UNIVERSITA DEGLI STUDI DI MILANO
FACOLTA DI SCIENZE E TECNOLOGIE

Dipartimento di Matematica "Federigo Enriques’
Corso di Dottorato in Scienze Matematiche

Ciclo XXXIV

Tesi di Dottorato in Matematica

A comparison between geometric
quasi-functors and Fourier-Mukai functors

MAT 02-03

Relatore:

Candidato:
Prof. Paolo Stellari

Lorenzo Dasti

Correlatore:
Prof. Alberto Canonaco

Coordinatore:
Prof. Vieri Mastropietro

A. A. 2020/2021



Contents

Introduction

1 Derived categories of geometric flavour
1.1 Triangulated and derived categories . . . .. . ... ... ... ... ..
1.2 Derived functors . . . . . . ..
1.3 Derived categories and derived functors in the geometric context
1.4 Fourier-Mukai functors . . . . . . . . ... oo

2 Differential graded categories and (quasi-) functors
2.1 Dg categories and dg functors . . . . . ... ... oL
2.2 Dgmodules . . . . . . ..
2.3 Pretriangulated dg categories . . . . . . . ... ... ... ..
2.4 Dgmodules, again . . . . . ... .. L
2.5 Bimodules and quasi-functors . . . . .. ... 0oL Lo
2.6 Dg enhancements and lifts . . . . . . . ... ... oL

3 A dg lift of the Fourier-Mukai functor ®¢
3.1 Description of the general setting . . . . . . ... ... ... .......
3.2 Choice of the enhancements and auxiliary results . . . . . . ... .. ..
3.3 Notation . . . . . . . . o
3.4 Pullback . . . . . .. e
3.5 Pushforward. . . . . . .. .. L
3.6 Tensor product . . . . . . . . .. L
3.7 Adglift of dg . . . . .

3.8 The most general case . . . . . . . . . ... o

4 An explicit bijection
4.1 Construction of the kernel & . . . . . . . . . .. ... ..
4.2 A new version of thedglift . . . .. ... ... ... ... ........
4.3 Uniqueness of Fourier-Mukai kernels . . . . . .. ... ... .......
4.4 Proof of Theorem 4.4.1. . . . . . . . . . . . . . .
4.5 Possible generalizations . . . . . . ... L Lo

Bibliography

ot

12
15

20
20
24
24
26
27
32

36
36
38
43
44
45
46
49
50

55
95
o8
65
70
71

73



Introduction

One of the best contribution that algebraic geometry gave to mathematics was the
possibility to study geometric objects with the powerful language of category theory.
In fact, one can attach to any scheme X some natural abelian categories and therefore
all the formalisms of category theory can in some sense be embedded into the geometry.
One of the most interesting problems became then to understand "how much informa-
tion" one needs to remember about the geometric object X, in order to describe it in a
satisfactory way. Derived categories turned out to be the best object for this purpose
and hence the study of them became a key research theme in algebraic geometry. It
was discovered that they do not carry anymore the structure of an abelian category,
instead they can be endowed with the weaker structure of a triangulated category. Such
a structure, unluckyily, has some problematic features - as was know to mathematicians
since the very beginning.

On the other hand, the study of functors between derived categories led to the dis-
covery that an incredible number of them has the particular shape of a Fourier-Mukai
functor - a kind of functor that is also very simple and very geometric in nature. Start-
ing from the seminal works of Mukai in the 80’s, an increasing class of functors between
derived categories has been proved to be of Fourier-Mukai type. Conversely, the exam-
ples of non-Fourier-Mukai functors that were discovered since the second decade of this
century has been understood to be related to the pathologic structure of triangulated
categories.

For these reasons mathematicians have moved to higher categorical structures in
order to have a deeper understanding of this phenomenom. Working in the greater
generality of differential graded categories has permitted to solve a lot of problems and
to have a neater and simpler description of the theory.

The work of this PhD thesis fits in this framework and aims to add a brick in the
comprehension of the relationship between Fourier-Mukai functors and the differential
graded world.

Let us now be a bit more detailed. Let X and Y be two smooth proper schemes
and denote by X L XxY 5 Y the two projections. For any object £ in the bounded
derived category of coherent sheaves D°(Coh(X xY)) the Fourier-Mukai functor of
kernel £ is a triangulated functor

®g : D*(Coh(X)) — D°(Coh(Y))

defined by sending an object A € D?(Coh(X)) to Rq.(§ @ p*A). Actually, it turns
out that all the triangulated functors one deals with in ordinary life are of this form;
moreover Orlov proved in [36] that, if X and Y are smooth projective varieties over a
field, then any fully faithful triangulated functor between D°(Coh(X)) and D®(Coh(Y))
is of Fourier-Mukai type for some kernel £ (unique up to isomorphism).



But the growing hope for all the triangulated functors to be of Fourier-Mukai type
(removing the fully faithfulness hypotesis in Orlov Theorem) was definitely stopped in
2014, when the first example of a non-Fourier-Mukai functor was exhibited [39].

In the meantime mathematicians have started to investigate the realm of differential
graded (dg) categories and its connection with Fourier-Mukai functors. In particular,
in [4] the authors proved - in the case of X and Y being smooth algebraic varieties -
that any triangulated functor F : D?(Coh(X)) — D%(Coh(Y)) which is liftable at the
dg level must be of Fourier-Mukai type. A natural question that one may ask is:

() if such a triangulated functor F is given, how can one find (the isomorphism class
of) the element & € D’(Coh(X xY)) such that ®g, is isomorphic to F?

In the article [45] Toén studied the properties of Hqe, the localization of the cat-
egory of (small) dg categories with respect to quasi-equivalences. He came out with
a bijection between the isomorphism classes of objects in D(Qcoh(X xY')), the de-
rived category of quasicoherent sheaves on X xY | and the set of morphisms in Hqe
between D% (Qcoh(X)) and D%(Qcoh(Y)), two dg enhancements of D(Qcoh(X)) and
D(Qcoh(Y)), respectively. He claimed, moreover, that such a bijection was exactly the
way of producing the kernel of question (&). A proof of that fact was given in [31] even
in a more general form.

Actually, in the case of smooth and proper schemes, Fourier-Mukai functors can
be defined also between Perf(X) and Perf(Y), the subcategory of D(Qcoh(X)) and
D(Qcoh(Y)) consisting of perfect complexes. Denote by Petf9(X) and Perf9(Y) two
dg enhancements of Perf(X) and Perf(Y), repsectively. In this thesis we are going to
prove the following

Theorem (see Theorem 4.4.1). Let X and Y be two smooth proper schemes over a
field. Then there exists a bijective map

7 : Tso(Perf(X X Y)) —= Hae(Perfd(X), Perj¥(Y))

compatible with Fourier-Mukai kernels; i.e. such that, for any £ € Berf(X xY), we
have H(y(€)) ~ ®¢.

Our proof heavily relies on the explicit computation of a dg enhancement of the
Fourier-Mukai functor ®¢, that will take a consistent part of our work. This fact allows
our bijection v to be very explicit as well; therefore it gives an easy way of exhibiting
the kernel & € Perf(X xY) of (the analogous version of) question ().

During the proof of this result we will highlight how a lot of intermediate steps can
be proved in a wider generality (without the assumption of being over a field) and how
we believe our strategy could lead to a full proof of Theorem 4.4.1 under these weaker
hypoteses.

The present thesis is divided in four chapters. The first two chapters are on the
theoretical background, the third is devoted to the construction of an explicit dg en-
hancement of ®¢ while the last one deals with all the steps for the proof of Theorem
4.4.1.

The first chapter aims to recall some (perhaps well-known) key concepts; anyway,
some knowledge about the basics of category theory is assumed. We start by surveying
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the general theory of triangulated categories, derived categories and derived functors.
After that, we move to the geometric context in order to describe the incarnations of
those concepts that will be used throughout this work. We end with a discussion on
Fourier-Mukai functors and their features.

In the second chapter we introduce the world of differential graded categories and
we study its most important concepts like dg modules and pretriangulated dg cate-
gories. We spend some time on the extensions of dg functors and on the properties of
the localized category Hqe. We define the way of lifting triangulated categories and
exact functors at the dg level and we spend some words on the problems concerning
uniqueness of those lifts.

The third chapter starts with a discussion on the hypoteses under which our results
will be proved. We then move to the study of a particular type of Cech enhancement;
it will be used for producing explicit lifts of the three (derived) functors whose compo-
sition yields Fourier-Mukai functors: pullback, pushforward and tensor product.

With those dg lifts, in the fourth chapter we will produce a proof of Theorem 4.4.1.
In order to do that, we need to properly define the kernel & and to deal with several
intermediate steps. We then conclude with some comments and by proving some results
towards a further generalisation of what we have done.



Chapter 1

Derived categories of geometric
flavour

In this first chapter we are going to introduce the main characters of the present work:
Fourier-Mukai functors. They are a particular class of derived functors between the
derived categories of sheaves of modules on a scheme (and many of their "relatives").
For this reason we need to introduce the concepts of derived category of an abelian
category and of exact functor between them. We will focus, anyway, on the geometric
incarnations of those concepts and we will study particular examples of derived func-
tors that turns out to be very important for our purposes. We begin by presenting the
axioms of triangulated categories, since they are the theoretical structure that derived
categories naturally possess. Most of the basic facts about category theory are assumed
to be well-known to the reader.

1.1 Triangulated and derived categories

We start this Section by briefly recalling the notion of triangulated category and we
continue by highlighting the main steps in the construction of the derived category
of an abelian category, which gives the main (and the most important) example of
triangulated category. Essentially, one can think about triangulated categories as the
correct framework for the study of derived categories.

Definition 1.1.1. Let D be an additive category endowed with an additive equivalence
[1]p : D — D. We will denote it just by [1] when no confusion can occur and we will
write, for any object A of D and for any arrow f of D, A[l] instead of [1](A) and f[1]
instead of [1](f). A triangle in D is the datum of three objects A, B and C of D and

three arrows:

A f

B—Ysc s A

A morphism of triangles in D is a commutative diagram of the form

A B c A1)

N

A’ B c’ A1)

where the rows are triangles in D.



Definition 1.1.2. An additive category D is called triangulated if it is endowed with
an additive equivalence [1] : D — D and a set of distinguished triangles which satisfy
the following axioms:

TR1

TR2

TR3

TR4

Any triangle of the form

ida

A——s0—>= A[l]

is distinguished;
any triangle isomorphic to a distinguished triangle is distinguished;
any morphism f : A — B can be completed to a distinguished triangle

A f

B c—— A[1].

C is called a cone of the morphism f.

The triangle

is distinguished if and only if

B4t Al

is a distinguished triangle.

Suppose there exists a commutative diagram of distinguished triangles with ver-
tical arrows f and g:

A B C Al

R

\i
Al B c’ A1)

then the diagram can be completed to a morphism of triangles by a (not neces-
sarily unique) morphism h : C — C".

This fourth and last axiom is a bit technical. It roughly states that given three
morphisms f: A — B, g: B — C and their composition go f : A — C then the
three mapping cones of each of these morphisms (of whose we know the existence
- altough they are not unique - by [TR1]) can be composed into a distinguished
triangle such that "everything commutes". To be precise we say that given three
distinguished triangles

Adop oo ap,
B—Yt-c—ton B[1],
AR o Lo oA,




there exists a distinguished triangle

O s B s A O[]

such that the following diagram commutes:

Atop oo A]
id 4 g u idaq
\
AS o p AL]
f idg v fl]
g k v
B C A B
h Vi idA/l h[l]

C' o Bt AN e O]

This last axiom is generally called octahedron ariom because, in one and probably
the most famous of its different reformulations, it can be written using the vertices
of an octahedron (see for example [48]). In our exposition we have followed [23]
and [34], but the interested reader can find other presentations in [17].

Remark 1.1.3. An easy consequence of the axioms is the fact that the composition
of two consecutive arrows of a distinguished triangle is zero. In fact, the following
commutative diagram of distinguished triangles

ida

A

A 0 A1)

can be completed, by axiom TR3, to a morphism of (distinguished) triangles yielding
go f = 0. By making use of TR2 we can then conclude that the composition of any
two consecutive arrows of a distinguished triangle is the zero morphism.

From the above remark it is easy to deduce the following

Proposition 1.1.4. Let A ! B-—Y-c-t A[l] be a distinguished triangle in
a triangulated category D.Then, for any object G of D we have the following induced

exact sequences:

Homp(G, A) — Homp(G, B) — Homp(G, C)
Homyp(C,G) — Homp(B,G) — Homp(4,G)
Furthermore, since from TR2 we get that also the sequence
Homp(G, B) — Homp(G, C') — Homp(G, A[l])

is exact (and the same happens when we apply Hom(—, G) ), what we obtain are actually
long exact sequences.



Remark 1.1.5. The axiom TRI tells us that any morphism f : A — B can be
completed to a distinguished triangle

At oo toan

A B M oan

and by Proposition 1.1.4 and the Five Lemma we can conclude that o must be an
isomorphism. Observe that the non-uniqueness of the filling map « yields the fact that
the cone of f is unique up to a non-unique isomorphism.

Remark 1.1.6. Let us now consider any triangulated category and any non-zero object
R in it. We can always write the following commutative diagram where the two rows
are distinguished triangles and the non-labelled maps are the zero maps:

R 0 RI1]
[1] — R[1]
1] R[] —0.

Actually both the identity idgpy) : R[1] — R[1] and the zero map 0 : R[1] — R[1] can
be used to complete the above diagram to a morphism of distinguished triagles. This
is an example of the non-functoriality of the cone that is one of the main problematic
features of triangulated categories.

Definition 1.1.7. An additive functor F : D — D’ between two triangulated cate-
gories is called ezact (or triangulated) if it satisfies the following conditions:

i) There exists a natural isomorphism

Fo[llp—=[1]pr oF.

ii) Any distinguished triangle
A— B — C — A[l]
in D is mapped to a distinguished triangle
F(A) — F(B) — F(C) — F(A)[1]

in D', where F(A[1]) is identified with F(A)[1] via the functor isomorphism in i).



Definition 1.1.8. A triangulated subcategory of the triangulated category D is an
additive subcategory D’ C D admitting a triangulated structure such that the inclusion
D' — D is an exact functor.

Let us now just spend a couple of words in order to introduce the important notion of
compact object of a triangulated category and its connection with the different notions
of generation.

Definition 1.1.9. An object C of a triangulated category D with arbitrary coproducts
is called compact if, for any family {E;} of object of D the canonical map

@iHomD(C, EZ) — HOHlD(C, @iEi)
is an isomorphism. We denote by D¢ the set of compact objects of D.

From now until the end of this section let us denote by 8 = {B;}icr a set of objects
of a triangulated category D.

Definition 1.1.10. We say that 5 classically generates D if the smallest full triangu-
lated subcategory of D containing 8 and closed under isomorphisms and direct sum-
mands is equal to D itself.

By the right orthogonal S+ in D we denote the full subcategory of D whose objects
A have the property that Hom(B;[n], A) = 0 for all i € I and for all n € Z. 3+ is closed
under isomorphisms and direct summands.

Definition 1.1.11. We say that § generates D if 5~ = 0. Suppose moreover that D
has arbitrary coproducts: we say that D is compactly generated if it is generated by its
compact objects.

Clearly if S classically generates D then it generates D, but the converse is false.
Moreover we have the following

Theorem 1.1.12 (see Theorem 2.1.2 in [5]). Assume that the triangulated category D
is compactly generated. Then a set of objects B C D¢ classically generates D¢ if and
only if it generates D.

Triangulated categories can be seen as a kind of generalisation of abelian categories,
where distinguished triangles play the role of short exact sequences. However, it has
been clear from the very beginning that triangulated categries are in some sense "badly
behaved": in particular the non-uniqueness of the filling in TR3 is the cause of many
problems, like the so called non-functoriality of the cone of a morphism as we have seen
in Remark 1.1.6. Moreover, if D and D’ are two triangulated categories there is no nat-
ural way of endowing the category of exact functors between them with a triangulated
structure. We will see in the next Chapter how this and other kind of problems can be
overcome by employing differential graded categories.

It is now the time to introduce derived categories and see how they naturally fit
into the framework of triangulated categories.

Starting from a preadditive category A one can construct the category Kom(.A)
whose objects are complexes of objects of A and whose morphisms are complex mor-

phisms: degreewise morphisms commuting with the differential. It is still a preadditive
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category (it is abelian if we start from an abelian category). The idea of derived cat-
egories is that we want an object in which we can identify complexes with the same
cohomology (i.e. that are quasi-isomorphic). On the other hand, we want such an
object to contain "homotopical information": for this purpose we need to remember
more of a complex than just its cohomology. For a more detailed discussion, the reader
may look at [44].

One can define the derived category of the abelian category A in terms of universal
properties:

Definition 1.1.13. For any abelian category A the derived category of A is a category
D(A) such that there exists a functor

Q : Kom(A) — D(A)

sending any quasi-isomorphism of Kom(.A) to an isomorphism of D(.A). Moreover Q
has to be such that for any functor F : Kom(A) — D sending quasi-isomorphisms
to isomorphisms there exists a unique functor F’ : D(A) — D making the following
diagram commute

Kom(.A)

This definition is a purely categorical one. In order to explicitly define D(.A), several
steps have to be made. Our interest here is just to spell out how objects and arrows of

D(A) look like.

For what concerns the objects of D(A) that’s the easy part: they are just the same as
Kom(.A). The definition of morphisms is more subtle. First of all, one can define K(A),
the homotopy category of A taking as objects the same as Kom(.A) and as morphisms
morphisms of complexes modulo homotopy. Actually the definition of Kom(.A) makes
sense whenever A is a preadditive category. Since homotopy equivalent morphisms have
the same cohomology the notion of quasi-isomorphism is still well defined for morphisms
in IL(A). If A®* and B*® are two objects of D(.A) the set of morphisms between them in
D(A) is the set of all equivalence classes of "roofs" of the form

C.

A B*

where the dotted arrow is a quasi-isomorphism. Two of such roofs are equivalent if the
are dominated by a third roof in the homotopy category KC(A). A precise statement of
this, together with a careful discussion on composition of morphism and in general on
the construction of D(A) can be found in Chapter 2 of [21].

Remark 1.1.14. Actually the procedure of formally inverting a class of arrows in a
category C is a standard omne called localization. It is well known that localizing a
category can produce something that is not a category anymore in the sense that we
may loose control on the arrows between two objects: they may not be collected into a
set. One can avoid all those troubles if C possesses the structure of a model category.
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Roughly speaking, model categories are categories with three classes of arrows (called
fibrations, cofibrations and weak equivalences) satisfying certain properties. We will
not write down all the axioms of a model category (the interested reader can find all
the details in [20]); we will content ourselves by saying that if C has the structure of
a model category with quasi equivalences W, then the localization C[W]~! of C with
repect to W is still a category and can be described in a nice way.

What happens is that (at least if A is a Groethendieck abelian category) one can
endow Kom(.A) with a model structure whose set of weak equivalences is the set W of
quasi-isomorphisms.

The categories C(A) and D(A) are not abelian anymore; indeed they possess a
triangulated structure.

Proposition 1.1.15. Let A be an abelian category. Both the categories K(A) and
D(A) are triangulated categories whose distinguished triangles are the ones isomorphic
in IC(A) (respectively in D(A)) to triangles of the form

At

B* c(f) A1

where f is a morphism of complexes and C(f) is its mapping cone and [1] is the usual
shift of complexes.

Besides the notion of unbounded derived category D(.A) we will denote by D?(A)
with 7 = b, 4+, — the bounded (resp. bounded below, bounded above) derived category
that can be defined by suitably substitute Kom?(A) and K’(A) to Kom(A) and K(A)
(see Proposition 2.30 of [21]).

1.2 Derived functors

We start now a discussion on derived functors. Let F : A — B be an additive functor
between abelian categories. It gives rise to a well defined functor Kom(F) : Kom(A) —
Kom(B) as well as K(F) : K(A) — K(B). But it is easy to see that IC(F) induces a
functor between derived categories if and only if it maps acyclic complexes to acyclic
complexes; in other words, when F is an ezact functor.

But most of the times, the functors that one encounters are only left or right exact.
In those cases, in order to end up with a functor between the derived categories, a more
sophisticated procedure has to be adopted.

Before introducing it, we need to recall some important definition. Let A and be
an abelian category.

Definition 1.2.1. A complex I*® of objects of A is called h-injective if for any acyclic
complex M* of objects of A we have that Homgom4)(M*®, I*) is acyclic.

Definition 1.2.2. An h-injective resolution of an object C* € Kom(A) is a quasi-
isomorphism C'* — I® with I*® an h-injective complex of objects of A.

Dually, we have the notion of h-projective complex and h-projective resolution.

Definition 1.2.3. A complex P*® of objects of A is called h-projective if for any acyclic
complex M* of objects of A we have Hom gy, (4) (P, M®) is acyclic.
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Definition 1.2.4. An h-projective resolution of an object C* € Kom(.A) is a quasi-
isomorphism P®* — C*® with P*® an h-projective complex of objects of A.

We will see later that also the notion of h-flat resolution is important for defining
the derived functor we are interested in.

Definition 1.2.5. A complex K*® of objects of A is called h-flat if for any acyclic
complex M*® of objects of A we have that M*® ® K* is acyclic.

Definition 1.2.6. An h-flat resolution of an object C* € Kom(.A) is a quasi-isomorphism
K*®* — C*® with C*® an h-flat complex of objects of A.

We can now come back to the original problem; suppose for example that F : 4 —
B is a left exact functor. If there exists a subcategory Zg C K(.A) such that:

(i) K(F) sends any acyclic complex of Z¢ to an acyclic complex of K(B);
(ii) any object in K(.A) is quasi-isomorphic to an object of Z.

then the right derived functor RF : D(AA) — D(B) can be defined. In fact, condition
(ii) gives us that the localization of Z¢ by quasi-isomorphisms between complexes with
objects in Zf is equivalent to D(.A) (let us call such equivalence ¢). Moreover, condition
(i) ensures that IC(F) can be defined on this localization and hence one can define the
right derived functor of F to be RF := Qg o K(F) o™, where Qg : K(B) — D(B) is

the natural functor which factorizes the one of Definition 1.1.13.

Remark 1.2.7. Observe that if every complex of objects of A has an h-injective res-
olution, then the class of h-injective objects can play the role of Zg for any left exact
functor F (see [28], Corollary (2.3.2.3)). This happens for example whenever A is a
Grothendieck category - see Section 1.3 below - by Theorem 5.4 of [1].

Clearly, if F is a right exact functor, the left derived functor of F can be defined in
an analogous way. In this case, the class of h-projective objects can play the role of Zf.
Unfortunately, it is not true that any complex of objects of a Grothendieck category
admits an h-projective resolution. But often other kind of resolutions, like h-flat ones,
can be employed.

1.3 Derived categories and derived functors in the geo-
metric context

Let us now move to the geometric situation. In all this section we will assume all
schemes to be quasi-compact and quasi-separated over a commutative ring k.

Given any scheme X we can consider the category Sh(X) of sheaves of Ox-modules
and its subactegories Qcoh(X) and Coh(X) of quasi-coherent (respectively, coherent)
sheaves. All those three categories are abelian and we can consider their (bounded
or unbounded) derived categories. Moreover we have that Sh(X) and Qcoh(X) are
Grothendieck categories meaning that they are abelian categories which are closed un-
der small coproducts, possess a small set of generators and are such that the direct
limits of short exact sequences are exact.
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In this thesis we will be primarily interested in the full subcategory PPerf(X) of
D(Sh(X)) consisting of perfect complexes i.e. complexes that are locally quasi-isomorphic
to a bounded complex of vector bundles. Under our hypoteses Perf(X) coincides with
the full subcategory of compact objects of Dqeon(Sh(X)) (see Theorem 3.1.1 of [5]).
By Dqecon(Sh(X)) we mean the full subcategory of D(Sh(X)) consisting of complexes
with quasi-coherent cohomologies.

When the scheme X is also separated, the natural functor D(Qcoh(X)) — D(Sh(X))
induces an equivalence:

D(Qeoh(X)) = Deon(Sh(X)). (1.1)

This equivalence restricts to an equivalence between Berf(X) and the full subcategory
of D(Qcoh(X)) consisting of complexes that are locally quasi-isomorphic to a bounded
complex of vector bundles.

Let us now take some time to discuss the derived functors that will be needed in
the present work.

Pushforward. Let f: X — Y be a morphism of schemes. It yields functors:
f*:Sh(Y) — Sh(X) fr 1 Sh(X) — Sh(Y)

with f* right exact and f, left exact since we have the adjuction f* - f,. According
to what we have said in the above section (see Remark 1.2.7), the derived functor

Rf, : D(Sh(X)) — D(Sh(Y))

exists and we have that Rf.(Dqcon(Sh(X))) € Dqeon(Sh(Y')), by Section 3.9 of [28].
Such a functor, in the case f is flat and proper and Y is Noetherian, restricts - from
[42, Tag 0B6F] - to a functor

Rfy : Perf(X) — Perf(Y).

Pullback. For any morphism f : X — Y we have that, by means of h-flat resolutions
(k-flat in the terminology of [41], ¢-flat in the one of [28]), we can define the left derived
functor:

Lf*: D(Sh(Y)) — D(Sh(X))

and - always by the results in Section 3.9 of [28] - it is such that L f*(Dqeon(Sh(Y))) C
Dqeon(Sh(X)). Moreover, it restricts to

Lf*: Perf(Y) — Perf(X)
by [42, Tag 09UA].
Tensor product. Let £ € Sh(X). Tensorization by £ defines a right exact functor
€ ® — :Sh(X) — Sh(X). (1.2)

Following Section 2.5 of [28] we can define, by means of h-flat resolutions, the left
derived functor

£ ®F —: D(Sh(X)) — D(Sh(X)).

13



When £ is an element of Dgeon(Sh(X)) the functor (1.2) restricts to a functor
& &% — : DQeon(Sh(X)) — Dqeon(Sh(X)).

Moreover, since the tensor product of bounded complexes of vector bundles is still a
bonded complex of vector bundles we obtain a functor

E@F —: Perf(X) — Perf(X).

every time we choose £ € Perf(X).
Boxtimes. Let us denote by
X< xxy sy

the two projection. The boxtimes (bi)functor (called also external tensor product) is
defined as
—X ~i=p*(—) ® ¢*(~) : Sh(X) x Sh(Y) — Sh(X xY).

Thanks to the discusion above and to the fact that the pullback of h-flat complexes
is a h-flat complex as well (see [42, Tag 06YC]), we can compute by means of h-flat
resolutions the derived functor

—KE = Lp*(—) @F Lg*(~) : D(Sh(X)) x D(Sh(Y)) — D(Sh(X xY))

that restricts to the derived category of complexes of sheaves of modules with quasi-
coherent cohomology, and also to

—KE ~: Perf(X) x Perf(Y) — Perf(X xY).

Observe that if our schemes are smooth or if k is a field then the two projections
are exact and hence we have Lp* = p* and L¢* = ¢*. Suppose moreover that the
schemes are globally strictly perfect i.e. such that any perfect complex on them is
quasi-isomorphic to a bounded complex of vector bundles; in Chapters 3 and 4 we will
always be under such hypotesis. We get then that even the tensor product is exact
since bounded complexes of vector bundles are h-flat. Therefore we can write KX = X
and we get the exact functor:

—X ~: Perf(X) x Perf(Y) — Perf(X xY).

Notice that when k is a field - without any further hypoteses - the exactness of K
already comes from [31] Lemma A.14.

We conclude the present section with three useful formulas, in the version that will
be used in the sequel.

Proposition 1.3.1 (Projection formula, see [29] Proposition 5.2.32 and [47] Exercise
16.3.H). Let f: X — Y be a quasi-compact and separated morphism of schemes and
let F € Qeoh(X), G € Qeoh(Y'). We have a canonical homomorphism

(f+F) @0y G — [+(F @0y [°G)

that is an isomorphism if G is flat or f is affine.
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Remark 1.3.2. Notice that, in virtue of the equivalence (1.1), the above proposition
still holds for F € Dgeon(Sh(X)) and G € Dqeon(Sh(Y)).

Proposition 1.3.3 (Base change, see [31] Lemma A.1). Let f : Y — X be a morphism
of ringed spaces. Let U C X be an open subset and V := f~Y(U). Consider them as
ringed spaces in the natural way: we have a cartesian diagram of ringed spaces

Y — X.

f/

Then, for any G € Sh(Y) there is a natural isomorphism of Oy -modules 1* .G ~ f1j*G.
Another version of base change (see [42, Tag 02KH]) is given by the following

Proposition 1.3.4 (Flat base change). Consider a cartesian diagram of schemes

Y/ LX,
ol
y . x

and suppose that f is flat and g is quasi-compact and quasi-separated. Then, for any
F € Qcoh(Y) and for any i > 0 there is a natural isomorphism g* R' f,F ~ R'f.q*F.

1.4 Fourier-Mukai functors

In this section we are going to introduce a really important class of exact functors
between derived categories and we will see how this importance is justified.

Let X and Y be again two quasi compact and separated schemes over k, which is
supposed to be a commutative ring. We still denote by

X< xxyt.vy

the two projections.

Definition 1.4.1. Let £ be any object of Dqcon(Sh(X xY')). The Fourier-Mukai
functor of kernel £ is the functor ®¢ : Dqeoh (Sh(X)) — Dqeon(Sh(Y')) defined by the

assignation

A— Rq, (€ @F Lp*A)

Notice that under our hypoteses the definition is well-posed thanks to the discussion
in the previous section. If moreover the schemes are flat, proper and Noetherian then
- if £ is taken in Perf(X xY') - we can define the Fourier-Mukai functor

Dp : Perf(X) — Perf(Y).

Remark 1.4.2. It turns out that Fourier-Mukai functors have a lot of interesting
properties (see for example [21], Chapter 5 for the case of smooth projective schemes
over a field):

e they are always exact functors: this comes just by the definition;
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e if one of the schemes is flat then the composition of two Fourier-Mukai functors
is again (isomorphic to) a Fourier-Mukai functor;

e in the case of smooth and proper schemes over a field, Fourier-Mukai functors
Qg : Perf(X) — Perf(Y) always possess both left and right adjoint, which are
still Fourier-Mukai functors.

Another property of Fourier-Mukai functors is the one given by the following Lemma.
It follows from standard computations as highlighted, for example, in Section 4.3 of [9]
but for sake of completness we present an outline of the proof. Consider the diagonal
embedding A : X — X x X and denote by Oa the structure sheaf of its image in
X x X. Consider moreover the two projections

XxXxXxY

p12 P34
XxX XxY
and define
—K ~i= ply(—) @ phy(~) : Sh(X x X) x Sh(X xY) — Sh(X x X x X xY).

In complete analogy with the boxtimes functor we defined in Section 1.3, it can be
derived giving rise to a functor between the derived categories. Moreover it restricts
to perfect complexes and — if we are dealing with smooth and globally strictly perfect
schemes — it coincides with the exact functor

—N ~i= pia(=) @ phy(~) s Perf(X x X) x Perf(X xY) — Perf(X x X x X xY).

Lemma 1.4.3. In the hypoteses that all our schemes are smooth and globally strictly
perfect we have, for any & € Perf(X xY), the isomorphism P g (On) =E.

Proof. In order to simplify the notation we will write the product of schemes instead
of the product of the category of perfect complexes on them.

For any ¢, j and z in {1,2,3,4} let us denote by p;;. the projection from X xXxXxY
onto the i-th, j-th and z-th terms and by p;; the projection from X x X x X xY onto
the i-th and the j-th terms. For any h and k in {1,2,3}, denote by ppi the projection
from X x X xY onto the h-th and k-th terms and by p; the projection from X x X xY
onto the k-th term.

Let us moreover define

AP xidxy : XXX XY — XX XXX XY  (z,2,y) — (z,2,2",7)
and

AP xidyy : XXX XY — XxXxXxY  (z,2,y) — (2,2, 2,y)
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We can finally write:

00 56(On) = P21 (OAKE @ pi30a) = Pose (7204 © Pis€ © pi304)
= P24+ (P128+O0x @ p3,€ @ p13A.Ox)

(a)

~ (Pa3 0 p124)+ (P2 A Ox @ pis€ @ (AP Xidxoy )«P1Ox)

(b) ~ . . * * * ~%
2 P934 0 Prods © (A" xid xwy )« ((A13 Xidxxy)* (P12 A+ Ox @ p3,€) ®p1ox>

(C) ~ 3 * * *
=~ Pogw (A xid xy) (p12A*OX ®P345)

(@) . . * % . * %
> Poss ((AlSdeXXY) D1 AOx @ (A xidxuy) p345)

(e) _ % . % x
& Doy (PmA*OX@(AB xid xxy) P345>

(f) . . " . . %
2 P23« ((Axldy)*p Ox @ (A" xid xxy) P345)

@) _ . . o . e N ()
2 pase(Axidy ). (p*Ox ® (Axidy )" (A" xidxa) Pjé) = E.

where we have used:

e in (a), in addition to the trivial equality pos = D23 o p124, the flat base change
(Proposition 1.3.4) for the diagram

AlBXidxxy

XXXXY —= XxXxXxY

)| o

X X xX;

e in (b) the projection formula (Proposition 1.3.1);

e in (c) the equality piog o (A3 xidxyy) = idxxxxy and the isomorphism p7Ox ~
O xxxxv's

e in (d) the commutativity between tensor product and inverse image;
e in (e) the equality p12 o (A3 xidxywy) = P12;
e in (f) the flat base change (Proposition 1.3.4) with respect to the diagram

AXidy

XxY XxXxY
Pi iﬁu
X A XxY:

e in (g) the projection formula (Proposition 1.3.1);

e in (h) the equalities fo3 0 (A xidy) = idxxy = p34 0 (AP xidxywy) o (Axidy) and
the isomorphism p*(Ox) ~ Oxxy .

O]
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But probably the most notable feature of Fourier-Mukai functors - despite it could
be not so obviout at a first sight - is that they are ubiquitous. For example: by using
projection formula 1.3.1 and the immediate equalities po A =id = ¢ o A we can write
- for any object A € Dqcon(Sh(X)):

Do, (A) = Rq.(Op ®" p*A) = Rq.(AL(Ox) ®" p*A) =~ Rq.(A(Ox @ Ap*A))
~ (Rgo A),(Ox @F (po A)*A) = id,(Ox @T id*A) ~ A

This tells us that the Fourier-Mukai functor ®p, is nothing else than the identity on
Dqeon (Sh(X)).

Definition 1.4.4. Given an exact functor F between Dqeon(Sh(X)) and Dqeon(Sh(Y'))
we say that F is of Fourier-Mukai type if there exists an object € in Dqeon(Sh(X xY))
such that F is isomorphic to ®¢ of Definition 2.6.3 (we will say in this case that £ is a
Fourier-Mukai kernel - or simply a kernel - of F).

It is not hard to prove that, if we consider for example an element A of Dgeon (Sh(X)),
the (derived) tensor product — ®% A is isomorphic to ®a, 4. Moreover, for any mor-
phism f : X — Y, the derived direct image functor Rf, is of Fourier-Mukai type
with kernel Or,, where I'y C X xY is the graph of f. And also the pullback Lf*
along f is of Fourier-Mukai type with kernel the same object (but swapping p and ¢)
of Dqeon(Sh(X xY)) (actually, since it is the left adjoint of Rf,, for smooth and proper
schemes over a field, this should be clear also by Remark 1.4.2).

The list of functors of Fourier-Mukai type can obviously continue, but in order to
make a fundamental step in the understanding of "how many" exact functors between
derived categories are of Fourier-Mukai type one must cite the following beautiful result,
due to Orlov:

Theorem 1.4.5 ([36] Theorem 2.2). Let X and Y be two smooth projective varieties
and let
F : D°(Coh(X)) — Db(Coh(Y))

be an exact functor. If F is fully faithful then there exists an object £, unique up to
isomorphisms, such that F is isomorphic to ®g.

As one can easily believe, this Theorem is one of the milestones in the field. Actu-
ally, the original statement requires F to have both left and right adjoints but this has
been proven to hold for any exact functor in our situation (it is due to Theorem 1.1 of
[5]; see also [11], Proposition 3.5).

Remark 1.4.6. Orlov Theorem has been generalised in various directions: in [24] a
version for smooth stacks, obtained as global quotients, is provided; Canonaco and
Stellari proved in [9] a generalization to the twisted setting under milder assumptions
on the functor; in [30] the case of projective (possibly singular) schemes is treated; in [8]
the authors showed that - under some assumptions - the faithfulness of the exact functor
F' can be deduced from it fullness; in [12] can be found a version in the supported case;
finally, Olander proved in [35] the version for smooth and proper varieties over a field.

In fact for some time it was believed that it could hold without the assumption
of fully-faithfulness. But recently (see [39], [49] or [38]) examples of exact functors
between bounded derived categories of coherent sheaves that are not of Fourier-Mukai
type were discovered, even in the case of smooth projective schemes over a field.
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On the other hand, also the uniqueness of the kernel is an interesting problem
in itself: there are well-known examples (even for the derived categories of elliptic
curves) of non isomorphic kernels whose Fourier-Mukai functors become isomorphic
(see [10]). Anyway, it has been proved that the cohomology sheaves of the kernels
of two isomorphic Fourier-Mukai functors are uniquely determined up to isomorphism
(see again [10], Theorem 1.2).

Those examples has shed light on the fact that the problem of understanding which
exact functors are of Fourier-Mukai type is more involved and that actually "patholo-
gies" like the existence of non-Fourier-Mukai functors are due to the bad behaviour
of triangulated categories. For this reason mathematicians have moved to higher cat-
egorical structures in order to have a deeper and more complete picture of the situation.

What we are going to do now is in fact to present one of such possible generalisations:
the theory of differential graded categories. With this new tool we will see, in Section
2.6, how the situation we have presented here can change if seen from an enhanced
perspective.
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Chapter 2

Differential graded categories and
(quasi-) functors

In this chapter we present the theory of differential graded categories, the language
that will be used throughout the present work. They are a powerful way of enhanc-
ing triangulated categories; for this reason, after presenting the basic definitions and
examples, we move to speak about pretriangulated dg categories.

We need also to understand the structure and the main properties of Hqe, the
category obtained by formally inverting quasi-equivalences in the category of (small)
dg categories. In fact it turns out to be the correct ambient where many problems of
the "triangulated world" can be solved.

Morphisms in Hge are strongly linked to dg (bi-)modules, therefore we will spend
some words on them and on the way of extending dg functors to the categories of dg
modules. The final part is devoted to present the way(s) of enhancing triangulated
categories and triangulated functors to the differential graded level and to discuss some
related issues.

For what concerns the notation, in this chapter — for any category A and for any
pair of objects A, A" in A — we will write A(A, A") to denote the set of arrows in A
from A to A’

2.1 Dg categories and dg functors

Let k denote a commutative ring. We will assume all categories to be k-linear i.e. the
Hom-space will be a k-module with a k-bilinear composition. All our functors will be
k-linear as well i.e. such that the induced map between the Hom-spaces is k-linear.

Let us recall here the (well-known) definition of tensor product of complexes (of
k-modules).

Definition 2.1.1. Let M*® and N°® be two complexes of k-modules. The tensor product
M*® @ N* is a complex (of k-modules) such that

(M* @ N*)' == @ MP e N
p+g=1i

The differential is defined as follows: let f € MP, g € NY and i := p + ¢ then
Ay (f @ 9) = diye(f) @ g+ (1P f @ diya(9).

20



Definition 2.1.2. A differential graded (dg) category is a category A such that, for any
couple of objects X, Y in A, the space of morphisms A(X,Y) is a Z-graded k-module
endowed with a differential d: A(X,Y) — A(X,Y) of degree 1. We require also the
composition maps

AY, Z2) 2 AX,Y) — A(X, Z2)
g& fr—ygof
to be morphisms of complexes for any X, Y and Z in Ob(A).

The tensor product appearing in the above definition is the ordinary tensor product
of complexes of Definition 2.1.1.

Actually, we can see a dg category A also as a category enriched over the (closed
monoidal) category C(k) of cochain complexes of k-modules i.e. we are requiring all
the Hom-spaces of A to be cochain complexes of k-modules.

From the request on the composition we get deg(go f) = deg(g) +deg(f) for f and
¢ homogeneous morphisms and also d(g o f) = d(g) o f + (—1)38Wg o d(f). In the
special case of f = g = 1 we can see that the identity of each object must be a closed
morphism of degree 0.

Example 2.1.3. Let us present the basic examples of dg categories:

(i) Any k-linear category A is a dg category, once we set, for every couple of objects
X, Y in Ob(A):

AXYY = {HomA(X, Y) wheni =0

otherwise

(ii) Let A be a dg algebra over k. We can define the dg category A as follows:
Ob(A) = {*}; A(x, %) = A.

Hence we have that any dg algebra (over k) gives rise to a dg category with one
object. Notice that we need A to be a dg algebra (and not just a dg module)
in virtue of the request on the compositon map. On the other hand, every dg
category with one object defines a dg algebra: the endomorphism space of the
unique object.

(iii) If A is an ordinary category we can define a dg category Cgy(A) of (cochain)
complexes of A. Its objects are complexes in A, while morphism are defined to
be

Cdg(.A)(X., YO)n — H A(XZ, Yn-i-z)
1E€EL
where X*® and Y* are in Ob(Cy4(A)). Note that, since we have assumed all
categories to be k-linear each term in [];cz A(X?, Y1) is a k-module.

Let f = (f%)icz be an element of Cy,(A)(X*®,Y*)". We define the differential to
be

d"(f) = d"((f)iez) = (d"(f)")iez = (de o f' — (=1)" T o dixe) ez

In the case we consider as A the category of k-modules we obtain the dg category
Cag(k-Mod).
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Definition 2.1.4. Given a dg category A we can define the opposite dg category A°
to be the category with the same objects as A and such that, for any X, Y in Ob(A°):

A°(X,Y) = A(Y, X).

The composition go f in A° - with f and g homogeneous - is given by (—1)de&(f)dee(9) fo 4
in A.

Definition 2.1.5. Given a dg category A we can define the following two categories:

e The underlying category Z°(A) with the same objects as A and such that, for
any X and Y in Ob(A)

ZY(A)(X,Y) = Z°(A(X,Y))
where by Z° of a complex we mean the kernel of the differential d°.

e The homotopy category H°(A) with the same objects as A and such that, for any
X and Y in Ob(A)
HY(A)(X,Y) == HY(A(X,Y))

where by H? of a complex we mean its 0-th cohomology k-module.
Definition 2.1.6. Two objects of a dg category A are dg isomorphic if there exists an
isomorphism between them in Z°(A) (called a dg isomorphism). Moreover, they are

homotopy equivalent if there exists a morphism between them in Z°(.A) whose image
in HY(A) is an isomorphism (in this case it is called a homotopy equivalence).

Example 2.1.7. Let us consider again Example 2.1.3 (iii). We have:
df)=0 = dyeofi=ftody. foranyicZ.
i.e. f € ker(d®) if and only if it is a morphism of complexes. On the other hand:
dHg)=f < [=(dyog +g" odye)ier

i.e. feIm(d™') if and only if it is null-homotopic.

From what we have just said it is now clear that Z°(Cy,(A)) is the usual category
Kom(A) of complexes of A and that H%(Cy,(A)) is the usual homotopy category K(A)
of A. Moreover observe that two complexes in A are homotopy equivalent in the sense
of Definition 2.1.6 if and only if they are homotopy equivalent complexes in the usual
way.

Definition 2.1.8. A dg functor F : A — B between two dg categories is given by a
map: Ob(A) — Ob(B) and, for every X, Y in Ob(A), by a morphism of complexes
of k-modules

Fxy : AX,Y) — B(F(X),F(Y))

which is compatible with compositions and units.
Clearly, a dg functor F : A — B induces a functor H°(F) : HY(A) — HY(B).

Definition 2.1.9. We can define the category dgCat (or dgCat,, if the ground ring
is not clear from the context) whose objects are (small) dg categories and whose mor-
phisms are dg-functors.
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The category dgCat has the empty dg category () as initial object and the dg
category with one object — and with the zero ring as the endomorphism ring — as
terminal object.

Definition 2.1.10. Given two dg categories A and B we can define two new dg cate-
gories:

e The tensor product A® B, whose objects are pairs (A,B) with A € A, B € B and
the Hom-spaces are defined as follows:

(A® B)((A,B), (A, B) := A(A, A") & B(B, B').

where the last tensor product is the tensor product of complexes of k-modules
over the ground ring k (see Definition 2.1.1).

e The dg functors category Hom(A, B), whose objects are dg functors between A
and B and Hom-spaces are Hom(F, G) = @, Hom(F, G)" with

Hom(F,G)" := {dg natural transformations ¢ : F — G of degree 3}.

where a dg natural transformation ¢ : F — G of degree i is the datum, for any
object of A of A, of a degree i morphism ¢4 : F(A) — G(A) such that, for
any homogeneous f € A(A, A"), we have G(f) o p4 = (—1)38ig,, o F(f). The
differential is induced by the one of B(F(A),G(A)).

Remark 2.1.11. Observe that the dg category Hom(.A, ) has many objects even if
A and B only have one. In fact, suppose Ob(A) = {A} and Ob(B) = {B}. A dg functor
F between A and B in this case is uniquely defined by a morphism of dg algebras, see
Example 2.1.3 (ii),

Fap:A(A,A) — B(B,B)

and hence we can have plenty of them. This is a considerable difference between the
world of dg categories and the one of dg algebras.

Remark 2.1.12. Tensor product of dg categories is (up to isomorphism) associative,
commutative and with k acting as the identity: in other words, it defines a symmetric
monoidal structure on dgCat. Moreover, such a monoidal structure is closed i.e. for
any A, B and C in dgCat we have a natural isomorphism:

Hom(A® B,C) = Hom(A, Hom(B,(C)). (2.1)

At the end of this section we introduce a class of maps between dg categories whose
importance will be crucial throughout this work. It can be seen as a mixture between
categorical equivalences and quasi-isomorphisms.

Definition 2.1.13. A dg functor F : A — B is a quasi-equivalence if H°(F) is an
equivalence and F is quasi-fully faithfull i.e. for any A and B in A the map F4 p of
Definition 2.1.8 is a quasi-isomorphism.

Observe that, if a dg functor F is quasi-fully faithfull it suffices to require that HO(F)
is essentially surjective on objects in order to have a quasi-equivalence.
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2.2 Dg modules

A really important notion in the theory of dg categories is the one of dg modules.

Definition 2.2.1. Let A be a dg category. A right dg A-module (or a right dg module
over A) is a dg functor
F:A° — Cg4(k-Mod)

Right dg A-modules can therefore clearly be collected into a dg category
dgMod(A):=Hom(A°, C4e(k-Mod)).

Clearly we have also the analogous notion of a left dg A-module as a dg functor
F: A — Cg¢9(k-Mod). But from now on, if not otherwise specified, all our dg modules
will be right dg modules.

Also at the dg level it is possible to define a version of the Yoneda embedding. For
any dg category A we have a dg functor

ng : A — dgMod(A)

defined by sending an object A to A(—, A). It is called Yoneda dg functor and it has
all the nice properties one could expect: it is fully faithful and injective on objects.
Moreover, for any dg A-module M and for any A € A we have a natural isomorphism

dgMod(A)(Y{7(A), M) = M(A). (2.2)

Definition 2.2.2. In dgMod(.A) we have some interesting full dg subcategories. In
particular, a dg A-module M is said to be:

1. acyclic if M(A) is an acyclic complex for any object A € A. We denote by Ac(A)
the subcategory of acyclic dg-modules;

2. h-projective if H(dgMod(A))(M,N) = 0 for any acyclic dg-module N. We denote
by h-proj(.A) the subcategory of h-projective dg-modules;

3. representable if it lies in the image of the Yoneda dg functor. We denote by
A C dgMod(A) the closure of the image of ng by homotopy equivalent objects;

It is clear by (2.2) that any representable dg-module is h-projective.

We stop for the moment the discussion on dg modules: we will continue it after
having introduced the very important notion of pretriangulated dg category.

2.3 Pretriangulated dg categories

We have said that dg categories are one of the ways mathematicians have enhanced
triangulated categories in order to overcome their "bad features". So one may wonder
how dg categories contain a triangulated structure: we will answer this question pro-
viding the definition of pretriangulated dg categories. It turns out that one of the main
difference between triangulated and dg categories lies in the fact that a triangulated
category is an additive category plus some additional structure (and in fact we can
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have, for example, different triangulated structures on the same category) while being
pretriangulated is a property that a dg category could or could not have.

A crucial point is the fact that in the context of dg categories it is possible to define
functorially the shift of an object and the cone of a closed degree 0 morphism.

Definition 2.3.1. Let A be a dg-category, A € A and n € Z. A n-shift of A is an
object A[n] € A together with two closed morphisms

na:An] — A nt: A — Aln]
of degree n and —n respectively and such that ny o n =idy and ndony = id Aln]-

It is easy to see that the object A[n], once it exists, is unique up to a natural dg
isomorphism.

Definition 2.3.2. Let A be a dg category and let f : A — B be a closed morphism
of degree 0 in A; suppose moreover that A contains the shift A[l]. A cone of f is an
object C(f) € A together with degree 0 morphisms

Al C(f) B
p J
such that
poi=idyy, soj=ids, soi=0=poj, ioptjos=ideyy (23)
and
d(j) = 0=d(p), d(i)=jo foly, d(s)=—folyop. (2.4)

Notice that conditions (2.3) characterize C'(f) as the biproduct of A[1] and B in A,
seen as a k-linear category. Moreover it is also uniquely determined up to a unique dg
isomorphism. In fact it satisfies a universal property, according to the following:

Proposition 2.3.3 ([19] Proposition 2.3.4). Let A be a dg category, and let f : A — B
be a closed morphism of degree 0. View the inclusion map i : A[1] — C(f) as a degree
—1 morphism A — C(f). Then, d(i) = jo f, and for any closed degree 0 map
j': B — X and any degree —1 map i’ : A — X such that d(\') = j' o f, there exists
a unique closed degree 0 map h: C(f) — X such that the diagram below

commutes, i.e. such that hoj =7 and hoi=1.

The notion of cone of a closed degree 0 morphism in a differential graded category
can be seen as a generalization of the cone of a morphism of complexes. If f: A — B
is a closed degree 0 morphism, then a sequence of the form

/ J

A B C(f) —=All]

where the notation is the same as in Definition 2.3.2, is called preexact triangle. Pre-
exact triangles - as well as shifts and cones of degree 0 morphisms - are preserved by
any dg functor.
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Definition 2.3.4. A dg category A is strongly pretriangulated if it contains the shift
A[n] for any object A € A and for every n € Z and if it moreover contains the cone of
every closed degree 0 morphism of A.

A dg category A is pretriangulated if there exists a quasi-equivalence A — A’ with
A’ strongly pretriangulated.

Remark 2.3.5. The dg category Cy,(.A) is strongly pretriangulated for any additive
category A.

Remark 2.3.6. If the dg category B is (strongly) pretriangulated, then so is Hom(.A, B)
for any dg category A.

If A is a pretriangulated dg category then its homotopy category H°(A) is a trian-
gulated category: the images of preexact triangles form a set of distinguished triangles
for H°(A). Notice the analogy with Proposition 1.1.15. Moreover, any dg functor
F: A — B between pretriangulated dg categories gives rise to a triangulated functor
HO(F) : H°(A) — HO(B).

Definition 2.3.7. For every dg category A we will denote by Pretr(.A) the smallest full
dg subcategory of h-proj(.A) which contains ng (A), and which is closed under shifts
and cones of degree-0 morphisms.

For any dg category A, Pretr(A) is a (strongly) pretriangulated dg category and
clearly the Yoneda embedding restricts to it. Actually Pretr(A) is equivalent to the
explicit construction that permits to formally add to A all shifts, all cones, cones of
morphisms between cones, etc. The latter construction is usually denoted by AP*er:
one can look at [16] Section 2.4 or [4] Section 4 for the explicit construction.

Proposition 2.3.8. A dg category A is pretriangulated (respectively, strongly pretri-
angulated) if and only if the restricted Yoneda embedding A — Pretr(A) is a quasi-
equivalence (respectively, an equivalence).

In virtue of the above result we can see that a dg category A is pretriangulated if
and only if the essential image of HO(ng ) : H(A) — H°(dgMod(A)) is a triangulated
subcategory of H(dgMod(A)).

2.4 Dg modules, again

We have that the dg categories Ac(.A), h-proj(.A) and dgMod(.A) introduced in Section
2.2 are strongly pretriangulated and both H°(Ac(A)) and H°(h-proj(A)) are triangu-
lated subcategories of the triangulated category H°(dgMod(A)). Moreover H?(Ac(A)),
HO(h-proj(A)) and H°(dgMod(A)) have arbitrary coproducts and there is a semi-
orthogonal decomposition (look at Section 3 of [25]):

H%(dgMod(A)) = (H°(Ac(A)), H (h-proj(A4))). (2.5)

Definition 2.4.1. We can define the dg category Perf(A) of perfect dg-modules as
the full dg subcategory of h-proj(.4) whose objects are the compact objects of the
triangulated category H°(h-proj(.A)).
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We can see, using the isomorphism (2.2), that the Yoneda dg functor ng factors
through Perf(.A). Therefore we can write the following chain of inclusions:

Y{(A) C A C Perf(A) C h-proj(A) C dgMod(A)

Remark 2.4.2. Actually one can equivalently define Perf(.A) to be the full dg sub-
category of h-proj(A) consisting of dg modules which are homotopy equivalent to a
direct summand of an object in Pretr(.A). In this way we get that H°(Perf(.A)) is the
idempotent completion (or the Karoubi envelope) of H(Pretr(A)).

This also implies that HO(Perf(A)) is closed under direct summands i.e. it is a thick
triangulated subcategory of HY(h-proj(.A)) (and of HY(dgMod(A)) as well). Actually
the definition of a thick subcategory requires also the closure under isomorphisms but
in the present case it is straightforward since an object isomorphic to a compact one is
compact itself.

Definition 2.4.3. A dg category A is called perfect if it is pretriangulated and its
homotopy category H°(A) is Karoubian (i.e. idempotent complete).

We can see from Remark 2.4.2 that the dg category Perf(.A) is always a perfect dg
category. Moreover, any dg category that is quasi-equivalent to a perfect dg category
is itself perfect.

Proposition 2.4.4 ([4] Proposition 4.20). If A is a perfect dg category then the dg
Yoneda embedding ng : A — Perf(A) is a quasi-equivalence.

Definition 2.4.5. Given a dg category A we can also define its derived category to be
the triangulated category:

HY(dgMod(A))
D(A) :=

W= T ac(a))

where we have made use of the Verdier quotient (see [48]).

We know by [16] section 3.3 that there always exists a triangulated functor
H°(dgMod(A))/H%(Ac(A)) — H"(dgMod(A)/Ac(A))

where dgMod(.A)/Ac(A) is the Drinfeld quotient that he defined in the article cited
above. Such a triangulated functor is an equivalence every time dgMod(A) is homo-
topically flat. For the definition of homotopically flat (or h-flat) dg categories, look at
Remark 2.5.12.

Remark 2.4.6. There is an equivalence H°(h-proj(A)) ~ D(A). This is obvious if we
remind of the semi-orthogonal decomposition (2.5).

2.5 Bimodules and quasi-functors

In this section we will introduce the machinery of extension of dg functors that will be
intensively used throughout this thesis. We will follow the exposition in [13], Section 3.1.

Let A be any dg category, let M € dgMod(.A) and N € dgMod(.A°). We can define
a map
T: @ M(B) @k A4, B) @x N(A) — @ M(C) ®x N(C)
A,BeA CeA
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that acts as follows: given x € M(B) omogeneous of degree m, y € N(A) and f : A — B
of degree | we have

T(z, f.y) = M(f)(z) @ y — (=1)™z @ N(f)(y) € M(4) @x N(4) & M(B) @x N(B).

Definition 2.5.1. According to the notation above, given two dg modules M € dgMod(.A)
and N € dgMod(.A°) we define the tensor product of M and N over A to be

M ®4 N := coker(T)
that lives in dgMod(k) = Cy4(k-Mod).

Clearly, one can repeat the same definition taking M € dgMod(A ® B) and N €
dgMod(B° ® C). In this case, M ®5 N is an object in dgMod(A ® C).

Given two dg categories A and B, as a particular case of the natural isomorphism
(2.1) we get the isomorphism of dg categories

nap : dgMod(A° ® B) — Hom(A,dgMod(B)) (2.6)
Now, given a dg functor F : A — dgMod(B) we call extension of F' the dg functor
F : dgMod(A) — dgMod(B)

defined as the tensorization (over A) by the element Ef € dgMod(A°®8B) corresponding
to F via (2.6). We also have a natural way to define a dg functor

F : dgMod(B) — dgMod(A)

by sending a dg B-module M to the dg A-module dgMod(B)(F(—), M).

o —

If now G : A — B is a dg functor we define Indg := Ygg o G and Resg := Ygg oG.
Observe that, by the isomorphism (2.2), we have Resg(M) = M(G(—)).

Proposition 2.5.2 ([13] Proposition 3.2, [16] Section 14.9). Let G : A — B be a dg
functor. We have the following properties:

(i) Indg is left adjoint to Resg;
(1) Indgo ng is dg isomorphic to Ygg 0G;

(731) Indg restricts to h-projective dg modules and such a restriction is a quasi-equivalence
if G is a quasi-equivalence;

(iv) Resg restricts to h-projective dg modules if and only if Resg(B) C h-proj(A);
moreover Resg restricts to perfect dg modules if and only if Resg(B) C Perf(A);

(v) H(Indg) and H(Resg) commute with arbitrary direct sums.

Proof. the only statement that is not covered by the cited results is the second part
of (iv). To prove (the non-trivial implication of) it we just need to recall that Perf(B3)
is obtained from B through shifts, cones of degree-0 morphisms and direct summands
in homotopy and that Perf(A) is closed under those operations (see Remark 2.4.2
Definition 2.3.7 and the discussion below it). O
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Proposition 2.5.3 ([4] Lemma 4.14). Let G : A — B be a dg functor. Then Indg
restricts also to perfect dg modules and such a restriction is a quasi-equivalence if G is
a quasi-equivalence.

If G: A — Bis a dg functor we can see that Indg restricts to a dg functor
between Pretr(A) and Pretr(B). In fact, since any element of Pretr(A) is obtained
from representable A-modules by means of iterated shifts and cones and since Indg
preserves shifts and cones (being a dg functor), we can conclude by Proposition 2.5.2.

Proposition 2.5.4 (see [4], Remark 4.12). If a dg functor G : A — B is a quasi-
equivalence then the induced functor

Indg : Pretr(A) — Pretr(B)

is a quasi-equivalence as well.

Moreover, for a dg functor G : A — B, we can define also a derived version of the
dg functors Indg and Resg. Namely we have

LH(Indg) : D(A) — D(B) and RH°(Resg) : D(B) — D(A)
and they still are a pair of adjoint functors (see, for example, [2] Section 10).

Remark 2.5.5. Actually, since Resg preserves acyclic dg modules (it is in some sense
the "dual" statement of Proposition 2.5.2 (iii)), it naturally passes to the derived cat-
egories (see Definition 2.4.5) and hence the right derived functor RH®(Resg) coincides
with H(Resg). If we now consider the equivalence between D(A) and HY(h-proj(A))
we can see that the left derived functor LH%(Indg) in this setting is exactly H°(Indg)
while RHY(Resg) sends an object M € HO(h-proj(B)) to an h-projective resolution
of H(Resg(M)) (see [16] Section 14.12) since we have that in general Resg does not
restrict to h-projective dg modules.

We now present some result that will be used in the second part of the work.

Lemma 2.5.6. Let A be a perfect dg category and consider the Yoneda dg functor
Ya: A — Perf(A). Then the dg functor Resy, restricts to perfect dg modules and
provides a quasi-equivalence Resy, : Perf(Perf(A)) — Perf(A).

Proof. Let us start by showing that Resy, restricts to perfect dg modules. Thanks to
Proposition 2.5.2 (iv) it suffices to show that Resy, (Hompeys(4)(—, A)) € Perf(A) for
any A € Perf(A). Now, by the defnition of Res and by the dg Yoneda Lemma we can
write

Resy, (Hompe(a)(—, A)) = Hompeyp(a) (Ya(—), A) =~ A(—) € Perf(A).

We have therefore that Resy, restricts to perfect dg modules and hence it is a right
adjoint to Indy, : Perf(A) — Perf(Perf(A)). But the latter dg functor is a quasi-
equivalence by Proposition 2.5.3, since A is perfect.

It follows that Resy, : Perf(Perf(A)) — Perf(.A) is a quasi-equivalence as well. O

Lemma 2.5.7. If A is a perfect dg category and B is any dg category then the dg functor
Resy , wid, Testricts to perfect dg modules and provides a quasi-equivalence Resy ,gidy :

Perf(Perf(A) ® B) — Perf(A® B).
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Proof. Let us start again by showing that the dg functor under investigation restricts
to h-projective dg modules. Always by Proposition 2.5.2 (iv) this amounts to checking

that Resy,gidy (Homperf(A)®B((—,:)7 (A,B))) C h-proj(A @ B) for any A € Perf(A)
and B € B. We can write

ReSYA(X)idB (HomPerf(A)®B((_’ :)7 (Av B))) = HomPerf(.A)@B((Y.A(_)’ :)7 (A7 B))
= HomPerf(A) (Ya(—),4) ® Homp(=, B) ~ A(—) ® Homp(=, B),

again by the dg Yoneda Lemma. Now, since A is a perfect dg category there exists
an object A € A such that A(—) is homotopy equivalent to Hom_4(—, A). Moreover,
tensorization by Homp(=, B) € dgMod(B) provides a dg functor from dgMod(A) to
dgMod(A ® B) (see, for example, Remark 2.5 of [13]). Therefore A(—) ® Homp(=, B)
is homotopy equivalent to Hom4(—, A) ® Hompg(=, B) = Homagg((—, =), (4, B)) €
Perf(A®B). It follows that Resy,cidys (Homperf(A)®B((—, =), (A, B))) actually belongs
to h-proj(A ® B).

For the remaining part of the proof we proceed exactly as in the proof of Lemma 2.5.6
and we can conclude. O

Corollary 2.5.8. If A and B are two perfect dg categories then the dg functor Resy vy
gives rise to a quasi-equivalence Resy vy : Perf(Perf(A) ® Perf(B)) — Perf(A® B).

Proof. Clearly we can prove - in complete analogy with Lemma 2.5.7 - that also
ReSidp, 1 @5 Perf(Perf(A) @ Perf(B)) — Perf(Perf(A) ® B)

is a quasi-equivalence. Therefore the claim follows from the fact that the composition
of two quasi-equivalences is a quasi-equivalence, too. ]

One of the important features of differential graded categories is that dgCat can
be endowed with the structure of a model category whose weak equivalences are the
quasi-equivalences (see [43]). This assures us that localizing dgCat with respect to the
set W of quasi-equivalences still gives rise to a category. We set

Hqe := dgCat[W ).
This category has been believed to be the right place for working with dg categories

from a homotopical point of view and it will be one of the main characters of the present
work. So let us summarize here the main properties of Hqe.

We will follow [14] and call quasi-functor any morphism in Hqge. An element
F € Hqge(A, B) can always be represented (see [6] Theorem 1) by a roof

A /A/\ B

where the left-pointing arrow is a quasi-equivalence. It induces a well-defined (up to
isomorphism) functor H(F) : HO(A) — HY(B).
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Definition 2.5.9. Let F and G be two dg functors from A to B. A dg natural trans-
formation 0 : F — G is a termwise homotopy equivalence if it is closed of degree 0 and
04 : F(A) — G(A) is a homotopy equivalence for any A € A.

Observe that 0 is a termwise homotopy equivalence if and only if the natural trans-
formation H%(9) : HY(F) — H%(G) is an isomorphism.

Proposition 2.5.10 ([13] Corollary 2.12). Let F and G be two dg functors from A to
B. If there exists a termwise homotopy equivalence between them, then the images of F
and G in Hqe(A, B) are the same.

We have already observed in Remark 2.1.12 that dgCat is a closed (symmetric)
monoidal category. What about Hqge?” Since the tensor product of dg categories does
not behave well with respect to quasi-equivalences (as it should be clear since in the
definition appears the tensor product between complexes of k-modules) we need to
suitably derive it. It can be done by means of h-projective resolution.

Definition 2.5.11. A dg category A is h-projective if for any A, B € A the complex
A(A, B) lies in h-proj(Cyy(k-Mod)).

Note that, if k is a field, any dg category is h-projective. In general, starting from
any dg category A one can construct an h-projective dg category A" quasi-equivalent
to A (see Section 13.5 of [16]); hence the derived tensor product of two dg categories
can be defined as

Aol B .= A" @ B.

Remark 2.5.12. Actually it suffices that one of the two dg categories is h-flat i.e. such
that all its complex morphisms are h-flat complexes (see Definition 1.2.5): this means
that tensoring them with an acyclic complex of k-modules still produces an acyclic
complex of k-modules. The reader can have a look at Section 3.2 of [7] for an explicit
construction of functorial h-flat resolutions. Clearly an h-projective dg category is also
h-flat.

The derived tensor product defines a symmetric monoidal structure on Hge. In
2007 Toén proved that it is also closed.

Theorem 2.5.13 ([45], Theorem 6.1 or [13], Theorem 1.1). Given three dg categories
A, B and C there exists a dg category RHom(B,C) and a functorial isomorphism in
Hqe

Hqe(A®L B,C) ~ Hqe(A, RHom(B,C))

The dg category RHom(B,C) is naturally isomorphic to the dg category
h-proj(B° @ ¢)r*
of right quasi-representable h-projective dg modules over B° @& C.

Definition 2.5.14. Let B and C be two dg categories. The category of right quasi-
representable dg B° ® C-modules is the full dg subcategory of h-proj(B° ® C) consisting
of dg modues M such that nz¢(M)(B) C C, where 7 is the isomorphism of (2.6).

In addition we have, see [45] Theorem 4.2 or [13] Theorem 1.1:

Theorem 2.5.15. For any dg categories A and B there exists a natural bijection

Haqe(A, B) +— Iso(H (h-proj(A° @¥ B)')) (2.7)
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2.6 Dg enhancements and lifts

The theory of differential graded categories whose essential aspects we have diven into
in the previous Sections allows us to look back at the problem of detecting representable
exact functors from a higher perspective. But before doing it we need to carefully define
the way of enhancing triangulated categories (and triangulated functors) to the dg level.

Definition 2.6.1. Let D be a triangulated category. A dg enhancement of D is a pair
(A, E) where A is a pretriangulated dg category and E is an exact equivalence

E:H°(A4) =D

Remark 2.6.2. We can recall now that we have already encountered examples of dg
enhancement, in the previous Sections:

(a) By Example 2.1.7 we can see that the dg category Cgy(A), which is pretrian-
gulated, is a dg enhancement of the homotopy category IC(A) whenever A is
additive;

(b) The pretriangulated dg category h-proj(.A) is a dg enhancement of D(A), by
Remark 2.4.6, for every dg category A;

(c¢) In general, if A is a pretriangulated dg category and B is a pretriangulated full dg
subcategory of A we have that the Drinfeld quotient A/B is a dg enhancement
of the Verdier quotient H(A)/HY(B). In the case of A being homotopically flat
this is exactly Theroem 3.4 of [16]. Otherways the claim is obtained by passing
through h-flat resolutions (see again [16], or [7] Section 3.2 and in particular the
discussion before Remark 3.11 in it).

In the geometric case, there are many ways of enhancing a triangulated category.
Let us consider, for example, the category D?(Coh(X)) in the case of X being a smooth
projective scheme over a field.

e Consider the dg category Inj(X) of bounded below complexes of injective quasi-
coherent sheaves on X with bounded coherent cohomologies (see, for example,
[4]). It is a pretriangulated dg category and it is not hard to provide a natural
exact equivalence H%(Inj(X)) = D®(Coh(X)).

e In virtue of Remark 2.6.2 (a) and (c), we can see that the Drinfeld quotient
of ng(Coh(X )) (a version of the object defined in Example 2.1.7 where we are
considering only bounded complexes) by its full pretriangulated dg subcategory
Acgg(Coh(X )) of acyclic complexes is another dg enhancement of D?(Coh(X)).

e In [4] it is defined also an enhancement of D’(Coh(X)) constructed starting from
Cech resolution of bounded complexes of vector bundles (Lemma 5.6). This kind
of enhancements, in the refined version of [31] Appendix C, turns out to be the
most suitable for our purposes: we will therefore describe it in details later, see
Section 3.2.

e In [31] the authors construct another enhancement of D®(Coh(X)) (cfr. Proposi-
tion 3.15), consisting in certain non-full subcategories of the dg category Cy,(Sh(X)).

It is therefore natural to wonder how are all those dg enhancements related. In the
literature, there are different ways of doing it:
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Definition 2.6.3. We say that the triangulated category D has a unique enhancement
if given (A, E) and (A’, E’) two dg enhancements of D there exists a pretriangulated dg
category A" together with two quasi equivalences

This in particular implies that (actually, is equivalent to) A and A’ are isomorphic
in Hqe.

The problem of uniqueness of dg enhancement has been quite intensively studied
during the last decade. The first important result was obtained in 2010 by Lunts and
Orlov [30] where they prove that D’(Coh(X)) has unique enhancement when X is a
quasi-projective scheme; they proved also that D(Qcoh(X)) has unique enhancement in
the case of a quasi-compact and separated scheme X with enough locally free sheaves.
These and the other seminal results in [30] have been improved in many directions.
Recently, in [7] Canonaco, Neeman, and Stellari managed to prove the uniqueness of
dg enhancement for all kinds of derived categories (either bounded or unbounded or
bounded above/below) of any abelian category. They also proved that JBerf(X) has a
unique enhancement for any quasi-compact and quasi-separated scheme.

The careful reader may have noticed that in Definition 2.6.3 the exact equivalences
E and E/, that are part of the data of a dg enhancement, do not play any role. If one
wants to care about them another definition of uniqueness has to be introduced.

Definition 2.6.4. The triangulated category D has a strongly unique enhancement
if given (A,E) and (A’,E’) two dg enhancements of D there exists a quasi-functor
F € Hqe(A, A") and an isomorphism of exact functors

E~E oHF). (2.8)

There is also the intermediate notion of semi-strongly unique enhancement requiring
just E(A) ~ E' oH°(F)(A) for any object A of A instead of the isomorphism of functors
(2.8).

Remark 2.6.5. While — as we have observed — uniqueness is well understood in a
broad range of situations, strongly uniqueness is in some sense more obscure. Some
results has been proved: for example, for a smooth projective scheme X over a field
D?(Coh(X)) has a strongly unique enhancement (Theorem 2.14 of [30]). But still a lot
of open questions resist.

Besides the notion of (dg) enhancement of a triangulated category, there is also a
way of enhancing triangulated functors.

Definition 2.6.6. Let f : D — T be an exact functor between triangulated categories
and let (A, E) and (B,U) be two dg enhancements of D and T, respectively. A dg lift
of f is a morphism F € Hqe(A, B) such that the diagram

Ho(A) — O pos)
El lu
D ! T
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is commutative up to isomorphisms i.e. there is an isomorphism of exact functors

UoHO(F) & foE.

This is a good point for a jump back to Section 1.4: we have now all the tools
needed for understanding how the somehow obscure situation we have depicted there
finds a new description in the dg realm.

Suppose now X and Y to be two smooth projective schemes. We have seen that
given any object £ € D?(Coh(X xY)) we can naturally attach to it an exact functor
dg : DP(Coh(X)) — DP(Coh(Y)). This can be expressed with the existence of a
functor

D®(Coh(X xY)) — Fun(D°(Coh(X)), D’(Coh(Y))) (2.9)

where Fun(D?(Coh(X)) , D*(Coh(Y))) denotes the category of exact functors between
D*(Coh(X)) and D®(Coh(Y)).

Such a functor is unfortunately neither essentially surjective nor essentially injec-
tive — in Remark 1.4.6 we have spoken about the existence of non-Fourier-Mukai
functors as well as the fact that two non-isomorphic objects in D?(Coh(X xY)) can
give rise to isomorphic Fourier-Mukai functors. A much more detailed dsicussion on
the problematic aspects of the functor (2.9) can be found, for example, in [14] Section 6.

In [4] the authors began to investigate this problem employing the machinery of
differential graded categories and they came up with the following:

Theorem 2.6.7 ([4] Theorem 6.8). Let X and Y be smooth projective varieties and
let f: D*(Coh(X)) — D®(Coh(Y)) be an exact functor. If f admits a dg lift, then f
is isomorphic to the Fourier-Mukai functor ®¢, for some & € D*(Coh(X xY)).

This suggests that one may consider the functor (2.9) by taking values in the class
of morphism in Hge between two dg enhancements of D?(Coh(X)) and D?(Coh(Y)).
I want to recall now that we have already encountered the bijection (2.7) concerning
morphisms in Hge between two dg categories. Toén proved in [45], as a consequence
of the existence of internal homs in Hqe, the following result

Proposition 2.6.8 ([45], Corollary 8.15). Let X and Y be two smooth proper schemes
over a commutative ring. Then there exists an isomorphism

RHom(Perf™(X), Rerf™ (V) = Perj¥ (X xY)
in Hqe.

In the above statement PBecf?9(X) and Perf¥(Y) stand for dg enhancements of
Perf(X) and, respectively, of Perf(Y). This proposition yields - taking the isomor-
phisms classes in HY - a bijection

Haqe(Perf¥ (X), Perf¥(Y)) +— Iso(Perf(X xY)). (2.10)

Now, consider an object £ € Perf(X xY') and its associated Fourier-Mukai functor
Og : Perf(X) — Perf(Y). A natural question arise:

What is the relationship between ®g and the element Fg of Hae(Perf(X), Perj™ (Y))
corresponding to the isomorphism class of € through the bijection (2.10)%
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What one expects is to have H?(F¢) ~ ®¢. Toén claimed an analogous fact in [45],
after Corollary 8.12. This would also give us a way, in the hypoteses of Theorem 2.6.7,
of producing the kernel £¢. A positive answer to a closely related question has been
given in [31].

We will see in the following Chapters how it is possible to define a bijection that
behaves exactly in this way.
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Chapter 3

A dg lift of the Fourier-Mukai
functor o¢

We start this Chapter with a discussion on the hypoteses we are going to assume.
After that we introduce the kind of Cech enhancements that will be used in order to
lift all the "pieces" of Fourier-Mukai functors in a compatible way. We move then to
the explicit dg lift of pullback, pushforward and tensor product.

We finish by pointing out that, with some small modification in the construction,
the dg lift of the Fourier-Mukai functor we end up with can still be produced in a bigger
level of generality.

3.1 Description of the general setting

What we are going to do in this thesis is to prove, under suitable hypoteses that will
be discussed later, the existence of a bijective map

v = Iso(Perf(X xY)) RN Hae(Perf™(X), Perf(Y))

compatible with Fourier-Mukai kernels; this means that - is such that, for any £ €
Perf(X xY), we have HO(y()) ~ ®¢. The dg categories Perf(X) and Perj?(Y) are
two fixed dg enhancements of Perf(X) and Perf(Y) respectively. Look at Theorem
4.4.1 for the precise statement.

Our strategy consists essentially in two steps: the first one is to produce an explicit
dg lift @gg of the Fourier-Mukai functor ®¢, where £ is an object of Perf(X xY); the
second one is to show that we can construct the bijection v essentially by sending the
isomorphism class of £ to <I>gg .

This will require a discrete amount of work that will be carried along the present and
the following Chapter. But before starting, we need to spend a couple of words about
the hypoteses we will be working under.

We will construct the bijection v (and prove its properties) assuming that X and
Y satisfy condition (%), where we say that any scheme X satisfies () if:
(*) X is a smooth and proper scheme over a field k.

The construction of the dg lift ®¢ will be done by means of Cech enhancements,
in the version presented in [31] Appendix C. We will make use of some of the results
there, that are proved for schemes X which satisfy the condition
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(GSP+) X is a quasi-compact, separated, Nagata, locally integral scheme over a com-
mutative ring k. Moreover, any perfect complex on X is quasi-isomorphic to a
bounded complex of vector bundles.

Recall that a ring A is Nagata if it is Noetherian and if for every prime ideal p
of A and for every finite extension L of Frac(A/p) the integral closure of A/p in L is
finite over A/p. A scheme X is Nagata if for every x € X there exists an affine open
neighbourhood = € U C X such that the ring Ox (U) is Nagata.

Remark 3.1.1. A scheme X satisfying the condition (GSP+) is Noetherian: in fact
it is quasi-compact by assumption and clearly a Nagata scheme is locally Noetherian.

Remark 3.1.2. We can see that under the assumptions (%) any scheme X satisfies the
condition (GSP+). In fact:

(a) X is obviously quasi-compact and separated: it follows from properness;

(b) X is also Nagata since it is of finite type over a field, see the discussion at the
beginning of Appendix C in [31];

(¢) X is locally integral. In fact, since it is smooth over a field, [42, Tag 056S] implies
that X is regular: in particular the local rings Ox , are regular for any = € X,
hence Ox . are integral domains for any x € X (by Proposition 4.2.11 of [29]).

(d) X is also regular as we observed above. Therefore - by Remark 2.4 of [31] and by
the fact that a Noetherian separated regular scheme has the resolution property

- any perfect complex on X is quasi-isomorphic to a bounded complex of vector
bundles.

Observe that moreover any scheme X satisfying (x) is of finite dimension. In fact we
have that dim(X) = sup,, dim(U,) for any open covering {U,} of X. Since we are in the
quasi-compact case the supremum is actually a maximum and hence it suffices to show
that any affine open U = Spec(A) of X has finite dimension. Now, dim(U) = dim(A)
and A has finite dimension since it is a finitely generated k-algebra.

Remark 3.1.3. We have that, if X satisfies (%), Proposition 2.1 of [31] applies and
hence Perf(X) = D°(Coh(X)).

Actually, many of the parts of the proof we are going to present hold true in greater
generality: in particular we do not need to work with schemes over a field. It is sufficient
for them to satisfy the condition

(#x) X is a smooth, proper, Nagata, locally integral scheme over a commutative ring k.
Moreover, any perfect complex on X is quasi-isomorphic to a bounded complex
of vector bundles.

Observe that this condition clearly implies condition (GSP+): it is a consequence of
point (a) in Remark 3.1.2.

We point out also that a scheme X satisfying condition (%) is Noetherian, by Re-
mark 3.1.1.

Along the way, we will highlight which results still hold in the (xx) case.
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3.2 Choice of the enhancements and auxiliary results

In this section we set the basis for the construction of an explicit dg lift of the Fourier-
Mukai functor ®¢ : Perf(X) — Perf(Y). Such a lift will be computed by lifting each
of the three (derived) functors ®¢ is made of: the pullback along the first projection,
the tensor product with the element & of Berf(X xY) and the pushforward along the
second projection.

As we have seen in Definition 2.6.6, part of the data of the dg lift of a triangulated
functor F : A — B is the choice of a dg enhancement of A and B, respectively. We
are therefore looking for lifts of pullback, pushforward and tensor product that are
computed using the same dg enhancements (in our case, Cech enhancements) in order
to avoid troubles with quasi-equivalences. Moreover, Cech enhancements are good tools
for having an explicit definition of the dg lifts and this will be very important in the
next Chapter.

In the present and future sections of this Chapter — except Section 3.8 — we will
working assuming all the schemes satisfy condition ().

Let us now begin with the description of those kind of enhancements. Throughout
this work U := {U,}ier will be a finite affine open covering of X; if A is an Ox—
module, we will denote by Cys(A) the Cech resolution of A with respect to the covering
U. Tt is defined as

Ci(A) = B (igyoin)xiorin) A
i0<..<in€l
where Uy,. 4, == Ui, N...NU;, and jj.... i, is the open inclusion U;,. ;, < X. Differen-

tials are defined in the usual way: the map
d:Ch(A) — Ch(A)

is such that
p+1

d(S)iomip+1 - Z(_l)JSiO'“%j“'iP“'l|Ui()...i
=0 p+1
where by s;,..;, we denote a local section of (ji,....i, )« (Jio,....i,)*A and the "hat" on an
index means that it has been removed. When A*® is a complex of Ox — modules Cyy(A®)
is defined to be the totalization of the obvious double complex.

Following [31] Appendix C, we set P.(U) to be the smallest full dg subcategory of
C(Qcoh(X)) containing all the complexes Cyy(P) for every vector bundle P on X and
closed under shifts and cones of closed morphisms of degree zero. We denote by P(U)
the full dg subcategory of Cy,(Sh(X)) that contains all the objects of P, (U) and is
closed under taking homotopy equivalent objects. Observe that any object of the form
Cu(R), with R a bounded complex of vector bundles, still belongs to P(Uf). It is the
dg category that in [31] is denoted by Perfe . (X). The dg category P(U) is strongly
pretriangulated and moreover we have the following

Proposition 3.2.1 ([31], Proposition C.1 together with subsection C.1.1). The dg
category P(U) is a dg enhancement of Perf(X).

Actually, it can be seen from the proof of Proposition C.1 in [31] that the exact
equivalence wy : HY(P(U)) — Perf(X) acts on objects as the identity.

Remark 3.2.2. Note that, by Remark C.3 of [31], any object of P(U) is homotopy
equivalent to an object of the form Cy(R), with R a bounded complex of vector bundles.
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Analogously we will denote by V := {Vj}c; a finite affine covering of Y’; observe
that UxV := {U; x V;} @ jjerxs is a finite affine covering of XxY. So we can define also
the dg categories Pi(V), P(V), P(UxV) and P(U x V), together with the equivalences

wy : H(P(V)) — Perf(Y)  and  wxy : HHPUXV)) — Perf(X xY).

With this kind of enhancement we will try to lift all the three "pieces" of the Fourier-
Mukai functor.

Remark 3.2.3. Observe that, by definition, the inclusion ¢y : Pu(U) — P(U) is a
quasi-equivalence as well as vy : Pu(V) — P(V) and upy @ P(UXV) — PUXV).
Moreover, since we are dealing with h-projective dg categories (see the remark below),
the inclusion

L:=u@uwy:PU)@P(V) = PU)@P(V)

is a quasi-equivalence, too by Remark 2.8 of [13].

Remark 3.2.4. Observe also that, since we are working over a field, all those dg
categories will be h-projective and therefore also h-flat. In particular this avoids troubles
whenever we are dealing with the tensor product of dg categories in Hqge. Actually we
will see (in Proposition 3.8.1) that all the categories we are dealing with are h-flat even
under the milder hypotesis (xx).

In the following pages we are going to prove some importat properties of the dg
version of boxtimes bifunctor we have introduced in Section 1.3. We have said that one
can define a bifunctor

—K ~i= p* (=) ® ¢*(~) : Sh(X) x Sh(Y) — Sh(X xY).

that - in our hypoteses - is exact whenever we fix one of the two arguments (see the
discussion about the boxtimes in Section 1.3). It naturally induces a dg bifunctor

X:PU)2PV)

PUXV).

The fact that the image X(P(U) @ P(V)) is actually contained in P(U xV) follows
from Proposition C.11, Corollary C.12 and subsection C.3.3 of [31]. Notice that those
results, originally proved in the hypotesis of being over a field, actually hold also when
the schemes satisfy condition (#*) — in this case the role of Lemma A.16 (c) in [31] is
played by Lemma 3.2.8 below.

Remark 3.2.5. From those last two results it follows that - if A is a bounded complex
of vector bundles on X and B is a bounded complex of vector bundles on Y - there is
a homotopy equivalence between Cy(A) X Cy(B) and Cyxy(A X B).

Proposition 3.2.6 ([31], Lemma C.14 and subsection C.3.3). The dg-functor X :
PU)@P(V) — PUXV) is quasi-fully faithful.

Actually, a stronger result than Proposition 3.2.6 holds true.

Proposition 3.2.7. For any couple of objects (A, B) and (A’, B") of P(U) @ P(V) we
have that the canonical map

Homppeopv) (4, B), (A, B')) — Homppy) (AR B, A'K B)

is a homotopy equivalence. Moreover, such a map is an isomorphism every time A, A’,
B and B' are Cech resolutions of bounded complexes of vector bundles (on X and Y,
respectively).
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Proof. Let us start by considering vector bundles P and P’ on X and @ and Q" on Y.
We need that the natural morphism of complexes (©)

Homo, (Ciy(P),Cu(P"))@Homo, (Cy(Q),Cy(Q')) — Homo,, (Cy(P)RCy(Q), Cu(P")HC(Q'))

is an isomorphism.
The i-th degree of the right hand side is given by:

@ HOHlOXXY ((CL{(P) X CV(Q))W, (CM(PI) X CV(Q/))w+i) _
D HOmOXXY( e D D (Puiy o0 B Qv ) , P P D ( Ulo . Q@to"td))

at+b=w 10<..<iq jo<.-<Jp c+d w+ilp<.. <l to<..<tgq

The latter, thanks to the Lemma below, is isomorphic to (#)

DD D D DD PHomoy, ((PgQ)Uio.'mXV;o ) (PEQ/)UzO..zCX%U.td)

W a+b=w ct+d=w+iig..ta Jo--Jb lo..lc to--td

On the other hand the i-th degree of the complex on the left is:

D (@Homox(cu( )", Cu(P)"7) @ @D Homo, (Cu(Q)F, Cr(Q)!H)) =

r4+s=i k

/ / _
P (@Homox DPu,.,. D P, ) @Homoy Py D))=
r4s=i 10<..<tp, lo<..<lpir Jo<..<Jjk to<..<tp+s

DDDD ® D D(Homox(Py,., T, )@ Homo, Qv .y, )

r+s=i h k do.iplo..lpyr Jo--Jk t0-thts

and - up to a reordering of the terms (for example with the substitution h = a, k = b,
r=c—a,s=d—Db) - it is the same as (&)

@ @ @ @ @ EB @(HomOX(PUiO»-ia’P(/Jvloﬁlc)@Homoy(ijonjb’Qa/toutd)>

W a+b=w ct+d=w+iig..iq Jo--Jb lo..lc to--ta

But the latter, as well as (#), is zero unless Uy, ;. C Uj,.i, and Vi, ¢, € Vj,.j, by Lemma
A5 of [31] and, if these conditions are verified, reasoning as in the proof of Lemma C.14
of the same paper we can conclude that (#) and (&) are exactly the same. This yields
the fact that the map (©) is an isomorphism of complexes, as wished.

With essentially the same computations it is possible to see that such an isomor-
phisms holds true even in the case of P, P, Q and Q' being bounded complexes of
vector bundles.

If we now consider generic objects of P(U) ® P(V), also in virtue of Remark 3.2.2,
it is easy to see that the map (V) is a homotopy equivalence in this case, consider-
ing the fact that covariant and contravariant Hom functors are defined on the whole
dg category Cgq(Sh(X)) x Cgqe((Sh(Y')) as well as the boxtimes is well defined on
Caqg((Sh(X xY)). O

Lemma 3.2.8. Let X and Y be as in our hypoteses, let L : U — X and j: V — Y
be the inclusions of affine open subsets. Then for any P (resp. Q) vector bundle on X
(resp. Y ) we have the following isomorphism of O xxy -modules

Ll " PR o Q = p*1ut™ P ® ¢% g Q =~ (¢ X j)+(t X J)*(p" P ® ¢*Q)
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Proof. Let us start by considering the cartesian diagram

U

UxY —U

LXidY\L \LL

Xxy L= X
By applying base change (see Proposition 1.3.3) we get
PLat™P >~ (1 X idy)*pTUL*P = (1 x idy )« (¢ x idy)*p* P
Clearly we have a completely analogous situation on Y hence we can write:
P Lt P ® ¢ .5 Q ~ (¢ X idy )« (¢ X idy )" p* P ® (idx x j)«(idx X j)*¢*Q.
Now let us consider
(6))+(17)" (0" P2g*Q) = (idxj )« (1xidy ) ((iduj) " (pxidy ) *p* P@(0xidy )" (idxxj)“¢*Q)

The immersion ¢ : U — X is separated because U is affine [42, Tag 01KN], hence
txidy is separated as well since it is the base change of a separated morphism [42, Tag
01KU]. It is also quasi-compact: thus, being the module (idx x j)*¢*@ flat (since the
pullback of a vector bundle is still a vector bundle), we can apply projection formula
(see Proposition 1.3.1) and gain that what we have written above is isomorphic to

(idox % 7)- (e xidv ) (idp x )" (1 xidy ) 'p* P @ (idx % 5)"¢°Q) =
~(idx X j)« ((idX X j)*(exidy )4 (e xidy )*p* P @ (idx xj)*q*@)

where for the last isomorphism we have used again base change. Now, since the map
(idxxj) is affine (as base change of an affine map), we can still apply projection formula
and get that the latter is isomorphic to

(¢ x idy )« (¢ x idy)*p* P ® (idx % j)«(idy x j)*¢"Q
This concludes the proof. O

Proposition 3.2.7 yields the following
Corollary 3.2.9. The dg functor X : P.(U) @ P«(V) — PUXV) is fully faithful.

Let us now denote by X the restriction to P.(U) @ P«(V) of X and let us abbreviate
by Y the dg Yoneda embedding Yg?uw)' The latter is a quasi-equivalence from P (U x V)
to Perf(P(UxV)), since P(UxV) is a perfect dg category (see Section 3.3). We can

prove the following

Proposition 3.2.10. The dg-functor Resg oY : P(UXV) — dgMod(P«(U) @ P«(V))
induces a quasi-equivalence from P(UxV) to Perf(P.(U) @ P.(V)).
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Proof. We start by noticing that Corollary 3.2.9 gives us the commutativity of the
following diagram

dgMod(P,(U) @ P.(V)) il dgMod(P(U x V))
?T TY
X
P(U) @ Pu(V) PUXV)

where we have denoted by Y the dg Yoneda embedding Yg*g( Let us now

consider the dg category B := K| (P«(U) @ P«(V)) We have:

U)RP« (V)"

(1) HO(RGS& o Y)(H%(B)) C H(Perf(P(U) @ P(V))): In fact, thanks to the commu-
tativity of the above diagram we can write

H°(Resg, o V) (H(B)) = H’(Resg, o Y o &))(P.(U) @ Pu(V))
=H(Y)(P.(U) @ P«(V)) C H(Perf(P(U) @ P(V)));

(ii) HO(P(UxV)) is classically generated by H°(B): in fact in our hypoteses we
can apply the Lemma 3.4.1 of [5] together with the equivalence (1.1) and get
that Dqeon (Sh(X xY')) is generated by a single compact object £ X F', where E
and F are the compact generators of Dqcon(Sh(X)) and Dgeon(Sh(Y')), respec-
tively. It follows that, see Theorem 1.1.12 and Definition 1.1.10, H*(P(U xV)) ~
Perf(X xY) = Dqeon(Sh(X xY))¢ is the smallest thick triangulated subcategory
of itself containing F X F' and therefore it is also the smallest thick triangulated
subcategory of itself containing H(B): this precisely means that HO(P(U xV)) is
classically generated by H°(B);

(i13) HO(Perf(Py(U) ® P«(V))) is a thick triangulated subcategory of the tri-
angulated category H°(dgMod(P.(U) ® P.(V))) by what we said in Remark
2.4.2.

Therefore we get that the image of H*(P(U x V)) through H® (Resw, oY) is contained in
HO(Perf(P.(U) @ P«(V))). Moreover, the commutativity of the diagram above tells us
that HO(ReSg‘ oY) o) is a fully faithful functor: this fact, together with (i4) implies
that H° (Resw, oY) is fully faithful as well.

Summarizing, we have a fully faithful exact functor:

H(Res, oY) : H(P(UxV)) — H’(Perf(P.(U) © P.(V))).

Now, since H(Perf (P, (U)@P,(V))) is classically generated by HO(Y)(P.(U)@Px(V)) =
HO(ReSg| o Y)(H%(B)), in order to have that HO(RGS& o Y)(H(P(UxV))) contains
HO(Perf (P (U) @ P«(V))) (and therefore they are equal) we just need to show that it is
closed under direct summands, cones and shifts and that contains HO(ReS|g| oY) (H(B))

(but the latter fact is immediate). Finally, the fact that HO(ReSg| oY) (HY(PUxXV))) is

closed under direct summands, cones and shifts follows since H?(P(U x V)) is idempo-
tent complete, it is closed under cones and shifts and HO(RGS& oY) is fully faithful. O

Corollary 3.2.11. The dg functor Resy, \Pert : Perf(P(UXxV)) — Perf(P.(U)®

P.(V)) is a quasi-equivalence.

(PUxV))
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Proof. 1t follows from the Proposition and from the fact that Y is a quasi-equivalence
from P(UxV) to Perf(P(UxV)). O

Lemma 3.2.12. Let L : P.(U) @ P.(V) — PU) @ P(V) be the inclusion. Then
Resr, (h-proj(P(U) @ P(V))) C h-proj(P«(U) @ P(V)).

Proof. We know that it suffices to show — see Proposition 2.5.2 — that

ReSL(P(u) & P(V)) C h-proj (P* (u) & P*(V))

Let o := HOIHP(M)@P(V)((_a:),(CM(A)aCV(B))> = Ypuyerw)(Cu(A),Cy(B)). We
have:

Resy (o) = Hompg)ep ) (L((—,:)), (Cu(A%Cv(B))) =
= Homp, gep. (v) (= =) (Cu(4), Cu(B)) ) € h-proj(P.(U) @ P.(V))

Now, we know that dg functors preserves shifts, cones of degree 0 morphisms and homo-
topy equivalences. Moreover, we have that h-proj(.A) is closed for homotopy equivalent
objects for any dg category A. Therefore we obtain that Resy o Ypunep)(C) €
h-proj(P.(U) ® P«(V)) for any object B € P(U) @ P (V). For the same reasons we have
also Resp(P(U) @ P(V)) C h-proj(P.(U) @ P(V)). O

From the above proof and from the fact that Perf(P,(U) @ P«(V)) is closed under
shifts, cones of degree 0 morphisms and homotopy equivalences we have

Corollary 3.2.13. Resy (Perf(P(U) @ P(V))) C Perf(P.(U) ® Pi(V)).

Now, since L is a quasi-equivalence (see Remark 3.2.3) we have by Proposition 2.5.2
(iii) (respectively, by Proposition 2.5.3) that the restrictions of Ind; to h-projective
dg modules (respectively, to perfect dg modules) is a quasi-equivalence. From the
latter two results we can conclude that also the restriction of Resy to h-projective
(respectively, perfect) dg modules is a quasi-equivalence, since it is the adjoint of the
version of Indy, restricted to h-projective (respectively, perfect) dg modules.

Lemma 3.2.14. The dg functor Indg : Perf(P(U) @ P(V)) — Perf(P(UXV)) is a
quasi-equivalence and its inverse in Hqe is equal to Indy, o ReSgl.

Proof. From the equality i) = X o L we obtain Indg‘ = Indg o Ind;,. But now ImdgI :
Perf(P.(U)@P«(V)) — Perf(P(U xV)) is a quasi-equivalence since it is the left adjoint
of the quasi-equivalence Resg,. Also Indy, : Perf(P(U)@P,(V)) — Perf(PU)@P(V))
is a quasi-equivalences by the discussion above. It follows that Indg = Indg‘ o Resy, in
Hqge is a quasi-equivalence and, by taking inverses, we get our claim. O

3.3 Notation

Let us now spend some words to set the notation we will use from now on.
We will abbreviate by Y;; the dg Yoneda embedding
d
Ypfu) : P(U) — dgMod(P(U)).
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Note that it is a quasi-equivalence onto Perf(P(U)) since P(U) is a perfect dg category
(look at Definition 2.4.3 and at Proposition 2.4.4). In fact it is pretriangulated by
definition and Perf(X) is a Karoubian category for any quasi-compact quasi-separated
scheme X (see [5] Proposition 2.1.1).

Clearly we will adopt analogous convention for Yg?v) and Y;?Z/{XV)'

Moreover we will call

myu: PU) = PU)@P(V)
the dg functor sending an object A to (A4,Cy(Oy)) and defined in the obvious way
on morphisms. The fact that it is a dg functor is easy to check: by definition of
tensor product of dg categories, we have (P(U) ® P(V))(A® Cy(Oy), A’ @ Cy(Oy)) =
PU)(A,A)@PV)(Cy(Oy),Cp(Oy)). We need to show that it satisfies the equality:
dp)(a) @ idey(0y) = dpanepyv)(a @ ide, (0y))

for any oo : A — A’. But, by definition of tensor product of complexes, we have

dpuyepw) (@ ® ide,(0y)) = dpay (@) ® iy (0y) + (=1 Ya @ dpy) (ide, (0y))
and we are done since, by definition of dg category, the identity of an object is a closed
map.

We define moreover the dg functor

my: PV) — PU)@PV)

sending an object B to (Cy(Ox), B).

We will need also "restricted" versions of m; and of my.
Namely, 7y : Pu(U) — Pu(Ud) @ Pu(V) is the dg functor sending an object A to
(4,Cp(Oy)) while Ty : Pu(V) — Pi(Ud) @ Pu(V) is the dg functor sending an ob-
ject B to (Cu(Ox), B).

In the same spirit we define also the dg functors

T PU) = PU)@PU) and w2 PU) — PU)@PU)

sending an object B € P(U) respectively to (B,Cy(Ox)) and to (Cy(Ox), B).

3.4 Pullback

Let us start by considering the pullback functor
P Perf(X) — Perf(X xY),

where the map p: X XY — X is the projection on the first factor. Note that, since p
is flat, p* does not need to be derived. We want to compute a dg lift of such a functor,
via the Cech resolutions i.e. to find a dg functor G : P(U) — P(U x V) such that the
following diagram

H°(G)

HO(PU)) HO(PUXV))
Perf(X) — > Perf(X x V)
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commutes.

We define the dg functor G as the composition X o m; where m, is the dg functor
we have just defined.

Proposition 3.4.1. The dg functor Ko my : P(U) — PUXV) is a dg lift of the
triangulated functor p*.

Proof. We need to show that there is an isomorphism 7 of triangulated functors from
p*owyx to wxxy o HO(X o my).

By Remark C.3 of [31], any object of P(U) is homotopy equivalent (and hence isomor-
phic in HO(P(U))) to an object of the form Cy(R), with R a bounded complex of vector
bundles. Let therefore A be a bounded complex of vector bundles. We have:

o p*owx(Cu(A)) = p*(Cu(A));

o Wy 0 HY (X o my)(Cu(A)) = wxsy (Cu(A) K Cp(Oy)) = Cy(A) X Cp(Oy) =
p*Cu(A) ® ¢*Cy(Oy) ~ p*Cy(A) @ ¢*Oy ~ p*Cy(A).

The two isomorphisms are meant in Berf(X xY') and are due to the fact that ¢ is a flat
map and hence ¢* is exact.

So we have an isomorphism 7¢,, (4 : p* owx (Cu(A)) — wxxy oHO(Xomy)(Cy(A)) that
is natural. In fact, if f : Cyy(A) — Cy(B) is a morphism in HY(P(U)), we can easily
check the equality 7¢,, () © p* o wx (f) = wxxy © HO(X o m)(f) o NCy(A)- O

3.5 Pushforward

For what concerns the (derived) pushforward functor Rp,, we can use a more formal
argument in order to get a dg lift for it with respect to Cech enhancements using the
fact that Rp, is right adjoint to Lp* = p*.

Remember that, by Proposition 2.5.3, given a dg functor G : A — B between two
dg categories we have that the dg functor Indg : dgMod(A) — dgMod(B) restricts to
perfect dg modules.

Therefore the dg functor
Indgor, = Indg o Ind,, : Perf(P(U)) — Perf(P(UXV))

is another dg lift of p*.

Proposition 3.5.1. The dg functor G := Resy, oIndy, o Resx| 1s a dg lift of Rpx.

Proof. We can deduce from Lemma 3.2.14 that H%(Indy, o ReSg‘) is a right adjoint to

H°(Indg); moreover, we know by Proposition 2.5.2 (i) that Resy,, is a right adjoint to
Indy,, at the level of dg modules. Therefore we have that G must be a dg lift of the
right adjoint of p* once we show that it restricts to perfect dg modules.
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We have already seen that both Ind;, and Resg, restricts to perfect dg modules. To
what concerns Resy,, let (A, B) be an object of P(U) @ P(V):

Resq, (Hompgnepo) (=, (A, B))) = Hompgnepw) (tu(=), (4, B)) =
Homp)gpv)((— Cv(Oy)), (4, B)) = Hompy (—, A) @k Hompy (Cy(Oy ), B).

Now, we claim that Hompy,)(Cy(Oy ), B) is quasi-isomorphic to a bounded complex of
projective (actually free) k - modules of finite rank. In fact, it is bounded from the
definition of Cech resolution and from the finiteness of the covering V. It is moreover
trivially made of free modules since k is a field. Finally it suffices to show that it
has finite dimensional cohomologies: since we know that P(V) is a dg enhancement of
Perf(Y) we have

H' (Homp(y) (Cy(Oy), B)) = H’(Hompy) (Cv(Oy ), Bi])) =
Hompo(pvy) (Cv(Oy ), Bli]) ~ Hompejv) (Cv(Oy), Bli])

and the latter is finite dimensional over k by a theorem of Serre (see [18] Théoréme
I11.3.2.1 and Corollaire II1.3.2.3) since Y is proper. It follows that Hompyy(Cy(Oy ), B)
lies in Perf(k) for any B € P(V).

But now, since k is a field, we have that HO(Pretr(k)) is an idempotent complete
category and hence Perf(k) coincides with Pretr(k) (cfr. Remark 2.4.2): therefore
Hompy)(Cy(Oy ), B) is obtained from k with a finite number of shifts and cones (of
degree 0 morphisms). But all those shifts and cones are preserved by the tensorization
with Homp ) (—, A) € Perf(P(U)). It follows that Resy, (Hompnepo)(—, (4, B))) is
obtained from Homp(—, A) € Perf(P(U)) with a finite number of shifts and cones of
degree 0 morphisms and thus it lies in Perf(P(U/)) since the latter is closed with respect
to all those cones and shifts. Finally, the claim follows by part (iv) of Proposition
2.5.2. O

Remark 3.5.2. It is obvious that Resy, oIndy oResy, : Perf(P(U xV)) — Perf(P(V))
will be a dg lift of Rg, : Perf(X xY) — Perf(Y).

3.6 Tensor product

It’s now time to consider tensor product. We need to lift, for an object £ € Perf(X),
the triangulated functor — ®@% & : Perf(X) — Perf(X).

Let us define Pg (i) to be the smallest full dg subcategory of Cg,(Sh(X)) containing
all the objects of the form Cy(A) and Cy(A) ® Cy(B) for A and B vector bundles on
X, and closed under shifts, cones and taking homotopy equivalent objects. We want
to show the following

Proposition 3.6.1. The dg category Pg(U) is a dg enhancement of Perf(X).

Proof. We will proceed by following the idea of the proof of Proposition C.1 of [31].
Clearly the natural functor

HO(Pg (U)) — Rerf(X)
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is essentially surjective. It remains to prove that

Homgo(c, (sn(x))) (P Q[n]) — Hompsn(x)) (P, Q[n])

is an isomorphism, for any n € Z, in the (four) cases where P and @ are of the form
Cu(A)®@Cy(B) or Cy(R) for A, B and R vector bundles on X . Note that Ciy(A)QCy(B)
is made up from objects of the form Ay ® By ~ (A ® B)yny, where U and V are in
U. Hence the two cases where P is of the form Cy(R) can be treated as in the proof of
Proposition C.1 of [31].

For the remaining cases our claim is to show that:

Hompo (¢, (sn(x))) (Cu(A) ® Cu(B), Rv[n]) — Hompsn(x))(Cu(A) ® Cu(B), Ryv[n])

is an isomorphism, for any n € Z, where V is the intersection of some elements of U.
Consider the composition:

a®idp idey, (a)@8

A®B

Cu(A)® B Cu(A) ® Cu(B)

where a (resp. 3) is the quasi-isomorphism between A (resp. B) and its Cech resolu-
tion. Note that a ®idp is still a quasi-isomorphism since B is flat; moreover id¢,,(4) ® 3
is a quasi-isomorphism, too since Cy(A) is h-flat (see the Lemma below).

Now let us consider the following commutative diagram:
Homypo(c,, sn(x))) (Cu(A) ® Cu(B), Ry [n]) — Hom p(sn(x))(Cu(A) ® Cu(B), Ry [n])
(idcu<A)®ﬁ)*l i
Homyo (g, (sn(x))) (Cu(A) ® B, Ry [n]) Hom p(gn(x))(Cu(A) @ B, Ry[n])

(a®idB)*l i

Hompo(c,, (sn(x))) (A @ B, Ry [n]) Hom psh(x)) (A ® B, Ry[n])

where the two right vertical arrows are isomorphism by what we have just observed.
The bottom map corresponds, via the adjuction j* - j. (where j is the inclusion of V'
in X), to

Homppo ¢ (sn(vy)) (17 (A @ B), " (R)[n]) — Hompsnv)) (" (A ® B), j* (R)[n]).

Now, since both j*(A® B) and j*(R)[n] are quasi-coherent Oy-modules — and taking
into account equivalence (1.1) — we can conclude that the above map is an isomor-
phism since j*(A® B) is projective in Qcoh(V'). Therefore § is an isomorphism as well.

In order to show that (o ® idg)* is an isomorphism we will prove that
w : Homg, (sh(x))(Cu(A) ® B, Ry) — Homg, (su(x)) (A @ B, Ry)

is a quasi-isomorphism. But now we can reason exactly as in the proof of Lemma C.2
of [31]: the degree 0 component of the right hand side is

H := Homo, ((A® B)v, Rjy)
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and all other components are trivial. The left handside, instead, is made up of direct
sums of objects Homp, ((A ® B)w, Ry) where W is the intersection of a (positive)
number of element of ¢. These objects - thanks to [31], Lemma A.5 - are equal to H
if V. C W and are zero otherwise. Whence we obtain that the left hand side is equal
to the chain comlplex that has in degree ¢ a number of copies of H that depends on
sg < -+- < s; with all these variables lying in the set of elements of &/ containing V.
Therefore we can see w as the augmentation map of the chain complex of a simplex
with coefficients in H that is actually a homotopy equivalence and hence a quasi-
isomorphism.

The same argument can be used to show that (id¢,4) ® 8)* is an isomorphism and
finally we get our claim. O

Lemma 3.6.2. Let X be a quasi-compact separated scheme and let be P a vector bundle
(or a bounded complex of vector bundles) on X. Then Cy(P) is an h-flat complex of
Ox - modules.

Proof. Since Cy(P) is a bounded complex - and since the finite direct sum of flat
modules is still flat - our claim follows once we have proved that j.j*P is a flat Ox -
module, where j : U — X is the inclusion of an affine open set (see [42, Tag 06YD]).
Let v : N — N’ be an injective morphism of Oy - modules. We want to prove that
id®7v:Jsj*P @ N — 7,7 P ® N’ is still injective.

Now, in our case the morphism j is affine therefore we can make use of the projection
formula (see Proposition 1.3.1) and get that j,j*P ®@ M ~ j,.(j*P ® j*M) for any Ox
- module M. But this means that id ® « is the pushforward along j of the map

Since j is an open immersion it follows that it is flat and hence j* is exact and j*v is
still injective. Moreover j*P is still a vector bundle and in particular it is flat therefore
id ® j*v is again an injective map. But finally j.(id ® j*vy) = id ® ~ is injective as
well. O

Corollary 3.6.3. The two dg-categories P(U) and Pg(U) are actually equal.

Proof. The inclusion P(U) C Pg(U) holds by definition. Now, we have that Cjy(A) ®
Cu(B) and Cy(A ® B) are isomorphic in Perf(X) i.e. are quasi-isomorphic. But this,
by the above Proposition, implies that they are isomorphic in H(Pg (i/)) and it means
that they are homotopy equivalent. Whence Cy(A) ® Cy(B) lies already in P(U) and
we get the other inclusion. ]

Observe that this last corollary tells us that P(U) contains all the elements of the
form Cy(A) ® Cy(B), for A and B vector bundles on X.

Thanks to the discussion above the dg functor
K:PU)@PU) — PU)

that sends (A, B) € P(U) @ P(U) into A ® B is well defined.

In addition, if we fix a bounded complex R of vector bundles of X, we can define
the dg functor:
where A is any object of P(U).

Let now £ be an object of Perf(X). In our hypoteses we know that it is quasi-
isomorphic to some bounded complex of vector bundles E. We have the following
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Proposition 3.6.4. The functor Ke, () is a dg-lift of — @ € : Perf(X) — Perf(X).

Proof. We have already observed (Remark 3.2.2) that any element of P(U/) is homo-
topy equivalent to one of the form Cy(A) and that tensorization preserves homotopy

equivalent objects in Cgy(Sh(X)). Whence it suffices to prove our claim for an element
of the form Cy(A). We have:

o wx o HO(Ke, (1)) (Cu(A)) = wx (Cu(A) ® Cu(E)) = Cu(A) ® Cu(E);
o (—@FE)owx(Cu(A)) = (=" E)(Cu(A)) = Cu(A) @ € ~ Cu(A) ® E.
and hence we can define the natural transformation
n: (= @" &) owx — wx o H'(Key(r))

by taking, for any (Cy(A) € P(U), the isomorphism in Perf(X) from Cy(A) @ E to
Cu(A) ® Cy(E) that we have since Cyy(A) is a bounded complex of flat modules (as the
one between Cyy(A) @ € and Cy(A) ® E).

Now, for any map f : Cy(A) — Cy(B), we have wx o H(K¢,,(g))(f) = f ®idg,, (g) and
(— @Y &) cwx(f) ~ f ®idp and hence we can clearly see that wx o HY(Ke, ) (f) ©

ey (A) = Tcy(s) © (— @Y €) o wx (f).
We have therefore proved the commutativity of the diagram

HO(Key, (1))
- = s

H(P(U)) H(P(U))
wxi lwx
oL
Perf(X) ——— = Perf(X),
yielding that K¢, (g) is a dg lift of the derived tensor product, as wished. O

3.7 A dg lift of o¢

In the previous Sections we have constructed a "piecewise" dg-lift of the Fourier-Mukai
functor: it can be written down as follows

@gg(—) := Resr, o Ind, o Resm, 0 Yyxy o Ky, (m) o W0 u(—).

where £ is an element of Perf(X xY') and F is a (fixed) bounded complex of vector
bundles quasi-isomorphic to &£.

We will draw a diagram in order to make clear to what functors we are referring to:

ey (B)

PU) = PUXY) PUXYV) 225 Perf(PUXV)) —— Perf(P(V))

We have abbreviated G := Res;,, oIndy, o RGS@‘.
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Remark 3.7.1. Observe that if E’ is another bounded complex of vector bundles
on X XY quasi-isomorphic to £ € Perf(X xY') then if we use E’ instead of E for the
definition of @Cglg we obtain the same dg functor in Hge. In fact we get that Cy (F) and
Cuxy(E") are quasi-isomorphic but - since they both live in the enhancement P (U x V) -
they are actually homotopy equivalent. This gives us a natural transformation between
the two version of @gg that is clearly a termwise homotopy equivalence. Hence we can
conclude by Proposition 2.5.10.

What we have done in the present Chapter can be summarized by saying that we
have constructed, for any £ € Perf(X xY'), a commutative diagram of exact functors

HOPU) —2 10 (pert(P(V))
wa/ leoHO(YV)_I
Perf(X) 2 Perf(Y)

where wy and wy o H(Y},)~! are exact equivalences.

3.8 The most general case

We would like to point out here that the three dg lifts we have discussed in the pre-
vious pages can actually be computed also in the more general setting (xx). We have
used the hypotesis of being over a field in two situations: the first one is when we said
that, given two quasi-equivalences F' : A — A’ and G : B — B, the dg functor
FoG: AB — A'®@B' is a quasi-equivalence as well. This happened for example for
the dg functor L (see Remark 3.2.3). The second situation is in the proof of Proposition
3.5.1.

To what concerns the first problem, we can prove the following

Proposition 3.8.1. The dg category P(U) is h-flat.

Proof. Recall that for P(U) to be h-flat means that for any two of its objects A and B
the dg functor
HOIn'p(u) (A, B) & —

preserves quasi-isomorphisms.

Let us consider the case of A = Cyy(P) and B = Cy(Q), where P and () are vector
bundles on X: since Homp)(Cy(P),Cy(Q)) is a bounded complex we have (see [42,
Tag 06YD]) that it is h-flat if

Homp(u) (Cu(P), Cu(Q))n = @ Homp(u) (Cu(P)h, CL{(Q)h+n)
h

is a flat Ox-module for any n. But the latter is equal to

@Homp(u)(@ PUiO,,.,ih’ @ QUJOv-"jh+n)

205--yTh J0s-sJh+n

~ @ @ @ Homp(u) (PUioMih ’ QUJ07-~vﬂ'h+n )

h 20ys%h J0Os--3Jh+n
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Therefore — since direct sums of flat modules are again flat — we just need to check
that the k-module Homp(u)(PU, Qv ) is flat where U and V are affine open sets. But,
in our hypoteses, we can make use of Lemma A.5 of [31] and get that such a module
vanishes if V ¢ U while in the case of V C U it is isomorphic to

Homo,, (Pv, Qv)

and so we can reduce ourselves to the affine situation.

Suppose V' = Spec(R): thus we need to show that Hompg(A, B) is a flat k-module
for any finite projective R-modules A and B. We start by noticing that since, by
hypoteses, R is a flat k-module (as our scheme X is smooth) it is sufficient to check
that Homp(A, B) is flat as an R-module. Now - by the projectivity of A - there exists
an R-module A" and an r € N such that A @& A’ = R" hence we have:

Homp (A, B) @ Hompg(A', B) 2 Hompg(A & A’, B) = Homg(R', B)
= @THomR(R> B) =&-B

where @, stands for the direct sum of r copies. Now, by hypotesis B (and &, B, too) is a
projective R-module hence Homp (A, B) ®Homp(A’, B) must be a projective R-module
as well. It follows that Homp(A, B) is a projective, and therefore flat, R-module (we
have used here that both direct sums and direct summands of projective modules are
still projective).

Now suppose that A; and B are objects of P(U) such that Homp (A1, B) is h-flat.
If A" is a shift of A; then Homp ) (A’, B) is clearly still h-flat. Let now A" be the cone
of the (closed degree 0) morphism f : Ay — As, where Ay is another object of P(U)
such that Hompgy) (A2, B) is h-flat. Applying the dg functor Homp(—, B) to the

distinguished triangle A; ER Ag — A’ it yields a distinguished triangle
Homp(u)(A’, B) — Homp(u)(Ag, B) — HOInfp(u)(Al, B)

in K(Sh(X)) and therefore Homp ) (A’, B) is h-flat as well by [42, Tag 06Y2]. This
shows that Homp(,)(A', B) is h-flat for any object A" € P(U). The case where B is a
generic object of P(U) can be treated in a similar way.

Let A and B be two objects of P(U) that are homotopy equivalent to some ob-
jects (say respectively A and B) obtained from Cech resolution of vector bundles by
iteratively taking shifts or cone of degree 0 morphisms. Hence Homp ) (A, B) is an
h-flat complex for what we have just shown. Now, since for any object C' € P(U) we
have that both Homp ) (—, C) and Homp)(C, —) are well defined dg functors on all
Caq(Sh(X)), we get the following chain of homotopy equivalences:

HOmp(u) (A, B) ~ HOH’lp(u) (A, B) >~ HOmfp(u) (A, B)

Therefore tensoring with Homp ) (A, B) preserves quasi-isomorphisms since tensoring

with Homp(u)(A,B) does (tensor product is a dg functor on Cgy(Sh(X)) and hence
preserves homotopy equivalent objects). This proves our claim. ]

Corollary 3.8.2. The dg category P«(U) is h-flat as well.

Proof. 1t follows since P, (i) is a full dg subcategory of the h-flat dg category P(U). O
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Those facts assure us that all the tensor products between our dg enhancements are
well defined in Hge without the need of dealing with h-projective (or h-flat) resolutions.
This also implies that the product of quasi-equivalences is a again a quasi-equivalence
(in fact, it is the "h-flatness" of the dg category that actually matter in Remark 2.8 of
[13]).

To what concerns Proposition 3.5.1, if we now do not have that Resxor, restricts
to perfect dg modules, a more sophisticated argument can be adopted in order to end
up with a dg lift of the derived pushforward along the projection.

For any dg category A consider the Drinfeld quotient dgMod(A)/Ac(A): as we have
seen in Section 2.4, we always have a triagulated functor to its homotopy category from
the Verdier quotient H’(dgMod(A))/H°(Ac(A)) that is an equivalence if, for example,
dgMod(.A) is homotopically flat. Now, following Section 3.2 of [7] we have a "functorial"
h-flat resolution | : C"f — C which is the identity on objects. We have therefore the
following dg functors

h-proj(A) —— dgMod(A) +—— dgMod(A)" —%— dgMod(A)" /Ac(A) (3.1)

whose composition 7 is a quasi-equivalence. By Ac(A)" we mean the full dg subcategory
of dgMod(A)" with the same object as Ac(A). We will denote by H the dg quasi-
functor 7! o Q o 17! : dgMod(A) — h-proj(A) that sends a dg A- module to its
h-projective resolution.

In particular we have, for any M € h-proj(A) and for any N € dgMod(A) a quasi-
isomorphism

HomdgMod(.A)(Mv N) — Homh—proj(A)(Ma H(N))

Lemma 3.8.3. For any dg functor F : A — B we have an adjunction H°(Indg) -
HO(H o Resg) at the level of h-projective dg modules.

Proof. Thanks to what we said above, for any M € h-proj(.A) and for any N € h-proj(B)
we have a quasi-isomorphism:

Homy, 1r05(5) (Indr (M), N) = Homggnioa(s) (Indr (M), N) ~
HomdgMOd(A)(M, Resg(N)) N Homh_pmj(A)(M, H o Resg(N))
and this is enough to conclude. O
Proposition 3.8.4. The dg quasi-functor
H o Resr,, o Indy, o Resw, : h-proj(P(U xV)) — h-proj(P(U))
restricts to perfect dg modules and such a restriction is a dg lift of Rp..

Proof. in virtue of the above lemma, the only thing we need to show is the fact that
- having denoted G := Res;,, oIndy o Resg, - the dg functor H o G restricts to perfect
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complexes. Let us consider the following commutative diagram:

HO (h-proj(PU))) o). HO (- proj (PUx V)
HO(Perf(P(U))) HO (Perf(P(U X V)))
HOZP(U)) o) H°<P<uwxv>>
m;ﬂX) a maﬂg;Y»

This tells us that p* is isomorphic to H°(X o m) at the level of H(P(U/)) and of
HO(Perf(P(U))).

Moreover we have that H%(h-proj(P(U))) is equivalent to Dqgeon(Sh(X)): take C =
Dé{oh(Sh(X)) a dg enhancement of Dqeon(Sh(X)), B = P(U) in Proposition 1.17 of
[30] and notice that we have a quasi-equivalence between the dg category SF(A) of
semi-free dg modules over A and h-proj(A) for any dg category A (see, for example
section 3.1 of [25]). For example, Dé“{zoh(Sh(X )) can be the Drinfeld quotient

CF 4 (Sh(X))/AcE. | (Sh(X))

between the dg category of complexes of sheaves of modules with quasi coherent coho-
mology and its full dg subcategory of acyclic complexes. It follows that we have a dg
quasi-functor ¢x : DdQ%Oh(Sh(X )) — h-proj(P(U)) such that H(¢x) is an equivalence.

Clearly we have the equivalence between H°(h-proj(P(U xV))) and Déioh(Sh(X xY))
as well.

Now the functor p* defines a dg functor C’égcoh(Sh(X)) — C’gzioh(Sh(XxY)) that,
since p* is exact, restricts to a dg functor

Caeon(Sh(X))  Cilan(Sh(X xY))
Acl L(Sh(X))  Ack,(Sh(X xY))

that is a dg lift of the triangulated functor p*. We are therefore in the following situation

p*

DY, (Sh(X))

|

h-proj(P(U))

DY L (Sh(X xY))

l%{xy

B h-proj(P(Ux V))

Note that H(¢) is an equivalence. We can see, as a consequence of Proposition 3.10 in
[13], that HO(Indgor,,) and HO(¢xwy) o HO(p*) o H(¢x)~! are isomorphic as functors
from HO(h-proj(P(U))) if they are isomorphic on H°(P(2f)). Since this is precisely the
case, we can conclude that HY(Indgor,) and p* = H%(p*) are isomorphic also at the
level of Dgcon(Sh(—)).
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We have also that the triangulated functor HY(Ho G) is right adjoint to H%(Indsor,, )
at the level of derived categories (see Lemma 3.2.14 and Remark 2.5.5 - or the above
Lemma together with Remark 2.4.6) therefore we get that H’(H o G) must be isomor-
phic to Rp, at the level of Dqeon(Sh(—)). But now the geometry tells us that, under
our hypoteses, Rp, sends perfect complexes to perfect complexes - as we observed in
Section 1.3. We thus have that H’(H o G) (and hence H o G, too) sends the compact
objects of H°(h-proj(P(U))) to compact objects of H(h-proj(P(U xV))) and our proof
is concluded. O

Therefore we have computed a dg lift of the Fourier-Mukai functor ®¢ even when
our schemes are over a commutative ring, precisely in the setting (sx). This lift can be
written as

@gg(—) := HoResy, olndy o Resg, o Yyxy © Keyso () © K0 Ty (—).
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Chapter 4
An explicit bijection

In this chapter we are going to prove Theorem 4.4.1. We will define the bijection v by
estensively using the dg lift @Cglg we have computed in the previous Chapter. For proving
surjectivity we need to define a slightly different version égg of such a lift. Moreover,
we need to properly define a candidate for the kernel & of the Fourier-Mukai functor
associated to a dg quasi-functor F. The injectivity of + is due to Proposition 4.3.1,
where we prove that - essentially - at the dg level different kernels produce different
Fourier-Mukai functors.

Also in this Chapter, except for Section 4.5, we will work under the hypotesis of all
our schemes satisfy condition ().

4.1 Construction of the kernel &

Our aim is to define a bijective map
v : Iso(Perf(X xY)) LN Hqe(P(U),P(V))

and we want to do it by sending an object £ to something that is essentially <I>f9lg If
we want to prove its surjectivity we need, for any quasi-functor F : P(U) — P(V), to
suitably find a candidate for being the kernel & such that @gﬁ = F in Hqe.

Our idea is roughly to choose the image via id ® F of the diagonal bimodule. We
will give a precise definition later on, but please be aware that this idea is not new: it
matches what happens in the triangulated case (see [36]). Before we can write it in a
proper way we need some preliminary result:

Consider now the diagonal map A : X — X x X. The pullback A* clearly gives
rise to a dg functor between Cyy((Sh(X x X)) — Cqq(Sh(X)). Let us define Pa-(U)
to be the smallest full dg subcategory of Cgy(Sh(X)) containing all the objects of the
form Cy(R) and A*Cysqs(A) for R and A vector bundles on X and X x X respectively,
and closed under shifts, cones and taking homotopy equivalent objects. We want to
show the following

Proposition 4.1.1. The dg category Pax(U) is a dg enhancement of Perf(X).

Proof. The proof readily follows the one of Proposition 3.6.1.
Note that, for any vector bundle A on X x X, A*Cypq/(A) is made up from objects
of the form A*(Ayxy) ~ (A*A)ynv, where U and V' are in U.
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Moreover, we have a quasi-isomorphism a : A*A — A*Cyqi(A): in fact, since
both A and Cypq(A) are flat, it is precisely the image of the quasi-isomorphism A —
Cusas(A) via the exact functor LA*.

Finally, the map

HomHO(C(Sh(V))) (]*A*A, ]*R[TL]) — HomD(Sh(V)) (]*A*A, ]*R[TL])

is an isomorphism since j*A*A is a vector bundle on the affine scheme V and hence it
is projective in Qcoh(V'). Again we have to use the fact that both j*A*A and j*R[n]
are quasi-coherent Oy-modules together with equivalence (1.1). O

Corollary 4.1.2. The two dg-categories P(U) and Pax(U) are actually equal.

Proof. The inclusion P(U) C Pa+(U) holds by definition. Now, we have that A*Cypqs(A)
and Cy(A*A) are isomorphic in Berf(X) i.e. are quasi-isomorphic. But this, by the
above Proposition, implies that they are isomorphic in HO(Pa«(U)) and it means that
they are homotopy equivalent. Whence A*Cyqs(A) lies already in P(U) and we get the
other inclusion. O

Observe that this last corollary tells us that P(U/) contains all the elements of
the form A*Cypqi(A), for any vector bundle A on X x X. Hence we can define a dg
functor A} : P(UxU) — P(U) as the restriction to P(UxU) of the dg functor
A* 1 Cgg((Sh(X xX) — Cyg(Sh(X)). Therefore it is clear that we have the following:

Lemma 4.1.3. The dg functor Ay, : P(UxU) — PU) is a dg lift of of the triangu-
lated functor LA* : Perf(X x X) — Perf(X).

We would like now to produce a dg lift of RA,. The problem is that in this case
ReSAZQ does not restrict to perfect dg modules. So we need to proceed as in Section
3.8 and compose it with the projection to the quotient of dg modules by acyclic ones.

Remark 4.1.4. Unlike Section 3.8, we are over a field and hence the construction we
have made there can be simplified: in fact all the dg categories are now homotopically
flat. We have therefore that the composition 7 of (3.1) can be written now as

h-proj(A) —— dgMod(A) —9Q, dgMod(A)/Ac(A).

We will denote again by H the dg quasi-functor n7! o Q : dgMod(A) — h-proj(.A)
that sends a dg .A-module to its h-projective resolution.

Now observe that, since in our hypoteses A : X — X x X is a closed immersion
(we are on a separated scheme), we have RA, = A,.

Lemma 4.1.5. In our hypoteses the triangulated functor A, : Perf(X) — Perf(XxX)
sends perfect complexes to perfect complexes.

Proof. The scheme X is smooth and hence the natural morphism X xX — X coming
from the definition of fibered product is a smooth morphism; it follows that its section
A is a regular immersion ([3] Proposition 1.10). Since moreover A : X — X x X is
a proper morphism of noetherian schemes we have that - according to Corollary 4.8.1
and Exercise 4.1.1 of [22] - A, sends perfect complexes to perfect complexes. O

We have now all the ingredients for proving the following:
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Lemma 4.1.6. The dg quasi-functor Ho ResAzg : Perf(P(U)) — Perf(P(UXU)) is a
dg lift of RA, = A,.

Proof. Thanks to Lemma 4.1.3 and Lemma 4.1.5, a variant of Propostion 3.8.4 applies
in this case, with Aj in place of F' and A in place of p. In fact we have that, by
Remark 2.5.5, the triangulated functor H(H o RGSAZQ) is right adjoint to HO(IndA:lq)

at the level of derived categories and therefore H°(H o ResA:;g) must be isomorphic to
A, at the level of Dgeon(Sh(—)). O

Before coming to the definition of £ we need a technical result. Let us consider
Resg, : dgMod(P(UxV)) — dgMod(P.(U) ® P.(V)); observe that it restricts to
h-projective dg modules, by Proposition 2.5.2 (iv) and since we already know from
Corollary 3.2.11 that it restricts to perfect dg modules. It therefore makes sense to
state the following

Lemma 4.1.7. We have the commutativity in Hqe of the diagram:

Rebg‘

dgMod(P(U % V)) ——= dgMod(Ps(U) ® P«(V))

Hl lH
Resx

h-proj(P(U x V)) ——= h-proj(Ps(U) @ P.(V)).

Proof. Recallt that H was defined as the composition 77! o Q so we can rewrite the
rectangle above as:

Rebg

dgMod(P(U xV)) B dgMod (P« (U) @ P«(V))

o

%

Q
dgMod(PL)) B dgMod(P. )®P* ))
A(PIH)) Ac(P. U@ Px(

u
N
nTN ReSg‘ T
h-proj(P(U xV)) —— h-proj(P.(U) @ P«(V))

where WS& is the (unique) dg functor making the upper rectangle commutes. And
this happens since the dg functor Resg preserves acyclic dg modules for any dg functor
F. The commutativity of the lower diagram comes from the fact that n is by definition
Q o ¢, where ¢ is the inclusion of the dg category of h-projective dg modules into the dg
category of dg modules. O

Remark 4.1.8. Observe that the proof above actually shows that for any dg functor
F such that Resf restricts to h-projective dg modules we have H o Resg = Resg o H in
Hqe.

Now we are ready to define the kernel k. First of all, since F is a quasi-functor
between P(U) and P(V), we know that it can be represented by
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for some dg category P(U)" and some dg functors F’ and |, where | is a quasi-equivalence
and hence F = F/ o I7! in Hqe. Similarly to what we set in Section 3.3 we will denote
dg
Y'P(U), by Yu/.
We define a to be the image of Cy(Ox) via the following composition of dg quasi-
functors

HoRes A * IndLOReS‘g‘

Y o Perf(P(UxU))

PU) 4 Perf (PU)) Perf(P(U) @ PU)).

Thanks to Lemma 4.1.7 we have

a:=Indg oResg oHo ResAzg 0 Yy (Cu(Ox)) = Indy o Ho Resg, o ResAzg o Yy (Cu(Ox))
~IndpoHo ReSAfng&l 0 Yu(Cu(Ox)) ~ Indy, o H o Resk, o Yy (Cu(Ox))

in H(Perf(P(U) @ P(U))), where K : P(U) @ P(U) — P(U) is the dg functor we have

introduced in Section 3.6 and with K| we have denoted its restriction to Py« (U) ® Px(U).

The last isomorphism is a consequence of the one between A* o X and ® that holds
already at the level of Cyy(Sh(X)) x Cgq(Sh(X)).

Observe that we have K| = Ko L therefore ResK| = Resy, o Resk. From this and
by Remark 4.1.8 (remember that Resy, restricts to h-projective dg modules by Lemma
3.2.12) we obtain

Indp oHo ResK| = Ind;, o Ho Resy, o Resk = Ind, o Resy, o H o Resk = H o Resk

in Hqge and whence we have a ~ H o Resk o Y34(Cy(Ox)) in H(Perf(P(U) @ P(U))).

Now, | is a quasi-equivalence by hypoteses and therefore, since we are dealing with
h-flat dg categories, id ® | is a quasi-equivalence as well (see Remark 2.8 of [13]). It
follows by Proposition 2.5.2 (iii) that also

Indiqg : Perf(P(U) @ P(U)') — Perf(P(U) @ P(U))

is a quasi-equivalence. We therefore choose o’ to be an element of Perf(P(U) @ P(U)")
such that
H(Indige) (') ~ a

and finally we set our candidate kernel

EF = Indid®|:/(a’) S Perf(P(U) & P(V)) (4.1)

4.2 A new version of the dg lift

The only problem in the definition of & is that it actually belongs to Perf(P(U)@P(V))
instead of P(U x V), where the object Cip(F) quasi-isomorphic to £ appearing in the
definition of @gg lives. For this reason we are going to construct a slightly different
version of the latter. In order to do that, we need some auxiliary lemmas.

Let us now define the map pj), : P(U) — P(UxV) as the composition between
the two dg functors p* : P(U) — PUXY) and Cxsp(—) : PUXY) — PUXV).
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The functor p* is just the ordinary pullback along p: it sends an object Cy(A) to
P Crpp(A) =~ Cyuy (p*A). The functor Cxsy(—) is the one given by taking the Cech
resolution with respect to the covering X xV. They are both well defined as dg functors
between the category of complexes of sheaves of modules (for Cxxy(—) it comes from
the fact that our open covering is finite). Hence they are well defined with respect to
homotopy equivalent objects.

We want to prove the following

Lemma 4.2.1. For any bounded complex E of vector bundles of Perf(X xY') we have
that the two dg functors Ke, gy o B o my(—) and Kpl*v(_)(Cqu(E)) from P(U) to

PUXV) are equal in Hge.
Proof. 1t is easy to see that p|*v sends the object Cyy(A) to Cyxy(p*A). Let us now prove
that we have an equality in Hqe between K¢, (g o Mo my(—) and Kp‘*v(_)(Cqu(E)).
For any Cy(A) € P(U) we have that:

Keyp () © B0 my (Cu(A)) = Key () (Cu(A) I Cy(Oy)) =

(Cu(A) W Cy(Oy)) ® Cuxv(E)
and

Ko, (cu(a)) (Cov (E)) = Cusw (™ A) @ Cuv ().

are homotopy equivalent - see Remark 3.2.5. It is then easy to see that we have a
termwise homotopy equivalence and, by Proposition 2.5.10, our proof is concluded. [

Now we can see Indk , () asa dg functor
v

Perf(P(UxV)) @ P(U) — Perf(P(UXV))
sending an object (A, B) € Perf(P(UxV)) @ P(U) to Inde‘*V(B) (A). In the same way
IndK(7>®id is the dg functor
Perf(P(U) @ P(V)) ® P(U) — Perf(P(U) @ P(V))

sending an object (C, D) € Perf(P(U) ® P(V)) ® P(U) to Indk,, zia(C). We want to
prove the following

Lemma 4.2.2. We have the commutativity in Hqge of the diagram:

Indk
p‘v(—)

Perf(P(UxXV)) @ P(U)
(IndLoReSgl )®idi

Perf(P(U) © P(V)) @ P(U)

Perf(P(UxV))

ilndL oReSgl
IndK(7> ®id

Perf(P(U) @ P(V)).

Proof. Let us start by preliminarly showing that, for any object B € P(U) we have the
equality
Indy o Res& o Inde* B = Indk ,@id © Indy, o R(—:'Sg| (4.2)
v

in Hge. This comes once we have that KPTV(B) o =Xo(Kp®id) in Hqe. Actually

we can reduce ourselves to the case of B = Cy(A). In fact, since we are dealing with
dg functors they preserve shifts and cones of morphisms of degree zero; moreover such
functors are defined on C'(Sh(—)) and therefore preserve homotopy equivalences. Now,

for any (Cy(C),Cy(D)) € P(U) ® P(V) we have:
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. K*(CM(A))OWCM( ),Cv(D)) = Kepo(p74) (Cu(C) K Cy(D))
—Cuxv(P 4) @ (Cu(C) K Cy(D));

e Mo (Kg, 4y ®1d)(Cu(C),Cy(D)) = B(Cu(C)@Cy(A),Cy(D))
= (Cu(C)®@Cy(A)) X Cy(D).

and both objects are homotopy equivalent to Cypp ((A®C) K D) - by Remark 3.2.5 and
by the proof of Corollary 3.6.3. Therefore we have a termwise homotopy equivalence
and we can apply, as in the previous Lemma, Proposition 2.5.10.

Hence we get also

Inde* 5 © Indg = Indg o Indk , gia-
v

Now we recall that Indy is invertible in Hqge and Indj o ReSg| is its inverse: we can
therefore deduce the equality (4.2).

For a proof of the original claim we need to show that for any element (F, F') of
Perf(P(UxV)) @ P(U) we have a homotopy equivalence between

Indk _ gida © ((Indf, o Resx) @ id)(E, F) and Indy, o Resg, o Indk . _ (E,F).
Py,

Actually it suffices to show it when (E, F') is of the form (Homp s (—, Cuxy(G)), H) €
Perf(P(UxV)) @ P(U) where G is a bounded complex of vector bundles on X xY. We

can write:
Indk _,@ia © ((Indg, o Resg, ) @ id) (Homppa (—, G (G)), H) =
Indy,_ sia (Indy,  Resz (Hompgpy) (=, Cuear (G))), H) =
Indk ,; ®id (IHdL o Resg, (Homp(p) (-, Cuxv(G)))>
On the other hand:
Indy, o Resg, o Indel*v(_) (Homp s (=, Cusw(G)), H) =

Indy, o Resg, o IHdel*v( iy (Hompp) (=, Cusa (G)))

But the latter element, thanks to equation (4.2), is homotopy equivalent to

IndKH®id o IDdL (e] RQS®‘ (Homp(ux\;) (—, CL{XV(G)))

and hence we get the desired result. O

Thanks to Lemma 4.2.1, Proposition 2.5.2 (ii) and Lemma 4.2.2 we can write:
dg
‘I)g (—) L= Resﬂv o IndL ] RGS@‘ ] Yz,{xv o KCZ/{XV(E) oo 7Tz,[(—)
= Resr, o Indy, o Resw o Yy © Kp‘*v(_)(Cqu(E))
= Resr, oInd, o Resg, o Indk (o © Yoy (Cusy (E))
v
= Resﬂv o IndK(7)®id o IndL o ReSgl o YUXV(CL{XV(E))-
Now we can define the dg functor

&J%g(—) := Resr,, o Indk _,2ia(B) : P(U) — Perf(P(V))
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for any element § € Perf(P(U) ® P(V)). What we have proved in the last pages can
therefore be summarised saying that we have the equality

dg _ Fdg .
g = (I)IndLoResg‘OYuxv(Cuxv(E)) in Hae.

Notice now that the kernel of ®% actually belongs to Perf(P(U) ® P(V)): therefore it
makes perfect sense to write ég‘: and what we want to do now is to prove the following
crucial result.

Proposition 4.2.3. Let F : P(U) — P(V) be any dg quasi-functor and let Eg be the
element of Perf(P(U) @ P(V)) we have defined in (4.1). Then &Dgf =Yy oF in Hge.

The proof of this Proposition will be carried over the remaining part of the present

Section, involving many auxiliary results.
I F/
Recall that F can be represented in Hqe by a "roof" P(U) < P(U) — P(V), where
| is a quasi-equivalence.

Lemma 4.2.4. Let G : P(U) — P(V) be any dg functor, then we have an equality in
Hgqe between IndKH@,id o Indijqgc and Indiqgg © IndK(7)®id.

Proof. this fact comes from the obvious equality in Hqge between (K_) ®id) o (id ® G)
and (id ® G) o (K(—y ®@id). O
Let us now define the dg functor
m PU) — PU) 2 PU)

given by A — (Cy(Ox), A). It has clearly the same behavior of my and so it is not
hard to believe that Res7r/2 restricts to perfect dg modules (see Proposition 3.5.1). We
therefore can state the following

Lemma 4.2.5. The two dg functors Indg-oRes;; and Resr, oIndiqgr from Perf(P(U)®
P(U)') to Perf(P(V)) are equal in Hge.

Proof. Let us consider A € P(U), B € P(U) and consider the element Y5y (A, B).
We have:

Indgr o Resyy o Yy (A, B) =
Ind (Homp ey (m5(=), (4, B)) ) =
Indg (Homp(u)®p(u)/ ((Cu(O0x), ), (4, B))) =
Indp/ (Homp(u) (Cu(Ox), A) @ Homp gy (—, B))
On the other hand:
Resnr, o Indijagr © Yiysarr (A, B) = Resy, o Yyxy o (id ® F')(4, B) =
Resy,, 0 YuxV(A, F’(B)) = Hompngpo) (mv(—), (A, F'(B))) =

Hompepnerm) ((Cu(Ox), =), (A, F/(B))) =
Homp ) (Cu(Ox ), A) © Hompy (—, F'(B)) =
Homp ) (Cu(Ox), A) ® Yy (F/(B)) =

Homp ) (Cu(Ox ), A) @ Inde (Homp gy (—, B)).
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Now, we know by definition (see Section 2.5) that the dg functor Indg acts as a ten-
sorization with the dg bimodule Ey;,.r corresponding to Yy o F via the isomorphism
(2.6). Therefore, denoting T := Homp ) (Cu(Ox), A) € dgMod(k) = Cyy(k-Mod), we
have

Indgs o Resyy o Yy (A, B) = (T ® Homp (., B)) ®p) Evpo

and
Resr, o Indiggr © Yyxur (A, B) =T ® (HOmP(u)’(—a B) @pv) EYvoF’)'

The two expressions are equal thanks to the associativity of the tensor product of dg
modules (see Remark 2.6 of [13]). Our claim therefore comes from part 2 of Theorem
7.2 in [45]. O

Recall that a few pages ago we defined «a as H o Resk o Yy(Cy(Ox)) and o' such
that H(Indiqg) (o) =~ a.

Proposition 4.2.6. We have IDdK(7)®id(O/) = H o Resjqg) © IndK(7)®id(a) in Hqge.

Proof. By definition we have that a is homotopy equivalent to Indijqgi(c’), therefore
we have, in Hqge:

Ho Resid®| o IndK(7>®id(OJ) =Ho Resid®| o IndK(,>®id e} Indid®|(o/) =

Ho Resid®| o Indid®| ©) IndK(7)®id(a').
when in the last equality we have used Lemma 4.2.4. Now, the claim follows from

the fact that the quasi-functor H o Resiqg is right adjoint to Indiqg) at the level of
h-projective dg modules (see Lemma 3.8.3) and the latter is a quasi-equivalence. 0

Now, recall that Cfgg (—) was defined to be the dg functor Resr,, o Indk _,ia(8) for
any element 5 € Perf(P(U)® P(V)) and recall that we have defined & := Indjggr ().

Thanks to Lemma 4.2.4, Lemma 4.2.5 and Proposition 4.2.6 we can start writing,
in Hqe:
@g‘:(—) : = Resy, oIndk _id © Indiggr (o) = Resy, o Indijggr © IndK(_)®id(o/)
= Indg o Resﬂé o IndK(_)@d(O/) = Indgs o Reswé o H o Resjgg © IndK(_)@d(a)
=IndproHo Reswé o Resiggl © IndK(_)®id(a)

= Indg o H o Resj o Resy, o IndK(_)@d(a)

where the last two equalities come, respectively, from Remark 4.1.8 and from the obvi-
ous equality (id® 1)o7y =myo0l.

We spend some effort now in order to better describing o ~ Ho Resk o Y4(Cyy(Ox)).
Let us denote W := Resk o Yy(Cy(Ox)) = Homp (—® =,Cy(Ox)). It is an element
of dgMod(P(U) @ P(U)) and we have a canonical isomorphism, see (2.6):

n : dgMod(P(U) @ P(U)) — Hom(P(U)°,dgMod(P(U)))

In our particular situation, thanks to the following result, we can give a concrete de-
scription of the image ny of W in Hom(P(U)°, dgMod(P(U))).
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Lemma 4.2.7. For any pair of bounded complexes of vector bundles P and @Q on X
we have a homotopy equivalence:

Homp ¢4y (Cu(P), Hom(Cu(Q), Cu(Ox))) — Hompy) (Cu(P) ® Cu(Q), Cu(Ox)).

Proof. First of all we observe that the sheaf complex Hom(Q,Cy(Ox)) lies in P(U). In-
deed, if j : V' — X is the inclusion of an open subset we have the natural isomorphisms
(see also Remark C.6 of [31])

I« Homx (Q,Ox) ~ juHomy (j°Q, j*Ox) ~ Homx (Q, j«j Ox)

and hence we obtain the isomorphism of complexes Gy (Hom(Q, Ox)) ~ Hom(Q, Cy(Ox)).
Note that Hom(Q,Ox) is a bounded complex of locally free sheaves if @ is such.

Now, by Lemma C.7 of [31] we get that the morphism
Hom(Cu(Q), Cu(Ox)) — Hom(Q, Cu(Ox))

induced by the Cech resolution is actually a homotopy equivalence.

We can therefore write the following chain of maps

Homp ) (Cu(P), Hom(Cu(Q), Cu(Ox))) Homp ) (Cu(P) ® Cu(Q),Cu(Ox))
ih.eq. lh.eq
Homp ) (Cu(P), Hom(Q, Cu(Ox))) = Homp gy (Cu(P) ® Q,Cu(Ox))

where the object Cy(P) ® Q lives in P(U) since it is isomorphic to Cy (P ® Q) (see the
Lemma below). The first and the last maps are homotopy equivalences because we can
actually define dg endofunctors Homg, (sn(x)) (Cu(P), —) and Homg, (sn(x)) (=, Cu(P))
of the category Cg,(Sh(X)) and so they preserve homotopy equivalences (note that
Cu(P) ® Cy(Q) and Cy(P) ® Q are homotopy equivalent by Corollary 3.6.3 and by the
Lemma below) as well. The middle map is the isomorphism obtained by taking global
sections of the functorial isomorphism of complexes of sheaves of modules (see [42, Tag
0A8M])
Hom(F, Hom(G,H)) — Hom(F @ G, H)

that we have for any F, G and H complexes of sheaves of modules. O

Lemma 4.2.8. Let A and B bounded complezes of vector bundles on X. Then we have
the isomorphism of complezes Cyy(A @ B) ~ Cy(A) ® B.

Proof. On one hand we have, for any integer m:

Cu(A® B)™ @ @ Jq*]q @ A" ® B%) = @ @ @ jq*jq*(AT®Bs) =

pHq=mig,..,iq r+s=p pHg=mr+s=pig,..,iq
~ P D il A 0B @O @ Uil A) @B
r+s+q=mig,..,iq r+s+q=mig,..,iq

where the last isomorphism comes from the projection formula (see Proposition 1.3.1).
On the other hand:

(Cu(A) = P cieB' = P (P B jrirdA") @B~

a+b=m a+b=m h+k=a1o,..,ik

~ P D GraintA) o B

h+k+4+b=m ig,..,ix

and hence the two sides are clearly isomorphic. O
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Remark 4.2.9. Actually, Lemma 4.2.7 is true in greater generality: Lemma C.7 of
[31] holds for a generic vector bundle in place of Ox (as it can be easily seen by its
proof); moreover, it holds also for a bounded complex of vector bundles R. In fact
Hom(Cy(Q),Cy(R)) still lies in P(U) thanks to the funtoriality of Cech resolutions
and to the fact that, for any B € P(U), Hom(B,—) is a well defined dg functor on all
C44(Sh(X)). Now, since also Hom(—, B) is a well defined dg functor on all Cy,(Sh(X)),
and since - as we already observed - any object of P(Uf) is homotopy equivalent to the
Cech resolution of a bounded complex of vector bundles, we can state what follows: for
any A, B and D objects of P(U) we have that

HOI’Il'p(u) (A, HO’ITL(B, D)) — HOHl'p(M) (A X B, D)
is a homotopy equivalence.

Now, by Proposition 3.12 of [13], for any dg categories A and B we have a bijection
A : Iso(H®(h-proj(A° ® B))) «— Hqe(A, h-proj(B))

sending (the isomorphism class of) an element D € HY(h-proj(A° ® B)) to the image
in Hqge of what we have here called np. On the other hand, following carefully the
proof of such proposition, we can see that, if we are dealing with a honest dg functor
G : A — h-proj(B), it corresponds through A4 5 to (the isomorphism class in H? of)
the h-projective resolution of the image of G via the inverse of 7.

Coming back to our situation, recall that we have denoted by W the object Resk o
Y(Cu(Ox)) of dgMod(P(U)R@P(U)). Thanks to Lemma 4.2.7 and the discussion above
we get that the image of the dg functor

nw = Homp() (=, Hom(=, Cu(Ox))) € Hom(PU)®, h-proj(PU)))

through AP(U)",P(U) is the isomorphism class in H? of & = H o W, the h-projective
resolution of W. But it is clear that « is also the image of 1, via the same map; from
this it follows that ny and 7, are equal in Hqe.

Let us recall that we have:
égﬁ(—) = Indp o H o Resj o Resy, o IndK(7)®id(a).

Let us set E(—) := Indk _ gia(). By the proof of Lemma 3.4 in [13] we have
Resr, (E(—)) = ng(-)(Cu(Ox)) and by the one of Proposition 3.8 (2), always in [13]
UE(_) = IndK(7> O N = IndK(i) onNw.

With this being said we can write:

IndK(,) onw = IndK<7) o Homp(u)(w, Hom(:, Cu(@)()))
= Hom'p(u) (N, K(_)(HOTTL(:, CU(OX))))
= Hompyy)(~, Hom(=,Cy(Ox)) ® —)

and therefore

Resr, (E(—)) = np(—)(Cu(Ox)) = Homp g (~, Hom(Cu(Ox), Cu(Ox)) ® —)
= Homp((~, —) = Yu(—)
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in Hqge since, by Lemma C.7 of [31], we have the homotopy equivalence between
Hom(Cy(Ox),Cu(Ox)) and Hom(Ox,Cu(Ox)) ~ Cu(Ox) and the tensorization with
Cu(Ox) is equal to the identity in Hqe. In fact, thanks to Corollary 3.6.3, we have
that Cyy(Ox) ®Cy(A) is homotopy equivalent to Gy (Ox ® A) = Cy(A) for any bounded
complex of vector bundles. But since - as we have already observed many times -
tensorization is a well defined dg functor on Cgy(Sh(X)) we get that for any complex
B that is homotopy equivalent to Cy(A) (as any object of P(U) is) Cy(Ox) ® B is
homotopy equivalent to B.

In conclusion we can write, in Hqe:

&)gf(_) = Indp o H o Res) o Resg, (E(—)) = Indp o H o Resj o Yy (—)
= Indp o Ind; * 0 Yyy(—) = Indpr 0 Yy 0 171 (—)
=YyoF ol Y (=) =YpoF(-)
where, for the third equality, we have adopted the same reasoning as in the proof of

Proposition 4.2.6, while the equalities following it are due to Proposition 2.5.2 (ii).
This finally gives us a proof of Proposition 4.2.3.

4.3 Uniqueness of Fourier-Mukai kernels

We have seen in Section 1.4 that at the triangulated level it can happen to have differ-
ent kernels giving rise to the same Fourier-Mukai functor. We prove that, moving to
the dg level, this cannot happen anymore.

Before stating (and proving) Proposition 4.3.1 it is worth setting some notation
that will be employed. In Section 1.4 we have defined the functor

X : Sh(X xX) x Sh(X xY) — Sh(X x X x X xY).

In complete analogy with what happens for the ordinary boxtimes functor (see Section
3.2) it gives rise to a dg functor — that by abuse of notation will be denoted in the
same way

X : PUXU)@PUXV) — P(W)

where we have abbreviated W := U xU xU xV. The dg category P(W) is defined
analogously to P(U): it is the Cech dg enhancement of Perf(X x X x X xY). We will
denote by X the restriction of X to P (U XU)RP(UX V).
We define

TUSXU - P(UXU) — P(UXU) X P(UXV)
and

T s PURV)) — PUXU) & PUXV)
by sending an object A € P(UxU) to (A, Cpy(Oxxy)) and B € P(UXV) to (Cusas(Oxxx), B),
respectively. Moreover Yy is the dg Yoneda embedding

YgE]W) : POW) — Perf(P(W))

and (pq¢ (respectively ) is the inclusion, that is actually a quasi-equivalence, of
Po(UxU) into P(UXU) (respectively of P, (U xV) into P(UXV)).
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With that said, for any F € Perf(X x X x X xY'), we can define the dg functor ¥ r
as the composition

PUXU) 24 PUXU) @ PUX V) Perf(P(W))

N b

PW) PW)

Perf(P(Ux V))

where the lower horizontal arrow is the tensorization with Cyy (F') for a bounded complex
of vector bundles F' quasi-isomorphic to F and S := Resy,,,, © Ind,,, ;@i © Res&.

Thanks to what we proved in Chapter 3 we have that Ur is a dg lift of the Fourier-
Mukai functor ® £ : Perf(X x X)) — Perf(X xY), defined as

Dr(A) == Rron(F QL 17 A)

where we have employed the notation of the diagram below, that contains also all the
different projections that will be used later

XxXxXxY
/ \
X xX XxY
T11 712 721 722
X X X Y

We are now ready for the following

Proposition 4.3.1. Assume that we have @gf = <I>Cglg in Hqge. Then & = & in
Perf(X xY).

Proof. We start by fixing a bounded complex D of vector bundles that is quasi-
isomorphic to Op := A,Ox (we know it exists since by Lemma 4.1.5 Oa lies in
Perf(X x X)); we fix moreover a bounded complex E of vector bundles that is quasi-
isomorphic to £ € Perf(X xY). We claim the commutativity in Hge of the following
diagram:

PU) @ PU) PUXU)
Perf(P(U)) @ Perf(P(V)) (%) Perf(P(U XV
Yuxvl llndLoReSg
Resy; , v,
Perf(Perf(P(U)) ® Perf(P(V))) ———= Perf(P(U)

where Y4 is the Yoneda embedding and, by a slightly abuse of notation, ¥g := ‘IIOAgg
denotes the dg functor we have above defined that is a dg lift of (I)OA&?'

The existence of the lower horizontal arrow is guaranteed by Corollary 2.5.8. Ob-
serve that DXE is a bounded complex of vector bundles quasi-isomorphic to OAKXE.
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Now, given an element (Cy(A),Cy(B)) € P(U) @ P(U), we have:

Resy;, vy, © Vi 0 (B, @ ©¢9)(Cu(A), Cu(B)) =

Resy, xyy, © Yioa (B, (Cu(A)), ®F (Cu(B))) =

Resy;, xv,, 0 Hom((—, =), (®F, (Cu(A)), 8¢ (Cu(B)))) =
Hom ((Yu (=), Yo (=), (2, (Cu(A)), 28 (Cu >>>>

Hom (Yy(—), g, (Cu(A))) @x Hom (Yy(=), 8 (Cu(B)))
Y (Cu(A)(~) ®x 8L (Cu(B))(=)

where the Hom complexes are in the obvious categories and the last isomorphism is
a consequence of dg Yoneda Lemma - see the isomorphism (2.2) of Section 2.2. Now,
from the commutativity of the diagram

I

P.(V) v P (U) @ Pu(V)

l lL

P(V) v PU) @ P(V)

where we recall that ¢y is the inclusion and 7y is the restricted version of my, (see
Section 3.3) we obtain the equality Resr,, o Ind;, = Ind,, o Resz, in Hge when we
consider them as dg functors between perfect dg modules. We can write:

©¢9(Cu(B)) = Resq, o Indy o Resg, 0 Yipy © Koy, () © K 0 1y (Cu(B))
= Ind,,, o Resz, o Resg, o Yy 0 Ke,p, () (Cu(B) K Cy(Oy))
= Ind,,, o Resz,, o Resg, 0 Yy 0 Ko\, (5) (Cu(B) K Cy(Oy))
= Ind,,, o Resz, o Resg, o Yoy ((Cu(B) K Cy(Oy)) @ Cuxy(E))

= Ind,,, o Resz, o Resw, 0 Homp(u) (— ((Cu(B) B Cy(Oy)) @ Cupr(E)))
~ Ind, (Homp(uxw (Cul0x) R~ (Cu(B)RCy(O)) @ cm@))))

Now, let us write more explicitly:

O1 : = Hompu) (CM(OX)& =, ((Cu(B) B Cy(Oy)) ® CW(E)))

= Homp gxy) (CM(OX) =, Cuxv (131 (B) ®E))3
O3 : = Hompgpqy) (Cu(OX) X —, ((Cu(A) R Cy(Ox)) ® CMXU<D)))
h’g’q HOI’Il'p(uXu) (CL{(OX) X ™ CZ/IXZ/I (TT1 (A) ® ‘D)) :

From essentially the same argument as the one of Proposition 3.2.7 we have a homotopy
equivalence between

Homp qpas) (CM(OX)@—v CUXLI(TE(A)@D)) @Homp ) (CM(OX)g =, Cuxv (13, (B)®E))
and

Hompyy) ((Cu(ox)@—)g(cu(ox)x = )7Cuxu(r’fl(A)®D)®Cuxv(r§1(3)®E))- (4.3)
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Summarising we have the following chain of homotopy equivalences:
Resyy xvi, © Y © (8, ® ®L)(Cu(A), Cu(B)) = O, (Cu(A)(-) &1 8¢ (Cu(B))(=)
~ Indbu(@g) Rk Indw (@1) = IndL(@Q QK @1) ~ IndL((4.3))

when the equality between Indz.—,, ., and Ind,, ® Ind,,, can be easily verified.

On the other hand — by applying an argument analogous to the one we used above
for @Cglg(Cu(B)) — we have, in Hqe

Ue o X(Cu(A),Cu(B)) = Ve(Cy(A) K Cy(B)) = Ind,,,, (O12)
where ©19 € Perf (P, (U xV)) is

Homp(y) (Cuoar(Ox xx)B—, ((Cer(A) B Cuu(B))RCurcn(Ox xv)) @ Cyn(DRIE) )
which is homotopy equivalent to
Homp 1) (et (Oxxx 8=, Cw(((A B B)ROx ) ® (DRIE))). (4.4)

But now, Ind,,.,,(O12) is just ©12 viewed as a dg module over P(U x V) and we can see
by tedious computations (see Lemma 4.3.2 below) that if we apply Resg, to (4.4) it is
homotopy equivalent to (4.3). It is not hard to see that such a homotopy equivalence
holds for any objects of P(U)QP(U) therefore we have a termwise homotopy equivalence
that yields by Proposition 2.5.10, in Hqe, the equality

Resy, oy, © Vi © (CI%QA ® @gg) = Indf, o Resg o Vg o X
that is exactly the commutativity we were looking for.
Now, if we apply the functor Ind to the diagram (x), we still get a commutative

one. Moreover, if we restrict to perfect dg modules, most of the dg functors involved
are actually quasi-equivalences. In fact:

- Indyx : Perf(P(U) @ P(V)) — Perf(P(UxV)) is a quasi-equivalence by Lemma
3.2.14;

- Resy, gy, : Perf(Perf(P(U)) @ Perf(P(V))) — Perf(P(U) @ P(V)) is a quasi-
equivalence by Corollary 2.5.8;

- the dg functor Indp is a quasi-equivalence between perfect dg modules anytime
F' is such - see Proposition 2.5.3. Therefore the dg functors IndIndLoReslg‘ and

IndReSYu v, AT€ quasi-equivalences;

- In order to prove that also Indyuxv is a quasi-equivalence we use a more general
reasoning. For any dg category A we have the dg Yoneda functor Y4 : A —
Perf(A) and therefore also - by Proposition 2.5.2 (ii) - a commutative diagram

Perf(.A) o Perf(Perf(A))

Ya T T Ypert(a)

A Y Perf(A)
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This implies Indy, 0 Y4 > Yperra)0Y4. But now, by the so called "derived Morita
theory" (see for example Corollary 4.2 of [13]) we have Indy, = Yper(4) in Hge.
In conclusion Indy, is a quasi-equivalence since Ype,(4) is such: in fact Perf(A)
is always a perfect dg category (see Proposition 2.4.4 and the discussion above
it).

Hence what we obtain is the fact that Ind,, and Indy, can be identified in Hqge up to

invertible elements, where we have set pg 1= @?}CJA ® @gg.

Now assume that @Cg[? = @gg in Hge. Then we have

Indw1 = Ind¢£2 in Hqge

and, by the commutativity of the diagram obtained by applying the functor Ind to the
commutative diagram (x) and restricting to perfect dg modules, also Indy, and Indy,,
are equal in Hge. From the commutative diagrams below, for i € {1,2}

Pert(PUXU)) — St Pert(Perf (PUXV))
PUXU) i Perf(P(UXV))

we deduce that the same happens for ¥¢ and Ug,. If we apply HO(—), we get there-
fore that @0A®51 and <I>OA®£2 can be identified as exact functors, up to isomorphism.
Whence we can conclude, as claimed:

= (I)OA&&(OA) =P, 1e, (Op) =&
where the first and the last isomorphisms come from Lemma 1.4.3. O

Lemma 4.3.2. For any Cyy(M) € P.(U) and Cy(N) € P.(V) we have that the object
Hompyy) ((Cu(Ox)BCy(M))B(Cuu (O HCy(N)), Cupaa (1 (A) @ D)RCyps (g (B)2 )
is homotopy equivalent to

Homp(yy) (Cooat (Oxx )R (Cu (M) B Cy(N)), Cw (A B B)ROxxy) @ (DRE)) ).

Proof. Since all the functors ®, X, X and the (co- and contro-)variant Hom are well-
defined dg functors on the dg category of quasi-coherent sheaves, they behave well with
respect to classes of homotopy equivalent objects, as we already observed. Therefore
our claim follows from the following facts:

~ h.eq. A
o (Cu(Ox) X Cy(M))X(Cy(Ox) KCy(N)) ~ Cusat (Ox B M)XCppsp (Ox K N) =~
A h.eq. ~
Crasat (179 M )X Crpp (159 N) ~ Cw(riaMXr3,N) ~ Cy((rigory)* M & (ragore)*N);
N h.eq. A h.eq.
o Coat(Oxxx )R(Cu(M) R Cy(N)) "= Copau (O xx)RCur (M R N) "=
Cw(OxxxX(r5y M @ 15,N)) =~ Cy((re1 0r2)*M @ (rag 0 r2)*N);

N h.eq. A
° CuXu(TflA ® D)@C[,{XV(T%B ® E) zq Cw((rflA ® D)@(r;lB X E)) ~
Cw(ri(riiA®D)@r3(r5iBRE)) ~ Cw((r110m)*A®riD ® (ro10r2)* B3 E);
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o O (((ARB)XOxyy) @ (DXE)) =~ Cw(((r5; A®1,B)XOx «y ) @ (ri DRr3 E)) =~
Cw((r10r)*A® (r20m)*B 71D @ r5E);

e there exists a canonical isomorphism interchanging the two middle factors of
UXUXUXY.

O]

4.4 Proof of Theorem 4.4.1

We are now ready to collect what we have done in order to define the explicit bijection
and showing that it yields in a straightforward way the proof of the claim we were
looking for. Let us fix Perf¥(X) := P(U) and Perj¥9(Y) := P(V); we know they are
two dg enhancements of PLerf(X) and of Perf(Y) respectively.

Theorem 4.4.1. Let X and Y be two smooth proper schemes over a field. Then there
exists a bijective map
¥ : Tso(Perf(X xY)) == Hae(Perf*(X), Perf (V)

compatible with Fourier-Mukai kernels; i.e. such that, for any £ € Perf(X xY), we
have HO(y(€)) ~ ®¢.

Proof. Consider now the map

Iso(Perf(X xY))

Hae(P(U), P(V))

[Eiso ! Yyl dd

In the following steps we are going to show that it satisfies all the requests we need in
order to prove the theorem.

It is well-defined: remember that, Remark 3.7.1 tells us that the class in Hqge of
@gg does not depend on the choice of the bounded complex of vector bundles quasi-
isomorphic to £. Moreover, if we have £ ~ F we can apply the same argument and get
that CDgg and @g_-g are termwise homotopy equivalent; hence they represent the same
morphism in Hqe. It follows that v([€iso) = Y([Fliso)-

Injectivity: if v([€]iso) = V([Fliso) in Hge then certainly we have @gg = @C]l_-g in Hqe,
too. But this, from Proposition 4.3.1, implies £ ~ F in Perf(X xY).

Surjectivity: let F be an element of Hqe(P(U),P(V)). We know from Proposition
4.2.3 that Yy o F is equal to @g‘: in Hqe with & € Perf(P(U) ® P(V)). Now, since we
have a quasi-equivalence

Indy, o Resg, o Y PUXV) — Perf(P(U) @ P(V))

there exists an object & € HO(P(UxV)) ~ Perf(X xY) such that HO(Indy, o Resy, o
Yiw)(EF) ~ E. Now, let E' be a bounded complex of vector bundles on X xY

70



quasi-isomorphic to &f. It follows that Cy(E') is isomorphic to & in HO(P(U xV))
and therefore H'(Indy, o Resg, o Yip)(Cuy(E')) =~ Er. In conclusion, recalling the

relationship between ®% and ®% (see the discussion before Proposition 4.2.3), we can
write the following equalities in Hqge
/ _ -1 dg _ v —1 _ &dg _yv-1_&Fdg _
’Y([SF]iSO) - YV °© (I)Si’: - YV © ‘I)IndLoRes,g‘OYMX\;(CMXV(E’)) - YV © q)SF =F.

and get the surjectivity of ~.

Compatibility with Fourier-Mukai kernels: it comes form the definition of v. In
fact, for any £ € Perf(X xY'), we have

HO(y(&)) = HO(Y; L 0 #%9) = HO(Y) 1) o HO(09).

Recall now that we have a commutative diagram

HO(929)
HO(P(U)) Perf(P(V))
WX\L \LwyoHO(YV)_I
Perf(X) ——=— Rerj(Y)

where wx and wy are exact equivalences. It follows that H(y(€)) and ®¢ can be
identified up to equivalences. O

The importance of Theorem 4.4.1 relies also on the following fact. Suppose we
have a triangulated functor f : Perf(X) — Perf(Y) that is dg liftable: we know by
theoretical reasons - at least in the case of smooth proper schemes over a field - that f
is of Fourier-Mukai type. Now, the way we have costructed the bijective map v allow
us to explicitly compute a kernel £f of f.

4.5 Possible generalizations

In the conclusion of this thesis we want to point out that a consistent part of the results
proved in Chapter 4 does not depend on the fact that we are working over a field and
is indeed true when the schemes satisfy the assumption ().

By looking carefully at Chapter 4, it can be realized that — if we are under the
milder assumption (k%) — the only relevant difference is that all our categories are
just h-flat (thaks to Proposition 3.8.1) instead of being h-projective. In practice, this
translates in the fact that the dg functor Resy, (and its "relatives" Resr,, etc.) do
not restrict to h-projective dg modules and hence we need to compose it with the h-
projective resolution quasi-functor H, as we have done in Section 3.8. For this reason
we belive that it will be possible to extend all the proofs of Chapter 4 — and therefore
the one of Theorem 4.4.1 — also in the generality of ().

Actually we are close to a proof of Proposition 4.2.3, which is essentially the su-
jectivity of our bijection, but still some details has to be fixed. This, together with a
generalized version of Proposition 4.3.1, is something that might be investigated in the
future.
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Remark 4.5.1. We just want to point out here that, if our k happens to be a perfect
(commutative) ring, then the whole proof of Theorem 4.4.1 readily applies. In fact
perfect (commutative) rings can be characterized (see Theorem 24.25 of [27]) as the
rings such that flat modules over them are projective. This clearly implies that —
under this hypotesis — all our dg categories are also h-projective and therefore, by
what we said above, all the results of Chapter 4 remain true.
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