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1. INTRODUCTION

One of the aims of the present thesis is to try and answer the question: what is
the analogue, in the realm of triangulated categories, of the notion of Grothendieck
category in the realm of abelian categories? The best way to proceed seemed to
us that of lifting perhaps the most important theorem involving these notions from
the abelian to the triangulated world. The theorem we are speaking of is due to
Popescu-Gabriel:

Theorem 1.1 (Popescu-Gabriel [31]). Let T be a Grothendieck category. Then the
following statements are equivalent:

(i) G €T is a generator of T ;

(17) the functor Hom(G,—) : T — Mod(A), where A = Hom(G, G), is a local-

1zation.

We refer to [30], [35], [23], [20] for complete proofs of the theorem.

In his book [27, Def. 1.15, p. 15], A. Neeman defined the class of well generated
triangulated categories. It turns out that this class is a very good generalization
to higher cardinals of the concept of compactly generated triangulated category. In
fact, it preserves the most interesting properties, e.g. the validity of the Brown
representability theorem [5] and of the Thomason localization theorem [36, Key
Proposition 5.2.2, p. 338], and at the same time introduces new good features, such as
the stability of the new class under localizations (assuming the quite weak hypothesis
that the kernel of the localization functor is generated by a set of objects). H. Krause
characterized the class of categories introduced by Neeman as follows [17]. Let 7 be
a triangulated category with suspension functor ¥ admitting arbitrary set-indexed
coproducts. 7 is well generated in the sense of Krause [17] if and only if there exists
a set Gy of objects with XGy = Gy satisfying the conditions:

(G1) an object X € 7 is zero provided that 7 (G, X) = 0 for all G in Gy;
(G2) for each family of morphisms f; : X; — Y}, i € I, the induced map

TG ][ x) - TG ][
iel icl
is surjective for all G € Gy provided that the maps
TG, X;) - T(G,Y;)

are surjective for all € I and all G € Gy;
(G3) there is some regular cardinal « such that the objects G € Gy are a-small,
i.e. for each family of objects X;, 1 € I, of T, each morphism

iel
factors through a subsum [, ; X; for some subset J of I of cardinality strictly
smaller than a.

In the case a = N, the Ry-compact objects are the compact objects of the classical
literature [24], [25] and the definition of well generated category reduces to that of
compactly generated one. Well generated triangulated categories arise very naturally
when one localizes compactly generated ones, as it will be shown in detail in section 4.
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For example, the unbounded derived category D(Sh(X)) of sheaves of abelian groups
on a topological space X is well generated since it is a localization of the derived
category of presheaves D(Presh(X)), which is compactly generated. However, Nee-
man shows in [28] that not all derived categories of sheaves are compactly generated.
An example is the category D(Sh(X)) where X is a connected, non compact real
manifold of dimension at least one; in this case, there do not exist non zero compact
objects. In the same article, it is shown that the derived categories of Grothendieck
categories are always well generated. Another large class of examples arises when
one localizes the derived category DA of a small DG category A at the localizing
subcategory generated by a set of objects. Indeed, since DA is a compactly gen-
erated triangulated category, such a localization is always well generated. Now we
can state the main result of this thesis. It also gives a positive answer to Drinfeld’s
question [29] whether all well generated categories arise as localizations of module
categories over DG categories, for the class of algebraic triangulated categories. Here
algebraic means triangle equivalent to the stable category of a Frobenius category.
One can show that each algebraic triangulated category is triangle equivalent to a
full triangulated subcategory of the category up to homotopy of complexes over some
additive category.

Theorem 1.2. Let T be an algebraic triangulated category. Then the following
statements are equivalent:

(1) T is well generated;

(ii) there is a small DG category A such that T is triangle equivalent to a lo-
calization of DA with respect to a localizing subcategory gemerated by a set
objects.

Moreover, if (i) holds and G C T is a full triangulated subcategory stable under
coproducts of strictly less than « factors and satisfying (G1), (G2) and (G3) for
some reqular cardinal «, the functor

T — Mod G, X — Homyz(—, X)|g

lifts to a localization T — D(QV), where G is a small DG category such that HO(QV)
1$ equivalent to G.

If 7 is compactly generated, the theorem yields a triangle equivalence 7 — DA,
and we recover Theorem 4.3 of [14]. Note the structural similarity with the abelian
case. One notable difference is that in the abelian case, one can work with a single
generator whereas in the triangulated case, in general, it seems unavoidable to use a
(small but usually infinite) triangulated subcategory.

An analogous result for topological triangulated categories has recently been proved
by A. Heider [9].

The presence of a Quillen model category structure on the category of DG modules
suggested to us that a completely different proof of the main theorem could be
obtained without the use of the powerful theorem 4.10. In fact, this theorem contains
more or less the same amount of information as the generalization given by Amnon
Neeman [27, Thm. 4.4.9, p. 143] of the localization theorem of Thomason-Throbaugh
[36, Key Proposition 5.2.2, p. 338]. We prove that this amount of information is also
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encoded in the exact and model category structures present on C.A. We report here
the statement of theorem 5.5 for the convenience of the reader. Here the category
D, A is the localization of DA of item (éi) in theorem 1.2.

Theorem 1.3. Let A be a homotopically a-cocomplete pretriangulated DG category.
The a-continuous derived category of A is a-compactly generated by the images of the
free DG modules A", A € A. More precisely, the full subcategory G of D, A formed by
the images of the free DG modules A", A € A, is a triangulated subcategory satisfying
conditions (G1), (G2) and (G3) of Krause’s definition above (see also definition 3.1).

In this new approach, we look at the derived category of the small DG category
A as the homotopy category of the category of DG modules CA considered with
the projective model structure (see subsection 6.1). This allows us to introduce, for
all the infinite regular cardinals «, some subcategories of cofibrant DG modules of
CA which can be considered as the DG analogues of the subcategories of a-compact
objects of DA. We call the objects of these subcategories homotopically o-compact
DG modules. It turns out that these objects have a nice factorization property
(theorem 6.31) which is the technical key-result to arrive at a new proof of theorem
1.3 (5.5 in the text).

It seems to us that this new approach is more suitable for further investigations.

1.1. Organization of the thesis. In section 2, we recall the main definitions and
results about DG categories and categories of DG modules over them which will be
used in the following chapters. Moreover, the construction of the derived category
of a small DG category is introduced (subsection 2.2). Notions and results in this
section are already known.

In section 3, we present some auxiliary results about well generated triangulated
categories. After recalling the definition given by Krause (subsection 3.1), we es-
tablish a small set of conditions which allows us to show that two well generated
triangulated categories are triangle equivalent (subsection 3.2).

In section 4, we recall some basic results about localizations of triangulated cate-
gories, localizations of well generated triangulated categories, and about their thick
and (a-) localizing subcategories (where « is an infinite regular cardinal). Thick
subcategories of triangulated categories are triangulated subcategories which contain
the direct factors of their objects; (a-)localizing subcategories are thick subcategories
stable under formation of all (a-)small coproducts of their objects. In subsection 4.3,
we state a theorem concerning particular localizations of well generated triangulated
categories, those which are triangle quotients by a subcategory generated by a set.

Section 5 contains the main theorem and can be considered the heart of the the-
sis. In subsection 5.1, DG categories enter the picture. Here we construct the
a-continuous derived category Dy A of a homotopically a-cocomplete small DG cat-
egory A. This construction enjoys a useful and beautiful property which is the key
technical result for proving the main theorem of the thesis: Given a homotopically
a-cocomplete pretriangulated DG category A, we show that its a-continuous derived
category D,A is a-compactly generated by the images of the free DG modules. Our
proof heavily uses theorem 4.10 of subsection 4.3 about localizations of well generated
triangulated categories.
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The categories D,.A turn out to be the prototypes of the a-compactly generated
algebraic triangulated categories. This characterization is what we have called the
Popescu-Gabriel theorem for triangulated categories. This is the main result of the
thesis. We present it in subsection 5.3, after having introduced the notion of alge-
braic category in subsection 5.2. As an application, in subsection 5.4 we also give a
result about compactifying subcategories of an algebraic well generated triangulated
category. The notion of compactifying subcategory generalizes that of compacti-
fying generator introduced by Lowen-Van den Bergh [21, Ch. 5] in the case of a
Grothendieck abelian category.

In subsection 6.1, we recall some general notions and facts about the Quillen model
structures before introducing the projective model structure present on the category
of DG modules. In subsection 6.2 we look at the exact structure on the category C.A
in more detail. Moreover, the notion of homotopy for DG modules is introduced.
In subsection 6.3 we study different closures of classes of cofibrant DG modules in
CA and prove some useful properties of them. Then, we introduce the homotopically
a-small and the homotopically a-compact DG modules (subsections 6.4 and 6.5).
The last subsection 6.6 is dedicated to proving a key technical factorization result
(theorem 6.31).
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2. DG CATEGORIES

In this section, the basic definitions and properties of DG categories will be briefly
recalled. We refer to [14], [16] and [7] for in depth treatments.

2.1. Notations. Let k£ be a commutative ring. The tensor product over k£ will be
denoted by ® = ®j. A k-category A is a category enriched over the category of
k-modules Mod(k) with k-linear associative composition maps

AY, Z) @ AX,Y) — AX,Z2), (f,9) — fg.

The category of graded k-modules G(k) has the k-modules V = € ., V? as objects,

with the usual shift V[1] defined by V[1]? = VP! p € Z. The tensor product V@ W
of two graded k-modules V' and W is the graded k-module with components

(Vew) = P VPeWw', ncl

ptq=n

Given two graded k-modules V' and V', the Hom-space G(k)(V, V") is a graded k-

module whose n-th component
G(k)(V, V)"

consists of the graded morphisms f : V. — V' of degree n, i.e. the k-linear morphisms
such that f(VP) C VPt for all p € Z. The tensor product f ® g of two maps
f:V—=V and g: W — W' is defined as

(feglew) = (=1)"f(v)@gw),

where g is of degree p and v belongs to V9. A graded k-algebra is a graded k-module
A endowed with a multiplication morphism A ® A — A which is graded of degree 0,
so that ‘ordinary’ k-algebras are graded k-algebras concentrated in degree 0.

A differential graded (=DG) k-module is a Z-graded k-module V' endowed with a
differential, dy : V — V of degree 1 such that di = 0. Equivalently, V is a complex
of k-modules. Remember that the shifted DG module V'[1] has differential —dy. The
tensor product of two DG k-modules is the graded module V @ W with the differential

2.2. Differential graded categories. A differential graded or DG category is a k-
category A enriched over the category of DG k-modules. This definition is equivalent
to the following data:

e a class of objects obj(A);
e a small DG k-module A(X,Y") for any pair of objects X, Y in A;
e associative unital composition maps given by morphisms of DG k-modules

AY,Z) @ AX,Y) — A(X, Z).

The typical example is the DG category Cyy(B), where B is a k-algebra. The objects
of this category are the cochain complexes of right B-modules. For each pair of

objects L and M, the Hom-space is defined as the DG k-module Cy,(B)(L, M) with
components

Cdg(B)<Lv M)n )
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whose elements are the morphisms of f = (f?), where, for each p € Z, the ele-
ments f? : LP — MP*™™ are morphisms of B-modules, and whose differential is the
commutator

d(fy=dyof—(=1)"fody.

The composition is the composition of graded maps. Now we can define the category
Z°(A), which has the same objects as A and whose Hom-spaces are defined by

(Z°A)(X,Y) = Z°(AX,Y)) ,

where Z° is the kernel of d : A(X,Y)? — A(X,Y)!. In the same way, the category
H°(A) has the same objects as A and its morphisms are defined by

(H(A)(X,Y) = H(A(X,Y))

where H? denotes the Oth homology of the complex A(X,Y). The homology category
H*(A) is the graded category with the same objects as A and morphisms spaces
H*A(X,Y).

Let A and A’ be DG categories. A DG functor
F:A— A
is given by the following data:
e a map
F ¢ obj(A) —> obj(A);
e morphisms of dg k-modules

Fxy : A(X,Y) — A(FX,FY), X,Y € obj(A),

compatible with the composition and the units.
Let A and B be two DG categories. For any pair of DG functors F', G : A — B,

e a graded morphism of DG functors of degree n,
o F—G,
is the data of a family of morphisms
ox € B(FX,GX)",

such that (Gf)(¢x) = (¢y)(Ff), for all f € AX,Y), X,Y € A;
e the differential of the complex of graded morphisms Hom(F,G) is induced by
the differential of B(FX,GX).

The set of morphisms between the DG functors F and G is defined as the set of
cocycles Z%Hom(F, Q).
A quasi-equivalence is a DG functor F': A — A’ such that

e Fxy is a quasi-isomorphism, for all objects X, Y of A;
e the induced functor H°(F) : H°(A) — H°(A’) is an equivalence.
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2.3. DG modules. A right DG A-module over a small DG category A is a DG
functor

M : A% — Cyy(k).
We can think of a right DG .A-module M as given by complexes M (X)) of k-modules,
for each X € obj(.A), and by morphisms of complexes
MY)® AX,Y) — M(X)

compatible with compositions and units. The category GA of graded A-modules is
the category of functors

M : A" — G(k)

defined on the underlying graded category of A with values in the category G(k) of
graded k-modules (cf. 2.1). An example is the homology H*(M) of a DG module M,
1.e. the induced functor

H*(A)? —G(k), X — H'(M(X)).

The representable A-modules are those which are isomorphic to X" = A(—, X)
for some object X of A. The category of DG modules CA has as objects the DG
A-modules and as morphisms L — M the morphisms of DG functors.

Note that CA is an abelian category and that a morphism L — M is an epimor-
phism (respectively a monomorphism) iff it induces surjections (respectively injec-
tions) in each component of L(X) — M(X) for each object X of A. A morphism
f L — M is a quasi-isomorphism if it induces an isomorphism in homology. We
have CA = Z°(Cyy(A)), where the DG category Cyy(.A) is defined by

Cdg(A) == HOm(.AOp, Cdg(k))

We write Hom(L, M) for the complex of morphisms from L to M in Cy,(A). For
each X € A, we have a natural isomorphism

(1) Hom (X", M) = M(X).
The category up to homotopy of DG A-modules is
H(A) = H(C4y(A)).

The isomorphism (1) yields the isomorphism

(2) CAX" M) = Z°(Cay(A)(X", M)
= Z°(Cay(A)(X", M)
= Z°(M(X))
= (2"M)(X),

for X and M as above. Similarly, we obtain
(3) H(A) (X", M[n]) = H"(Hom(X", M)) = H"M(X)
where n € Z and M|n] is the shifted DG module Y — M (Y')[n].
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2.4. The derived category. Let us introduce the derived category DA by formally
inverting the quasi-isomorphisms of CA. The derived category can be made into a
triangulated category by defining the distinguished triangles as the “images” of the
short exact sequences of CA
0—>L—>M—>N—=0

which split in the category of graded A-modules. These sequences of CA are also
called conflations. This means that the deflation p has a graded section s of degree
0 or, equivalently, the conflation i has a graded retraction r of degree 0. It turns out
that, with this choice of conflations, the category of the DG modules CA has the
structure of Frobenius category. Moreover, its stable category is equivalent to the
(triangulated) category up to homotopy H(A) (cf. [10], [8], [14]). Bernhard Keller
shows in [14] that the projection functor HA — DA admits a fully faithful left
adjoint p and a fully faithful right adjoint i. By using the embedding

p: DA — H(A)
and the isomorphisms (3), it is possible to show that, for an object X of A and a
DG module M, the isomorphisms
(4) DA(X", M[n]) = H(A)(X",iM[n]) = H"M(X)

hold, since X" is cofibrant (6.1). The embedding p : DA — H(A) is also the tool
which makes it clear that the derived category is still an additive category. The
derived category D.A admits arbitrary coproducts, induced by the coproducts of the
category CA of DG modules. Thanks to the isomorphisms

(5) DA(X"[n], M) = H"M(X),

obtained from (4), each DG module X”[n], where X is an object of A and n an
integer, is compact (cf. subsection 3.1 for the definition and subsection 4.2 for more
details). The isomorphism (5) also shows that a DG module M vanishes in DA iff
each morphism X" [n] — M vanishes. Thus the set G formed by the X"[n], X € A,
n € Z, is a set of compact generators (cf. subsection 4.2) for DA.
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3. WELL GENERATED TRIANGULATED CATEGORIES

3.1. Definitions of Krause and Neeman. The notion of well generated triangu-
lated category is due to A. Neeman [27, Def. 1.15, p. 15]. Instead of his original
definition, we will use a characterization due to H. Krause [17] which is closer in
spirit to the definition of Grothendieck abelian categories. We recall that a regular
cardinal « is a cardinal which is not the sum of fewer than « cardinals, all smaller
than « (see any standard reference about set theory for definitions and properties
of ordinals and cardinals, a very readable one is [19]). In this thesis, we will usually
assume that the cardinals we use are infinite and regular.

Definition 3.1. Let 7 be a triangulated category with arbitrary coproducts and
suspension functor Y. Let « be an infinite regular cardinal. Then the category 7 is
a-compactly generated if there exists a set of a-good generators, i.e. a set of objects
Go such that ¥G, = Gy, satisfying the conditions:

(G1) an object X € 7 is zero if 7 (G, X) = 0 for all G in G;
(G2) for each family of morphisms f; : X; — Y;, i € I, the induced map

(eN | RO a(eN 1 R
iel iel
is surjective for all G € Gy if the maps
TG, X;) - T(G,Y;)

are surjective for all + € I and all G € Gy;
(G3) all the objects G € Gy are a-small, i.e. for each family of objects X;, i € I,
of 7, each morphism

factors through a subsum [, ; X; for some subset J of I of cardinality strictly
smaller than a.

A triangulated category is well generated [17] if there exists a regular cardinal §
such that it is d-compactly generated.

Let 7 be a triangulated category with arbitrary coproducts. We will say that
condition (G4) holds for a class of objects G of 7 if the following holds:

(G4) for each family of objects X;, ¢ € I, of 7, and each object G € G, each

morphism

i€l
factors through a morphism [[,.; ¢i: [[,c; Gi — [1;c; Xi» with G; in G for all
1€ 1.

Clearly, condition (G4) holds for the empty class and, if it holds for a family of
classes, then it holds for their union. Thus, for a given regular cardinal o, there exists
a unique maximal class satisfying (G4) and formed by a-small objects. Following
Krause [17], we denote this class, and the triangulated subcategory on its objects,
by 7. Its objects are called the a-compact objects of 7.
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Remark 3.2. This definition of 7¢ is not identical to the one of Neeman [27,
Def. 1.15, p. 15]. However, as shown in [17, Lemma 6], the two definitions are
equivalent if the isomorphism classes of 7¢ form a set. This always holds when 7 is
well generated, cf. [17].

In the case a = Ny, the Ng-compact objects are the objects usually called compact
(also called small). We recall that an object K of 7 is called compact if the following
isomorphism holds

P 1, x)=T(K[][X),

iel iel
where the objects X; liein 7 for all ¢ € I, and [ is an arbitrary set. The triangulated
category with coproducts 7 is usually called compactly generated if condition (G1)
holds for a set Gy contained in the subcategory of compact objects 7¢ = 7%0. In the
case a = Ny, the definition of well generated category specializes to that of compactly
generated category.

Let 7 be a triangulated category with arbitrary coproducts and G, a small full
subcategory of 7. Let G = Add(Gy) be the closure of Gy under arbitrary coproducts
and direct factors. A functor F' : G — Ab is coherent [6], [1] if it admits a
presentation

G(—,Gh) — G(—,Go) — F — 0
for some objects Gy and Gy of G. Let coh(G) be the category of coherent functors on
G. It is a full subcategory of the category Mod G of all additive functors F' : G? — Ab.
Part ¢) of the following lemma appears in [18, Lemma 3], in a version with countable
coproducts instead of arbitrary coproducts. We give a new, more direct proof.

Lemma 3.3.

a) For each object X of T, the functor h(X) obtained by restricting T (—, X) to
G 1is coherent.

b) The functor G — coh(G) taking G to h(G) commutes with arbitrary coprod-
ucts.

c) Condition (G2) holds for Gy iff h : T — coh(G) commutes with arbitrary

coproducts.

Proof. a) We have to show that, for each X € 7, the functor 7 (—, X)|g, which, a
priori, is in Mod G, is in fact coherent. We choose a morphism [[,., G; — X, G; €
Go, such that each G — X , G € Gy, factors through a morphism G; — X. Then

T(— ][ Gle = T(= X)lg
iel
is an epimorphism in Mod G. We form a distinguished triangle
X —J[Gi— X —xX
iel
in 7. We can continue the construction and choose a morphism [[,.,, G} — X', G} €

Go, such that each G — X', G € Gy, factors through a morphism G, — X’. Then
the sequence

T(— 16Dl = T(= J]Gls — T(= X)lg — 0

iel’ il
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is a presentation of 7 (—, X)|g.

b) Let (G;)ier be a family of objects of G. We have to show that the canonical
morphism
coh(G)(h(][ Gi), F) — ] coh(G)(n(G:), F)
iel iel
is invertible for each coherent functor F. Since h(G) is projective for each G in G,

it is enough to check this for representable functors F'. For these, it follows from
Yoneda’s lemma and the definition of [, ; Gi.

c) We suppose that (G2) holds for Gy.
First step. For each family (X;);er of 7, the canonical morphism [],; h(X;) =

h([1;c; Xi) is an epimorphism. Indeed, for each i € I, let G; — X; be a morphism
such that

h(Gi) — h(X;)

is an epimorphism, where G; belongs to G. By b), the functor h : G — coh(G)
commutes with coproducts. Thus, we obtain a commutative square

Hie[ h(Gz’> - Hie] h<Xi)

| |
h(HiEI Gi) a0 h(HieI Xi)-

By condition (G2), 7 is an epimorphism. Thus, ¢ is an epimorphism.

73

Second step. For each family (X;);es of 7, the canonical morphism [[,.; h(X;) —
h([1;c; Xi) is an isomorphism. Indeed, for each i € I, we choose distinguished
triangles

X — G — X; = XX],
and morphisms G, — X/, where G; — Xj is as in the first step and G} belongs to G,
such that
h(E) — h(X))
is an epimorphism. Then the sequence
0— r(J] X)) - n]] G - h(]]x:)—0
i€l iel iel

is exact. Indeed, coproducts preserve distinguished triangles and A is cohomological
since it is the composition of the Yoneda functor with the restriction functor F' +—
F|g, which is clearly exact. In particular, ¢ is a monomorphism. Since the coproduct
functor J[,.; is right exact, the top morphism of the square

Hz‘el h(G;) - Hie[ h(Xz/)

| A

h(HiGI G;) - h(HiEI Xz,)
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is an epimorphism. By the first step, it follows that the morphism ¢ is an epimor-
phism. By b), the morphism [],., h(G}) — h(][,c; G;) is an isomorphism. Therefore,

the morphism
m]]G) — a( X
iel iel

is an epimorphism and the sequence

r[] ) — ]G - W[ X)—o0

iel iel iel

is exact. The claim now follows from b) since, [],., being a right exact functor, we
have a diagram with exact rows

Hie[ h(G;) - Hie[ h(Gi) - Hie[ h(XZ) —0

; | A
WUier G3) — Mie; Gi) — Wi, Xi) —=0.

We suppose now that h commutes with coproducts. We will show that condition (G2)
holds for G. Let (f; : X; — Y;)ier be a family of morphisms in 7 such that 7 (G, f;) :
T(G,X;) = T(G,Y;) is surjective for all s € I and all G € Gy. Then T([[,., Gi, fi) :
T (I, Gi. Xi) — T (I, Gi,Ys) is surjective for all the families (G})ier of Gy and
all i € I, thanks to the isomorphisms 7 ([[,., Gi, Xi) — [I,c;, 7 (G, X;). Moreover,
it is trivial to verify that 7 (A, f;) : T(A, X;) — T (A,Y;) is surjective, for all i € I,
for each direct factor A of any object G € Gy. Therefore, T (G, f;) is surjective for
all i € [ and all G € G. Thus, 7(—, X;)|g — 7(—,Y;)|g is an epimorphism for all
i € I. The coproduct [[,.; T (—, X;)l¢g — [1;,c;7(—,Yi)|g is still an epimorphism.
Since h commutes with coproducts, it follows that 7 (G, [[,.; Xi) — T(G, 1, Y3)
is surjective for all G € G, in particular for all G € G. O

el

Consider a triangulated category 7 and a class of its objects Gy, satisfying some
or all the conditions of definition 3.1. It will be important for us to know if these
conditions continue to hold for different closures of Gj.

Proposition 3.4. Let 7 be a cocomplete triangulated category, i.e. T admits all
small coproducts. Let Gy be a class of objects in T , stable under X and X7, satisfying
conditions (G2) and (G3) of the definition 3.1. Let o be an infinite cardinal. Let
G be the closure of Gy under ¥ and ¥, extensions and a-small coproducts. Then,
conditions (G3) and (G4) hold for G.

Proof. (G3) We directly show that condition (G3) holds for shifts, a-coproducts and
extensions of objects in G.
Since the functor ¥ : 7 — 7 is an equivalence, an object X of 7 is a-small iff
Y X is a-small. Thus, condition (G3) holds for all objects ¥"G, G € Gy, n € Z.
Since a-small coproducts commute with a-filtered colimits, condition (G3) holds
for a-small coproducts of objects of Gy. Indeed, let (G;) e, |J| < a, be a family of
a-small objects of Gy and let (X;);c; be an arbitrary family of objects of 7. We have



23

the following sequence of isomorphisms:

HOIHT(HG]',HXZ‘) = HHomT(GjaHXi)

jeJ i€l jeJ i€l
= H COhm[/C[ HomT(Gj, H XZ)
jeT el
colimyp g HomT(H G, HX’) = colimp g HHomT(Gj, HXZ) ,
jeJ el jeJ el

where the cardinality of the subset I’ is strictly smaller than «. The only non trivial
isomorphism is the vertical third which holds since the cardinal « is supposed regular,
hence the colimit is taken over an a-filtered set I.

Let us consider the (mapping) cone of an arbitrary morphism G — G’ of G,

G G’ C XG.

We can form two long exact sequences by applying the cohomological functors

Hom(—, H X;) and Homs(—, H X;)

el i€J

to the last distinguished triangle. Now we consider the colimit over the subsets
J C I of cardinality strictly smaller than a of the long exact sequence induced by
Homy(—,[];c; Xi). We obtain a long sequence which is still exact since we are
using filtered colimits. There is a natural map of the two long exact sequences just
formed. Let us represent a part of it in the following diagram, where we write col,
for colim jc;

col; T(G,]1, Xi) <——col; T(G', 1], Xi) <——col; T(C, 1], Xi) <—— col; T(XG, ], X)

} | | j

7(G 11, Xa) 7(¢' 11, Xa) 7(C, 1, Xi) T(XG, I, X3)

The vertical arrows are isomorphisms since G, G’ are in Gy, and we have seen that
.G is a-small. Thus, the third vertical arrow is an isomorphism by the Five-Lemma
and C' is a-small, too.

(G4) We call U the full subcategory of 7 formed by the objects X € G which
satisfy the following condition. Given a morphism

f:X — [V,

where (Y;);c; is a family of objects in 7, there exists a family (X;);e; of objects of G
and some morphisms ; : X; — Y; such that f factors as in the diagram

[ier Yi

f
X
\ %z;%

Hz’el Xi.

We shall show:
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a) the subcategory U contains Go;
b) the subcategory U is stable under formation of a-coproducts;
c) the subcategory U is closed under 3, ¥~! and under extensions.

It follows by the properties a), b), c¢) that & = G, which shows that condition (G4)
holds for G.

a) Let G be an object in Gy and f : Gy — [],.; ¥; a morphism in 7', where (Y;);cs
is a family of objects in 7. For every i € I, let (G;; — Y;)jes;, where G;; € G, be a
family of morphisms such that every morphism Gy — Y; factors through one of the
morphisms G;; — Y;. Then, the morphism

i - H Gy — Y,
JjeJ;
induces a surjection
HOHI']'(G(), H GU) e HOHI']'(G(), Y;) s
JE€J;
for every i € I. By (G2), the map
Hom(G), H H Gij) — Hom(Gy, H Y;)
i€l jed; icl
is a surjection. Therefore, there exists a morphism
f . GO I H H Gij
el jed;

such that the composition

Go

[[[es —"~ I

i€l jed; el

is equal to f. We have supposed that G is a-small (condition (G3) holds for Gy).
Therefore the morphism

Go i> HHG”— H Gz]a

el jed; (i,7)EL

where £ is the set of pairs (i,j) with ¢ € [ and j € J;, factors through the sub-sum

IT ¢i=I111¢-
(4,)EA Jjel jeJ;
where A C L is a subset of cardinality strictly smaller than «. Let I be the set of
indices i € I such that A contains a pair of the form (7, j). Then I is of cardinality
strictly smaller than a. Now for each i € T, let jz be the set of indices 7 € J; such
that A contains the pair (i,j). Then each J; is of cardinality strictly smaller than a.
Now for i ¢ ]N, put jz = (). Then we have

I ¢s=111 6

(4,5)EA icl jeJ;
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Let Y; = [[..7 Gi;- Then f factors as

HY; zeI W1|Y HX

i€l el
As |J| < o, Y; liesin G for all i € I.
b) Let (U,);jes be a family of U where |J| < a. Let

f HU - HX27

jeJ el

]EJ

Go

be a morphism in 7, where (X;);c; is a family of 7. Let
f] . Uj —_— HXl
il
be the component of f associated to j € J. For each j € J, since U; lies in U, there
exists a factorization

i
Hze[ X
\ /’ v
ZEI ]Z )

where (Yj;)ier is a family of G. Then, we have the factorization
©
v — 1% = I1%
jet jed iel iel
which we can write as
]_L' 1%
[0 v —— 1%
jeJ i€l jeJ i€l
where ][, Yji belongs to G since |J| < a. Therefore, [[;.; U; lies in U.
c) Clearly, U is stable under the action of 3 and 1. Let
X X’ X" ¥X
be a distinguished triangle of 7 such that X, X’ are in U. Let

X f" HY

el

be a morphism of 7 where (Y;);c; is a family of 7. We have the factorization

X/ X//
lfl if//
[Lier Xi T [Lier Vi,

where X’ € G and ¢; : X] — Y; are morphisms in 7 for all i € I. We can extend each
©; to a distinguished triangle, take coproducts over I and then complete the square
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above to a morphism of distinguished triangles (using axiom TR3 of triangulated
categories):

X X’ X X
\ \
. |r |
i i
Hie[ Z; Hz’e[ Xz{ ] Hz’e[ Y; ) b Hz‘e[ Z;.
Hie[ Pi ieI €i

The objects X, X’ and XX belong to U. Thus, the morphisms f, f' and Xf above
factor through a coproduct taken over I of objects in G. We have the commutative
diagram

X X' X" X
Hie[ Xi ey us Hz‘el Xi 2 Hie[ Xi
Hie[ Z; Hie[ Xz{ i @i Hie[ Y; ey e by Hie[ Z; )

where the morphisms u; : X; — X/, i € I, are in G. Now, we extend the morphisms
u; to distinguished triangles and then form the distinguished triangle of coproducts
over I. Successively, we form morphisms of distinguished triangles using axiom TR3
of triangulated categories, obtaining the maps g and [, ., v; as shown in the diagram

X X' — X" SX

7 |
l i b f"/ v’ l
Hie[ Xi Hie[ Xz/ : H X by Hie[ Xi

HiGI Ui R ie‘l !
\L . I Hie[ v l
y v
HiEI Zi Hie] Xz', ey i Hie[ Yi Lics e % Hie[ Zi-
Note that the subdiagram between X" and [, , Y; does not commute, i.e. the com-

position (] [; ;) o g is in general not equal to f”. Anyway, by composing with [[; &;,

we obtain
(Hfz) ° (H%) og= (Hel) o f".

Therefore, by applying Hom7 (X", —) to the distinguished triangle in the third row
of the last diagram, it is immediate that

(H%’)Og—f”: (H%‘)Oh,

for some morphism h: X" — []
sion of f” is

ser Xi, as in the diagram. Then, the correct expres-

7 =qTe o9+ e e (=h)
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which shows that f” factors as

X" [9} gX{f@ng‘, RN HY;

i€l
—h

The previous factorization of f” is trivially equivalent to the following

X" X!'® X] Y.
H( i @ Z) L% 5 @il H
iel icl
Now, X/ @ X/ is in G for all i € I by construction. O

There are two immediate and useful corollaries.

Corollary 3.5. Let T be a cocomplete triangulated category. Let Gy be a class of
objects in T satisfying all the conditions of the last proposition. Let a be an infinite
cardinal. Let G be the closure of Gy under ¥ and 71, extensions, a-small coproducts
and direct factors, i.e. G = (Gy)q in the notation of 4.2 below. Then, conditions (G3)
and (G4) hold for G.

Proof. The proof of the preceding proposition works for (G4) if we verify that the
subcategory U is also closed under direct factors, i.e. that it is thick (4.2).

Let U be an object in U and U = U’ @ U”. Then, there is a section i of the
projection p: U — U’. Let f: U" — [[,.; Wi be a morphism in 7. The composition
f op factors as

icl

U - U’ ! Hiel Wi
( [
| goi
X\ vg 41%
e Vi,

where the objects V; are in G and the morphisms ¢ : V; — W; in 7 for alli € I. Then
f also factors over [, , Vi, through the morphism g oi. Indeed, fop = ([[;¢:) o g,
and fopoi=([[;¢i)ogoi, but poiis the identity morphism of U’.

The proof of the preceding proposition works for (G3) if we verify that the direct
factors of the objects in Gy are a-small, too. This requires the construction of a
diagram structurally identical to the one above. Therefore, we omit it. ([l

Corollary 3.6. Let a be an infinite reqular cardinal. Let T be a triangulated category
a-compactly generated by a set Gy. Let G be the closure of Gy under ¥ and Y71,
extensions and a-small coproducts. Let (Gy), be the closure of G under direct factors.
Then, T is a-compactly generated by both G and (Gy)q.

Proof. The condition (G1) clearly holds for both G and (Gp),, since they contain
Go. The conditions (G3) and (G4) hold for G by proposition 3.4 and for (Gy), by
corollary 3.5. Moreover, condition (G4) easily implies (G2). O]

3.2. Equivalences of well generated triangulated categories. This subsection
is devoted to establishing a small set of conditions which allows us to show that two
well generated triangulated categories are triangle equivalent.
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Proposition 3.7. Let T and 7' be two triangulated categories admitting arbitrary
set-indexed coproducts. Let o be a reqular cardinal and G C T and G' C T' two «-
localizing subcategories, i.e. thick and closed under formation of a-small coproducts
(4.2). Suppose that G and G' satisfy conditions (G1), (G2), (G3) for the cardinal
a. Let F : T — T' be a triangle functor which commutes with all coproducts and
induces an equivalence G — G'. Then F' is an equivalence of triangulated categories.

Proof. 1% step: The functor F induces an equivalence
AddG — AddgG'.

As F commutes with coproducts and induces a functor G — G’, F' induces a
functor AddG — Add G’. Clearly, the induced functor is essentially surjective. Let
us show that it is fully faithful. For any objects G and G’ in Add G we consider the
map

F(G,G): T(G, G — T'(FG,FG").

By hypothesis, it is bijective if G and G are in G. Let G be in G and G’ = [[,; G,
where (G});er is a family in G. Then, F(G,G’) is still bijective since we have the
following sequence of isomorphisms

T(G.G) = T(G][G)

(6) = Colim;ZT(G,HG;)
(7) = ColichjT’(F(Z;;, F(qgg))
(8) = conmJCJ%F(G),g;(G;))
(9) = T’(F(G),]_[F(Gé)z)
(10) T'(F(G), F(¢) = T’(F(G);(IJGQ)%

where J runs through the subsets of cardinality strictly smaller than « of I. Here,
we have used: (6) G is a-small; (7) G contains [ [,.; G; since G is a-localizing; (8) F
commutes with coproducts; (9) F(G) is a-small; (10) F' commutes with coproducts.
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If G'is in AddG and G =[],
7(G.¢) = T([G&)
[[7@:.c)
HT’(F(GZ»),F(G’))
T’(H F(Gy), F(G))
T'(F(G),F(G) = T(F(]]G). F(@).

i€l

G;, where (G;);er is a family in G, we have

12

12

T2

2nd step: For each object GG in G and each object X in 7, F induces a bijection

TG, X)) — T (FG,FX).
Let U be the full subcategory of 7 formed by the objects X such that F' induces
a bijection
7(G,X) — T (FG,FX),
for each G in G. Clearly, U is a triangulated subcategory. Let us show that U is

stable under formation of coproducts. Let (X;);e; be a family of objects in U. We
will show that the map

TG [ x) — T (PG, F(]] X)) = T'(FG, ] F(X2))
iel iel iel
is bijective. Let us show that it is surjective. Let
fi PG — ] F(x)
il
a morphism in 7’. The condition (G4) holds for the subcategory G’ by corollary 3.5.

Therefore, as F' is an equivalence G — G', there exists a family of objects (G;);c; in
G and a factorization of f

G 7 ];I fP((;i) “‘ii;;7244> ];I }7<}Kf)a
el i€l
for a family of morphisms h; : F(G;) — F(X;). As each X; is in U, we have
h; = F(k;) for some morphisms k; : G; — X;. Since the object

[[F@G)=F(]G)

el icl

is in Add G’ and F' induces an equivalence
AddG = Add G,

there exists a morphism [ : G — [],.; G; such that F(I) gives g. Thus, f is the
image of the composition

G 1 HGi ey ks HXi

el el
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under F'. Let us show that it is injective. Let
f:G— HXi
iel

be a morphism such that F'(f) = 0. As G has property (G4) by corollary 3.5, we

have a factorization
G g H Gl ]_L-Ej h; H XZ )

el i€l

for a family of objects G in G and a family of morphisms h; : G; — X;. We have
F([Thoe Flg) =0,
iel

Let us extend the morphism [[,., h; and form a distinguished triangle

HY; HiEI ki HG@ Hie[ hq HXZ Z HY;

el el icl el

There exists a morphism m : FG — [],., Y; such that
F(JT ki) om = F(g).
iel

Note that each Y; is in U since G; and X; are in . By the surjectivity already
shown, we have

m = F(l)
for a morphism [ : G — [[,.; Yi. Thus,
F(JJkiol) = F(g).
iel
As G and [[,.; G; are in Add g, it follows that
iel
Thus,

f:(Hhi)ng (HM)O(H@)Ol:O.

el i€l el

37 step: The functor F is fully faithful.
Let Y be an object in 7. Let U be the full subcategory of 7" formed by the objects
X such that F' induces a bijection

T(X,Y) — T'(FX,FY).

By the second step, U contains G. Clearly, U is a triangulated subcategory. Let
us show that U is stable under formation of coproducts. Let (X;);e; be a family of
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objects in U. Then we have

T(I[x.v) = J[7(x.Y)
= HT/(F<X1')7F(Y))
= T([[Fx), F(Y)).

el

Thus, [],.; X; is indeed in U. It is easy to see that U contains the direct factors
of its objects. So, we have checked that U/ is an a-localizing subcategory of 7 and
contains G. By proposition 4.6 below, the smallest localizing subcategory containing
G is the whole category 7. It follows that U = 7.

4% step: The functor F is essentially surjective.

The functor F' induces an equivalence from 7 onto a localizing subcategory V of
7’ by the third step. Indeed, V is triangulated, stable under coproducts and thick
since F' is a triangle functor commuting with coproducts. It follows that V = 7", as
V contains G’, which generates 7. O

It remains to find conditions such that the functor F' of the preceding proposition
commutes with coproducts. This is made in the following

Theorem 3.8. Let « be a reqular cardinal. Let T and T' be two cocomplete trian-
gulated categories. Let G C T and G' C T be two a-localizing subcategories, both of
them satisfying conditions (G1), (G2), (G3) for a. Let F : T — T’ be a triangle
functor. Suppose that F' induces a functor

G—d
which 1s essentially surjective and induces bijections
TG, X) =T (FG,FX)
for all G in G and X in T. Then F is an equivalence of triangulated categories.
Remark 3.9. We do not suppose that ' commutes with coproducts.

Proof. 1°¢ step: For each family (G;);er in G, the morphism
HF(GZ) - F(H G)
i€l i€l

is invertible.
It is sufficient to show that, for all G’ in G’, the map

TG [ F(G) — TG F(][ G

el el
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is bijective since G’ verifies (G1). As F : G — G’ is essentially surjective, it is
sufficient to verify this for G’ = FG for all G in G. Let G € G. We have
T
(11) T'(FG,|[FG) = colimc; T'(FG,[] FG))
iel ieJ
G
(12) = colide T/(FG, H FGZ)

icJ

g
(13) = colimyc; T(G,HGZ-)
icJ
(14) = T(G. ][ Gy,
iel
where J are subsets of I of cardinality strictly smaller than «. Here, we have used:

(11) FG is a-small; (12) G’ has a-small coproducts; (13) F induces an equivalence
G — G'; (14) G is a-small. On the other hand, we have

T(FGF]]G) <~ T(G]]G),
il iel
by the hypothesis, with X =[], G;.

274 step: The functor F' induces an equivalence Add G — Addg'.

By the first step and the essential surjectivity of F' : G — @', F induces an
essentially surjective functor from AddG — AddG’. By hypothesis, for G in G and
X in Add G, F induces a bijection

TG, X) — T (FG,FX).
Let (G;)ier be a family in G and X an object in Add G. Then,

T([[¢.x) = [[7(G:X)

— HT’(F(G»,F(X))
T’(F(HGJ,F(X)) = T’(HF(GM(X)).

Thus, F restricted to Add G is fully faithful.

37 step: The functor F' commutes with coproducts.
Let us consider the diagram

T T’

o

coh(Add G) % coh(Add g").

We will show that it commutes up to isomorphism. Let X be an object in 7 and let
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be a projective presentation, where GG, Gy are in AddG. Then, for all G in G, we
obtain an exact sequence

T(G,Gh) — T(G,Gy) — T(G,X) — 0.
Therefore, the sequence
T'(FG,FG,) — T'(FG,FGy) — T'(FG,FX) — 0

is exact (since isomorphic to the first). It follows that the sequence

h(FG,) — h(FGy) — h(FX) — 0
is exact (since the objects h(F'G), G € G, form a family of projective generators of
coh(Add G")). Thus,

F*(h(X)) = cok(h(FG1) — h(FGy))

is indeed canonically isomorphic to h(FX). To conclude, note that F* (which is
an equivalence!) and hz commute with coproducts and that h’- detects the isomor-
phisms.

4% step: The claim follows thanks to the preceding proposition 3.7. 0
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4. THICK SUBCATEGORIES AND LOCALIZATION OF TRIANGULATED CATEGORIES

We recall now some known results about the localizations of triangulated categories
and about their thick subcategories, before stating the most important theorem of
this section concerning the localization of well generated triangulated categories. For
complete proofs of the cited results, we refer to Neeman’s book [27, Ch. 2, p. 73] and
the classical [38, Ch. 2.2, p. 111-133].

4.1. Localization of triangulated categories. We begin with a collection of prop-
erties of the triangle quotient [38, Ch. 2.2, p. 111-133] of triangulated categories.

Proposition 4.1. Let T be a triangulated category with arbitrary coproducts, let
® be a set of morphisms in T and N the smallest triangulated subcategory of T
containing the cone(s), with s € ®, stable under arbitrary coproducts. Then the
following assertions hold:

a) T /N is a triangulated category and admits arbitrary coproducts;
) the canonical functor Q : T — T /N commutes with all coproducts;
c) the morphisms Q(s) are invertible for all s € ®;

) if F: T — S is a triangle functor, where S is a triangulated category which
admits all coproducts and the functor F' commutes with all coproducts and
makes every s € ® invertible in S, then F = F o Q) for a unique coproduct
preserving triangle functor F : T /N — S;

e) more precisely, if S is a triangulated category with arbitrary coproducts, there
1s an isomorphism of categories

Funcont(T/Na 8) *N> funcont,<1><7—7 S) 3

where Funeont 1S the category of triangulated functors commuting with ar-
bitrary coproducts, and Funconis s the category of the functors in Funcon
which have the additional property of making all s € ® invertible.

Proof. See Chapter 2 in [27] or [38, Ch. 2.2, p. 111-133]. We give only an argument
for the commutativity of () with coproducts because it is a general one, useful in
other contexts. Let [[; 7 be the product category of copies of 7 indexed by /. Using
the universality of coproducts it is easy to check that the functor [[,., : [[, 7 — T
which takes a family (X;);es to the coproduct [, ; X; is left adjoint to the diagonal
functor A. It is clear that A(®) C [],(®) and that [[,.,(]];(®)) € ®. Therefore,
the pair [[,.; 4 A induces the following commutative diagram

I, T = (IL DIIL @) == T1,(T[7"])

HieIlTA zEI\L A

T can (b 1

which entails the required commutativity of ) with all the coproducts over the set
1. Of course, this construction is possible for every set I. O
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The functor @ is usually called (canonical) quotient functor, even if 7 does not
have coproducts. In general, the morphisms between two objects in a triangle quo-
tient do not form a set. However, this is the case if the quotient functor () admits a
right adjoint @,, because @), is automatically fully faithful.

Definition 4.2. Let 7 and 7’ be triangulated categories. A triangle functor F' :
T’ — T is a localization functor if it is fully faithful and admits a left adjoint functor.

If F:7"— T is a localization functor and F) is left adjoint, then F\ induces an
equivalence from the triangle quotient 7 /ker(F)) to 7’. Via this equivalence, F)
identifies with the quotient functor 7 — 7/ ker(F)) and F with its right adjoint.

4.2. Some thick subcategories of triangulated categories. Let us recall that
a full triangulated subcategory of a triangulated category is called thick, (épaisse in
the French literature, saturée in the original definition in Verdier’s thesis [38, 2.2.6,
p. 114]) if it contains the direct factors of its objects. We remark that this property
is automatically verified if the triangulated category has countable coproducts, since
in this case idempotents splits (see [2], [27, Prop. 1.6.8, p. 65] for definitions and
properties of idempotents in triangulated categories). Now we give definitions and
notations about some important subcategories of a triangulated category 7 with
arbitrary coproducts and suspension functor 3. The best reference for this material is
[27, Ch. 3-4]. We recall that a full triangulated subcategory S of 7 is called localizing
if it is closed under arbitrary coproducts. It is called a-localizing, for a given regular
cardinal o, if it is thick and closed under a-coproducts of its objects, i.e. coproducts of
objects formed over a set of cardinality strictly smaller than «. We write (S), (resp.
(S)) for the smallest a-localizing (resp. localizing) subcategory of 7 containing S,
where S is a set or a class of objects in 7 and « a regular cardinal. Note that in
the above definitions the requirement that the subcategories are thick is necessary
only for the case a = N, since for a > Ny these subcategories are automatically
thick as we underlined at the beginning of the section. In his book [27, Ch. 3-4]
Neeman shows the very important properties of the previous subcategories and of
the subcategories of the a-small objects 7(® and that of the a-compact objects 7.
They are triangulated, a-localizing and thick subcategories of 7 for a > Ny. There
is the following filtration: if & < 3 then 7% C TP, Clearly (S) = U, (S)a, but if S
contains a good set of generators for 7, then 7 = |J,_(S)a = (S), where a runs over
all regular cardinals. If 7 is a well generated triangulated category, then 7 = J,_, 7,
where « runs over all regular cardinals.
We have the

Theorem 4.3 (|27, Lemma 3.2.10, p. 107]). Let 3 be an infinite cardinal. Let T
be a triangulated category closed under the formation of coproducts of fewer than (3
of its objects. Let N be a (-localizing subcategory of T. Then T /N is closed with
respect to the formation of coproducts of fewer than (3 of its objects, and the universal
functor F : T — T /N preserves coproducts.

and its

Corollary 4.4 ([27, Cor. 3.2.11, p. 110]). If T is a triangulated category with
all coproducts and N is a localizing subcategory of T, then T /N is a triangulated
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category which admits all coproducts and the universal functor T — T /N preserves
coproducts.

Now we state one of the major results in the theory of triangulated categories.
This result has a long story (see for example [5], [26]), which comes from algebraic
topology. We state it in the modern and general form Neeman gives it in his book,
see [27, Thm. 1.17, p. 16] and [27, Thm. 8.3.3, p. 282] for a more general statement
and the proof.

Theorem 4.5. (Brown representability). Let T be a well-generated triangulated
category. Let H be a contravariant functor H : T°? — Ab. The functor H is
representable if and only if it is cohomological and takes coproducts in T to products
of abelian groups.

Let us now clarify the meaning of two similar but different notions. Let 7 be a
triangulated category and G a set of objects in 7. We say that 7 is generated by G
or, equivalently, that G generates 7 if 7 = (G). In contradistinction, we say that G is
a generating set for 7 if condition (G1) of definition 3.1 holds for the subset G of 7.
Let us recall condition (G1): an object X € 7 is zero if and only if 7 (G, X) = 0 for
all G in Gy (we always assume that ¥Gy = Gy). The former notion is stronger than
the latter. If G generates 7, then G is a generating set for 7, whereas the converse
is not true in general but holds if G is assumed further to be a ¥;-perfect generating
set for T in the sense of Neeman (cf. [27, Ch. 8, Def. 8.1.2, p. 273]). Moreover, we
give another link between the two notions, which is useful because it covers the case
of well generated triangulated categories.

Proposition 4.6. Let T be a well generated triangulated category and G a generating
set for T, i.e. condition (G1) holds for G. Then G generates T, i.e. (G) =7T.

Proof. Let us call N the subcategory (G). Since N is a localizing subcategory gen-
erated by the set G, it is well generated by corollary 4.12 below. Then, the Brown
representability theorem (4.5) holds for N'. Therefore, for each object X € 7, the
functor Homz(—, X)|g : (G)* — Ab, which is cohomological and sends coproducts
into products, is representable. For each object X in 7 there exists an object X
in A such that Homz(—, X)|g = Homp(—, X7). Thus, we have obtained a functor
i, right adjoint to the fully faithful inclusion: ¢ : N'— 7. Consider now, for every
X € T, the distinguished triangle in 7

1, X — X — Y — i1, X.

Applying to the triangle the covariant functor Homz (i N, —), N an object of N, we
obtain a long exact sequence of abelian groups. Consider the part corresponding to
the input triangle: The map from the first term Homy(iV, i,X) to the second term
Hom7(iN, X) is easily seen to be an isomorphism, since 1 is fully faithful and i, is its
right adjoint. Similarly, the map from the fourth to the fifth term is an isomorphism.
Therefore, the third group Homz(iN,Y’) must be zero for all N € A. This forces
the object Y to lie in N'*. But Nt is zero. Indeed, condition (G1) holds for G, i.e.
G+ = 0. Thus, the inclusion G C N gives N+ C G+ =0, i.e. N+ = 0. Therefore, we
have Y = 0. By the triangle above, this means 7i,X = X, for all X in 7. It follows
that 7 is an equivalence of categories, which gives 7 = (G). O
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4.3. Localization of well generated triangulated categories. In this section,
we will state a Theorem about particular localizations of well generated triangulated
categories, those which are triangle quotients by a subcategory generated by a set.
One could obtain this result using Thomason’s powerful Theorem [36, Key Propo-
sition 5.2.2, p. 338] in its generalized form given by Neeman in [27, Thm. 4.4.9,
p. 143]. Neeman himself does this in [28] in proving that the derived category of
a Grothendieck category is always a well generated triangulated category. We will
give a more detailed and slightly different proof in order to make clear the machin-
ery behind Thomason-Neeman’s Theorem. Before doing this task we recall the key
ingredient of the proof. We give a proof of this result to make clear that it works
also with the definition 3.1 of Krause.

Theorem 4.7 ([27, Ch. 4, Thm. 4.3.3, p. 131]). Let T be a triangulated category
with small coproducts. Let 3 be a reqular cardinal. Let S be some class of objects in
TP. Let X be a B3-compact object of T, i.e. X € TP, and let Z be an object of (S).
Suppose that f : X — Z is a morphism in T. Then there exists an object Y € (S)s
so that f factors as X —Y — Z.

Proof. Let W be the full subcategory of (S) whose objects are all the W € (S) such
that, for every object X € 7% and every morphism X — W, there does exist a
factorization

X w

NS

Y

Y

where the object Y lies in (S)g. Clearly, it suffices to show that (S) C W. We will
show that W contains S, that it is a triangulated subcategory and that it is closed
under formation of arbitrary small coproducts. This is sufficient since (S) is minimal
with these properties. Note that VW will also automatically be thick, since to be a
localizing subcategory means to be a-localizing for every regular cardinal «.

It is clear that W contains S. Indeed, we can factor any morphism X — Z, with
Z € S through the identity morphism of Z, and Z lies in (S)g.

Note that if W is in W, then XW is in W, too. Indeed, consider an arbitrary
morphism

p: X — XYW,
with X in 7%. Since the functor X! is an endoequivalence of 7 the morphism p

uniquely corresponds to a morphism X 7'p : 71X — W. This morphism factors
through an object Y € (S)s

> 1p

yIX w

~

Y

Y



38

as W lies in W and ¥7'X is in 7”. Apply another time X! to get the factorization

X - W
MY,
As XY isin (8)s, XW is in W. Similarly, one sees that X~'W is in W.

Consider an arbitrary morphism

h:W — W

in W. We want to show that there is a distinguished triangle in W

(*) Wl " W,

which contains the morphism h.
Consider the distinguished triangle in (S)

h 4 m’

w w’ S

W

which contains the morphism h. We want to show that the object S lies in W, too.
Let us consider an arbitrary morphism

g: X — 09,
where X is an object in 7%. By composition with m’ we get the morphism
moqg: X — UW.

Since X € 77 and we have seen that YW € W this morphism factors through an
object Y’ of (S)z

X YW
N,
Therefore, the square
X Y’
q \L l s
§ =S

is commutative. Using the axioms of triangulated categories we can extend this
square to a morphism of distinguished triangles

/ 1

T T

X Y X nX
|
Q\L \L s |t i 3q
\
S ——SW —— S —— > 3.
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Notice that the subcategory (S)s is contained in 77. Indeed, 77 is S-localizing,
it contains S, and (S)s is minimal with these properties. Hence the first distin-
guished triangle in the preceding diagram lies in 7”. As XW’ is in W we have the

factorization of ¢
X ‘ S
o~
Yl/

with Y in (S)g. Form the composition

p/OTI:Y/—>Y”7
and extend it to a distinguished triangle in (S)g

/! / / /

q por q

Zflyl// Y/ Y// Y”l.

Putting together the preceding distinguished triangles we obtain the following mor-
phisms of triangles

X Y’ X’ >3 X
o |
e TR
n-lym a Y’ per Yy — - 9 y" )  q

: : -
P s s It

v i ly v /

S ——— YW ——— S ——— %5,

Indeed by axiom TR3, there are morphisms ¢’ and ¢” which make the diagram com-
mute. Hence the morphisms ¥ 7'# and 7't complete the diagram. Notice that
s' o p' equals t whereas t” o t’ is not equal to Xq and so X7 !t" o X7t is not equal
to ¢. Anyway, the compositions Xm’ o t” o t' and Xm' o Xq are equal. Therefore,
by applying Hom7 (XX, —) to the distinguished triangle in the third row of the last
diagram, it is immediate that

t"ot’—Eq:m”’oso,

for some morphism ¢ : XX — YW’ as in the diagram. Then, the correct expression
of Xq is

Zq — m///O (_()0) +t//ot/
which shows that Y¥q factors as

nX SW @ Y __ 8.
— [m"", "]
t/
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Since ©X is in 77 and YW’ in W, the morphism ¢ factors through an object Y
lying in (S)g

By composition, we have
Eq — m/// o (GO <_ﬁ)) + tl/ Ot/7

which provides a further factorization of ¥¢ through Y @ Y””

S X Yaovy” > %S
—Pp [m""og , t"']
t/

Thus we have proved that the morphism ¢ : X — S factors through the object
Y HY @Y") lying in (S)s. Hence the object S lies in W and can be identified with
the object W” € W in the distinguished triangle (*). Hence W is triangulated.

It remains to show that W is closed under formation of arbitrary small coproducts.
Let I be an arbitrary set and W, , ¢« € I, a family of objects of W. Consider an
arbitrary morphism

X —J[w:.
icl
with X in 77, The objects of 79 are 3-small. Therefore, by condition (G3) of
definition 3.1 we have the factorization

X HiGI Wi

N

HieJ Wi )

where J is a subset of I of cardinality strictly smaller than . Now we can apply
condition (G4) to the morphism X — [[.., W;. For all i € J, there exist objects
X, € 7% and morphisms f; : X; — W, so that the following factorization holds

X HZ‘EJ Wz
\ 41%
HieJ Xi.

Each morphism f; factors through an object Y; lying in (S)g, for all i € J,

o Pi
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Therefore we have the factorization

Hics fi
HiEJ Xi ~ HiEJ W;

I

Y.

icJ
Putting together the preceding factorizations we obtain the commutative triangle

[Hier Wi

X\ﬁ /

Y.

ieJ
Note that the object [, ;Y; belongs to (S)s since it is a (-small coproduct of

objects of (S)g. This shows that [],., W; lies in W. Thus, W equals (S), and we
are done. 0

The power of this factorization property is seen at once, since it is the key to
obtain the following results.

Corollary 4.8 ([27, Ch. 4, Lemma 4.4.5, p. 140 for item a) and Lemma 4.4.8, p. 142
for item b)]). Let T be a triangulated category with small coproducts. Let S be some

class of objects in T* for some infinite cardinal a. Let § > « be a reqular cardinal.
Then:

a) if (S) =T, then the inclusion (S)s C T is an equality;
b) let N = (S). Then there is an inclusion N NTP C NP,

Proof. a) Let X be an object of 77 and consider the identity map 1x : X — X. As
X is at the same time in 7” and in (S) we can apply the theorem 4.7 and factor 1x
through some object Y € (S)3. Thus the object X is a direct factor of Y. Since
(S)p is thick, we have X € (S)g.

b) Let K be an object of N'NTP. Then K is S-small as an object of N since
the inclusion N' C 7 commutes with coproducts. Now, let K — J],., X; be a
morphism, where the objects X; belong to V. It factors through a morphism [[,, fi :
[ic; Ki — 1l;c; Xi, where the objects K; belong to 77. By the theorem above,
each morphism K; — X; factors through an object K| belonging to (S)s C N N
TP, Therefore the class NN 77 satisfies (G4) in A and we obtain the required
inclusion. 0]

The next proposition states some useful properties of the images in the quotient
category T /N of the maps of the subcategories (G)s of T under the canonical quo-
tient functor Q).

Proposition 4.9. Let « be a reqular cardinal. Let T be a triangulated category with
small coproducts, generated by a class of objects G C T“. Let S be an arbitrary class
of objects in T and Q) the canonical quotient functor

Q:T —T/(S).
Let 3 > « be a regular cardinal. Then:
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a) each morphism u : Q(G) — Q(X), where G is an object of (G)s and Q(X)
an arbitrary object of T /N, is the equivalence class of a diagram in T

G/
/N
G X,

where the object G belongs to T® = (G) 5 and the arrow = means a morphism
whose image under @ is invertible; in particular, the morphisms from Q(QG)
to Q(X) in T(S) form a set if G is a set;

b) the image of (G) under the (restriction of the) functor @ is a full triangulated
subcategory of T /N;

c) if B is uncountable, then (QG)z equals Q((G)g). If B is countable, then (QG)gs
equals the closure of Q((G)s) under taking direct factors.

Proof. a) Let u : Q(G) — Q(X) be a morphism in 7 /N. It is the equivalence class
of a ‘roof” diagram in 7

where the object T" belongs to 7. We can form the distinguished triangle

N G T SN,

where N and 7! N lie in (S). The object G is -compact in 7. Therefore, we can
apply theorem 4.7 to the morphism N « G and factor it as

N+—— N «— @G,

where N’ belongs to (S)s. The class (S)s is contained in 77, since S is contained
in 77 by the hypothesis. Therefore, we can complete the morphism N’ « G to a
distinguished triangle in 77

~

N’ G G’ YoIN
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and deduce a map of distinguished triangles

N

e \:T/Z N

e \/ Ny
\ /

adding the morphism G’ — T. The wavy arrow stands for the given morphism
Q(G) — Q(X) in T /N, whereas the dotted arrow is the composition G’ — T = X.
The roof diagrams G < ' — X and G < T — X are clearly equivalent. We have
supposed that 7 has small coproducts and that (G) = 7, with G contained in 7°,
hence in 77. Therefore, (G)s = 7” by point a) of corollary 4.8. This shows that G’
also lies in (G)g.

b) Clearly, the image of (G) 3 under @ is stable under 3 and $~!. We have to show
that it is stable under forming cones. Let G and G5 be two objects of (G)s and u
a morphism from QG; to QGs. By part a), the morphism u equals the equivalence
class of a diagram

G
PN
G1 G2

where G belongs to (G)s. Therefore, the cone C' on v still belongs to (G)s. Clearly,
the cone on w is isomorphic to Q(C'), which still belongs to the image under @ of

(G)s-

c) Let U be the closure of Q((G)s) under taking direct factors. We claim that U
equals (QG)g for all > a. Indeed, we have Q((G)g) C (QG)s since @ is a triangle
functor and commutes with arbitrary coproducts. It follows that U C (QG)s since
(QG)p is thick. For the reverse inclusion, we notice that ¢ contains G, that it is
a triangulated subcategory since Q((G)g) is a triangulated subcategory (by b), and
that it is thick (by definition). We have thus proved the claim for countable 3. Now
suppose (3 is uncountable. Then Q((G)3) is a triangulated subcategory stable under
forming countable coproducts. Therefore, it is stable under taking direct factors
(cf. 4.2) and thus equals U = (QG)s. O
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Now we can state the most important theorem of this section. This theorem has
been inspired by Neeman’s generalization to well generated categories [27, Thm. 4.4.9,
p. 143] of Thomason-Trobaugh’s theorem [36, Key Proposition 5.2.2, p. 338].

Theorem 4.10. Let T be an a-compactly generated triangulated category and G a
set of good generators for T, contained in T%. Let S be a set of objects contained
in T7, for some fized reqular cardinal . Let N = (S) and Q the canonical quotient
functor

Q:7T—T/N.

a) The localizing triangulated subcategory N is the union

N =N,
60>y

where § runs through the regular cardinals. Equivalently, N is given by the
same union as above, formed over all reqular cardinals;

b) the subcategory N is §-compactly generated for all reqular cardinals 6 >~ by
the set (S).;

c) the subcategory Q((G)s) equals (QG)g for 5 > Ny and its closure under taking
direct factors equals (QG)g for = No;

d) the quotient category T /N is a d-compactly generated triangulated category
for all reqular cardinals § > (3, where = sup(«, ), with set of good genera-

tors Q((G)g).
Proof. 1t is clearly sufficient to prove b) for § = and c) for 6 = (.

a) The triangulated category 7 is well generated. Therefore, it is the union over all
the regular cardinals o of its subcategories 77 [17, Corollary of Thm. A]. We know
from the hypothesis that S C 77, hence S C N N7". Clearly, <S>7 C NNT7, since
(S) ., is the smallest 7-localizing subcategory of 7" containing the set S. Moreover,
N NTY C N7 by point b) of corollary 4.8. Thus, we have the following sequence of
inclusions:

SC(S), CNNT A,

Therefore, for each regular cardinal § > v, we obtain (S); = N'N7T?% = A by point
a) of corollary 4.8. The claim now follows by the equalities

N=NnT=Nn{JT")=JWNnT =[N =N
A A 5> A

The two last equalities hold since the set of the subcategories N is filtered over
regular cardinals. This means that A'® C N? if o < 3, for all regular cardinals o
and .

b) The isomorphism classes of the objects of the subcategory (). form a set, since
it is explicitly constructed from the objects in S, which is also a set. Moreover, (S) ,
is stable under shifts because it is triangulated. Let us show condition (G1). Let YV
be an object of N such that Homp(X,Y) = 0 for all X in (S) . Then, it is easy
to check that this equality holds for X in (S). In particular it holds for X = Y.
Hence Y vanishes. Therefore, condition (G1) holds for (S).. By the proof of point
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a), (8), = N7. Therefore, conditions (G2) and (G3) trivially hold by the definition
of N7.

c¢) All the conditions of proposition 4.9 hold. Thus, this point results from part c)
of proposition 4.9.

d) The subcategory N is well generated by point b). Thus, the Brown repre-
sentability theorem (4.5) holds for A/ and we conclude that the inclusion i of N
into 7 admits a right adjoint ¢, as in the proof of proposition 4.6. Now this implies
that the quotient functor @ : 7 — 7 /N admits a right adjoint @, (which takes an
object X to the cone of the adjunction morphism i, X — X). The functor @, is a
localization functor (4.2). Thus, it is fully faithful. Let us sum up the situation in
the following diagram,

i Q

N S ; T o, =T /N

We have to show that the conditions (G1), (G2) and (G3) of definition 3.1 hold for
Q((G)s). We begin by observing that the sets G and S are both contained in 77,
since we have chosen 3 = sup(«, ). The condition (G1) holds even for the smaller
set G, hence for Q((G)g). Indeed, suppose Homz/a(QG, X) = 0, for an arbitrary
object X in 7 /N. By the adjunction, this is equivalent to Homz(G,Q,(X)) = 0.
The condition (G1) holds for the set G in 7 and implies Q,(X) = 0. Therefore,
X = QQ,X = 0, since @, is naturally equivalent to the identity endofunctor of
T /N Thus, condition (G1) holds for the set @G. The subcategory Q((G)s) contains
its f-coproducts because () commutes with all coproducts and its objects form a set.
Therefore, conditions (G2) and (G4) are equivalent for Q((G)s) (¢f. [17, Lemma 4]).
Let us now simultaneously show that conditions (G4) and (G3) hold for Q((G)s).
Consider a morphism u : Q(G) — [[,c; Xi, where G is an arbitrary object in (G)g.
We know from point a) of proposition 4.9 that u is the equivalence class of a diagram
in 7

G/

RN

G Hie[ Xi7

where the object G’ belongs to 79 = (G)3. The conditions (G3) and (G4) also hold
for (G)g, by corollary 3.6. Therefore, there exists a set J C I of cardinality strictly
smaller than  and a set of morphisms (f; : G; — X )ier, where G; lies in (G)g for
all i € J, so that the morphism f : G" — [[,.; X; factors through [],.; X; (G3)

G’ ! [Tics Xi

N S

HieJ X;
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and through the morphism [T,., f; (G4)

G’ ! [Tics Xi

Hie] f'L
Hie] Gi.

The image under @) of the the last two diagrams shows that the morphism u factors
in 7 /N in the same way. Therefore, conditions (G3) and (G4) hold for Q((G)g). O

Remark 4.11. The construction of the cardinal § in the preceding proof is not
optimized at all. In spite of the constructive proof, this result will be useful mainly
for existence problems.

The next corollary is a result about the localization of well generated categories
obtained by inverting a set of arrows, implicitly contained in Neeman’s book [27].

Corollary 4.12. Let T be a well generated triangulated category and N a localizing
triangulated subcategory of T generated by a set of objects S. Then N and T /N are
well generated triangulated categories.

Proof. Take the coproduct of all the objects in §. Since S is a set, the coproduct
will be in 77 for some regular cardinal «. Therefore, we have S C 77, because 77
is thick in 7 and so contains the direct factors of its objects. Now apply theorem
4.10. 0
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5. THE POPESCU-GABRIEL THEOREM FOR TRIANGULATED CATEGORIES

5.1. The a-continuous derived category. In this subsection, we construct the
a-continuous derived category of a homotopically a-cocomplete DG category. This
construction enjoys a useful and beautiful property. Given a homotopically a-
cocomplete (cf. below) pretriangulated DG category A, we will show that its a-
continuous derived category D,.A is a-compactly generated by the free DG modules.
The categories D,.A will be the prototypes of the a-compactly generated algebraic
DG categories.

Definition 5.1. Let a be a regular cardinal and A a small DG k-category. We
assume that A is homotopically a-cocomplete, i.e. that the category H°(A) admits
all a-small coproducts. For each a-small family (A;);c; of objects of A, we write

HO

g

i€l
for their coproduct in H°(A). Each DG functor M : A? — Cy,(k) induces a functor
HM : (H°(A))? — H(k) and so we have a canonical morphism

HO
(HM)(J]A) — [ M)(A).
iel iel
Let DA be the derived category of A. The a-continuous derived category Dy A is
defined as the full subcategory of DA whose objects are the DG functors M such
that, for each a-small family of objects (A;);er of A, the canonical morphism above
is invertible.

Remark 5.2. All the small k-linear DG categories which are a-cocomplete, i.e. admit
all a-small coproducts, are homotopically a-cocomplete. A partial converse is given
in conjecture 5.4 below.

This definition describes D,.A as a subcategory of DA. One can give an equivalent
definition in terms of a localization of DA, which yields a category DA/N triangle
equivalent to D,.A. For this, let us define some sets of morphisms in C.A. We recall
that the notation A" means Hom4(—, A). Let 3y be the set of all morphisms of C.A

HO
oy HA/\ — (HAZ-)/\ ,

iel icl
where A ranges over the set A of all families (A;);es in A of cardinality strictly smaller

than a. We define ¥ to be the set of cofibrations between cofibrant DG modules (see
definitions in subsection 6.1)

{2} A" —— (ﬁAi)A@I(HAiA%

iel iel iel
where A € A and, for each object X, the morphism ¢ : X > IX is the inclusion
of X into the cone over its identity morphism.
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Remark that it is clear from the definition that the DG modules [],.; 4;" and

(Hfg)j A & I(1],c; A") are cofibrant. Moreover, the morphisms [0y, —¢]' are cofi-
brations by lemma 6.9.

We can also consider the set
M = {N, > IN, | Ny =cone(oy), A € A}.

The cones over the morphisms in X, 3 or M generate the same localizing subcate-
gory N of DA because the objects I X are contractible and thus become zero objects
in DA. The quotient functor

DA — DA/N
induces an equivalence

DoA = DAJN.
Following [7], we say that a DG category A is pretriangulated if the essential image
of the Yoneda functor is a triangulated subcategory of the derived category DA. In
the case of pretriangulated DG categories, the definition of quasi-equivalence of DG
categories of section 2.2 specializes to the following.

Definition 5.3. Let A and A’ be pretriangulated DG categories. A DG functor
F:A— A
is a quasi-equivalence of pretriangulated DG categories if the induced triangle functor
HO(F): H(A) — H°(A))
is an equivalence of triangulated categories.

The next conjecture states that a homotopically a-cocomplete pretriangulated DG
category contains a-small coproducts up to a quasi-equivalence. This would establish
the link with the article [34].

Conjecture 5.4 (Strictification Theorem for a-coproducts). Let A be a homo-
topically a-cocomplete pretriangulated DG category. Then, there exists a quasi-
equivalence A — A, where A’ is a pretriangulated DG category which is a-cocomplete.

We now come to the result which motivated the definition of the a-continuous de-
rived category. We have two proofs. In the first, presented here, the result follows as
a corollary of the powerful theorem 4.10. In the second, we use the projective model
category structure on CA. It can be considered as a DG version of the theorem, since
it does not make use of the triangulated structure present on the derived category
at all (see section 6).

Theorem 5.5. Let A be a homotopically a-cocomplete pretriangulated DG category.
The a-continuous derived category of A is a-compactly generated by the images of the
free DG modules A", A € A. More precisely, the full subcategory G of Dy A formed
by the images of the free DG modules A", A € A, is a triangulated subcategory
satisfying conditions (G1), (G2) and (G3) of definition 3.1.

Remark 5.6. We prove the theorem in the case where « is strictly greater than N,
the case a = Ny being trivial. In fact, Ng-coproducts are finite coproducts. Thus,
the morphisms o, above are isomorphisms already in DA, and Dy,.A equals DA.
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Proof. This proof depends heavily on theorem 4.10. Therefore, let us explain how
the notations correspond. The triangulated category 7 is D.A. The set S is formed
by the cones on the following morphisms

HO
or: [J(A4") — (JT4)".
i€l el
where X ranges over the set A of all families (A;);c; in A of cardinality strictly smaller
then a. The set G is formed by the free DG modules A", A € A. It is contained in
T, whereas S is contained in 7¢. We have 3 = sup(Rg, @) = a. Let A be (S) and
@ the projection functor

Q:DA— D, A=T/N.

Then, according to theorem 4.10, the a-continuous derived category D,A is a-
compactly generated by (QG),. Hence, the claim of the theorem is equivalent to the
following claim: (QG), = @G and the functor ) induces an equivalence G = QG.
We begin with the equivalence G = QG. It amounts to the same as to show that
the functor Q|g is fully faithful. We know from the proof of the point d) of theo-
rem 4.10 that () admits a right adjoint (), (4.2). From the general theory of Bousfield
localizations [27, Ch. 9], we have that Q|1 : N+ — D,A is an equivalence of tri-
angulated categories. In particular Q|1 is fully faithful. Therefore, it is sufficient
to show that G is contained in A'*. By definition, N is the localizing subcategory
generated by the cones cone(oy), which we call C(4,). We have to show that each
A" € G is right orthogonal to the objects Ca,). By applying the cohomological
functor Homp4(—, X" A"), n € Z, to the distinguished triangle

[T — (] 4)" — C,y — STJAY,

iel el iel

it is clear that it is sufficient to show that the natural morphism

HO
Homp(] J(A), £"A") «— Hompa((J ] 4:)", £"A")
el i€l

is an isomorphism for all n € Z. This follows from the following sequence of isomor-
phisms

HomDA(H(A/\),Z"A/\) = HHOHlDA(AiA,EnAA)

iel il
= H H"Hom4(A;, A)
el
& H"(]]Homu(A;, A))
iel
HO HO

Homp((] [ 4", 5"A%) = H"(Homu(] [ 4, A)).

el el



50
The second and the last isomorphisms are justified by the following one
Homp (A", X" B") = H" Homy(A, B) ,

valid for all A and B in A. The third isomorphism is the fact that cohomology
commutes with formation of products. For the fourth, we observe that the natural
homomorphism

HO
HomA(H A A) — H Hom4(A;, A)
iel iel

is a homotopy equivalence, by the definition of ]_[HO. Therefore, it becomes invertible
in cohomology.

It is trivial that QG is stable under shifts. Moreover, it is automatically thick for
a > Ny (4.2). To prove that QG equals (QG), it is then sufficient to show that QG
is closed under a-coproducts and extensions. We have

[T@A" = (T A" = Q(T4)").

iel i€l el

where the cardinality of I is strictly smaller than « and the last isomorphism holds
by the construction of A'. This shows that QG is closed under formation of a-
coproducts. Finally, )G is stable under extensions in D,.A. Indeed, G is stable
under extensions in D.A and hence in N'*, since we have shown that G is contained
in A't. We have also seen that the restriction Q|1 is an equivalence of the categories
N+ and D, A. 1t follows that QG is stable under extensions in D,.A. O

5.2. Algebraic triangulated categories. Let us recall that an exact category £
(6.2) is a Frobenius category if it has enough injectives, enough projectives, and the
two classes of the injectives and projectives coincide. For all pairs of objects X, Y
of £, let I¢(X,Y) be the subgroup of the abelian group Homg(X,Y') formed by the
morphisms which factor over an injective-projective object of £. The stable category
of £, written &£, is the category which has the same objects as £ and the morphisms

Homg (X, Y) = Homg(X,Y)/Ie(X,Y).

Definition 5.7. [16] An algebraic triangulated category is a k-linear triangulated
category which is triangle equivalent to the stable category £ of some k-linear Frobe-
nius category .

The class of algebraic triangulated categories is stable under taking triangulated
subcategories and forming triangulated localizations (up to a set-theoretic prob-
lem). Examples abound since categories of complexes up to homotopy are algebraic.
Therefore, the categories arising in homological contexts in algebra and geometry are
algebraic. The area where one often encounters non algebraic triangulated categories
is topology. In particular the stable homotopy category of spectra is not algebraic.
More examples can be found in section 3.6 of [16].
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5.3. The main theorem. We recall [14] that a graded category over a commutative
ring k is a k-linear category B whose morphism spaces are Z-graded k-modules

Homp(X,Y) = [ [ Homps(X,Y)?
PEZL

such that the composition maps
HOHIB(X, Y) Rk HOHIB(K Z) — HOHIB<Y, Z)

are homogeneous of degree 0, for all X, Y, Z in B. Now we can state and prove the
main theorem of this thesis.

Theorem 5.8. Let T be a triangulated category. Then the following statements are
equivalent:

(1) T is algebraic and well generated;

(ii) there is a small DG category A such that T is triangle equivalent to a local-
ization of DA with respect to a localizing subcategory generated by a set of
objects.

Moreover, if T is algebraic and a-compactly generated, and U C T is a full trian-
gulated subcategory stable under a-small coproducts and such that conditions (G1),
(G2) and (G3) of definition 3.1 hold for U, then there is an associated localization
functor (4.2) T — DA for some small DG category A such that H*(A) is equivalent
to the graded category Uy, whose objects are those of U and whose morphisms are
given by

Uy (U1, Us) = ED T (U1, 2" T).

neL

Proof. (1i) = (i) : 7T is a localization of DA, i.e. there is a fully faithful functor

T . DA,

admitting a left adjoint functor. The category DA is algebraic. Triangulated sub-
categories of algebraic categories are algebraic, implying that 7 is algebraic, too.
Moreover, DA is compactly generated by the set (A is small)

{X"In] | neZ, XeA}
thanks to the isomorphism
Hompa(X"[n], M) = H"(M(X)),

where M is a DG module and X is an object of A (c¢f. 2.4). Therefore, 7 is well
generated by Corollary 4.12; since it is assumed to be a localization generated by a
set of the Nyp-compactly generated category DA.

(i) = (di) : for the sake of clarity, we will give the proof of this implication in
several steps, after making the main construction.

Let 7 be an algebraic, well generated triangulated category, i.e. 7 is equivalent
to £ for some Frobenius category £. By the definition of well generated triangulated
category (in the sense of Krause), there are a regular cardinal o and a set of a-good
generators Gy C 7 such that G, = Gy and the conditions (G1), (G2) and (G3)
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of definition 3.1 hold. Let G be the closure of the set Gy under extensions and a-
coproducts. The set G is stable under the suspension functor ¥ of 7" and under its
inverse. Therefore, it is a small triangulated subcategory of 7. Let us recall and
summarize the properties which hold for G.

(GO) The set G is a small full triangulated subcategory of 7', stable under the
formation of all a-small coproducts;

(G1) the set G is a generating set for 7: An object X € 7 is zero if Hom7 (G, X) =
0 for all G in G;

(G3) all the objects G € G are a-small: For each family of objects X;, i € I, of
T, we have Hom7 (G, [[; X;) = colim;c; Hom7 (G, [ ], X;), where the sets J
have cardinality strictly smaller than «;

(G4) for each family of objects X;, ¢ € I, of 7, and each object G € G, each
morphism

i€l

factors through a morphism [[,.; ¢i: [[,c; Gi — 11
1€ 1.

X;, with GG; in G for all

il

Condition (GO) clearly holds for G. Condition (G3) of definition 3.1 has just been
rewritten using colimits. Condition (G4) holds for G by proposition 3.4. Note that
conditions (G2) and (G4) are equivalent for G. Indeed, we can apply [17, Lemma 4],
since the set G has a-coproducts and its objects are a-small.

We may assume that the category & is of the form Z°(€) for an exact DG category

& by the argument of the proof of theorem 4.4 of [14]. Let us recall that a DG category
A is an ezact DG category [15] if the full subcategory Z°(A) of CA formed by the
image of the Yoneda functor is closed under shifts and extensions (in the sense of the
exact structure of subsection 2.4). Then, H°(A) becomes a triangulated subcategory
of H(A) and the subcategory of the representable functors becomes a triangulated
subcategory of DA. Thus, an exact DG category is also a pretriangulated DG
category (cf. subsection 5.1). Let us now define a small full DG subcategory A C &
as follows. For each isomorphism class of objects of G, we choose a representative G
and we denote by Ag the same object considered in the category £. By definition,
these objects Ag are objects of A. Then, clearly, the category H°(A) is a full

subcategory of H’(£) = £ = T and it is equivalent to G by the functor sending
Ag to G. In particular, H°(A) is a triangulated category and it admits all a-small
coproducts. Thus, A is a homotopically a-cocomplete pretriangulated DG category.
We define the functor

r:7 —D,A

by sending an object X of 7 = H°(£) to the DG module FX taking Ag € A to
Homg(G, X). A priori, FX lies in D.A. Let us show that it belongs in fact to the
full subcategory D,A of DA. Let Ag,, i € I, be an a-small family in A. Then the
HO
iel

coproduct [[;c; Ag, of the Ag, in H(A) is isomorphic to Ajy,_, ;. Thus, we have a
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quasi-isomorphism

(FX)(H Ag) = Homg(H Gy, X) — H Homg(Gy, X) = H(FX)(A@) ,

induced by liftings to & = Z°(€) of the canonical morphisms G — ]_LTG ;Giin T,
respectively by representatives in Z°(A) of the canonical morphisms Ag; — ]_[féol Ag,
in H°(A). For Ag € A, we have

FG = Homg(—,G) = Homu(—, Ag) = A,

which shows that F' induces an essentially surjective functor from G to the full
subcategory of the A% in D,A. For Ag in A and X in 7, we have

Homp 4(FG, FX) = Homp, 4(Ap, FX)
= Hompu(A5, FX)
= H(FX(Aq))
Homy (G, X) = H°E(G,X)).
We would like to apply theorem 3.8 to conclude that F'is a triangle equivalence: In
the notations of theorem 3.8, we take 7 =7, G =G, 7' = D, A and G’ to be the

full subcategory on the objects Ay in D, A. By theorem 5.5, 77 and G’ do satisfy
the hypothesis of theorem 3.8 and so F' is indeed a triangle equivalence.

Now suppose that 7 is an algebraic well generated triangulated category. Let
U C T be a full small subcategory as in the last assertion of the theorem. Then the
conditions (GO), (G1) and (G3) above hold for G = U. Moreover, condition (G4)
holds for G = U by [17, Lemma 4]. Therefore, we can construct a DG category A
and an equivalence F': T = D,.A as above in the proof of the implication from i) to
ii). Moreover, H*(A) equals Uy,. Indeed, both have the same objects and we have

H"(A)(Ac,, Ac,) = HA(Ag,, X"(AG,))
= HA(Ag,, (X" Ac,)")
= H°(A)(Ag,,Y"Aq,)
Uy (G1,Go)" = UG, X"GY).
O

If 7 is compactly generated we recover a result obtained by B. Keller in [14,

Thm. 4.3]:

Corollary 5.9. Let T be an algebraic triangulated category. Then the following
statements are equivalent:

(1) T is compactly generated;

(i) T is equivalent to the derived category DA for some small DG category A.

Proof. See remark 5.6 O
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5.4. Application. We apply theorem 5.8 to a certain class of subcategories of alge-
braic triangulated categories we are going to define.

Definition 5.10. Let 7 be an algebraic triangulated category which is triangle
equivalent to the stable category of the Frobenius category £ and admits arbitrary
coproducts. Let £ be a DG category (not necessarily small) such that H 0(&) is
triangle equivalent to 7. Given a subcategory G of 7, let G be the DG subcategory
of A with the same objects as G. Thus, the category HO(J) is isomorphic to G. We
will say that G is a compactifying subcategory of 7 if it is small and the functor

T — DG, X — Homg(—, X)|z
is fully faithful.

For example, W. T. Lowen and M. Van den Bergh proved in [21, Ch. 5] that, given
a Grothendieck category A with a generator GG, the one-object subcategory G = {G}
of the derived category DA is a compactifying subcategory. For this reason we call
such a generator G compactifying.

Theorem 5.11. Let 7 be a well generated algebraic triangulated category. Then
there is a reqular cardinal o such that the subcategory sk(T?) formed by a system of
representatives of the isomorphism classes of T” is compactifying for each reqular
cardinal § > «.

Proof. Suppose that « is the first regular cardinal such that 7 = (7*). This cardinal
exists because the category 7 is well generated. For each 3 > «, the subcategory
sk(77) is small and satisfies conditions (G1), (G2) and (G3) of definition 3.1 by
definition of the subcategory 77 and the filtration by increasing regular cardinals.
Now the claim follows from the last part of theorem 5.8. 0



55

6. DG ENHANCEMENT OF THE a-CONTINUOUS DERIVED CATEGORY

In this section, we give a characterization of the a-compact objects of DA (cf.
definition 3.1) using the (projective) model category structure on C.A. In his book
[11], Hirschhorn gives a definition of a-compact objects in a model category. In
subsection 6.5, we compare the two notions. It turns out that our notion is not a
particular case of Hirschhorn’s.

6.1. The (Quillen) model category structure on the category of DG mod-
ules. Sometimes on a category one can put a model structure, i.e. the data of three
special classes of morphisms, called fibrations, cofibrations and weak equivalences,
which satisfy a given set of axioms [12]. This structure was invented by Quillen in
the sixties [33] to give a formal general setting for abstract homotopy theory. In
the last years people recognized more and more the foundational importance of this
notion, and were lead to the definition of the modern Model Categories. Excellent
sources for this material are the books [11], [12]. We recall that a model category
is a category with all small limits and colimits which admits a model structure.
Therefore, a model category always has an initial object () (the colimit of the empty
diagram) and one defines the cofibrant objects to be the objects P such that the
unique morphism from ) to P is a cofibration. The fibrant objects are defined by the
dual property. Let A be a small DG category. The (big) category of DG modules C.A
has (at least) two model category structures (c¢f. Thm. 3.2 in [16] which generalizes
Thm. 2.3.11 in [12]). We are interested in the projective structure, where the fibra-
tions are the epimorphisms (pointwise surjective maps), the weak equivalences are
the quasi-isomorphisms and consequently the cofibrations are the morphisms having
the left lifting property (LLP) with respect to the trivial fibrations. This means that,
given the solid commutative square,

_ >

° °
I N
~
~
-
-
~
) o,

e

where the trivial fibration is the right vertical arrow and the cofibration is the left
vertical one, there always exists a morphism (the dotted arrow) which makes the
diagram commute.

An exact sequence

0 L M N 0

of DG modules is graded split if it splits in the category of graded A-modules. A
straightforward adaptation of proposition 2.3.9 in [12] allows us to characterize the
cofibrations as the graded split monomorphisms with cofibrant cokernel.

In the projective model structure each object is fibrant and an object P is cofibrant
if and only if it is cofibrant as a DG module, i.e. if and only if there is a commutative
diagram

L
7

P—M
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for every trivial fibration [, — s M and every morphism P ——= ) in the category
of DG modules. The subcategory of cofibrant DG modules can be described as the
closure of the subcategory of the representables under left and right shifts, arbitrary
small coproducts, extensions, and formation of direct factors [14, subsection 3.1].

Let us recall that in the category C.A, we have the usual notion of cochain homo-
topy. Indeed, we say that two morphisms f,g : M — N between DG modules are
cochain homotopic and we write f = ¢ if there exists a morphism

h:M— N
of graded A-modules, homogeneous of degree —1, such that
(*) f—g:dNOh+hOdM.

Notice that the morphism A is not a morphism of DG modules.

Clearly, we also have the notion of homotopy given by the model category structure
which is present on C.A. We recall that a cylinder object for an object B in some
fixed model structure is a factorization of the codiagonal morphism Vg = [15,15]
through a cofibration and a weak equivalence as follows

B@®B Y B

[i0,11] /

cyl(B).

Let fo and f; be two morphisms between B and an object Z. A left homotopy from
f to g for some cylinder object cyl(B) is a morphism H : cyl(B) — Z such that
Hoig= fo, Hoiy = fi, i.e. the diagram

B @ B [fo,f1] 7
cyl(B)

commutes.

Under a mild condition, the notion of left homotopy for the projective model
structure on C.A reduces to that of cochain homotopy. We have the

Lemma 6.1. Let fy, f1 : M — N be morphisms of DG modules, where we assume
M to be cofibrant. Then, fo and fi are chain homotopic if and only if they are left
homotopic in the sense of the projective model structure on CA.

Proof. Let us fix notations. Given a morphism of DG modules f : X — Y, its
(mapping) cone, cone(f), is the DG module Y @& XX whose differential is
conel) =10 dyx 0 —Ydx|
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The (mapping) cylinder cyl(f) of f is the cone of the DG module morphism [—1y, f]* :
X > XY, i.e. the DG module X &Y & XX whose differential is

dx 0 —X1x
deipy = | 0 dy  Xf
0 0 —Xdx

If B is a cofibrant DG module, then the cylinder cyl(1p) is a cylinder object for B.
Indeed, consider the factorization of the codiagonal morphism

BB v

m\ /

cyl(1p).

Here, ip = [15,0,0]*, i1 = [0,15,0]". It is easy to see that they are morphisms of DG
modules. Thus, the DG module morphism [ig, i;] sends each pair (z,y) in B & B to
the triple (x,y,0). Here is the crucial point which we have to require that the DG
module B is cofibrant for: in general the graded split monomorphism [ig, i1] is not a
cofibration if B is not cofibrant, since its cokernel ¥ B may not be cofibrant.

The DG module morphism p is defined by p(a,b, ¢) = a+b, for each triple (a, b, ¢)
in cyl(1g). It is clear that p o iy = poiy = 1y and that po [ig,41] = [, 1y] = V.
Moreover, we remark that p is a fibration. We also have to show that p is a quasi-
isomorphism. Let us define the morphisms

S0, 81 : cyl(1yr) — cyl(1a)

of graded A-modules, homogeneous of degree —1, by the formulas

so(z,y,2) =(0,2,y), si(z,y,2) = (2,0, z).

An easy calculation gives

(iO o p)(ZE, Y, Z) = (ZE + Y, 07 O) - (]-cyl(lB) - (dcyl(lB) O So + Sp © dcyl(lg)))(x7 Y, Z)

and

(il Op)(% Y, Z) = (07 T+ Y, 0) = (]-cyl(IB) + (dcyl(lB) 081+ 810 dcyl(lB)))(m7 Y, Z)
Since i o p and poij, j € {0,1}, induce the identity morphisms on cohomology, i,
71 and p are quasi-isomorphisms.

Note that, if a morphism f; is left homotopic to fi, it is always possible to fac-
tor H through a cofibration cyl(B)>—— cyl(1eup)) followed by a trivial fibration.
Therefore, fy and f; are left homotopic if and only if there is a factorization through
the DG module cyl(Leyi(m))-

Now we can show the equivalence of the two notions of homotopy. We have already
observed why the DG module M must be cofibrant.

Let the morphisms fy and f; from M to N be cochain homotopic. By definition,
for each X € A° and each i € Z, there exists a morphism h : M — N of graded
A-modules, homogeneous of degree —1, such that the equality (*) holds. Define
H = [fo, f1, —h] from cyl(15/) to N. Using (*) it is easy to see that H is a morphism
of DG modules. Let the DG module morphisms ig and i; be as above. Clearly, we
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have H oig = fy and H o4y = f;. Thus, H is a left homotopy between f, and f;
since we have already seen that cyl(1,/) is a cylinder object for M.

Conversely, suppose that two morphism fy and f; are left homotopic with respect
to the projective model category structure. We have already observed that in this
case we can replace the cylinder object cyl(M) which they factor through with the
cylinder object cyl(1y). So, we can write H = (p,1,p), where p : M — N is
a morphism of graded .A-modules, homogeneous of degree —1. By imposing the
factorizations H o iy = fo and H o1, = f1, we get ¢ = fy and ¢ = f;. By imposing
that H must be a morphism of DG modules, we get that ¢ and ¢ also have to be
morphisms of DG modules (but not p) and that

dvop=—(fo— fi) —podu.
This shows that we can take —p : M — N as cochain homotopy between f, and
fi. O

We have the dual notions of path object and right homotopy. For them, the dual
statement of lemma 6.1 holds: Two morphisms between two DG modules whose
codomain is fibrant are right homotopic if and only if they are cochain homotopic.
When two morphisms are both left and right homotopic they are said homotopic.

Remark 6.2. Since in the projective model structure every DG module is fibrant, the
notion of cochain homotopy and right homotopy coincide in CA (¢f. also observations
after theorem 2.3.11 in [12]). Therefore, two morphisms of CA between two DG
modules whose domain is cofibrant are left homotopic if and only if they are right
homotopic. This is always the case in the subcategory CAcf.

The next point to be recalled is the construction of the homotopy category of a
model category, obtained by formally inverting the weak equivalences. In particular,
we are interested in the derived category of the category of DG modules. Using
Quillen’s theorem [12, Thm. 1.2.10] it is possible to compare the model category
construction of the derived category of DG modules with the one given in subsec-
tion 2.4. In the subcategory C. Ay, rip of fibrant and cofibrant objects of CA left and
right homotopy coincide and homotopy is an equivalence relation [12, section 1.2].
Thus, forming the quotient is well defined. We have

DA = CAlgiso™ '] = Ho(CA) = CAcop.fiv/ ~ ,

where ~ denotes the homotopy relation and the last two equivalences come from
the definition of the homotopy category of a model category [12] and from Quillen’s
theorem respectively. So, using Quillen’s important result, we get

DA = Clluog in] ~ .

In the projective model structure on the category of DG modules we have C Ay, = CA
and therefore CAqof fip = CAcop. Thus, we have the remarkable equivalence

DA =5 CAgy/ ~

which shows that we can construct the derived category DA identifying homotopic
morphisms between cofibrant DG modules. Moreover, it becomes clear that each
DG module is quasi-isomorphic to some cofibrant DG module.
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We remark that the notion of cochain homotopy of DG modules gives us another
interpretation of the category H.A. Indeed, cochain homotopy is an equivalence
relation on CA. Clearly, we have

HA=CA/~.
Now we can state two observations useful in the sequel. Let us give the

Definition 6.3. Let A be a small DG category. We write Dy,(.A) for the full DG
subcategory of C4y(A) such that Z°(Dy,(A)) is the subcategory of the cofibrant DG
modules with respect to the projective model structure on C.A.

We have the following

Proposition 6.4. Let A be a small DG category. Then H®(Dyy(A)) is equivalent
to the derived category DA.

Proof. We have the following equivalences

H?(Dyy(A)) = CAcp/ =

(15) = CAcop/ ~
= CAcofin] ~
(16) = Ho(CA)
= CA[giso™]
= DA.

Here, everything is clear. We have used lemma 6.1 in (15) and Quillen’s theorem
about the homotopy category in (16). We remark that (16) is an equivalence and
not an isomorphism. O

Proposition 6.5. Let A be a small DG category and CA its category of DG mod-
ules. Let X3 be a class of cofibrations between cofibrant modules of CA and N the
localizing subcategory of DA associated with the image of 3, i.e. N = (S), where
S = {cone(s) | s € ¥}. Then every morphism ¢ in X-cell becomes invertible in the
localization DA/N .

Proof. We know from [12, Ch. 2] that such a morphism ¢ is a transfinite composition
of pushouts of coproducts of elements of ¥ such as

ey, si
Hie[k Ai - Hielk B;
Xk Xk+1 )

1.e. a colimit of a A-sequence of pushouts of cofibrations Hielksi , 8; € X2, for some
ordinal A:

Xo Xy X5 X, AXVW_,'_1 X/B ey
where § < A

We begin by considering the case of an w-sequence, where w is the colimit of the
finite ordinals, i.e. we have X, = colimgeny Xi. The cones of the morphisms s; € X
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are in the subcategory A and are homotopically equivalent, hence quasi-isomorphic,
to the cokernels cok(s;), for all i € N. Indeed, cone(s;) = cok(s;) ® [ A; (cf. lemma
6.9 below) and IA; is a contractible cofibrant DG module, for all i € N (see lemma
6.11):

Ay By — B;/A; ~ cone(s;).
Thus, at the step k of the w-sequence, we have

Hlk Si

OHHI;CAZ ka Bi‘»COk(Hlk SZ)HO

, @ | |

0 Xk Xit1 X1/ Xy — 0.

Here, cok(] [, si) € N implies Xj11/X}) € N. Therefore, the morphisms X = Xj41 ,
k € N, are invertible in the localized category DA/N'. Therefore, by induction, the
image of every composition Xo>—= X; , i € N, is invertible in DA/N. We can take
the colimit over N of the horizontal exact sequences of the diagram

Xo X Ny,
Xo Xk N1

i i

cok(][;, si)) == cok(I1}, si),

and get
colim;ecny X > colim;cny X; — colim;eyn V;

Xo Xo No

where each N; € Ny, by recurrence. Then we find N, := colim;ey IV; = cok @ lying
in N, where ® is the morphism defined in the commutative diagram

0—=1IN; 2 [ N; — colim N; = cok® — 0
N; N; @ Nipa
&
—¢i

where ¢; : N; — N;y1, proving that the colimit Xy — X, becomes an isomorphism
in DA/N .

In order to generalize the result obtained for w to higher ordinals it is useful to
remember the pair of adjoint functors:

colimy

D(kI® A) DA,
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where kI is the k-linear category associated to a filtered category I. The functor A
is the diagonal functor. The category D(kI ® A) is isomorphic to the localization
of the category C(A)! with respect to the class of morphisms L — M such that
L; — M; is a quasi-isomorphism of CA for all i € I. The functor colim; is exact
since [ is filtered, thus it induces the derived left adjoint functor of A, L colim;,
which is naturally equivalent to colim;. In other words, it suffices to show that: if
N € D(kI ® A) such that N; € N/, for all i € I, then colim; N € N. We define the
triangulated subcategory of D(kI ® A) stable under coproducts

N ={NeDEKI®A) | N, eN,Viell CDkI®A).

Recall that colim; commutes with coproducts because it has a right adjoint A. Now
it is sufficient to find a class Z C N7 such that A7 is the smallest triangulated
subcategory stable under coproducts of D(kI ® A) containing = and to show that
colim; N € N, for all N € =. This is sufficient since, if N/ contains the colimits of
the objects in Z, then it also contains the colimits of the objects in (Z) = N;. We
can consider, for all ¢ € I, the evaluation functor ev; and its left adjoint — ® ¢

L®i D(kI ® A) X
—®i ev;

L DA X
where the symbol of tensor product ® is only utilized as a convention for
(Lei)j) =] L,Vijel,
I(i,j)

where /(1 j) denotes the set of morphisms in I from ¢ to j. Then colim;e;(L®1)(j) =
L since [ is filtered. Let us give an example to be clear. If I = N, we could have

X = (X X, X, X; ..A..)
[ N R
Ye2 = (0 0 Y Y )

and then (Y ® 2)(4) := [[yp4Y =Y. According to the previous definition for
the ‘tensored” objects, we will let X(j) = [l;c;q ;) X& for a generic object X of
D(kI ® A). The searched class is Z:= {N®i | N € N', i € I}. Indeed, take an
object Y € Ny, the unit of the adjunction Y; ®7 — Y yields the short exact sequence
in C(A)!

Oﬁkerﬁlﬁﬂief(y%Q?i)LYﬁoy

which splits pointwise since for each j € I the epimorphism

(e, (Yi ©0)); —> Y,



62

splits. This implies that ker U belongs to N7 too, since the sequence gives rise to a
distinguished triangle of D(kI ® A) and Y and the coproduct of the Y; ® i belong to
N;. Then we can iterate the construction and obtain an acyclic resolution of Y

"HC_24>C_14>004>>Y

by means of a cochain complex C' = C* of DG modules. Notice that for each j € I,
the induced complex

7 c! CY Y; 0

J J

is contractible. For a complex

K ....HKPHKP“FlH....

of DG A-modules we define the associated total DG A-module Tot®(K) as the DG
functor
A Tot?(K(A)), A A,

where Tot® (K (A)) denotes the sum-total complex. For the complex C' above, we
define the object Tot®(C) of C(A)! to be the functor

j+— Tot®(C}), j el

Then, for each j € I, the natural morphism Tot®(C') — Y induces a homotopy
equivalence

TOtEB(Cj) —— Y;
Therefore, the morphism Tot®(C) — Y is a quasi-isomorphism in C(A)!. Moreover,
Tot®(C) lies in (Z) because of Milnor’s telescope argument, showing that N7 = (Z).

Indeed, one can think of the double complex C' as C' = colim,ez C17?, where C7P :=
[I;>_, C**, which yields the filtration

clcotcel?c
where all the inclusions split in (G.A)!. Then, the first two objects of the sequence

0 — Hc[—p;{’) Hc[—pﬂcﬂo

peEN peN

lie in (Z). Moreover, the sequence is split exact in (GA)! and hence exact. This
forces the third object to lie in (=) too, since (=) is a thick subcategory. O
6.2. The Frobenius structure on the category of DG modules. In this sub-
section we recall the Frobenius structure present on the category C.A and study
the relation with the projective model structure that we have seen in the preceding
subsection.

We recall the definition of exact category. It differs from Quillen’s original defini-
tion [32], but it is equivalent to that one [13, App. Al.

Definition 6.6. Let A be an additive category. A pair (i;d) of composable mor-
phisms
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is exact if i is a kernel of d and d a cokernel of i. The category A endowed with a

class € of exact pairs closed under isomorphism and satisfying the following axioms

(Ex0), (Ex1), (Ex2) and (Ex2°P), is an ezact category. The pairs (i,d) in the class

& are by definition the conflations. The first and second components ¢ and d of the

conflations (i, d) are, respectively, the inflations and the deflations.

(Ex0) The identity morphism of 0 is a deflation;

(Ex1) the composition of two deflations is a deflation;

(Ex2) for each f € Homu(Z’,Z) and each deflation d € Homu(Y, Z), there is a
cartesian square (pull-back)

where d’ is a deflation;
(Ex2°P) for each f € Homyu (X, X’) and each inflation ¢ € Hom4(X,Y'), there is a
cocartesian square (push-out)

X Y
|
fl Lf
i v
X'——-—---=Y ,
where ¢’ is an inflation.

We recall some very useful properties from the first proposition in [13, App. A],
which permit to work easily with inflations, deflations and conflations.

a) For all X and Z in &, the pair
X

XoZL——7

[1x,0] [0,1x]

is a conflation.
b) In the setting of Ex2 the pair

Y/

!/
[_dlvf/}t Z EB Y [f’d]

is a conflation.
c¢) In the setting of Ex2°P the pair

YO X — Y’
X [_ivf]t @ [flfi/} Y

is a conflation.
We have the following
Lemma 6.7. Let £ be an exact category, where idempotents split. Let
(*) XYy t>7
be a conflation of £. Suppose that there is an isomorphism
<& 7P,
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where P is a projective object. Then, the sequence (*) is isomorphic to the direct
sum of the conflation
1
0—>P -5 p

with a conflation

X >L> Y’ l» 7'
Proof. Let

lu,v] : Z' &P = Z

be the given isomorphism. Since P is projective, there exists v : P — Y such that
pov = wv. Therefore we obtain a morphism of conflations

Let

be the inverse of the given isomorphism [u, v]. We obtain a morphism of conflations

oi lp |

0>T>PTP»P

The composition of the two morphisms of conflations that we have obtained above
is the identity morphism of the conflation

0>L>pﬁ»p,

Indeed, v' ov = 1p and (v' op) 0¥ = v ov = 1p, since

u wou uow 1, O

|:U/:| o [u,v] = L}’ou v’ov] - [ 0 1p:| '
It follows that the conflation (*) is the direct sum of the conflation

02> p L p
and the cokernel of the morphism of conflations (0, v, v). This cokernel exists (since
the idempotents split) and it is isomorphic to the conflation
X—Y —>7

for a direct factor Y’ of Y. O

Remark 6.8. Clearly, the dual of the preceding lemma is also true.
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An exact category £ is a Frobenius category if it has enough injectives, enough
projectives, and the two classes of the injectives and projectives coincide. For all pairs
of objects X, Y of &, let I¢(X,Y') be the subgroup of the abelian group Homg (X, Y)
formed by the morphisms which factor over an injective-projective object of £. The
stable category of £, written £, is the category which has the same objects as £ and
the morphisms

Homg(X,Y) = Homg (X, Y)/1c(X,Y).
The stable category £ is a triangulated category [8]. The suspension functor ¥ is
defined by choosing a standard conflation
X—]X—=¥X
for each object X, where I.X is an injective-projective object of £.

By definition, the distinguished triangles of £ are those isomorphic to a triangle

Xy -Tez 5 ¥X,

where the morphisms 7, p, € are the equivalence classes of the morphisms i, p, e
obtained from the conflations (¢, p) which fit into the commutative diagram in &

7 p

X Y A

Lk

X=X —=3YX.

1x

Let us consider the important example of the Frobenius category £ = C.A whose
conflations are defined to be the graded split short exact sequences [10], [14]. For each
DG module X in CA we write [ X for the (mapping) cone on the identity morphism
of X and PX for the (mapping) cocone on the same morphism. The objects I X and
PX are injective-projective DG modules for each X € CA. We can choose

IX X

[IXadX]t [7dX71X]

as standard conflation. By dualizing the definition of the suspension functor > we
obtain the loop (or cosuspension) functor €. These two endofunctors of C.A, ¥ and €,
are respectively the shift functor in the right and left directions. With this choice,
Y and () are inverse to each other. The (triangulated) stable category CA is the
category H.A of DG modules up to homotopy.

We list some useful properties of the functors I, P, ¥, €2. Since X and () are exact
functors, I and P are exact, too. By the isomorphisms

(*) Home4(IX,Y) = Homga(X,Y) = Homey (X, PY),

for all X, Y in CA, we have that [ is left adjoint to P. Moreover, I and P commute
with arbitrary small coproducts. In particular, for each regular cardinal «, they
commute with a-small coproducts. It is clear that I2 = P and P> = I. Moreover,
applying ¥ to the standard conflation for X, we have the conflation

YX YIX 2 X,
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which equals the standard conflation for XX

DX I1¥X 2 X,

This shows that I commutes with >. Similarly, {2 and P commute.

As an application of property c¢) above we show that the morphisms [oy, —¢|' in
subsection 5.1 are cofibrations. This follows immediately by the following

Lemma 6.9. Let A and B be cofibrant DG modules. Let v be the inclusion A>T A .
For any morphism f : A — B the morphism

A

BaIA
[fv_[’]t @

18 a cofibration.

Proof. Indeed, the morphism [f, —¢]* can be constructed from the cocartesian square

L

A IA
|

fl i
, Y

B>———L——>Cv7

where ¢/ is an inflation. By item c) after definition 6.6 the pair

[fz_L]t [L 7f}
is a conflation. Therefore, the morphism [f, —:]' is an inflation. Hence, it is a
monomorphism. Moreover, the inclusion ¢ has a retraction r in GA, which in its
turn induces a retraction in GA of [f, —¢|* by composition with the projection

B&IA — TA.

Thus, the conflation above splits and the cokernel C' of [f, —|' is B & XA, which
is a cofibrant DG module since we assume A and B cofibrant. It follows that the
morphism [f, —¢]" is a cofibration. O

In order to study the relation between injective-projective with respect to the exact
structure and (cochain) contractible DG modules, we introduce the following

Definition 6.10. (Cochain) homotopically equivalent and (cochain) contractible DG
modules.

a) Two DG modules M and N are cochain homotopically equivalent or, equiva-
lently, have the same cochain homotopy type if there exist two DG morphisms
f:M — N and g : N — M such that the compositions go f and fog
are respectively cochain homotopic to the identity morphisms of M and N.
Briefly, we write M ~ N. If M and N are cofibrant, M and N are cochain
homotopically equivalent if and only if they are also homotopically equivalent
or, equivalently, have the same homotopy type with respect to the projective
model structure on CA (cf. remark 6.2). Briefly, we write M ~ N.
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b) A DG module M is cochain contractible if it is cochain homotopically equiv-
alent to the zero DG module (i.e. if its identity morphism 1,; is cochain
null-homotopic, i.e. cochain homotopical to the zero morphism). Briefly, we
write M =~ 0. If M is cofibrant and cochain contractible, then it is also con-
tractible with respect to the projective model structure on CA (cf. remark
6.2). Briefly, we write M ~ 0.

There is a very useful characterization of contractible DG modules.

Lemma 6.11. Let F' be a DG module. Let CA be endowed with the projective model
structure. Then the following assertions are equivalent:

(1) F is cochain contractible;
(ii) F' is injective-projective with respect to the exact structure;
(1ii) F is a direct factor of a DG module I X, i.e. the mapping cone on the identity
morphism 1y, for some DG module X .

Proof. (i) = (4it) : Let h be a contracting cochain homotopy for 1. We have
dpoh+hodr = 1p.
Define
r:l[F—=F

to be the morphism [1z,h]. Then it is easy to check that r is a morphism of DG
modules and that r is a retraction of the canonical morphism

i=[1p,0]': F——JF.

(13i) = (4i) : It suffices to show that if X is a DG module, then I.X is projective
with respect to the exact structure. For this, it suffices to show that the functor
Home4(1X, —) takes graded split short exact sequences to exact sequences. But this
is clear from the isomorphism of functors (*)

HOHICA(IX7 —) = HOHIQA(X, —).
(11) = (i) : Since F'is injective with respect to the exact structure, every inflation

F——1F

splits in the category C.A. Therefore F' is a direct factor of IF. As IF is the
cone of the identity morphism of F', it is cochain contractible. Thus, F' is cochain
contractible as well as any direct factor of a cochain contractible DG module. U

We will frequently use the following particular case of the preceding lemma: A
cofibrant DG module is contractible if and only if it is a direct factor of the cone of
the identity morphism of some cofibrant DG module.

Notice that the null-homotopic morphisms are exactly those that factor through
an injective-projective object.
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6.3. Different closures of representable DG modules in CA. In this subsec-
tion, we introduce different closures of the class of representable DG modules in CA
with respect to the exact structure and study the relations among them and with
the analogous triangulated subcategories of DA.

Definition 6.12. Let A be a small DG category. Let U be a class of DG modules
of CA. We define the subcategory [U ], to be the closure of U in C.A under

a) the actions of ¥ and €;

b) formation of a-small coproducts;

¢) formation of graded split extensions;
d) formation of direct factors.

The subcategory [U ] is the closure of U in C.A under the operations of points a), ¢),
d) and formation of arbitrary set-indexed coproducts.

Let G be the subcategory of CA formed by the representable objects. In this section
we are interested in some closures of G. Therefore, we begin with the following simple

Lemma 6.13. The following equality holds

where a runs through the infinite reqular cardinals.

Proof. Clearly [G] contains |J,[G ]a, as it contains each [G],. We have to show
the reverse inclusion. The category |J,[G ], contains G, is stable under left and
right shifts, extensions and formation of direct factors of its objects. Therefore, it
suffices to check that it is also closed under arbitrary set-indexed coproducts, by the
minimality of [G] for these properties. Let (X;);c; be an arbitrary family of DG
modules contained in | J,[G ], indexed over the set I. Let the cardinality of I be /3
and suppose that for each i € I the DG module X; lies in [G]g,, for some cardinal ;.
Let v be a regular cardinal greater than the sum of 3 and the ;’s. The DG module
X; is in [G], for all ¢ € I. Moreover, since v > (3, the coproduct of the X,’s, that is
of B objects of [G],, must lie in [G],. Hence, it lies in |J [ G |a- O

Notation 6.14. Let C be a class of cofibrant DG modules of CA.;. We denote C
the class of cofibrant DG modules which are homotopically equivalent to some DG
module of C.

For example, let Gy be the full subcategory of C.A.,; whose unique object is the zero
DG module. Then Gy is the full subcategory of contractible cofibrant DG modules.

Lemma 6.15. The class formed by the objects 0fQ~0 s stable under

a) the action of ¥ and §;

b) formation of arbitrary set-indezed coproducts;
c) graded split extensions;

d) formation of direct factors.

That is, Gy equals its closure [Gy].
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Proof. a) Let C be a contractible object of CA.s. By lemma 6.11, C' is a direct
factor of 1.X, for some DG module X. Therefore, the cofibrant DG module >C' is a
direct factor of I(XX), since I commutes with X.

b) Suppose that (C;)es is a family of contractible DG modules of CA.,y, with [
a set of arbitrary cardinality. The coproduct ]_[ie ; Ci lies in CA.yy and is a direct
factor of I(]],.; X;), since I commutes with coproducts.

c¢) Let C' and C” be contractible objects of CA.,s. Their extension is the cofibrant
DG module FE which fits in the conflation

C—LFE—>(C"

This conflation splits since C' is injective and C” is projective. This is also a particular
case of lemma 6.7. Therefore F equals C & C’ which is a contractible DG module of
CAcop.

d) Let C be a contractible DG module of CAs. Then C' is a direct factor of I.X,
for some DG module X. Suppose that D is a direct factor of C'. Clearly D is a direct
factor of 1.X, too. Hence it is a contractible DG module of CA.;. O

In the following we will always work with small DG categories in order to ensure
that the (large) category of DG modules has small Hom-sets. Nevertheless, some
results would be true even if we had not made this smallness assumption.

We need to prove that the closures (—) and | — |, of a class of cofibrant DG modules
commute for every regular cardinal «. It turns out that this property is crucial for
the constructions that we will do in the sequel.

Proposition 6.16. Let S be a class of cofibrant DG modules. Let o be an arbitrary
reqular cardinal. Then we have

(8] C[8)a and [S]=[8].

The subcategory [ S, is stable under homotopy equivalences and its image in HA is
stable under formation of direct factors.

Moreover, if a > Ry, we have the equality

[S]a: [S]a-

Proof. We begin by showing that [/g]/a C [S]a, for all the regular cardinals «.
Since it is clear that [S], contains [S]a, it is sufficient to verify that [S]a is
stable under homotopy equivalences. Indeed, the subcategory [S], is minimal for
these properties.
Actually, it turns out that it is enough to verify that the following property holds:

e the subcategory [S], is stable under adding objects of the form /7, where
Z is an arbitrary cofibrant DG module.

Indeed, let X be in [S], and let X’ be a cofibrant DG module homotopically equiv-
alent to X. We have to show that X’ is in [S],, too.
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By definition there are morphisms of DG modules f : X' — X and g : X — X’
so that fog ~ 1x and go f ~ 1%. The cone of the morphism f is given by the
push-out

%

X' X'
|

fl £
| v

X = - -~ —>cone(f),

where 7 is the canonical inclusion. Here, i’ is a graded split monomorphism (since it is
obtained by a push-out from a graded split monomorphism) and f” is still a homotopy
equivalence (since it is obtained by a push-out along a graded split monomorphism).
By point ¢) after definition 6.6 we have the graded split exact sequence (conflation)
/! /
X ST XalX T cone(f).

As cone(f) is homotopically equivalent to I.X’, it is contractible and cofibrant. By
lemma 6.11 it is projective, too. Therefore the last conflation splits in CA and X' is a
direct factor of X & IX’. Thus, since the subcategory [S |, is stable under formation
of direct factors, in order to show that X' lies in [S], it suffices to verify that the
subcategory [g |a is stable under sums with DG modules of the form 17, for any
cofibrant DG module Z.

It remains to verify that the subcategory [g ]a has property e.

We begin and remark that S is stable under adding objects IZ, where Z is an
arbitrary cofibrant DG module. Then, we verify that, given a subcategory C which
is stable under adding objects [Z (Z an arbitrary cofibrant DG module), the same
property holds for

a) the closure of C under ¥ and €, say Csq;

b) the closure of C under a-small coproducts, say Cyy_;

c) the closure of C under graded split extensions, say Cgxi;
d) the closure of C under direct factors, say Cs.

This guarantees that the closure [g ]a has the property e, too.
Point a) : Let A be an object in C, Z a cofibrant DG module, and consider the
sum LA @ IZ. We can write (cf. considerations after lemma 6.7) XA @ [ Z as
YA IZ = YA IXQZ
= YA®XIOZ
= MN(AdI(Q7)).
As A € C and QZ is cofibrant, the object AGI(Q2Z) is in C, by the assumed property
of C. It follows that ¥(A & I(Q2)) lies in Cxgq.

Point b) : Let I be a set of cardinality strictly smaller than «. Let A;, i € I, be
a family of cofibrant DG modules in C. Consider the sum of the a-small coproduct
[1;c; Ai with the object IZ, where Z is an arbitrary cofibrant DG module. We can

write
(J[ane1z=( ] A e, o12),

icl iel\{io}
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for an arbitrary element iy € I. By the assumed property, A;,®1Z is in C. Therefore,
the term on the right in the last equation is an a-small coproduct of objects of C.
Hence (][,c; Ai) © 17 lies in Cy_.

Point ¢) : Let A and B be two cofibrant DG modules lying in the subcategory C.
Consider the sum of an extension E of A and B with an object IZ, where Z is a
cofibrant DG module. We think of /Z as of the split extension of the DG modules
IZ and 0. Then, by adding these two extensions, we get the conflation

AelZ——FE® 17— B.

Since A @ IZ is in C by the assumed property, the object E @ I Z lies in Cgy.

Point d) : Let F' be a direct factor of an object A lying in C. Consider the object
F ® 17, where Z is a cofibrant DG module. Clearly, F' & IZ is a direct factor of
A@ IZ. Since this object is in C by the assumed property, the object F' & I Z lies in

Co.
Now we show that, if o is strictly greater than o, then [S], C [/S\];

—_—~—

It is clear that [S], contains S. Therefore it suffices to show that [S], is stable
under ¥, €, a-small coproducts, graded split extensions and direct factors. Indeed,
[S]a is minimal for these properties.

The functors ¥ and €2 preserve homotopy equivalences since they are DG functors.
The same is true for arbitrary sm/all/ coproducts. Let us consider a graded split

extension of two objects X, X' in [S],

By definition of [/S\]; there are two objects X', Y’ in [S], which are respectively
homotopically equivalent to X and Y. Let v : X — X" and v/ : Y — Y’ be two
homotopy equivalences. Let us form the push-out of the morphisms ¢ and

X : E P Y
|
]
. Y /
X'—-t-->F———>Y.

Here i’ is a graded split monomorphism (since it is obtained by a push-out from
a graded split monomorphism) and «’ is still a homotopy equivalence (since it is
obtained by a push-out along a graded split monomorphism). Now we form the
pull-back along v’ to obtain the diagram

i’ P’
X’ F Y
A
| ! TUI
1 | 7
p
oG- - - %

Then u” is a homotopy equivalence, as in the case of push-out. By the transitivity of
homotopy equivalence among cofibrant DG modules we get that £ is homotopically
equivalent to G. Since G is in [S],, as an extension of objects in [S],, it follows

that E lies in [S],, i.e. [S], is stable under graded split extensions.
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Let F be a direct factor of an object X lying in [S],. Thus, there are morphisms
t:F — X and r : X — F' such that roi = 1p. Let e be the composed morphism
i or. The morphism e : X — X is idempotent. Moreover, there exist a DG module
X' € [S], and two morphisms f: X — X’ and g : X’ — X so that go f ~ 1y and
f og~ 1x,. This situation induces the endomorphism e’ := foiorog of X’. Note
that ¢ is not idempotent, nevertheless it is “homotopically idempotent”, i.e. ¢’? is
homotopically equivalent to the identity morphism of X’. This implies that in the
homotopy category [S]a/ ~ C H.A the equivalence class €’ is a strict idempotent.
Since in ‘H.A idempotents split for a strictly greater than Xy, we get a direct factor
F’ of the image of X’ in [S],/ ~ which is isomorphic to the image of F. Clearly
there is a representative DG module F” in [S], which is homotopically equivalent
to F. It follows by transitivity i@ F' is homotopically equivalent to a DG module
lying in [S],. Hence F' lies in [S], and we are done.

Clearly the equality [S] = [S] also holds. O

The following lemma gives a characterization of the subcategories [S ], and [S]
as the closures of the union of § with the contractible DG modules. It is in these

terms that we will often consider the subcategories [S ], and [S] in the sequel.

Lemma 6.17. Let o be an (infinite) reqular cardinal. Let A be a DG category and
S a class of cofibrant DG modules of A. Then, the following equalities hold

(Sla=[SUGa » [S]=[SUG].

Remark that it is equivalent to take the closures of SU g~0 in CA or in CA..y, since
CA..s is closed under the operations [ — ], and [—].

Proof. We give only the proof for the closure [ —],, as it also works for [—].

Let us begin by showing that [S], contains [S U Gpa. Remark that the subcate-
gory [S ], contains the zero object, which is the sum of the empty family. Therefore,

the subcategory [ S |, contains the subcategory of contractible cofibrant DG modules
50. By the first part of proposition 6.16 the subcategory [,§ |a contains [/S\];, for all
regular cardinals ov. It follows that [S], contains Go. Hence the subcategory [S]a
also contains the union & U QNO. Since the subcategory [S U QNO |o is the smallest full

DG subcategory of CA containing S U 50 and stable under X, €2, a-small coproducts,
graded split extensions and direct factors, the claim follows.

For the reverse inclusion, it suffices to show that [S U Q~0]a contains S and that
it is stable under right and left shifts, formation of a-small coproducts, extensions,
direct factors. By definition, [— ], is the closure under these operations. Thus, it
remains only to prove that [S U Go ]o contains S.

Consider an arbitrary DG module X € S , i.e. X is cofibrant and X ~ X', for
some X’ € §. Then, there are two morphisms f : X — X’ and g : X’ — X whose
compositions fog and go f are respectively homotopical to the identity morphisms
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of X" and X. By point ¢) after definition 6.6, from the cocartesian square (push-out)
X' ¢

I
gl g’
, N

X = - -~ —>cone(g),

where ¢ is the inclusion inflation and ¢/ is an inflation, too, we have the conflation

X @ IX' ——— cone(g).

lg,—4]" [v.9']

X/

We observe that the morphism [g, —]* is a quasi-isomorphism. Therefore, the coho-
mology of the DG module cone(g) is zero. Since cone(g) is also cofibrant, by Quillen’s
theorem about the homotopy category of a model category, it is contractible, too.
This shows that cone(g) lies in Gy. As X’ € S, the extension X ®7X’ lies in [SUGy |a.
Thus, the direct factor X is in [S U Gy a and the assertion follows. O

Now we can consider the subcategories [G |, and [G ] of CA..f, where G is the class
of representable DG modules. These subcategories turn out to be the DG analogues
of the triangulated subcategories (G), and (G) of the derived category D.A, which in
their turn coincide respectively with the subcategories of a-compact objects (D.A)“
and all of DA (cf. proposition 4.6 and corollary 4.8). We will show that a version
‘up to homotopy’ of the conditions (G3) and (G4), which were used to define (D.A)?,
holds for the category [G la.

Remark that, for § = G, lemma 6.17 gives the useful relation
[Gla=19UG0la,  [G]=19UG).
The link with the derived category is given by the inversion of quasi-isomorphisms.

Proposition 6.18. Let A be a DG category and G the subcategory of the repre-
sentable DG modules.

a) Let a be a reqular cardinal strictly greater than Xy. Then the subcategory of the
a-compact objects of the derived category DA is equivalent to the localization
of [é]a at the class of quasi-isomorphisms or, equivalently, to the quotient
category of [é]a by the homotopy relation.

b) Let a equal the reqular cardinal Xy. Then the subcategory of the (R,-)compact
objects of the derived category DA is equivalent to the idempotent completion
of the localization of | §]N0 at the class of quasi-isomorphisms or, equivalently,
of the quotient category of [é]NO by the homotopy relation.

Proof. By item a) of corollary 4.8 with o = Ry, we have that the equality (D.A)* =
(G) holds for all regular cardinals. We recall that (G), is the closure in DA of G
under right and left shifts, a-small coproducts, extensions (in the triangulated sense)
and direct factors. Therefore the triangulated subcategory (G),, is triangle equivalent
to the closure ¢ in CA.y s/~ of G under the same operations.

a) To conclude we have to show that, for all the regular cardinals strictly greater
than Ry, the subcategory U equals [G |,/ ~, i.e. the image of [G], in CA.r/~. Let
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us consider the projection functor
C-Acof e CACOf/N .

The image of G under 7 is clearly contained in . Therefore U also contains the
image of G, as the two images are the same in DA. Hence we have

m([Gla) S U,

since U is stable under ¥, ), a-small coproducts, triangle extensions and direct
factors. We remark that this inclusion holds for all regular cardinals c.
For the reverse inclusion, it suffices to show that 7([G],) contains G and that it
is stable under X, €2, a-small coproducts, triangle extensions and direct factors.
Here, the non trivial properties to verify are the stability of 7([G |,) under triangle
extensions and direct factors. B

Let us remark that 7([ G ],) is stable under isomorphisms in CA.,¢/ ~ since [G ], is

—_~—

stable under homotopy equivalences as it equals [§ |,, by the part of proposition 6.16
concerning the regular cardinals a > RNy. Moreover, 7([G |,) is stable under cones.
Therefore it is stable under triangle extensions (recall that the cone construction is
unique only up to isomorphisms).

Since, for o > Ny the subcategory 7([G o) is idempotent complete in CA/ ~, it is
closed under direct factors (cf. [2]). This shows the claimed reverse inclusion, hence
the equivalence of point a) in the statement, for all the reguler cardinals strictly

greater than V.

b) Let C® denote the idempotent completion of a (sub-)category C. We have to
show that

m([Glx)” =U.

As we already know that the inclusion “C” also holds in the case a = Xy, we need
to show the reverse inclusion only.

The subcategory 7([ G |x,)® contains G, is clearly stable under X, €2, finite coprod-
ucts and direct factors. It remains to verify stability under extensions. For this,

as the subcategory 7([G |y,) is closed under extensions, it suffices to show that the

direct factors of objects of w([G ]y,) are closed under extensions.
Let the diagram f’: X' — Y’ be a direct factor of the diagram f : X — Y of
7([G]n,). Then, the identity of the diagram f’: X" — Y’ factors as
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Let us extend the rows of this diagram to distinguished triangles. We obtain the
commutative diagram

X' Y’ Z' YX'
|
zJ j\f k Ei\[\
f f

|
v
X Y A X
|
|

Lo )

X' Y’ A YX.

Here, the dashed arrows come from axiom (T3) of triangulated categories. The
composition 7 o k is an isomorphism, since poi = 1x/, go j = 1y, ¥po Xi = 1xx,
but it is not necessarily the identity of Z’. Anyway, there exists an inverse h of r o k.
Thus, the composition of k with the morphism hor: Z — Z’ is the identity of Z".
This shows that Z’ is a direct factor of Z. As 7([G]y,) is stable under extensions,
the object Z is in 7([G Jx,). It follows that Z’ is in 7([G ]x,)® and we are done. [J

Remark 6.19. Note that the reason of the different behaviour in the case a = Ry
is due to the fact that idempotents in [G |, may not split in this case.

Moreover, there are inclusions [Gloa € [G]s and [Gla C [Gla, for all regular
cardinals a < /3, analogous to those of the triangulated subcategories (G), of DA.

6.4. The homotopically a-small DG modules. In this subsection, we define and
study the DG analogue (G3) of condition (G3), which was used in the definition of

the subcategory (D.A)® of a-compact objects of the (triangulated) derived category
DA.

Definition 6.20. Let A be a DG category. A cofibrant DG module M is homotopi-
cally a-small if the following condition holds
(é\é) for each family of DG modules X;, i € I, of CA.s and each morphism
f M — HXZ )
iel
there exist a subset J C I of cardinality strictly smaller than a and a factor-
ization

HZGI X

M
\ Al
zEI

where the X are cofibrant DG modules such that: If ¢ € J, then the mor-
phism f; : X — X; is a homotopy equivalence, whereas, if i € I \ J, then X
is a contractible cofibrant DG module, ¢.e. , by lemma 6.11, a direct factor
of an object of the form 17, for some Coﬁbrant DG module Z .
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Remark 6.21. The DG modules )?l and the morphisms f; which are required to
exist in the definition of the homotopically a-small DG modules are of course not
unique.

Note that condition (é:’)) ‘reduces’ to condition (G3) of definition 3.1 if we neglect
the homotopy equivalences. This fact justifies the term “homotopically” that we
have just introduced in definition 6.20.

The relation between conditions (G3) and (éé) is clarified in the next

Proposition 6.22. Let X be a cofibrant DG module. Then property (G3) holds for
the image of X in DA if and only if property (G3) holds for X in CA.oy.

Proof. Suppose that property (G3) holds for X in DA. Let X;, i € I, be a family of
objects in C A,y and
f:X— HXi
il
a morphism of CA.,s. Then the image of f in DA factors as

X ! [Tics Xi — [Lies X

for a subset J of I, of cardinality strictly smaller than a and a morphism v of DA.
Since X is cofibrant (and all objects of CA are fibrant), the morphism ~ lifts to
a morphism ¢ of CA and the difference f — can o g is null-homotopic. Then the
difference factors as

ierpx;

h
X Hie[ PX; Hie[ Xi

for some morphism & of CA and the canonical projections py, : PX; — X;. We get
the factorization

[g,h]t [can,[T;e; Px;]

X

(Hie] Xl) D (Hie[ PX%) Hie[ Xi

of f in CA. Clearly, if we put z =X, ® PX, fori € J and 3(: = PX, fori ¢ J we
get a factorization as required by (G3).

Conversely, suppose that (@é) holds for X. Let X;, i € I, be a family in DA and
p: X —J[X

el

a morphism od DA. Since X is cofibrant, ¢ lifts to a morphism
f:x—1[x
icl
of CA. Let
X

Hie[ Xi Hie] Xi

be a factorization as in (GVS) Then for i € J, the morphism X; — X; becomes an

isomorphism in DA and for ¢ ¢ J, the object X; vanishes in D.A. Clearly this implies
that ¢ factors through [, ; X; in DA. O
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From propositions 6.22 and 6.18 we get, as a corollary, the following result.

Theorem 6.23. Let A be a DG category. Let a be an infinite reqular cardinal. Let
[Gla be as in _definition 6.12 and notation 6.14. Then, condition (G3) holds for the
subcategory [G .

Proof. Suppose that « is an infinite regular cardinal and let G be in [QN la- By
proposition 6.18 we have that the image of G in DA lies in (DA)* So, G has

property (G3) in DA. By proposition 6.22, this implies that G' has property G3 in
CAcos O

6.5. The homotopically a-compact DG modules. In this subsection, we define

and study the DG analogue (G4) of condition (G4), which was used in the definition
of the subcategory (D.A)“ of a-compact objects of the (triangulated) derived category
DA.

Definition 6.24. Let A be a DG category and C a class of cofibrant DG modules
in CA. We say that condition (G4) holds for C if

(G\ZL) for each object C' € C, for each family of DG modules X;, i € I, of CA.,r and
for any morphism of DG modules

f:C— HXZ- ,
iel
there exist morphisms ¢; : C; — X;, ¢« € I, such that the following factoriza-
tion holds

Hz‘e[ Xi

C f

Hie] Ci )
where the DG modules C; lie in C, for all i € 1.

Theorem 6.28 below claims that, for all regular cardinals « strictly greater than
N, condition (G4) holds for the subcategory [Q la of CAcoy. We remark that this
is the smallest subcategory of CA closed under operations a), b), ¢), d) of defini-
tion 6.12, which contains the representables G, the contractibles 50 and for which
both conditions (GTZ’)) and ((A}Zl) hold. Therefore, in analogy with the triangulated
case, we call the objects of [é]a homotopically a-compact DG modules.

Remark 6.25. Note that condition (G4) ‘reduces’ to condition (G4) of definition 3.1
if we neglect the homotopy equivalences. This fact justifies the term “homotopically”
that we have just introduced.

The definition above is different from the definition of a-compact objects in a
model category that Hirschhorn gives in his book (c¢f. definitions 10.8.1, 11.4.1 and
12.1.1 in [11]). In order to see what the a-compact objects of Hirschhorn’s definition
are in our case we recall that the model category CA is cofibrantly generated [12].
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For each integer n € Z and each object X of A, we denote by S™ ® X" the DG
module X" X" and by D" ® X" the cone on the identity of S" ! ® X”. The set T of
generating cofibrations consists of the cofibrations

Sl X \——=D"® X", nel, X e A
The set Z of generating trivial cofibrations consists of the cofibrations
0—=D"®X" neZ, X € A
Let A be an a-filtered ordinal, where « is a regular cardinal. Let
s: X > colim,) X,

be a morphism in Z-cell (¢f. [12] and the proof of proposition 6.5). A DG module K
is a-compact according to Hirschhorn’s definition if, given an arbitrary morphism

l . K E—— COth</\ XO' 5
the following conditions are satisfied:
e There is a morphism in Z-cell

t . X e C011m0-<)\ X;_ B

i.e. t is the transfinite composition of push-outs of type

HjeA;, Aj — HjeA;, Bj

|
h;l I ng
N

/ /
XO'>____>X0'+17

such that the morphisms A;>— B; are in Z, the sets A/ are subsets of

their analogues A, for the morphism s and the morphisms h, n! are the
restrictions of their analogues h,, n, for the morphism s.

e The cardinality of the union of the set A, for ¢ running through the ordinals
strictly smaller than A, is strictly smaller than a.

e There is a morphism of A-sequences (m, : X! — X,),< such that the
following factorization holds

K colim, ) X,

\ M"na

: /
colim, ) X_.

The main differences between the two definitions are:
(i) Hirschhorn’s definition states a property about single objects, whereas our
definition states a property about the class of a-compact objects;
(ii) Hirschhorn’s definition depends on the set of generating cofibrations Z, whereas
our definition is independent from this set;
(iii) there are contractible DG modules which are not a-compact in the sense
of Hirschhorn but they are all homotopically a-compact in the sense of our
definition.
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Question 6.1. We are working to answer the following questions:

1) Are the a-compact objects in the sense of Hirschhorn homotopically a-compact?
2) Is each homotopically a-compact object homotopically equivalent to an -
compact object in the sense of Hirschhorn?

The relation between conditions (G3) and (G3) is clarified in the next

Proposition 6.26. Let C be a class of cofibrant DG modules. Then condition (é\zl)
holds for C in CAcs if and only if condition (G4) holds for the image of C in DA.

Proof. Suppose that condition (é‘rvél) holds for C. Let
p:C— H X;

be a morphism of DA. We may assume without loss of generality that the X; are
cofibrant objects. Since C'is cofibrant, ¢ lifts to a morphism f of CA.ys. Now we

factorize f as in (G4) and take the image of this factorization in DA.
Conversely, suppose that condition (G4) holds for the image of C in DA. Let
f:o—J[x
icl
be a morphism of CA where C' belongs to C and the X; are cofibrant DG modules.

Let
F=(I#) -3
iel
be a factorization as in (G4) of the image of f in DA through some objects C;
contained in the image of C in D.A. Since C' and the C; are cofibrant, we can lift the
morphisms g and @; to morphisms g and ¢; of CA. Then the difference

f=(le)eg
i€l
is null-homotopic and factors as

ierpx;

h
C Hie[ PX; Hie[ Xi

for some morphism h. Clearly, if we put C! = C; & PX;, we obtain a factorization

f
¢ \ Hz‘el Xi
Hie[ Cz/ )

where the C! are in C, as required in condition (évél) O

Remark 6.27. A class C of cofibrant DG modules and its closure C under homotopy
equivalences have the same image in D.A. Thus, by proposition 6.26, condition (G4)
holds for C if and only if it holds for C.

From propositions 6.26 and 6.18 we get, as a corollary, the following result.
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Theorem 6.28. Let A be a DG category. Let a be a reqular cardinal. Let [G ], be as
in definition 6.12 and notation 6.14. Then, condition (G4) holds for the subcategory
[G o

Proof. By proposition 6.18 we have that the idempotent completion of the image of
[Glain DAis (DA)*. As condition (G4) holds for (D.A)* in DA, it also holds for the
image of [ G |,. Thus, by proposition 6.26 condition G4 holds for [G |, in CA.,y. O

After the previous results we can establish the characterization announced at the
beginning of this section

Theorem 6.29. Let o be any reqular cardinal of cardinality strictly greater than N.

Then the subcategory [ G | is mazimal in the class P of subcategories of CA.,y whose

objects have property (G3) and for which property ((Ezl) holds.

Proof. Suppose that B is a subcategory of CA.. properly containing [G |, and that
B lies in the class P. By proposition 6.22, the objects contained in the image 7(B)
of B in DA have property (G3). By proposition 6.26 property (G4) holds for 7(B)
in DA. Thus, m(B) is contained in the subcategory (D.A)* of the a-compact objects
of DA, since (DA)* is maximal among the strictly full subcategories of DA with
respect to these properties (cf. [27]). The strictly full subcategories of DA are in
bijection, through the functors m and 7!, with the full subcategories of CA,s stable

under homotopy equivalences. Since [G], is stable under homotopy equivalences
(proposition 6.16) and 7([G ]4) is equivalent to (D.A)* (item a) in proposition 6.18),
the subcategory B should be contained in [5 |o against the initial assumption. The
claim follows by contradiction. OJ

Remark 6.30. If a« = X, then some compact objects of DA may not be images of
homotopically compact DG modules (¢f. item b) in proposition 6.18).

6.6. The key-lemma : Morphisms factor through [S],. In this subsection we
can use all the material developed in the preceding subsections in order to state a
theorem about factorization of certain morphisms. This theorem is the key result
which allow us to prove the important result 5.5, which says that the a-continuous
derived category is well generated and that its a-good generators are the images of
the free modules of DA under the quotient functor of a certain localization. It turns
out that this is one of the crucial ingredients for proving the main theorem 5.8. For
this reason we call the factorization result of this subsection “the key-lemma”. This
is the homotopical DG version of theorem 4.7.

Theorem 6.31. Let A be a DG category. Let 3 be an (infinite) reqular cardinal.
Let S be some class of cofibrant DG modules of [G|z. Let X be a 3-homotopically
compact cofibrant DG module, i.e. X € [G|s, and let Z be an object of [S]. Suppose

that f : X — Z is a morphism in CAyr. Then there exists an object Y € [S]|s so
that f factors as X —Y — Z.

Proof. Let U be the full subcategory of CA.,; whose objects are the cofibrant DG

modules U which satisfy the follwing condition : For all the objects P € [G |z and
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all the morphisms f : P — U, there is some DG module Y contained in [S ]z so that
f factorsas P - Y — U.

In order to prove the theorem, it is sufficient to show that [S] is contained in
U. The subcategory [g ] is the smallest full subcategory of CA.s containing S
and closed under left and right shifts, arbitrary set-indexed coproducts, extensions,
direct factors. Therefore, we have to show that U contains &, and that the following
assertions hold:

a) U is stable under the action of ¥ and €;

b) U is closed under formation of arbitrary set-indexed coproducts;
¢) U is closed under extensions;

d) U is stable under formation of direct factors.

We begin with the inclusion of SinU. Let S be some DG module of S and P an
arbitrary one of [G|z. There is the trivial factorization

P d S

N A

S,

for any morphism f. The DG module S lies in [G s, since S is contained in [G 5 by
hypothesis. Thus, S belongs to U, too.
Now we will check assertions a), b), c), d).

a) Let U be a DG module of «. Consider XU and an arbitrary morphism

P d SU

where P is an arbitrary DG module of [G]g. This morphism corresponds to the
morphism

QP & U,

where 2P is in [G |3, too. Therefore, we have the following factorization of Qf

QP il U

~N

Y

?

where the DG module Y is in [§ ]g. This factorization diagram corresponds to the

following one
P \ ! »U
Y,

where XY lies in [S]g, by the definition of [S]z. Thus, £U is in Y. Similarly, one
can prove that QU is in U, too. This shows point a).
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b) Let U; , i € I, be a family of arbitrary DG modules lying in CA.,s. Let P be
some DG module of [G]s. We consider an arbitrary morphism

f
P Hz‘el Ui.

We can apply condition ((/EVS) Thus, there exists a subset J C I of cardinality strictly
smaller than ( such that, in the factorization

f
P Hie[ Ui
\ _ 4’%
HiEI Ui >

if i € J, then ¢; : 17, — U; is a homotopy equivalence, whereas, if ¢ € I\ J, then the
cofibrant DG module U; is contractible. Clearly, the morphism f factors as

7,61
UJN /zeJ:U ®lliens 1,

zeJ U ® HzGI\J i

where f] is the morphism whose components are those of ffrom P to ﬁz, for i € J.
The analogous notation is adopted for f]\ J- Thus, we can apply condition (G4) to
the morphism f 7. This gives the following factorization of f J

fs ~

P HiGJ Ui
k\ 4%'
HieJ Zi

where Z; belongs to [(3]67 for all © € J. For any ¢ € J, the DG modules U; are in U,
h@vnce we can factor the compositions ¢; o v); : Z; — U; through DG modules W; of
[S s as in the following diagram
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for all « € J. Thus, we have shown that f factors as

f
P Hiel Ui

[(Hie] @;)ogyJ , ]?I\J]t Hie] Bz‘@]_[iez\J ®i

HiGJ VV% D HieI\J Ui )

where: If ¢ € J, then W; € [g]g; whereas, if ¢ € I\ J, then U, is a contractible
cofibrant DG module and thus lies in Gy C [S]s. Indeed, when we check the com-
mutativity of the triangle above, we get the following sequence of equalities:

JIse [T edelladogs. fril

i€J i€I\J icJ
- [H@ HOQ ©gr) H ©:) fI\J
ieJ ied i€I\J
- [(H fBio H @;)ogy, fI\J]t
i€J i€
= [(H(ﬁz oa;))ogy, fI\J]t
i€J
= [(H(% o)) o g, fI\J]t
i€J
= [H% o ((H wi)ogs), frul
i€J i€J
= (I ¥ e fro ol
i€J
= [fJ ) fI\J]t
= f

Here, the morphisms f; and fp s are induced by the following trivial factorization

of f

P Hie] Ui

[fJafI\J]t ]—[iEJ lUi@]—[iEI\J lUi

[Le,Ui® HiGI\J U

Since [];c, Wi and ;¢ U; lie in [S]s, their sum will lie, too. This proves that
[Lic; Ui € U. Thus, point b) holds.
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c¢) Let U and U’ be two DG modules lying in /. We want to show that an arbitrary
extension E of U and U’

U ! E L

lies in U. Let us consider an arbitrary morphism

Q

where the DG module @ lies in [(:j |- Then, we can factor the composition d o f as
in the following commutative square

f

L,

Q ° Y
fi l
E —=U,

with the DG module Y lying in [S]g. Let us form the pull-back of the deflation
h: PY —Y and of the morphism e:Q —Y

X'---%- - PY
| ih
¥

Q - Y,

where X’ € [G]s. Indeed, if we complete the square above to a morphism of confla-
tions, we get the commutative diagram

Qv X' Q
loy lj ie
)% py — ' =y,

where Q and QY are in [Gs. Therefore, X’ will, too, since [G]s is stable under
extensions. By the fact that the square on the right of the diagram above is cartesian,
we can form the conflation

v [k, j] 0@ PY e ] v

Thus, since 7 is the kernel of the morphism d, there exists a morphism [ which makes
the following diagram commute

—k, 4] e, h
x— Qe py Sl y
ll J/[f,f’] lg
/
U i E - v,

where the morphism f': PY — FE exists thanks to the projectivity of PY. Since
X' € [G]s and U € U, the morphism [ factors through a DG module Y’ which lies



in [S s, as in the commutative triangle

X/ : U
\Y,/

Now, form the push-out

[
ml I'lg, p]
y
Y'—---- ~N

By extending it to a morphism of conflations

o R g py e
ml @ \L[(I:P] 1y
Y’ T N s }/’
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we can see that the DG module N lies in [S]g, since it is an extension of two DG
modules, Y’ and Y, both lying in [g]ﬁ The claim is that the conflation (r, s)
factors the morphism of conflation (I, [f, f’], g) above. Indeed, since the diagram
on the left of the preceding diagram is cocartesian, we get the morphism ¢ which

makes the following diagram commute

X! >ﬂ> Q ® PY
i |
m lq, P] AN
N f]
Y’ N N\

E.

The last diagram immediately implies the claimed factorization

v I e py e, 7] v
ml l[q,p] 1y
Y’ - N - Y
nl lt ig
1
U @- E y U,

where the composition to[q, p] = [toq, top| equals [f, f]. We can write the

morphism f as the composition

[1 ,O]t , /
0 Q 0@ PY [f5 f'] I




86
As the morphism [f, f’] factors through NV, the morphism f factors through N, too,
as in the commutative diagram

[1 ,OP ’/
) Q 0@ PY [, f o

~ [Q7p]

~
A

N.
This shows that the searched factorization of f is the following,

Q———=N——F.
As N € [8], it follows that E € U and point ¢) holds.

d) Let U be some DG module in U. Let Z be a direct factor of U. This means
that there exist an inclusion ¢: Z>—= U and a retraction r : U — Z so that

roi=1z. Let P be an arbitrary DG module lying in [G |3 and
f:P——7

an arbitrary morphism. Then, we can factor the composition i o f through a DG
module Y of [S]s as in the commutative diagram

p—= .ypy
\N f//
Y.
This easily implies that f factors through Y, too,
p !

7
N S
Y.

Indeed, the last triangle is commutative, since we have
(roff)of =ro(ffof)=ro(iof)=(roi)of=1z0f=f.
Hence, point d) and the theorem follow. O
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