/1609-4514-2022-22-2-239-263

DEFORMATIONS OF POLYSTABLE SHEAVES ON SURFACES:
QUADRATICITY IMPLIES FORMALITY

RUGGERO BANDIERA, MARCO MANETTI, AND FRANCESCO MEAZZINI

ABSTRACT. We study relations between the quadraticity of the Kuranishi family of a
coherent sheaf on a complex projective scheme and the formality of the DG-Lie algebra
of its derived endomorphisms. In particular, we prove that for a polystable coherent sheaf
of a smooth complex projective surface the DG-Lie algebra of derived endomorphisms
is formal if and only if the Kuranishi family is quadratic.
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1. INTRODUCTION

Recall that for a coherent sheaf F over a projective scheme, we say that the Kuranishi
family is quadratic if the base space of the Kuranishi family (i.e., the semiuniversal defor-
mation) of F is a quadratic singularity. One of the main goals of this paper is to prove the
following result.

Theorem 1.1. Let F be a polystable coherent sheaf of a smooth complex projective surface.
Then the differential graded (DG) Lie algebra RHom(F,F) of derived endomorphisms is
formal if and only if the Kuranishi family of F s quadratic.

The initial motivation was to provide a proof of the so called Kaledin-Lehn formality con-
jecture for polystable sheaves on projective K3 surfaces as a consequence of the quadraticity
theorem of Kuranishi space proved by Arbarello and Sacca [1] and by Yoshioka [41].

The above mentioned formality conjecture has been explicitly stated by Zhang in [42],
where it is attributed to Kaledin and Lehn, and it was recently proved by Budur and
Zhang [7]; we also refer to [7] for a detailed description of the formality conjecture and its
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2 R. BANDIERA, M. MANETTI, AND F. MEAZZINI

implication in the theory of moduli spaces of sheaves on K3 surfaces. However, the proof
of Budur and Zhang is done along a completely different approach, and our result applies
to every smooth projective surface, not necessarily K3. It is worth mentioning that in a
very recent paper [4] we approached the problem from an alternative point of view finally
enlarging the class of surfaces on which the formality conjecture holds: K3 surfaces, Abelian
surfaces, Enriques surfaces and bielliptic surfaces. In both our papers, the approaches in-
volve techniques of L..-algebras, in particular we investigate derived endomorphisms as a
DG-Lie algebra instead of as an associative DG algebra; it is important to point out that
the formality is a stronger result in the associative case.

Since the automorphisms group of a polystable sheaf is a product of groups GL,,(C) (see
e.g. [23]), Theorem 1.1 is an immediate consequence of the following more general result.

Theorem 1.2. Let F be a coherent sheaf of finite projective dimension on a complex
projective scheme X . Assume that:

(1) the algebraic group Autx (F) of automorphisms of F is linearly reductive;

(2) the trace map Tr: Ext'y (F,F) — H'(Ox) is injective for every i > 3.
Then the DG-Lie algebra RHom(F,F) of derived endomorphisms is formal if and only if
the Kuranishi family of F is quadratic.

Here by saying that F is of finite projective dimension we mean that the projective
dimensions of its stalks are (uniformly) bounded.

Recall that the DG-Lie algebra of derived endomorphisms of F controls the deformation
theory of F (see e.g. [1, 7, 11, 35]) in the usual way, via Maurer-Cartan modulus gauge
action, see e.g. [16, 29], and its cohomology compute the derived functors of Homy, i.e.,

H(RHom(F,F)) = Ext’ (F, F).

The “only if” implication in Theorem 1.2 is a completely standard consequence of the
homotopy invariance of the Kuranishi family: a detailed proof of this fact is given in [16, 17],
where it is used in order to prove that certain moduli spaces of representations of the
fundamental group of a compact Kéhler manifold have quadratic singularities, cf. also [33]
and references therein.

The idea of proof of Theorem 1.2 is the following. Assume for simplicity that Ext’ (F, F) =
0 for every i > 3 and suppose first heuristically that Autx (F) is a discrete group (clearly
this is true only for F = 0), then H*(RHom(F,F)) = 0 for every i # 1,2; under these as-
sumptions quadraticity implies formality by the well known fact that the Kuranishi moduli
space uniquely determines the minimal L.[1]-model of RHom(F, F) up to (non-canonical)
isomorphism; for reference purposes we give a proof of this fact in Subsection 4.2.

In the general case, the first step is to show that there exists a DG-Lie representative L of
RHom(F,F) equipped with a rational algebraic action of the group Autx (F), compatible
with the natural induced action on deformations of F and with the adjoint action on the
graded vector space Ext’ (F, F). The second step is to show that the above DG-Lie algebra
L can be chosen as the semidirect product of the Lie algebra Ext% (F,F) and a DG-Lie
algebra K concentrated in strictly positive degrees. By general facts L and K have the
same Kuranishi family, hence L is quadratic iff K is quadratic iff K is formal. The last
step is to use the reductivity of Auty(F) and some argument of [32] for proving that K is
formal if and only if L is formal.

The construction of an equivariant representative of derived endomorphisms requires
some care, since in general the rationality of (infinite dimensional) representations is not
preserved by Hom functors: for instance, given a rational representation V of the algebraic
group GL;(C) = C*, the dual representation Homg(V,C) is rational if and only if V' has
a finite number of isotypic components. This suggests to restrict our attention to rational
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finitely supported representations: a detailed introduction to finitely supported represen-
tations is given in Section 2; here we only anticipate that a semisimple representation is
finitely supported if and only if it has a finite number of isotypic components.

This restriction forces to avoid injective resolutions of F and to work, following [35],
with local projective resolutions with respect to a finite affine cover of X. Then at the end
of Section 3 we shall prove the following result.

Theorem 1.3. Let F be a coherent sheaf of finite projective dimension on a complex
projective scheme X. Then there exists a DG-Lie algebra L, representing RHom(F, F),
together with a DG-Lie action of Autx(F) on L (i.e., a morphism of groups Autx (F) —
Autpe-rie(L)) such that:

(1) the action of Autx(F) on every homogeneous component L', i € Z, is rational
algebraic and finitely supported;

(2) there exists an invariant Lie subalgebra g C Z°(L), canonically isomorphic to
Ext% (F, F) via the projection Z°(L) — H°(L);

(3) wia the above canonical isomorphism g = Ext% (F,F) the adjoint action of g on L
is the same as the infinitesimal action of Autx (F).

It is interesting to point out that, as a consequence of Theorem 1.3, we have that if
Autx (F) is linearly reductive, then L admits an equivariant Hodge decomposition and
the usual Kuranishi argument, see e.g. [36, Sec. 4] and [17, Sec. 2], gives an equivariant
Kuranishi family.

2. FINITELY SUPPORTED AND RATIONAL REPRESENTATIONS

Let G be a group and K a fixed field. For the purposes of this section we will only
need K to be infinite, while from Section 3 on we shall assume char(K) = 0. Recall (see
e.g., [38]) that a K-linear representation G — GL(V,K), equivalently a left K [G]-module,
where V' is a (possibly infinite dimensional) vector space, is called:

o trivial if gv = v for every g € G, v € V;
e irreducible if the only G-invariant subspaces of V' are 0, V;
o semisimple if V' is a direct sum of irreducible representations.

Given two representations V, W we shall denote by Homg (V, W)¢ C Homg (V, W) the
vector subspace of G-equivariant linear maps. By definition, Homg (V, W)% is the set of
morphisms from V to W in the category of K-linear representations of G.

Definition 2.1. Denote by K[G]" the set of isomorphism classes of irreducible represen-
tations of G. Given « € K[G]Y, the isotypic component V,, of a representation V is the
sum of all irreducible G-invariant subspaces H C V in the class a.

Notice that if H is an irreducible representation in the class «, then V,, # 0 if and only
if Homy (H, V)% # 0.

Lemma 2.2. In the above situation, if « € K[G]Y, K C V is an irreducible submodule
and KNV, #0, then K is in the class a.

Proof. If KNV, # 0, then there exists a finite number of irreducible submodules Hy, ..., H,
in the class « such that K Ny H; # 0. Thus there exists an index 1 < r < n such that

KNY H;=0, Kn>» H;#0,

i<r i<r
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and then K C ), H;. A fortiori ), H; # ) .., H; and the restrictions to K and H,
of the projection to the quotient give two non-trivial maps

H,
l”
K i Zigr Hi
Zi<r Hi
with p surjective. Since both K and H, are irreducible it follows that both ¢ and p are
isomorphisms, and hence K belongs to the class a. (I

Lemma 2.3. In the above situation, if W is a trivial representation and M =V @ W,
then M, = Vo, @ W for every class o € K[G]V.

Proof. If H C V is an irreducible submodule in the class «, then H ® W is a direct sum
of copies of H, therefore H @ W C M, and this implies V,, ® W C M,. Conversely, if
H Cc V®W is a irreducible submodule in the class «, we need to prove that h € V, @ W
for every h € H. Writing h = >, v; ® w; with v; € V' \ {0}, w; € W and w1, ..., w,
linearly independent, for every i we can find a linear map f;: W — K such that f(w;) =1
and f(w;) = 0 for j # ¢; the images of H under the G-equivariant maps

Vow =V, vRw — fi(w)v,

are non trivial and hence isomorphic to H. Therefore v; € V,, for every i and h € V,W. [

Definition 2.4. The support Sq(V) C K[G]Y of a representation V of G is the set of
isomorphism classes of irreducible representations H such that Homg (H,V/W)% # 0 for
some G-invariant subspace W C V. A representation V is called finitely supported if its
support is finite.

If U C V is a G-invariant subspace then it is obvious that Sg(V/U) C Sg(V) and it
is easy to see that Sg(U) C Sg(V): in fact if W C U is an invariant subspace and H
an irreducible representation such that Homg (H,U/W)% # 0 then U/W C V/W and
therefore Homy (H, V/W)% # 0. Moreover Sg(V & W) = Sg(V) U Sg(W): it is clear that
Sa(VYU Sg(W) C Sa(V @ W); conversely if V@& W £ U is a surjective morphism of
representations and K C U is irreducible, then either K C p(V), and then K € Sg(V), or
K cU/p(V), and then K € Sg(W).

Lemma 2.5. Let V be a representation of G and o € K[G]Y such that Vo, # 0. Then
Se(V) ={a}USc(V/V,).

Proof. The only nontrivial inclusion to prove is Sg(V) C {a} U S¢(V/Vy). Let p: V - W
be a surjective morphism of representations and let K C W be an irreducible submodule;
we need to prove that if K is not in the class a then its isomorphism class belongs to
Sa(V/Vy). Since W/p(V,,) is a quotient of V/V,, it is sufficient to prove that K ¢ p(V,)
and therefore that Homg (K, W/p(V,))¢ # 0.

By definition V,, = >, H;, where every H; C V is irreducible in the class «, thus
p(Va) = 3, p(H;) is contained in the isotypic component W,. If K C p(V,) C W, then by
Lemma 2.2 the isomorphism class of K is a.

O

Corollary 2.6. LetV be a finite dimensional representation and W a trivial representation.
Then Sq(V @ W) = Sg(V) is finite.
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Proof. We prove the result by induction on the dimension of V. If V' = 0 there is nothing to
prove; if V' # 0, since dim V' < oo there exists an irreducible submodule H C V, and then
also a nontrivial isotypic component V,, C V. Denoting M = V®W, by Lemma 2.3 we have
M, =V,®@W. By Lemma 2.5 and the inductive assumption we have that Sg(V/V,@W) =
Sa(V/V,,) is finite and then

Sa(M) ={a}USa(M/Ms) = {a}USc(V/Va @ W) = {a} USa(V/Va) = Sa(V)
is also finite. |
The following result is clear.

Lemma 2.7. A representation V is semisimple and finitely supported if and only if there
exists a finite number of irreducible representations Hy, ..., H, and trivial representations
Wy, ..., W, such that

V=(Hi0W)& & (H,aW,).

Remark 2.8. Assume now that G is an algebraic group over an infinite field K. Recall that a
representation ¢: G — GL(V,K) is called rational if every vector v € V belongs to a finite
dimensional G-invariant subspace U C V and the group homomorphism G — GL(U,K) is
algebraic, cf. [38]. Notice that:

(1) every irreducible rational representation is finite dimensional;

(2) let U C V be an invariant subspace of a representation, by general representation
theory if V' is semisimple (resp.: rational), then also U and V/U are semisimple
(resp.: rational);

(3) if V is a finite dimensional rational representation and W is a trivial representation,
then V®W is a rational representation that is finitely supported for every subgroup

of G.

3. A RATIONAL AND FINITELY SUPPORTED MODEL FOR RHom(F,F)

3.1. Preliminaries and notation. Our aim is to study derived endomorphisms of a quasi-
coherent sheaf F on a projective scheme X over a field K of characteristic 0. Even if
most of the following results hold under mild assumptions, for the sake of simplifying the
exposition we decided to fix the above hypothesis on X throughout all this section. We
begin by introducing the geometric framework we shall work with, and by briefly recalling
the results needed.

The main tool we will make use of is the category Mod(A.) of modules over (the diagram
A. representing) the scheme X. Fix an open affine covering U = {U}} for X, and consider
its nerve

N ={a={ho,....,h}|Us = Un, N---N Uy, # 0}

which carries a degree function deg: N'— N defined by deg({ho,...,hx}) = k; moreover
N can be seen as a poset by setting o < 3 if and only if o C 8. Then to X it is associated
the diagram A. of commutative unitary K-algebras defined as

AN — Algyg a— A, =T(U,,Ox)

where the map A, — Ag is induced by the inclusion Ug = Spec(Ag) — Spec(Ag) = U,
for any oo < B in V.

For every unitary commutative ring A we shall denote by DGMod(A) the category of
cochain complexes of A-modules, equipped with the projective model structure [21, Sec.
2.3,
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Remark 3.1. For the moment we need neither the covering nor the nerve to be finite, so that
we could keep working on an arbitrary K-scheme X which is only assumed to be separated,
which is sufficient for A. to be well-defined (i.e. intersections of affines are affines).

Definition 3.2. An A.-module F over X, with respect to the fixed covering U, consists
of the following data:

(1) an object F, € DGMod(A,), for every a € NV,
(2) a morphism fup: Fo ®a, Ag — Fz in DGMod(Ap), for every a < 8 in N,

satisfying the cocycle condition fg o (fa,@ ® IdA«/) = fay, for every a < g <~y in N.

Similar notions were considered in [10, 13, 15, 40]. Taking advantage of the standard
projective model structure on DG-modules, the category Mod(A.) has been endowed with
a cofibrantly generated model structure, see [35, Theorem 3.9], where weak equivalences
and fibrations are detected pointwise. In order to work with quasi-coherent sheaves, we need
a (homotopical) version of quasi-coherence for A.-modules: F € Mod(A.) is called quasi-
coherent if all the maps f,g introduced above are quasi-isomorphisms, see [35, Definition
3.12].

Now, denote by Ho(QCoh(A.)) the category of quasi-coherent A.-modules localised with
respect to the weak equivalences. Then there exists an equivalence of triangulated categories

¥: D(QCoh(X)) — Ho(QCoh(A.))

where D(QCoh(X)) denotes the unbounded derived category of quasi-coherent sheaves on
X, see [35, Theorem 5.7]. A partial result in this direction was previously proven in [6,
Proposition 2.28].

Remark 3.3. The functor ¥ introduced above may be easily defined as follows. Given a
complex G* of quasi-coherent sheaves on X, with a little ambiguity of notation we shall
denote by ¥G* the A.-module defined by (¥G*), = G*(Uy,), where for any o < 8 in N the
map

(VG )a ®a, Ag = (VG")s

is the natural isomorphism given degreewise by the restriction maps of the sheaves G¥,
k € Z. Then define

U[G*] = [¥G*] € Ho(QCoh(A.))
for any [G*] € D(QCoh(X)).

The aim of the next section is to describe RHom(F, F) for a given quasi-coherent sheaf,
in terms of a cofibrant replacement of WF, where F has to be thought of as a complex
concentrated in degree 0.

3.2. Derived endomorphisms of complexes of locally free sheaves. Throughout
this subsection we shall consider a fixed bounded above complex of locally free sheaves
E*. The aim is to give an explicit description of derived endomorphisms RHom(&E*, E*).
Following [35], the idea is to replace the A.-module WE* by a cofibrant replacement, whose
endomorphisms in the homotopy category Ho(QCoh(A.)) ~ D(QCoh(X)) will represent
the desired derived endomorphisms of the given complex £*.

Take an open affine cover {Up, }hem and let N be its nerve. Fix a total order on H, and
for each o € N denote by A, the oriented abstract simplicial complex whose faces are
defined as the non-empty subsets of a. The associated chain complex will be denoted by
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C.(Aq); recall that for any r € Z the rank of the free Z-module C,-(A,) counts the number
of r-faces of A, i.e. rk (CT(AQ)) = (deg(o‘)+1). More precisely:

r+1
Sz @G
BLla y<a
[Bl=r+1 |v|=r
B = (ig,- .-, ir HZ 20,...,5;,...,ir)

Concerning its homology we have HO(C’*(AQ;Z)) = Z and H,(C.(Ay;Z)) = 0 for every
r # 0.

We now introduce the A.-module C*(€*), which we will prove to be the above mentioned
cofibrant replacement of WE*. In order to avoid possible confusion we shall always denote
by - the dependence on AN and respectively by * the degrees of the complexes; moreover,
following the standard notation we shall use labels on the top to denote degrees of cochain
complexes and on the bottom for chain complexes. Therefore, for any oo € ' we can define

the cochain complex (C*(AQ),G) as
C7(Aa) = Cr(Aa) ; 0 =0, C"(A) = CTH(A,)

and eventually C* (%) = C*(A,) ®z £*(Uy,). By definition, the cohomology of C(£*) is
non trivial only in degree zero: H® (C*(€*)) =2 E(U,).

Our next goal is to prove that the A.-module C*(€*) is cofibrant in Mod(A.). By [35,
Theorem 3.9], this is equivalent to prove that for every choice of o € N the natural latching
map

lo: c;)hm (CI(E") ®a, Aa) = CL(E)
is a cofibration of DG-modules over A,. To this aim, consider the short exact sequence
0— c;)ggné*(A,y) L5 C*(Ay) = Ko — 0
and notice that K, = coker(ty) is a cochain complex concentrated in degree — deg(a):
K, = Zldeg(a)] - @. Now, the latching map
lo: colim (C*(é’*) ®a, Aq) = colim (C’*(A ) ®@2E*(Ua) — C*(AL)®zE*(U,) = CL(EY)
y<a y<a
equals 1o ® Idg«(,) and hence it has cofibrant cokernel (because we assumed £* to be
bounded above) and it is degreewise split injective, hence by [21, Lemma 2.3.6] it is a
cofibration of differential graded A,-modules as required.

In order to show that C*(£*) is a cofibrant replacement of ¥E* in Mod(A.), we are only
left with the proof of the existence of a trivial fibration C*(£*) — ¥E* of A.-modules. To
this aim, it is sufficient to consider the natural projections C* (£*) — H° (C%(E*)) = E(U,)
for every @ € N, which by functoriality give the desired map of A.-modules. Moreover,
again by [35, Theorem 3.9] the morphism C*(£*) — WE* is a trivial fibration of A.-modules
being pointwise a surjective quasi-isomorphism. We conclude that the derived endomor-
phisms RHomx (£*,£*) are represented by the DG-Lie algebra Hom? (C*(E*),C*(£*)),
cf. [35, Theorem 6.4].

3.3. A locally free Auty(F)-equivariant resolution for F. Throughout this subsec-
tion F will be a fixed coherent sheaf of finite projective dimension on X. Moreover, we
shall denote by Autx (F) the group of automorphisms of F.

Recall that for a given global section s € H°(X, F) there exists a unique map of Ox-
modules ¢: Ox — F defined by f +— fs. Notice that s = ¢(1). Under our hypothesis on
X and F Serre’s theorem applies, see e.g. [18, Theorem 5.17], so that for n € N sufficiently
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large the sheaf F(n) is generated by global sections, i.e. the map H°(X, F(n))®@0Ox — F(n)
is surjective, where H%(X, F(n)) has finite dimension. Hence, since tensoring by Ox (—n)
is an exact functor, we obtain a surjective morphism

¢: H'(X,F(n)) ® Ox(—n) - F
of coherent O x-modules, which stays surjective when computed on any affine U C X:

pu: HY(X,F(n)) @ Ox(—n)(U) = F(U) =0 ; Zsi ® fi v Zsilu i -

In particular, we have an injective homomorphism of groups Aut x (F) — GL(H®(X, F(n)))
together with a short exact sequence of coherent sheaves

0= G — HYX,F(n)® Ox(—n) & F =0

and then Autx (F) is the stabilizer of G under the action of GL(H®(X, F(n))) on the sheaf
H°(X, F(n)) ® O(—n). Notice that the action is trivial on Ox(—n)(U) since each element
of Autx (F) is Ox-linear and ¢y is Autx (F)-equivariant.

Remark 3.4. Notice that the above construction is clearly functorial in the sense that if
a < BB in the nerve A, then we have a commutative square:

HY(X, F(n)) ® O(=n)(Ua) — F(Ua)

| |

H(X, F(n)) ® O(—n)(Us) — F(Us)
where the horizontal arrows are surjective and the vertical arrows are the restriction maps.

Lemma 3.5. Let F be a coherent sheaf on a projective K -scheme X . Then for every open
subset U C X, the space of sections T'(U, F) is a rational representation of Autx(F) that
is finitely supported for every subgroup G C Autx (F).

Proof. It U = |JU; is a finite open affine cover we have I'(U, F) C @&;I'(U;, F) and then by
Remark 2.8 it is not restrictive to prove the statement assuming U to be an open affine
subset. We have already proved that there exists n € N sufficiently large such that for every
affine open subset U C X there exists a surjective equivariant map

H(X, F(n)) @ D(U,O(=n)) = T(U, F).
The conclusion follows by Remark 2.8. O

Proposition 3.6. Let X be a projective K -scheme, and let F be a coherent sheaf of finite
projective dimension on X. Then there exists a finite locally free Autx (F)-equivariant
resolution £* — F such that for any open subset U C X the complex I'(U, £*) is a degrecwise
rational representation that is finitely supported for every subgroup G C Autx (F).

Proof. Choose n sufficiently large giving a short exact sequence
0— F = HY(X,F(n)) ® Ox(—n) 5 F =0

where each map is Autx (F)-equivariant. Since Fj is a coherent sheaf, we can reproduce
the same argument and by the hypothesis on the projective dimension of F we obtain a
resolution of F of the form

0— Fr — HO(X,]:kfl(Tkal)) ® OX(—nk,l) — e
e — HO(X,]:(TL())) ®Ox(—ng) > F =0
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where Fj is locally free and each map is Auty (F)-equivariant. To conclude, applying
the functor I'(U, —) to the above resolution we obtain a complex of finitely supported
representations because of Lemma 3.5. (I

Notice that the associated infinitesimal action of Auty(F) on £* gives a morphism of
Lie algebras Ext% (F, F) — Z°(Hom’ (£*,£*)); in other words, every endomorphism of F
lifts functorially to an endomorphism of the complex of sheaves £*.

Lemma 3.7. Let F be a coherent sheaf and € a locally free sheaf on a projective scheme
X over the field K. Then for every open affine subset U C X, the Ox(U)-module

Homy (F, £) = Homo (1) (F(U),EU))
is a rational representation of Autx (F) x Autx(E) that is finitely supported with respect

any subgroup.

Proof. We have already seen that there exists a sufficiently large n € N such that the
sheaves F(n) and £Y(n) = Homx(E,Ox)(n) are generated by global sections, i.e. there
exist surjective morphisms of sheaves

HY(X,F(n)) @ O(—n) = F,  HX,&Y(n))®@0O(-n) = &Y = 0.
Dualizing the second sequence we get an injective morphism of O x-modules
0—&— HYX,EV(n))Y @ O(n)
and then for every open affine subset U C X we get two exact sequences
I'X,Fn))@T(U,O(-n)) = F(U) — 0, 0—&WU)c HY(X,EY(n)Y @T(U,0(n)).

To conclude it is sufficient to observe that Home (1) (F(U),E(U)) is a subrepresentation
of Homg (F(U),E(U)) which in turn is a subrepresentation of the rational representation

Homg (I‘(X, F(n))) @ T(U,O(-n)), Homx (£,0(n))" @ I'(U, O(n)))
= Homg (T(X, F(n)), H*(X,£"(n))Y) @ Homg (T'(U, O(—n)),T'(U,O(n))) .
O

Theorem 3.8. Let X be a projective K -scheme, F a coherent sheaf of finite projective
dimension on X. Consider a resolution £* — F as in Proposition 3.6. Then the derived
endomorphisms of F are represented by the DG-Lie algebra Hom’ (C*(E*),C*(E*)). More-
over, each degree of such complez is a rational representation with respect to the inherited
Autx (F)-action, and it is finitely supported for every subgroup.

Proof. We are only left with the proof of the last part of the statement, since it was proven
in Section 3.2 that Hom% (C*(E*),C*(E*)) represents RHom(F, F). First notice that for
every k € Z we have

Hom'y (C7(£%),Cr(€7)) C [[Homx (CI(E7),CF(E"))
i€z
and that by Remark 2.8 and Lemma 3.7 rational and finitely supported representations
are closed under taking subobjects, and homomorphisms. Now recall that £* is bounded
by assumption, and since the scheme is assumed to be projective then the covering can be
chosen to be finite, so that C*(£*) is bounded too. Hence the product above is finite and
the statement follows. O
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Proof of Theorem 1.3. Finally, combining the above results we can easily prove Theo-
rem 1.3. To this aim, by Theorem 3.8 it is sufficient to show that the DG-Lie algebra

L = Hom’ (C*(£*),CF(£))

satisfies (2) and (3) of Theorem 1.3. We already noticed that endomorphisms of F lift
functorially to endomorphisms of the complex £* and hence of the A.-module VE*. Then
it is clear from the explicit construction of the cofibrant replacement C*(£*) — UE* that
every endomorphism of WE* lifts canonically to an endomorphism of C*(£*). In conclusion
we have an injective morphism of Lie algebras

Homy (F, F) = Ext% (F, F) — Z°(Hom? (C*(£*),C*(EY))

and we can choose its image as the required g.

4. REVIEW OF Ly [1] ALGEBRAS AND FORMALITY

4.1. L[1] algebras. In this subsection we review some basic facts and notations concern-
ing Loo[1] algebras, following the paper [32], to which we refer for more details.

Given a graded K-vector space V = @®;czV*, we denote by S¢(V) = @&,50V " the sym-
metric coalgebra over V (see [32, §4]). Denoting by p : S¢(V) — V the natural projection,
corestriction induces an isomorphism of graded spaces

Coder(S¢(V)) — Hom(S¢(V),V) = H Hom(VO™ V): Q = poQ = (q0,q1,---»Gn,---)

n>0

(see [32, Proposition 4.2] for an explicit description of the inverse), where Coder(S¢(V)) is
the graded Lie algebra of coderivations of S¢(V'). We call the components g, : VO™ — V of
Q@ € Coder(S¢(V)) under the corestriction isomorphisms the Taylor coefficients of @, and
qo, q1 respectively the constant and the linear part of Q). Via the above isomorphism, the
natural commutator bracket on Coder(S¢(V)) induces a Lie bracket on Hom(S¢(V), V),
which is called the Nijenhuis-Richardson bracket and denoted by [—, —]ng-

Definition 4.1. An L[1] algebra structure on V is a degree +1 coderivation
Q€ Coder' (S°(V)), =0, QoQ=0,

with vanishing constant part and squaring to zero. In particular, the linear part ¢g; : V. — V
squares to zero: the complex (V,q1) is called the tangent complex of the L..[1] algebra
(V,Q). The Ly[1] algebra (V, Q) is said to be minimal if ¢; = 0.

Given a second L [1]-algebra (W, R), an Lyo[1] morphism F: V --» W from (V,Q)
to (W, R) is a morphism of (counital, coaugmented) DG coalgebras F': (S¢(V),Q) —
(S¢(W), R). As a morphism of graded (coaugmented, i.e., F(1) = 1) coalgebras, F is
completely determined by its corestriction

poF =(0,f1,.... fn:-..) € Hm®(S°(V), W) = [ [ Hom"(VE", W).

n>0

As for coderivations, we call the f, : VO* — W the Taylor coefficients of F, and f; :
V' — W the linear part of F. The compatibility with the codifferentials translates into a
bunch of identities involving the Taylor coefficients f;, ¢;,7: we won’t need to write these
down explicitly. In particular, fi : (V,q1) — (W,r1) is a morphism between the tangent
complexes: we say that F' is a weak equivalence, if fi is a quasi-isomorphism. Finally, an
Loo[1] morphism F: V' --» W is strict if the only non-vanishing Taylor coefficient is the
linear one f;.
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Remark 4.2. The category of L. [1] algebras is equivalent, up to a shift, to the category
of L algebras, or strong homotopy Lie algebras, see [27], and in particular contains the
usual category of DG Lie algebras as a subcategory. More precisely there is a bijective
correspondence between Lo [1] algebra structures on a graded space V and L algebra
structures on its suspension V[—1]: under this correspondence, DG Lie algebra structures
correspond to those Lo, [1] algebra structures @ such that ¢, = 0 for n > 3.

Remark 4.3. Given an L.[1] algebra (V, Q), the relation @ o @) translates into a bunch of
relations involving the Taylor coefficients ¢,,, which in particular imply that the quadratic
bracket ¢» descends to a quadratic bracket ro: H(V,q1)®? — H(V,q;) on the tangent
cohomology, and the latter satisfies [r,72]yr = 0 (in other words, it corresponds to a
graded Lie algebra structure on H(V,q1)[—1]).

A very important and useful fact about L., [1] algebra structures is that they can be
transferred along contractions. For a proof of the following result we refer to [22, 14, 5].

Theorem 4.4. Let (V,Q) be an Loo[1] algebra, and (f, g, h) be a contraction of the tangent
complezx (V,q1) onto some complex (W,r1), i.e., f: W =V and g:V — W are DG maps
and h: V. — V[—1] a contracting homotopy such that the following conditions are satisfied:

gf =idw,  fg=idv +qh+hq, gh=h*>=fh=0.

Then there is an induced Loo[1] structure R on W with linear part r1, together with Loo[1]
morphisms F: W --»V and G: V --» W with linear parts f1 = f and g1 = g respectively.
The higher Taylor coefficients Ty, fn,gn, n > 2, are recursively determined by the Taylor
coefficients qn, n > 2, and the contraction data (f,g,h) (see e.g. [2, Theorem 1.9] for
explicit recursive formulas).

An immediate and fundamental consequence of the above theorem is the existence (and,
with a little more work, uniqueness) of minimal models.

Definition 4.5. Given an L. [1] algebra (V,Q), a minimal model of (V,Q) is the datum
of a minimal L., [1] algebra (W, R) together with a weak equivalence F : W --» V of L[1]
algebras. General structure theory of Lo, [1] algebras says that minimal models always exist,
and are well defined up to Lo [1] isomorphisms: furthermore, two L, [1] algebras are weakly
equivalent if and only if they have isomorphic minimal models.

Remark 4.6. In order to obtain an explicit minimal model of (V, Q) it is sufficient to choose
an abstract Hodge decomposition for the complex (V,¢;). By this we mean the choice of
a splitting of the sequence of inclusion B(V) C Z%(V) C V%, or in other words, of vector
space decompositions Z*(V) = B (V)& H', Vi = Z'(V)e W' = B (V)& H' & W', for all
i € Z. We notice that the differential ¢; vanishes on H := @®;czH?, and it restricts to an
isomorphism from W[—1] = ®,czW™! to B(V) = @®;c2B*(V). For any such a choice, there
is a canonically induced contraction (f, g, h) of (V,q1) onto (H,0): the inclusion f: H — V
and the projection g: V' — H are induced by the decomposition V = B(V)@® H & W,

—1
and the contracting homotopy is the composition h: V' — B(V) L, [-1] — V[-1].

Via homotopy transfer along this contraction, there is an induced minimal L.[1] algebra
structure (H,R) = (H,0,7r9,...,7y,...) on H = H(V,q), together with quasi-inverses
weak equivalences F': H --+ V', G: V --» H such that GF is the identity on H. We notice
that the quadratic bracket ry identifies with the one from Remark 4.3.

An L [1] algebra is called homotopy abelian if it is weakly equivalent to a graded vector
space, considered as an L[1] algebra with trivial bracket: it is plain that an Ly[1] algebra
is homotopy abelian if and only if its minimal model carries the trivial Lo[1] structure.
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Lemma 4.7. Let F: (V,q1,...) --» (W,r1,...) be a morphism of L[l] algebra with W
homotopy abelian. Then there exists a minimal model (H*(V,q1),0, sa,...) for V such that
the image of every map s, is contained in the kernel of f1: H*(V,q1) — H*(W,r1).

Proof. Tt is not restrictive to assume both V' and W minimal, i.e., g = r; = 0, and then
rn, = 0 for every n since W is assumed homotopy abelian. Denote by U C W the image of
f1 and choose a projection 7: W — U. Then the composition 7F: V --» U is an Ly[1]
morphism with linear component 7 f; surjective. By general theory of Ly [1] algebra (for a
proof see e.g. [3, Lemma 7.2]) there exists an Ly[1] isomorphism G: (H,0,sg,...) --» V
such that the composition 7nFG: (H,0, s3,...) --» (U,0,0,...) is strict and this implies
that the image of every s, is contained in the kernel of the linear part of 7 F'G. O

We finally come to the main object of interest in this paper, namely, formal L..[1]
algebras.

Definition 4.8. Given an Ly [1] algebra (V,Q), we denote by ro : H(V,q1)®? — H(V, q1)
the induced bracket on tangent cohomology, as in Remark 4.3. V is said to be formal if
there exists a weak equivalence

F: (KQ) = (‘/,qlaQ27Q3a"'aQTL7"') — (H(‘/’ql)7r2) = (H(‘/?ql)707r2707'"707"')

of L[1] algebras, or in other words, if every minimal model of (V, Q) is Loo[1] isomorphic
to (H(V,q1),72).

4.2. Formality versus quadraticity. We denote by Artg the category of local Artin
K-algebras with residue field identified with K. To any L.[1] algebra V is associated a
deformation functor Defy : Artx — Set, sending A € Artkx with maximal ideal m4 to
the set of Maurer-Cartan elements in V' ® m4 modulo homotopy equivalence, see [31] for
details. Moreover, weakly equivalent L., [1] algebras yield isomorphic deformation functors.
According to a well known general philosophy!, over a field of characteristic zero every
deformation problem is controlled in the above manner by some weak equivalence type
of Lo[1] algebras, or equivalently, by some isomorphism type of minimal L., [1] algebras.
Knowing a controlling L. [1] algebra, it is easy to recover several important features of
the deformation problem at hand: for instance, the tangent space T Defy is isomorphic to
H°(V,q1), and there is a complete obstruction theory with values in H!(V, qy).

When dim H°(V,q;) < +oo, the deformation functor Defy satisfies conditions (H1),
(H2) and (H3) from Schlessinger’s paper [39, Theorem 2.11], and in particular, it admits a
hull. In order to read this off directly from (V, Q) we set H = H(V,q;) and fix a minimal
model (H, R) of (V,Q). We denote by (H°)V, (H')" the dual vector spaces. As H" is finite
dimensional, the Taylor coefficients 7, : (H°)®" — H! induce, via transposition, maps
r o (HY)Y — ((H°)V)©", which together assemble to a map rV = ry + - + 7Y + -+ :
(HY)Y — S((H")Y) = [1,,50((H%)V)®", where we denote by S((H%)V) the completed

symmetric algebra over (H°)Y. If dim H® = n, we can identify S((H°)¥) with the usual
algebra of formal power series K [[21, ..., z,]]: moreover, we denote by m C K[[z1, ..., x,]]
the maximal ideal, and by I C m? the ideal generated by the image of rV.

Definition 4.9. In the above setup, we call the local noetherian complete K -algebra

K[z, ..., 2]
A=——"7T

Untroduced by Nijenhuis and Richardson [36] in the ’60s and sponsored by Deligne, Drinfeld and
others during the ’80s in the form of private communications [8, 9], further developed in the works of
Goldman-Millson [16], Kontsevich [26], Hinich [19, 20] and Manetti [30], among others, during the ’90s,
then investigated by Pridham [37] and recently studied in the infinity categorical setting by Lurie [28].
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the Kuranishi algebra of (H, R). A bit improperly, we shall also refer to A as the Kuranishi
algebra of (V, @), but notice that it is determined by (V, Q) only up to a non-canonical
isomorphism.

The following result is essentially shown in [14].

Proposition 4.10. Given an Loo[1] algebra (V,Q) with dim H°(V,q1) < +o0, the associ-
ated Kuranishi algebra is a hull for Defy, .

We denote by .K;tK the category of local noetherian complete K-algebras with residue
field equal to K. Every such an algebra, up to isomorphism, can be presented as a quotient
K[z1,...,2z]]

(fla SRR fm)

where every f; has multiplicity u(f;) > 2. Here n is the embedding dimension of A (the
dimension of the Zariski tangent space).

A:

Definition 4.11. An algebra A € X;tK is called quadratic if it is isomorphic to an algebra
of type K[[x1,...,2,]]/I, where the ideal I is generated by homogeneous polynomials of
degree two. Given an L [1] algebra (V, Q) such that dim H°(V,q;) < +oo, we say that it
satisfies the quadraticity property if the associated Kuranishi algebra is quadratic.

Obviously, by homotopy invariance of the Kuranishi algebra, if an L., [1] algebra (V, Q)
is formal it satisfies the quadraticity property. The converse is in general not true: formality
is a stronger property, putting strong constraints on the full derived deformation functor
associated to V', while the Kuranishi algebra only remembers the classical part Defy. On
the other hand, in several situations the quadraticity property might be easier to verify: for
instance, we have the following result, which follows from [33, Theorem 2.11, Proposition
2.14 and Theorem 2.16].

Proposition 4.12. Let F : (V,Q) --» (W, R) be and Loo[1] morphism, and assume that
HO(f1) : HO(V,q1) — H°(W,r1) is surjective, H'(f1) : HY(V,q1) — H*(W,r1) is injective
and dim H°(V,q1) < +o00. Then the Loo[1] algebra (V, Q) satisfies the quadraticity property
if and only if so does (W, R).

Remark 4.13. The above proposition fails if in its statement we replace the quadraticity
property by the property of being formal: to the best of the authors’ knowledge, the only
result one can find in the literature going in a somewhat similar direction is the formality
transfer theorem from [32, Theorem 6.8], whose hypotheses are much harder to verify. With
respect to the discussion in the introduction of [7], this is essentially the reason why the
quadraticity conjecture [7, Conjecture 1.1] by Kaledin and Lehn [25] has been easier to
handle than the full formality conjecture [7, Conjecture 1.2].

Our aim in the remainder of this subsection is to show that in the special case when
H(V,q1) =: H= H°® H' is concentrated in degrees zero and one and dim H = dim H° +
dim H' < +o0, then V is formal if and only if the associated Kuranishi algebra is quadratic
(the assumption dim H' < +oo0 is actually unnecessary, we keep it for simplicity and since
it is usually satisfied in concrete examples).

First, we shall look more closely at quadratic algebras in XRK.

Notation. For every f € K{[zy,...,x,]] we denote by u(f) its multiplicity, and by f()
its homogeneous component of degree n, hence f = () 4 fu(H+1) 4 ...

Lemma 4.14. Let
K{[z1,...,zn]]

A=)
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be a quadratic algebra. Then there exists an isomorphism
o: K[[z1,...,zn]] = K[[z1,...,z4]]
with differential (i.e. the linear part) equal to the identity such that the ideal
(@(f1), -5 0(fm))
is generated by the quadrics ¢(f;)?) = fi@), i=1,...,m.
Proof. By assumption there exists an isomorphism
U K[z, ..., z,])] = K[[z1, ..., z,]]

such that the ideal ¥(f1,..., fin) is generated by quadrics. Define ¢ = wl_lz/J, where 1 is
the automorphism induced by the linear part of ¢. Then (¢(f1),...,d(fm)) is generated
by quadrics:

(¢(f1)77¢(fm)):(Q17>Q7)7 Ql:qz(2)

(2)
1

Since u(f;) > 2 for every i, every ¢; is a linear combination of f;™,..., f,gf ) and conversely.

Thus ]‘1(2)7 ey 7(,3) and ¢, ...,q- generate the same vector space and therefore also the
same ideal. 0

For simplicity of notation, we denote by P = K|[[z1,...,2,]] and by m C P its maximal
ideal.

Lemma 4.15. With the above notations, let fi, ..., fm € m? such that the ideal (f1,. .., fn)
is generated by quadrics. Then there exists a matrix A = (aij) € My m(P) such that
(ai;) =1d  (mod m), and

Sa £V =fi,  i=1...m.
j=1

Proof. There exists an invertible matrix C' = (¢;;) € My, m(K) such that the power series

gi = Z;nzl cij f; have the property that gf), ... ,952) are linearly independent over K and
gﬁ)l=---=g7(3)20forsom60§r§m.
Thus we have (g1,...,9m) = (g?), .. 7g&”) and for every i = 1,...,m there exists power

series b;1,...,b; € P such that
T
2
Z b¢j9§ )= ..
j=1
In particular

2 2
S b (0)gl? = g
j=1

and then b;;(0) = 1 if i = j <r and b;;(0) = 0 otherwise. For every j > r define b;; = 1 if
i=j and b” =01if i # j. Then the matrix B = (bZJ) S Mm7m(P) is such that (le (O)) =1Id

and

m

szjg§2):gl7 i=1,...,m.

j=1
Finally take A = C~'BC. (]
Proposition 4.16. Notation as above. For a sequence f1,..., fm € m? the following con-

ditions are equivalent:
(1) the algebra P/(f1,..., fm) is quadratic;
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(2) there exists an isomorphism of algebras ¢: P — P with linear part equal the identity
and a matriz (a;;) € My m(P) with (a;;(0)) =Id such that

> ai 117 = o(f:)
j=1

Proof. Immediate from lemmas. ]

Next, we shall look more closely at the category of minimal L. [1] algebras (H =
H° @ H', R) concentrated in degrees zero and one and of finite total dimension dim H =
dim H° 4+ dim H! < +o0. Since dim H < +o0, denoting by H" the graded dual ((H")! =
(H~%)V), transposition induces an anti-isomorphism of graded Lie algebras

Coder(S°(H)) = [ Hom(H#®", H) = [ Hom(H", (H")®") 2 Der(S(H"))
n>0 n>0

from Coder(S°(H)) to the graded Lie algebra of derivations of the completed symmetric
algebra S(HY) = [[,5o(H")®" over H. In particular, the Le[1] algebra structure R

on H corresponds, under transposition, to a DG algebra structure RY on S (HY): we call
the DG algebra (§(HV), RY) the Chevalley-Eilenberg algebra of (H, R), and denote it by
CE(H, R)V. In this context, the Kuranishi algebra of (H, R) is just H*(CE(H, R)V, RY).
We fix bases ei,...,e, and €j,...,€6, of H° and H' respectively, together with the
dual bases x1,...,2, and 71,...,nmm of (H°)Y and (H')Y. We shall denote the graded
algebra §(HV) by K[[x1, ..., Zn, M1, - -, 0m]], that is, the free complete graded commutative
algebra generated by zi,...,z, in degree zero and 7,...,n, in degree minus one: in
particular, its degree zero component is the usual algebra K[[z1,...,2,]] of formal power
series. As before, we denote by m C K][x1,...,2,]] the maximal ideal. The DG algebra
structure RY on Kl[z1,...,Zn,M1,-..,Mm]] is completely determined by the m-tuple of
formal power series RY(m) =: fi,...,RY(0m) = fm, and since R is a minimal L[1]
algebra structure fi,..., f,, € m2. More explicitly, if we denote by I = (iy,...,i,) € N* a
multi-index, by z! := 2% - .- zin e; == {1 @---@eD% and I! = iy! - - - i), if the corestriction
r € Hom(S¢(H®), H') of R is given by r(er) = it 7€, then the corresponding formal

J
. . ™
power series are given by f; =3 . Hal.

Let (K = K°® K', Q) be another finite dimensional minimal L..[1] algebra in degrees
zero and one. We fix bases e,...,e/, and €},...,¢. of K and K! respectively, together
with the dual bases yi,...,ys and 61,...,60, of (K°)¥ and (K')V. Let the corresponding
DG algebra structure on K[[y1,...,¥ys,01,...,0;]] be given by QY (01) = g1,...,QV(0,) =
gr € K[[y1,--.,9s]]. A morphism of graded coalgebras F : S¢(H) — S¢(K) corresponds
dually to a morphism of graded algebras

FvIK[[yl,...,ys79]_7...,9r]] _>K[[xl7~--amn77717"'777m]]

The latter is completely determined by its restriction to the degree zero components,
which we denote by ¢ : K[[y1,...,us]] = K[[z1,...,2,]], and the formal power series
aij € K[[x1, ..., z,]] defined by F¥(0;) = 377" aijn;, i = 1,...,7. The requirement that F°
in an Ly [1] morphism, that is, F¥ is a morphism of DG algebras, becomes

(41) ¢(gz) :FVQV(G) RVFV = Zaljn] :Zaijfj7 V’L: 1,...,’[“.
Jj=1

Putting together the previous considerations, the desired result follows easily.
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Theorem 4.17. Let (V,Q) be an Lo[1] algebra with finite dimensional tangent cohomology
H(V,q1) =: H= H°® H' concentrated in degrees zero and one. Then V is formal if and
only if it satisfies the quadraticity property.

Proof. The only if implication is clear. Conversely, let (H,R) --» (V,Q) be a minimal
model of (V, Q). As before, we fix bases of H, H', and the dual bases 1 ..., %n, N1, -+, Nm
of (H®)Y, (H')V respectively: then the L [1] algebra structure R is determined by the
formal power series f; = RY(n;) € m?, i =1,...,m, and the Kuranishi algebra of (V, Q) is

K[x1, ..., Tn]]
(.fla SERE) fm)
If the latter is quadratic, we can construct ¢ : K[[z1,...,z,]] = K[[z1,...,2,]] and A =

(ai;) as in Proposition 4.16. According to the discussion preceding Equation (4.1), the
datum of ¢ and A is equivalent to the datum of an L [1] isomorphism

(H,R) = (H,0,79,7r3....,Tk,...) --» (H,72) = (H,0,72,0,...,0,...)

with linear part the identity, hence (V, Q) is formal.
O

Corollary 4.18. Let (V,Q) be an Loo[1] algebra with tangent cohomology in nonnegative
degree. Assume that:

(1) H°(V,q1) and H*(V,q1) are finite dimensional vector spaces;
(2) there exists an Loo-morphism f: (V,Q) --+ (W, R) into a homotopy abelian Luo[1]
algebra (W, R) such that f: H'(V,q1) — H*(W,r1) is injective for every i > 2.

Then V is formal if and only if it satisfies the quadraticity property.

Proof. By Lemma 4.7 there exists a minimal model (H,0,ss,...) such that H® = 0 for
every i < 0 and the image of s, is contained in H® @ H" for every r.
Hence H is the direct product of two L. [1] algebras, namely
(HO @Hl,(),SQ, .. ) X (@iZQHi,0,0,. . ) .

Thus if H°®H' is formal then also H and V are formal; on the other side V', H and H'® H?!
have isomorphic Kuranishi algebras and the conclusion follows by Theorem 4.17. (]

4.3. Equivariant formality. Let (g,v) — gv be a representation of a group G on a graded
vector space V.

Definition 4.19. In the above setup, an Ly[1] algebra structure @ on V is G-equivariant
if so are its Taylor coefficients, i.e.,

gQH(U17 s 7U7L) = QTL(gvh cee 79U7L)7 vg € Ga n 2z 17 VlyevosUn € V.
Similarly, given a second G-equivariant Lo[1] algebra (W, R), an Ls[1] morphism F :
(V,Q) --» (W, R) is G-equivariant if

gf/n/(vl7"'7/l}/'L) = fn(gv17""gvn)7 vg e G7 n Z 17 7]17'"77]’7] 6 V

Given a G-equivariant L[1] algebra (V, Q), the G-action descends on the tangent coho-
mology H(V,q1), and the induced bracket ro: H(V, q1)®? — H(V,q1), as in Remark 4.3, is
G-equivariant. We say that (V| Q) is G-equivariantly formal if there exists a G-equivariant
weak equivalence (H(V,q1),72) --+ (V, Q). The aim of this subsection is to prove that un-
der some mild assumptions a G-equivariant L. [1] algebra is G-equivariantly formal if and
only if it is formal in the usual sense.

Theorem 4.20. Let (V,Q) be a G-equivariant Loo[1] algebra. Assume that the following
G-modules are semisimple:
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o V', for alli € Z; and
e Hom/ (H(V,q1)®", H(V,q1)) for j =0,1 and all n > 2.

Then, if V is formal it is also G-equivariantly formal.

Remark 4.21. For instance, the hypotheses of the theorem are automatically satisfied in
the following situations:

e when G is finite;

e when G is a linearly reductive algebraic group and V' is a finitely supported rational
G-module for all i € Z;

e when G is a linearly reductive algebraic group, V? is a rational G-module for all
i € Z and moreover dim H(V,q1) = >, ., dim H*(V,q) < +oo0.

The first item follows from the well known fact that any representation of a finite group
is semisimple. The second and third items from the fact that, since G is assumed linearly
reductive, any rational representation of G is semisimple, and the class of rational represen-
tations (as well as the subclass of finitely supported rational representations) is closed under
subobjects and quotients, see Remark 2.8. Moreover, the class of finite dimensional rational
representations is further closed under tensor products and Hom spaces, and Lemma 2.7
shows that the same is true for the class of finitely supported rational representations.

i€Z

Proof. (of Theorem 4.20.) The proof is broken into two steps: the first step is to show the
existence of a G-equivariant minimal model of (V, Q). The assumption that V* is semisimple,
Vi € Z, assures the existence of a G-invariant abstract Hodge decomposition of the complex
(V,q1) (cf. with Remark 4.6), that is, direct sum decompositions Z*(V) = B(V) & H®,
Vi=Z(V)eW!= B (V)® H"® W such that H', W* C V' are G-invariant subspaces.
It follows that H = @;czH' is a G-module, and the induced contraction (f, g, h) of (V,q1)
onto (H,0), as in Remark 4.6, is G-equivariant. It is now a straightforward consequence of
the explicit recursive formulas for homotopy transfer (for which, once again, we may refer
to [2, Theorem 1.9]) that the induced minimal L. [1] algebra structure R on H and the
induced L [1] weak equivalences F' : (H,,R) --» (V,Q) and G : (V,Q) --» (H, R) are all
G-equivariant,.

The second step is to prove that if (V, Q) is formal, then (H, R) constructed as in the
previous paragraph is G-equivariantly Lo[1] isomorphic to (H,r2): recall that formality
of (V,Q) is equivalent to the existence of an Ly[1] isomorphism (H, R) --» (H,r3) with
linear part the identity, but a priori the latter might not be G-equivariant. We reason
inductively, following closely the proof of [32, Theorem 6.3]: the inductive step will depend
on the following key lemma, which is a G-equivariant version of [32, Lemma 6.2].

Lemma 4.22. Given k > 3 and a minimal G-equivariant Lo[1] algebra of the form
(H,R") = (H,0,73,0,...,0,7,7%p1,---), if (H,R') is formal in the usual sense and the
G-module Homj(H®"7H) is semisimple for j = 0,1 and n = k — 1, k, then there exists a
degree zero G-equivariant map o1 : HO*~1 — H such that v}, = [rh, ax_1]NR-

Proof. According to [32, Lemma 6.2 (3)] there exists a not necessarily G-equivariant map
ar—1 : H°*=! — H having the desired property [ry,dr_1]yr = 7). Furthermore, the
hypothesis that Hom?(H®", H) is semisimple (j = 0,1, n = k — 1,k) implies the ex-
istence of Reynolds operators (cf. [38, §6.2.4]), that is, projectors R: Hom’(H®" H) —»
Hom’ (H®", H)% onto the invariants, which are natural with respect to maps of G-modules
(see [38, §6.2.3, Proposition 2]). Finally, we notice that the Nijenhuis-Richardson bracket
[—, —]nR is equivariant with respect to the natural action of G' on Hom?(H®", H) given
by (9Gn)(h1s- . hn) = 9qn(g~ h1,..., 9" hy). Since rh is supposed to be G-equivariant,
[rh, —|ng : Hom"(HO*~1 H) — Hom'(H®* H) is a morphism of G-modules, and then the



18 R. BANDIERA, M. MANETTI, AND F. MEAZZINI

diagram

Hom(H®*—! ) —~ Hom®(HO*1, H)C

[Téthl [Tér]zvzzl

Hom!(H®*, H) — ~ Hom'(H®*, H)¢
is commutative. In particular, since 7}, is also supposed to be G-equivariant, we have
1, = R(ri) = R([ry, dk-1]nr) = [rh, R(Gk-1)] N R,
and the proof is concluded by setting a1 = R(a@g—1). O

Going back to the proof of the theorem, given & > 3 we assume inductively to have
constructed a minimal L.[1] algebra (H,R') = (H,0,75,0,...,0,7},7,,,...) as in the
hypotheses of the previous lemma and a G-equivariant L. [1]-isomorphism F’ : (H, R) —
(H, R') with linear part the identity. In particular, this implies 75 = r5. The basis of the
induction is ¥ = 3, R = R and (f{,f4,...,f,,...) = (idg,0,...,0,...). Since (H,R)
is supposed to be formal, so is (H, R'), and we can find aj_; as in Lemma 4.22. As in
the proof of [32, Theorem 6.3], we denote by aj_; the G-equivariant coderivation aj_; =
(0,0,...,0,05_1,0,...): its exponential e~ is a well defined G-equivariant automorphism
of the symmetric coalgebra S¢(H), acting as the identity on ®;.x_1 H®* C S¢(H). Finally,
we put R = e -10R oe~ %1 and F” = ¢®-10 F'. Tt is clear that F”’ : (H,R) — (H, R")
is an Lo [1] isomorphism with linear part the identity, and the same computations as in the
proof of [32, Theorem 6.3] show that R" has the form R" = (0,72,0,...,0,7 1,7/ 5,...):
moreover, since R, F' and e®~1 are G-equivariant, so are R” and F”, and we can proceed
with the induction.

In order to conclude, it is sufficient to observe that the infinite composition

F:=-..0e1o...0e% 0e%: S°(H) — S°(H)

is well defined, since e®*~1 acts as the identity on ®;<,_1 H®* C S¢(H), and by construction
Fisan Ly[1] isomorphism F: (H,0,79,73,...,7n,...) -=> (H,0,79,0,...,0,...) with linear

part the identity. O

Corollary 4.23. Let (L,d,[—,—]) be a DG Lie algebra. Assume the following hypotheses:

e H(L,d) =0 fori <0 and H°(L,d) =: g is the Lie algebra of a reductive algebraic
group G;

e there is a Lie algebra embedding 1: g — Z°(L) that is a section of the natural
projection map Z°(L) — H°(L,d);
e the adjoint action of g on L is induced by an action of G by DG Lie algebra
automorphisms which is degreewise rational and finitely supported.
Define a DG Lie subalgebra K C L by setting K = 0 fori < 0, K' C L' a g-invariant
complement of BY(L) in L' (this exists because the hypotheses imply that L' is a semisimple
g-module for alli € Z.) and finally K* = L* fori > 2. Then, the DG Lie algebra L is formal
if and only if so is the one K.

Proof. We introduce a second DG Lie subalgebra M :=1(g) ® K C L: clearly the inclusion
M < L is a quasi-isomorphism, thus L is formal if and only if so is M, and we need to
prove that this is the case if and only if so is K.

We denote the L[1] algebras corresponding to M and K respectively by

(M[1],Q) = (L[1],q1, g2,0,...,0,...) and  (K[1],Q) = (K[1],q1,42,0,...,0,...),

and by (H(M,d)[1],72) and (H(K,d)[1],72) the Lo[1] algebras corresponding to their
cohomology graded Lie algebras (explicitly, if M — M[1] : x — s~ 'z is the desuspension
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isomorphism and |z| is the degree of x in M, then ¢;(s™'a) = —s7ldz, g2(s tr ® s 1y) =
(—=1)l*ls= [z, y]: similarly for r3). We notice that by construction H(K,d) = H>°(M,d) =
©isoH' (M, d).

If M is formal and F: (H(M,d)[1],r2) --+ (M[1],Q) is an L.[l] weak equivalence,
for trivial degree reasons when z1,...,z, € H(K,d)[1] = H>°(M,d)[1] ¢ H(M,d)[1]
then f,(z1,...,2,) € M>9[1] = K[1], that is, F restricts to an L.[1] weak equivalence
F: (H(K,d)[1],72) --+ (K[1],Q) and K is formal.

Conversely, we assume that K is formal. By the hypotheses, (K[1], Q) is a G-equivariant
Lo [1] algebra satisfying the assumptions of Theorem 4.20 (see also Remark 4.21), hence
it is also G-equivariantly formal. Moreover, we fix a G-equivariant L., [1] weak equivalence
F : (H(K,d)[1],72) --» (K[1],Q), and then we can define an Lo[1] weak equivalence
F: (HM,d)[1],r2) --+ (M][1],Q) as follows. Using the natural identification H(M,d) =

9@ H(K,d), we put fi(z) = fi(z) if 2 € H(K,d)[1] € H(M,d)[1] and fi(z) = o() if
x € g[l] ¢ H(M,d)[1]: for n > 2, we put fp(z1,...,2n) = fu(z1,...,20) if 1,...,2, €
H(K,d)[1] Cc H(M,d)[1], and f,(x1,...,2,) = 0 otherwise. It is clear that f; is a quasi-
isomorphism. The remaining relations that have to be satisfied in order for F' to define an

Loo[1] morphism read

(4.2)

n—1

Z T2 (fi(Toays - To())s fomi(To(it1), s To(n))) =

qufa(@1,. .o 20) +
=1 c€S(i,n—1)

DN =

Z ifnfl(TQ(xo(l)v mo(Z))v Lo(3)y--- 71.(7(n))
oceS(2,n—2)

for all n > 2 and x1,...,2, € H(M,d)[1], where + is the appropriate Koszul sign and
S(i,n—1) is the set of (i, n—i)-unshuffles (i.e., permutations o € S,, such that o(j) < o(j+1)
for j # i). When x1,...,z, € H(K,d)[1] C H(M,d)[1] these relations follow from the
corresponding ones for the fm whereas both sides of (4.2) are obviously zero whenever
x;,xj € g[l] C H(M,d)[1] for some i # j and n > 3. For n = 2 and x1,22 € g[1] (4.2)
follows from the fact that ¢: g — ZY(L) is a morphism of Lie algebras. In the remaining
case, it is not restrictive to assume x; € g[1] and o, ...,x, € H(K,d)[1]: in this situation
(4.2) reduces to

q2(2(z1), ﬁl,l(xg, ceyXp)) = Z :tfn,l(rg(xhxj), To,... L, ..., Tn),

Jj=2

which says that the Taylor coefficients f,_1: H(K,d)[1]°"~! — K][1] are g-equivariant
maps. This is clear, since by assumption the g-module structures are induced by G-module
structures and the f,_; are G-equivariant. d

Proof of Theorem 1.2. We only need to prove that if the Kuranishi family of F is
quadratic then RHom(F, F) is formal, since the converse is true by general theory.

In the situation of Corollary 4.23, the DG-Lie algebras L and K have the same Kuranishi
family [17, 31, 36]. If H*(L) = 0 for every i # 0,1,2, then H'(K) = 0 for every i # 1,2.
Therefore by Corollary 4.23 L is formal if and only if so is K, while by Corollary 4.18 K is
formal if its Kuranishi algebra is quadratic and there exists an L., morphism from K to a
homotopy abelian L., algebra that is injective on the tangent cohomology groups H* for
every 7 > 3.

According to [24] the trace maps Tr: Ext’ (F,F) — Exty(Ox,0x) = H'(Ox) are
induced by an L. morphism Tr: RHom(F,F) — RHom(Ox,Ox) and RHom(Ox,Ox)
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may be represented by the abelian DG-Lie algebra given by the Thom-Whitney totalisation
of the sheaf of abelian Lie algebras Homo, (Ox,Ox) with respect to a given affine open
cover, see also [12, pag. 2255]. We also refer to [35] for an explicit description of a quasi-
isomomorphism between the Thom-Whitney totalisations and the representative of derived
endomorphisms described here in Subsection 3.2.

Now Theorem 1.2 follows immediately from the previous considerations applied to the
DG-Lie algebra of Theorem 1.3

Remark 4.24. Theorem 1.1 holds in particular for every polystable sheaf F on a smooth
projective surface X such that Ext% (F,F) = 0, since the Kuranishi family is smooth and
therefore quadratic. For instance, according to [34, Cor. 6.7.3] the equality Ext3 (F, F) =0
holds whenever F is a torsion free H-semistable sheaf and H - Kx < 0.

Acknowledgements: we are grateful to the referee for carefully reading the manuscript
and for useful comments on the first version of this paper.

REFERENCES

[1] Arbarello, E., Sacca, G.: Singularities of moduli spaces of sheaves on K3 surfaces and Nakajima quiver
varieties. Adv. Math. 329 (2018), 649-703.

[2] Bandiera, R.: Descent of Deligne-Getzler co-groupoids. arXiv:1705.02880.

[3] Bandiera, R., Manetti, M.: Algebraic models of local period maps and Yukawa algebras. Lett. Math.
Phys. 108, 2055-2097 (2018).

[4] Bandiera, R., Manetti M., Meazzini F.: A formality criterion for cyclic DG-Lie algebras, with applica-
tion to the Kaledin-Lehn formality conjecture. arXiv:1907.10690.

[5] Berglund, A.: Homological perturbation theory for algebras over operads. Algebraic & Geometric
Topology 14 (2014), 2511-2548; arXiv:0909.3485.

[6] Buchweitz, R.-O., Flenner, H. : A Semiregularity Map for Modules and Applications to Deformations.
Compositio Mathematica 137, 135-210, (2003).

(7] Budur, N., Zhang, Z.: Formality conjecture for K3 surfaces. arXiv:1803.03974.

[8] Deligne, P.: Letter to J. Millson, April 24, 1986. Scanned copy available on J. Millson webpage.

[9] Drinfeld, V.: Letter to V. Schechtman, Sept. 18, 1988.

[10] Enochs, E., Estrada, S.: Relative homological algebra in the category of quasi-coherent sheaves. Ad-
vances in Mathematics 194, 284-295, 2005.

[11] Fiorenza, D., Iacono, D., Martinengo, E.: Differential graded Lie algebras controlling infinitesimal
deformations of coherent sheaves. J. Eur. Math. Soc. (JEMS) 14, 521-540 (2012); arXiv:0904.1301.

[12] Fiorenza, D., Manetti, M., Martinengo, E.: Cosimplicial DGLAs in deformation theory. Communica-
tions in Algebra 40 (2012), 2243-2260; arXiv:0803.0399.

[13] Forster, O., Knorr, K.: Ein Veweis des Grauertschen Bildgarbensatzes nach Ideen von B. Malgrange.
Manuscripta Math. 5, 19-44, Springer-Verlag, (1971).

[14] Fukaya, K.: Deformation theory, homological algebra and mirror symmetry. Geometry and physics of
branes (Como, 2001), Ser. High Energy Phys. Cosmol. Gravit., IOP Bristol (2003) 121-209. Electronic
version available at http://www.math.kyoto-u.ac.jp/~fukaya/fukaya.html (February 2019).

[15] Gerstenhaber, M., Schack, S.D.: On the deformation of algebra morphism and diagrams. Trans. Amer.
Math. Soc. 279, no. 1, 1983.

[16] Goldman, W.M., Millson, J.J.: The deformation theory of representations of fundamental groups of
compact Kéhler manifolds. Publ. Math. LH.E.S. 67, 43-96 (1988).

[17] Goldman, W.M., Millson, J.J.: The homotopy invariance of the Kuranishi space. Ill. J. Math. 34,
337-367 (1990).

[18] Hartshorne, R.: Algebraic Geometry. Graduate Texts in Mathematics, 52, (1977).

[19] Hinich, V.: Descent of Deligne groupoids. Internat. Math. Res. Notices (1997), no. 5, 223-239; arXiv:
alg-geom/9606010.

[20] Hinich, V.: DG coalgebras as formal stacks. Journal of Pure and Applied Algebra 162, 209-250 (2001);
arXiv:math/9812034.

[21] Hovey, M.: Model categories. Mathematical Surveys and Monographs, vol. 63, American Mathematical
Society, (1999).

[22] Huebschmann, J., Stasheff, J.: Formal solution of the master equation via HPT and deformation theory.
Forum Math. 14 (2002), 847-868; arXiv:math.AG/9906036.


http://www.math.kyoto-u.ac.jp/~fukaya/fukaya.html

23]
[24]

[25]

[26]
27]

28]
29]

(30]
(31]
(32]
(33]

[34]
(35]

(36]
37]
(38]
(39]
(40]
[41]

42]

DEFORMATIONS OF POLYSTABLE SHEAVES ON SURFACES 21

Huybrechts, D., Lehn, M.: The Geometry of Moduli Spaces of Sheaves. Cambridge University Press.
(2010).

Tacono, D., Manetti, M.: On deformations of pairs (manifold, coherent sheaf). Canad. J. Math. 71,
1209-1241 (2019); https://doi.org/10.4153/CIM-2018-027-8, arXiv:1707.06612.

Kaledin, D., Lehn, M.: Local structure of hyperkdhler singularities in O’Grady’s
examples. Mosc. Math. J. 7 (2007), mno. 4, 653672, T766767; available at
http://www.ams.org/distribution/mmj/vol7-4-2007/kaledin-1lehn.pdf.

Kontsevich, M.: Topics in algebra-deformation theory. Lecture notes of a course given at Berkeley
(1994).

Lada, T., Markl, M.: Strongly homotopy Lie algebras. Comm. Algebra 23, 2147-2161 (1995);
ArXiv:hep-th/9406095.

Lurie, J.: Formal moduli problems. (2011); available on J. Lurie’s webpage.

Manetti, M.: Differential graded Lie algebras and formal deformation theory. Algebraic Geometry:
Seattle 2005. Proc. Sympos. Pure Math. 80, 785-810, 2009.

Manetti, M.: Extended deformation functors. Int. Math. Res. Not. 14, 719-756 (2002);
arXiv:math.AG/9910071.

Manetti, M.: Lectures on deformations of complex manifolds. Rend. Mat. Appl. (7) 24, 1-183 (2004);
arXiv:math.AG/0507286.

Manetti, M.: On some formality criteria for DG-Lie algebras. J. Algebra 438, 90-118 (2015);
arXiv:1310.3048.

Martinengo, E.: Local structure of Brill-Noether strata in the moduli space of flat stable bundles.
Rend. Semin. Mat. Univ. Padova 121, 259-280 (2009); arXiv:0806.2056.

Maruyama, M.: Moduli of stable sheaves II. J. Math. Kyoto Univ. 18, 5577614 (1978).

Meazzini, F.: A DG-enhancement of D(QCoh(X)) with applications in deformation theory. (2018);
arXiv:1808.05119.

Nijenhuis, A., Richardson, R. W.: Cohomology and deformations of algebraic structures. Bull. Amer.
Math. Soc. Volume 70, Number 3, 406-411 (1964).

Pridham, J. P.: Unifying derived deformation theories. Adv. Math. 224, no.3 (2010), 772-826; arXiv:
0705.0344v6.

Procesi, C.: Lie groups: an approach through invariants and representations. Springer Universitext,
Springer, New York (2007).

Schlessinger, M.: Functors of Artin rings. Trans. Amer. Math. Soc. 130, 208-222 (1968).

Stovicek, J.: Exact model categories, approximation theory, and cohomology of quasi-coherent sheaves.
Advances in Representation Theory of Algebras (ICRA Bielefeld, Germany, 8-17 August, 2012), EMS
Series of Congress Reports, European Mathematical Society Publishing House (2012).

Yoshioka, K.: Fourier-Mukai duality for K3 surfaces via Bridgeland stability condition. Journal of
Geometry and Physics 122, 103-118 (2017).

Zhang Z.: A note on formality and singularities of moduli spaces. Mosc. Math. J. 12, no. 4, 863-879,
885, (2012).

UNIVERSITA DEGLI STUDI DI ROMA LA SAPIENZA,
DIPARTIMENTO DI MATEMATICA “GUIDO CASTELNUOVO”,

P.L

E ALDO MORO 5, I-00185 RoMA, ITALY.
E-mail address: bandiera@mat.uniromal.it

E-mail address: manetti@mat.uniromal.it
URL: www.mat .uniromal.it/people/manetti/

E-mail address: meazzini@mat.uniromal.it



	Copertina_postprint_IRIS_UNIBO (2)
	Bandiera_postprint_Deformations_2022
	1. Introduction
	2. Finitely supported and rational representations
	3. A rational and finitely supported model for R-2muHom(F,F)
	3.1. Preliminaries and notation
	3.2. Derived endomorphisms of complexes of locally free sheaves
	3.3. A locally free AutX(F)-equivariant resolution for F

	4. Review of L[1] algebras and formality
	4.1. L[1] algebras
	4.2. Formality versus quadraticity
	4.3. Equivariant formality

	References


