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Introduction

1. Statement of the problem

1.1. Generalities. The present work deals with the following problem. Let R be an as-
sociative ring, and Mod-R the category of all right R-modules. Given a torsion pair (X,})) in
Mod-R, there naturally arises a full subcategory of the derived category of Mod-R, called the
heart of the torsion pair, and denoted by H(X,)). Its objects are the bounded complex of
R-modules X*® such that H(X*®) = 0 for every i # —1, 0, and, moreover, H1(X*®) € J and
HY(X*®) € X, where H* denotes the i-th cohomology functor.

In [BBD82] it was proved that H(X,)) is abelian. There are two pairs of functors: the two
cohomology functors H~!, H: H(X,)) — Mod-R and the functors T, T": Mod-R — H(X,))
taking a module M to the complexes T(M), T'(M) defined as follows: T(M)? = 0 for every
i # —1 and T(M)~! is the torsion-free part of M; similarly, T(M)? = 0 for every i # 0 and
T(M)? is the torsion part of M. The images of these functors define a torsion pair in H(X,)).
When the torsion pair (X,)) is faithful, i.e., Rg € ), then the two pairs of functors define a
tilting counter equivalence between H(X,)) and Mod-R.

The main purpose of this work is to give a full and, if possible, self-contained introduction to
some properties of the heart, in particular those properties which are related to the properties of
the torsion pair (X,)), and, furthermore, to exhibit some examples. For instance, a necessary
and sufficient condition for the heart to be a Grothendieck category is that the original torsion
pair is cotilting, i.e., cogenerated by a cotilting module.

1.2. Known results. In [CGMUO7] it is proved that a necessary condition for the heart
H(X,)) to be a Grothendieck category is that (X,)) is cotilting. In [CGO09] this condition is
proved to be also sufficient. Moreover, several notable consequences are drawn: for example, the
heart H(X,)) is Grothendieck, locally noetherian if and only if ) is cogenerated by a X-pure
injective cotilting module (this has been proved, using different methods, also in [CMT10]).

1.3. Original contributions. In Theorem 3.12 we prove that the definition of tilting
object in the category Mod-R is equivalent to the classical definition of tilting right R-module.
Furthermore, in Example 3.13 we exhibit a non-trivial example of tilting module over a ring of
matrices. In Example 6.14 we show that there are no abelian groups which are -pure injective,
apart from those containing Q®Q/Z as a direct summand. As a consequence, given any faithful,
cotilting, non-trivial torsion pair (X, )) in Mod-Z, the heart H(X', )) is a Grothendieck category,
but it is not locally noetherian.

2. Background for the work

We shall give a short sketch of the development of derived categories, tilting theory and torsion
pairs in order to give a better understanding of the tools used in our work.

2.1. Derived categories. Derived categories were introduced in the sixties by Grothendieck

and Verdier in the study of derived functors and spectral sequences.

Given an abelian category C, its derived category D(C) is obtained from the category C(C)
of (cochain) complexes in two stages. First one constructs a quotient K(C) of C(C) by iden-
tifying chain homotopy equivalent morphisms between complexes. Such a quotient category
K(C) is called the homotopy category of C. It is an additive category in which the homotopy
equivalences are invertible, but this advantage comes at a cost: K(C) is not abelian anymore.
Consequently, one has to look for an effective substitute for short exact sequences, that should

vii
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still have the property that it induces long exact sequences on cohomology. The concept of a
triangulated category with its “distinguished triangles” provides a solution. It turns out that
the homotopy category K(C) can be endowed with the structure of a triangulated category. The
second step consists in “localizing” K(C) by inverting quasi-isomorphisms using a calculus of
fractions. The goal is the following: we want morphisms in K(C) which induce isomorphisms on
cohomology to be invertible in the category to be constructed. If we want a quasi-isomorphism
to become an isomorphism, it has to have an inverse. Unfortunately, there is no candidate for
an inverse around. So to define a derived category, we have to use a more elaborate process
called localization of categories.

Derived categories have proved to be of fundamental importance in mathematics, in particular
they have been shown to be the correct setting for tilting theory: indeed, they allow the main
results to be easily formulated and proved, and also offer new insights concerning homological
properties shared by the algebras involved. For the general use of derived categories and tilting
the reader may consult the article by Keller [Kel07].

2.2. Tilting theory. Tilting theory arises from the representation theory of finite dimen-
sional algebras and has proved to be a universal method for constructing equivalences between
categories. It is now considered essential in the study of many areas of mathematics, including
group theory, commutative and non-commutative algebraic geometry, and algebraic topology.
Tilting theory goes back to the early seventies, when Bernstein, Gelfand and Ponomarev investi-
gated the reflection functors in connection with giving a new proof of Gabriel’s theorem (1972)
that a path algebra kA of a finite quiver A over an algebraically closed field k admits only
finitely many isomorphism classes of indecomposable modules precisely when the underlying
graph of A is a finite disjoint union of Dynkin diagrams (see [Gab72]). This work was later
generalized by Brenner and Butler in [BB80], who introduced the actual notion of a tilting
module for finite dimensional and artin algebras A and the resulting tilting theorem between
mod-A and the finitely generated modules over the endomorphism ring of a tilting A-module,
a vast generalization of the Morita equivalence theorem between categories of modules over a
pair of algebras. Later the work of Brenner and Butler was simplified by Happel and Ringel
[HR82]. They considered additional functors such as Ext!(7T, —), in order to obtain a much
more complete picture. Subsequently, Miyashita [Miy86] and Colby and Fuller [CF90] showed
that if A is an arbitrary ring and V4 is a tilting module, then the tilting theorem holds between
Mod-A and Mod-R, where R = End V4. The tilting theorem is basically a pair of equivalences
7 — Y and F — X between the members of torsion pairs (7, F) of A-modules and (X,))
of R-modules. In order to generalize the notion of a finitely generated tilting module, Colpi
and Fuller [CFO07] introduced the notion of a tilting object in an arbitrary abelian category A;
in that paper a tilting theorem is proved, showing that a tilting object V' provides a counter
equivalence between the torsion theory (7, F) generated in A by V and the corresponding tilted
torsion pair (X,)) in Mod-R, with R = End4 V.

Nowadays techniques of tilting theory apply to (derived) geometry of varieties, noncommutative
geometry, representation theory (of finite groups, algebraic groups, quantum groups, quivers,
...), cluster algebras, and so on. A precursor for the techniques of tilting theory in geometry
is the work of Beilinson [Bei84] which relates the derived category of coherent sheaves on a
projective space to the derived category of a certain finite dimensional noncommutative algebra:
the derived category of coherent sheaves on a projective space P" is equivalent to the homotopy
category of free graded modules with generators in degree 0, 1,..., n over a symmetric or
exterior algebra in n 4 1 variables. This work was further developed by Bondal [Bon89] and
has now become a standard tool in the study of derived categories of varieties.

Further aspects of tilting theory and historical references are contained in [AHHKOT].

2.3. Torsion pairs. The concept of torsion is of fundamental importance in algebra, ge-
ometry and topology, because torsion-theoretic methods allow us to study better phenomena
having a local structure. The context of torsion pairs provides the proper environment to study
the notion of torsion.
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Torsion pairs in abelian categories were introduced formally by Dickson [Dic66] as a gener-
alization of the well known torsion pair (Torsion abelian groups, Torsion-free abelian groups)
in the category of abelian groups. The reader may also see the book of Stenstrom [Ste75]
for a comprehensive treatment. The use of torsion pairs became then indispensable for the
study of localization in various context, such as the localization of topological spaces or spec-
tra, the localization theory of rings and categories, the local study of an algebraic variety, and
the tilting theory. Let us give a simple example. It is well known that there is a bijection
between Gabriel topologies on a ring A and hereditary torsion pairs of A-modules (see [Ste75,
Chapter VI]). Let A be a commutative ring and let S be a multiplicative subset of A consist-
ing of non-zero divisors. Then § = {a | a is a right ideal of A and (a: a) NS # 0,Va € A} is a
Gabriel topology on A. Let M be an A-module and put Mg = lim __ Hom(sA, M/t(M)), where
t(M)={z € M | zs =0 for some s € S}. Then we get Mz = S~1M, in particular Az = S~1A.
There is an analogous definition of torsion pair for triangulated categories which is closely
related to the notion of a t-structure (see [BROT7]).

More recently, Beligiannis and Reiten in [BRO7] studied torsion pairs in the general working
context of pretriangulated categories. A pretriangulated category is essentially an additive cat-
egory C equipped with a pair (X, ) of adjoint endofunctors, and in addition with a class of left
triangles A and a class V of right triangles which are compatible with each other and with X
and ). Examples are abelian categories (where ¥ = 0 = Q) and triangulated categories (where
¥ or Q is an equivalence). Other important sources of examples of pretriangulated categories
come from stable categories (namely, C/w, where C is an abelian category and w is a functorially
finite subcategory, see [BR0O7]) and closed model categories in the sense of Quillen [Qui67] and
their homotopy categories (see the book of Hovey [Hov99] for a comprehensive treatment). In
recent years stable categories have proved to be essential in homological representation theory,
through the work of Happel [Hap88|, Keller [Kel90], Happel-Reiten-Smalp [HRO96]|, Krause
[Kra00] and others.

Tilting theory is intimately related to torsion pairs in several different ways. For example,
when T is a tilting module, there is an associated torsion pair (7,F), where 7 = GenT.
This torsion pair plays an essential role in tilting theory, and it is closely related to a torsion
theory for the category of modules over the ring End 7. During the last twenty years Morita
theory for module categories, which can be regarded as a specialization of tilting theory, has
been extended to derived categories, offering new invariants and levels of classifications. The
generalization culminated in a Morita Theory for derived categories of rings and DG-algebras,
which describes when derived categories of rings or DG-algebras are equivalent as triangulated
categories. This provides also connections with algebraic geometry and topology. Beligiannis
and Reiten [BRO7] interpreted Morita theory for derived categories in torsion-theoretic terms,
giving simple torsion-theoretic proofs of central results concerning the constructions of derived
equivalences.

3. Structure of the work

The work is organized as follows.

In Chapter 1 we recall the definition and the basic properties of the derived category of an
abelian category.

Chapter 2 is devoted to the study of torsion pairs and t-structures in the context of abelian
and triangulated categories, respectively. For an abelian category C with a torsion pair (X,))
we want to construct an abelian category H(X,Y) with a torsion pair (7,F) such that X is
equivalent to F and )Y is equivalent to 7. This construction is motivated by the connection
between tilting and derived categories, hence we try to find an abelian category H(X,)) in
D®(C) with (Y[1],X[0]) as a torsion pair. First we show how a torsion pair (X,)) in C gives
rise to a t-structure (D=9, DZ%) on the bounded derived category D?(C). More precisely, we
take D=0 = {X* € D’(C) | H/(X*) = 0,4 > 0, H'(X*) € X} and D=° = {X* € D’C) |
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H(X*)=0,i< —1, H(X*) € ¥}. Then (D=0, DZ9) is a t-structure on D°(C). The heart of
this t-structure, the full subcategory H(X,Y) = D=9 N D=0, is an abelian category, as it was
originally proved in [BBD82|. Moreover, setting 7 = Y[1] and F = X[0], it turns out that
(7,F) is a torsion pair in H(X,)) with equivalences 7 &= ) and F =— X.

In Chapter 3 the basic ideas of tilting theory are introduced as a tool for the subsequent study of
the heart associated to a (faithful) torsion pair in Mod-R. Following [CFO07|, we introduce the
notion of tilting object in abelian categories and see how it specializes in the case of Grothendieck
categories. La raison d’etre of a tilting object V in an abelian category A is that it provides a
connection between the category A and the category of modules over the ring R = End 4(V).
This connection is described in the Tilting Theorem. We shall also prove that the notion of
tilting object coincide with the classical one (see [CF04]) in the case of modules. Here we
also exhibit a non-trivial example of tilting module over a ring of matrices. Furthermore, we
shall see that the tilting modules over a commutative ring are precisely the progenerators, i.e.,
the finitely generated projective generators. In this case, the Tilting Theorem reduces to the
classical Morita equivalence between two categories of modules.

In Chapter 4 we begin the study of the heart associated to a faithful torsion pair in Mod-R.
This chapter yields a motivation for the study of the heart. First, we shall characterize the
faithful torsion pairs (X,))) in Mod-R as the torsion pairs which are tilted by means of a tilting
object V in a suitable cocomplete abelian category H. More precisely, we will show that any
tilted torsion pair is faithful and, conversely, given any ring R and any faithful torsion pair
(X,Y) in Mod-R, then (X,)) is tilted by a tilting object in a cocomplete abelian category
‘H. In particular, it will be clear that we may choose H = H(X,)) and V = R[1]. Then we
will show that H(X,)) is a prototype for any abelian category H admitting a tilting object V'
which tilts to (X,)) in Mod-R, i.e., any abelian category which tilts to the same torsion pair is
equivalent to it. This is obtained as a consequence of the fact that two abelian categories with
tilting objects which tilt to the same target (X,)) are (Morita) equivalent.

In Chapter 5 we study the AB-properties of the heart H(X',)) that, more generally, are shared
by any abelian category with a tilting object which tilts to the same torsion pair (X',)). In
particular, we shall show that the heart is an AB4 category, i.e., arbitrary coproducts exist and
any coproduct of exact sequences is an exact sequence. Moreover, we prove that the cohomolog-
ical functors H~!, H? which realize the tilting counter equivalence commute with coproducts.
Furthermore, the heart has also products, i.e., it is an AB3* category. Then we look for some
conditions which guarantee that H(X',)) is a Grothendieck category: we will see that a key
point is the behaviour of the functor H~' with respect to direct limits. Finally, we show
that H(X,)) has an injective cogenerator if and only if (X,)) is cogenerated by a cotilting
R-module. As a corollary, a necessary condition for the H(X',)) to be Grothendieck is that
(X,)) is cogenerated by a cotilting R-module.

The main purpose of Chapter 6 is to show that the heart H(X',)) is a Grothendieck category
if and only if (X,)) is cogenerated by a cotilting R-module. From this, we will be able to
draw several important consequences, by applying the techniques of tilting counter equivalences
between a Grothendieck category and the category Mod-R. When H(X,)) is Grothendieck,
locally noetherian, the functors H~!, H": H(X,)) — Mod-R take noetherian objects to finitely
generated modules, hence the torsion pair (X,))) satisfies the so-called Ringel’s condition ( see
[RRO06]). We show that, when the ring R is noetherian, this condition is actually equivalent to
H(X,Y) being Grothendieck, locally noetherian; this proves that the Ringel’s condition is also
equivalent to the fact that the class ) is cogenerated by a Y-pure injective cotilting module.



CHAPTER 1

Preliminaries

In this chapter we recall the basic feautures of the derived category of an abelian category
needed in the subsequent development. For a full account we refer to [KS06]. For standard
terminology in category theory, we refer to [KS06] and [SteT5].

1. Complexes

1.1. Complexes in additive categories. In this section we let C be an additive category.
A complex X* = (X*, d’)“() over C is a sequence of objects X* and morphisms d])“( : Xk Xkl
(keZ)

dht db
coe XBEL Xk X xR

such that d’l)“(d’;(_1 =0 for all k € Z. A complex is bounded below if X* = 0 for all but
finitely many k& < 0. It is bounded above if X¥ = 0 for all but finitely many k& > 0. It is
bounded if it is bounded below and bounded above. We denote by C(C) the additive category
of complexes and by C*(C) (x = b, +, —) the full additive subcategory of C(C) consisting of
bounded complexes (resp. bounded below, bounded above). We may consider C as a full
subcategory of C°(C) by identifying each object X of C with the complex --- — 0 — X — 0 —
... “concentrated in degree 0”, where X stands in degree 0.
Let X € Ob(C(C)) and p € Z. The shift functor is defined by

(B = X7, iy = (1P
and if f: X — Y is a morphism in C(C), then

(fle)" = 7.

The shift functor [1]: C(C) — C(C), X — X[1] is an automorphism (that is, an invertible

functor) of C(C).

The mapping cone of a morphism f: X — Y in C(C) is the complex (Mc(f), dyie(s)), Where
k

() = (XFert and d = (R

a(f): Y — Mc(f), B(f): Mc(f) — X[1] and B(f)a(f) = 0.

A morphism f: X — Y in C(C) is said to be homotopic to zero if for all p € Z there exists

a morphism sP: XP — YP such that fP = 3p+1d§( + d%j,_lsi”. Two morphisms f, g: X — Y are

homotopic if the morphism f —¢: X — Y is homotopic to zero. A complex X is homotopic

to 0 if the identity morphism 1x is homotopic to zero.

Let X, Y be two complexes and define

> . There are natural morphisms of complexes

Ht(X,Y)={f: X - Y| f is homotopic to zero}.

If f: X - Y and g: Y — Z are morphisms in C(C) and if f or g is homotopic to zero, then
gf: X — Z is homotopic to zero. This allow us to define a new category, the homotopy
category K(C), in which the objects are complexes over C, and for all X, Y € Ob(K(C)),
Homg ey (X,Y) = Homg ey (X,Y)/Ht(X, Y). In other words, a morphism homotopic to zero
in C(C) becomes the zero morphism in K(C) and a homotopy equivalence in C(C) becomes an
isomorphism in K(C). Similarly, we define K*(C) for * = b, +, —. These categories are clearly
additive, but in general not abelian.
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1.2. Complexes in abelian categories. In this section C denotes an abelian category.
In [KSO06] it is proved that the categories C*(C) are abelian categories. Let X € Ob(C(C)). We
define the following objects of C:

Z"(X) =Kerdy,  B"(X)=Imdy"
Note that there is a natural morphism B"(X) — Z"(X), so we can define the n-th cohomology
object of X:
H*(X) = 7"(X)/B"(X).

If f: X — Y is a morphism in C(C), then it induces morphisms Z"(X) — Z"(Y') and B"(X) —
B"(Y'), hence a morphism H"(X) — H"(Y"). Therefore, we have an additive functor H": C(C) —
C. By [KS06, Lemma 12.2.2], this functor can be extended to a functor H": K(C) — C.
A morphism f: X — Y in C(C) is said to be a quasi-isomorphism (for short, a qis) if
H*(f): H*(X) — H*(Y) is an isomorphism for all k € Z. In this case we say that X and Y are
quasi-isomorphic. Clearly, a complex X is exact if and only if it is quasi-isomorphic to zero.

2. Triangulated categories

In this section we shall recall the definition of triangulated category.
Let D be an additive category endowed with an automorphism [1]. A triangle in D is a sequence
of morphisms

xLy%z=mhxn.

A morphism of triangles is given by the commutative diagram

X Y A X[1]
aJ ﬂJ ’YJ{ a[l]J{

1 l / X'l
X' =Y — =7 — [1]

A triangulated category is an additive category D endowed with an automorphism [1] and
a family of triangles, called distinguished triangles (for short, d.t.), satisfying the following
axioms.

(TRO) A triangle isomorphic to a d.t. is a d.t.

(TR1) The triangle X XX 0— X[1] ia a d.t.

(TR2) For all f: X — Y there exists a dt. X LY — Z — X[1].

(TR3) A triangle X & vV % 7 ™ X[1]is a d.t. if and only if v % 7 2 x[1) =2
d.t.

(TR4) Given two d.t. X LyszHh X[1], X’ Loy &g 1 X'[1] and morphisms
a: X — X', 3:Y - Y with f'a = 3f, there exists a morphism v: Z — Z’ giving rise
to a morphism of d.t.

Y[1] is a

X Y A X[1]
aJ ﬂJ Y a[l]J{

1 l v/ X'l
X' =Y — =7 — [1]

(TR5) (Octahedral axiom) Given three d.t.
xLyhz o xp,
vy4z5Xx Sy,

x4z Ly xq,
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there exists a d.t. 2/ 2 V" % X! — Z'[1] making the diagram below commutative:

x Loyt X[1]

|
9f I~

X z sy X[1]

fJ 9 £

Y z—ts x Y1)

BRI
¥ P ]

Z! oty Y ety X ey Z'1.

This diagram is often called the octahedron diagram, because it can be written using
the vertexes of an octahedron (cfr. [KS06, Definition 10.1.6])

By [KS06, Proposition 10.1.11], if X Lyszh X[1] is a d.t., then gf = 0.
Let (D, [1]), (D', [1)’) be triangulated categories. A functor F': D — D’ is called a triangulated
functor if:
(i) F is additive;
(i) F[] = [1]'F;
(iii) F sends d.t.’s to d.t.’s.
A subcategory D’ of a triangulated category (D, [1]) is called a triangulated subcategory if:
(i) D’ is triangulated;
(ii) the inclusion functor D' — D is a triangulated functor.
Let (D, [1]) be a triangulated category, C an abelian category and F': D — C an additive functor.
We say that F' is a cohomological functor if for any d.t. X — Y — Z — X[1] in D, the
sequence F'(X) — F(Y) — F(Z) is exact in C.
As a remarkable example, the functors Homp(W, —) and Homp(—, W), for any W € D, are
cohomological functors (see [KS06, Proposition 10.1.13]).

3. Derived categories

In this section we construct the derived category of an abelian category C.

3.1. The homotopy category K(C). Let C be an additive category. Recall that the
homotopy category K(C) is defined by identifying to zero the morphisms in C(C) homotopic to
zero. If f: X — Y is a morphism in C(C), there is a natural triangle

) B(f) f]

v 29 Me(f x) 2 vy,

Such a triangle is called a mapping cone triangle. Clearly, a triangle in C(C) gives rise to a
triangle in the homotopy category K(C). We define a distinguished triangle (for short, d.t.)
in K(C) to be a triangle isomorphic in K(C) to a mapping cone triangle. By [KS06, Theorem
11.2.6], we have that the category K(C) endowed with the shift functor [1] and the family of
d.t.’s is a triangulated category.

3.2. Derived categories. Let C be an abelian category. It is shown in [KSO06] that there
exists a triangulated category D*(C) (x = ub, b, +, —), called the derived category C, and a
functor Q: K*(C) — D*(C) such that:

(a) Q(s) is an isomorphism in D*(C) whenever s is a quasi-isomorphism;

(b) for any functor F': K*(C) — A such that F(s) is an isomorphism whenever s is a
quasi-isomorphism, there exists a functor F': D* (C) — A and a natural isomorphism
FX2FoQ;
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(c) if G1, Gy are objects in the functor category Fct(D*(C),.A), then the natural map

Homgy(p*(c),4)(G1, G2) — Hompeyk+(c),4)(G1 0 Q, G20 Q)

is a bijection.
Condition (c) means that the functor — o @Q: Fet(D*(C), A) — Fct(K*(C), A) is fully faithful.
This implies that the functor F' in (b) is unique up to unique isomorphism.
The objects in D*(C) are the objects in K*(C).
A morphism f: X — Y in D*(C) is an equivalence class of triplets (Y, ¢, f/), with ¢: Y — Y’
aqisand f': X —Y":

X L> Y’ L Y,

and the equivalence relation is defined as follows: (Y, ¢, f') ~ (Y", ¢/, f”) if and only if there
exists (Y, t", f") (t, t', t" quasi-isomorphisms) and a commutative diagram:

/\

,,,,,,,,,,,,,,,,, 5 YI/I <

\/

The composition of two morphisms (Y’ ¢, f'): X — Y and (Z', s, ¢'): Y — Z is defined by
the diagram below with ¢, s, s’ quasi-isomorphisms :

!/ !
XYl Y o 2 7
h ,J L s’
w
The functor @: K*(C) — D*(C) is given by Q(X) = X, for all X € Ob(C), Q(f) = (Y, 1y, f) =

X%Y(LY, for all f € Home(X,Y). Note that for a morphism f = (Y’ ¢, f) in D*(C)

we have
=) 'Q(.

Moreover, for two parallel morphisms f, g: X — Y we have the equivalence
Q(f) = Q(g) <= there exists a qis s: Y — Y’ such that sf = sg.

For later purposes we need the following truncation functors. Let

X = XTL 1 d*™ Xn dr Xn+l
be a complex over C. We define the truncation functors
=" FE C(C) — C(C),
"7 OC) — CF(C)
in the following way:
SUX)=-r = X2 X S Kerd” —»0— ..,
~<"(X) —>X”_1—>X”—>Imd”—>0—>...,
(X)) =---— 0 — Cokerd" — X"l — X7+2
NZR(X):-"—>0—>Imdn_1—>Xn—>Xn+1—>
By [KSO06, Proposition 13.1.5], we have:
PROPOSITION 1.1. (i) For n € Z, the functor H": D(C) — C is well defined and is a
cohomological functor.
(ii) A morphism f: X — Y in D(C) is an isomorphism if and only if H"(f): H"(X) —
H™(Y) is an isomorphism for all n.
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(iii) Forn € Z, the functors <", 7=": D(C) — D~ (C), as well as the functors 7=",7=": D(C) —
DT (C), are well defined and naturally isomorphic.

(iv) For n € Z, the functor 7=" induces a functor D¥(C) — D°(C) and 7" induces a
functor D™(C) — D(C).

Let X € K(C), with H/(X) = 0 for j > n. Then the morphism 7="(X) — X in K(C) is a qis,
hence it is an isomorphism in D(C). It follows that D (C) is equivalent to the full subcategory of
D(C) consisting of objects X satisfying H’(X) = 0 for all but finitely many j < 0. Similarly, for
x = —, b, D*(C) is equivalent to the full subcategory of D(C) consisting of objects X satisfying
HI(X) =2 0 for all but finitely many j > 0 in case * = —, and H’(X) ~ 0 for all but finitely
many j € Z in case * = b. Furthermore, the category C is equivalent to the full subcategory of
D(C) consisting of object X satisfying H7(X) = 0 for j # 0 (see [KS06, Proposition 13.1.12,
().






CHAPTER 2

t-structures and torsion pairs

This chapter is devoted to studying the relationship between torsion pairs and t-structures as
introduced in [BBD82]. We will show how a torsion pair on an abelian category C gives rise
to t-structures of the bounded derived category D®(C) of C.

1. Torsion pairs
Throughout this section, C is an abelian category.

DEFINITION 2.1. A torsion pair in C is a pair of classes of objects (7, F) of C such that
(i) T ={T € C |Hom¢(T,F) =0, for all F € F},
(i) F={F eC|Home(T,F)=0, forall T € T},

If (7, F) is a torsion pair, then 7 is called the torsion class, and F is called the torsion-free
class. T € 7 is called a torsion object, while F' € F is called a torsion-free object.
In [Dic66] it is proved that 7 and F are closed under extensions, 7 is closed under factor
objects and F is closed under subobjects. Moreover, for each object X € C there is a short
exact sequence

0—-tX)— X — X/t(X) — 0,
with t(X) € 7 and X/t(X) € F. We will call ¢(X) the torsion part of X and X/¢(X) the
torsion-free part of X.
Conversely, a class 7 of objects of C is a torsion class if and only if 7 is closed under factor
objects, (existing) coproducts and extensions; dually, a class F is a torsion free class if and only
if F is closed under subobjects, (existing) products and extensions (see [Dic66, Theorem 2.3]).

EXAMPLE 2.2. In this example we shall use the following subclasses of Mod-Z: (1) D is the
class of divisible groups; (2) R is the class of reduced groups; (3) 7T is the class of (usual) torsion
groups; (4) F is the class of (usual) torsion-free groups. Let us prove that (7,F) and (D,R)
are torsion pairs in Mod-Z.

We start from (7,F). Observe that given a group homomorphism f: A — B, if na = 0 in
A for some n € N, then nf(a) = 0 in B. Thus if A is a torsion group and B is torsion-free,
f must be the zero homomorphism, since 0 is the only cyclic element in B. Now let A be
an abelian group such that any homomorphism A — B, where B is torsion-free, is the zero
homomorphism. Notice that the set A’ of the cyclic elements of A is a subgroup of A and that
the quotient A/A’ is obviously torsion-free. So if A is not a torsion group, then A’ is a proper
subgroup of A and there is a non-zero homomorphism A — A/A’| a contradiction. Hence A
must be a torsion group. Therefore, 7 = {A € Mod-Z | Homy(A, B) = 0,VB torsion-free }.
Similarly, 7 = {B € Mod-Z | Homz(A, B) = 0,YA € 7}. This proves that (7,F) is a torsion
pair in Mod-Z.

Now let us consider the pair (D,R). First of all observe that given a divisible abelian group
T and a morphism of abelian groups f: T — F, the image f(T) is still a divisible group.
When F' is reduced, f(T) = 0, proving that f = 0. Let T be an abelian group such that
any homomorphism T" — F, where F is reduced, is the zero homomorphism. We shall prove
that T is divisible. First observe that given a family of divisible subgroups T; C T, i € I,
their sum ), ; T; is still a divisible subgroup. Indeeed an element ¢ € ) .;T; has the form
t1 4+ -+ t;, with t,, € T;,; given n € N\{0}, choose s;, € Tj, such that ns, = t,. It follows
that n(sy 4+ --- 4+ s;) = t. Write 7" for the biggest divisible subgroup of T, i.e., the sum of
all the divisible subgroups of T. Let us prove that the quotient T/T" is reduced. Denote by

7
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q: T — T/T' the canonical projection. If X C T/T’ is a divisible subgroup, then ¢~!(X) is
divisible since, given a € ¢~}(X) and n € N\ {0}, we find [a] € X and thus [b] € X with
n[b] = [a]. This means that b € ¢~ 1(X) with nb —a € T. Since 1" is divisible, choose t € T’
such that nb — a = nt. Then a = nb —nt = n(b—1t). But ¢(b—t) = q(b) — q(t) = q(b) € X,
thus b —t € ¢~ '(X). This proves that ¢~!(X) is divisible, and thus contained in 7”. As a
consequence, X = 0 and T'/T" is reduced. So if T is not a divisible group, then T” is a proper
subgroup of T and there is a non-zero homomorphism 7' — T'/T", a contradiction. Hence T is
a divisible group. It follows that D = {T € Mod-Z | Homz(T, F') = 0,VF reduced }. Similarly,
F = {F € Mod-Z | Homz (T, F) = 0,¥YT € D}. We conclude that (D, R) is a torsion pair in
Mod-Z.

2. t-structures
Let (D, [1]) be a triangulated category.

DEFINITION 2.3. A t-structure on D is a pair of strictly full subcategories (D=, D=°) of D
satisfying the conditions below. Denote D" = D<0[—n], DZ" = D=9[—n].

(a) D= c D=! and D! C D2V,

(b) Homp(X,Y) =0 for X € D=V Y € D=1,

(c) for each object X € D there is a distinguished triangle

A— X — B — All],

with A € D=0, B € D=1
The heart of the t-structure is the full subcategory H = D= N D=0 of D.

It is shown in [BBD®82] that the heart of a ¢-structure is an abelian category.

REMARK 2.4. Let H be the heart of the t-structure (D=9, D=°) of D. Following [BBD82], a
sequence 0 — A®* — B®* — C*® — 0 in H is short exact if and only if A* — B®* — C* — A®[1] is
a triangle in D.

EXAMPLE 2.5 (The natural t-structure). Let C be an abelian category and let D* = D?(C) be
its bounded derived category. Denote by D<" (resp. D=") the full subcategory of D® formed
by complexes X*® with H/(X®) = 0 for i > n (resp. i < n). Then the pair (D=, D=) is a
t-structure on D°, called the natural t-structure on D, with heart C.
First, we must verify conditions (b) and (c). Let us start from condition (b). Let a morphism
f: X =Y in D* with X € D=0, Y € D! be represented by a triplet

x Toyity,

where ¢ is a quasi-isomorphism. First of all, as X € D=V X is quasi-isomorphic to 7=9(X),
hence we may assume that X* = 0 for i > 0. Next, as Y € DZ! and t is a qis, we have Y’ € D=1,
so that the natural morphism r: Y/ — 72%(Y”) is a qis and the triplet

x b rzoyny —y

also represents the morphism f. Let us prove that r f' = 0. Indeed, for i # 0 we have either
Xt =0or (12°(Y"))" = 0, so that (rf’)* = 0. For i=0 we have dgz(,(y/)(rf’)o = (rf)'0x0 x1 =0,
so that (rf’)? = 0 because d?,, (yr) 18 @ monomorphism. So condition (b) holds. Condition (c)
follows from the exact sequence of complexes

0-A=79X) - X - X/m<9%X)=B —0.

Finally, by [KS06, Proposition 13.1.12, (iii)], the functor C — D<? N D=0 is an equivalence of
categories, so that the heart of the t-structure D=0 N D=0 is C.
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PROPOSITION 2.6. Let (X,)) be a torsion pair in an abelian category C. Let
S0 —{X* eD’C) | H(X®) =0,i>0, H(X®) € x},
20— fX*eDYC) | H(X®)=0,i< -1, H(X*) e V}.
Then (D=, D=9) is a t-structure on D°(C).

PRrOOF. (a) To verify that the first condition of a t-structure is satisfied is straightforward.
(b) Let X* € D=0 and Y* € D=! = {Y* € D¥(C) | HY(X*) =0, i < 0, H'(X*) € ¥}. Assume
that there exists f € Home(c) (X*,Y*), with f # 0. So f can be represented by a triplet
X. f*> Z. % YO
where s® is a qis. Hence Z® € DZ! and f* € Homys ¢ (X*, Z°*) is non-zero. Therefore, we may

assume that f® is given by a morphism of complexes not homotopic to zero.
Using the truncation functors we obtain the following morphism of triangles in D?(C):

7=0(X*) *>X‘ —— 72 (X)) —— 750X *)[1]

Pl

0(z®)—— 2z* *>7->1(Z') —— r=9(zZ))[1]

for some h® which exists by axiom (TR3) of a triangulated category.

By assumption, H (721(X*)) = 0 for all i € Z, so 7=}(X*) = 0 in D?(C) and p® is an isomor-
phism in D?(C). In particular, 7<0(f*) # 0 in Kb(C)

Using the truncation functors we now obtain the following morphism of triangles in D®(C):

FELXY) —— rS0(X*) — HO(X®) —— 751X ) [1]

J?“l(f‘) y“(f‘) D J

FEN(Z) s 70(2%) o HO(20) —— 75721
for some h which exists by axiom (TR3) of a triangulated category.
Now, H (7=71(Z*)) = 0 for all i € Z, so p® is an isomorphism in D’(C). Since HY(X*) € X and
HO(Z') HO(Y*) € ), we have that h = 0. So we conclude that 7=0(f*) = 0, which gives a
contradiction.
(¢) Let X* = (X, d*) € D’(C). Since (X,)) is a torsion pair in C we have an exact sequence

0-TLH XS F—o,

with T'e X, FF e ).
Consider the following commutative diagram of exact sequences in C obtained by pullback along
o from the lower sequence:
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Let d~* = ip be the canonical factorization of d~* through Imd~' and let d~! = p"p. Let X'*
be the following subcomplex of X* defined by X’" = X¢ fori < —1, X'° = E, X'" =0 for i > 0
and di, = di fori < —1,dy =d ', di, =0 for i > 0
ox2l x g g
By construction, X’® € D=V, Let X”* be the quotient complex X*®/X’®. We obtain a triangle
X/. N X. _ XH. _ X/.[l]

in D’(C). Next we show that X”* € DZ'. By construction, H(X”*) = 0 for i < 0. Now,
X" = x0 JE, X" 1= X! and we have a commutative diagram of exact sequences

0 E X0 X%E——0

N

0——0—— X! X ——0.

Thus HO(X"”*) = Kerd® = Ker d’/E = H(X*)/T € Y, hence the asserion follows.
U

COROLLARY 2.7. Let C be an abelian category and (X,)) a torsion pair in C. Then the following

hold:

(i) H(X,Y)={X*eD"C)|H(X)=0,i#0, -1, H'(X*) € X, H"}(X*) € Y} is an abelian
category.

(i)  The pair (T,F) of classes of objects T = Y[1] and F = X of H(X,)Y) is a torsion pair
in H(X,)).

PROOF. The first assertion follows from Proposition 2.6 and the fact that the heart of a
t-structure is an abelian category.
(ii) Clearly, 7 = Y[1] and F = X are classes of objects of H(X,)). Let X € 7 and Y € F,
so X = F[1] for some F' € Y. Then Homp(X,Y) = Hompy ) (F[1],Y) = Ext,'(F,Y) = 0,
showing that (7, F) is a torsion pair in H(X,)). O



CHAPTER 3
Tilting theory

In this chapter we introduce the basic ideas of tilting theory as a tool for our subsequent study
of the heart associated to a faithful torsion pair.

We shall begin by defining the notion of tilting object in the general setting of abelian cate-
gories. The importance of a tilting object V' in an abelian category A is that it provides a
connection between the category A and the category of modules over the ring R = End4(V).
This connection is described in the Tilting Theorem. Then we shall see how the notion of tilting
object specializes in the case of Grothendieck categories. For instance, we will prove that when
the category we deal with is that of the modules over a (possibly) non commutative ring, then
we obtain exactly the notion of tilting module in the sense of [CF04, Chapter 3].

Our main references are [CF07], [Col99], [HRO96] and [CF04].

1. Tilting objects in abelian categories

Let V be an object in an abelian category A that contains arbitrary coproducts of copies of V.
We shall denote by Gen V' the full subcategory of A generated by V, i.e.,

GenV = {M € A |3 an exact sequence V' — M — 0}

and by GenV the closure of GenV under subobjects: GenV is the smallest exact abelian
subcategory of A containing Gen V. Moreover we let PresV denote the full subcategory of
Gen V' which consists of the objects in A presented by V, i.e.,

PresV = {M € A| 3 an exact sequence V® — V@ _ M — 0},
We define the functor Try : A — A by
Try (M) = {Im f | f € Homa(V, M)}.
Finally, let R = End4(V) and
V4 =KerExty(V,-), Vi =KerHomy(V,-).
DEFINITION 3.1. An object V in an abelian category A that contains arbitrary coproducts of
copies of V is called a tilting object if:
i) V is selfsmall (i.e., Hom4(V, V() = R(®) for any cardinal a);
ii) GenV = V+;
iii) GenV = A, i.e., any object of A embeds in an object of Gen V.
Basic properties of tilting objects are recorded in the next three propositions.
PROPOSITION 3.2. If GenV C V1, then Try is a radical. In particular (GenV, V) is a torsion
pair in A.

PROOF. It is clear that Try is an idempotent preradical. Let M € A and consider the
canonical exact sequence

0— Try(M) — M — M/ Try(M) — 0.
Set Hy = Hom 4(V, —). We obtain the exact sequence
0 — Hy(Try (M) S Hy (M) — Hy(M/ Try(M)) — Exty(V, Try (M)) =0

which shows that Hy (M/Try(M)) = 0, i.e., Try(M/ Try(M)) = 0. This proves that Try is a
radical. This also shows that for any M € A, Try (M) is the unique subobject of M such that
Try (M) € GenV and M/ Try (M) € V,, and so (GenV, V) ) is a torsion pair in A. O

11
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By Proposition 3.2 it follows that to any tilting object V' € A is naturally associated a torsion
pair (7, F) in A, namely 7 = V+ and F = V|, called the tilting torsion pair associated to
V.

PROPOSITION 3.3. If GenV =V, then GenV = PresV.
PROOF. Let M € GenV and a = Hom 4(V, M). Then we have the exact sequences
0—-K—-V®Z M0
and
Hy(ve)y Y9 g ) — Extly(V,K) — 0

where the morphism Hy () is an epimorphism by construction. Therefore ExtY (V, K) = 0, so
by assumption K € Gen V. This proves that M € PresV. O

PROPOSITION 3.4. If GenV = A, then the equality GenV = V= is equivalent to the following
conditions:
i) projdimV <1,
i) Exty(V,V(®) =0 for any cardinal o,
iii) if M € A and Hom4(V, M) = 0 = ExtY(V, M), then M = 0.
PROOF. Let GenV = A and GenV = V. Let us prove i), showing that Ext%(V, M) =0
for any M € A. Indeed, given a representative of an element € € Extil(V, M), say

(¢) 0M—E LB -V -0

let I =1Im f. Embedding F; in a suitable object X € GenV, we first have a push-out diagram
(dual to [Ste75, Proposition 5.1, page 90])

(1) 0 M Ef j 0

0 M X P 0
where X, and so P/, are in Gen V. Then we have a second push-out diagram
(2) 0 j Ef v 0

0 P pr’ Vv 0
By glueing (1) and (2) together, we derive a commutative diagram with exact rows
(3) 0—— M Ef Ef v ——0

0 M X pr "V 0

where Img = P’ € V. Then 7 is epi-split, and so € ~ 0. This proves i). Condition ii) is
contained in the hypothesis, and condition iii) follows from Proposition 3.2.

Conversely, let us assume that conditions i), ii) and iii) hold. The first condition assures that
V-t is closed under factors. Therefore, using the second condition we immediately see that
GenV C V=+. In order to prove the opposite inclusion, given any M € V1, from the exact
sequence 0 — Try (M) — M — M/ Try (M) — 0 and using condition i) we obtain the exact
sequence

0 — Hom(V, Try (M)) = Homu(V, M) — Hom(V, M/ Try (M)) —
Ext4(V, Try(M)) = 0 = Ext}(V, M) — ExtY4(V, M/ Try(M)) — 0.

Hence Hom 4(V, M/ Try (M)) = 0 = ExtY (V, M/ Try/(M)). Now condition iii) gives M/ Try (M) =
0, i.e., M = Try/(M) € Gen V. This proves that V- C Gen V. O
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Therefore, V € A is a tilting object if and only if V is selfsmall, GenV = A and V satisfies
conditions i)-iii) of Proposition 3.4.

Note that if A is cocomplete with exact coproducts, or A has enough injectives, then GenV = A
whenever Gen V' = V1. Indeed, if A has enough injectives, then every object of A embeds in
an injective object which, by definition, belongs to V- = Gen V. Now let us assume that A is
cocomplete with exact coproducts. Let M € A and « be the cardinality of a spanning set for
Ext}4(V, M) as a right R-module. Then, arguing as in [CF04, Lemma 3.4.4], we can find an
exact sequence

0-M—X -V g

such that the connecting homomorphism Hom 4(V, V(@) — ExtY (V, M) is onto. This gives
Extil(V,X) =0, ie., X € VI =CGenV, and so it proves that GenV = A.

EXAMPLE 3.5. An object P € A is called a progenerator if P is a selfsmall, projective
generator of A. A progenerator P is clearly a tilting object generating a torsion pair that
collapses to (A, {0}).

1.1. The Tilting Theorem. The importance of a tilting object V' € A is that it provides
a connection between the category A and the category of modules over R = End4(V). This
connection is described in the following theorem (see [CF07, Theorem 3.2]):

THEOREM 3.6 (Tilting Theorem). Let V' be a tilting object in an abelian category A, R =
End4(V), Hy = Homu(V, —), H{, = Ext}4(V, —). Then Hy has a left adjoint functor Ty : Mod-R —
A such that Ty (R) = V. Let 0 : Injoq.r — Hy Ty and p : Ty Hy — 14 be respectively the unit
and the counit of the adjunction (T, Hy), and let T}, the first left derived functor of Ty,. Set

T =Ker Hi,, F =Ker Hy, X =KerTy, Y =KerTy,.

Then:

a) (7,F) is a torsion pair in A with T = GenV', and (X,)Y) is a torsion pair in Mod-R;
b) the functors Hy |1, Ty |y, H{, |7, T{, | x are exact, and they induce a pair of category

) Hy Hy,
equivalences T == Y and F — X;
Tv T},

C) TvH(/ =0= T‘I/HV and HvT‘,/ =0= H(/Tv,'
d) there are natural transformations 6 and n that, together with the adjoint transforma-
tions p and o, yield exact sequences

0 — Ty Hy (M) 2% M 25 T HY, (M) — 0
and

0 — H,T,(N) 2% N 2% Hy Ty (N) — 0
for each M € A and for each N € Mod-R.

The situation described in the Tilting Theorem can be visualized a follows:

A Hy, Ty Mod-EndV

H,. T
G F o V2oV . X Y

We shall say that the torsion pair (X, )) is tilted by V or that V tilts to (X,)).
Moreover, we make the following observations:
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1. By condition ¢) of Theorem 3.6, H{,Tyy = 0, so that InTy, C KerH{, = 7. As
a consequence, for each object M € A we have that Ty Hy (M) € 7. Similarly,
T{ H{,(M) € F. Since by condition d) the sequence 0 — Ty Hy (M) LN VRS
T{, H{,(M) — 0 is exact for each M € A, it follows that the torsion part and the
torsion-free part of M are given by

t(M)=TyHy(M),  M/t(M)="TyHy(M).

2. Dually, we obtain: for each N € Mod- the torsion part and the torsion-free part of N
are given by

t(N) = HyTy,(N),  N/t(N)= HyTv(N).
3. Applying the functor Hom4(V, —) to the first exact sequence in d), we easily see that
for every M € A we have
Hy (M) = Hy(t(M)) and Hy (M) = Hy(M/t(M)).

4. The existence of the natural transformations 6 and 1 by condition d) ensures that the
pair of functors (H{,, T},) is an adjoint pair.

2. Tilting objects in Grothendieck categories

We recall that a Grothendieck category is a cocomplete abelian category with a generator
and where all direct limits are exact (see [Ste75, Chapter V]). Some examples of Grothendieck
categories are the category Mod- R, the categories of presheaves and sheaves of abelian groups on
a topological space and the full subcategory of the functor category Fct(B°P, Mod-Z) consisting
of the additive functors, where B is a small, preadditive category (see [Ste75, Chapter V] ).
In the sequel, G denotes a Grothendieck category. It is well known that, as a consequence
of the Gabriel-Popescu Theorem (see [Ste75, Theorem 4.1 and Corollary 4.3]), G has enough
injectives. Therefore, an object V € G is tilting if and only if V is selfsmall and GenV = V.
Moreover, again by [Ste75, Theorem 4.1] and [Ste75, Proposition 1.9], G has an injective
cogenerator.

REMARK 3.7. For later developments, we need the following definition. A cotilting module
Ugr over a ring R is a right R-module such that CogenUgr = Ker Ext}z(—, Ugr). In [Col99,
Theorem 4.1 a)] it is proved that for a Grothendieck category G with an injective cogenerator @
and a tilting object V', the tilted torsion pair (X', )) in Mod- End V is a cotilting torsion pair,
i.e., a torsion pair such that there exists a cotilting module U with ) = Cogen U. The cotilting
module cogenerating the class ) is proved to be the right End V-module U = Homg(V, Q).

As a consequence of the Tilting Theorem, we have:

PROPOSITION 3.8. Let V' € G be tilting. Then the functor Homg(V, —) preserves direct limits
nG.

PROOF. Let (My, fau) be a direct system in G. As the functor direct limit is exact in G,
from the exact sequences

0 — Try(My) — My — M,/ Try(My) — 0
we get the exact sequence
0 — lim Try (M) — lim My — lim M,/ Try (M) — 0.
As lim Try (M) € GenV = V-, we get the exact sequence
(1) 0 — Hy (lim Try (M) — Hy (lim My) — Hy (lim M,/ Try (M) — 0.
From Theorem 3.6 d) we have M)/ Try (My) = T{,H;,(M)), therefore we obtain
Hy (lim M/ Try (My)) = Hy (im Ty, Hy (M) = Hy'Ty, (lim Hy, (M) = 0,
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because Ty, preserves direct limits, being a right adjoint, and HyT{, = 0, as in Theorem 3.6 c).
Combining this with (1), we get

(2) Hy (lim M) & Hy (lim Try (M))) canonically.

Now, from Theorem 3.6 d), we have Try(M)) = Ty Hy(M)), and so we obtain canonical
isomorphisms

(3)  Hy(limTry(My)) = Hy (lim Tv Hy (M) = Hy Ty (lim Hy (M))) = lim Hy (M),
where the second-last iso follows from [Col99, Proposition 1.1 d)] and the last iso follows by

Theorem 3.6 b) and from the fact that lim Hy (M) € Ker Ty,. Combining (2) with (3), we get
the thesis. (]

Recall that an object M of G is finitely generated if whenever M = " M, for a direct family
of subobjects Myof M, there exists an index p such that M = M,. Moreover, M is finitely
presented if it is finitely generated and every epimorphism L — M, with L finitely generated,
has a finitely generated kernel. Finally, the category G is called locally finitely generated if
it has a family of finitely generated generators or, equivalently, if any object M of G is the sum
of its finitely generated subobjects.

COROLLARY 3.9. Let G be locally finitely generated. Then any tilting object of G is finitely
presented.

PROOF. Apply Proposition 3.8 and [Ste75, Proposition 3.4, Chapter V]. O

3. Application to tilting modules

In this section we shall characterize the tilting objects in the category Mod-R and we shall see

that when the ring R is commutative, then the tilting objects are precisely the progenerators
of Mod-R.

3.1. Characterization of tilting modules. A module Vj is called a tilting module if
it is a tilting object in the category Mod-R.
To prove the main result of this section we need the following lemmas.

LEMMA 3.10. Let Vg be a tilting module and let S = End(Vg). Then gV is finitely generated.

PROOF. Notice that Gen Vp is closed under products. Indeed, Gen Vi = VRL and Exth(V, —)
commutes with products. In particular, VV € GenVy. Hence there exists an epimorphism
p: v S VY. Let (zy)y be the element of VV such that z, = v for each v € V. Then there
exists ()i € VI with (z0)s = @((¥:)i) = Yiep i(¥i), where F is a finite subset of I and
©; € Homp(V,VV) for each i € F. For each i € I and v € V set sy = myp; and notice that
sy €St

V(I) L}Vv

Then for each v € V' we have
v=my((T0)y) = mop((Yi)i)
= (> i)
i€EF
= Z i (Yi)
i€EF
= Y st
ieF
This shows that gV is finitely generated. O
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LEMMA 3.11. Let Vi be finitely generated and assume that projdimV < 1. Then VRL is closed
under direct sums and factors.

PROOF. Since projdimV < 1, VRl is closed under factors. Moreover, V = X/Y | where X
is a projective module and Y is a finitely generated module. Hence every homomorphism of Y
into a direct sum of modules actually maps into a finite direct summand. Therefore, as VRL is
closed with respect to finite direct sums, it is closed with respect to arbitrary ones. O

The following theorem yields a characterization of tilting modules:

THEOREM 3.12. The following conditions are equivalent for a module V € Mod-R:
1) Vs a tilting module;
2) V satisfies the conditions:
(a) there exists an exact sequence 0 — R’ — R" — V — 0, where R’ and R" are
direct summands of a direct sum of copies of RRr;
(b) Exth(V, V) = 0;
(c) there exists an exact sequence 0 — Rp — V' — V" — 0, where V' and V" are
direct summands of a direct sum of copies of V.

Moreover, condition (a) is equivalent to:
(a’) projdimV <1 and Vg is finitely generated.

PROOF. It is clear that conditions (a) and (a’) are equivalent.
1) = 2). Assume that Vp is a tilting module. By Proposition 3.4 i), projdim V' < 1; moreover,
since Mod-R is a Grothendieck locally finitely generated category, Corollary 3.9 ensures that V
is finitely presented, so in particular it is finitely generated. Hence (a’) holds. By Proposition 3.4
i), Exth(V,V) = 0, so condition (b) holds. Let us prove condition (c). Let S = End(Vg), and
notice that gV is finitely generated by Lemma 3.10. Let sV = (v1,...,v,). The correspondence

r— (v, ..., var), for every r € R, gives a monomorphism of right R-modules i: R — V", with
i(1) = (v1,...,v,). So we obtain an exact sequence

(*) 0->RLV" = V"/R—0.

As V" /R € Gen Vi = Pres Vg, there is an exact sequence

(**) O—>L—>V]§X)—>V”/RHO,

where L € Gen Vg and Exth(V,L) = 0. Because of (*) and (**), it is enough to prove that
Exth(V"/R, L) = 0. Applying Hompg(—, L) to (*), we get the exact row

0 — Homp(V"/R, L) — Homp(V", L) “> L — ExtL(V"/R, L) — ExthL(V", L) =0,

where i* = Homp(i, L). Thus it is enough to show that i* is surjective.

Let 0 # x € L. As L € Gen Vg, there are f: V™ — L and v € V™ such that f(v) = x. As gV =
(v1,...,0y), there is a: V™ — V"™ such that a(vi,...,v,) = 0. Thus, from (1) = (v1,...,v,),
we have ai(1) = v. Therefore we obtain the commutative diagram

0——R—— V"

Ll ym

which shows that fa: V™ — L is such that i*(fa) = fai = x. Hence i* is surjective.

2) = 1). Assume that V satisfies conditions (a), (b) and (c). Then by (a’), Vg is finitely
generated, hence in particular selfsmall. Let us prove that Gen Vp = V}%- By Lemma 3.11, Vb%
is closed under direct sums and factors, hence L € Vﬁ. This shows that Gen Vg C VRL. Now
let 0 # M € Mod-R be in Vi . By Proposition 3.2, Try (M) < M and Try (M) is the unique
subobject of M such that Try (M) € Gen Vi and M/ Try (M) € V. Applying Homp(V, —) to
the sequence

0—Try(M)— M — M/ Try (M) — 0
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we get the exact sequence

ot

0 — Homp(V, Try(M)) — Homp(V, M) — Hompg(V, M/ Try (M)) —
Exth(V, Try,(M)) — Exth(V, M) — ExtY(V, M/ Try(M)) — 0,
(

)
where Ext}(V, Try (M)) = 0 because Try (M) € Gen Vi C Vi, and moreover Ext(V, M) =0
by hypothesis. So Hompg(V, M/ Try(M)) = 0 = ExtY(V, M/ Try(M)). Let us show that
M/ Try (M) = 0. Applying the functor Hompg(—, M/ Try(M)) to the sequence in (c), we
obtain the exact row

0 — Hompg(V", M/ Try(M)) — Hompg(V', M/ Try (M)) — Hompg(R, M/ Try (M)) —
Exth(V", M/ Try (M)) — Exth(V', M/ Try(M)) — 0,
where Hompg(V’, M/ Try(M)) = 0 = Extk(V", M/ Try(M)), because V' and V" are direct
summand of direct sums of copies of V. Hence M/Try (M) = Hompg(R, M/ Try(M)) = 0.

Therefore, M = Try (M) € Gen Vg. Thus Vg C Gen V.
This shows that Vg is a tilting module. O

ExaMPLE 3.13. Let k be an algebraically closed field and let

= 4

be the ring of 2 x 2 upper triangular matrices with entries in k. Let

(10 (00
=10 o) “2=\o 1)

Notice that e; and e are idempotents elements of R and that we have the following canonical
decomposition of R as right R-module:
RR = €1R ©® €2R,

where e R = (lg g) and esR = <8 2) Now es R embeds in e; R via the R-homomorphism

0 a 0 0
e2R in e1 R under the map i. We denote by p the canonical projection e; R — e R/esR.
Let

i:eoR — el R, (0 0 — (0 a>. By abuse of notation, we shall denote by es R the image of

Ve=e1R&® (elR/egR).

We shall prove that Vg is a tilting module. To do this, we will use the characterization of tilting
modules given in Theorem 3.12.

First, there is an exact sequence

A id,
0— eaR 5> eiR®elR (idp) e1R® (e1R/eaR) — 0,
where es R and e1 R & e1 R are direct summands of R and R%% respectively. Moreover, there is
an exact sequence
i
0—-R=eR®esR (id,9) etR® e RS eiR/eaR — 0,

where e R®e; R and e; R/ea R are direct summands of V2and V respectively. Hence it remains
to show that Exth(V, V) = 0. Since Extk(—, —) is an additive bifunctor, then we get easily that

Exth(V,V) Exth(e1R @ (e1R/eaR), e1R @ (e1R/eaR))
>~ Exth(e1R,e1R) @ Exth(e1R,e1R/eaR) @
Exth(e1R/eaR, e R) ® Exth(e1R/eaR, e1R/eaR).
Now e R is projective, being a direct summand of Rp, thus

Ethllz(elR, elR)=0= Ext}%(elR, e1R/esR).
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Let us show that Ext}(e; R/eaR,e1R) = 0 = Exth(e1 R/eaR, e1 R/eaR). Consider the projective
resolution of e; R/es R given by

(*) 0—>62R—i>61R£>61R/62R—>0,

Applying the functor Homp(—, e1R) to (*) we obtain the exact sequence

0 — Hompg(e;R/eaR,e1 R) — Homp(e1 R, e1 R) “ Hompg(e2R,e1R) —
Ext}z(elR/egR, e1R) — Ext}%(elR, etR) =0= Ext}%(egR, e1R),
where i* = Homg(i, e1 R) and Extk(eaR, e1R) = 0 because ea R is projective. Therefore
Exth(e1R/eaR, e1 R) = Hompg(eaR, ey R)/Tmi*.
Similarly, applying the functor Hompg(—, e1R/e2R) to (*) we obtain
Exth(e1R/esR,e1R/esR) = Homp(eaR, e1 R/eaR)/Imi*’,

where i*' = Hompg(i,e1 R/eaR).
Now, since e3 is idempotent, by [AF92, Corollary 4.7] the functors Hompg(eaR, —) and (—)e2R

are naturally equivalent. Thus Homp(e2R,e1 R) = e Rey = (8 g) = k. On the other hand,
Hompg(e1R,e1R) = ejRe; = <IS 8), so that given f € Hompg(e1R,e1R), we can view f as

the left multiplication by a matrix < O), with @ € k. Since ¢ can be viewed as the left

a
0 0

multiplication by <(1) (1) , we have that i*(f) = fi is the left multiplication by the matrix
0 a 3 Y] 0 k ~
(0 0). Therefore Imi* = (0 0> = k, hence

Extk(e1R/e2R,e1R) = 0.

Now let us show that i*' is surjective. Let g € Hompg(eaR,e1R/eaR). Since esR is projective,
there exists ¢ € Hompg(eaR,e1 R) such that pg = g. By what we saw above, i* is surjective,
hence there exists h € Hompg(e1 R, e; R) with hi = g. So the element ph € Hompg(e1 R, e1R/e2R)
satisfies i*’(ph) = (ph)i = p(hi) = pg = g. This proves that i*' is surjective. Hence

Exth(e1R/esR, e1R/esR) = 0.
We conclude that Vg is a tilting module.

3.2. The commutative case. We begin with the following result, due to C. Menini (see
[CM93]):

PRrROPOSITION 3.14. Let R be a commutative ring, M € Mod-R a finitely presented module such
that projdim M < 1 and ExtL(M, M) = 0. Then M is projective.

PROOF. Since M is finitely presented, by [Bou61, Theorem 1, Chapter II, Section 5], it is
enough to show that for every maximal ideal p of R, M, is projective. Let p be a maximal
ideal of R. Without loss of generality, we can assume that M, # 0 so that, being M, a
finitely generated R,-module, we obtain by Nakayama’s lemma that M, # @M, and hence
M # oM. Therefore M/pM is a non-zero R/p-vector space so that we have an epimorphism
M — R/p — 0. As Exth(M, M) = 0 and Ext%(M, —) = 0 we obtain 0 = Exth(M, M) =0 —
Exth(M, R/p) — 0. Therefore Ext} (M, R/p) = 0 and by [CE56, Proposition 5.1] we obtain

1

0 = Extp(M, R/p) Extp(M, Homg(R/p, E(R/p)))

Homp(Torp(M, R/p), E(R/p)),

12
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where E(R/gp) denotes the injective envelope of R/p. Since Er(R/p) = Eg/,(R,/pR,), we
obtain

0 = Homp(Tork(M,R/p),Homp, (Ry, E(Ry/0R,)))
HomRW(Tor}%(M, R/p)®rR,, E(R,/pR,)).
As E(R,/pR,) is a cogenerator of Mod-R,,, we otain
Tory(M, R/p)@rR, =0
hence by [Bou65, Proposition 9, Chapter X, Section 6 n. 7] we have
Torp (Mg, Ro/9R) = Torp(M, R/9)®rR, = 0.

Therefore, in view of [Bou61, Corollary 2 to Proposition 5, Chapter II, Section 3|, M, is
projective. O

I

In particular, we have:

COROLLARY 3.15. A tilting module over a commutative ring is a progenerator.






CHAPTER 4

The heart associated to a faithful torsion pair

In this chapter we begin the study of the heart associated to a faithful torsion pair. In the first
section, we shall characterize the faithful torsion pairs (X,)) in Mod-R as the torsion pairs
which are tilted by means of a tilting object V' in a suitable cocomplete abelian category H.
In particular, one can choose H = H(X,)Y) and V = R[1]. In the second section, we will show
that H(X,)) is a prototype for any abelian category H admitting a tilting object V' which tilts
to (X,)) in Mod-R, i.e., any abelian category which tilts to the same torsion pair is equivalent
to it.

The reader is referred to [CGMOT].

1. Representing faithful torsion pairs

Let A be an abelian category and let (X,)) be a torsion pair in A. Let H(X,)) be the
heart of the t-structure in D(A) associated with (X,)). Let us recall that regarding a map
X1 2, X%asacomplex...0 - X! 5 X% —0..., the objects of H(X,)) are represented,
up to isomorphism, by complexes of the form

X: X 'Z% XY with Kerz € Y and Cokerz € X.

If A has products and coproducts with good behaviour, as in the case of Mod-R, then H(X,))
is cocomplete:

LEMMA 4.1. Let A be a complete and cocomplete abelian category with exact coproducts, such
that for any family of objects the canonical map from their coproduct to their product is monic.
Then for any torsion theory (X,Y) in A the associated heart H(X,)) is cocomplete.

PROOF. Let a be any cardinal. By hypothesis, the diagram
m:[[a=4:4,
«

where II is the coproduct functor and A is the diagonal functor, defines an adjoint pair (IT, A).
This adjunction naturally extends componentwise to the corresponding homotopy categories.
Moreover, since both II and A are exact, they extend to a pair of functors II and A between
the corresponding derived categories. Moreover, thanks to [Kel07, § 3], the diagram

o:D*(JJA) = [[D"(A) = D"A) : A

still defines an adjoint pair (ﬁ, 3> This shows that Db(.A) admits arbitrary coproducts, and
that they are defined componentwise. Moreover, since the assumptions on A guarantee that
both X and ) are closed under arbitrary coproducts, we see that H(X,)) is closed under
coproducts in D°(A). O

For each M € Mod-R, let us denote by Anng (M) the right annihilator of M, i.e., Anng(M) =
{r e R|mr =0, for every m € M}. Clearly, Anng(M) is a right ideal of R. If M is a class of
objects of Mod-R, we set Anng(M) = {Anng(M) | M € M}.

By [CF07, Theorem 1.4] we have:

PROPOSITION 4.2. If (X,)) is a torsion pair in Mod-R there is an object V = (R/ Anng()))[1]
in H(X,)) that induces an equivalence

Hy Y=Y :Ty.

21
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DEFINITION 4.3. A torsion pair (X,)) in Mod-R is faithful if Anng(Y) = 0.

REMARK 4.4. Let (X,)) be a torsion pair in Mod-R. The following conditions are equivalent:

a) (X,)) is faithful;
b) Rp € Y;
c¢) Y generates Mod-R.

PROOF. a) = b). Assume that (X)) is faithful, and by contradiction suppose that Rr ¢ ).
Then there exist N € X and a non-zero R-homomorphism f: N — Rp, so there is £ € N with
f(§) =r#0. Let M € Y and for each m € M define the map gas, pm: N — M by gar,m = mf(z).
The verification that gy ,, is an R-homomorphism is straightforward. By definition of torsion
pair, we have that gas,., = 0, for every M € Y and m € M. In particular, mr = 0 for every
m € M and M € Y. Hence r € Anng()), so r = 0, a contradiction. Therefore, Rr € V.

b) = a). Assume that Rgr € Y. Then 0 = Anng(R) 2 [,y Anng(M) = Anng()), thus
Anng(Y) = 0. This proves that (X, V) is faithful.
b) = c). This is clear, since Rr generates Mod-R.
c) = b). Assume that ) generates Mod-R. Then there exists an exact sequence [[, Yy —
Rr — 0, where Y, € ). Since Rp is projective, this sequence splits. It follows that R € ),
because ) is closed under subobjects. O

EXAMPLE 4.5. Let (7,F) and (D, R) be as in Example 2.2 and let Vi be the tilting module
of Example 3.13. Then (7, F) and (D, R) are both faithful torsion pairs, since Z is torsion-free
and reduced as abelian group, whereas the tilting torsion pair associated to V' is not faithful,
because Rr = e1 R @ ea R with e1 R € Gen V.

We want to show that when (X, )) is faithful in Mod-R, the equivalence Hy : 7 = Y : Ty in
Proposition 4.2 is actually induced by a tilting object V' with Endyx (V) = R.
To do so we need the following

LEMMA 4.6. Let (X,)) be a torsion pair in A. If ) generates A, then every object of H(X,Y)
is isomorphic to a complex of the form Y1 — YO with Y1, Y € Y.

ProOF. Let Z7! -2+ Z0 € H(X,)) to obtain exact sequences
0—-Y—->Z1-T—-0and 0-1—-2"-X—0

with I =Imz,Y € Y and X € X. Then there are an object Y° € ), an epimorphisms Y? — Z°
and a pullback diagram

0 P Yo X 0
||
(1) 0 I 70 X 0
|
0 0

where P is in ), since ) is closed under subobjects. Then we obtain a further pullback diagram

0 Y y-!

|

P 0
0 Y Z1 1 0
0

|

0
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where Y ! is in ), since ) is closed under extensions. Now (1) and (2) combine to give a
commutative diagram with exact rows

0—Y ——Yy! Yo X 0
0—Y —— 271 Z0 X 0
and so the desired quasi-isomorphism. O

This allows us to prove the following
PROPOSITION 4.7. If Y generates A, then T = Y[1] cogenerates H(X,)).

PROOF. By the last lemma, we know that every object in H(X,)) is isomorphic to a
complex of the form Y ! 2 v with Y1 Y% e ). We shall show that

Y~ 1L>Yo

|

-1 0
is a monomorphism. So suppose that the commutative diagram

Z—l Z*> ZO

-,/

y-l——y?

|

14)0

yields a null-homotopic map, i.e., that there is a map r° : Z% — Y1 such that

Let v =yr® — o0 : Z9 — Y0 50 that

vz=yrlz — ¢z =yol —yp =0

and hence Im z C Kery. But Z°/Imz € X and Z°/Ker~y € J. Thus v = 0 and so
o =y’
In other words the map

Z—l Z*> ZO

-,/

Y—l L} YO
is zero in ‘H(X,Y), which proves our assertion. O

Now we can prove:

THEOREM 4.8. A torsion pair (X,)) in Mod-R is faithful if and only if there is a cocomplete
abelian category H and a tilting object V' of H such that R = Endy/(V).

PROOF. Assume that (X,)) is faithful. Then by Remark 4.4, ) generates Mod-R, so
that by Proposition 4.7, Y[1] cogenerates H = H(X,)). Now, H is a cocomplete abelian
category by Lemma 4.1. Let V = (R/Anng()))[1] = R[1]. By Proposition 4.2, V' induces an
equivalence Hy : Y[1] & Y : Ty, so that by [CF07, Theorem 2.4], V is a tilting object in
GenV = Gen R[1] = H, where the last equality holds because J[1] cogenerates H. Finally, by
[CF07, Theorem 1.4], Endy (V) = R.
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Conversely, assume that there is a cocomplete abelian category H and a tilting object V' of H
such that R = Endy (V). Then R = Hy (V) € Y, hence (X,)) is faithful by Remark 4.4. O

The preceeding theorem asserts that any tilted torsion pair is faithful and that, conversely, given
any ring R and any faithful torsion pair (X,)) in Mod-R, then (X,)) is tilted by means of a
tilting object in a suitable cocomplete abelian category H(X,)). In this case we are able to
characterize the tilting counterequivalence. More precisely, we have:

REMARK 4.9. Let H(X,Y) be the heart of a faithful torsion pair in Mod-R, and let V = R[1]
be the tilting object in H(X,Y) generating the torsion pair (Y[1], X). Then the torsion pair
(Y[1], X) tilts to the originary torsion pair (X,)) in Mod-R by means of the functors

Hy=H',  Hy=H"
Ty (M) = («(M/E(M))[1], Ty (M) = uo(t(M)),
where ¢ denotes the natural embedding of Mod-R into D’(Mod-R).

H(X, D) H™Y, (=/t(=)[1] Mod-R

0 _
YD —— M E Ty

PROOF. Let M € H(X,Y). Then we can view M as a complex Mt 5 MO with Kerm =
H-Y(M) € Y and Cokerm = H°(M) € X. By observation 3. of Theorem 3.6, Hy (M) =
Hy (t(M)) and H{,(M) = H{,(M/t(M)). Now, the sequence

s —— 0 —— H (M) 0 0
L]
0 M1 M° 0
Ll ]
0 0 HO(M) ——0— -

is exact in H(X,)) (see [BBD82, 3.1.17]), and H~}(M) — 0 € Y[1], 0 — H°(M) € X[0].
Therefore,
t(M)=H M) — 0, M/t(M) =0 — H°(M).

Hence
Hy(M) = Hy(t(M))
= Homyx y)(R[1],(M))
>~ Homg(R, H '(M))
~ H (M)
Similarly,

Hy(M) = Hy(M/t(M))

EXt%i(X,y) (R[], M/t(M))
Hompy 32 3y (R[1], M/t(M)[1])
Homp(R, H°(M))

HO(M).

1 1

12
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This shows that Hy = H~! and H{, = H". Finally, setting Ty (M) = («(M/t(M))[1] and
TV, (M) = «(t(M)), it is immediate to check that Hy : Y[1] = Y : Ty and Hy, : X[0] = X : T},
are equivalences. The result follows. O

We conclude this section with two results needed in the sequel.

PROPOSITION 4.10. Let (X,)) be a faithful torsion pair in Mod-R. Then for any direct system
(X, &) in H(X,Y) such that each Xy is in T = Y[1], the object lim X ds in 7.

ProoF. It follows from the fact that 7 is closed under coproducts and factors, and by
[Ste75, Proposition 8.4, Chapter IV]. O

PROPOSITION 4.11. Let YV be a torsion-free class in Mod-R cogenerated by a cotilting right
R-module. Then Y is closed under taking direct limits.

PROOF. Let U be a cotilting right R-module cogenerating ). Let (Xy,&y,) be a direct
system of objects in ) and consider the canonical exact sequence

0—>K—>HX,\—>li_n)1X,\—>O.

By [GTO06, Corollary 1.2.7], this sequence is pure, and by a result of Bazzoni [Baz03|, U is
pure injective. So by applying the functor Homgx y)(—,U), we get the long exact sequence

0 — Homgy(x ) (lim Xy, U) — Homgy(x ) (1T X, U) = Homyy(x yy(K,U) —
Ext%{(x7y)(h_n>1 X,,U) — Ext%i(va)(]_[ X\, U)— ...,

with « epic. Since each X is in ) and ) is closed under coproducts, we have that [[ X € ),
hence Extyyy y) ([T X, U) 2 [TExtyy x5 (Xa, U) = 0. We conclude that Exty, ) (lim X, U) =
0, ie., lim Xy € Y. O

2. Morita equivalence

In this section we show that H(X,)) is a prototype for any abelian category H admitting a
tilting object V' which tilts to (X, )) in Mod-R, i.e., any abelian category which tilts to the same
torsion pair is equivalent to it. This is obtained as a consequence of the fact that two abelian
categories with tilting objects which tilt to the same target (X',)) are (Morita) equivalent.

If A is an abelian category with a tilting object Vy, let us denote by (74, F4) the associated
torsion theory and by (X,)) the “tilted” torsion theory in R = End V4.

LEMMA 4.12. f Ac Aand0 - A — A} - A, - 0and 0 — A — A — AJ — 0 are ezact
sequences with Ay, A, Ay, A € Ty, then there are a third exact sequence 0 — A — A} — Ay —
0 with Ay, As € T4 and maps making the diagram

0 A Al Al 0
0 A A A, 0
0 A Al Al 0

commutative.

PrOOF. Take for A; the push-out of the monomorphisms A — A} and A — A, and
complete the sequence with the cokernel. O

LEMMA 4.13. If f: A — A" is a map in A and 0 — A — A1 — As — 0 is an ezact sequences,
with Ay, As € Ty, then there is a second exact sequence 0 — A" — Ay — AL, — 0, with
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Al AL € Ty, and maps fi: A1 — A} and for Ay — Al making the diagram

0 A Ay As 0
lf Jfl lfz
0 Al A’l A/Q 0

commutative.

Proor. A’ can be embedded in some Aj € T4. Now take for A} the push-out of the

monomorphism A — A; and of the composed map A ENyT Aj, and complete the diagram
with the cokernel of the new monomorphism A" — Aj. O

Now we are ready to prove the main result of this section.

THEOREM 4.14. Let A and B be abelian categories with tilting objects V4 € A and Vg € B.
Assume that End V4 = End Vg, and that V4 and Vg induce a counterequivalence with the same
torsion pair (X,Y). Then A and B are equivalent.

PRrOOF. For the sake of simplicity, instead of Hy, we write H4 and similarly for the other
three functors involved.
We will explicity define two mutually inverse functors F': A — B and G: B — A, whose actions
extend the equivalences 74 = 7 and F4 = Fp obtained by composing the two torsion
theory counter equivalences induced by V4 and Vg.
Any object A € A admits an exact sequence

(*) O—>A—>A1iA2—>O

with Ay, Ay € T4 (see Definition 3.1 iii)). From (*) we obtain the exact sequence in Mod-R

0 H4A HAA1—>HAA2—>HAA%()

(%) \ /

and so the commutative diagram in B with exact rows and columns

0 0
OHTBHAAL;FKA) PA>TK,;HJ/4A*>O
ja 5a
G 0 TeHAA —— TyH A, 22 mac ;
JTBH_A(OL)
TBHAAQ TB];}_AAQ
0 0

where the dashed arrows represent a pullback. Note that the upper exact row shows that F(A)
has TgH 4 A as its torsion part and T;H'4 A as its torsionfree part, and the exact colum in the
middle shows that F'(A) = Ker TgH 4(«).
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Let us now consider any morphism f: A — A’ in A and an arbitrary exact sequence (*) for A.
Then Lemma 4.13 gives a commutative diagram with exact rows in A

0 A A —2 5 Ay 0
(+) lf lfl lfz
0 Al A2 A 0

and so we obtain an analogous diagram in B

0 F(A) Ja TrH A A, MTBHAAQ —0
(++) lF(f) ‘TBHA(fl) JTBHA(f2)

n TsHa(a
0 F(A) — 2 T A A ) ey,
where F'(f) is the unique map making the diagram commutative.
Now we have to show that the object F'(A) does not depend on the choice of (*).

First let us prove that from the naturality of (***) we have the further commutative diagram
with exact rows in B

0 — TgH A —2— F(A) — P2 TEH, A ——

(+++) lTBHAm lF(f) JT&H’AU)

p

00— TyHAA —2 5 F(A) —2 S TLHN A ——— 0

where F'(f) is the same map defined in (++). To see that, starting from (4) and considering (**)
for A and A’, we obtain the two diagrams

0 HA A H A, AN C——0
J/HA(f) JHA(fl) }0
0 H A HuA, 2 cr——0

and

0—— C —— HqAdy — HHA——0
Jw JHA(]%) lH;\(f)
0—— ¢ —— HyAy — H A ——0
which, respectively, produce the two commutative diagrams

Ti(0)
TBHAAl — TBC

(1) TBHA(fl)\L lTB(GD)
")

TH 4 A, 2 per
and
! T/ 04
(2) TgH'Awﬁ JTB@

0 4/
TH A TrC!
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Consider now the diagram

iA

PA
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TpHaA F(A) TLH' A
\ % %(n
TpHA(f) iy o
TBHAA/ F(A’) T[%H:4AI
jAJ 6A
2y EN
Ts(0) a ~ A
TpHAA | » TgC
\ TB(‘P)
TsHa(f1) To(o! e
TsH A, 5(7) T

The front and the back face commute, owing to (***). The left face commutes because of (++),
and the right because of (2). Moreover the bottom face commutes thanks to (1). So, by diagram
chasing, we see that

Oar ToH(f) pa = dar par F(f)
and so, since d 4/ is monic, the top right face commutes too. Finally, again by diagram chasing
and using (***), we see that

Jar F(f)ia=TeHA(f1) jaia = jaria TsHA(S)

and so, since j4s is monic, the top left face commutes too. This proves the commutativity of
the diagram (+++).

We are at last arrived to see that, for the particular choice f = id4 in (+), Lemma 4.12 together
with the diagram (+++) ensures that F'(A) does not depend (up to isomorphism) on the choice
of the sequence (*).

Moreover, both (++) and (4+++) define the action of F' on the maps of A, and it is clear that
F: A — Bis a functor extending both TgH 4l7, and TgH' [ 7.

In the same way one can define a functor G: B — A, extending both T4Hp|7; and Ty Hy | 7.
Finally, let us show that F' is an equivalence. Take any A € A and an exact sequence (*) for

A. Then

TpH ()
AL NN

0— F(A) - TgH 4 A TgH A — 0

is an exact sequence of type (*) for F'(A) in B. Since the natural transformation Ty H 4 — id4
induces an isomorphism on 74 (and similarly for B), we obtain the commutative diagram with
exact rows

0 A A @ A, 0

l J TAHBTEH A(c) l

0— GF(A) — TAHTgHAA1 ——————— TAHTgH 4 Ay — 0

This shows that the left vertical map is a natural isomorphism between A and GF(A). Similarly

one can show, for any B € B, the existence of a natural isomorphism B = FG (B). O

Since H(X,Y) is an abelian category with a tilting object which tilts to (X,)) in Mod-R, we
get the following statement.

COROLLARY 4.15. Any abelian category A with a tilting object which tilts to (X,Y) is equivalent
to the heart H(X,)).

Let us describe the equivalence constructed in Theorem 4.14 in the case in which one of the
categories A and B is the heart H(X,)). First we need a lemma.

LEMMA 4.16. Let (X,)) be a faithful torsion pair in Mod-R with associated heart H(X,Y) and
let YY" € Y. Then in H(X,)) the object M*® is isomorphic to the complex Y' — Y" if and
only if the sequence 0 — M*® — Y'[1] — Y"[1] — 0 is ezact in H(X,)).
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ProOF. By Remark 2.4, the sequence

0 M -y yn o
is exact in H(X,)) if and only if
e -y By oo
is a triangle in D®(Mod-R), i.e. if and only if
M® = Mc(g[1])[-1] =Y 5 v,
U

Corollary 4.15 shows the following fact: assume that there is an abelian category A with a
tilting object V4 generating a torsion pair (74, F4) which is counter equivalent to the faithful
torsion pair (X,)) in Mod-R. Then there is an equivalence of categories A = H(X,)) making
the diagram

(T4, Fa) C.A<—>H X,Y)2

N

(X,Y) C Mod-R

commutative, where the diagonal functors represent the two torsion pair counterequivalences
between (74, F.4) - respectively (7,F) - and (X,)). The Morita equivalence between A and
H(X,)) is constructed in the proof of Theorem 4.14 in such a way it extends the natural
equivalences
Hp:Tp=2Y=T:H ' and Hy:Fa=2x=fF:H°
obtained by composition of the diagonals. The action of this equivalence on the objects is
proved to be as follows:
e For every A € A, since T4 cogenerates A, there exists an exact sequence 0 — A —
T — T" — 0 with T", 7" € T4. From that we get an exact sequence in Mod-R of
the form 0 — Ha(A) — Ha(T') — Ha(T") — H;(A) — 0 with H4(A) € Y and
H',(A) € X. The complex A* = Hy(T') — H4(T") in H(X,)) is exactly the object
in the heart which corresponds to A under this equivalence.
e By Lemma 4.6, every object M*® € H(X,)) is of the form M® = Y1 L y0 with
Y1 Y% € Y. Applying Lemma 4.16, we get that the sequence 0 — M*® — Y ~1[1] —
YO[1] — 0 is exact in H(X,)) and moreover Y ~1[1], YO[1] € 7. From that we derive

the morphism T4(Y 1) Taf) A(Y?) in T4, whose kernel is exactly the object of A
which corresponds under the equivalence to M?*.






CHAPTER 5

Properties of the heart

In this chapter we shall consider the basic properties of the heart associated to a faithful torsion
pair. First, we study the AB-properties of the heart H(X',)). Then we look for some conditions
which guarantee that H(X',)) is a Grothendieck category: we will see that a key point is the
behaviour of the functor H~! with respect to direct limits. Finally, we show that H(X,))
has an injective cogenerator if and only if (X',)) is cogenerated by a cotilting R-module. As a
corollary, a necessary condition for the H(X',)) to be Grothendieck is that (X, )) is cogenerated
by a cotilting R-module.

In the sequel, (X,)) will denote a faithful torsion pair in Mod-R, H = H (X, ) the associated
heart, (7, F) the associated counter equivalent torsion pair in H, and H~1, H: H — Mod-R,
T,T': Mod-R — 'H the involved functors.

NOTE. Since all the results we deal with are of category-theoretic type, in virtue of Corollary 4.15
they remain true if we replace the heart H by any abelian category .4 admitting a tilting object
V which tilts to (X,)).

1. AB-properties of the heart

PROPOSITION 5.1. H is an ABS3 category, i.e., arbitrary coproducts exist, and the functors H ™!
and H® commute with coproducts.

PrROOF. By Lemma 4.1, arbitrary coproducts in H exist, and that they are defined compo-
nentwise. Therefore both H~' and H° preserve them. O

PROPOSITION 5.2. H is an AB/ category, i.e., any coproduct of exact sequences is an exact
sequence.

PROOF. Let 0 — X\ — Y, — Z) — 0, with A € A, be a family of exact sequences in H.
Since the coproduct functor is a left adjoint, then it is right exact, so we get exact sequences

(1) 0—-K—=][][Xx—=]IY"—=]]%2.—0
and
(2) 0—-K—]][X\»—C—0, 0—-C—=]IYA—]]%2\—0.

From the first sequence in (2) we get the long exact sequence
3)  0—HY(K)—H ([IX\) - H (C)— HUK) - H'([] X)) — H(C) — 0

and from the second sequence in (2), using Proposition 5.1, we get the commutative diagram
with exact rows

0—————— > H Y O)————— H YY) —— H Y[ Z\) — -

| Fh

0——H Y ([IXN)=2@H (X)) — @H V) — @H (2Z)) —

e —— H(O) HIIY\) — H(J] Z)) —— 0

| N

o HY([] X)) =@ HY (X)) —— @ H'(Y)) — D H(Z)) —— 0

31
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which shows that the maps H= (][ X)) — H~1(C) and H°(]] X,\) — H°(C) are both isomor-
phisms. Finally, from the exactness of (3) we see that H—}(K) = 0 = H°(K), and so we can
conclude that K = 0. Comparing this with (1) we get the thesis. O

The heart H has also products, as proved in the following proposition.
PROPOSITION 5.3. H is an ABS3*-category, i.e., arbitrary products in H exist.

PrOOF. First of all, it is known that products exist in Db(Mod—R)7 and are computed
componentwise: if [C] denotes the equivalence class of a bounded complex, the product of a
family ([C,]) is just [[[, C\], where the product is computed in the category of complexes of
R-modules.

We can see H = H(X,)) as the subcategory of D’ = D’(Mod-R) consisting of (classes of
equivalence of ) complexes

1 d° 0
=00 MM " —-0—-0—---

where Kerd® € ) and Cokerd® € X. Denote by H’ the subcategory of D’ defined in the same
fashion, but requiring only that Kerd® € ). Then H’ is closed under products in D, since Y
is closed under products in Mod-R. We denote an object of H' simply as [M~! — MY (the
equivalence class of a complex concentrated in degrees —1 and 0) or by a single letter.

There is a functor F': H' — H defined in the following way: given [M 1 — MY € H’, consider
the exact sequence

0-Y ->M'-5M —-C—0

and set Z = Coker(Y — M~1) = Ker(M° — C). If X is the torsion part of C with respect to
the torsion pair (X, )), we can consider the pull-back:

0 A MO X 0
0 A MO > C 0

and define F([M~' — M°)) = [M~ — M?"], where the map M~ — M?9 is just the composition
of the obvious maps through Z. By the properties of the pull-back, it is clear that this induces a
functor H' — H, since it is straightforward to verify that this construction takes null-homotopic
maps to null-homotopic maps and quasi-isomorphisms to quasi-isomorphisms. Moreover, if
A € H and B € ‘H', any morphism A — B factors uniquely through F(B). Therefore F' is a
right adjoint to the inclusion functor and so it creates products. (]

PROPOSITION 5.4. If H™! commutes with direct limits, then H is ABS5, i.e., direct limits are
exact.

ProOF. This is a slight adaptation of the proof of Lemma 5.2, taking into account the fact
that both H~! and H° commute with direct limits, being left adjoint functors. O

PrOPOSITION 5.5. If H is AB5 then it is a Grothendieck category.

PROOF. Since V' = RJ[1] generates a tilting torsion class, for any object X there are an
embedding X < Y and an epimorphism ¢: V) — Y. For any finite subset F of A, let ¢ be

the restriction of ¢ to V) and consider the commutative diagram
Xp—— vy

(F) JwF JLPF
X——Y

where the upper left corner is the pullback of the lower right corner. Since direct limits are
additive and left exact by assumption, they preserve pullbacks; thus, applying the direct limit
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to (F), we get a pullback diagram
lim Xp C—— 1/(A)
lli_rgl YE lw
X——Y
which shows that hl)nl/}F is an epimorphism. This proves that
{Z|Z<V" neN}
is a family of generators for H. Therefore, H is a Grothendieck category. O

2. When the heart is a Grothendieck category

Our next goal is to give a necessary and sufficient condition for H being a Grothendieck category.
As we have seen above, a key point is to establish when the functor H~! commutes with direct
limits.
We begin by showing that there is always a canonical epimorphism

lim H' X, — H ' (lim X)) — 0.
We need the following lemma (see [CGMO7, Lemma 3.5)):

LEMMA 5.6. Let A be an AB3 category, B an ABS category, and F: A — B a right exact
additive functor commuting with direct limits. For any direct system (My, fx,) in A, let us
consider the canonical exact sequence

0—>K—>HM)\—>11_H>1M>\—>O.
Then the associated sequence
0 — F(K) — F(L] My) — F(lim My) — 0
18 exact.
Now we can prove:
COROLLARY 5.7. For any direct system (X, &\,) in H the canonical map
p: lim H' X, — H ™' (lim X))
s an epimorphism in Mod-R.

PROOF. Given the canonical exact sequence 0 — K — [[ X, — li_r)nX » — 0, we get the
long exact sequence

0—H 'K HY([X) S H (mX,) — H'K & B[ X)) — HOlim(X,) — 0.

On the other hand, since H? is a left adjoint functor, Lemma 5.6 applies to F = H°, proving
that § is monic. Therefore « is epic. Finally, the canonical commutative square

@H X, ——limH X,
F Jw
H([] X5) — B (lim Xy) —— 0
where the first vertical map is an isomorphism by Proposition 5.1, shows the thesis. O

THEOREM 5.8. The following conditions are equivalent:

a) H is a Grothendieck category.
b) for any direct system (Xx,&x,) in 'H the canonical map

p: lim H™' X — H‘l(liigX)\)

is a monomorphism in Mod-R.
c) the functor H=' commutes with direct limits.
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If Y is closed under direct limits, then the previous conditions are equivalent to:
d) the functor TH™' commutes with direct limits.

PROOF. a)=-c) follows from Proposition 3.8.
(c)=(b) is trivial.
(b)=>(a) By Corollary 5.7 the functor H~! commutes with direct limits. So Proposition 5.4
applies, proving that H is AB5. Finally Proposition 5.5 shows that H is Grothendieck.
(c)=(d) follows from the fact that 7" is a left adjoint functor, and so it commutes with direct
limits.
Now, let us assume that ) is closed under direct limits. Assuming (d), let us prove (c). The
composition of the canonical isomorphisms 7'(lim H71X,) = h_n)lTH_l(X)\) = TH_I(li_H)l X))
gives a canonical isomorphism between the T-images of the two R-modules h_H)lH “1X, and
H *l(li_r)n X)) which belong to Y. Since T induces an equivalence between ) and 7, we conclude
that hi>nH*1XA = H’l(li_rr} X)) canonically. O

We shall state a result that we will need in the sequel (see [CGMO7, Proposition 3.8 and
Corollary 3.9]):

PROPOSITION 5.9. A faithful torsion pair (X,)) in Mod-R is cogenerated by a cotilting module
if and only if H(X,Y) has an injective cogenerator.

Let us give an outline of the proof of the previous proposition. Let (X,)) be a faithful torsion
pair in Mod-R and assume that ) = Cogen U for a cotilting module U. Set @ = («(U/t(U)))[1]
(if V' = R[1] is the tilting object in H(X,Y), then Q@ = Ty (U)). First one proves that Q is
injective in H(X',)). Then, in order to see that @ is a cogenerator, it is only needed to show that,
for any M € H(X,Y), Homyx,y) (M, Q) = 0 implies M = 0, since @ is injective. Conversely,
assume that H(X,)) has an injective cogenerator Q. Set U = H~1(Q) (or U = Hy(Q)). Then
one proves that () cogenerates the class ) and then that @ is a cotilting module.

REMARK 5.10. Let (X,)) be a faithful torsion pair in Mod-R. If (X,)) is cotilting, then
H(X,Y) has enough injectives. Indeed, if (X, )) is cotilting and ) = Cogen U for a cotilting
module U, then Q = Ty (U) = (U/t(U))[1] is an injective cogenerator in H(X,)Y) by Proposition
5.9. Since H(X,Y) has products (by Proposition 5.3) and the product of injectives is injective,
we conclude that H(X', ) has enough injectives.

From Proposition 5.9 we get immediately:

COROLLARY 5.11. Let (X,Y) be a faithful torsion pair in Mod-R. If H(X,Y) is a Grothendieck
category, then (X,Y) is cotilting.



CHAPTER 6

Hearts VS torsion pairs

The main purpose of this chapter is to show that the heart H(X',)) is a Grothendieck category
if and only if (X,)) is cogenerated by a cotilting R-module. From this, we will be able to
draw several important consequences, by applying the techniques of tilting counter equivalences
between a Grothendieck category and the category Mod-R. For instance, we characterize when
the heart is Grothendieck, locally noetherian: this is equivalent to the fact that the class Y is
cogenerated by a Y-pure injective cotilting module.

1. The heart of a cotilting torsion pair is a Grothendieck category

In this section we prove that the heart H(X,)) is a Grothendieck category if and only if (X', ))
is cotilting. We begin with the following lemma.

LEMMA 6.1. Let (X,)) be a cotilting torsion pair in Mod-R. Then there exists a functor
F:H(X,Y) — H(X,Y) such that F(M) € T, and a monic natural transformation 1y x y) —
F.

PROOF. Set F(M) = WHomrax.»(MW) where W is an injective cogenerator of H(X,))
(i.e., Hy (W) is cotilting and cogenerates ), by [CGMO7, Proposition 3.8]). This is a covariant
functor (the composition of two contravariant ones) and the natural transformation 7 is defined,
for M € H(X,)), by

Tenm = §
for every £ € Homyy(x ) (M, W), where m¢: WwHomn a3 (MiW) _ 117 i5 the canonical projection.
O

Now we can prove our main result.

THEOREM 6.2. Let (X,)) be a faithful torsion pair in Mod-R. The following conditions are
equivalent:

(a) (X,)) is cotilting.
(b) H(X,Y) is a Grothendieck category.

PRrROOF. (b)=-(a). This is Corollary 5.11.
(a)=(b). Consider a direct system (X}, &)y,) in H = H(X,)); using the previous lemma, form
the direct system (F(Xy), F(&y,)) and the exact sequence of direct systems

*) 0— X)— F(X)) —Y,—0.

By applying the functor Hy to each sequence of the system, we get the exact sequence of direct
systems in Mod-R

Recalling that 7 is closed under direct limits in H (by Proposition 4.10), if we take the direct
limit of the sequences (*) in H, we can write two exact sequences

O—>K—>lii>nX,\—>Z—>0
O—>Z—>]i_H>1F(X>\)—>li_H>1(Y>\)—>O

35
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and, by applying the functor Hy, we can write a commutative diagram with exact rows in
Mod-R
0 — lim Hy (X)) — lim Hy (F(X))) — lim Hy (Y)) — lim Hy, (X)) — 0

| J L]

0 — Hy(Z) — Hy(lim F(X,\)) — Hy (m Y)) — Hy,(Z) — 0

and the exact sequence
0 — Hy(K) — Hy(lim X)) — Hy(Z).
The two central vertical arrows are isomorphisms, since Hy induces an equivalence between 7°
and ) and Y is cotilting, hence closed under direct limits by Proposition 4.11. Therefore also
the leftmost vertical arrow is an isomorphism, and since that morphism factors through the
canonical morphism
lim Hy (X)) — Hy (lim X))

this one is monic. Therefore, by Proposition 5.4, H is AB5; moreover it has an injective
cogenerator by Proposition 5.9. By the dual of [Ste75, Proposition IV.6.6], H is locally small
and so we can apply Proposition 5.5. U

2. Y-cotilting modules

In this section we shall characterize when the heart is Grothendieck, locally noetherian. To do
this, we shall first recall a property of torsion pairs that was first introduced by Ringel [RR06].
Let R be a ring and let (X,)) be a faithful torsion pair in Mod-R. The Ringel’s condition is:
(F) For all Y € Y and all finitely generated submodules L of Y,
if Y/L € X, then Y is finitely generated.

For any class A of right R-modules, denote by A" the class consisting of those modules M such

that Exth(A, M) =0, for all A € A.
We need the following lemma (see [CG09, Lemma 4.1]):

LEMMA 6.3. Let (X,)) be a torsion pair over the ring R and denote by Yy the class of finitely
generated modules in Y. If (X,)) satisfies condition (F) and Y is closed under direct limits,
then yOL =y,

For a right R-module M, we denote by Prod(M) the class consisting of all direct summands of
products of copies of the module M.

LEMMA 6.4. If R is right noetherian and (X,)) is a cotilting torsion pair in Mod-R and
V= yol, then the class Y N Y+ is closed under direct sums. In particular, any coproduct of
copies of a cotilting module cogenerating Y is cotilting.

PROOF. Let (M,) be a family of modules in the class and let M be their direct sum. It
is clear that M € Y. If L € ), then Ext};{(L, —) commutes with direct sums because R is
noetherian, therefore

Extp(L, M) = @ Extp(L, My) =0,
A

so that M € yol =Y+

We have to show that if U is a cotilting module with Cogen(U) = Y and « is any nonempty
index set, then U is a cotilting module. It is obvious that Cogen(U) = Cogen(U(®)) and
that Exth(M,U®) = 0 implies Exth(M,U) = 0. Tt suffices to show that M € ) implies
Ext}%(M, U(®) = 0: this is now obvious, because U € Y N Y+, so that U™ € Y+, O

Lemma 6.4 says that given a cotilting torsion pair (X', )) in Mod-R, where R is right noetherian,
satisfying yOL = Y+, then every cotilting module cogenerating ) is ¥-cotilting. Now, by a result
of Bazzoni [Baz03], every cotilting module is pure-injective. Therefore, given a cotilting torsion
pair (X,)) satisfying yol = Y+, every cotilting module cogenerating ) is Y-pure-injective,
provided we assume that R is right noetherian.
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In the next result we shall see that it is sufficient that one cotilting module cogenerating ) is
Y-pure-injective to ensure that all such modules are Y-pure-injective, hence cotilting, without
assuming that the ring is right noetherian.

LEMMA 6.5. Let (X,)) be a cotilting torsion pair over the ring R such that ) is cogenerated by
a Y-pure-injective cotilting module. Then every cotilting module U cogenerating ) is X-pure-
injective and every direct sum of copies of U is a cotilting module.

PROOF. If U and U’ are cotilting modules cogenerating ) then U € Prod(U’). If U’ is
Y-pure-injective, then any module in Prod(U’) is X-pure-injective by Corollary 8.2 in [JL89].
In order to prove that U(® is cotilting for any cardinal number «, we can of course assume that
a > 0. In this case the following relations hold:

Cogen(U) = Cogen(U™)), Ker Exth(—, U®)) C Ker Exth(—,U).

Therefore it is sufficient to show that U(® € Prod(U), which is true because U is X-pure-
injective and so the canonical pure embedding U (@) _, U gplits. O

DEFINITION 6.6. We say that a torsion pair (X,)) is X-cotilting if ) is cogenerated by a
Y-pure-injective cotilting module.

When the torsion pair (X,)) is X-cotilting, the objects of H(X,)) have some nice properties.

LEMMA 6.7. Let (X,)) be a X-cotilting torsion pair in Mod-R. FEvery coproduct of injective
objects in H(X,Y) is injective.

PROOF. Let (E))xea be a family of injectives in H = H(X,Y). Then there is a cotilting
module U such that Y = Cogen(U) and E) is a direct summand of T'(U), for all A\. Indeed,
H(FE)) can be embedded into a suitable direct power of Uy, for some cotilting Uy € ), with
cokernel in ). By taking a sufficiently large power, we can assume that there exist exact
sequences 0 — H(E)) — U — C) — 0, with U cotilting cogenerating ) and C € ). Since
Ey € T, we have the claim.

Therefore, £ = [[cp Ex is a summand of (T(U))N) = T(UW), But UM is cotilting, thanks
to our assumptions, Lemma 6.4 and Lemma 6.5, hence T'(U (A)) is injective in H. O

PROPOSITION 6.8. Let (X,)) be a X-cotilting torsion pair. Then every small object in H(X,))
s noetherian.

PRrOOF. (E. Gregorio) Assume M € H(X,)) is not noetherian and let 0 = Xp < X1 < ...
be a strictly increasing sequence of subobjects of M and for each n > 0 take a non zero morphism
fn: Xn — W which is zero on X,,—; (n > 0) and extend it to a morphism g,: L — W, where
W is an injective cogenerator of H and L is the direct limit of the subobjects X,,.

Denote by iy, : X;, — Xn4+1 and j,: X, — L the canonical inclusions, and by k,: W" — wntl
the morphism such that m;k, = m; for i =1,2,...,n and mp11k, = 0.
Now define h,,: X,, — W™ to be the morphism such that

Wihn:gijn (i:1,2,...,n).
We want to show that, for all n > 0, k,hy, = hpy1iy,. Indeed,
miknhy =
e {0 i=n+1
while mihy118n = GiJn+1in = gijn (1 =1,...,n,n+ 1). But, for i = n + 1, we have
7Tn+1hn+1in = gn—i—ljn-l-lin = fn—i—lin =0.

Therefore the morphisms (h,: X;, — W"),en form a direct system which induces a morphism
h: L — WM. Since W is injective by Lemma 6.7, this extends to a morphism h: M — W®
and this shows that M is not small, because all the compositions of h with the projections
W® — W are nonzero by construction. U
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THEOREM 6.9. If the torsion pair (X,Y) in Mod-R is X-cotilting, then H(X,Y) is locally
noetherian.

PROOF. We know from [CGMO7, Lemma 3.4] that the subobjects of objects of the form
V™, where V = T(R), are a set of generators of H(X,)). Since V is small, it is noetherian and
so the subobjects of V™ (m € N) are noetherian. O

PROPOSITION 6.10. If the torsion pair (X,)) in Mod-R is X-cotilting, then every finitely gen-
erated module in Y is finitely presented. In particular, R is right coherent.

PROOF. Let M € Y be finitely generated and consider an exact sequence 0 — K — R" —
M — 0. Then 0 - T(K) — T(R") — T(M) — 0 is exact; since T(R") is noetherian, also
T(K) is noetherian and [Col99, Lemma 6.1] implies that K = HT'(K) is finitely generated.
Since every finitely generated right ideal of R is in ), it follows that R is right coherent. O

Next we want to show that any X-cotilting torsion pair in Mod-R satisfies Ringel’s condition
(F). If (X,)) is a torsion pair in Mod-R, we define the Ringel class R = R(X,)) as

R={Ye€)Y|30—-L—Y — X — 0 exact, with L finitely generated, X € X'}.

We say that such a sequence witnesses that Y € R. Ringel’s condition (F) can thus be stated
as:

(F) every module in R(X,)) is finitely generated.

LEMMA 6.11. Let (X,Y) be a faithful torsion pair in Mod-R and letY € Y. ThenY € R(X,))
if and only if T(Y) is a quotient of a finite power of V., where V. =T(R) € H(X,)).

PROOF. Suppose Y € YV and that 0 - L — Y — X — 0 witnesses that Y € R. We apply
T and we get the exact sequence 0 — T'(X) — T(L) — T(Y) — 0. Since there exists an
epimorphism R"™ — L, there is also an epimorphism V" = T'(R™) — T'(L) and, by composition,
an epic V" — T(Y).
Conversely suppose there exists an exact sequence 0 — K — V" — M — 0 in H(X,)); then
we get the exact sequences

0—-HK)—-HV")—Z—0, 0—Z— H(M)— H'(K)— 0.

The first one says that Z is finitely generated, since H(V"™) = R"; therefore the second one
witnesses that H(M) € R. O

The next corollary characterizes when the heart is Grothendieck, locally noetherian.

COROLLARY 6.12. Let (X,)) be a cotilting torsion pair in Mod-R. The following conditions
are equivalent:

(a) (X,)) is X-cotilting.

(b) H(X,Y) is a locally noetherian Grothendieck category.

(¢) (X,)) satisfies Ringel’s condition (F).

PROOF. It remains to prove only (b)=-(c). Assuming (b), we need to prove that every
module Y € R(X,)) is finitely generated. By Lemma 6.11, there is an epic V" — T(Y). Since
V' is noetherian, also 7'(Y’) is noetherian. By [Col99, Lemma 6.1}, we have that Y = HT'(Y')
is finitely generated. O

EXAMPLE 6.13. Let (7,F) and (D,R) be as in Example 2.2. Then (D, R) is not cotilting.
Indeed, the Priifer group Zy~ = h_rr}lZ/ p"Z is divisible, but each Z/p"Z is reduced. Therefore,
the class R is not closed under direct limits, hence, by Proposition 4.11, (D, R) is not cotilting.
Now consider the torsion pair (7, F). By [Rob96, § 4.1], F = Cogen(Q & Z), and by [GT00,
Corollary 2.2], Q ® 7 is a cotilting abelian group. Thus the heart H(T,F) is a Grothendieck
category. Let us prove that H(7,F) is not locally noetherian by showing that the Ringel’s
condition (F) fails for (7,F). Indeed, Q is an infinitely generated torsion-free abelian group,
while Z is a finitely generated subgroup of Q and Q/Z is a torsion group. One may ask if
H(T,F) is locally noetherian. In fact, in the next example we shall see that, apart from the
trivial case, this never occurs in the category Mod-Z.
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EXAMPLE 6.14. There are no abelian groups which are Y-pure injective, apart from those
containing Q@ Q/Z as a direct summand (notice that Cogen(Q@®Q/Z) = Mod-Z, since Qo Q/Z
is injective). Indeed, by [JL89, Example 8.11], the indecomposable ¥-pure injective abelian
groups are Z/p"Z, Zp=, Q, and any X-pure injective abelian group is a direct sum of these.
On the other hand, in virtue of [GTO00, Corollary 2.2], a cotilting abelian group that does not
cogenerate all the category Mod-Z necessarily contains a copy of Z,, for some prime p, as a
direct summand. The results follows.

As a consequence, given any faithful, cotilting, non-trivial torsion pair (X,)) in Mod-Z, the
heart H(X,)) is a Grothendieck category, but it is not locally noetherian.






APPENDIX A

Grothendieck groups

We shall give an application of tilting theory to Grothendieck groups.

Given any Grothendieck category G, we denote by Ky(G) the Grothendieck group of finitely
generated objects of G. Ky(G) is the free abelian group generated by the isomorphism classes
M of all the finitely generated objects M in G, modulo all the relations of the form M — L — N,
where 0 — L — M — N — 0 is any exact sequence in G.

We recall that an object M € G is noetherian if the lattice £(M) of subobjects of M satisfies
the ascending chain condition or, equivalently, every nonempty subset of £(M) has a maximal
element. The class of all the noetherian objects of G is closed under subobjects, factor objects
and extensions. The category G is called locally noetherian if it has a family of noetherian
generators. In that case, any object of G is a sum of noetherian subobjects, and every finitely
generated object is noetherian. In particular, any locally noetherian category is locally finitely
generated.

We need the following lemmas, whose proofs can be found in [Col99, § 6].

LEMMA A.1. Let V € G be a tilting object and let S = Endg(V).

a) If G is locally noetherian, then the functors Hy and Hy, carry finitely generated objects
of G to finitely generated right S-modules.

b) If G is locally finitely generated and S is right noetherian, then the functors Ty and
T}, carry finitely generated right S-modules to finitely generated objects of G.

LEMMA A.2. Let G be a locally finitely generated Grothendieck category, V a tilting object of G
and assume that S = Endg (V) is right noetherian. Then the position

[N] = [T (N)] = [Ty (N)]
defines an homomorphism ¥ Ky(S) — Ko(G).
Now we can prove:

ProproOSITION A.3. If G is a locally noetherian Grothendieck category and V' is a tilting object
of G with S = Endg (V') left noetherian, then

® [M] — [Hy(M)] - [Hvy(M)]  and V¥ [N] — [T,(N)] — [Ty (N)]
are inverse abelian group isomorphisms between Ko(G) and Ko(S5).

PRrOOF. U is a well defined group homomorphism, because of Lemma A.2. On the other
hand, let 0 — M} — My — M3 — 0 be an exact sequence in G, with all the M; finitely
generated. Then we get the exact sequence in Mod-S

0 — Hy (M) — Hy (M) — Hy(Ms) — Hy (M) — Hy (M) — Hy,(M3) — 0

where all the Hy (M;) and H{,(M;) are finitely generated, because of Lemma A.2. This shows
that @ is a well defined group homomorphism. We finish the proof observing that, by Theorem
3.6, it follows that

Vod([M]) = [Ty Hy (M) —[TyHy(M)] — [Ty Hy (M)] + [Ty Hy (M)
= [Ty H{(M)] + [Ty Hy (M)] = [M]
and

41
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CoW([N) = [HyTy(N)] - [HyTv(N)] - [HyTy(N)] + [HyTy (N))
= [HyTy(N)]+ [HyTy(N)] = [N].
O

REMARK A.4. As proved by Valenta in [Val94, pp. 6052-3], the assuptions G locally noetherian
and V € G tilting do not assure in general that S = Endg(V) is right noetherian, also in the
case G is a full category of modules. Moreover, Trlifaj in [Trl97, Example 2.8] has shown that
if S is not noetherian, then the corresponding Grothendieck groups Ko(G) and Ky(S) can be
really different.
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