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Chapter zero

Dear reader,
I'm glad to introduce you to my doctoral thesis. It is an account of about three years of
my studying and learning how to do research in mathematics, working on one of its most
beautiful topics, category theory — with an eye to applications to geometry. It would be
great to write an entire book as an introduction to the contents of this work, explaining
category theory from its very foundations, but this is not permitted in a Ph.D. thesis,
which has instead to be a rather technical exposition of the results obtained. So, I must
assume that you are already well acquainted with categories and functors, and also some
more advanced topics, which I will mention in the sections of this “zeroth chapter”.
The purpose of this introduction is twofold: on one hand, it will contain a summary of
the main theorems I have managed to prove, together with their theoretical background
and their motivation; on the other hand, it will be the occasion to write down some
definitions and results which we shall refer to in the following chapters. This explains
why I have decided to label it as “Chapter zero”, as if it were actually part of the
entire work. Starting from the next section, I will adopt the more usual detached style
that you probably are familiar with, if you are used to reading mathematical works.
Nonetheless, the style will sometimes be mathematically “informal”: you will encounter
“pre-definitions” and “pre-theorems”, which are just informal statements written to give
you some intuition; in any case don’t worry, since I will always refer to the precise
definitions and theorems that you will find in the thesis. Have a good reading!

0.1 Dg-categories and quasi-functors

Triangulated categories are nowadays a classical topic in mathematics, with many ap-
plications in geometry and algebra. We shall assume that the reader is acquainted with
the definitions and the basic features of the theory, and the classical examples (derived
categories of abelian categories). The well-known drawback of triangulated categories
is the non-functoriality of cones of morphisms. Cones should themselves be homotopy
colimits, and satisfy a suitable universal property; this suggests that a triangulated cat-
egory is, in some sense, a “shadow” of a more complicated, higher categorical structure,
where the notion of homotopy is formalised and becomes functorial. Among the many
models of higher categories, one of the most suitable to our needs (and the main object
of study of this thesis) is given by differential graded (dg-) categories.
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Pre-definition 0.1.1 (Definitions 1.1.1, 1.1.9 and 1.2.1). A dg-category A is a cate-
gory whose hom-sets are endowed with a structure of cochain complex over a ground
commutative ring k, such that the compositions are (associative, unital) chain maps. A
dg-functor F': A — B between dg-categories is a functor which preserves the additional
structure, namely, the map on morphisms

F: A(A, B) - B(F(A), F(B))

is a chain map. Given two dg-categories A and B, the category Funge(A,B) of dg-
functors has a natural structure of dg-category.

Dg-categories are based on complexes of k-modules. This choice puts them in the
realm of homological algebra, where we have many important homotopical features,
and the advantage of a relevant “computational simplicity” over other models (such as
topological ones). The category of complexes can be viewed itself as a dg-category,
called Cge(k). The homotopical features of complexes (chain homotopies above all)
and other relevant constructions can be translated in the theory of dg-categories. A
fundamental one is clearly given by taking cohomology. Namely, given a dg-category A,
we may form the graded category of graded cohomology H*(A) and the ordinary k-linear
category HY(A) of zeroth cohomology: take the same objects as A and just project the
compositions. The construction is functorial, and also gives H*(F) and H°(F) for a
given dg-functor F'. It should be pointed out that the dg-category of complexes Cgyq(k)
is defined in such a way that two complexes are homotopy equivalent if and only if they
are isomorphic in H%(Cyg(k)). So, we have a consistent notion of homotopy equivalence
in any dg-category: A and B are homotopy equivalent if they are isomorphic in H°(A).

Other important constructions that can be performed on chain complexes are taking
shifts and mapping cones. The reader can expect that both can be translated to any
dg-category: see Definitions 2.3.1 and 2.3.2. Both shifts and cones are characterised by
means of universal properties, that is, they are functorial (actually, they are particular
homotopy colimits). Now, it should be quite clear how dg-categories can be employed
to enhance triangulated categories:

Pre-definition 0.1.2 (Definition 2.3.13). Let A be a dg-category. We say that A is
pretriangulated if it contains, up to homotopy equivalence, all shifts of objects A[n| and
all functorial cones C(f) of closed degree 0 morphisms.

In the philosophy of homotopy theory and higher category theory, the existence of
shifts and (functorial) cones in A is required to hold up to homotopy equivalence. The
following fundamental result is now a matter of rather straightforward verifications:

Pre-theorem 0.1.3 (Theorem 2.3.14). If A is a pretriangulated dg-category, then
H°(A) has a natural structure of triangulated category.

Given a triangulated category T, it is important to decide whether there exists
a pretriangulated dg-category A such that H°(A) = T: such a dg-category will be
called an enhancement of T. In order to address the (likewise important) problem of
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uniqueness of enhancements, we first have to understand what is the “right way” (from
the homotopical point of view) to identify two given dg-categories. The correct notion
is that of quasi-equivalence:

Pre-definition 0.1.4 (Definition 1.3.2). A dg-functor F': A — B is a quasi-equivalence
if I induces quasi-isomorphisms between the corresponding hom-complexes, and H°(F')
is an equivalence.

In the case when our dg-categories are pretriangulated, a quasi-equivalence F is just
a dg-functor such that HY(F) is an equivalence (Lemma 2.3.16). Quasi-equivalences
clearly induce a relation in the collection of dg-categories, but there is a serious technical
drawback: this relation is not symmetric. In other words, if there is a quasi-equivalence
A — B, there doesn’t need to be a quasi-equivalence B — A. Dg-functors themselves
are not “homotopy meaningful”: they are defined just as ordinary functors, whereas a
“homotopy coherent” dg-functor should not satisfy a strict identity F'(gf) = F(g)F(f),
but should instead satisfy something like “F(gf) is coherently homotopic to F'(g)F(f)”.
So, the idea is that any inverse of a quasi-equivalence should be such “homotopy coherent
dg-functor”. Extensive work has been done (by B. Toén and G. Tabuada among others)
to make this precise. The result is the so-called homotopy theory of dg-categories:

Pre-theorem 0.1.5 ([Tab05], [Toé07], Theorems 1.3.5 and 1.3.10). The category dgCat
of small dg-categories has a model category structure whose weak equivalences are the
quasi-equivalences. Moreover, its localisation along quasi-equivalences, called Hqge, ad-
mits an internal hom: for all dg-categories A and B, there is a dg-category RHom (A, B),
defined up to quasi-equivalence, which enhances the hom-set Hqe(A,B) in the following
sense:

Hae(A,B) <> {isom. classes of objects of H'(RHom(A,B))}.

As a matter of terminology, we call quasi-functor an object of RHom (A, B). Objects
in H°(RHom (A, B)) which admit an inverse in H°(RHom(B, A)) correspond essentially
to quasi-equivalences, so the above theorem is a satisfactory result, at least from the the-
oretical point of view: the relevant morphisms between dg-categories are precisely the
quasi-functors. Now, the difficulty is to work concretely with them. Being higher cat-
egorical entities, they are intrinsically complicated. However, there are some “concrete
incarnations” of the dg-category RHom (A, B) which enable us to do computations, at
least to some extent. If k is a field, RHom(A, B) can be described concretely by some-
thing that actually formalises precisely the idea of “homotopy coherent dg-functor”:
namely, A-functors (see Chapter 5). Their drawback lies in the complexity of the for-
mulae involved. Another way to describe RHom (A, B) is by employing bimodules, as we
are going to explain.

Quasi-functors as bimodules; adjoints
Given a dg-category A, for simplicity we set

Cag(A) = Fungy(A%, Cag(K)).
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The dg-category Cqg(A) is the target of the Yoneda embedding of A. If F': A — B is
a dg-functor, then composing it with the Yoneda embedding B — C44(B), we obtain a

dg-functor
hF: A—)Cdg(B). (0.1.1)

This is a very special example of A-B-dg-bimodule (see Definition 1.2.5), with the prop-
erty that it actually comes from a genuine dg-functor A — B: namely, hp(A) is repre-
sentable for any A € A. So, in order to define quasi-functors, we may try to follow this
pattern, employing some kind of “weak representability” notion. Fortunately, we have a
natural (componentwise) notion of quasi-isomorphism in the dg-category Cqq(B); hence,
we give the following definition:

Pre-definition 0.1.6 (Section 3.5). A quasi-functor F': A — B can be defined as a
bimodule F': A — Cgg(B) such that F(A) is quasi-isomorphic to a representable dg-
functor B — Cg, (k) for all A € A. We also say that F is right quasi-representable.

Up to some technical issues, the above notion defines the objects of RHom(A, B).
Now, an obvious problem is recollecting the features of ordinary category theory, in
this particular context of dg-categories and quasi-functors. What we have managed to
do in this thesis is to give a simple characterisation of adjunctions of quasi-functors
(themselves, they are defined as adjunctions in a suitable bicategory of bimodules, see
the subsection ‘Adjoints’ of Section 3.5). To have a grasp of the idea, start from an
ordinary adjunction of dg-functors ' 4 G: A — B: it is an isomorphism

B(F(A),B) = A(A,G(B)),

natural in A € A and B € B. This naturality implies that this is actually an isomorphism
of bimodules: on the right hand side we have the B-A-bimodule hg, whereas on the left
hand side we have the bimodule ", which is obtained from hp: A — Cge(B) by means
of a sort of duality:

hr(A)(B) = B(B, F(A)),
h"(B)(A) = B(F(4), B)).

This duality is actually defined for all bimodules: it maps functorially A-B-bimodules
to B-A-bimodules, and vice-versa (see Proposition 3.3.4). Bimodules of the form hp
(up to isomorphism of bimodules), which are called right representable, are mapped
to bimodules of the form A (up to isomorphism), which are called left representable.
Clearly, saying “the dg-functor G has a left adjoint” is equivalent to saying “hqg is
left representable”: h' = hg. Upon overcoming some technical difficulties (addressed
by means of the duality construction we have mentioned) it can be proved that this
characterisation can be consistently extended to quasi-functors in the natural way. First,
one has to define left quasi-representable bimodules in the obvious way; then, we have:

Pre-theorem 0.1.7 (Proposition 3.5.5). Let G: B — A be a quasi-functor. Then, G
has a left adjoint quasi-functor if and only if it is left quasi-representable.
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As the reader may expect, there is a similar characterisation of right adjoints. The
result can be applied to prove an existence theorem of adjoint quasi-functors, under some
hypotheses on the dg-categories:

Pre-theorem 0.1.8 (Theorem 3.5.9). Let A,B be dg-categories. Assume that A is
triangulated and smooth, and that B is locally perfect. Let'T: A — B be a quasi-functor.
Then, T admits both a left and a right adjoint.

0.2 Dg-lifts and Fourier-Mukai kernels

Quasi-functors, as the reader may expect, yield ordinary functors by taking cohomology.
Namely, there is a functor:

H® = oA7B. HO(RHom(A,B)) — Fun(H°(A), H°(B)). (0.2.1)

If A and B are pretriangulated, then ®A7B is viewed as taking values in the cat-
egory of exact functors Fune (HY(A), H°(B)). By definition, a dg-lift of a functor
F: H°(A) — H°(B) is a quasi-functor F': A — B such that H°(F) = F. The unique-
ness problem of dg-lifts, which is the main topic of the thesis, amounts to studying
whether ®A7B is essentially injective. The relevance of this problem lies in the fact
that it is essentially equivalent to the wuniqueness problem of Fourier-Mukai kernels,
which is of current interest in algebraic geometry. Let us make this claim precise. From
now on assume that the ground commutative ring k is a field.

Let X be a quasi-compact and quasi-separated scheme (over k). We denote by
D (QCoh(X)) the derived category of quasi-coherent sheaves on X. The subcategory
of compact objects of ©(QCoh(X)) coincides with the category of perfect complexes
Perf(X) . Given two schemes X and Y, there is a functor:

XY D(QCoh(X x Y)) — Funey, (Perf(X),®(QCoh(Y))), (0.2.2)
which maps a complex £ € D(QCoh(X x Y)) to its Fourier-Mukai functor
Og: Perf(X) — D(QCoh(Y)).

If an exact functor F': Perf(X) — ©(QCoh(Y)) is such that F' = &g, we say thay € is a
Fourier-Mukai kernel of F'. Current research is devoted to investigating the properties of
®X—=Y (see [CS12a] for a survey); for instance, the uniqueness problem of Fourier-Mukai
kernels is equivalent to the essential injectivity of ®X Y.

Now, let us see how this is related to dg-categories and quasi-functors. If X is
a quasi-compact and quasi-separated scheme (over the field k), then the derived cat-
egory ©(QCoh(X)) has an enhancement, which we call Dq,(QCoh(X)), choosing it
once and for all and identifying H°(D4y(QCoh(X))) = D(QCoh(X)). Taking the dg-
subcategory of D g, (QCoh (X)) whose objects correspond to Perf(X), we find an enhance-
ment Perfg, (X) of the category of perfect complexes. A remarkable theorem by B. Toén
tells us that, under suitable hypotheses, every quasi-functor has a unique Fourier-Mukai
kernel, in the following sense:
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Theorem 0.2.1 (Adapted from [Toé07, Theorem 8.9]). Let X and Y be quasi-compact
and separated schemes over k. Then, there is an isomorphism in Hqe:

Dag(QCoh(X x V) = RHom (Perfuy(X), Dag(QCoh(Y)). (0.2.3)

Next, a result adapted from [L.S14, Theorem 1.1] gives the desired “bridge” between
Fourier-Mukai functors and quasi-functors between dg-categories:

Theorem 0.2.2. Let X and Y be Noetherian separated schemes over k such that X XY
is Noetherian and the following condition holds for both X and Y : any perfect complex
is isomorphic to a strictly perfect complex (i. e. a bounded complex of vector bundles).
Then, there is a commutative diagram (up to isomorphism):

D(QCoh(X x Y)) —— H°(RHom(Perfay(X), Dae(QCoh(Y)))

it PPerfag(X)=Dag(QCoh(Y)) (()‘2_4)

Funey (Perf(X),®(QCohY)),

where the horizontal equivalence is induced by (0.2.3).

Remark 0.2.3. The hypotheses of the above theorem are satisfied if both X and Y are
quasi-projective.

The above result tells us that, under suitable hypotheses, the properties of ®X—=Y
are directly translated to those of ®Perfas(X)=Dag(QCoh(Y))  1n particular, the dg-lift
uniqueness problem for functors Perf(X) — ©(QCoh(Y')) (with the above chosen dg-
enhancements) is equivalent to the uniqueness problem of Fourier-Mukai kernels.

Next, we show our results, and the corresponding geometric applications. The dg-
categories of interest have the feature of being triangulated (with this, we mean something
more than pretriangulated, see Definition 3.2.4), and being generated by some simpler
dg-subcategory, which in all cases of our interest will be equivalent to an ordinary k-
linear category (see Definition 3.2.7 for the general notion). A first easy result is as
follows:

Pre-theorem 0.2.4 (Theorem 4.3.8). Let A and B be triangulated dg-categories, and
assume that A is generated by a free k-linear category k[Q] over a quiver Q). Then,
PAB s essentially injective.

The above result can be proved restricting to the free category k[Q] of generators,
namely, showing that ®¥IQ=B ig essentially injective. This is done by using the char-
acterisation that quasi-functors F,G: k[Q)] — B are isomorphic if and only if they are
(right) homotopic (see Definition 1.3.12): this makes the actual argument of proof very
simple. As an application, we notice that the category Perf(P!) has a full and strong
two-term exceptional sequence (O, O(1)), which can be viewed — translated to the cor-
responding dg-subcategory of Perfdg(}P’l) — as a free subcategory of generators. Hence,
we have the following result, which was already proved by A. Canonaco and P. Stellari
with geometric techniques:
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Pre-corollary 0.2.5 (Corollary 4.3.11). Let Y be a scheme with suitable hypotheses,
so that both Theorems 0.2.2 and 0.2.1 are applicable with X = P'. Then, the functor
OF' =Y g essentially injective.

Starting from this, we tried to generalise to dg-categories which have a strong
and full exceptional sequence of arbitrary length: a solution of the dg-lift uniqueness
problem in this situation would yield a uniqueness result of Fourier-Mukai kernels for
functors defined on Perf(P"), which admits the strong and full exceptional sequence
(0,0(1),...,0(n)). In general, these exceptional sequences are nonfree subcategories
of generators; we managed to obtain some positive results, employing a technique based
on the notion of glueing of dg-categories along a bimodule (see ‘The glueing technique’
in Section 4.3). Unfortunately, we didn’t obtain anything really satisfactory; also, the
research of counterexamples has proven itself to be very difficult, and we didn’t manage
to obtain anything deep (see Section 4.4 for an account of our attempts). Nevertheless,
such counterexamples to dg-lift uniqueness exist in general, since there are examples
of non-uniqueness of Fourier-Mukai kernels: in particular, when X is an elliptic curve,
®X—=X is not essentially injective, as proved in [CS12b].

A more general dg-lift uniqueness result needs additional assumptions of the functors.
What we are able to prove is the following:

Pre-theorem 0.2.6 (Theorem 5.2.4). Assume that k is a field. Let A and B be trian-
gulated dg-categories. Assume that A is generated by an ordinary k-linear subcategory
E. Moreover, let F,G: A — B be quasi-functors satisfying the following vanishing con-
dition:

HY(B(F(E), F(E"))) =0,
for all j <0, for all E,E' € E. Then, H°(F) = H°(G) implies F = G.

The proof of the above result employs the description of quasi-functors by means
of A.-functors; even if it involves some rather intricate computations with the Ao
formalism, it is not conceptually difficult. The geometric application goes as follows:

Pre-theorem 0.2.7 (Theorem 5.3.7). Let X andY be schemes satisfying the hypotheses
of both Theorems 0.2.2 and 0.2.1, with X quasi-projective. Let £,E" € D(QCoh(X xY))
be such that
PF7Y = oX7Y = F: Perf(X) — D(QCoh(Y)),
and Hom(F (Ox(n)), F(Ox(m))[j]) = 0 for all j <0, for alln,m € Z. Then & = &'.
The above result is an improvement of [CS07, Theorem 1.1], clearly only regarding

the uniqueness problem and the non-twisted case: our result holds not only for smooth
projective varieties, and with the weaker vanishing hypothesis

Hom(F(Ox (n)), F(Ox(m))[j]) = 0.

It is also an improvement of [CS14, Remark 5.7], which holds for fully faithful functors.

If we don’t put hypotheses on the functors, or if we try to work with dg-categories
with more complicated generators, the dg-lift uniqueness problem becomes very compli-
cated, and in general it remains widely unsolved.



X CHAPTER ZERO

0.3 Plan of the work

The thesis is organised in two parts: the first one explains the theoretical bases, whereas
the second one deals more specifically with the dg-lift uniqueness problem.

The first two chapters contain the basic foundational material on dg-categories. None
of this is original, but the exposition is perhaps somewhat unconventional: in particular,
in Chapter 2 we extensively develop (co)end calculus, a very useful tool which we hope
will become more widespread even among who doesn’t study category theory in itself.
Chapter 3 deals with the crucial notion of quasi-functor; in particular, we address the
notion of adjoint quasi-functors and prove a simple characterisation.

Chapter 4 contains the attempts to solve the problem of dg-lift uniqueness in some
simple situations, namely, when the domain dg-category is generated by an exceptional
sequence. The solution in the free case is contained here, and so are the other attempts,
which are based on the ‘glueing technique’. Chapter 5, finally, contains the main unique-
ness result, which is addressed with As.-functors.
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Chapter 1

Basic dg-category theory, I

In this first chapter, we develop the main basic elements of the theory of dg-categories.
We will cover the elementary notions and some of the main results on the homotopy
theory. We will avoid set theoretic difficulties by implicitly fixing suitable Grothendieck
universes. We shall also fix, once and for all, a ground commutative ring k. Virtually
every category we shall encounter will be at least k-linear, so we allow ourself some
sloppiness, and often employ the terms “category” and “functor” meaning “k-category”
and “k-functor”.

1.1 Dg-categories and dg-functors

We assume that the reader is acquainted with the theory of (co)chain complexes: we just
recollect here some features. We denote by C(k) the category of (cochain) complexes of
k-modules and chain maps. This is a symmetric monoidal category, with unit given by
the base ring k (viewed as a complex concentrated in degree 0) and monoidal product
given by the usual tensor product of complexes:

Vew) = vPews?,
p+q=n
dvew (v @w) = dy(v) @ w+ (—1)"lv @ dyw (w).

We will always employ the Koszul sign rule. Heuristically, this means that anytime we

make two consecutive graded symbols s and ¢ (with degrees |s| and [t|) commute, we

must multiply by (—1)/sl4:

st~ (—1)lsMs, (1.1.1)
In particular, the symmetry isomorphism is given by
VoW S WaeV,
v@w— (—1)Py @ v,
The monoidal category C(k) is closed. That is, we have a natural (k-linear) bijection

Hom(Z @ V,W) = Hom(Z, Hom(V, W)), (1.1.2)

3
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where the hom-complex Hom(V, W) of maps from V to W is given by:

Hom(V, W)" = Homg, (V, W|[nl),

df:dWOf_(_1)|f|deV (113)

Here, W{n] is the n-shift of the complex W, and Homg (V, W(n]) is the module of
morphisms V' — Wn| in the category of graded k-modules (that is, degree n morphisms
V — W). The above bijection (1.1.2) is given by

fe(ze 1),
where f,(v) = f(z ®v). This bijection actually lifts to an isomorphism of complexes:
Hom(Z ® V,W) = Hom(Z, Hom(V, W)). (1.1.4)
The category of complexes can be used as a base for enrichment:

Definition 1.1.1. A differential graded (dg-) category is a category A enriched over
C(k). That is, A is given by a set of objects Ob A, a hom-complex A(A, B) for any
couple of objects A, B, and (unital, associative) composition maps:

A(B,C)® A(A,B) — A(A,0),
g f—=g9f=gof
Remark 1.1.2. Giving a dg-category A is equivalent to giving a set of objects Ob A, a
complex of k-modules A (A, B) for any couple of objects A, B, and k-bilinear composition

maps

A(B,C)? x A(A, B)P — A(A, C)P+a

which are associative and unital, subject to the graded Leibniz rule:

d(fg) = (df)g + (~1)V! f(dg). (1.1.5)

For any A € Ob A, the identity 14 is a closed degree 0 morphism: 14 € A(A, A)? and
d(14) =0.

Definition 1.1.3. Let A be a dg-category. The opposite dg-category A°P is the dg-
category with Ob A°? = Ob A, A°P(A, B) = A(B, A), and compositions defined by

A°P(B,C) ® A°°(A, B)
A(C,B)® A(B, A)
~ A(B,A) ® A(C,B) — A(C, A) = A®(A,C),

using the symmetry isomorphism of the monoidal structure on C(k) and the composition
in A.
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Remark 1.1.4. Given a dg-category A and f € A(A,B), we write f°P for the corre-
sponding morphism in A°P(B, A). Then, the composition of two morphisms f°P and g°P
in A°P is spelled out as follows:

fPg = (=D g f),
whenever f and g are homogeneous of degrees | f| and |g]|.

Definition 1.1.5. Let A and B be two dg-categories. The tensor product A ® B of A
and B is the dg-category such that Ob(A ® B) = Ob A x Ob B, and

(A®B)((4,B),(A,B)) = A(A,A') ® B(B, B),
with compositions given by tensor products of compositions, namely:

(A@B)((4,B),(A",B")) ® (A®B)((4,B), (A", B))
=AA,AY2B(B,B")® A(A,A)2B(B,B)
~ (AL, A @ A(AA)) @ (B(B',B") @ B(B,B'))
— A(A,A") @ B(B, B")
= (A®B)((4,B),(A",B")).

Remark 1.1.6. The composition of two morphisms f ® g and f' ® ¢’ in A ® B can be
spelled out as follows:

(fed)(fog =DV iedg,

assuming ¢’ and f are homogeneous. The identity morphism 1(a,B) is clearly given by
1p®1p.

Remark 1.1.7. The tensor product of dg-categories commutes with taking opposites:
(A ®@B)? =A° g B,

In fact, objects and hom-complexes are equal, and this is also true for compositions,
thanks to monoidal coherence in C(k).

Ezample 1.1.8. The monoidal category of complexes C(k) is enriched over itself, with
the hom-complexes defined in (1.1.3). We denote this dg-category by Cgq (k).

Definition 1.1.9. Let A and B be dg-categories. A dg-functor F': A — B is a C(k)-
enriched functor of enriched categories. In other words, F' consists of the following data:

e a function F': ObA — ObB;

« for any couple of objects (A, B) of A, a chain map

F = Fp): A4, B) - B(F(A), F(B)),
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subject to the usual associativity and unitality axioms.

Remark 1.1.10. Let A, B and C be dg-categories. A dg-functor F': A®B — C is called
a dg-bifunctor. For any A € A and B € B, F induces dg-functors F(A,—): B — C and
F(—,B): A — C, defined as follows: given homogeneous morphisms f: A — A’ in A
and g: B — B’ in B, we set

F(A,g)=F(la®g): F(A,B) — F(A, B'),
F(f,B) = F(f ® 1p): F(A,B) - F(A',B).

Next, notice that

F(A',g)F(f,B) = F1la® g)F(f @ 15) = (-)/IF(f @ g),
F(f,B)F(A,g)=F(f®1p)F(la®g) = F(f ®g).

hence the following diagram is commutative up to the sign (—1)|f 9], and the diagonal
gives F'(f ® g):
F(4,B) 28 poa, By
F(Ag)J Theg JF(AGQ)
I

F(A,B")——= F(A', B).
F(f,B")
Conversely, assume that for all A € A and B € B we are given dg-functors F4: B — C
and Fp: A — C, such that F4(B) = Fp(A) =: F(A, B) and the diagram

F(4,B) 229 poar, B)

Fu (g)l J/FA’ (9)

F(A,B)) —— F(A',B).
FB’(f)

is commutative up to the sign (—1)7191, whenever f € A(A,A’) and g € B(B,B)
are homogeneous morphisms. Then, there is a dg-bifunctor F': A ® B — C which is
defined on objects by (A, B) — F(A, B), and on morphisms by the diagonal of the above
diagram. F is the unique dg-bifunctor such that F'(—, B) = Fp and F(A,—) = F4.

A dg-bifunctor F': A ® B — C can be thought as a “dg-functor of two variables”
A € A and B € B, functorial in both A and B. The same is true in general for dg-
functors A1 ® --- ® A,, — C: they can be viewed as “dg-functors of many variables”,
with functoriality in each variable. Sometimes, we will employ Finstein notation to
indicate which variables are covariant and which ones are contravariant. For example, a
dg-functor F': B°® ® A; ® Ay — C will be written as

F(B, Ay, Ay) = thAz;
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lower variables are covariant, whereas upper variables are contravariant. Moreover, we
shall set (for instance)

Fl 4, = F(f © 14, ® Lay),
for any morphism f.

Small dg-categories and dg-functors form a category, which is denoted by dgCaty, or
simply dgCat when the base ring is clear.

There are usual operations that can be performed on a complex V of k-modules:
taking the graded module of cocycles Z*(V) and the graded module of cohomology
H*(V). Actually, these operations define functors:

Z*: C(k) — Gr(k), (1.1.6)

H*: C(k) — Gr(k), (1.1.7)

where Gr(k) denotes the monoidal category of graded k-modules. Restricting ourselves
to the zeroth degree, we also get functors

Z°: C(k) — Mod(k), (1.1.8)

H: C(k) — Mod(k), (1.1.9)

to the monoidal category Mod(k) of k-modules. All of these functors are lax monoidal:

this means, taking H* as an example, that we have natural morphisms involving the
monoidal products and units:

H* (V)@ H'(W) - H* (VoW),

k- B0, (1.1.10)

(The second one is actually an isomorphism in our cases.) Hence, we obtain induced
functors at the level of enriched categories:

Z*: dgCat — Gr(k)-Cat, (1.1.11)
H*: dgCat — Gr(k)-Cat, (1.1.12)
Z°: dgCat — k-Cat, (1.1.13)
H°: dgCat — k-Cat. (1.1.14)

For instance, given a dg-category A, the graded category H*(A) is defined as follows:
ObH*(A) =0bA, H*(A)(A,B) = H*(A(A, B)), and compositions given by

H*(A)(B,C)® H*(A)(A,B) - H*(A(B,C)® A(A,C)) — H*(A(A,(0)),

where the first arrow comes from (1.1.10) and the second one is induced by composition
in A. For any dg-category A, Z°(A) is called the underlying category of A, and H°(A)
is called the homotopy category of A. There are natural projection functors:

Z*(A) - H*(A),

Z°(A) — H°(A).
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The projection into cohomology will be often denoted by square parentheses, namely, if
f: A— Ais a closed morphism in A, then [f]: A — A’ denotes its cohomology class,
which is the corresponding morphism in H*(A).

We are now able to speak of isomorphisms and equivalences between objects in a dg-
category. Given A, A’ € A, we say that A is dg-isomorphic to A’, and write A = A’ if A
and A’ are isomorphic in Z°(A); also, we say that A and A’ are homotopy equivalent, and
write A ~ A’, if A and A’ are isomorphic in H°(A). A degree 0 morphism f: A — A’
in A is called a dg-isomorphism if Z°(f) is an isomorphism in Z°(A); it is called a
homotopy equivalence if H(f) is an isomorphism in H°(A).

Remark 1.1.11. The functor Z°: C(k) — Mod(k) is essentially the underlying functor in
the usual meaning within enriched category theory. indeed, for any complex V',

Z°(V) = Hom(k, V)

as k-modules.

Remark 1.1.12. The underlying category of the dg-category Caq(k) is the category of
complexes: Z%(Cqq(k)) = C(k). Its homotopy category K(k) = HY(Cqy(k)) is the
category of cochain complexes and homotopy classes of chain maps.

1.2 The dg-category of dg-functors

Let A, B be dg-categories. Then, using the fact that the tensor product of complexes
is symmetric, we can easily show that A ® B = B ® A in dgCat. Hence, the tensor
product of dg-categories endows dgCat with a structure of symmetric monoidal category;
the monoidal unit is given by the dg-category 1 = 1y, with a single object Ey and
1(Eo, Ey) = k(1g,). We are going to show that dgCat is indeed a closed symmetric
monoidal category.

Definition 1.2.1. Let F,G: A — B be dg-functors. A dg-natural transformation
p: F'— G of degree p is a collection of degree p morphisms

pa: F(A) = G(A),

for all A € A, such that for any degree ¢ morphism f € A(A, A’) the following diagram
is commutative up to the sign (—1)l?ll4l:

F(A) 225 G(An.

We write Natgg(F, Q) for the complex of dg-natural transformations F — G. The
coboundary of ¢: F' — G is defined objectwise:

(dp)a = d(pa),
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for all A € A. Dg-natural transformations can be composed:

Natdg(Fg, Fg) (024 Natdg<F1, FQ) — Natdg(Fl, F3),
Y& @ — Yy,

where (Yp)a = Yapas for all A € A. In the end, we may define the dg-category of
dg-functors Funge(A,B) as the dg-category whose objects are dg-functors A — B and
whose complexes of morphisms are given by the complexes of dg-natural transforma-
tions, with the above compositions. This dg-category serves as the internal hom of the
symmetric monoidal category dgCat:

Proposition 1.2.2. Given dg-categories A, B and C, there is an isomorphism in dgCat:
Fungg(A @ B, C) = Fungg(A, Fungg (B, C)), (1.2.1)
natural in A, B and C.

Idea of proof. Given a dg-functor F': A ® B — C, we define a dg-functor F': A —
Fungg (B, C) by
F'(A)(B) = F(A, B), (1.2.2)

Vice-versa, starting from F’, the above formula defines its image F. The definition at
the level of dg-natural transformations is similar. O

Remark 1.2.3. Let F,G: A ® B — C be dg-bifunctors. Then, it is easily proved that
a family of maps ¢4 p: F(A,B) — G(A, B) gives a dg-natural transformation of dg-
functors F' — G if and only if it is “natural in both variables”, that is, if and only if
o_p: F(—,B) - G(—,B) and pa,_: F(A,—) = G(A, —) are both dg-natural transfor-
mations for all A € A and B € B. More generally, given “dg-functors of many variables”
F.G: A ®---®A, — C, afamily of maps pa,,.a,: F(A1,...,4,) = G(41,..., A,)
gives a dg-natural trasfomation F' — G if and only if it is “natural in each variable”, in
the sense explained above.

Remark 1.2.4. A (properly said) natural transformation ¢ of dg-functors F,G: A — B
is by definition an element ¢ € Z°(Natqg(F, G)), that is, a closed and degree 0 dg-natural
transformation; it is a morphism in the underlying category Z°(Fungg(A,B)). So, F
and G are dg-isomorphic if and only if there exists a natural transformation ¢: F — G
such that ¢4: F(A) — G(A) is an isomorphism for all A.

Dg-functors with values in the dg-category of complexes are called dg-modules and
are worth being studied in their own right.

Definition 1.2.5. Let A be a dg-category. A left A-dg-module is a dg-functor A —
Cag(k). A right A-dg-module is a dg-functor A% — Cgq (k).

Let B be another dg-category. A A-B-dg-bimodule is a dg-bifunctor B® @ A —
Cag(k).
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Remark 1.2.6. Let F': A — Cgg(k) be a left dg-module. Given a couple of objects
(A, A”), we may view the functor F' on the hom-complex A (A, A’) as an element

Fia.a) € Hom(A(A, A'), Hom(F(A), F(4'))
~ Hom(A (A, A) ® F(A), F(4")).

So, giving F' as a functor A — Cgg(k) is the same as giving a complex of k-modules
F(A) for all objects A € A, and chain maps

A(AA) @ F(A) — F(A),
fRz— fz,

such that

9(fz) = (9f),

lax = x,

for any z € F(A), for any f: A — A’ and g: A’ — A”. So, a left dg-module is given by
a family of complexes parametrised by objects of A, together with a left A-action. By
construction, we have

fe = F(f)(x).

Similarly, we have the characterisation of a right dg-module F': A% — Cg, (k) as family
of complexes with a right action:

F(A)@ A(A A) - F(4),
r® f—af;

in terms of F', we have
wf = ()PP (f) (),

taking into account the Kozsul sign rule. Finally, recalling Remark 1.1.10, giving a dg-
bimodule F': B® ® A — Cgg(k) is the same as giving a family of complexes F'(B, A)
together with a left action of A and a right action of B, subject to the compatibility
condition:

(92)f = g(zf),

whenever x € F(B,A) and f: B’ — B,g: A — A’. We allow ourselves to drop parenthe-
ses and write gz f meaning (gz)f = g(xf). Actually, in terms of the original bifunctor
F', we have

P(f @ g)(@) = (- g

In the following, we will allow ourselves to shift freely from one characterisation of dg-
(bi)modules to another, and adopt indiscriminately either the “functor” notation or the
“left /right action” notation, keeping in mind how to interchange them.
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The dg-category of right A-modules is the category of functors Fungg(A°P, Cqg(k)),
and will be denoted by Cqg(A) . Moreover, we set:

C(A) = Z°(Cag(A)), (1.2.3)
K(A) = H(Cqq(A)). (1.2.4)

A morphism of left A-modules ¢: F' — G is simply a dg-natural transformation of
functors. Adopting the “left action” notation as explained in Remark 1.2.6, we see that
¢ can be viewed as a family of maps ¢4: F(A) = G(A) such that

par(fr) = (1A fpa(2),

for any x € F(A) and f € A(A, A’) (notice the Koszul sign rule). Similarly, a morphism
of right A-modules ¥: M — N satisfies the following:

va(af) =va()f,
forany x € M(A’) and f € A(A, A’). Finally, a morphism of A-B-bimodules £: F} — F
is required to satisfy both compatibilities with the left and right actions:
Eprany(gef) = (1)1l gg 4 (2)
whenever = € (B, A), f € B(B',B),g € A(A,A').

Yoneda lemma and Yoneda embedding

Let A be a dg-category. We associate to A an A-A-dg-bimodule called the diagonal
bimodule and denoted by ha = h. It is defined by

ha(A, A" = h = A(A, A)), (1.2.5)

with right and left actions given by composition in A. Also, given a dg-functor F': C —
A, we denote respectively by hf" and hp the A-C-dg-bimodule and the C-A-bimodule
defined by:

hF(C, A) = B9 = A(F(C), A),

4 (1.2.6)
hi(A,C) = hip o) = A(A, F(C)).

The left and right actions of A and C on hf" are defined by the following compositions
in A:

9f =goF(f),

g9=49ogy,
whenever f € C(C",C), g € A(F(C),A) and ¢ € A(A, A"). The actions on hp are
defined analogously. Moreover, if G: B — A is another dg-functor, there is a B-C-dg-

bimodule hg defined by:
RE(C, B) = A(F(C),G(B)), (1.2.7)
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with left and right actions defined in a similar way as above.

Taking the components of the diagonal bimodule, we obtain the right dg-modules
ha = A(—, A) and the left dg-modules h* = A(A, —). A right (resp. left) A-dg-module
F is said to be representable if F = hy (resp. F = h?) for some A € A. The well-known
Yoneda lemma has a counterpart in the differential graded framework:

Theorem 1.2.7 (Dg-Yoneda lemma). Let F' € Cqz(A) be a right A-dg-module, and let
A € A. Then, there is an isomorphism of complexes:

Natdg(hA, F) = F(A),

@+ pa(la), (1:28)

natural both in A and F.

Proof. The above map is clearly a chain map, and naturality in A and F' is checked
directly. We may conclude by showing that it is bijective. Let x € F(A). We look for
a dg-natural transformation ¢: hy — F such that p4(14) = z. If f € A(A', A) = b4,
then we must have that

oar(f) =pa(laf) =pa(la)f = xf, (1.2.9)

so we see that ¢ can be defined in a unique way. To conclude, we just have to show that
the above definition actually gives a dg-natural transformation, but this is straightfor-
ward. O

Remark 1.2.8. Assume that a right A-dg-module F' is representable: there exists an
isomorphism ¢: hy — F for some A € A. Yoneda lemma (and its proof) tells us
that this isomorphism is of the form @4/ (f) = ef for some (uniquely determined) e €
Z°(F(A)). The bijectivity of ¢ implies that for any y € F(A’) there exists a unique
f: A" — A such that y = ef. This actually characterises representable A-modules:
F = h4 if and only if there exists an element e € F'(A), closed and of degree 0, such
that for any y € F(A’) there exists a unique f: A’ — A such that y = ef. The reader
should compare this discussion with the definition of universal arrow and the notion of
counit of an adjunction.

Remark 1.2.9. Taking A°P instead of A in the above discussion gives the Yoneda lemma
for left A-modules, that is, the following natural isomorphism of complexes:

Natqg (h?, F) = F(A),
¢ pa(la),
whenever F': A — Cgq(k) is a left A-module, and A € A. Also, Remark 1.2.8 can be
dualised, giving the following characterisation of representable left A-modules: F = b4

if and only if there exist an element n € Z%(F(A)) such that for any y € F(A’) there
exists a unique f: A — A’ such that y = fn.
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Now, let us come back to the diagonal bimodule h = ha. As we said, it is a dg-
functor h: A°®* @ A — Cqg(k). By (1.2.1) (also using that A°® @ A = A ® A°P), it can
be viewed as a dg-functor (we abuse notation)

h: A — Cag(A),
A hy, (1.2.10)
f — hf: hA1 — hA2,

whenever f € A(A1, A2), where by definition
hi(g) = fg,
for all g € hﬁl. So, we see that the map induced by A on morphisms
A(A1, Ag) — Natgg(ha,, ha,)

is actually the inverse of the Yoneda isomorphism (1.2.8). We conclude that the dg-
functor (1.2.10) is fully faithful. It is called the Yoneda embedding of A.

Dg-adjunctions

The notion of adjoint dg-functors is a direct generalisation of the notion of ordinary
adjoint functors. In the following, we briefly recall the main results of the theory, inter-
preted in the differential graded framework.

Definition 1.2.10. Let F': A < B: G be dg-functors. We say that F'is a left adjoint
of G (and G is a right adjoint of F), writing F' 4 G, if there is an isomorphism of
complexes:

vap: B(F(A),B) = A(A,G(B)), (1.2.11)

natural in both A and B.

Remark 1.2.11. Naturality can be expressed in terms of left and right actions. So, we
have:

o(f o F(a)) = o(f) o a,
p(bo f) = (~1)"WIGD) o o(f),
whenever f: F(A) —» B, a: A’ - Aand b: B — B'.
The natural isomorphism ¢ can be viewed as an isomorphism of left B-modules:
p: REA) =, hé,

natural in A € A. Applying the Yoneda lemma, we find out that ¢ is determined by
closed degree zero maps n4: A — GF(A), such that for any f: A — G(B) there exists
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a unique f’: F(A) — B such that f = G(f")na:

A—TL s am
JnAI G(f) (1.2.12)
GF(A).

Naturality in A implies that n = (na): 1o — GF is a (closed, degree zero) natural
transformation, which is called the unit of the adjunction. Similarly, we may view ¢~!
as an isomorphism of right A-modules:

o' hgp) — hi,

natural in B € B. So, the adjunction is also determined by the counit e: FG — 1p, a
(closed, degree zero) natural transformation which satisfies the dual universal property:

B g
EBT - |
F(g')

FG(B).

«—— F(A)

(1.2.13)

Clearly, a dg-adjunction F' - G induces adjunctions Z°(F) - Z(G) and HY(F) H
H°(@), with units and counits naturally induced by the unit and counit of F - G.

Remark 1.2.12. Adjoints are obtained just by checking universal properties. That is,
assume we are given a dg-functor G: B — A, and assume that for any A € A we
find an object F'(A) € B together with a closed degree 0 map n4: A — GF(A) which
satisfy the universal property (1.2.12); then, there is a unique way to define a dg-functor
F: A — B such that F 4 G and 7,4 is the unit of the adjunction. To see this, just
start from f: A — A’ and apply (1.2.12) to na o f. We find a unique morphism
F(f): F(A) — F(A’) such that GF(f)na = nasf. Thanks to uniqueness, we are able to
prove that f — F(f) is a chain map, and compositions and units are preserved.

The dual statement is clearly true: if we start with F': A — B and we find G(B) € A
and ep: FG(B) — B which satisfy the dual universal property (1.2.13), then we get
G: B — A such that F 4 G with counit given by the ep.

By definition, a dg-functor F': A — B is (dg-)fully faithful if for any A, A" € A, the

map on hom-complexes
Flaany: A(A A — B(F(A),F(A))

is an isomorphism of complexes. Moreover, we say that F' is (dg-)essentially surjective
if for any B € B there exists A € A such that B & F(A) (in other words, Z°(F)
is essentially surjective). When we are given an adjunction F' 4 G, then we have the
following useful characterisation:
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Proposition 1.2.13. Let FF 4 G: A <= B be an adjunction of dg-functors. Then, F' is
fully faithful if and only if the unit n: 1o — GF is an isomorphism. Dually, G is fully
faithful if and only if the counit e: FG — 1 is an isomorphism.

This proposition can be strenghtened, giving a very useful result. It is a direct
adaptation of [JM89, Lemma 1.3], which is proved using the formalism of (co)monads:

Proposition 1.2.14. Let F 4 G: A = B be an adjunction of dg-functors. Then,
GF = 1A if and only if the unit n: 1o — GF is an isomorphism. Dually, FG = 1p if
and only if the counit e: FG — 1 is an isomorphism. In particular, F is fully faithful
if and only if GF = 1A, and G is fully faithful if and only if FG = 1p.

1.3 Quasi-equivalences and homotopy

There is a natural notion of equivalence between dg-categories. By definition, a dg-
functor F': A — B is a dg-equivalence if there exists a dg-functor F': B — A such that
F'F = 15 and FF' = 1. Dg-equivalences have a similar characterisation as ordinary
equivalences of categories:

Proposition 1.3.1. Let F': A — B be a dg-functor. Then, F' is a dg-equivalence if and
only if it is fully faithful and essentially surjective.

Fully faithfulness and essential surjectivity have “homotopy counterparts”:

Definition 1.3.2. Let F': A — B be a dg-functor. We say that I is quasi-fully faithful
if for any couple of objects A, B € A the chain map

Fap): A(A,B) — B(F(A), F(B))

is a quasi-isomorphism of complexes (that is, it induces an isomorphism in the graded
cohomology). Moreover, we say that F is quasi-essentially surjective if HO(F) is es-
sentially surjective. F' is called a quasi-equivalence if it is both quasi-fully faithful and
quasi-essentially surjective.

One could naively expect that a quasi-equivalence F': A — B has a “homotopy
inverse dg-functor”, that is, a dg-functor F’: B — A such that F'F ~ 14 and FF’ ~ 1p.
Unfortunately, this is not the case. In general, if we define A ~ B by “there exists a quasi-
equivalence A — B”, we find a reflexive and transitive relation, but not a symmetric
one. Given A and B, we say that they are quasi-equivalent, writing A ~ B, if there
exists a zig-zag of quasi-equivalences:

A—A - ...+ A,—B.

Understading dg-categories up to quasi-equivalence is one of the goals of the homo-
topy theory of dg-categories. The task is easier when we notice that the category dgCat
has a natural model structure whose weak equivalences are the quasi-equivalences. In
the following, we show the main features of this structure.
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Definition 1.3.3. Let F': A — B be a dg-functor. We say that F' is a fibration (or
isofibration) if it satisfies the following two properties:

1. For any A, A’ € A, the map
Fiaan: A(AA") = B(F(A), F(A))
is surjective.

2. For any isomorphism g: By — B; in H(B) and any A; € F~!(By), there exists
an isomorphism f: Ag — Aj in H°(A) such that H°(F)(f) = 3.

Remark 1.3.4. Call a dg-functor a trivial fibration if it is both a fibration and a quasi-
equivalence. If G: A — B is a trivial fibration, then G is strictly surjective on objects.
In fact, given B € B, there is an isomorphism B — G(A) in H°(B) (G is a quasi-
equivalence), and moreover there exists an isomorphism A’ = A in H°(A) which is
mapped by G in B = G(A) (G is a fibration); in particular, G(A") = B.

Notice that every dg-category A is fibrant, in the sense that the unique dg-functor
A — 0 is a fibration (0 is the dg-category with one object and trivial complex of
morphisms).

Theorem 1.3.5 ([Tab05]). The category dgCat of small dg-categories admits a model
category structure, with weak equivalences given by quasi-equivalences and fibrations
given by the isofibrations of Definition 1.3.3.

Remark 1.3.6. Cofibrations in dgCat are defined to be the dg-functors which satisfy the
left lifting property with respect to trivial fibrations. In particular, we see that a dg-
category C is cofibrant if and only if any dg-functor F': C — B admits a lift along any

trivial fibration G: A — B:
A
~
Fa l<; (1.3.1)
_r, B.

We call Hge the localisation of dgCat along quasi-equivalences, and denote by
£: dgCat — Hqge

the localisation functor. Hge is often called the homotopy category of dg-categories. The
machinery of model categories allows us to describe morphisms in Hqe:

Proposition 1.3.7 (an application of [Hov99, Theorem 1.2.10]). A morphism F: A —
B in Hqe is represented by a roof:

AL QA LB,

in the sense that F = ((F){(G)™'. Moreover, G is a trivial fibration, and Q(A) is a
cofibrant dg-category (often called a cofibrant replacement of A ).
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Remark 1.3.8. A IAnorphism Fe Hge(A, B), described as above, clearly yields an ordi-
nary functor H(F): H°(A) — H°(B), defined up to isomorphism. This procedure will
be made clearer in the following chapters.

Remark 1.3.9. If the domain dg-category A is already cofibrant, then a morphism
F: A — B in Hqe is represented by a dg-functor F: A — B, in the sense that F = U(F).
A main problem is understanding what it means that ¢(F) = ¢(G), that is, when two
dg-functors induce the same morphism in Hqe.

The homotopy category Hqe has a structure of symmetric monoidal category. Given
two dg-categories A and B, its derived tensor product is defined (up to quasi-equivalence)
as:

AEB=A"gBX A gB» X AP g B, (1.3.2)

where AP is a h-projective resolution of A (see, for instance, [CS15, Remark 2.7]). An
important result is that this monoidal structure is closed:

Theorem 1.3.10 ([Toé07]). For any pair of dg-categories A and B, there is a dg-
category RHom (A, B) such that there is a bijection

Hge(A @ B, C) = Hge(A, RHom(B, C)), (1.3.3)
natural in A, B, C € Hqe. The above bijection lifts to a natural quasi-equivalence

RHom(A @ B, C) = RHom(A, RHom(B, C)). (1.3.4)

Moreover, the set of morphisms Hqe(A, B) is in natural bijection with the isomorphism
classes of H'(RHom(A,B)).

The internal hom is defined up to quasi-equivalence, and has many “incarnations”,
which we will see in the following chapters. Normally, we will allow ourselves to shift
from one description to another, keeping the RHom notation.

A very useful tool in computations within the homotopy category Hge is given by
homotopies. In the model category dgCat, right homotopies are given by “homotopy co-
herent, homotopy invertible natural transformations” between dg-functors. To describe
them, we first need to define the dg-category of “homotopy coherent morphisms” of a
given dg-category:

Definition 1.3.11. Let A be a dg-category. The dg-category of (homotopy coher-
ent) morphisms Mor A is defined as follows. Objects are triples (A, B, f), where f €
Z9%(A(A, B)). A degree n morphism (A, B, f) — (A’, B', ') is given by a lower triangular

matrix
u 0
(U,’U,h) - <h U) 9

where u € A(A, A)", v € A(B,B')" and h € A(A, B)"~!. Compositions are defined by

matrix multiplication with a sign rule:

o 0\ (u 0\ u'u 0
o) \h v]  \(=D)"Wu+vh vv)’
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whenever (u,v,h) has degree n. The differential of a morphism (u,v,h): (4, B, f) —
(A, B', f) of degree n is defined by

d(u O)_( du 0)
h ov) \dh+ (=1D)"(f'u—vf) dv)’

There are obvious “source” and “target” dg-functors:

S: MorA — A, (AB,f)— A, (u,v,h)—u,
T: MorA - A, (AB,f)—~ B, (u,v,h)—v.

Notice that the chosen sign conventions in the definition of Mor A allow to define S
and T in the simplest way, without any sign twist. The dg-category Mor A has a full
subcategory P(A) whose objects are the morphisms (A, B, f) such that f is a homotopy
equivalence. Now, we may define the notion of right homotopy of dg-functors:

Definition 1.3.12. Let F,G: A — B be dg-functors. A right homotopy from F to G
is a dg-functor ¢: A — P(B) such that the diagram

A—%, P(B) (1.3.5)

is commutative. In this case, we will say that F' and G are right homotopic.

The dg-category P(B) defines a path object for B in the model category dgCat (see
[Tab10, Proposition 3.3]). Hence, the general theory of model categories, in particular
[Hov99, Theorem 1.2.10], gives us the following result, which is an important tool for
concrete computations:

Corollary 1.3.13. Let A and B be dg-categories, and assume that A is cofibrant. Let
F.G EAqu(iA,B). Write F' = ((F) and G = ¢(G) for some dg-functors F,G: A — B.
Then, F = G if and only if F and G are right homotopic.

Remark 1.3.14. Let B be a dg-category. There is a natural functor
H°(Mor B) — Mor H°(B),
(A, B, f) — (A, B,[f]), (1.3.6)
[(u, v, 1)) = ([u], [0]),
where Mor H°(B) denotes the ordinary category of morphisms of H°(B). It will be

proven that this functor is surjective, full, and reflects isomorphisms (see Proposition
4.2.2); we think of it as the functor which “forgets homotopies”. Now, let F,G: A — B
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be dg-functors, and let ¢: A — Mor B be a dg-functor such that S = F and Ty = G:
we call it a directed homotopy. Taking H° and composing with (1.3.6), we obtain a
functor, which abusing notation we denote

HO(p): H°(A) — Mor H°(B).

This functor satisfies S o H?(p) = HY(F) and T o H%(p) = H°(G), where S and T are,
again abusing notation, the source and target functors Mor H°(B) — H°(B). Now, it
is well known that such a functor corresponds to a natural transformation

H(p): H'(F) — H(G).

So, we see that a directed homotopy ¢: F' — G as above yields a natural transformation
H°(F) — H°(G). Notice, moreover, that ¢ is a right homotopy if (and only if) H(p)
is a natural isomorphism.

The author is pretty convinced that directed homotopies, in the case that A is
cofibrant, are to be identified with morphisms F — G in Z°(RHom(A,B)): since A is
cofibrant, it seems to be ok to assume that objects of RHom(A, B) are dg-functors. The
above procedure should yield a functor

Z°(RHom(A, B)) — Fun(H°(A), H'(B)),

which should induce (an incarnation of) the functor ®A~B which we talked about in the
Introduction. Unfortunately, the author doesn’t know a precise proof of this. We will
be able to give other sensible definitions of ®A7B in the following chapters; nonetheless,
we will obtain some results of “lifting of natural transformations to homotopies”: even
if there is no formal justification (yet), the reader can relate them to the corresponding
properties of PA7B,

Dg-categories concentrated in degree 0

Let A be a dg-category. We say that A is concentrated in degree 0 if, for any A, B € A,
we have A(A,B)" = 0 for all i # 0. We can view a given k-linear category B as a
dg-category concentrated in degree 0, if we endow any hom-set of B with the trivial
graded decomposition and differential. Therefore, we obtain a fully faithful functor

k-Cat — dgCat, (1.3.7)

which will be often thought as an inclusion. With this convention, if A is a dg-category
concentrated in degree 0, we may identify A = Z°(A) = H(A).

Also, it is interesting to consider dg-categories with cohomology concentrated in degree
0, namely, dg-categories A such that H(A(A, B)) = 0 for all i # 0, for any A, B € A:
in such a case, a weaker form of the above identification A = H°(A) holds. In order to
make this precise, we define a dg-category A< as follows: Ob A<y = Ob A, and for any
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A, B € Ob A we set
A<o(A,B)"=A(A,B) it n <0,
A<y(A,B)"=0 if n >0,
A<o(A,B)’ = Z°(A(A, B)),
the differential on A<((A, B) being induced by the one on A (A, B); composition maps
are obtained by restriction, too. There is a natural inclusion dg-functor
Acg— A, (1.3.8)

which is the identity on objects and the inclusion map A<y(A, B) — A(A, B) on hom-
complexes (A, B € Ob A). We also define a natural projection dg-functor

Aoy — H(A), (1.3.9)
which is the identity on objects and the natural projection map
ASO(Av B) — HO(A(A7 B))

on hom-complexes (here we view H(A) as a dg-category concentrated in degree 0).
Notice that the definitions of A<g and the above dg-functors don’t require any hypothesis
on A. Nevertheless, if A has cohomology concentrated in degree 0, it is immediately
shown that both functors are quasi-equivalences. We sum up this result in the following:

Proposition 1.3.15. Let A be a dg-category such that H'(A(X,Y)) =0 for any X,Y €
A, i #0. Then we have natural quasi-equivalences

HO(A) — ASO — A,

the first functor being the natural projection (1.3.9) and the second one being the inclusion
(1.3.8). In particular, A is quasi-equivalent to H°(A).

Remark 1.3.16. Let A! be the standard 1-simplex k-category, namely, the category which
is freely generated over k by the diagram 0 — 1. Namely, denoting by k(S) the free
k-module over a set S:

A1<17 1) =k(1),

and composition is given by multiplication in k. We view it as a dg-category concentrated
in degree 0. It is well-known that the category of morphisms of a k-category C can be
identified with Fun(A!, C). Then, it is natural to expect something similar about the
dg-category of homotopy coherent morphisms Mor A of a dg-category A. Indeed, it can
be shown that there is a quasi-equivalence

RHom(A! A) % Mor A. (1.3.10)

We won’t give a proof of this fact; a possible technique involves the description of
RHom(A', A) by means of A.-functors, as we will explain in Chapter 5.
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2.1 Ends and coends

Let A be a dg-category, and let F': A°?® A — Cgg(k) be a dg-bi(endo)module. The aim
is to construct a complex which (co)equalises the right and left actions of A on F'. This
leads to the definition of (co)end, given in general for dg-functors A°®? ® A — B. These
notions will give us some very useful computational tools. This section is devoted to the
development of ends and coends in dg-category theory; a good readable introduction to
(co)end calculus in ordinary category theory can be found in [Lorl5]. Our treatment is
just a particular case of the definitions and results given in enriched category theory:
possible references for the general setting are [Kel05] or [Dub70].

Definition 2.1.1. Let F': A°® @ A — B be a dg-functor. An end of F' is an object
XFr € B together with closed degree 0 maps

EA: X F — Fﬁ
for all A € A, satisfying the following universal property:

X/
fa

o
Xp——F4 (2.1.1)

laA/ lF}f‘
h

F
’ Al
Py

Far

that is, for any h € A(A, A’) the above square with vertex Xp is commutative, and for
any X' together with closed degree 0 maps fa: X’ — F4 such that the “curved square”
with vertex X’ is commutative, there exists a unique closed degree 0 map f: X' — Xp
such that fa =eaf for all A € A.

Dualising, we get the definition of coend:

21
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Definition 2.1.2. Let F': A°® ® A — B be a dg-functor. A coend of F is an object
Yr € B together with closed degree 0 maps

na: F f — Yr
for all A € A, satisfying the following universal property:

A B4

FZ/J/ WAJ

1 MNar
FY = vp

(2.1.2)

that is, for any h € A(A’, A) the above square with vertex Y is commutative, and for
any Y’ together with closed degree 0 maps g4: F 1’44 — Y’ such that the “curved square”
with vertex Y’ is commutative, there exists a unique closed degree 0 map g: Yp — Y’
such that g4 = gna for all A € A.

Remark 2.1.3. Ends and coends are defined as couples (Xp, (¢4)) or (Yr, (n4)); we will
often abuse notation and refer to them as their underlying objects X and Yp.

As for any object defined with a universal property, ends and coends, if they exist, are
uniquely determined up to canonical isomorphism, so that we may speak of the (co)end
of a dg-functor F': A°? ® A — B. We will adopt the integral notation: the end of F
will be denoted by

/AF(A,A):/AF;;‘, (2.1.3)

and the coend of F' will be denoted by

/AF(A,A) :/AF;;‘. (2.1.4)

The existence of ends and coends is not assured in general; however, it holds true for
bimodules, i.e. dg-functors A°? ® A — Cg,(k).

Proposition 2.1.4. Let F': A @ A — Cqg(k) be an A-A-bimodule. Then, the end of
F is isomorphic to the subcomplex of [[aca F'(A, A) defined by

Ve ={p=(pa)aca : foa= (1)l vie A A}

The map eq: Vp — F(A, A) is defined by ¢ — 4.



2.1. ENDS AND COENDS 23

Proof. Let X be a complex, and let £4: X — F(A, A) be chain maps such that the
following diagram is commutative:

X L F(A,A)

5,4/‘[ F(14®f)

P, A1 a4,

for all f: A — A’. This means that, for all z € X,

fea(x) = (=)l Wley () f,

employing the left-right action notation. We look for a chain map £: X — Vg such that

E(x)a = Ealx)

for all z € X. Clearly, this identity uniquely defines £. Since the {4 are chain maps,
so is &; the above commutativity of the £4 with the left and right actions ensure that &
takes values in Vg, and we are done. ]

From this characterisation we immediately obtain the following important corollary:

Corollary 2.1.5. Let F,G: A — B be dg-functors. Then, the complex of dg-natural
transformation Natge(F, G), together with the canonical maps

Natqg(F, G) — B(F(A), G(A)),
P = pa,

is an end of the bimodule ht, = B(F(-),G(—)):
/A B(F(A), G(A)) = Natqy(F, G). (2.1.5)

Proposition 2.1.6. Let F': A°® @ A — Cqq(k) be an A-A-bimodule. Then, the coend
of F' is isomorphic to the complex

WF = coker @ A(AQ, A1)®F(A1,A2) — @ F(A, A))
A1,A2€A A€A

foz fo—(-nHklf,
together with the natural maps

na: F(A,A) - @PFAA) - W
A/
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Proof. Let X be a complex, and let £4: F(A, A) — X be chain maps such that the
following diagram is commutative:

FA
F(A,A)—L5 F(4, 4)

JFI{;/ J/SA
3

Al

FAA)—— X,
for all f: A" — A. This means that, for any = € F(A, A"):

éafr) = (=g g (af).

Hence, we find that the composition

P A4z, A1) © F(Ar, As) —» P F(A, A) 24 X
A1,A2 A

is zero, and so ®&4 factors through a unique map &: Wrp — X. This is precisely the
required universal property. O

In the following, we explore the properties of ends and coends, and we develop the
tools of (co)end calculus.

Definition 2.1.7. Let F: A°* A — B and G: B — C be dg-functors. Assume
that (4 F'(A, A),(ca)) is an end of F. We say that G preserves the end [, F(A, A) if
(G(J,F(A,A)),(G(ea))) is an end of GF. Dualising, we directly get the definition of
preservation of coends.

We will often allow ourselves to abuse notation and write for instance
G([ Faa)= [ GF,a),
A A

to mean that G preserves the end of F'. The following is an important result:

Proposition 2.1.8. The hom-functor preserves ends. That is, given a dg-functor
F: A°® @ A — B and assuming that [, F(A, A) and [AF(A, A) both exist, then:

B (B,/AF(A,A)) g/AB(B,F(A, A)), (2.1.6)
A
B(/ F(A,A),B) g/AB(F(A,A),B), (2.1.7)

for all B € B.
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Proof. We prove (2.1.6), the other statement being dual. We have to check that, if
ea: [4F(A,A) — F(A, A) are the canonical maps associated to the end of F, then the
family of maps

W2 =B(B.ea) = (c4)s: B (B,/AF(A,A)) Ly B(B, F(A, A))

satisfies the universal property of [, B(B, F(A, A)):

B
hF(f®1A/

B(B, F(A, A) LA B(B, (A, A')).

Let x € X. Then, we have the following diagram:

A

J4F(A,A) —— F(4,4)

Ear(z)
J/EA/ F(1a®f)

P, AV 204 ),

So, we find a unique £(z) € Z%(B(B, [, F(A, A)) such that e4 o {(x) = €a(z). By
this uniqueness property, we easily prove that x — £(z) defines a chain map X —
B(B, [, F(A, A)). By construction, it satisfies (€4) 0 £ = {4, and it is the unique with
this property. ]

Remark 2.1.9. The isomorphisms (2.1.6) and (2.1.7) are actually a stronger (yet equiv-
alent) version of the universal properties which define ends and coends. Recalling the
characterisation of ends of Cge(k)-valued dg-functors of Proposition 2.1.4, we see for
instance that (2.1.6) is equivalent to the following statement: for any family of maps
€4: B — F(A, A) of degree p such that the following diagram

B (A, A)
5A¢ JF(1A®f)

P, A5 4, 4y

is commutative up to the sign (—1)P4, for all f: A — A’ of degree ¢, there exists a unique
§&: B — [, F(A, A) of degree p such that e4& = &4 for all A € A.
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We are now able to show that ends and coends are dg-functorial. We write down
statements only for ends, the case of coends being analogous.

Proposition 2.1.10 (Dg-functoriality). Let F,G: A°°* ® A — B be dg-functors, and as-
sume that [, F(A, A) and [, G(A, A) exist. If p: F — G is a dg-natural transformation,
then there exists a natural morphism

XFKA”AM%[F“A)

The mapping ¢ — [, ¢ is a chain map, and moreover we have

Aww:Awgﬂ%

/A lp = lfAF(A,A)’
assuming v¥: G — H and the existence of [, H(A, A).
Proof. Define [, ¢ with the strong universal property explained in Remark 2.1.9:
[ F(A,A)
SL%
[4G(A,4) 1 G(A, 4)

b

G(A',A)) —— G(A, A)).

PAAEA

PALAIEA!

The properties required follow by uniqueness arguments. ]

Remark 2.1.11. Let F': A°? ® A ® C — B be a dg-functor. Assume that, for all C' € C,
the end [, F(A, A,C) exists. Then, it is dg-functorial in C. indeed, given f: C' — (',
we obtain a dg-natural transformation

$f = F(_a_vf): F(_7_7C) — F(—,—,C,)
of functors A°?» ® A — B, and by dg-functoriality we get a natural morphism:
/Wﬂ/mAAmﬁ/Fmﬁﬂu
A A A

The mapping f — s — [, ¢ is dg-functorial, so in the end we get a dg-functor

/FMA;%C%H

A
together with natural transformations

mi/ﬂ&&ﬂapmﬂry
A

This is the “end with parameters”. The same discussion can obviously be done for
coends.



2.1. ENDS AND COENDS 27

The following result is an “interchange law” for (co)ends. With the integral notation,
it becomes a “categorical Fubini theorem”. We give the statement for ends:

Proposition 2.1.12 (“Fubini theorem”). Let F': A°» @ B ® A ® B — C be a dg-
functor. Assume that for all A, A’ € A, the end

/ Fy5
B b

exists. Then, there is a natural isomorphism:

A,B A,B
Fvg//Fg
/(A,B) AB g AB

whenever one of these two ends exists. Moreover, if for all B, B' € B, the end [, Ff’g,

also exists, then
A,B A,B A,B
F’§/ F’%//F’, 2.1.8
IR R e W R (2.1.8)

whenever one of these ends exist.

AB . A,B A,B
Proof. Assume that f(A p) Fap exists, and let e(4 p): f(A B Fa'g — Fyp be the nat-
ural associated maps. Apply the universal property of [5 Ff’g (together with the asso-
ciated maps pp: [z Ff’g — Ff’BB):

A,B €(A.B) A B
f(A,B) FA,B E— FA,B

qA /
o pPB
A,B
JsFas-
A,B . . A,B

So, ([4 5 F1'5,(qa)) satisfies the universal property of [, [ Fy’5. Conversely, assume
A,B . —,B A,B A,B
that (4 [p Fa'p:(qa)) is an end of [p F"'p; then, define €4 p): [a JpFas = Fap

as €(4,5) = PBY4, and check that they satisfy the universal property of f(A,B) Fﬁg. We
leave the reader to fill in the details, and to conclude with the proof of (2.1.8). O

Yoneda lemma, revisited

The complex of natural transformations between two dg-functors can be written as an
end, as we have already seen in Corollary 2.1.5. So, it is clear that Yoneda lemma
can be restated employing this formalism. This also allows us to give a proof which is
completely based on the suitable universal property.

Proposition 2.1.13 (Yoneda lemma). Let A be a dg-category, let F': A — Cqg(k) and
G: AP — Cqe(k) be respectively a left and a right A-dg-module. Then:

R%A%MMEm

(2.1.9)
G2 [ Cagli(nt G
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where the natural maps ea: F— — Cag(k)(hy, Fa) and €'y: G — Cag(k)(h?,GA) are
defined respectively by

ea(z)(f) = (1)l gz,
ex(y)(9) = yg-.

Proof. We prove the second statement, the other one being dual. Let V be a complex,
let X € A and let £4: V — Caq(k)(h%, G4) be chain maps such that the diagram

Vo Cy (k) (h%, G4

lEA’ J(GQ )«
(h%)*

Cag(k)(hy , G4~ Cag(k) (b, GA)

is commutative for all g: A’ — A. We want to define £: V' — G such that £/,& = &4
for all A € A. In particular, we require that

eh(€@)(h) = &@)h = (=D)MG(R)(E(v) = €a(v)(h),

for all h: A — X. So, we are forced to set

§(v) = Ex(v)(1x).

We leave the reader to check that this definition satisfies the required properties (it is a
rather tedious but straightforward verification).

Assuming we have already proved Yoneda lemma with the usual direct argument,
we can give a shorter proof of the isomorphisms (2.1.9): indeed, again concentrating on
the second one, we just have to check that the diagram

Natqg(hx,G) —— GX or—— ox(lx)
I
Cag (k) (h5, G*) va
is commutative. O

Interestingly, there is a dual version of Yoneda lemma, which involves coends:

Proposition 2.1.14 (Co-Yoneda lemma). Let A be a dg-category, let F': A — Cgg(k)
and G: A°? — Cqg(k) be respectively a left and a right A-dg-module. Then:

(2.1.10)
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where the associated maps na: h* @ Fy — F_ and n'y: GA® hy — G~ are induced by
the (left and right) actions of A:

na(f®z) = fz,
sy ® g) = yg.

Proof. We prove only the first isomorphism, the other one being dual. Let V' be a
complex, and let X € A. We have the following chain of natural isomorphisms:

/ Cas) 0t © Fa, V)

~ /A Cag (k) (h%, Cag (k) (Fa, V)

(ch:Jn.)
=2 Cye(k)(Fx,V).

This implies that F represents the dg-functor V + [, Cag(k)(h% ® Fa,V), and so by
definition (recall the “strong universal property, Remark 2.1.9) it is the expected coend:

A
FX%/ hy @ Fa.

To understand what are the associated maps 74, we follow the above chain backwards,
starting from the unit 17, and keeping track of its image:

Ly = (ea(lx)(f) = F(f)*(1x) = F(f))
= (na(f @) = F(f)(x) = fx). 0

The above proof follows a typical pattern in (co)end calculus. To show that a certain
object X is a (co)end, we try to prove that it represents the suitable functor, and in doing
so we make use of the computational tools developed so far: (co)end preservation, dg-
functoriality, Fubini theorem, and so on. Typically, we end up writing a chain of natural
isomorphisms. At every step, we should keep track of the natural maps associated to
the written (co)end; the isomorphisms of the chain will always preserve them, and this
knowledge allows us to understand what are the natural maps associated to the object
X, as we did in the second part of the above proof.

2.2 (Co)complete dg-categories

Just as in ordinary category theory, there is a notion of completeness and cocompleteness
also in dg-category theory, which stems from the definitions given in general enriched
category theory. Our treatment here will be based on (co)ends and (co)tensors. Ends
and coends have already been extensively studied in the previous section; tensors and
cotensors are “external versions” respectively of the tensor product of complexes and of
the internal hom in the monoidal category C(k).
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Definition 2.2.1. Let A be a dg-category, and let V' € Cyg(k) and A € A. A tensor (or
copower) of V and A is an object V® A € A together with an isomorphism of complexes:

A(V® A, B) = Cau(k)(V, A(A, B)), (2.2.1)

natural in B. Dually, a cotensor (or power) of V' and A is an object [V, A] € A together
with an isomorphism of complexes:

A(B, [V, A]) & Cag(K)(V, A(B, A), (22.2)

natural in B.
If A contains all tensors, we say that it is tensored (or copowered). Dually, if it
contains all cotensors, we say that it is cotensored (or powered).

Remark 2.2.2. The dg-category Cqq (k) is tensored and cotensored. Tensors V @ W are
given by the ordinary tensor products, whereas cotensors [V, W] are given by the internal
hom-complexes Cqq(k)(V, W).

If A is tensored, then the above definition yields a unique dg-bifunctor
—®—:Cge(k) ®A = A (2.2.3)

such that the isomorphism (2.2.1) becomes natural in all variables. Dually, if A is
cotensored, then we get a unique dg-bifunctor

[— —]: Cag(K)P @A — A (2.2.4)

such that the isomorphism (2.2.2) becomes natural in all variables. Moreover, we have
dg-adjunctions:

—®A4A(A, —): Cap(k) S A, (2.2.5)
A=, A) 4 [—, A]: AP = Cyy(K), (2.2.6)

for all A € A, if A is respectively tensored or cotensored.
Now, we are able to define (co)completeness for dg-categories:

Definition 2.2.3. Let A be a dg-category. We say that A is complete if it is cotensored
and any dg-functor F': B°®» ® B — A (with B small) admits an end [ F(B, B) in A.

Dually, we say that A is cocomplete if it is tensored and any dg-functor F': B°?P@B —
A (with B small) admits a coend [Z F(B, B) in A.

The dg-category of complexes Cgg(k) is complete and cocomplete, since it is tensored
and cotensored, and we have already proven that ends and coends of bimodules B°? ®
B — Cgg(k) always exists. The (co)completeness of a given dg-category implies the
(co)completeness of the dg-category of functors with values in that dg-category:

Proposition 2.2.4. Let B and A be dg-categories. If A is complete (resp. cocomplete)
then so is Fungg(B, A). In particular, the dg-category Cyg(B) is both complete and
cocomplete.
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Proof. The idea is to define (co)ends and (co)tensors componentwise. Let F': CP®C —
Funge (B, A). We may view it as a functor F': C*@ C®B — A. So, by Remark 2.1.11,
the (co)end of F' exists if and only if the (co)end of F(—,—, B) exists for all B € B.
Coming to (co)tensors, it should be clear that they are obtained from (co)tensors in A,
componentwise:

(Ve F)(B)=V F(B),
[V, F](B) = [V, F(B)],

whenever F' € Fungg(B, A) and V' € Cgg(k). O

Having defined (co)completeness as above, we are now interested in functors which
preserve (co)tensors and (co)ends. The notion of (co)end preservation was given in
Definition 2.1.7; (co)tensor preservation is defined in the obvious way, as follows. Given
a dg-functor F': A — B, we say that F' preserves the tensor V®A if F(V®A) is naturally
a tensor of V and F(A) in B: F(V®A) =2 V® F(A); dually, we say that F preserves the
cotensor [V, A] if F([V, A]) is naturally a cotensor of V and F(A): F([V, A]) = [V, F(A4)].

Definition 2.2.5. Let F': A — B be a dg-functor. We say that F' is continuous if it
preserves all ends and cotensors. Dually, we say that F' is cocontinuous if it preserves
all coends and tensors.

Remark 2.2.6. (Co)completeness for enriched categories (in particular, dg-categories) —
and (co)continuity of enriched functors (in particular, dg-functors) — is usually given in
terms of the existence — or preservation — of weighted (co)limits: they are the reasonable
replacement of (co)limits in enriched category theory. Those weighted (co)limits can be
expressed in terms of (co)ends and (co)tensors (see [Riel4, Theorem 7.6.3]) and vice-
versa (see [Lorl5, Example 4.11]). A detailed treatment of enriched (co)completeness is
contained in [Riel4, Sections 7.4 and 7.6] and [Kel05, Section 3.2].

The universal properties (2.2.2) and (2.2.1) directly tell us that the hom functors
A(—,A) and A(A, —) are continuous, since we have already proven in Proposition 2.1.8
end and coend preservation (beware that A(—, A) is contravariant, so it actually maps
tensors to cotensors and coends to ends). As in ordinary category theory, adjoint functors
have (co)continuity properties:

Proposition 2.2.7. Let F 4 G: A = B be adjoint dg-functors. Then, F' is cocontinuous
and G is continuous.

Proof. 1t is a direct computation involving the continuity of the hom functor, precisely
as in ordinary category theory. The details are left to the reader. O

Remark 2.2.8. The tensor product of complexes, being left adjoint to the internal hom
(and being symmetric), is cocontinuous in both variables. This observation will be useful
later on.
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Extensions of dg-modules

Here we recollect the basic results about restrictions and extensions of dg-modules along
dg-functors. Actually, they are a particular case of the more general notion of Kan
extensions.

Definition 2.2.9. Let K: A — B and F': A — C be dg-functors. A left Kan extension
of F' along K is a dg-functor Lang (F'): B — C together with an isomorphism:

Natdg(LanK(F), G) l} Natdg(F, Go K),

natural in G: B — C. Dually, a right Kan extension of F' along K is a dg-functor
Rang (F'): B — C together with an isomorphism:

Natge(G o K, F) = Natqg (G, Rang (F)),
natural in G: B — C.

Clearly, left and right Kan extensions are characterised by universal properties. For
example, Lang (F') comes with a natural transformation n: F — Lang(F') o K such
that for any a: F' — G o K there exists a unique &: Lang(F) — G such that o =
(aK)n. So, in short, Kan extensions are “lax universal extensions” along a given dg-
functor. If Lang (F') and Rang (F) exist for all F': A — C, then Lang(—) and Rang(—)
define left and right dg-adjoints to the restriction functor K* = Resg: Fungg(B,C) —
Fungg (A, C):

LanK - K*H RanK . (2.2.7)

(Co)completeness properties of the target dg-category C give sufficient conditions to
the existence of Kan extensions. More precisely:

Proposition 2.2.10. Assume that C is cocomplete. Then, Lang (F') exists for all dg-
functors F': A — C, and it is given by

A
Lang (F)(—) = / WD o Py (2.2.8)
Dually, assume that C is complete. Then, Rang (F') exists for all F: A — C, and it is

given by

Rang (F)(—) 2 / ey Fal- (2.2.9)

A

Proof. We only prove the assertion about Ran, the other one being similar. Let G: B —
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C be a dg-functor. We compute directly:

Natgg(G. Rang (F) = | C(Ga, Ranc(F)(B)
E/BC(GB’/A[hg(A)’FA])
g/B/AC(GB,[hfi(A),FA])
%/A/Bcdg(k)(hﬁ(A),C(GB,FA))

%J/AC(GK(A)aFA)
= Natdg(GoK, F).

Every isomorphism of the above chain is natural; we used end calculus and the definition
of the power [hﬁ(A), F4l. O

From now on, for the sake of simplicity, we will always assume that the target dg-
category C is complete and cocomplete, so that Kan extensions always exist. the typical
situations are C = Cgg(k) and C = Funge(D, Cqg(k)) (dg-categories of dg-modules).

If the dg-functor K: A — B along which we extend is fully faithful, then Kan
extensions are actual (not just lax) extensions:

Proposition 2.2.11. Let K: A — B be a fully faithful dg-functor. Then, for any
F: A — C, the units

nr: F — Lang (F) o K,
ep: Rang(F)o K — F

are natural isomorphisms. In particular, the dg-functors Lang and Rang are fully
faithful.

Proof. By Proposition 1.2.14, it suffices to show that there are isomorphisms F =
Lang (F') o K and F' = Rang(F') o K, natural in F. We detail the first one, the other
being similar. Let G: A — C. We have:

A KA
Natag(Lan (F)(K (). @) = [ € ( [0 & Fa. G
~ ChEA) o Fy G
[, cotityorey
~ Cae(K)(BEA) C(Fu, Gar
/. ], Cast (). OFa, G
%/ Cag(k)(h'd, C(Fa,Gu))
AJA

g/AC(FA,GA)
= Natdg(F, G). O
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In the case when C = Cg,(k), the above discussion gives the general results about
extensions of dg-modules. We write

IndF: Cdg(A) — Cdg(B) (2.2.10)

for the left Kan extension Langop along F°P: A°® — B°P. It is the left adjoint of
the restriction functor Resp: Cqe(B) — Cge(A). By Proposition 2.2.10, we may write
(swapping the arguments of the tensor):

A
IndF(M)‘%/ MA® hip . (2.2.11)

The extension functor Indp preserves representable A-modules:

)

Cag(B)

Proposition 2.2.12. The diagram

L

Cag(A) ——

- r
IndF

is commutative up to isomorphism. In other words, Indp(ha) = hpay for all A € A.

Proof. We compute:
Indp(ha)™X
~ [ W @ hig
(A")
= hi Ay

where the last isomorphism follows from co-Yoneda lemma (2.1.10). O

2.3 Pretriangulated dg-categories

The relevance of dg-categories relies in the crucial observation that they can be employed
as higher categorical models for triangulated categories. The key point is that we have
a notion of functorial shifts of objects, and — above all — of functorial cones of (closed,
degree 0) morphisms.

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

Lianoy: Aln] = A, Laon: A — Aln], (2.3.1)
such that [1(4,,0)| =71, [1(4,0,)| = —n and

Lanolaon =14, Laonlano = Lam-
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Given a morphism f in A, we will often employ the notation
f[n] = 1(B,O,n)f1(A,n,0): A[TL] — B[?’L] (7’L S Z) (232)

A n-shift, if it exists, is unique up to a natural dg-isomorphism: if A[n] and Aln)’
are two n-shifts of an object A € A, with associated morphisms 14, 0),1(4,0,n) and
1/(A,n,0)’ 1/(A,0,n)’ then clearly 1/(A,O,n)1(A7”70) and 1(A,0,n)1/(A,n,0) are closed degree 0 maps,
each one inverse to the other.

Next, we define the cone of a degree 0 morphism: it is a direct generalization of the

mapping cone of a chain map of complexes.

Definition 2.3.2. Let A be a dg-category and let f: A — B be a closed degree 0
morphism in A; suppose moreover that A contains the shift A[1]. A cone of f is an
object C(f) € A together with degree 0 morphisms

Al == C(f) == B, (2.3.3)
J
such that
pZ = 1A[1]a Sj = 1Ba st = 07 p] = Oa Zp +]S = 1C(f)7 (234)
and
dj=0, dp=0, di=jflia10), ds=—flia1,00p (2.3.5)

Remark 2.3.3. Conditions (2.3.4) tell us that any cone C(f) of f is a biproduct of A[1]
and B in A, viewed as a k-linear category, with canonical maps ¢, j, p, s. We shall adopt
matrix notation when working with maps to or from a cone:

u=(ur,u2): C(f) =D

means that v o7 =wu; and uo j = ug, and

v = <U1> : D — C(f)

V2

means that powv = v; and sowv = vy. Conditions (2.3.5) allow us to easily describe
the differential of maps to and from a cone. Namely, if u = (u1,u2): C(f) — D and
v="_(1):D— C(f), for a given f: A — B, then

d’Ul
du = (duy — (—=1D)us f1 cduy), dv = . 2.3.6
(duy = (=1)"u2f1(a,1,0), du) (dw + fl(A,l,O)U1> ( )
The cone of a morphism satisfies a universal property, as follows:

Proposition 2.3.4. Let A be a dg-category, and let f: A — B be a closed degree 0
morphism. View the inclusion map i: A[l] — C(f) as a degree —1 morphism A — C(f).
Then, di = jf, and for any closed degree 0 map j': B — X and any degree —1 map
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i'"t A — X such that di' = j'f, there exists a unique closed degree 0 map h: C(f) — X
such that hj = 7" and hi =1':

(2.3.7)

Proof. Since C(f) is a biproduct of A[1] and B in A viewed as an ordinary category, we
are forced to define:

h=(i"1a1,0)7)-

The degree of h is clearly 0. Then, (2.3.6) allows us to compute the differential of h, and
show immediately that dh = 0. O

The above universal property, as every universal property, implies that the cone of
a morphism is uniquely determined up to a unique dg-isomorphism. We remark that
we could also define C(f) by means of the above universal property, and obtain our
definition as a characterisation.

Remark 2.3.5. Tt is worth noticing that shifts and cones can be characterised by means
of tensors and coends. Let S™ = k[n| be the complex with the only term k concentrated
in degree —n. Moreover, let D™ be the complex

i—— 0 —k=—=k——0——---,

where the first k is in degree —n. There is a natural inclusion S™ < D"t

[

i 00 —k=—=k—>0——---.

0 0

We remark that we have a natural isomorphism of complexes:
Cag(k)(S™, V) = V[=n], [ f(1).

Let A be a dg-category, and let A € A. The tensor S™ ® A can be identified with the
shift A[n], indeed:

A(S"® A, B) = Cqe(k)(S™, A(A, B))
=~ A(A, B)[—n]
=~ A(A[n], B),
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where the last isomorphism is induced by composition with 14, ). Moreover, the
tensor D! ® A can be identified with the cone C(14p,)) of the identity on A[n] (it is a
rather simple exercise: just check the universal property by comparing the formulae of
differentials (2.3.6) and (1.1.3)).

Now, let f: A — B be a closed degree 0 morphism in A. We identify it to a dg-functor
f: Al — A such that f(0) = A and f(1) = B. Moreover, let W: (A})® — Cqq(k) the
dg-functor defined as follows:

wW(©)=D' w@a) =8 W(0—1)®)=5" DL
Then, we have that
ieAl
cnz [ wie s, (2.3.8)

assuming that A is tensored. In order to prove this, we start by noticing that the
diagram
W) e f(0) — W(1) @ f(1)

|

W(0) ® f(0)
translates to

AT B

J/jA
C(1a),
0

where j4 = (}) is the canonical inclusion of A in C(14). Now, we have closed and
degree 0 morphisms j: B — C(f) and i;: C(14) — C(f). The first one is the canonical
inclusion map into C(f), whereas the second one is defined as follows:

iv=(i,5f): C(la) = C(),

where i: A[1] — C(f) is the canonical inclusion map. Since di = jf1(4,1,), the above
map is closed, and moreover the diagram

is commutative. Also, notice that any degree 0 map v = (v1,v2): C(14) — X is closed
if and only if v21l(41 0y = dv1, and any commutative diagram

A%

B
I
X

C(lA) L)
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gives dv; = uf1l(41,). Now, it should be clear that the universal property of the coend
(2.3.8) is the same as the universal property (2.3.7) of C(f).

A sequence of the form
AL BL o) B A (2.3.9)

is called preexact triangle, or pretriangle; notice that any dg-functor preserves shifts,
cones and preexact triangles. Now, we can give the following definition:

Definition 2.3.6. Let A be a dg-category. We say that A is strongly pretriangulated if
any object A € A admits all shifts A[n] in A, and if A contains the cone of any closed
degree 0 morphism.

The above Remark 2.3.5 immediately gives the following:

Proposition 2.3.7. Cocomplete dg-categories are strongly pretriangulated. In particu-
lar, Cqg(k) is strongly pretriangulated, and Cqg(A) is strongly pretriangulated for any
dg-category A.

Also, an “objectwise” argument similar to that of Proposition 2.2.4 easily yields the
following;:

Proposition 2.3.8. Let A and B be dg-categories. If B is strongly pretriangulated,
then Fungg (A, B) is strongly pretriangulated.

Pretriangulated hulls

A feature of the definition of strongly pretriangulated dg-category is that it is “intrin-
sic”, in the sense that it is not an additional structure we endow something with, as
happens with triangulated categories. Moreover, the rigidity of dg-categories allows
us to make useful functorial constructions. A simple way to define them employs the

Yoneda embedding A — C4g(A), as in the following definition:

Definition 2.3.9. Let A be a dg-category. The pretriangulated hull or pretriangulated
envelope of A is the dg-category pretr(A), which is by definition the smallest full dg-
subcategory of Cqg(A) which contains the image of A under the Yoneda embedding, and
which is strongly pretriangulated and closed under dg-isomorphisms.

In other words, pretr(A) is obtained from A by adding shifts and cones of morphisms
between representable modules. The Yoneda embedding can be restricted to a dg-functor

A < pretr(A). (2.3.10)
We have the following characterisation:

Proposition 2.3.10. A dg-category is strongly pretriangulated if and only if the re-
stricted Yoneda embedding A — pretr(A) is a dg-equivalence.



2.3. PRETRIANGULATED DG-CATEGORIES 39

Proof. Clearly, if A — pretr(A) is a dg-equivalence, then A is strongly pretriangulated,
being dg-equivalent to a strongly pretriangulated dg-category. Conversely, assume that
A is strongly pretriangulated. Then, its closure under dg-isomorphisms in Cgg(A) is
equivalent to A, and it coincides with pretr(A), by definition of pretriangulated hull. [J

As we may expect, a dg-functor F': A — B induces a dg-functor pretr(A) —
pretr(B) between the pretriangulated hulls. Indeed, consider the induction dg-functor
Indp: Cqg(A) — Cqg(B). Then, since any X € pretr(A) is obtained from representable
A-modules by means of iterated shifts and cones and Indg preserves shifts and cones
(being a dg-functor), we see that Indp(X) € pretr(B), so in the end it induces a dg-
functor

pretr(F'): pretr(A) — pretr(B). (2.3.11)

Moreover, by Proposition 2.2.12, the following diagram is commutative:

A—r B

JOA J,OB (2312)
etr(F)

pretr(A)pr—> pretr(B),

where A and 0p are the restricted Yoneda embeddings of A and B.
Now, we can prove that the pretriangulated hull of a dg-category satisfies a 2-
categorical universal property, which characterises it up to dg-equivalence:

Proposition 2.3.11. Let A be a dg-category, and let B be a strongly pretriangulated dg-
category. Then, the restricted Yoneda embedding Oa: A — pretr(A) induces a natural
dg-equivalence:

0a : Fungg(pretr(A), B) = Fung, (A, B). (2.3.13)

Proof. We give just the main ideas. A natural transformation of dg-functors F —
G: pretr(A) — B is uniquely determined by its restriction Fa — GOa: A — B:
this is because pretr(A) is obtained from A by iterated shifts and cones, which are
functorial, and the dg-functors F' and G preserve them. This proves fully faithfulness of
¢’y . Essential surjectivity is simple: given F': A — B, then by (2.3.12) we immediately
see that «951 o pretr(F') is in the essential inverse image of F. It should be noticed that
a quasi-inverse of 6 gives a left Kan extension of F' along 04 . O

Another important feature of the pretriangulated hull is that it behaves well under
quasi-equivalences:

Lemma 2.3.12 ([BLL04, Remark 4.12]). Let A and B be dg-categories. If F: A — B
is a quasi-equivalence, then pretr(F): pretr(A) — pretr(B) is a quasi-equivalence.

Until now, we have explored the “strict” notion of pretriangulated category: in a
strongly pretriangulated dg-categories, we require the existence of shifts and cones up
to dg-isomorphism. This is somewhat against the philosophy of homotopy theory, for
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which the relevant constructions should be the homotopy invariant ones. So, we want to
define a dg-category to be pretriangulated if it contains (functorial) cones and shifts up to
homotopy equivalence. This can be formalised as follows, recalling the characterisation
of Proposition 2.3.10:

Definition 2.3.13. Let A be a dg-category. We say that A is pretriangulated if the
restricted Yoneda embedding
Oa: A — pretr(A)

is a quasi-equivalence.

We shall come back to this notion in the following chapter; now, we just mention the
fundamental result which links pretriangulated dg-categories to triangulated categories:

Theorem 2.3.14. If A is pretriangulated, then H°(A) is a triangulated category, en-

dowed with the triangulated structure coming from A. Moreover, if F': A — B is a dg-

functor between pretriangulated categories, H'(F): H°(A) — H°(B) is an exact functor.
In particular, the category K(B) is triangulated for any dg-category B.

The proof of this theorem is quite long yet straightforward: it is analogous to the
proof that the homotopy category of complexes K(k) is triangulated. This serves as a
motivation of the following definition:

Definition 2.3.15. Let T be a triangulated category. A dg-enhancement (or simply
enhancement) of T is a pretriangulated dg-category A together with an exact equivalence
e: HY(A) — T.

The theoretical drawbacks of triangulated categories have motivated the research
on enhancements (existence and uniqueness problem). This is not the main interest of
this work, nonetheless we will encounter many examples of enhancement throughout the
thesis. Now, we just end the section (and the chapter) with a very simple characterisation
of quasi-equivalences between pretriangulated dg-categories:

Lemma 2.3.16. Let A and B be pretriangulated dg-categories, and let F: A — B be
a dg-functor. Then, F is a quasi-equivalence if and only if H°(F) is an equivalence of
triangulated categories.

Proof. Left as an exercise: actually only shifts are needed. O

Corollary 2.3.17. Let A and B be pretriangulated dg-categories, moreover let F €
Hage(A,B). Then, F is an isomorphism in Hqe if and only if H°(F) is an equivalence.

Proof. Represent F as a roof:
AZ QAL B.

If F is an isomorphism, then the above F’ is a quasi-equivalence, so in the end H° (ﬁ ) is
an equivalence. Conversely, if H O(ﬁ ) is an equivalence, then HY(F") is such, and so by
Lemma 2.3.16 it is a quasi-equivalence. We conclude that Fis an isomorphism in Hqe,
being represented by a roof of quasi-equivalences. ]



Chapter 3

Quasi-functors

In this chapter we go deeper into the homotopy theory of dg-categories: in particular, we
address the fundamental issue of quasi-functors, that is, the relevant “homotopy coherent
functors” between dg-categories. A way to describe them is by employing bimodules
and their derived categories. This approach also allows us to give a consistent notion of
adjoint quasi-functors.

3.1 The derived category

Let F' € Cqg(A) be a right A-dg-module. An important operation that can be performed
on F' is taking its cohomology H*(F'), which is defined termwise:

HY(F)(A) = H*(F(A)).
H*(F) is actually a right graded H*(A)-module, that is, a graded functor
H*(F): H*(A°?) — Gr(k)

(here Gr(k) denotes the graded category of graded k-modules). The right action of
H*(A) on H*(F) is defined by
[=][f] = [z f],
projecting the action of A to the quotient. Denoting by Gr(H*(A)) the graded category
of graded right H*(A)-modules, we obtain a graded functor
H*: 7*(Cagl(A)) — Gr(H" (A)),
F s H*(F),
(a: F — G) — H*(a),
where H*(a) is defined by H*(a)a([x]) = [@a(x)]. Restricting ourselves to degree 0
morphisms, we also get an ordinary functor

H*: C(A) — Gr(H*(A)),
where Gr(H*(A)) is the (ordinary) category of graded right H*(A)-modules.

41
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Remark 3.1.1. The above H*: Z*(Cqe(A)) — Gr(H*(A)) factors through the projection
functor Z*(Cyg(A)) — H*(Cqg(A)). Indeed, if a closed morphism a: F' — G satisfies
[a] = [0] in K(A), then H*(a) = 0. We abuse notation and write

H': H*(Cag(A)) — Gr(H'(A))
also for the induced functor. Restricting ourselves to degree 0 morphisms, we also get
H*: K(A) = Gr(H*(A)).

The above discussion can be specialised to degree 0 cohomology, yielding a k-linear
functor

H°: C(A) — Mod(H°(A)),

where the category Mod(H?(A)) is the k-linear category of right H%(A)-modules (that
is, k-linear functors H°(A)®® — Mod(k)). As above, we also have the induced functor,
defined on the homotopy category:

H°: K(A) — Mod(H"(A)). (3.1.1)

Remark 3.1.2. We warn the reader of the potential confusion arising between projecting
a closed morphism a: F' — G of right A-modules to [a]: F' — G in H*(Cqg(A)), and
taking its cohomology H*(«), which is a (graded) morphism of graded modules H*(F') —
H*(G). [a] is just the cohomology class of a “strict” morphism «, whereas H*(«) is the
actual graded cohomology of «, which in fact depends only on [a]. So, [@] is not a natural
transformation but, instead, an equivalence class of natural transformations; H*(«), on
the other hand, is a natural transformation at the homotopy level.

Definition 3.1.3. Let a: ' — G be a morphism in C(A). We say that « is a quasi-
isomorphism if

H*(a): H*(F) — H*(G)
is an isomorphism.

Now, we would like to identify dg-modules up to quasi-isomorphism. Naively, given
A-dg-modules F, G, we define F' ~ G if there exists a quasi-isomorphism a: F' — G.
This relation is reflexive (the identity map is a quasi-isomorphism) and transitive (the
composite of two quasi-isomorphisms is a quasi-isomorphism), but unfortunately it is
not symmetric. So, we define the quasi-isomorphism relation as the equivalence relation
generated by the above ~. In particular, F' and G are quasi-isomorphic if there exists a
zig-zag of quasi-isomorphisms:

F+—F —F+- - =G

in this case, we write F' X G. The machinery of localisations applies to this framework,
and leads to the following definition:
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Definition 3.1.4. Let A be a dg-category. The derived category D(A) of A is the
localisation of K(A) along quasi-isomorphisms:

D(A) = K(A)[Qis™1]. (3.1.2)

When A = k, viewing the base ring as a dg-category with a single object, its derived
category is by definition the derived category D(k) of complexes of k-modules. The well-
known results about D(k) have a direct generalisation to D(A) for any A. We recollect
them in the following statement.

Definition 3.1.5. Let A be a dg-category. A right A-dg-module M € C4g(A) is acyclic
if M(A) is an acyclic complex for all A € A (or, equivalently, if H*(M) = 0). The full
dg-subcategory of Cqg(A) of acyclic modules is denoted by Ac(A).

Proposition 3.1.6 ([Kel06, Lemma 3.3]). D(A) has a natural structure of triangulated
category such that the localisation functor 6 = da: K(A) — D(A) is exact.

A morphism a: F' — G in K(A) is a quasi-isomorphism if and only if its cone C(«)
is acyclic. Moreover, D(A) is the Verdier quotient of K(A) modulo the acyclic modules:

D(A) = K(A)/Ac(A). (3.1.3)

The localisation functor §: K(A) — D(A) can (and will) be assumed to be the
identity on objects. Morphisms in D(A) are represented by “roofs” in K(A):

FEF -G, (3.1.4)

where F' = F is a quasi-isomorphism. The idea is that F” is suitable resolution of F.
In particular, we may assume it is a h-projective resolution:

Definition 3.1.7. Let F' € Cy4g(A). F is h-projective if, for all N € Ac(A), the complex
Cag(A)(F,N) is acyclic. This equivalent to requiring that

H(Cag(A))(F,N) = K(A)(F,N) =0

for all N € Ac(A). The full dg-subcategory of Cqs(A) of h-projective dg-modules is
denoted by h-proj(A).

H-projective modules can be characterised as follows:

Proposition 3.1.8 ([BL94, Proposition 10.12.2.2]). Let P € Cqy(A) be a right A-dg-
module. Then, P € h-proj(A) if and only if

d: K(A)(P,M) — D(A)(P, M)
is an isomorphism for all M € Cqq(A).

Remark 3.1.9. From the above proposition, we see that any quasi-isomorphism between
h-projective dg-modules is actually a homotopy equivalence.
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The following result ensures the existence of h-projective resolutions, and explains
their features:

Proposition 3.1.10 ([Kel06, Proposition 3.1]). Any dg-module F' admits a h-projective
resolution, that is, a quasi-isomorphism

qr: Q(F) & F, (3.1.5)
natural in F' € K(A), where Q(F) is h-projective. Moreover, Q yields a fully faithful left

adjoint @Q: D(A) — K(A) to the localisation functor §: K(A) — D(A). The adjunction
is obtained as follows:

) (6(anr)~1)*

K(A)(Q(M),N) LN D(A)(Q(M),N D(A)(M,N). (3.1.6)

Lemma 3.1.11. h-proj(A) is a strongly pretriangulated full dg-subcategory of the dg-
category Caq(A).

Proof. 1t is sufficient to show that, if P € h-proj(A), then P[i] € h-proj(A) for all i € Z,
and that C(f) € h-proj(A) whenever f: P — P’ is a closed degree 0 morphism between
h-projective modules. Let M € Ac(A). Then:

K(A)(P[i], M) = K(A)(P, M[—i]) = 0,
because M[—i] € Ac(A), so Pi] € h-proj(A). Moreover, since K(A) is a triangulated
category, there is an exact sequence:
= K(A)(PA], M) — K(A)(C(f), M) = K(A)(P', M) — K(A)(P, M) = -+
So, since K(A)(P, M) and K(A)(P', M) are zero, the same is true for K(A)(C(f), M).
This tells us that C(f) € h-proj(A). O

Corollary 3.1.12. h-proj(A) is an enhancement of the derived category D(A). More
precisely, the functor

H(h-proj(A)) < K(A) 5 D(A) (3.1.7)
is an equivalence.

The above discussion can be dualised. In fact, morphisms F' — G in D(A) can also

be represented as “coroofs”:
F = R(F) «+ G,

where ' — R(F) is a h-injective resolution. The results discussed above have their
obvious counterparts. For the reader’s convenience, we state the definition of h-injective
dg-module and the analogue of Proposition 3.1.10:

Definition 3.1.13. Let A be a dg-category, and let F' € Cqz(A). F is h-injective if, for
all N € Ac(A), the complex Cyq(A)(N, F) is acyclic. This equivalent to requiring that

H(Cag(A))(N, F) = K(A)(N, F) =0

for all N € Ac(A). The full dg-subcategory of Cyqg(A) of h-injective dg-modules is
denoted by h-inj(A).
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Proposition 3.1.14 ([Kel06, Proposition 3.1]). Every dg-module F' admits a h-injective
resolution, that is, a quasi-isomorphism

rp: F = R(F), (3.1.8)

natural in F' € K(A), where R(F) is h-injective. Moreover, Q yields a fully faithful right
adjoint R: D(A) — K(A) to the localisation functor 6: K(A) — D(A). The adjunction
is obtained as follows:
D(A)(M, N) 2% p(A) (M, R(N)) 25 K(A)(M, R(N)). (3.1.9)
Remark 3.1.15. If M is an h-projective dg-module, then we may assume without loss
of generality that Q(M) = M. Analogously, if N is an h-injective dg-module, we may
assume that R(M) = M.
Moreover, notice that h-projectives (and their resolutions) can be defined also in
the opposite category K(A): they coincide with h-injectives (and their resolutions) in
K(A), and vice-versa.

Derived functors and derived adjunctions

Let A and B be dg-categories, and let F': K(A) — K(B) be an exact functor (in most
situation, it is induced by a dg-functor). A typical question is the following: does F
induce an exact functor F’: D(A) — D(B) such that the diagram

K(A) —£ K(B)

o,

D(A) " D(B)

is commutative? The answer is positive if F' preserves acyclic A-modules (or, equiva-
lently, quasi-isomorphisms). In this case, the induced functor F’ is often identified with
F itself.

In many situations, however, our given functor F': K(A) — K(B) does not preserve
acyclics; nevertheless, it always does when restricted to h-projective (or h-injective) dg-
modules:

Lemma 3.1.16. Let F': K(A) — K(B) be an ezact functor. Then, F maps dg-modules
which are both acyclic and h-projective (resp. acyclic and h-injective) to acyclics, or
equivalently it preserves quasi-isomorphisms between h-projective (resp. h-injective) dg-
modules.

Proof. Cones of morphisms between h-projective or h-injective dg-modules are easily
seen to be themselves h-projective or h-injective. So, recalling that quasi-isomorphisms
are precisely the morphisms whose cone is acyclic, it is clear that F' preserves quasi-
isomorphisms between h-projectives (resp. h-injectives) if and only if it maps dg-modules
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which are both acyclic and h-projective (resp. acyclic and h-injective) to acyclics. Now,
let M € K(A) be h-projective and acyclic (or h-injective and acyclic). By h-projectivity
(or h-injectivity) any quasi-isomorphism M — 0 is actually a homotopy equivalence. So,
F(M)~ F(0) =0 in K(B), in particular it is acyclic. O

Now, even if our functor F': K(A) — K(B) does not pass to the derived categories, it

induces the so-called derived functors. Abstractly, they are defined as Kan extensions':

Definition 3.1.17. Let F': K(A) — K(B) be a functor. A (total) left derived functor
LF of F is a right Kan extension of ég o F' along d4:

K(A) —2— K(B)

oo

D(A) . »D(B).

Dually, a (total) right derived functor RF of F is a left Kan extension of dp o F' along
0A.

Clearly derived functors, being Kan extensions, are uniquely determined up to iso-
morphism. The above Lemma 3.1.16 ensures that derived functors actually exist in our
framework, and the following proposition gives their concrete definitions, which is what
we will actually use. Its proof can be found in [Riel4, Theorem 2.2.8], in a more general
setting.

Proposition 3.1.18. Let A and B be dg-categories, and let F': K(A) — K(B) be an

exact functor. We know that F' preserves quasi-isomorphisms between h-projectives; then,

F admits a left derived functor, obtained as follows:
LF: D(A) — D(B),

(3.1.10)
LF =dgoFoQa

where Qa: D(A) — K(A) is the h-projective resolution functor of A.
Dually, we know that F preserves quasi-isomorphisms between h-injectives; then, F

admits a Tight derived functor, obtained as follows:
RF: D(A) — D(B),

3.1.11
RF = 6g o F o Ra, ( )
where Ra: D(A) — K(A) is the h-injective resolution functor of A.

Remark 3.1.19. We have observed that, if the functor F': K(A) — K(B) preserves
acyclics, then it directly induces a functor F': D(A) — D(B) between the derived cate-
gories. In this case, we don’t need to derive F', indeed we immediately see that

F~LF=~RF: D(A) - D(B).

'Here, we mean Kan extensions of ordinary (k-linear) functors: they are defined in a formally identical
way as Kan extensions of dg-functors.
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We will often encounter adjunctions between categories of dg-modules. As expected,
just as functors can be derived, the same is true for adjunctions:

Proposition 3.1.20. Let A and B be dg-categories, and let
FAHG: K(A) s K(B)
be an adjunction of exact functors. Then, there is a derived adjunction
LF 4RG: D(A) = D(B), (3.1.12)

which is obtained composing the three adjunctions Qa - 64, FF 4 G and ép - Rp.
Namely:

D(B)(LF(M),N) = D(B)(éBFQa(M),N)
B)(FQa(M), R(N))
(

(B)(
(B)(
(A)(Qa(M),GRg(N)) (3.1.13)
(A)(
(A)(

111

|

A)(M,oAGRB(N))

K
K
D
D(A)(M,RG(N)).

We conclude the discussion showing a typical example of derived adjunction. Let
F: A — B. We know that the restriction functor Resp: Cgqq(B) — Cqg(A) has a left
adjoint:

IndF . ResF: Cdg(A) = Cdg<B)

If M € Cqe(B) is acyclic, then its restriction Resp(M) is acyclic. So, Resp induces an
exact functor between the derived categories, which we also call Resp:

Resp: D(B) — D(A).
The functor Indg can be derived, yielding

LIndp: D(A) — D(B). (3.1.14)
The restriction functor doesn’t need to be derived, so we directly obtain the adjunction

LIndr 4 Resp.

As a final remark, we point out that L Indz preserves representable modules, just as
Indp (Proposition 2.2.12). In fact, since any representable h4 is h-projective (we will
prove this in the beginning of the next section), we may assume Q(h4) = h4, so that in
the end we have:

LIndg(ha) % hpa).
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3.2 The derived Yoneda embedding

Let A be a dg-category, and let A € A. Then, the right A-module h4 is h-projective.
Indeed, let N € Ac(A) be an acyclic module. Then, by Yoneda lemma:

K(A)(ha, N) = HY(N4) 0.
So, we see that the Yoneda embedding ha factors through h-proj(A), yielding
ha: A — h-proj(A). (3.2.1)

Taking H® and composing with the equivalence H°(h-proj(A)) = D(A) of Corollary
3.1.12, we obtain the so-called derived Yoneda embedding:

H°(A) < D(A). (3.2.2)

By definition, the essential image of this functor is the category qrep(A) of quasi-
representable right A-modules. Moreover, the derived Yoneda embedding allows us
to define “triangulated envelopes” of A. The following definition follows Keller’s termi-
nology (see [Kel06]):

Definition 3.2.1. Let A be a dg-category. The triangulated category associated to
A is the smallest strictly full® triangulated subcategory of D(A) which contains the
essential image of (3.2.2), and it is denoted by tria(A). Moreover, the category of perfect
objects per(A) is the smallest strictly full thick® triangulated subcategory of D(A) which
contains the essential image of (3.2.2).

Remark 3.2.2. The triangulated category per(A) is idempotent complete, that is, every
map e: X — X such that e? = e splits, namely, e = ¢gf for suitable morphisms f and
g such that fg = 1. Moreover, it can be shown that it is the idempotent completion of
tria(A).

Both tria(A) and per(A) have dg-enhancements. First, by Lemma 3.1.11, we have
that pretr(A) C h-proj(A). Next, consider the functor

HO(pretr(A)) € Ho(h-proj(A)) = D(A).

Since pretr(A) is the closure of A under taking shifts and cones (up to dg-isomorphism),
then the above functor restricts to an equivalence

HO(pretr(A)) = tria(A), (3.2.3)

so, as expected, pretr(A) is an enhancement of tria(A). Next, let us consider per(A).
Recall that an object C in a triangulated category T is compact if for any set of objects
T; € T, the natural map @, T(C,T;) — T(C,P,;T;) is an isomorphism. We have the
following:

2A subcategory is called strictly full if it is full and closed under isomorphisms.
3A triangulated subcategory is called thick if it is closed under direct summands.
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Lemma 3.2.3 ([Kel06, Corollary 3.7]). per(A) coincides with the subcategory of compact
objects of D(A).

So, perfect A-modules and compact A-modules coincide. Now, define pergy(A) as
the full dg-subcategory of h-proj(A) of the objects which are compact in the category
H°(h-proj(A)). Then, the fully faithful functor

H°(pergg(A)) — H°(h-proj(A)) = D(A)
has the compact objects of D(A) as essential image. So, it restricts to an equivalence
H°(pergg(A)) = per(A), (3.2.4)

which proves that pergqs(A) is an enhancement of per(A). Since pretr(A) C pergq(A),
the Yoneda embedding factors through perqy(A), yielding a dg-functor

A — pergg(A). (3.2.5)

Recall that a dg-category A is pretriangulated if the restricted Yoneda embedding A —
pretr(A) is a quasi-equivalence. There is a stronger notion, which is actually more useful:

Definition 3.2.4. Let A be a dg-category. We say that A is triangulated, following
Toén, see for instance [Toél1)) if the restricted Yoneda embedding

A — pergy(A)
is a quasi-equivalence.

Remark 3.2.5. We see immediately that A is pretriangulated if and only if the restricted
derived Yoneda embedding
HO(A) — tria(A)

is an equivalence; analogously, A is triangulated if and only if the restricted derived
Yoneda embedding
HY(A) < per(A)

is an equivalence. So, A is pretriangulated if and only if H°(A) is a triangulated sub-
category of D(A), and it is triangulated if and only if it is pretriangulated and it is
closed under direct summands in D(A). It is worth mentioning that, equivalently, A is
triangulated if and only if H°(A) is an idempotent complete triangulated subcategory
of D(A) (this is because per(A) is the idempotent completion of tria(A)). So, if an
idempotent complete triangulated category has an enhancement, this enhancement is
automatically triangulated.

The dg-category perqq(A) will be sometimes called the triangulated hull of A. As we
will see at the end of Section 3.5, it satisfies a universal property at the homotopy level.
It is worth mentioning that perqgs(A ), as pretr(A), is invariant under quasi-equivalences.
More precisely:
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Proposition 3.2.6 ([BLL04, Lemma 4.14]). Let F': A — B be a dg-functor. Then, the
induction dg-functor Indp preserves triangulated hulls, yielding:

pergg(F'): pergg(A) — pergg(B).
Moreover, if F' is a quasi-equivalence, then also perqg(F) is such.

In many situations of interest, dg-categories are obtained as triangulated hulls of
simpler dg-categories. We are going to make this precise, with the notion of generators.
Recall that a triangulated category T is generated* by a full subcategory E if T is the
smallest strictly full subcategory of itself which contains E; moreover, T is classically
generated by K if T is the smallest thick triangulated subcategory of itself which contains
E. Clearly, if E generates T, then it classically generates T.

Definition 3.2.7. Let A be a triangulated dg-category, and let E C A be a full dg-
subcategory. We say that A is generated by E if H°(A) is classically generated by
HO(E).

Remark 3.2.8. The definition of generators of a triangulated dg-category is well behaved.
In fact, by [LO10, Proposition 1.16] (keep Corollary 2.3.17 in mind when applying it),
we see that if E generates A, then A is quasi-equivalent to pergqs(E). Conversely, if

AL pergg(E), then clearly A is generated by a full dg-subcategory quasi-equivalent to
E.

3.3 Derived Isbell duality

In this section, we study a duality result between dg-modules (and also bimodules)
which is a vast generalisation of the duality of vector spaces over a field. It is called
Isbell duality, after John Isbell (see [Wo082| for a reference). Our notation here follows
the one found on the nLab?.

Proposition 3.3.1 (Isbell duality). Let A be a dg-category. There is a dg-adjunction
O 4 Spec: Cqg(A) = Cag(AP)P, (3.3.1)
where O and Spec are defined as follows:

O(X)a = Cag(A)(X, ha),
Spec(M)? = Cag(A°P) (M, h™).

Proof. We have to prove that there is a natural isomorphism of complexes:

Cag(AP) (M, O(X)) = Cag(A)(X, Spec(M)). (3.32)

“We warn the reader for potential confusion of terminology in literature. Some authors (for example,
see [BLLO4]) give a different meaning to the word “generated”.
®ncatlab.org/nlab/show/Isbell+duality
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We compute:
Cag(A°P) (M, O(X)) g/ACdg(k)(l\h’O(X)A)
= | oM, Ca(A)(X. 1))

= [, Car901a, [ Car9X 1)

Il

/ Cag(k)(Ma ® X', hY)

AJA

= / /A Cag(k) (XY, Cag (1) (Ma, 11))

= || Casll) (X7, Cag(AP)(M, 1))

>~ Cye(A) (X, Spec(M)). -

O and Spec admit derived functors, by Proposition 3.1.18. So, we obtain the left
derived functor

LO: D(A) — D(A%),

(3.3.3)
LO(X) = O(Q(X)).
Analogously, Spec induces the right derived functor
R Spec: D(A°P)P — D(A),
pec: D(A®) — D(A) 554

R Spec(M) = Spec(Q(M)).

Notice that we employed the h-projective resolution even for R Spec, because of con-
travariance. By Proposition 3.1.20, we get the derived adjunction

LO 4 R Spec: D(A) — D(A%)°P, (3.3.5)

which we call derived Isbell duality.
An object X € Cgo(A) is called Isbell autodual if the unit X — Spec(O(X)) is an
isomorphism. If X = hy4 is represented by A € A, then

O(X) = O(ha)
= Cag(A)(ha, )
= A4, ) = b,

and analogously

Spec(h?) = Cag(A°P) (A, h7)
=A(—,A) =ha.
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In the end, we have isomorphisms
ha = Spec O(hy),
p = O(Spec(h™)),

natural in A € A. By Proposition 1.2.14, we deduce that A-dg-modules of the form h 4
are Isbell autodual, and also, more precisely:

Lemma 3.3.2. The dg-adjunction O - Spec restricts to an adjoint dg-equivalence
rep(A) < rep(A°P)*,

where rep(A) denotes the dg-category of representable right A-modules.
Analogously, the induced adjunction H°(O) - H(Spec) restricts to an adjoint equiv-

alence
hrep(A) < hrep(A°P)°P

where hrep(A) denotes the full subcategory of K(A) of A-modules X such that X ~ ha
for some A € A.

With a little more work, we are able to establish a similar result for the derived
adjunction LO - R Spec:

Proposition 3.3.3. The adjunction LO 4 R Spec restricts to an adjoint equivalence
qrep(A) = qrep(A°P)°P,

where qrep(A) is the full subcategory of D(A) of quasi-representable A-modules: X €
qrep(A) if and only if X is quasi-isomorphic to hs for some A € A.

Proof. Let A € A. Then:

LO(ha) = O(Q(ha))

= Cag(A)(Q(ha), h-)

X Cag(A)(ha, h_)

>~ pA

and analogously R Spec(h?) T ha. The quasi-isomorphism Cge(A)(Q(ha),h-) <
Cag(A)(ha,h-) induced by g: Q(ha) — ha comes from the fact that both Q(h4) and
h 4 are h-projective; it is actually a homotopy equivalence. Since ¢ is natural in K(A), we
deduce that LO(h4) %X h4 and R Spec(h?) X hy are natural in A € HO(A) — D(A).

So, we have natural isomorphisms
ha & RSpec(LO(hy4)),
h L LO(R Spec(h™)),

and since qrep(A) is the isomorphism closure of the image of HY(A) in D(A), we conclude
with the desired claim. d
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Duality for bimodules

(Derived) Isbell duality extends to bimodules. First, let us introduce some notation:

(A,B)
K(A,B) = K(B ® A°P),
D(A,B) = D(B @ A°P),
h-proj(A, B) = h-proj(B @“ A°P).

These definitions are justified by the observation that a dg-bimodule F' € Cqz(A,B)
(covariant in A, contravariant in B) can be seen as a dg-functor F': A — C4g(B). Also,
remember that by Corollary 3.1.12 the dg-category h-proj(A,B) is an enhancement of
D(A,B).

Isbell duality generalises quite directly to the following:

Proposition 3.3.4. Let A, B be dg-categories. There is a dg-adjunction
L4 R: C4e(A,B) = Cqe(B,A)P, (3.3.6)

where L and R are defined by

L(T)5 = O(Ta)p = Cag(B)(Ta, hi),
B ANB A LB (3.3.7)
R(S)a = Spec(57)7 = Cag(B*) (57, h7).
Proof. We have to prove that there is a natural isomorphism of complexes:
Cag(B, A)(S. L(T)) = Cay(A, B)(T. R(S)). (3.3.8)

We compute:
Cas(B,A)(S, L(T)) = | Cag(B)(8,O(T)
> [ Ca(B®)(T, Spec(s™)
=~ Caq(A,B)(T, R(S)),

where the second isomorphism of the chain follows from the Isbell duality isomorphism
(3.3.2) of B. O

By Proposition 3.1.18, L and R can be derived, and in the end we obtain the derived
adjunction:

LL4RR: D(A,B) = D(B,A),
LL(T) = L(Q(T)), (3.3.9)
RR(S) = R(Q(S)).
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The above definitions employ h-projective resolutions of bimodules. A bimodule
T € Cqg(A,B) induces right B-modules T4 and left A-modules 75, for all A € A and
B € B. A very useful result is that an h-projective resolution of T induces componentwise
h-projective resolutions of T4 and T'” (for all A and all B), as explained in the following
lemma:

Lemma 3.3.5 (see [CS15, Lemma 3.4]). Let A, B be h-projective dg-categories. Let T &
Cag(A,B) be an h-projective bimodule. Then, for all A € A, Ty € Cyg(B) is h-projective.
Analogously, for all Be B, TB ¢ Cag(A°P) is h-projective. In particular, if ¢: Q(T) —
T is an h-projective resolution of T, then qa: Q(T)a — Ta and ¢®: Q(T)? — TP are
h-projective resolutions respectively of T4 and TB, for all A € A and B € B. Without
loss of generality, we may set Q(T)4 = Q(T4) and Q(T)P = Q(TP).

The adjunction L 4 R and its derived version LL 4 RR are strictly related to the
(derived) Isbell duality adjunction. indeed, we have the following:

Lemma 3.3.6. Let A, B be dg-categories. Let T € Cqg(A,B) and S € Cye(B, A). Let
n: T — RL(T) and e: S — LR(S)® be the unit and counit morphisms of the adjunction
L+ R, calculated in T and S. Then, for all A € A, the morphisms na: Tq4 — RL(T) 4
andeq: 84 — LR(S)A are the unit and counit maps of the Isbell duality of B, calculated
in Ty and SA.

Proof. We rewrite the adjunction L 4 R as follows:
[, CacBPIS LT = [ Caon(B)Ta, RIS,

By definition, L(T)4 = O(T4), R(S) 4 = Spec(S4), and there is a commutative diagram
for all A € A:

[ Can®P)SA LT s [ Cag(B)(T, R(S))
A A

| |

Cag(BOP) (4, L(T)A) —— Cay(B)(Ta, R(S) ).

The vertical arrows are the natural maps associated to the written ends; the “downstairs”
isomorphism is precisely the Isbell duality adjunction of B, and our claim immediately
follows. O

The above result immediately extends to the homotopy level adjunction H?(L)
H°(R), and also to the derived adjunction LL - RR:

5We view the counit as a map in Cag(B, A): this explains the seemingly “wrong direction” of the
arrow.
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Corollary 3.3.7. Let A,B be dg-categories, and let T € D(A,B),S € D(B,A). Let
7: T — RR(LL(T)) and £: S — LL(RR(S)) be the unit and counit morphisms of the
derived adjunction ILL 4 RR, calculated in T and S. Then, for all A € A, the morphisms
fa: Ta — RR(LL(T))a and Ea: S* — LL(RR(S))* are the unit and counit morphisms
of the derived Isbell duality of B, calculated in Ta and S™.

Proof. For simplicity, assume that A and B are h-projective, identifying them with their
h-projective resolutions. Let A € A. There is an obvious dg-functor

(—)a: Cag(A,B) — Cqg(B),
T — TA.

This dg-functor clearly preserves acyclic modules, hence it induces a functor
(—=)a: D(A,B) — D(B).

Recall that, by Lemma 3.3.5, if ¢: Q(T) — T is an h-projective resolution of T, then
qa: Q(T)a = Q(T4) — T4 is an h-projective resolution of T)4. The functor @ is left
adjoint to the localisation functor; recalling how this adjunction is obtained (formula
(3.1.6)), we see that the diagram

K(A,B)(Q(T), T") —— D(A,B)(T,T")
)A

(- J()A

K(B)(Q(Ta),T}y) —— D(B)(Ta, T}).

is commutative. This, combined with the above lemma and with the definition of the
adjunction LL 4 RR as a composition of adjunctions (Proposition 3.1.20), gives us the
claim regarding the unit 7. A similar argument gives the other part of the statement. [

Now, let T € Cqg(A,B) be a right representable bimodule, that is, for all A € A,
Ta = hp(ay for some F'(A) € B. Then, we have that

L(T)" = O(Ta)

= O(hpa))
o~ (A

So, L(T) is left representable. Analogously, if S € Cqy(B, A) is left representable, that is,
S4 = pG(A) for all A € A, then R(S) is right representable, and in particular R(S), =2
hgay for all A. So, the duality L - R sends right representables to left representables,
and vice-versa. A similar observation can be done at the homotopy level: call a bimodule
T € Cag(A, B) right homotopy representable if Ty = hp(4) for some F(A) € B, for alla
A € A. Then, a similar computation as above shows that L(T)* ~ hf(4) so that L(T) is
left homotopy representable. Vice-versa, if S € Cyq(B, A) is left homotopy representable,
then R(S) is right homotopy representable. More precisely, we have the following:
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Lemma 3.3.8. Let A,B be dg-categories. The dg-adjunction L 4 R restricts to an
adjoint dg-equivalence

rep” (A, B) = rep (B, A)™,

where rep” (A, B) is the full dg-subcategory of right representable bimodules in Cqg(A,B),
and rep! (B, A) is the full dg-subcategory of left representable bimodules in Cag(B, A).

Analogously, the homotopy adjunction HO(L) - HY(R) restricts to an adjoint equiv-
alence

hrep"(A,B) = hrep! (B, A)Op,

where hrep” (A, B) and hrep! (B, A) denote respectively the full subcategories of K(A,B)
and K(B, A) of right (or left) homotopy representable bimodules.

Proof. This is a direct application of Lemma 3.3.6. For instance, to show that the unit
n: T — RL(T) is an isomorphism when T € rep”(A,B), or a homotopy equivalence
when T € hrep”(A, B), it is sufficient to show that the components n4: T4 — RL(T) 4
are such for all A € A. But by hypothesis T4 € rep(B) (or hrep(B) in the case of
homotopy right representability), so by Lemma 3.3.2 we are done. O

A similar result as above holds for the derived duality LL 4 RR. Call a bimodule
T € Cqg(A, B) right quasi-representable if Ty B hp(ay for some F(A) € B, forall A € A;
analogously, a bimodule S € C4g(B, A) is called left quasi-representable if 54 K pGA)
for some G(A) € B, for all A € A. We have the following:

Proposition 3.3.9. Let A,B be dg-categories. The derived adjunction LL 4 RR re-
stricts to an adjoint equivalence

qrep” (A, B) = qrep’ (B, A)Op,

where qrep” (A, B) is the full subcategory of D(A,B) of right quasi-representable bi-
modules, and qrep'(B, A) is the full subcategory of D(B,A) of left quasi-representable
bimodules.

Proof. This is an application of Corollary 3.3.7. For instance, to show that the unit
n: T — RR(LL(T)) is an isomorphism in D(A,B), it is sufficient to show that 74 is
an isomorphism in D(B) for all A. This follows directly by Proposition 3.3.3, since by
hypothesis T4 € qrep(B) for all A € A. O
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3.4 The bicategory of bimodules; adjoints

An interesting feature of bimodules is that they can be viewed as “generalised functors”.
We will sometimes write F': A ~» B meaning F' € Cq5(A, B). Given bimodules F': A ~~
B and G: B ~ C, we can define their composition G ¢ F': A ~» C, as follows:

B
(GoF)S :/ FB®GS. (3.4.1)

Applying the dg-functoriality of coends, we find out that ¢ is dg-functorial in both
variables, hence giving rise to dg-bifunctors

— O —: Cdg(B,C) ®Cdg<A,B) — Cdg(A,C). (3.4.2)

In particular, if ¢: FF — F’ and ¢: G — G’ are dg-natural transformations, we have
dg-natural transformations ¢ F: Go F — G' o F and Gop: Go F — Go F'.

By co-Yoneda lemma, the diagonal bimodules act as (weak) units for this composi-
tion:

A
FohA:/ ht @ F4 2 F,
. (3.4.3)
hBoF:/ FB@hp~F,

given F': A ~» B. Moreover, the composition is weakly associative. indeed, given
F:A—-B,G:B— C,H: C— D, we have:

C
Ho(GoF) :/ (GoF)° ® He

[ ([ #recs) o

B rC
g/ / FP o (GG @ He)

B C
g/ FB®</ G%@HC>

B
:/ FB (HoG)p
=(HoG)oF,

where we used Fubini’s theorem and the cocontinuity of the tensor product.
Another interesting property of the composition ¢ is that it preserves h-projective
bimodules:

Lemma 3.4.1. Let A, B, C be h-projective dg-categories. Let F': A ~~ B and G: B ~ C
be h-projective bimodules. Then, G o F' is h-projective.
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Proof. Let N € Cqe(A, C) be acyclic. We compute:

Cag(A, C)(GoF N) = | Cag(K)((Go F)4,N{)

B
= [ Cap(k) (/ Ff@Gg,Ng>
A,C

= Cag(k)(FX ® G, NY)
A,B,C

= Cag(k)(FY, Cag(k) (G, NF))
A,B,C

> [ Casll)(FF. Cay(O)(Gp. No)

= Cdg(A7 B)(F> Cdg(c)(G—¢ N—))
Now, (4, B) — Cqg(C)(Gp, Na) is acyclic, indeed:

H'(Cag(C)(Gp, Na)) = H°(Cag(C)(Gp, Nali])
= K(C)(GB, Nalil),

and Gp is h-projective by Lemma 3.3.5, so K(C)(Gp, N[i]) = 0. Hence, since F' is
h-projective, Cqg(A,B)(F, C4g(C)(G-, N-)) is acyclic, and we are done. O

There is a derived version of the composition ¢. Namely, given F' € D(A,B) and
G € D(B, C), we set
GEF=Q(G)oQF) X GoQF) X Q(F) oG (3.4.4)

taking h-projective resolutions of either F' or G. The composition o is defined up to
quasi-isomorphism, and it is functorial, as we can expect, in the sense that it gives
bifunctors

— ol —:D(B,C)®D(A,B) — D(A,C). (3.4.5)

By the above Lemma 3.4.1, Q(G) o Q(F) is always h-projective, so we may prove directly
that ol is weakly associative and unital. indeed:

Ho (Gt FY=Q

and

Folha =Q(F)oha = Q(F)

e

hg o F = hg o Q(F) = Q(F)
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The composition ¢ and its derived version o* are indeed part of bicategorical structures.

Namely, we have the (dg-)bicategory Bimod whose objects are dg-categories, with 1-
morphisms and 2-morphisms respectively given by the objects and the morphisms of the
dg-categories Cqo(A,B); in the derived setting, we have the bicategory DBimod whose
objects are dg-categories, with 1-morphisms and 2-morphisms given respectively by the
objects and the morphisms of the categories D(A, B). We won’t study these structures in
full detail; however, it is interesting to explore the notion of adjointness and its relation
to (quasi)-representability.

Definition 3.4.2. Let F': A ~~ B and G: B ~» A be l-morphisms in Bimod. We
say that ' 4 G (F is left adjoint to G) if there exist (closed, degree 0) 2-morphisms
n: ha — Go F and €: F ¢ G — hp such that the following triangular identities are
satisfied:

(F2Foha 2% Fo(GoF)2(FoG)oF &5 hgo F = F) =1p,

(G2 haoG TS (GoF)oG2Go(FoG) S5 Gohp 2 G) = 1g.

The definition of adjoint 1-morphisms in DBimod is analogous (replace ¢ with the
derived composition o).

Given T € Cqg(A, B), we could expect that its dual L(T") (or R(T")) were adjoint to T'.
This is not true in general, but it is provable under the right (or the left) representability
assumption. First, notice that there is a (closed, degree 0) morphism in Cqg(A, A), dg-

natural in 7"
n: L(T)oT — Cdg(B)(T_,T_). (3.4.6)

Indeed, write:
B
(L) o Tk = [ TH e L)
B B
:/ T5 © Cag(B)(T4, hip)

B
= / Cdg(B)(hB,TA/) ®Cdg(B)(TA,hB).
It is directly checked that the diagram
Cag(B)(hpr, Tar) ® Cag(B)(Ta, hp) —— Cag(B)(hp, Tar) @ Cag(B) (T, h)
Cag(B)(hp, Tar) ® Cag(B)(Ta, hp) —————— Cag(B)(Ta, Tw)

is commutative for all B — B’ in B, where the arrows arriving in Cqg(B)(T'a,Ta/) are

given by composition, and they are natural in A, A’. Hence, by the universal property
of the coend, we find our desired map. There are also (closed, degree 0) maps

e:ToCuqe(B)(T-,T-) =T, (3.4.7)

et Cag(B)(T-,T-) o L(T) — L(T). (3.4.8)
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The morphism (3.4.7) is induced by the maps
Cag(B)(Ta,Tw) ® TH — T4,
p e P (z),
natural in A" and B. Moreover, (3.4.8) is induced by the composition maps
Cag(B)(Ta, hp) ® Cag(B)(Tar, T4) = Cag(B)(Tar, hp),

natural in A" and B. In a similar fashion as for (3.4.7), we get a candidate counit
morphism:
e: To L(T) — hg. (3.4.9)

indeed, this morphism is induced by the maps:
Cag(B)(Ta, hp) @ TE — b,
pRa (),
natural in B and B’. Also, we have the morphism
t: ha — Cqe(B)(T-,T-),

induced by the action of T" on morphisms of A. The following result tells us that the
adjunction T' = L(T) is not very far from being obtained.

Lemma 3.4.3. The diagram

T—= 5 Tohy —2ToChy(B)T_,T ) ——T
Ton TN (3.4.10)

To(L(T)oT) —— (ToL(T))oT —L 5 hgoT

is commutative, and the top row composition is the identity 1.
Analogously, the diagram

toL(T)

L(T) —= s ha o L(T) — =1 Cag(B)(T, T_) o L(T) —<— L(T)

y TN (3.4.11)
~ L(T)oe
(L(T)oT)o L(T) ——— L(T) o (T o L(T)) ——— L(T) o hp
is commutative, and the top row composition is the identity 1pr).
Proof. They are all direct computations, which we leave to the reader. O

Taking h-projective resolutions of 7" and of LL(T'), and projecting every morphism
in the derived category, we get the derived version of the above lemma:



3.4. THE BICATEGORY OF BIMODULES; ADJOINTS 61

Lemma 3.4.4. The diagram

Tolt

T—"—Tolhg —— T Cee(B)Q(T)-,Q(T)-) —=——T
To'n TN (3.4.12)
T o (LL(T) o T) — 5 (T LL(T)) o T —= T pg ol T

is commutative, and the top row composition is the identity 1p.
Analogously, the diagram

qis tol L(T)

LL(T) = ha o LL(T) —— Cag(B)(Q(T)—, Q(T)-) o~ LL(T) — < L LL(T)
nolLL(T TN
(LL(T) o T) oF LL(T) —=—— LL(T) o (T o“ LL(T)) LIt LL(T) o hg

(3.4.13)
is commutative, and the top row composition is the identity ly,r(T).

Proof. 1t follows immediately from Lemma 3.4.3. Remember to compose with the h-

projective resolutions T’ X Q(T) and LL(T) X Q(LL(T)), at the start and the end of
the top rows of both diagrams. O

Now, we see that the obstruction for L(T') to be adjoint to T lies in the morphism
(3.4.6) (or its derived version). For instance, if it is a natural isomorphism, then we may
define the unit morphism

n=n"tt:ha = L(T)oT,

and Lemma 3.4.3 tells us immediately that 77 4 L(7T). Analogously, if the derived
morphism n: LL(T) o T — Cyqg(B)(Q(T)—,Q(T)-) is a quasi-isomorphism, then we
have a unit morphism 7 in the derived category, and Lemma 3.4.4 tells us that T" 4
LL(T). A sufficient condition for n to be (in some sense) invertible is actually the right
(quasi-)representability of T":

Proposition 3.4.5. If T' € Cq,(A,B) is right representable, then (3.4.6) is an isomor-
phism. If it is Tight homotopy representable, then it is a homotopy equivalence.

If T € D(A,B) is right quasi-representable, then (3.4.6) induces a quasi-isomorphism
(that is, the derived map

n: LL(T) 0" T — Cag(B)(Q(T)-, Q(T)-)

is a quasi-isomorphism).
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Proof. Assume that T4 = hpy) or Tag = hp) for all A € A. Then, we have a
commutative diagram:

B
/ T5 © Cag(B)(Ta, hi) — " Cag(B)(Ta, T')

~
~

Q

B
/ hpan ® Cag(B)(hp(ay, hp) Cag(B)(hrays hran)

~ ~

B
F(A ~ F(A
/ B an ® hg hF§A2).

The lower vertical arrows, labeled with ~, are given by the Yoneda lemma; the lower
horizontal arrow is the co-Yoneda isomorphism. By dg-functoriality, the upper vertical
arrows, labeled with &, are isomorphisms if T is right representable, homotopy equiva-
lences if T' is homotopy right representable. So, in the first case, n is an isomorphism,
and in the other case n is a homotopy equivalence.

In the derived setting, just replace T with its h-projective resolution Q(7"). Then,
since Q(T') a and hp(4) are h-projective for all A, the quasi-isomorphism Q(7') 4 L h F(A)
is actually given by a homotopy equivalence; we apply the above argument and conclude
that n is a quasi-isomorphism, when viewed in the derived category. O

Corollary 3.4.6. If T € Cqg(A,B) is right representable, then there is an adjunction
T 4 L(T) in Bimod. If T € D(A,B) is right quasi-representable, then there is an
adjunction T +LL(T') in DBimod.

Moreover, if S € Cqg(B, A) is left representable, then there is an adjunction R(S) -

S in Bimod. If S € D(B,A) is left quasi-representable, then there is an adjunction
RR(S) - S in DBimod.

Proof. The first part of the assertion follows directly from Proposition 3.4.5 and the
above discussion. The second part is a consequence of Lemma 3.3.2 and Proposition
3.3.3. Indeed, if S is left representable, then R(S) is right representable, so we have
R(S) 4 LR(S), but LR(S) = S, and we are done. A similar argument in the derived
setting shows that RR(S) - S. O

3.5 Quasi-functors

Let T' € Cqg(A,B) be a right representable bimodule, and assume T4 = hp(y4) for all
A € A. Then, there is a (unique) way to define a dg-functor F': A — B such that the
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above isomorphisms are natural in A:

T —— hF(A)

JTf th(n

TA/ — hF(A’)-

However, if T € D(A,B) is right quasi-representable, T4 B hr(a), then the above
technique fails. Indeed, for all f: A — A’ in A, consider the following diagram:

qis
TA — hF(A)

Ty
qis ~

TA’ i} h’F(A’)

For simplicity, assume that T4 is h-projective for all A, so that the above horizontal
quasi-isomorphisms are actually homotopy equivalences. Then, we are led to define
he(ry: hpa)y — hpary by choosing a weak inverse of T4 ~ hp(4) and composing with
Ty and a representative of Tyr ~ hp(ar). This gives us an arrow F(f): F(A) — F(A'),
but this arrow is not uniquely determined (it is just “unique up to homotopy”), so we
are unable to obtain a dg-functor from this, even if we could in fact show that our
attempt to define F' gives a “weak (homotopy coherent) dg-functor”. In fact, right
quasi-representable bimodules are themselves higher categorical gadgets: they are called
quasi-functors.

The category of quasi-functors from A to B, which we called qrep” (A, B), is usu-
ally denoted by rep(A,B) in literature (see, for instance, [Kel06]). In order to avoid
confusion, we will stick to our (non standard) notation. Often, we will allow ourselves
to write T: A — B to mean that T is a quasi-functor from A to B. The composition
ol descends to quasi-functors, namely, if T € qrep”(A,B) and S € qrep”(B, C), then

S ol T € qrep”(A, C). Indeed, assume that T4 S hpay and Sp X hgpy for all A € A
and B € B. Then:

B B
(So™T)a= / QME®Q(S)p ~ / hPa) ® has) = haray), (3.5.1)

where the last isomorphism follows by co-Yoneda lemma. It is also worth remarking that
any dg-functor F': A — B can be identified with a quasi-functor, namely, the bimodule
hp. Moreover, notice that the composition of F' with a quasi-functor (actually, any
bimodule) G: B — C yields the following:

B
(G Fla= [ @@
= Q(G) pa) (3.5.2)

qis

~

~ Gray,
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dg-functorially in A, for F' is a dg-functor. Clearly, the above computation gives a
similar result also for the (underived) composition ¢. Now, corollary 3.1.12 immediately
specialises to the following:

Corollary 3.5.1. The full dg-subcategory h-proj"™? (A, B) C h-proj(A,B) of h-projective
right quasi-representable bimodules is an enhancement of qrep” (A, B). More precisely,

the equivalence
H°(h-proj™”" (A, B)) = qrep’ (A, B)
is obtained from (3.1.7) by restriction.

The dg-category h-proj™" (A, B) can be thought as the dg-category of quasi-functors
from A to B. By the above computation (3.5.1) and by Lemma 3.4.1, we see that the
composition ¢ preserves h-projective right quasi-representable bimodules, and in fact it
gives dg-bifunctors

— ¢ —: h-proj"” (B, C) ® h-proj"" (A, B) — h-proj"” (A, C). (3.5.3)

The relevance of h-proj™ (A, B) lies in the fact that it is an incarnation of the internal
hom RHom(—, —) of the monoidal category Hqe:

Theorem 3.5.2 ([Toé07], [CS15]). There is a natural bijection:
Hqe(A @ B, C) = Hqe(A, h-proj™ (B, C)),
which lifts to a natural quasi-equivalence:
h-proj™” (A @ B, C) = h-proj™ (A, h-proj"""(B, C)).

From now until the end of this chapter, we identify the dg-category RHom(A, B) to
h-proj" (A, B), and moreover we identify H°(RHom(A,B)) to the category of quasi-
functors qrep” (A, B). Nevertheless, we mention that we will sometimes employ the term
quasi-functor from A to B to mean an element of H°(RHom(A,B)), regardless of the
chosen “incarnation” of RHom(A,B); moreover, we will often simplify notation and
denote the composition of quasi-functors by o or even juxtaposition. We conclude the

present discussion mentioning the “homotopy universal properties” of the pretriangu-
lated envelope pretr(A) and the triangulated hull per(A).

Proposition 3.5.3 ([Kel06, Paragraph 4.5]). Let A, B be dg-categories, and assume
that B is pretriangulated. Then RHom(A,B) is pretriangulated. Moreover, there is a
natural quasi-equivalence:

RHom (pretr(A), B) — RHom(A, B), (3.5.4)
induced by the Yoneda embedding A — pretr(A).

Proposition 3.5.4 ([Toé07, Theorem 7.2], [CS15, Corollary 4.2]). Let A,B be dg-
categories, and assume that B is triangulated. Then RHom (A, B) is triangulated. More-
over, there is a natural quasi-equivalence:

RHom (pergq(A), B) = RHom(A, B), (3.5.5)
induced by the Yoneda embedding A — perqqg(A).
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Adjoints

The results of Section 3.4 allow us to give a simple working characterisation of adjunc-
tions of quasi-functors. Given quasi-functors 7: A — B and S: B — A, we say that T
is left adjoint to S (and S is right adjoint to T') simply if T'4 S as bimodules, that is,
in the bicategory DBimod. Now, since T is a quasi-functor, then we have the adjunction

T 4 LL(T), and so S B LL(T) (adjoints are always unique up to isomorphism). In
particular, S is left quasi-representable, and we have the adjunction RR(S) - S, so we

also deduce that T % RR(S). In conclusion, we get the following result:

Proposition 3.5.5. A quasi-functor T: A — B has a left adjoint if and only if it is
left quasi-representable. Moreover, it has a right adjoint if and only if LL(T) is right
quasi-representable.

There are sufficient hypotheses on the dg-categories that guarantee the existence of
adjoints. They are, in some sense, particular finiteness conditions:

Definition 3.5.6. Let A be a dg-category. We say that A is locally perfect if A(A, A")
is a perfect k-module: A(A, A’) € per(k) for all A, A’ € A. We say that A is smooth if
the diagonal bimodule is perfect: ha € per(A ®@“ A°P).

Remark 3.5.7. It is worth mentioning that a dg-category A is smooth (resp. locally
perfect) if and only perqs(A) is smooth (resp. locally perfect): see [TV07, Lemma 2.6].

We need a result adapted from [TV07, Lemma 2.8]:

Lemma 3.5.8. Let A, B be dg-categories, and let T € D(A,B) be a bimodule. If A is
locally perfect and T is a perfect bimodule, then T4 is a perfect right B-module for all
A € A. Analogously, if B is locally perfect and T is perfect, then TB is a perfect left
A -module for all B € B.

Conversely, if A is smooth and Ty is perfect for all A € A, then T is a perfect
bimodule. Analogously, if B is smooth and T® is perfect for all B € B, then T is
perfect.

Now, we are able to prove the existence result of adjoints of quasi-functors:

Theorem 3.5.9. Let A, B be dg-categories. Assume that A is triangulated and smooth,
and that B is locally perfect. Let T: A — B be a quasi-functor. Then, T admits both a
left and a right adjoint.

Proof. By hypothesis, T4 is quasi-representable, in particular perfect, for all A € A.
So, by Lemma 3.5.8, T is a perfect bimodule. Since B is locally perfect, then 77 is a
perfect left A-module for all B € B. But A is triangulated, so we conclude that T2
is quasi-representable for all B € B, hence we conclude that T has a left adjoint, by
Proposition 3.5.5.

To prove the existence of the right adjoint, we apply a similar argument to LL(T).
Since T is right quasi-representable, then LL(T) is left quasi-representable, that is,
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]LL(T)A is quasi-representable, in particular perfect, for all A € A. Since A is smooth,
we have that LL(T) is a perfect bimodule; since B is locally perfect, we deduce that
LL(T)p is a perfect right A-module for all B € B. Since A is triangulated, LL(T)p
is quasi-representable for all B € B, so in the end LL(T') is both left and right quasi-
representable, and by Proposition 3.5.5 we conclude that 7" has a right adjoint. ]

Remark 3.5.10. The above result is mentioned in [TV15], under stronger assumptions on
the dg-categories, namely, saturatedness: see [TV07, Definition 2.4]. If a dg-category A
is saturated, then in particular it is triangulated and H°(A) is saturated as a triangulated
category ([TVO08, Appendix A]), that is, any covariant or contravariant cohomological
functor H°(A) — Mod(k) of finite type is representable. It is an easy exercise to show
that exact functors between saturated (and Ext-finite) triangulated categories admit
adjoints: Theorem 3.5.9 can hence be viewed as an enhancement of this result in the dg
framework.

3.6 The abstract dg-lift problem

As we know, any bimodule 7' € Cqg(A, B) induces a H(A)-H®(B)-bimodule, obtained
by taking degree 0 cohomology: H(T)% = H°(TF). This mapping, analogously to
(3.1.1), is functorial in the following sense:

H°: K(A,B) — Mod(H"(A), H(B)), (3.6.1)

where we set Mod(H%(A), H°(B)) = Mod(H°(B) ® H°(A)"), the category of HO(A)-
H°(B)-bimodules. If T € qrep”(A,B) is a quasi-functor (for simplicity, assume that
A and B are identified with their h-projective resolutions), then H?(T)4 = H%(T4) &
H(hp(4)) is the right H°(B)-module represented by F(A); hence, H°(T) is right rep-
resentable as a H°(A)-H°(B)-bimodule, and in particular it yields a functor H°(A) —
H°(B), which we denote by H°(T), abusing notation. The mapping T — H°(T) is
easily seen to be functorial, and in the end we get a functor

dA7B. H9(RHom(A,B)) — Fun(H°(A), H°(B)), (3.6.2)

which is actually a revisitation of the H functor (3.6.1). En passant, it is worth men-
tioning that this functor preserves adjunctions:

Lemma 3.6.1. An adjunction T 4 S: A = B of quasi-functors induces an adjunction
of functors H(T) 4 H°(S): H°(A) = HY(B).

Proof. By hypothesis we have:

H°(T)4 = H(B)(—, F(4)),
H°(S)p = H°(A)(—,G(B)),
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and there is a unique way to define functors F': H(A) — H%(B) and G: HY(B) —
H’(A) such that the above isomorphisms are natural respectively in A and B. By defi-
nition, HY(T) is identified with F' and H°(S) is identified with G. We know (Proposition

3.5.5) that S x LL(T). In particular, we find that
HO(5)" = H(B)(F(4), -),
naturally in A. We conclude that
HO(S) = H(B)(F(-), -) = H°(A)(—,G(-)),
as required. ]
The dg-lift uniqueness problem, which will be addressed in the following part of the
work, amounts to understanding in which cases ®A7B is essentially injective, that is:

given quasi-functors Ty, T, such that HO(T}) = HO(T3), is it true that T} = 157

Remark 3.6.2. If A and B are pretriangulated, then a quasi-functor 7': A — B yields
an ezact functor HO(T): H°(A) — H°(B). In this case, we will always view ®A7B ag
taking values in Fune, (H°(A, H°(B)):

478 HO(RHom(A,B)) — Fune (H°(A), H°(B)).

The dg-lift uniquness problem, stated in its generality, is difficult; still, we are able
to obtain a general “duality result”:

Proposition 3.6.3. Let A, B be dg-categories, and assume that every quasi-functor
A — B admits a left or a right adjoint (for example, assume the hypotheses of Theorem
3.5.9). Then, if ®B7A is essentially injective, so is PA7B,

Proof. Assume F, F’: A — B are quasi-functors such that H°(F) = H°(F’). By hypoth-
esis, F and F’ have (right or left) adjoints G and G’. By Lemma 3.6.1, H%(G) and H°(G")
are adjoints of HY(F) and HY(F"), so they have to be isomorphic: H°(G) = H°(G’). By

hypothesis, G EoNel So, by the uniqueness of adjoints up to isomorphism, we conclude
that F % F' , as required. O

Also, it is worth to address the trivial case:

Lemma 3.6.4. View k as a dg-category, and let B be a dg-category. Then, 7B is an

equivalence.

Proof. We identify H°(RHom(k,B)) to right quasi-representable bimodules k ~ B,
that is, to the category qrep(B) of quasi-representable right B-modules. Analogously,
we identify Fun(k, H°(B)) to the category H°(B). The diagram

@k—)B 0
qrep(B) —— H"(B)

|~

H(B)
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is commutative, where the vertical arrow is induced by the derived Yoneda embedding.
Our claim follows. O

In many situations, we will be studying dg-functors whose domain dg-category A is
(pre)triangulated and generated by a simpler dg-category: for instance, A ~ pergg(C).
In this case, the dg-lift uniquness problem can be reduced to generators:

Lemma 3.6.5. Let A and B be triangulated dg-categories, and assume that A ~
perge(C) for some dg-category C. Then, PA=B s essentially injective if ®C7B s
such.

Proof. Without loss of generality, we may identify A = perqs(C). There is a commuta-
tive diagram:

HO(RHom(perg (C), B)) ~5 Fune, (HO(perag(C)), H(B))

0 J/ @C—)B J/
H°(RHom(C, B)) ———— Fun(H°(C), H°(B)),
where the left vertical arrow is induced by the Yoneda embedding C < perqy(C), and
the right vertical arrow is induced by its zeroth cohomology: H°(C) — H(perqq(C)).
By Proposition 3.5.4, the left vertical arrow is an isomorphism; the claim now follows
from a direct argument. O

Remark 3.6.6. The above argument works also if we consider A and B pretriangulated,
and A & pretr(C).
To end the chapter, we prove another relevant property of the functor (3.6.2):

Proposition 3.6.7. The functor (3.6.2) reflects isomorphisms.

Proof. Assume, for simplicity, that A and B are h-projective. Recall that a morphism
T — T"in H°(RHom(A,B)) = qrep” (A, B) is given by a roof

TEQT) —»T

in K(A,B), where the arrow Q(T') — T is a quasi-isomorphism. So, it sufficient to
prove that any morphism of bimodules ¢ : T — T’ is a quasi-isomorphism if H%(¢) :
HY(T) — HY(T") is an isomorphism. Now, ¢ is a quasi-isomorphism if and only if
oA : T4 — T is an isomorphism in D(B) for all A € A, which is equivalent to requiring
that ¢’y : B(—, F(A)) — B(—, F'(A)) is an isomorphism in D(B), where ¢/, is the unique
morphism in D(B) such that the following diagram is commutative in D(B):

TA+>TII4

B(-, F(A)) 24 B(~, F/(4)).
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Now, by the derived Yoneda embedding of B, ¢/, is a quasi-isomorphism if and only if
©'A(1pay) € B(F(A), F'(A)) is a homotopy equivalence. This means that [¢/y(15(4))] =
H°(¢'4)([1r(a)]) is an isomorphism in H%(B), so by the Yoneda embedding of the (or-
dinary) category H°(B) this is equivalent to requiring that

H(p): H'(B)(—, F(A)) — H°(B)(~, F'(4))

is an isomorphism in Mod(H°(B)). Taking H°, the above commutative diagram be-

comes:

0
HO(T) 4 — P2 goepr,

: J o l ,
HY(B)(—, F(A)) — H'(B)(—, F'(4)).
By hypothesis, H%() 4 is an isomorphism, so we deduce that H%(¢/,) is an isomorphism

for all A € A; by the above discussion, this implies that pa: T4 — T is a quasi-
isomorphism for all A, and we are done. O
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Part 11

Uniqueness results of dg-lifts and
applications
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Chapter 4

Exceptional sequences and
glueings

The dg-lift uniqueness problem becomes a little simpler if we put additional hypotheses
on the domain dg-category A. Namely, we are interested in the case where A is trian-
gulated and H°(A) has a strong and full exceptional sequence, which is a very particular
case of semiorthogonal decomposition. Such categories arise in the geometric setting,
and they constitute, in some sense, the simplest interesting framework for our problem.

4.1 Semiorthogonal decompositions

We start by recalling the definitions and the main results about exceptional sequences
and semiorthogonal decompositions in triangulated categories. Possible references for
this part are [BLL04] and [KL14].

Definition 4.1.1. Let T be a triangulated category. A semiorthogonal decomposition
in two components of T consists of two strictly full triangulated subcategories T and
Ty of T (with embedding functors i; : T; < T for j = 1,2), such that:

o T(i2(A2),i1(A1)) =20 for all A; € T and Ay € Ts.
e For any A € T there is a distinguished triangle
i2(A2) = A — i1(A1) — i2(A2)[1], (4.1.1)
with A; € T, for i = 1, 2.
If T is the semiorthogonal decomposition of Ty and T, we write
T = (T, Ty).
Remark 4.1.2. The factor T of (T, Ts) is the right orthogonal Ty of Ta:

T = {A€T:T(iy(A2), A) X0 VA €Ty}

73
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Analogously, T is the left orthogonal =T of T1. From this, we can easily show that T
and Ty are thick triangulated subcategories of T (that is, closed under direct summands).

We may define semiorthogonal decompositions with more than two terms, induc-
tively. For example, a three-term semiorthogonal decomposition of T = (T, To, T3)
consists of three strictly full subcategories T, Ty, T3 such that there are two-term
semiorthogonal decompositions T = (T, T2 U T3) and Ty U T3 = (T9, T3) (or, equiv-
alently, T = (T; U Ty, T3) and T; U Ty = (T, T9)); here we have abused notation,
writing T1 U T for the triangulated subcategory of T generated by that set of objects.
Exceptional sequences are particular examples of semiorthogonal decompositions:

Definition 4.1.3. Let T be a triangulated category. An object E € T is called excep-
tional if

k ifh=0

T(E, Elhl) = {0 if b # 0.

An exceptional sequence is a sequence of exceptional objects (E1, ..., Ey) in T such that
T(E;, Ej[h]) = 0 for all ¢ > j and all h € Z. The exceptional sequence is called full if
{E1,...,E,} is a set of generators of the triangulated category T. In this case, we write

T = (E,...E,).

Moreover, (Ei, ..., Ey) is said to be strong if T(E;, Ej[h]) =0 forall 4,5 =1,...,n and
all h € Z )\ {0}.

The notation T = (F4,..., E,) is consistent with the fact that a full exceptional
sequence gives a semiorthogonal decomposition of T, obtained with the triangulated
subcategories generated by each FE;.

Next, we establish some basic results about semiorthogonal decompositions. We
assume T = (T, T3). The following lemma ensures that we can, in fact, speak of the
distinguished triangle (4.1.1) associated to an object A € T:

Lemma 4.1.4. Let A,B € T = (T1,T2), and let

Ty = (ZQ(AQ) — A— il(Al) — i2(A2)[1]),
Tg = (’ig(BQ) — B — il(Bl) — ig(Bg)[l])
be two distinguished triangles associated to A and B, given by the definition. Moreover,

let f: A — B be a morphism in T. Then, there exists a unique morphism To — Tp of
distinguished triangles extending f.

Proof. Apply the cohomological functor T(—,i1(B1)) to T4 and T(i2(A2),—) to Tp.
The semiorthogonality hypothesis gives isomorphisms:

T(i1(A1),i1(B1)) — T(A,4i1(B1)),
T(i(As), is(Bs)) < T(is(As), B).
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Then, there exist unique maps u: A; — By and v: As — Bs such that the following
diagram is commutative:

iQ(AQ) — A — il(Al)

Jiz (v) Jf lil (u)

iQ(BQ) —— B 4)’L'1(Bl).

Applying TR3, we find that those maps actually define a morphism of distinguished
triangles:
iQ(AQ) — s A— ZI(AI) E— ZQ(AQ)[l]

llé(v) Jf Pl(w JjQ(U)[l]
iQ(BQ) ——B— 21(31) e ZQ(BQ)[l]
This morphism is uniquely determined by f. O

Corollary 4.1.5. In the above setting, the embedding functor i1 : T1 — T has a left
adjoint 17 : T — T1, and the embedding functor io : To — T has a right adjoint
2'2 : T — Ts. Given A € T, its associated distinguished triangle (4.1.1) is

ia(iy(A)) = A = i1 (i1(A)) — i2(i5(A)[1], (4.1.2)
and the morphism A — iy(it(A)) (resp. i2(ib(A)) — A) is a component of the unit
(resp. counit) of the adjunction if iy (resp. iy 1 ib).

Proof. Let A € T. Define i{(A) and i4(A) as the objects in Ty and Ty in the distin-
guished triangle

Ty = (ia(in(A)) = A = i1(i(A)) — i2(i5(A))[1])

given by the definition. Next, we show that the maps A — i1(i(A)) and iz(i5(A)) — A
above satisfy the required universal properties, thus giving the functors ¢} and 2'2 together
with the unit and the counit of the adjunctions. Let A; € T and let A — i1(A;) be a
morphism. We associate to i1(A;) the following distinguished triangle:

Tiyay = (0——i1(A1) i1(A1) ——0);

then, by Lemma 4.1.4, the map A — i1(A;) induces a unique morphism 74 — Ty (Ay)-
In particular, there is a unique map ij(A) — A; such that the diagram

A——i1(i5(A))

|

i1(A1) =——=1i1(A1).

is commutative. This is the required universal property. A similar argument gives the
right adjoint 4b. O
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In some sense, an object A € T = (T, Ty) is obtained as a “glueing” of ij(A) and
i%(A), along the map i1 (i%(A)) — d2(i4(A))[1]. Let us make this intuition more precise.

Definition 4.1.6. Let C,D be (k-linear) categories, and let N € Mod(D,C) be a
bimodule, covariant in D and contravariant in C. The glueing of C and D along N is
the category C x y D, defined as follows. Objects are triples (C, D, m), where C' € C,
D € Dand m € N(C, D) = N§. Morphisms (C, D,m) — (C’, D', m’) are couples (u,v),
where u € C(C,C"), v € D(D, D’), such that m'u = vm. Compositions and identities
are defined termwise.

Remark 4.1.7. It is sometimes useful to interpret an element m € N(C, D) as a “gener-
alised morphism” from C' to D, which will be stylised as m: C' — D. Hence, morphisms
in C xn D can be interpreted as commutative diagrams such as

c—"-D
(JZ’(LDJ

Let T = (T, T2) be a semiorthogonal decomposition. We define the glueing bimodule
b c MOd(TQ,T1> as
D(A1, Ag) = T(i1(A1),i2(A2)[1]) (4.1.3)

with the obvious actions. There is a natural functor
T — T x¢ To, (4.1.4)
which is defined as follows. Given A € T, let
i2(i5(A)) = A — i1 (i1(A)) = ia(in(A))[1]

be its associated distinguished triangle (determined up to isomorphism). We map A to
the object (i}(A),i5(A),m4) € T1 xgo To. Then, let f : A — B be a morphism in T. By
Proposition 4.1.4 and Corollary 4.1.5, we have a morphism of distinguished triangles:

ia(ih(A)) —— A —— iy (i} (A)) — ia(i '2(A>)m

}'Q(z’;(f)) Jf J it (f))

is(ih(B)) —— B —— i1 (i{(B)) —> ia(i '<

(4.1.5)

U:J<;
=
=
=
=
=
=

So, we map f to the couple (i(f),i5(f)). Notice that the definition of this functor
depends on the choice of the above maps m4, but different choices give isomorphic
functors. We have the following result, which is essentially a more precise version of
[KL14, Lemma 2.5], and explains how objects in T can be thought as “glueings”:

Proposition 4.1.8. The functor (4.1.4) is essentially surjective, full, and reflects iso-
morphisms. In particular, it is essentially injective.
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Proof. Let (A1, Aa,m) € T1 x¢ To. Take A = C(m)[—1], obtaining the distinguished
triangle:
AQ — A — A1 ﬂ) Ag[l],

which is isomorphic to
iz(in(A)) = A = i1 (i} (A)) = da(in(A))[1]

by Lemma 4.1.4. So, the functor maps A to (i}(A),i5(A), m4), which is isomorphic to
(A1, Aa,m). This proves essential surjectivity.

Next, we prove fullness. Let (u,v): (i}(A),i5(A),ma) — (i5(B),i5(B), mp) be a
morphism. This is actually the following commutative square:

Applying the axiom TR3, we find f: A — B and a morphism of distinguished triangles:

in(i5(A)) —— A —— i1 (i{(A)) — ia(i5(A))[1]

J'ig(’u) lf Jn(u }'2(0)[1}

ia(ib(B)) —— B — iy (i%(B)) —2 i5(iL (B))[1].

By Lemma 4.1.4, this morphism is uniquely induced by f, in particular v = ij(f) and
v = i5(f). This shows fullness.

Finally, it is easy to show that the functor reflects isomorphisms: if (i%(f),i5(f))
is an isomorphism, then f is too an isomorphism, since it is part of the morphism
of distinguished triangles (4.1.5), where the two other components are assumed to be
isomorphisms. O

In some cases, the glueing bimodule ® of a semiorthogonal decomposition T =
(T, T2) happens to be right representable, hence inducing what we call the glueing
functor ¢: To — Ty (determined up to isomorphism):

T(i1(A1),i2(A2)[1]) = T1(A1, p(A2)), (4.1.6)
naturally in A; € T;.

Proposition 4.1.9. Let T = (T1,Ts) be a semiorthogonal decomposition. Then, the
existence of a glueing functor ¢: To — Ty is equivalent to the existence of a right adjoint
2'1 of the inclusion i1: T1 — T.
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Proof. Assume that the right adjoint 1'1 exists. Then, we have a natural isomorphism
T(i1( A1), i2(A2)[1]) = T1(As, ijia(A2)[1]),

and so ¢ = i}is[1] is a glueing functor.
Conversely, assume the existence of ¢: To — T, together with a natural isomor-
phism
T (i1 (A1), 12(A2)[1]) = T1(A1, 0(A2)).

Denote by v4,: i1p(A2) — i2(Az)[1] the counit, so that for any f: i1(A;) — i2(A2)[1]
there exists a unique f': Ay — ¢(A2) such that f = y4,i1(f"). Now, let X € T. Its
canonical distinguished triangle gives a morphism i1i%(X) — igih(X)[1], and moreover
there exists a unique fx : i¥(X) — i5(X) such that the following diagram is commu-

tative:

iif(X) T i1 (X)

Px‘goo

i13% (X)) —— igih(X)[1].

Next, we set i} (X) = C(fx)[~1]. We may complete the above commutative square to a
morphism of distinguished triangles:

o . o X)L
zlgozé(X)[—l] — zlz!l(X) ——i1i5(X) 1(*X> zupzé(X)

Vié(x)[_l]l Ex J’yi!Q(X)

igiy(X) X i1it (X)) —— igib(X)[1].

Now, (’yzé(X))* : T(i1(—),i19i5(X)) — T(i1(—),i2i4(X)[1]) is an isomorphism (it is
essentially the natural isomorphism which defines ¢), and so by the five lemma (£x)s :
T(iy(—),i134 (X)) — T(i1(—), X) is also an isomorphism. Since iy is fully faithful, we
obtain an isomorphism

T(ir(—), X) = T1 (-, i1 (X)),

and we are done, recalling that we may define z'l on morphisms in a unique way which
makes the above isomorphism natural in X. O

4.2 The dg-glueing construction

The notion of semiorthogonal decomposition has been enhanced to the dg framework:
this is achieved with the glueing of two dg-categories along a dg-bimodule, which is a
“homotopy coherent” incarnation of the glueing of Definition 4.1.6. The definition and
the main properties of this construction, except Propositions 4.2.2 and 4.3.12, are all
taken from [KL14], sometimes with some slight modifications.
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Definition 4.2.1. Let A and B be dg-categories, and let N: B ~~ A be a dg-bimodule.
The (differential graded, homotopy coherent) glueing of A and B along N is the dg-
category A Xy B, defined in the following way. Objects are triples (A, B, m), where
A€ A, BeB,and m € Z°%N(A, B)). A degree n morphism (A, B,m) — (A’, B',m’)
is given by a lower triangular matrix

(uvvvh) = (Z 2) )

where u € A(A, A")", v € B(B,B')" and h € N(A, B')"~!. Compositions are defined
by matrix multiplication with a sign rule:

o 0\ (u 0\ u'u 0
W) \h v) \(=1D)"Wu+vh Jv)’

whenever (u, v, h) has degree n. The differential of a morphism (u,v,h): (A, B,m) —
(A, B',m') of degree n is defined by

d(u 0> _( du 0>
h v] \dh+ (=1)"(m'u—ovm) dv)"

As we may expect, the dg-glueing induces an ordinary glueing in cohomology. Let
A, B be dg-categories. Recall that, given N € Cqy(B, A), we can take its cohomology
and obtain H°(N) € Mod(H°(B), H°(A)). Hence, we can form the (ordinary) glueing
HO(A) x go(ny HY(B). There is a natural functor:

H°(A xy B) — H°(A) x o(n) H°(B),
(A, B,m) = (A, B, [m]), (4.2.1)
[(u, v, )] = ([u], [v]).
We get the following result, which is conceptually analogue to Proposition 4.1.8.

Proposition 4.2.2. The above functor is strictly surjective on objects, full and reflects
isomorphisms.

Proof. Surjectivity on objects is clear. Fullness is simple: if ([ul],[v]): (A, B,[m]) —
(A', B',[m’]), then [vm] = [m/u] as elements of H°(N(A, B')), that is, there exists h €
N(A, B')~! such that dh = vm — m/u. Then, ([u], [v]) is the image of [(u,v, h)].

Now, we prove the last assertion. Let [(u,v,h)]: (4, B,m) — (A’, B, m’) be a mor-
phism such that ([u], [v]) is an isomorphism. By hypothesis we have dh = vm — m/u,
and an inverse ([v/],[v']) of ([u],[v]). That is, u': A — A and v': B’ — B are closed
degree 0 maps such that

w'u =14+ da,
v'v =1 + dv,
wi =14 + di,
v =1 + dv/,

/ / / /
vm —mu = dh,
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for suitable maps @, u/, 7,0’ of degree —1, and for a suitable b’ € N(A’,B)~!. Let us
construct a left and a right inverse for [(u,v, k)] in H°(A x x B), namely [(v/,v', b + 2})]
and [(u/,v', B’ + 21)], where z{, 2] are suitable elements of Z~1(A’, B) to be defined (it
is essential to find z{, z{, closed, for it ensures us that (u/,v',h' + 2{)) and (v/, v, h’ + 27)
are also closed). A posteriori the equality [(u/,v', ' + z{)] = [(v/,v', W' + 2})] will hold,
and the (double-sided) inverse of [(u, v, h)] will be established. We start by setting

~ ~ / /
r=—mu+9m—hu—vh,

/ 17 = / !
= —m'v +v'm' — hd' — vk,

A direct computation gives dr = 0,dr’ = 0. We define:

20 =ru/,
2y ='r.
2, and 2{ are indeed closed; we have [z{u] = [r] and [v2]] = [/] in H"1(N(4, B)), so

(W + z)u +v'h = dh — mii 4 om,
hu' +o(h 4 2)) = di —m'u + o'm/,

for suitable elements h, i’ € N(A, B)~2. Finally we obtain

(', 0" '+ 20) (u, v, h)
= (v'u,v'v, (W + zp)u+v'h) = (14,1p,0) + (di, dv, dh — mi 4 om)
= (]-A7 1B, 0) + d(ﬂﬂ@? ;L)v

and

(u,v,h) (v, 0" W + 27)
= (ut/, 00, b’ +v(W + 2))) = (Lar, 15:,0) + (du!, dv’, dB/ — m'u + v'm’)
= (1A’; 1p, O) + d(d/,’l;,, H’)

Hence the proof is completed. O

Remark 4.2.3. Let A be a dg-category. The glueing A x;, A of A with itself along
the diagonal bimodule is by definition equal to the dg-category Mor A of morphisms
in A. Hence, we see that the above functor (4.2.1) is actually a generalisation of the
natural functor (1.3.6). Recalling Remark 1.3.16, we find out that it can be viewed as

. . 1
an incarnation of ®& —A:

2" A HO(Mor A) = HY(RHom(A', A)) — Fun(A', H(A)) = Mor H(A).

So, Proposition 4.2.2 actually implies the dg-lift uniqueness result when the domain
dg-category is Al
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As expected, the quasi-equivalence class of the glueing Ay Xy As depends only on
the quasi-isomorphism class of N and on the quasi-equivalence class of Ay and As
(see [KL14, Proposition 4.14]. Now, assume that A; and Ay have strict zero objects
(if they are pretriangulated, this assumption can be made without loss of generality,
upon replacing them with quasi-equivalent dg-categories). Then, there are natural fully
faithful dg-functors:

’iliAl—)Al XNAQ, A1I—>(A1,O,0),
’ig:Ag—)Al XNAQ, AQH(O,AQ,O).

i1 has a left adjoint ¢], and i has a right adjoint 1!2, which are actually the “source” and
“target” dg-functors:

Z'I:Al XNA2—>A1, (Al,Ag,m)HAl,

Z'2 A1 ><N1A2—>1A27 (Al,Ag,m)HAQ.

We also know that the dg-functor ¢; has a right adjoint in the bicategory Bimod of
dg-bimodules. This is given by

1'1 A1 XN A.2 — Cdg(Al), (Al,Az,m) — C(m*)[—l],

where m.: ha, = Na,, f — mf is the morphism corresponding to m € N 221 under the
Yoneda lemma. Moreover, the following equalities are satisfied:

iYiy =1, dyin=1, ifip=0, ihi1 =0, ijoiy=N[-1].
The following result tells us that the dg-glueing is actually an enhancement of the
notion of semiorthogonal decomposition.

Proposition 4.2.4 ([KL14, Lemma 4.3, Corollary 4.5]). Let Aj, Ag be dg-categories,
and let N: As ~~» A1 be a bimodule. If Ay and As are pretriangulated, then so is the
glueing A1 Xy Ag; moreover, in this case, we have a semiorthogonal decomposition

HO(Al XN Ag) = (HO(Al),HO(A2)> (422)

induced by the functors HY(i1) and H°(i3). The glueing bimodule of this semiorthogonal
decomposition is isomorphic to HO(N).

This proposition has a converse statement:

Proposition 4.2.5 ([KL14, Proposition 4.10]). Let A be a pretriangulated dg-category,
and assume that there exists a semiorthogonal decomposition H°(A) = (T, Ts). Then,
letting A; be the full dg-subcategory of A with the same objects as T; (i = 1,2), there is
a quasi-equivalence

AT A xy Ay, (4.2.3)
where N: Ao ~» A1 is the bimodule obtained by the diagonal ha by restriction and shift:
N(Ay, As) = A(i1(A1),i2(A2)[1]) for all Ay € Ay and Ay € Ay, where i1 and iy are the
obvious inclusion dg-functors.
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Remark 4.2.6. Actually, the proof of Proposition 4.2.5 shows that, if we identify A =
A; xy Ay (up to quasi-equivalence), then the inclusion functors i;: A; — A and
i9: Ay — A can be identified with the canonical inclusions associated to the glueing.

Remark 4.2.7. Given a glueing A1 Xy Ao, it is easily seen that the right adjoint z'l is a
quasi-functor if and only if N is a quasi-functor. In this case, assuming A; and A, to be
pretriangulated, HY(N) can be identified with the glueing functor of the semiorthogonal
decomposition (HY(A1), H(A3)).

Also the derived category of a glueing has a semiorthogonal decomposition with
factors given by the derived categories of the factors. We will need a more precise
version of this, involving bimodules A; Xy Ay — B. Set A = A1 xn As for simplicity.
First, notice that there are exact fully faithful functors

I = LIDdlBOp@)iQ: D(AQ,B) — D(A,B),
[2 = ]L’IndlBop(X)il: D(Al,B) — D(A,B)

As (derived) left Kan extensions of bimodules, they are left adjoints of restriction func-
tors:

Il = ReSigop@i, = — 0~ 2,
IY = ReSigopei; = — O i1.
Since iy -}, then it can be shown that
— oLt 4—o%i;: D(A,B) = D(A1,B),
with counit given by composition with the counit i1 © z'l — ha:
—olii) = — ot ha.
We have the following proposition, which is adapted from [KL14, Corollary A.4]:

Proposition 4.2.8. The above functors Iy and Iy induce a semiorthogonal decomposi-
tion:

D(A,B) = (D(A2,B),D(A1,B)). (4.2.4)
Moreover, for any F € D(A,B), there is a distinguished triangle:
(F ol i) ok N[—1] —» F ol iy — IF(F), (4.2.5)
where (F ol iy) ol N[—1] — F o% iy is induced by the counit of — ol i} 4 — ol iy

(Foip) ol N[—1] & F ol (iy ol i}) o iy — F ol iy,
Idea of proof. By [KL14, Lemma A.1], we have a dg-equivalence (actually, a strict dg-
isomorphism):
(A1 XN AQ)OP =~ As°P X no» A1°P.
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Now, by [KL14, Proposition A.2], we have an equivalence of derived categories:

D(A,B) = D(B ® (A3°P X nop A1°P))
>~ D((B ® As°P) xBgnor (B ® A°P)),
where B ® N°P is defined in the obvious way:
(B® NP)((B, A2), (B', A1)) = B(B, B) ® N°"(As, A1) = B(B, B') ® N(Ay, As).

Moreover, the above equivalence is the (derived) extension of the functor which maps
(B, (A2, A1,m)) = ((B, A2), (B, A1), 1p ® m).

Now, the result follows from [KL14, Proposition 4.6]. O

The above semiorthogonal decomposition restricts to quasi-representable bimodules,
hence giving us a characterisation of quasi-functors from a glueing ([KL14, Proposition
A7, (ii)]):

Proposition 4.2.9. Assume that, in the framework of Proposition 4.2.8, B is pretrian-
gulated and N : Ag ~~ Ay is a quasi-functor. Then, (4.2.4) restricts to a semiorthogonal

decomposition:
qrep” (A, B) = (qrep”(Az, B), qrep” (A1, B)). (4.2.6)

By Proposition 4.1.8, we deduce that a quasi-functor F': A — B is determined, up
to isomorphism, by its components F; = I5(F): Ay — B and F», = I} (F): A, - B
(beware of indices!), and by the map v: Fy — Fy o N, obtained by (4.2.5) as follows:
FLo“N[1] = Foliy » B & P ol N,
More precisely, applying Proposition 4.1.8, we immediately get the following:

Corollary 4.2.10. Assume the hypotheses of Proposition 4.2.9. Let F,G: A — B be
quasi-functors, and let p1: F ol i; — Goliy and ©hy: Fol iy — G ol iy be morphisms of
quasi-functors such that the diagram

(F ol i) ol N[—1] —— F ol iy
LploLN[l] Jso’g
(G ol iy) ol N[—1] —— G ol iy
is commutative in qrep” (Ae,B). Complete this to a morphism of distinguished triangles:

(F ok iy) o N[—1] —— F ok iy —— I3 (F) —2s (F ok i) o N

J/(plo]LN[—l] Jsﬂg l@? lg&loﬂ‘]\f

(G ol ip) o N[=1] —— G ol iy —— IF(G) 25 (G ok iy) oL N

then, there exists a morphism o: F — G such that I} (@) = @a, and Iy(¢) = poli; = ¢1.
Moreover, if o1 and s are isomorphisms, so is .
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The above corollary is the main tool we will employ to address the dg-lift uniqueness
problem in the case when the domain dg-category is a glueing. Namely, the attempt is
to obtain the uniqueness result for the glueing assuming that it holds for the factors.

4.3 Dg-lifts and exceptional sequences

From now on, we assume that k is a field. With a little abuse of terminology, we
say that a triangulated dg-category A admits a full (and strong) exceptional sequence
(Eo, ..., Ey) if A is generated (in the sense of Definition 3.2.7) by a full dg-subcategory
E = {Ey,...,E,} such that H°(E) gives a full (and strong) exceptional sequence of
H°(A). We state a simple preparatory result:

Lemma 4.3.1. Let A be a triangulated dg-category, and assume it is generated by a
full dg-subcategory & which has homology concentrated in degree 0. Then, A is quasi-
equivalent to perqg(H°(E)).

Proof. By Remark 3.2.8, A is quasi-equivalent to perqq(E). By Proposition 1.3.15, E is
quasi-equivalent to HY(E), hence we conclude, applying Proposition 3.2.6. O

Remark 4.3.2. We remark that any pretriangulated dg-category A having a full ex-
ceptional sequence is actually triangulated. More in general, if A is a pretriangulated
dg-category such that H°(A) = (H°(A1), H°(Az)) and the full dg-subcategories A; and
A, are triangulated, then so is A. This follows from the general fact that a triangulated
category is idempotent complete if it has a semiorthogonal decomposition with idem-
potent complete factors, see [BDF*14, Lemma 4.6]. Another way to see this can be
sketched as follows. First, apply Proposition 4.2.5 and view A, up to quasi-equivalence,
as a glueing of A; and As. Then, [KL14, Proposition 4.6] gives a semiorthogonal de-
composition of the derived category:

D(A) = (D(A1),D(Az)),

with inclusion functors I}, = L Ind;,, where 7;: A} — A is the canonical inclusion, for
k =1,2. For any A-module M, there is a canonical distinguished triangle

LIN(M) — M — LI} (M).
11 and I preserve quasi-representable modules, so since A is pretriangulated we find out

that M is quasi-representable if I3(M) and I; (M) are quasi-representable. Conversely,

let M & hy. Then, since HY(A) = (H°(A4), H°(As)), there is a canonical distinguished
triangle in D(A):
hi2(X2) — hX — hil(Xl)‘

This triangle has to be functorially associated to M, so we have that I7 (M) X h x, and

Ié(M ) X h X,, and they are quasi-representable. Now, to obtain our desired result, we
must show that any direct summand M in D(A) of a quasi-representable A-module is
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quasi-representable. But I3 (M) and I5(M) are themselves direct summands of quasi-
representable dg-modules, hence they are quasi-representable, and we conclude that M
itself is quasi-representable.

We now come to the dg-lift uniqueness problem. We are able to obtain positive
results in some cases where the domain dg-category has a full and strong exceptional
sequence. It is known that per(k) is a triangulated category generated by the exceptional
object k (viewed as complex concentrated in degree 0), which is the only indecomposable
object (up to shift): every object in per(k) is obtained from k by means of shifts and
finite direct sums. So, we are able to prove the following:

Lemma 4.3.3. Let B be a triangulated dg-category. The functor
oreraz()=B . jO(RHom (pergq(k), B)) — Fune(per(k), H%(B))
is an equivalence.

Proof. As in the proof of Lemma 3.6.5, we have the following commutative diagram:

perdg<k)~>B
HY(RHom(perqq (k), B $4> Fune, (H° (perag(k)), H°(B))

A |

H°(RHom(k, B)) — 2>, Fun(k, H(B)),

The functor ®*7B is an equivalence by Lemma 3.6.4. Also, the right vertical arrow is
an equivalence: since any object of HO(perqq(k)) = per(k) is of the form @5 ; k[n;]®™,
we see that any exact functor per(k) — B is determined by its value on k, and the same
is true for natural transformations. We conclude that ®P'a(X)=B jg an equivalence, as

claimed. O

The above result tells us that the dg-lift uniqueness problem is completely solved, in
the trivial case of exceptional sequences of length 1: if A is a triangulated dg-category
with a single exceptional object Fp, then by Lemma 4.3.1 we have that A ~ pergg (k).
Now, we would like to address the problem for dg-categories with full and strong excep-
tional sequences of length greater than 1.

The free case

Let A be a triangulated and locally perfect dg-category, admitting a two-term full and

strong exceptional sequence (FEp, E1). By Lemma 4.3.1, we have that A ~ pergq (E),
where E is a k-linear category with two objects Ep, F1 and a finite-dimensional hom-
space (we are under the local properness assumption). We immediately notice that E is
free, namely, it is isomorphic to the free k-category k[Q)] over the quiver ) with objects
Ey, Eq and hom-space E(Ey, E1). The dg-lift uniqueness problem, in the free case, has
a positive solution. The technique is based on homotopies of dg-functors, as explained
in Section 1.3. First, let us give a precise definition of free k-category generated by a
quiver:
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Definition 4.3.4. Let @ be a (small) quiver. The category k[Q)] freely generated by @
over k is the k-linear category defined as follows:

« Ob(k[Q]) = ObQ.

o For a,b € Q, k[Q](a,b) is the free k-module generated by all finite strings of
composable arrows with initial source a and final target b. Identities are the empty
strings. Compositions are given by string concatenation, extended by bilinearity.

Proposition 4.3.5. For any quiver Q, the category k[Q], viewed as a dg-category, is a
cofibrant object in dgCat.

In order to prove this, we need a preparatory lemma:s:

Lemma 4.3.6. Let p: V — V be a surjective quasi-isomorphism in C(k).

1. Z*(p): Z*(V) — Z*(V) is surjective. In other words, closed elements of V' can be
lifted to closed elements of V.

2. Let x,y € V be such that x = dy. Let & € p~(x). Then, there exists §j € p~*(y)
such that T = dy.

Proof. (1) Let x € Z*(V) be a closed element. Consider [z] € H*(V'). Then, there exists
i € Z*(V) such that p(Z) = x + dz, for some z € V, because H*(p) is surjective. p is
surjective, so there exists Z € V such that p(Z) = z. Hence, we find that p(Z) = 2 +dz =
z 4 p(dZ), so in the end Z — dz € Z*(V) is an element of p~'(z).

(2) By hypothesis, H*(p): H*(V) — H*(V) is an isomorphism. We have:

H*(p)[#] = [p(7)] = [2] = [dy] = [0],
hence [Z] = [0], that is, there exists §; € V such that & = djj;. Now,

p(Z) =z = dy = dp({h),

so y — p(71) is closed. By part (1), there exists g2 € Z(V') such that p(g2) = y — p(71).
Finally, set

¥ =14+ 7.
By construction, p(g) = y, and dy = dg1 + dge = dg; = . O

Proof (Proposition 4.3.5). Let A, B be small dg-categories, let F': k[Q)] — B be a dg-
functor, and let G: A — B be a trivial fibration in dgCat. We have to find a dg-functor
F: k[Q] — A such that GF = F.

By Remark 1.3.4, G is surjective on objects. Hence, we can find a lift F of F on
objects: GF(a) = F(a) for all a € Q.

Next, we lift /' on morphisms, in order to obtain a dg-functor F'. Since k[Q)] is freely

generated by @, it suffices to map any arrow f: a — bof Q) to a closed degree 0 morphism
F(f) such that GF(f) = F(f). This can be done by Lemma 4.3.6, part 1. O
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Now, we have the tools to prove the dg-lift uniqueness result in the free case. The
actual argument of proof is very simple:

Lemma 4.3.7. Let Q be a quiver, let B be a dg-category, and let F,G: k[Q] — B be
dg-functors. Let : HO(F) — H°(G) be a natural transformation. Then, there exists a
directed homotopy ¢: F — G which induces  (recall Remark 1.3.14). Moreover, ¢ is a
homotopy if @ is a natural isomorphism.

Proof. By hypothesis, for any f: a — b in Q, there is a commutative diagram in H%(B):

F(a) 2" G(a)

(F()] [G()]

F(b) =25 G(b).

We use these data to define a directed homotopy ¢: k[Q] — Mor B from F to G. To
define it on objects, we choose for any a € ) a representative ¢,: F(a) — G(a) of @,,
and set

p(a) = (F(a), G(a), pa)-

Next, since k[Q)] is freely generated by @, it is sufficient to map any arrow of @ to a
closed degree 0 morphism in MorB. To do so, we choose for any f: a — b in @ a
morphism h(f) € B(F(a),G(b))~! such that

dh(f) = G(f)pa = woF([),

and we set

e(f) = (F(), G(f), h(f))-

This definition extends to k[Q] and gives the desired directed homotopy: by construction,
H'(p) = @. If @ is a natural isomorphism, then we have already observed in general
that ¢ takes values in P(B), and it is a right homotopy (see Remark 1.3.14). O

From this, we finally obtain the desired dg-lift uniqueness result:

Theorem 4.3.8. Let A and B be triangulated dg-categories. Assume that A is gener-
ated by a free k-linear category of the form k[Q], for some quiver Q. Then, ®A7B is
essentially injective.

Proof. By Lemma 4.3.1, we have that A is quasi-equivalent to pergy(k[Q]), so by
Lemma 3.6.5 it is sufficient to prove that ®X[?QI=B ig egsentially injective. Let F , G e
Hqae(k[Q], B). Since k[Q)] is cofibrant, they are represented by actual dg-functors F' and
G. Now, Lemma, 4.3.7 tells us that H°(F) = H°(G) implies that F' is homotopic to G,

hence F' = G in Hge(A, B), by Corollary 1.3.13. O
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This result has a geometric application. Let X be a quasi-projective scheme, and
let ©4,(QCoh(X)) be an enhancement of the derived category ©(QCoh(X)) of quasi-
coherent sheaves on X. This category is idempotent complete; for simplicity identify
it to H(Dae(QCoh(X))). The full dg-subcategory Perfys(X) of Dgq(QCoh(X)) whose
objects are the compact objects in ©(QCoh(X)) is an enhancement of the category of
perfect complexes Perf(X). These enhancements are uniquely determined up to quasi-
equivalence, by [LO10, Corollary 7.8, Theorem 7.9]. If X = P", then Perf(X) has a
strong and full exceptional sequence:

Theorem 4.3.9 ([Bei78|). The category Perf(P™) admits a strong and full exceptional
sequence (0,0(1),...,0(n)), with the property that for any 0 < d < d" < n, the hom-
space Perf(X)(O(d), O(d')) is isomorphic to the vector space Sq_4 of homogeneous poly-
nomials of degree d' — d in n + 1 indeterminates.

In particular, Perf(PP!) has a two-term strong and full exceptional sequence (O, O(1)),
and the hom-space Perf(P!)(0, O(1)) has dimension 2. So, Theorem 4.3.8 is applicable,
and yields:

Corollary 4.3.10. Let B be a triangulated dg-category. Let F,G: Perfdg(IP’l) — B be
quasi-functors. Then, if HO(F) = H%(G), we have that F = G as quasi-functors.

Now, using the results of Section 0.2, we obtain the following uniqueness result of
Fourier-Mukai kernels:

Corollary 4.3.11. Let X and Y be schemes satisfying the hypotheses of both Theorems
0.2.2 and 0.2.1, with X = P!, Let £,&" € D(QCoh(X x Y)) be such that

PE7Y = XY Perf(X) — D(QCoh(Y)),
Then £ = &',
The above result was proved by Canonaco and Stellari with geometric techniques,
see [CS12a, Lemma 4.2].
The glueing technique

Now, we attempt to solve the dg-lift uniqueness problem for dg-categories which have
exceptional sequences with arbitrary length. The next result will allow us to apply the
technique explained in Corollary 4.2.10.

Proposition 4.3.12. Let A be a locally proper and triangulated dg-category, and assume
that it admits a full exceptional sequence (n >0):

HY(A) = (Ey,...E,).

Then, A is quasi-equivalent to the glueing Ao .. n—1 XN An, where Ay . ,—1 is the
full dg-subcategory of A whose objects are the same as the triangulated subcategory
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(Eo,...En_1), and analogously A,, is the full dg-subcategory whose objects are the same
as that of (Ey); N is obtained from the diagonal bimodule by restriction and shift:

N (A A") = A(ir(A),ia(A")[1]),

where i1 and io are the obvious inclusion dg-functors. Moreover, A is smooth and N is
a quasi-functor.

Proof. If n = 0, by Lemma 4.3.1 we have that A ~ pergg(k), which is smooth since
k is smooth viewed as a dg-category (see Remark 3.5.7). Assume n > 0. The glue-
ing decomposition of A follows directly from Proposition 4.2.5. Arguing by induction,
assume that A’ = Ay, is smooth. Both A’ and A,, are triangulated, being en-
hancements of thick subcategories of H’(A) (recall Remark 4.1.2); A,, is smooth, being
quasi-equivalent to perqg(k). Now, applying Lemma 3.5.8, N: A, ~» A’ is a perfect
bimodule if and only if Ny, is a perfect right A’-module for all A4,, € A,,. Now, view
N4, as a bimodule A’P ~ k: again by Lemma 3.5.8, N is perfect if and only if N fx‘; is
a perfect k-module for all A’ € A’, and this is true by the local properness assumption.
Hence, N is perfect, and by Proposition 4.9 of [KL14] we deduce that A is smooth.
Moreover, since A’ is triangulated and Ny, is perfect for all A,, € A,,, we deduce that
N,,, is quasi-representable for all A, that is, IV is a quasi-functor. O

In the above framework, we know that H’(A) has a semiorthogonal decomposition
({Eo,...En—1}, Ey). Since N: A,, — A’ is a quasi-functor, it induces a glueing functor,
which we call again N abusing notation, defined by the natural isomorphism

HO(A)(i1(A), in(A")[1]) = HO(A')(A', N(A")). (4.3.1)

Now, since A,, = (E,) ~ pergq(k), we have by Lemma 4.3.3 that the quasi-functor NV is
completely determined by the glueing functor N in homotopy, which in turn is completely
determined by the value N(E,). Clearly, this observation holds for any quasi-functor
defined on A,,. Moreover, the counit

e: H%(iy) o N[—1] — HO(is)

of the isomorphism (4.3.1) is the natural transformation induced in cohomology by the
adjunction of quasi-functors i; - i}. Again, by Lemma 4.3.3, we may identify it to the
morphism

a=cp,: WUN(E,[—-1]) — i2(Ey). (4.3.2)

Now, let F': A — B be a quasi-functor, with B triangulated. By the above discussion,
it should now be clear that the morphism (F o" ;) o& N[—1] — F o5 in the triangle
(4.2.5) can be identified with

HO(F)(a): FiyN(E,[—1]) — Fiy(E,). (4.3.3)

So, Corollary 4.2.10 boils down to the following:
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Corollary 4.3.13. Let A be as in Proposition 4.3.12. Let B be a triangulated dg-
category, and let F,G: A — B be quasi-functors. Let ¢1: F o% iy — G ol iy be a
morphism of quasi-functors and ¢: F(i2(E,)) — G(i2(E,)) be a morphism in H(B).
Assume that the diagram

0
FiN(Bn =111~ Py (E,)
HO(01) N(Ep - )i lcpé (4.3.4)

0 «
i N(En =111~k (B,

is commutative in H°(B). Complete this to a morphism of distinguished triangles in
HO(B):

Fis N (B[~ 1) 2 Fig(B,) — F(C(a) —25 Fiy N(Ey)

(PN (Bnl- )J{ J‘Pé Jf"? lHO(LPl)N(En)
Ya

Git N (Bul= 11755 (B,) —— G(C(a)) —2 Giy N(Ey):

then, there exists a morphism ¢: F — G of quasi-functors such that Ho(go)c(a) = 9,
and ¢ o iy = @1. Moreover, if p1 and py are isomorphisms, so is .

Remark 4.3.14. Tt is essential that the arrow Fi; N(E,) — GiiN(E),) in the above com-
mutative diagram comes from a morphism of quasi-functors ¢1; otherwise, the argument
doesn’t work, as we will see in a counterexample in the next section.

In the glueings of the above form Ay . ,—1 Xn A, the quasi-functor N is determined
by the object N(E,) = C, therefore we will simplify notation and write Ao _,—1Xc Ay.
Now, the idea is to apply Corollary 4.3.13 iteratively, in order to deduce dg-lift uniqueness
results for categories with exceptional sequences of any length. Unfortunately, this
technique is not very successful, in fact it doesn’t give us a result for any exceptional
sequence; even worse, the cases which are relevant in geometric applications remain
unsolved. However, it is sufficient to show that dg-lift uniqueness holds in some cases
even if the category of generators is not free. By working out the argument, we will see
what is its weak point.

We start from a simple free case which we already treated, namely, we assume that
A = perdg(AI), where Al is the standard 1-simplex category, freely generated by the
diagram Ey <% E;. From Remark 4.3.2, we know that A is quasi-equivalent to pretr(A®);
so, A is a triangulated dg-category with a full and strong exceptional sequence { Ey, E1 }.
It can be proved that H%(A) has three indecomposable objects, that is, Eo, E1,C(e).
Any object of H?(A) can be obtained by the indecomposable objects by means of shifts
and direct sums; moreover, a natural transformation of exact functors ¢: F' — G from
HY(A) to another triangulated category T is completely determined by the maps ¢z, ,
¢E, and pc(e,) together with the compatibilities expressed by the following commutative
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diagram:
F(Bo) 2 p(r) 22 P(Cleq)) 22 F(Ey) 1]
@Eol PE1 ¥PCleg) wry 1] (4'3'5>
G(eo) G(jo) G(po)

G(Ey) —=> G(E1) ——= G(C(eg)) — G(Ep)[1],
where jp and pg are the maps obtained in the triangle which extends eg:
E[) e—0> E1 j—0> C(eo) p—0> Eo[l].

It is worth noticing that HY(A) has other full and strong exceptional sequences, other
than {Eo, E1}. Indeed, we have:

HO(A) = (Ey, E1) = (E1,C(eo)) = (C(eo), Eo[1]).

So, by Proposition 4.3.12, we may identify A, up to quasi-equivalence, to either of the
following glueings:

>

Q3 NE Q8

(Cleo)) x5 (Eo[1]),

where, abusing notation, we have denoted (X) the full dg-subcategory of A whose objects
are the same as the triangulated subcategory of HY(A) generated by X. A simple
computation gives:

C1 = Eo[1],
Co = Eq[1],
C3 = C(eo)[1].

For example, C is characterised to be the object of (Fy) such that there is a natural
isomorphism
H(A)(Eo, E1[1]) = (Eo)(Eo, C1),

and we immediately see that it is necessarily Ey[1]. This isomorphism maps the identity
Lgon) to eo[l]: Eo[l] — E4[1], so we deduce that the morphism (4.3.2) is indeed given
by eo: Eg — Ei. Analogously, in the other situations we find the maps jo: E1 — C(eg)
and po: C(eg) = Ep[l].

Now, let B be a triangulated dg-category, and let F,G: A — B be quasi-functors.
Assume we are given an isomorphism %: H(F) — H°(G). By Lemma 4.3.3, we may
identify the objects F'(Ep), G(FEy) and so on to quasi-functors obtained from F' and G
by restriction. Also, we may view Pg, Pp, and Pg(e,) as morphisms of quasi-functors.
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The hypothesis gives us the following commutative diagram:

Eof ok Elgl Pl C(eo)fmo}?(Eo)[l]

@Eol Pr, J/SDC(CO) P, 1]
(e 0 , 0
G(Eogl (G)( Ob(EJI (G)(Job(c(eo)g’ (G)(pob<Eo)[1]'

Now, it is clear that we can apply Corollary 4.3.13 to A, viewed as generated by one
of the three exceptional sequences {Ey, E1}, {E1,C(eg)} or {C(eo), Eo[1]}. In the end,
what we obtain is the following:

Lemma 4.3.15. Let A be a triangulated and locally perfect dg-category, generated by
a two-term strong and full exceptional sequence with 1-dimensional hom-space. Let
B be another triangulated dg-category, let F,G: A — B be quasi-functors, and let
P: HY(F) — HY(G) be a natural transformation. Then, for any two-element subset
S of {Eo, E1,C(eg)} C A, there exists a morphism of quasi-functors ¢: F — G such
that HY(p) is equal to B on S. Moreover, if B is an isomorphism, then so is .

So, we don’t lift a given natural transformation % as above to a morphism of quasi-
functors (it is actually impossible to do so in general, as we will see in the next section),
but we may find a “partial lift”. This enables us to go on and prove dg-lift uniqueness
for dg-categories with particular three-term exceptional sequences, namely, dg-categories
obtained glueing along “selected objects”. We just give some sketches. Let A’ be a
triangulated dg-category generated by a two-term strong and full exceptional sequence
with 1-dimensional hom-space, as in the previous discussion. Consider

A=A xc (B), (4.3.6)

where (Fjy) is pergq(k), where k is notationally identified with Ey. Denote by i, the nat-
ural inclusion dg-functors (k = 1,2). Assume that C' is an object among {Ep, E1, C(eg) }
or is obtained as direct sums of (shifts of) at most two of such objects. For example,
take C' = C(ep), or C = EJ" @ E1[4], and so on. Let B a triangulated dg-category,
and let F,G: A — B be quasi-functors. Assume we are given @: H'(F) — H%(G).
Then, consider @ oi1: HY(Fiy) — H°(Giy); by the above Lemma 4.3.15, we may find a
morphism of quasi-functors p1: F o iy — G ol iy such that H(py)c = Pi(c): this is
because ¢ can be found as a lift of $oi; on any couple of objects among { Ey, E1, C(eg)},
and hence it must be a lift also on objects as C obtained with direct sums and shifts of
at most two such objects. Now, the hypothesis gives us a commutative diagram:

HO(F)(a)

FZl(C[ 1])—>F12(E2)4>F C(a
Ziy (o) -y =H"(p1)c[- ]J Piy (o) J C(a)
Git N (Bnl— 1]~ () —— G(C()

So, applying Corollary 4.3.13, we find a morphism ¢: F' — G of quasi-functors such that

@ ol iy = ¢ and Ho(go)c(a) = Pc(a)- It is an isomorphism if 3 is such.
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Now, it should be clear how we can go on. We shall glue A = A’ x¢ (E») to (E3)
along C(a), and get another “partial lifting” result. So, we obtain dg-lift uniqueness
for dg-categories with exceptional sequences of arbitrary length, but of very particular
nature. The result is unsatisfactory, and in some sense it shows us that the dg-lift
uniqueness problem is very difficult even for dg-categories of very simple kind.

4.4 Counterexamples (attempts)

As we proved, the dg-lift uniqueness holds when the domain dg-category is generated by
a free k-linear category. The “glueing technique” explained in the previous discussion
gives some examples where the result holds even if the domain dg-category is generated
by a non-free subcategory. However, it should be pointed out that the result in the free
case is somewhat stronger: it tells us that the functor ®¥QI=B ig essentially injective,
from which we deduce that ®Pras(kl@D=B g guch, if B is a triangulated dg-category.
Actually, there exist dg-categories D such that ®Prde(P)=B ig egsentially injective but
®P—B i5 not, as we are going to show with the following counterexample.

A “semi-counterexample” to uniqueness

Consider the simplest non-free category which serves as exceptional sequence, namely,
the category D with three objects Ey, F1, Fo, freely generated over k by the following
diagram:

EoLEl

EQ)

with the unique relation ejeg = 0. Now, the category A = pretr(D) is pretriangulated
and generated by the exceptional sequence {Ey, E1, Fo}. As we know, it can be viewed

as a glueing of the form (Ey, E1) X (E2), where here (Ey, E1) ~ pretr(Al) ~ pergg(Al),

and (F2) ~ perge (k). To understand what is C € (Ep, E1), we recall that it is defined
by the natural isomorphism

HO(A)(ir (=), i2(B2)[1]) = (Eo, B1)(—, C).

Then, a simple inspection shows that C' = C(eg)[1].

The previous discussion on dg-categories of the form (4.3.6) shows that the dg-lift
uniqueness holds true in this case, that is, the functor ®* 7B is essentially injective for
all (pre)triangulated dg-categories B. What about ®P~B? The answer is no. To see
this, we employ homotopies, as we did for the result in the free case. The category D
is not cofibrant, as we will see, but there is a rather standard technique that produces
a cofibrant replacement D. The idea is that any nontrivial relation, such has ejeqg =
0, should be substituted with a “homotopy coherent” variant, namely, something like
e1eg = degy for some degree —1 morphism eg;. Let us make this idea more precise.
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Ezample 4.4.1. We consider the dg-category D with three objects Ey, F1, E2 (the same
object set as D), and morphisms freely generated by éy € D(Ey, E1)°, é1 € D(Ey, E3)°
and €y € D(Ep, E2)~!, with the only nontrivial differential defined on D(FEy, F2) by
dégl = éléol
Eo i) E1
) lél (4.4.1)
€01
Fs.

Now, we prove that the dg-category D is cofibrant. Let G: A — B be a trivial
fibration in dgCat, and let F': D — B be a dg-functor. By Remark 1.3.4, we can find
a lift F of F on objects. Next, we define F on €o, €1, applying Lemma 4.3.6 in order
to lift (&) and F(&;) to closed degree 0 morphisms F(&) and F(&;). Then, we set
F(é1é0) = F(¢1)F(&); applying again Lemma 4.3.6, we find an element F(é01) which
lifts F(01), such that dF (&) = F(¢189) = (dem) This clearly suffices to obtain the
desired dg-functor F , and hence shows that D is cofibrant.

There is a trivial fibration P: D — D, defined as follows. P is the identity on objects,
moreover:

G(éo) = eo,
G(él) = €1,
G(ép1) =0

Now, we are able to show that D is not cofibrant, as mentioned above. If D is cofibrant,
then P: D — D has a section P’:
s
P -
o

D=——=D.

P’ is the identity on objects, because P is such. Moreover, P(P'(e;)) = e; = P(¢&;),
then P’(e;) = &;, for i = 0,1. We conclude that P’(ejeg) = €169 = dép1 # 0, which is a
contradiction, because ejeg = 0 and so P’(ejeg) must be 0.

We now come to the counterexample. Let B be a pretriangulated dg-category, such
that Z°(B) has a zero object, and containing an object not isomorphic to 0 in H o(B).
We define dg-functors F,G: D — B as follows:

F(E

on objects, where Ay 20 in H°(B

) ( ) A; (i:0’172)
(B

), A1 20 in Z°(B), Ay = Ap[1]; moreover, we set
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Clearly, H'(F) = H°(G), since they are both equal to zero on morphisms. Now, assume
that F' is homotopic to G. Then, we have a dg-functor p: D — P(B) such that Sp = F
and Ty = G. In particular:

o(E;) = (Ai, Aiy Mi)

on objects, where \;: A; — A; induces an isomorphism in H°(B) for i =0, 1,2, and

( ) (Ovovhz) (Z = 07 1)7
©(€01) = (0,1(49,0,1): h),

on morphisms, for some suitable maps h; and h. Notice that ¢(é1)p(é) = 0. The
requirement that ¢ is a dg-functor gives the following conditions:

0 = p(€180) = ¢(dén1) = dp(€n1) = (0,0,dh + 1(4,.0,1)M0)-

In particular, we find that 14, ,1)Ao is a coboundary. This in turn implies that Ag is a
coboundary, since 14, 0,1) is closed and invertible. That is, the zero map A — Ao in
H(B) is an isomorphism, which means precisely that Ay = 0 in H(B). Contradiction!
We conclude that F' and G are not homotopic dg-functors, in spite of being isomorphic
when taking H.

It is not always possible to lift isomorphisms from the H° level

The glueing technique explained in the previous section is based on “partial lifting”
results as Lemma 4.3.15. Its failure to give general dg-lift uniqueness results lies in the
fact that such partial liftings cannot be extended to global liftings, that is, Lemma 4.3.15
cannot be strengthened, as we are going to see.

Recall that A! is cofibrant, viewed as a dg-category. So, to define a quasi-functor
F: pergg(A') — B it is sufficient to define a dg-functor on Al < pergg(Al), if B is
triangulated. Moreover, recall that a natural transformation

7: HY(F) — H°(G): H%pergg(A')) — H'(B)

is determined by a commutative diagram of the form (4.3.5). That said, we define a quasi-
functor F': pergg(A') — perqg(Al), together with a natural automorphism @: H(F) —
HO(F), as follows:

eOO jo O Po 0
0 j 0 p 0 —eo

eo[l
E069E14>E1@C 60 HC(Eo)@Eo[] H 0[1 @El

(29

E()@El*)El@Ceo) 60 @E0[14> EBEl ]

(53) (b0 o)
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With the above commutative diagram, we mean that F'(Ey) = Eo @ E1, F(E1) = E1 &
C(eg), and F(eg) = <66) ]%) (direct sums in Z°(pergg(Al))); for simplicity, we have
identified the dg-functor which defines F' with the restriction Fja1. The morphism @
is defined by the vertical arrows. Notice that @ differs from the identity just on C(ep).
Moreover,

H~'(Hom(Ey @ E1, By ® C(eq)) 2 0.

The identity morphism 1: F' — F clearly gives a “partial lift” of . Now, we try to find
isomorphisms which globally lift ©. We notice the following;:

Lemma 4.4.2. Let A be a dg-category. Let (A, B, f) and (A’, B, f') be objects of Mor A,
and let n € Z such that
H" Y (A(A, B")) 0.

Neat, assume we are given a closed degree n morphism (u,v,h): (A, B, f) — (A", B, ).
Then, if w = du and v = dv, there exists h: A — B’ such that

(u,v, h) = d(a, o, h).
Proof. By hypothesis we have d(u,v,h) = 0, in particular
dh+ (=1)"(f'u —vf) =0.
Now, f'u =d(f'a) and vf = d(0f), and so
d(h+ (~1)"(f'i— 0f)) = 0

In other words, h + (—1)"(f'a — 0f) is a (n — 1)-cocycle. Hence, by hypothesis, it is a
(n — 1)-coboundary: )
h+ (=1D)"(f'a —vf) = dh.

Finally, we compute:

u 0 Uu 0 u 0
d(ﬁ 17):<h+(—1)"(f’a—ﬁf)+(—1)”—1(f’a—f;f) v>:<h u>' =

Now, let ¢: F — F be a morphism of quasi-functors such that H°(p) = 3. We
know that ¢ is completely determined by its restriction ¢a1: Fija1 — G)a1. Recalling
Remarks 1.3.16 and 4.2.3, we identify ¢ to (the class of) a closed degree 0 morphism

(SOEovsoElvh): (F(Eﬂ)vF(El)vF(eo)) — (F(EO)’F(El)’F(GO))

in Mor(pergg(Al)). By hypothesis, H(pg,) = [lg,] for i = 0,1; so we are in the
conditions to apply Lemma 4.4.2 to (¢g, — 1g,, 5, — 1lE,,h), and thus deduce that
[(¢Eys ¢Ey, h)] = [(1E,, 1E,,0)]. Hence, ¢ is the identity morphism 1z, and must induce
the identity morphism even of C(eg), namely, P(ey) = [Lc(eo)]- This is a contradiction,
by definition of . We have actually proved the following:

Lemma 4.4.3. Let A = perqg(A'). The functor
dA7A . HO(RHom(A, A)) — Fun(H°(A), H°(A))
is not full.
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A failed attempt and some final considerations

As we have seen in the previous discussion, Lemma 4.3.15 cannot be extended to give
“global liftings”. Hence, the glueing technique explained in the previous section does not
give the dg-lift uniqueness result when the domain dg-category is a glueing of the form

A = (Ey, E1) x¢ (Ea),

where the abuse of notation (Ep, ;) here denotes pergg(Al), and C is a direct sum
where every object in the set of indecomposables { Ey, 1, C(ep)} appears. For example,
set C'= (Ep @ E1 @ C(eg))[1]. The resulting dg-category A is pretriangulated (actually,
triangulated) and has a three-term exceptional sequence. With a direct computation,
we are able to understand what is the subcategory of generators, namely, the full sub-
category of A whose object set is {Ey, E1, Fs}. Indeed, we know that

HO(A)(i1 (=), ia(Ea)[1]) = (Eo, E1)(—, (Eo © E1 ® C(eg))[1));
so, we find out that the only nontrivial hom-spaces are
H(A)(Ey, E2) = k{eq, ea),
H°(A)(Eo, B2) = k(eaeo, e3),

with the only nontrivial relation ejeg = 0. So, H’(A) is generated by the following
diagram:
EO i) E1

xl uez
€3
Fs.

Now, let E be a cofibrant replacement of the k-linear category described by the above
picture: to obtain it, just change ejeqg = 0 to ejeg = degy, in a similar fashion as (4.4.1).
The dg-category pretr(E) is apparently a good candidate for finding a counterex-
ample to dg-lift uniqueness. The idea is to define dg-functors F,G: E — B, with B a
suitable pretriangulated dg-category, show that they are not homotopic but their exten-
sions F,G': pretr(E) — B are isomorphic in cohomology: H°(F) = H°(G). Showing
that F is not homotopic to G and that H°(F) = HY(G) is a rather simple task; unfor-
tunately, finding an isomorphism in cohomology of their extensions has proved to be a
very hard problem, for which we ran out of ideas. Nevertheless, we sketch our attempt
in the following example.
Example 4.4.4. We start by defining dg-functors F,G: E — pretr(A!). View E as a
full subcategory of pretr(E). Let jo: E1 — C(ep) and ig: Eg — C(ep) be the inclusion
maps associated to C(eg): jo is a closed degree 0 maps, whereas ig has degree —1 and
dig = joeo. Since ejeqg = deg1, we may apply the universal property of the cone and find
out that there exists a unique closed degree 0 map €}: C(eg) — Fs such that

/! -
€1 = 61]07

/ -
€01 = €1%0-
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So, we find out that in order to define a dg-functor F' on E, it is sufficient to define it
on objects Fy, E1, Ea,C(ep), in such a way that F(C(eg)) = C(F(eq)), and on the closed
degree 0 morphisms e, €], e2, es. Indeed, F(jo) and F(io) are forced to be the canonical
maps associated to the cone C(F(eqg)), and the values F(e1) and F'(ep;) are obtained
from the above relations. That said, we define F,G: E — pretr(A!) as follows:

S o
N———

[=lelg og
oo

N—

Direct sums are taken in Z°(pergg(A!)). We identified Eo[1] = C(jjo) in the definitions of
F(C(ep)) and F(E>), which is actually an abuse of notation; analogously, the canonical
inclusion map C(eg) — C(jo) is identified with the projection py: C(eg) — Ep[l]. With
this identification, we have that

.\ (4o 0
F(JO) - (]00 p0> )
0
F(po) = (' o) -
It can be shown that ' and G are not homotopic. To see this, it is useful to remark
that a homotopy ¢: F' — G is given by homotopy equivalences g, : F(E;) — G(E;) for

all i = 0,1,2 subject to the various compatibilities in H?, together with the following
commutative diagram in H°:

where ©c () is “functorial™: it is the cone of p(eo): pE, = ¢r, in H(Mor(pergg(Al)))
(recall that ¢ is a dg-functor from E to the dg-category of morphisms). The details are
left to the reader.
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Next, we attempted to show that the extensions F,G: pretr(E) — perdg(Al) were
isomorphic in cohomology, but this is actually false, as we are going to show. Both
the domain and codomain dg-categories are smooth (Proposition 4.3.12) and locally
perfect, so by Theorem 3.5.9 we know that quasi-functors pretr(E) — perqqg(Al) and
pergg(A!) — pretr(E) have adjoints. By Theorem 4.3.8, we know that Prerag(Al)—pretr(E)
is essentially injective; by Proposition 3.6.3, we know that this implies (it is actually
equivalent to) the essential injectivity of @pretr(E)_}perdg(Al). Hence, by the fact that F is
not homotopic to @, we deduce that H(F) 2 H(G). In spite of this, it can be shown
that there exist homotopy equivalences

¢E,: F(Eo) — G(Eo),
¢p, : F(E1) = G(E),
©C(eo): F(Cleo) = G(Cleo)),

PEs: F(EQ) — G(EQ)

such that the following diagram, which is the analogue of (4.3.4), is commutative in
HO(pergg(Al)):

F(Eo ® By @ Cleo)) S r (By)

@EOGS@ElGB«JC(pO)J/ J{m

G(Ey® Fy & Cleg)] ~ 25 b ().

A direct computation (left as an exercise) shows that the morphism « is given by
o= (63,62,6’1) )
The above homotopy equivalences can be defined as follows:

YE, = 1r(Ey)

vr, = lpE),;
PCleg) = ( . ?)
100

o= (511)

So, this example, even if ultimately unsatisfactory, shows that the glueing technique
needs the condition that the morphism Fi; N[—1] — Gi; N[—1] is induced by a morphism
of quasi-functors Fiy — Giy.

The above example can be modified taking pretr(E) as the target dg-category, in
the hope of finding a counterexample. Unfortunately, this dg-category is complicated
enough to make the task of defining an isomorphism of functors in H® very hard (for
example, we are unable to describe the indecomposable objects of tria(E)). The author
is even unable to conjecture whether the dg-lift uniqueness should hold true or not, for
quasi-functors defined on this dg-category.
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Chapter 5

Aso-functors

Another way to study the homotopy theory of dg-categories comes from the theory of
Aso-categories and Aso-functors. They are, respectively, a homotopy coherent incar-
nation of dg-categories and dg-functors. A.-functors are actually a model for quasi-
functors; their advantage over quasi-representable bimodules relies in their “concrete-
ness”: they are defined by elementary (even if quite complicated) formulae, which can
be employed in rather direct arguments. This formalism will allow us to prove a dg-lift
uniqueness result with some additional hypothesis on the functors involved; the result
has some interesting geometric applications.

5.1 A,-categories and functors

From now on, k will be assumed to be a field. The basic notions of the theory of
Aso-categories and functors are taken directly from [Sei08], whose conventions will be
followed. We warn the reader especially about sign conventions, which are possibly the
most annoying feature of the theory. If it feels more comfortable, just assume that
chark = 2, at least at a first reading.

We will be working with strictly unital As.-categories and functors. The formal
definitions are as follows:

Definition 5.1.1. A strictly unital A.-category A consists of a set of objects Ob A a
graded k-vector space A(Xp, X;) for any couple of objects Xo, X1 € A, and multilinear
composition maps for any order d > 1:

ph: A(Xg 1, X9) ® ... A(Xo, X1) = A(Xo, Xq)[2 — d], (5.1.1)

satisfying the following collection of equations (for all d > 1):

d

d d—m
SO CUE T o fm s R s o St ) oo f1) =0, (5.1.2)

m=1 n=0

101
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where by definition X4, = |f1| + ... 4+ |fa| — n. Moreover, for any object X € A, there
exists a (necessarily unique) morphism 1x € A(X, X)? which satisfies:
M}X(IX) =0,
(_1)‘f|u124(1X17f) ::U’i(fa 1X0) =/ \V/fEA(X[),Xl),

/‘I’dA(fd—la'--?fn+1?1Xn7f?’Lv"'7f1) :07
Vd>2 fr € A(Xp_1,X),V0<n<d.

(5.1.3)

Unwinding the above definition, we find out that that the map p} is a coboundary
which endows the hom-spaces A(X,Y) with a structure of chain complex. The compo-
sition p% is not associative, but its deviation from being so is measured by the higher
order maps 1.

Definition 5.1.2. Let A and B be (strictly unital) A..-categories. An A..-functor
F: A — B consists of a map of sets
F’: ObA — ObB,
X = F)(X) = F(X),

and multilinear maps
Fe. A(delde) ®...Q8 A(XQ,XI) — B(F(Xo), F(Xd))[l — d], (514)
subject to the following equations, for all d > 1:

Z Z M%(Fsr(fda---7fd*sr+1)7'"7F81(f517"'7f1))

r>1s1+...4sr=d
d d-m (5.1.5)

= Z Z(*1)%an_m+1(fdv---afn+m+17NnA%(fn+ma- . 'afn+1)7fn7"',f1)7
m=1 n=0

where s; > 1 for all . Moreover, F' is required to satisfy the following strict unitality
condition:

Fl(lX):lF(X), VX eA,
Fd(fd—17"‘7fn+171Xn7fn7"‘7f1):07 (516)
Vd> 2,fk S A(kal,Xk),VO <n<d.
Given Ao-functors F': A — B and G: B — C, their composition G o F is defined
as follows:
(GoF) =@G% F°,
d
(GOF) (fd:"'7f1) (5'1_7)
= > GF(far s Sasa1)s - F (fors -5 1)),

r>1s1+...+sr=d

whenever d > 1, with s; > 1.
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Remark 5.1.3. Any dg-category A can be viewed as an Ay,-category, setting

pa (f) = (—=1)ldf,
walg. f) = (—1)Mlgf,
ph =0, Vd>2

As we see, apart from sign twists, a dg-category is an A..-category whose higher com-
positions (for d > 2) vanish. From now on, any dg-category will be implicitly viewed in
this way as an A..-category.

It is interesting to see how the definition of A..-functor behaves if the domain and
codomain are assumed to be dg-categories. If F': A — B is an A,.-functor between
dg-categories, the degree d equation (5.1.5) boils down to:

N113(Fd(fda"'7f1 +ZMB fd?"'7fd—j+1)7Fd_j(fd—ja"'7f1))

d—1
= Z(_l)%an(fcb . 'afn+2alu‘11/-\(fn+1)7fn7 .- '7f1) (518)
n=0
d—2
+ Z(_l)%an_l(fda SRR fn+37u?§(fn+2a fn+1)7 fna s >f1)'
n=0

In the even simpler case when F': E — B is an A,.-functor where E is a k-linear category
and B is a dg-category, the degree d equation defining F' then reduces to the following:

/1’]13(Fd(fd7"'7f1 +ZMB fda"'7fd—j+1)7Fd7j(fd—j7'"7f1))

1
o 7= (5.1.9)
= Z(_l)%anil(fCh e fn+37 M%(f?"rf-za fn+1)7 fnv s 7f1)'
n=0

It is also interesting to see what is the composition of an A..-functor F': A — B
(between dg-categories) with a dg-functor G: B — C. Such a dg-functor, viewed as an
Aso-functor, is characterised by having G¢ = 0 for all d > 1. Formula (5.1.7) becomes
very simple:

(GoF)fg,....f1) = GHFUfq,..., [1)), (5.1.10)
for all d > 1.

Ezxample 5.1.4. Let A be a dg-category, viewed as an A..-category. As an exercise, let
us write down what happens when we view the dg-category of morphisms Q = Mor A
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(see Definition 1.3.11) as an As-category. First:

u 0 ” du 0
Ha <h v) = (=) (dh+(—1)“(f’u—vf) dv)
= (-1 ( — 1) (u) 0 )
(=DMl (h) + (=DM D) MR (Fu) = pa (v, ) (=) p) (v)

:< pa (u) 0 )
—pp (h) + (=DM (f ) — pi (v, f) pa(v))

Wl 96

B (—1)/ 0
T\ Dl Rt R) (— 1)l

Moreover:

:< pia (v, u) 0 )
(=)l (0 u) — pa (V' h) g (' 0) )

Given As-categories A and B, there is an A, -category Fune (A, B) of (strictly
unital) Aoo-functors. Its definition involves describing (Ao -)natural transformations of
Aoo-functors.

Definition 5.1.5. Let F,G: A — B be A.-functors. A degree g pre-natural transfor-
mation h: F — G is consists of a sequence of maps (h°, h!,...) such that

R: X — h% € B(F(X),G(X))Y, X €A,
and h? is a family of multilinear maps
h': A(Xq-1,Xq) ® ... © A(Xo, X1) = B(F(X), G(Xq))lg — d]
for any family of objects Xy, ..., Xy € A. Pre-natural transformations F' — G form the
graded vector space Funy, (A, B)(F, G). Compositions are described in [Sei08, Paragraph
(1d)]. For example, we have that
pH(hx = pp(h%), VX €A.
Moreover, we require the strict unitality condition:

hd(fd*lr"7fn+171Xn7fn7'"7f1):07 (5111)

foralld > 1and 0 <n <d, with fr € A(Xk_1, Xg)-
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Remark 5.1.6. It is worth writing down the coboundary formula for a pre-natural trans-
formation h: FF — G when F,G: A — B are A -functors between dg-categories. If
d > 1, we have:

(W) (far ..., fr) = A — BY, (5.1.12)

where

Ad :M%S(hd(fda ceey fl))
+ B (G fa - f1) hxy) + ()R (o F(fa, . f1)

d—1
S B Fare o fagi) W (g 1) (5.1.13)
j=1

d—1
+ Z(_l)%d_j(|h|_1)ul23(hj(fd7 ce fd—j+1)7 Fd_k(fd—ja s 7f1))a
j=1

and

d—1
B =" (1) BT A (fy L fava A (Fakd)s fas oo f1)
n=0
d—2

+ Z(_l)%n—‘r‘hl_lhd_l(fda ) fn+37:u'i(fn+2a fTL—i—l)a fTL: s >f1)7

n=0

(5.1.14)

given composable morphisms f1, ..., fg with first source Xy and final target X,;. Notice
that the term By is similar to the right hand side of (5.1.8).

Closed degree 0 pre-natural transformations of A..-functors are properly called nat-
ural transformations. They can be characterised as directed homotopies, in the sense
explained by the following result.

Lemma 5.1.7. Let A, B be dg-categories. Let F,G: A — B be A-functors. There is
a bijection between the set of (closed, degree 0) natural transformations F' — G and the
set of Aoo-functors p: A — Mor B such that Sp = F and Ty = G:

ol = (F4,G% h?) < he. (5.1.15)

Proof. Let ¢: A — Mor B an A.-functor as in the hypothesis. In particular, for any
string of composable maps fi,..., fg with first source Xy and final target X;, we have

Spd(fda"'vfl) = (Fd(fd7'~'7f1)7Gd(fd7'~'7f1)7hd(fd7'-'7f1))

as a morphism (F(Xp), G(Xo),hx,) — (F(Xa), G(X4),hx,). Notice that F¥(...) and
G4(...) have degree |fi| + ...+ |fa| + 1 — d, that is, "Hg + 1, whereas h%(...) has degree
;. Now, we unwind the equation (5.1.8) which defines ¢. By Example 5.1.4, we have

Ml ((pd) - (M%B(Fd)7/1’]13(Gd)7 _:U’]l3<hd) + (_1)%d+1:u’]23<hxd7Fd) - /1']23(Gd7 hXo))'
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Moreover:

12 (Fay oo famjs1)s 0 (famjy -y 1)
= 12((F7, G, W), (P, G 7))
= (up(F7, FU9), pig(G7,G¥9), (= 1) Rty (W, FOT) — iy (GY, h*7)).

Now, we find out that the left hand side of (5.1.8), projected to the third component, is
equal to the following:

—ui (W (fay -y 1) = 1B (G (fas - 1), hxy) — (D)% (hxy, F4(fay .., f1))

d—1

- Z 1B (G (- famjn) D (fago - 1))

_ Z ’I‘d Jlu, hj(fd, .. .,fd7j+1),Fdij(fd7j7 .- ~7f1))'

We immediately notice that the above term is equal to —A? when |h| = 0 (see (5.1.13)).
Moreover, the right hand side of (5.1.8), projected to the third component, is equal to
—B® when |h| = 0 (see (5.1.14)). Now, it is clear that any A.-functor ¢: A — Mor B
such that Sy = F and Ty = G defines a closed degree 0 natural transformation h: F' —
G, taking the projection of ¢ to the third component; conversely, given h: F' — G closed
and of degree 0, setting
— ( Fd, Gd7 hd>

we obtain an A..-functor with the desired properties. Clearly, these mappings are mu-
tually inverse. Moreover, the scrict unitality condition (5.1.6) for ¢ is clearly equivalent
to the strict unitality condition (5.1.11) for A. O

If A and B are dg-categories, then so is Fun., (A, B). Actually, this is an incarnation
of the internal hom in Hqe, as mentioned in [Kel06, Paragraph 4.3]:

Proposition 5.1.8. The dg-category RHom(A, B) can be identified with the dg- category
Funy (A, B) of strictly unital A -functors from A to B.

The functor ®*7B has clearly an incarnation in this setting:
478 HO(Funy (A, B)) — Fun(H(A), H'(B)),
F o HY(F), H(F)(f)=[F'(f)], (5.1.16)
(Al = HO(h),  H(h)x = [h%],
where here [-],1 denotes the cohomology class with respect of the coboundary ut of
Funs (A, B)(F,G). Recalling Lemma 5.1.7, the action of the above functor on mor-

phisms can also be viewed in terms of directed homotopies. Given ¢: A — Mor B such
that S = F and Ty = G, we may identify H°(p) to the ordinary functor

HY(A) — Mor(H°(B))
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obtained by the following composition:

H(A) - H'(Mor B) 2% Mor(HO(B)).

5.2 Uniqueness of dg-lifts

The goal of this section is to prove a dg-lift uniqueness result using the formalism and
techniques of A-functors. We will need the following (simplified) obstruction theory
result, which can be proved with a direct computation. The analogue (general) result is
proved for A-algebras in [LH03, Corollaire B.1.5].

Lemma 5.2.1. Let E be a k-linear category, let B be a dg-category, and let n > 2 be an
integer. Suppose that we have a finite sequence (F°, F1, ... F"~ 1) where F*: ObE —
ObB, X — F(X) = FY%(X) and

Fe. E(del, Xd) ... Q E(Xo,Xl) — B(F(Xo),F(Xd))[l - d],

is a multilinear map, for alld = 1,...,n — 1. Assume that (5.1.9) is satisfied for all
d=1,...,n—1. Then, the expression

n—2
Z(_l)%anil(f’rh e fj+37/j’125‘,(fj+27 fj+1)7 fj7 s 7f1)
j=0
n—1 ) )
= 1BF (frr - frej1)s F (frej -, f1))
j=1
is a pg-cocycle, for any chain of composable maps fi,..., fn.

Another key tool in our argument is Lemma 4.4.2, which we write down in its “A.,
version”:

Lemma 5.2.2. Let A be a dg-category. Let (A, B, f) and (A',B’, ') be objects in
Q = Mor A (viewed as an Ax-category), and let n € Z such that

H"Y(A(A,B")) =0.

Next, assume that we are given a degree n morphism (u,v,h): (A, B, f) — (A", B, f'
such that M}Q(u,v,h) = 0. Then, if u = ph (@) and v = pX (v), there exists h: A — B’
such that

Proof. Recall Example 5.1.4. u = pk ()
(—=1)"~'y = dd. Apply Lemma 4.4.2 to (—1)

means (—1)""'u = dii, and analogously

(u,v,h) = ,ua(a, o, h).
" (u, v, h):

(=1)""Hu,v,h) = d(@,0,h) = (-1)" " ug(a, 9, h),

and the claim follows. O
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We are going to prove the following claim, which is actually a lifting result of natural
transformations:

Proposition 5.2.3. Let E be a k-linear category, viewed as a dg-category concentrated
in degree 0, and let B be a dg-category. Let F,G: E — B be quasi-functors, such that

H/(B(F(E),G(E"))) =0, (5.2.1)

for allj <0 and for all E,E' € E. Letp: H(F) — H°(G) be a natural transformation.
Then, there exists a morphism p: F — G in H'(RHom(E, B)) such that H%(¢) = .

We obtain the following theorem, which is the announced dg-lift uniqueness result:

Theorem 5.2.4. Let E be a k-linear category, viewed as a dg-category concentrated in
degree 0, and let B be a triangulated dg-category. Let F,G:E — B be quasi-functors,
such that

H/(B(F(E),F(E"))) =0, (5.2.2)
forallj <0, forall E,E' € E. Let@: H(F) — H°(G) be a natural isomorphism. Then,
there exists an isomorphism p: F — G in H(RHom(E, B)) such that H%(p) = @.

In particular, set A = pergg(E); if F,G: A — B are quasi-functors satisfying (5.2.2),
then HO(F) = H°(G) implies F = G in H°(RHom(A, B)).

Proof. Since H°(F) = H°(G) and B is triangulated, then (5.2.1) holds. Then, the proof
is a direct application of Proposition 5.2.3, Proposition 3.6.7. The second part of the
statement follows from Lemma 3.6.5. O

Upon identifying RHom(E, B) to Fun (E, B), Proposition 5.2.3 is translated to the
following:

Proposition 5.2.5. Let E be a k-linear category, viewed as a dg-category concentrated in
degree 0, and let B be a dg-category. Let F,G: E — B be (strictly unital) Aso-functors,
satisfying

H!(B(FY(E),G°(E"))) =0, (5.2.3)

forallj <0, forall E,E' € E. Assume@: HY(F) — H°(Q) is a natural transformation.
Then, there exists an Aso-natural transformation ¢: F — G, such that H°(p) = @.

Proof. In view of Lemma 5.1.7, we try to define recursively a Ay-functor ¢: E — Mor B
such that S = F, T = G, and the induced functor

E = H°(E) — Mor(H"(B))
is equal to . First, we define a map ¢ on objects: for any E € E, we set

¢’ (E) = (F'(E),G°(E), ¢r),
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where ¢ is a chosen lift of the given map @ : FO(E) — GY(E). Next, we define ¢! on
a given basis (including the identities of all objects) of the space of morphisms. Given
an element f: Eg — E7 of this basis, we set

o' (f) = (F'().G'(f). 1 (),

where hl(f) is a chosen degree —1 morphism such that

—us (A (f)) = 1B(G'(f). oB,) — 1B (pE, F1(f)).

h(f) exists by the hypothesis that ¢: H’(F) — H°(G) is a natural transformation.
Moreover, we may choose h'(1g) = 0 for all E € E. By construction, ¢!(f) is a closed
degree 0 morphism in Q = MorB (see Example 5.1.4), as required by (5.1.9), and
ng(lE') = 1ap0(E)'

Now, for d > 2, assume that we have defined a sequence of maps (¢, ..., % 1)
satisfying (5.1.9) and strict unitality, with

(s 1) = (F (oo 1), G5 (fer ooy 1) 5 (fis - 1))

Given maps f;: F;—1 — E; in our chosen basis for ¢ = 1,...,d, by Lemma 5.2.1 the
expression

d—2

Z(il)%nwd_l(fd’ cee fn+37MI%:(fn+2’ fnJrl)a fnv DI fl)

n=0

o | (5.2.4)
> 1@ (far- o famjr1) " (famjs -5 1))
=1

is a pug-cocycle (F°(Ey), G°(Eo), ¢r,) = (F*(Eq), G*(Ea), E,), of degree 1 — (d —1) =
2 —d. Since F and G are A, -functors, we have that

(524) = (M}B(Fd(fdv s 7f1)>iu]13(Gd(fda s 7f1)) o )

Then, the condition (5.2.3) allows us to apply Lemma 5.2.2 (with n = 2 — d). We may
choose h%(fg4, ... f1) such that

(524) = M}Q(Fd(fd7 -'7f1)7Gd(fd7' -'7f1)7hd(fd7'- . 7f1))‘

So, defining
O far s 1) = (FUfay s 1), G Foay ooy F1), D fas -+ f1))

we get the correct identity (5.1.9). Notice that, if one of the f; is an identity morphism,
then expression (5.2.4) vanishes, so in that case we may choose h(fy, ..., f1) = 0, and
hence ©%(fq,...,f1) = 0, which is the strict unitality condition. Finally, our result
follows by recursion. O
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5.3 Applications

In this section we describe an application of the above technique which gives uniqueness
results of Fourier-Mukai kernels. The dg-categories of interest in these applications are
enhancements of Verdier quotients of the form D(A)/L, where A is a k-linear category
and L is a full subcategory of D(A) with suitable hypotheses. More precisely, we will
work in the framework of the following result, whose proof is essentially contained in
[LO10, Section 6, first part].

Lemma 5.3.1. Let A be a k-linear category, viewed as a dg-category. Let L C D(A) be
a localising subcategory (namely, strictly full and closed under direct sums), generated
by compact objects L = LN D(A)¢. There is a canonical functor

1: A < D(A)° — D(A)°/L° < (D(A)/L)°, (5.3.1)

where the composition of the last two maps is the restriction of the quotient functor
D(A) — D(A)/L. The triangulated category (D(A)/L)¢ is the idempotent completion
of D(A)¢/L¢, and it is classically generated by the full subcategory with objects t(A).
Moreover, if D together with the equivalence

e: (D(A)/L)* — H*(D)

is an enhancement of (D(A)/L)¢, then D is quasi-equivalent to perqg(A’), where A’ is
the full dg-subcategory of D whose object are given by e(t(A)).

Verdier quotients such as D(A)¢/L¢ are enhanced by the Drinfeld dg-quotient. We
state its definition and main properties, which we will need in the following; they are
directly taken from [Dri04, 1.6.2].

Definition 5.3.2. Let A be a dg-category, and let B be a full dg-subcategory of A. A
dg-quotient of A modulo B is a dg-category A /B together with a quasi-functor 7: A —
A /B, such that for any dg-category C the induced functor

7*: H'(RHom(A/B, C)) — H°(RHom(A, C)) (5.3.2)

is fully faithful, and its essential image consists of quasi-functors F': A — C such that
HO(F) maps objects of B to zero objects in H(C).

Theorem 5.3.3. Let A be a dg-category, and let B be a full dg-subcategory of A.
Then, a dg-quotient (A /B, ) exists, and it is uniquely determined up to natural quasi-
equivalence. Moreover, if A is pretriangulated and H°(B) is a triangulated subcategory
of HO(A), then (H°(A/B), H%(m)) is a Verdier quotient of H°(A) modulo H°(B):

H°(A)/H°(B) = H'(A/B). (5.3.3)

Remark 5.3.4. Assume the framework of Lemma 5.3.1. We know that the category D(A)¢
has perqg(A) as a dg-enhancement. Moreover, taking £¢ to be the full dg-subcategory of
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pergg(A) whose objects correspond to L¢, we find out that the dg-quotient perqy(A)/L¢
is an enhancement of D(A)¢/L¢. Moreover, since (D(A)/L)¢ can be viewed as the idem-
potent completion of D(A)¢/L¢, we find out that the dg-category

perag(perqg(A)/ L)

is an enhancement of (D(A)/L)¢. Without loss of generality, we may assume that the
above functor ¢ is obtained in H° by the quasi-functor

i1 A = perqg(A) 5 perag(A)/LS — pergg(perag(A)/L6). (5.3.4)

Notice that the quasi-functor pergq(A) - perqg(A)/L¢ is the canonical projection to the
dg-quotient, and the fully faithful dg-functor perqs(A)/L < pergg(perqg(A)/LC) is the
canonical inclusion. They are respectively involved with the universal properties (5.3.2)
and (3.5.5).

Now, [LO10, Theorem 2.8] tells us that, under the vanishing hypothesis

(D(A)/L)(1(A), (A)]j]) 20, Vj<0, VA A €A, (5.3.5)

the category (D(A)/L)¢ admits a unique dg-enhancement (up to quasi-equivalence). So,
in that case, we are allowed to identify any such enhancement D, up to quasi-equivalence,
to the dg-category perqq(perag(A)/L).

Now, the abstract result of the previous section allows us to prove the following;:

Theorem 5.3.5. Assume the framework of Lemma 5.53.1, and assume that (D(A)/L)¢
has a unique enhancement. Let D be such an enhancement, and for simplicity identify
H°(D) = (D(A)/L)¢. Let F,G: D — B be quasi-functors taking values in a triangulated
dg-category B, both satisfying the vanishing hypothesis:

H°(B)(F((A)), F(u(A))[i]) =0, Vj<0, (5.3.6)
for all A, A" € A. Then, if
HY(F)o1= HYG)o1: A — B,
we have that F' = G as quasi-functors.

Proof. Recalling Remark 5.3.4, we are allowed to identify D to pergq(pergq(A)/L6).
By the universal property of pergy(pergq(A)/LC), we have that F' = G if and only if
Fiper ag(A)/Le = Gper ag(A)/Le- Then, by the universal property of the dg-quotient, this is
equivalent to

Flpergg(a)/2e © T = Glper,(a)/ce © T2 Perag(A) — B.

Finally, by the universal property of perqs(A), this is equivalent to
Foi=Goi: A— B.

Now, recalling that we have identified « = H°(7), a direct application of Theorem 5.2.4
gives the desired result. O
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The above result has an interesting application. Let X be a quasi-projective scheme,
viewed as open subscheme of a projective scheme X. Then, the derived category
D(QCoh(X)) of quasi-coherent sheaves on X can be described as a quotient D(A)/L.
Namely, take A as the category with objects given by the integers, and

Al j) = H'(X, 0% (j — 1)), (5.3.7)

with composition induced by that of the graded algebra @, H°(X, O5(n)). The sub-
category L is taken to be the category of all objects in D(A) whose cohomologies are
“I-torsion modules” (for details, see [LO10, before Corollary 7.8]). It can be proved that
there is an equivalence D(A)/L = ©(QCoh(X)), and also that the natural functor

A < D(A) — D(A)/L = ®(QCoh(X))

maps any integer j € Ob A to the sheaf Ox (7). Moreover, the subcategory L satisfies the
hypotheses of Lemma 5.3.1, and in particular the above discussion restricts to compact
objects and perfect complexes. Namely, we have an equivalence (D(A)/L)¢ = Perf(X)
which, composed with the functor (5.3.1), gives:

A5 (D(A)/L)° = Perf(X),

i Ox(j). (538

Now, let D44(QCoh(X)) be an enhancement of D(QCoh(X)), and for simplicity iden-
tify this category to H?(Dqg(QCoh(X))). Recall that the full dg-subcategory Perfaq(X)
of D45(QCoh(X)) whose objects are the compact objects in D(QCoh(X)) is an en-
hancement of Perf(X); also, recall that these enhancements are uniquely determined,
by [LO10, Corollary 7.8, Theorem 7.9]. Upon identifying (D(A)/L)¢ to Perf(X) via the
equivalence discussed above, we immediately get the following:

Corollary 5.3.6. Let X be a quasi-projective scheme, and let B be a triangulated dg-
category. Let F,G: Perfqy(X) — B be quasi-functors which satisfy the vanishing condi-
tion

H°(B)(F(Ox(n)), F(Ox(m))[j]) =0, Vj <0,

for all n,m € Z. Then, if H*(F) = H°(G), we have that F = G as quasi-functors.

Finally, we apply this machinery to the uniqueness problem of Fourier-Mukai kernels,
as explained in Section 0.2, hence obtaining the following uniqueness result:

Theorem 5.3.7. Let X and Y be schemes satisfying the hypotheses of both Theorems
0.2.2 and 0.2.1, with X quasi-projective. Let £,&" € D(QCoh(X x Y)) be such that

PF7Y = XY = F: Perf(X) — D(QCoh(Y)),

and Hom(F(Ox(n)), F(Ox(m))[j]) = 0 for all j <0, for alln,m € Z. Then & = &'.
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