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Abstract

We prove a correspondence between Tilting subcategories and Cotorsion Torsion
triples in abelian categories with enough projectives. These structures are then
shown to induce an equivalence of subcategories. We also prove that certain type
of cotorsion pairs in categories of quiver-representations can be described locally
in the underlying abelian category. These results are applied to show that some

classes of Multiparameter Persistence Modules are of finite or tame representation

type.

Sammendrag

Vi beviser en korrespondanse mellom "Tilting"-underkategorier og Kotorsjon Torsjons
tripler i abelske kategorier med nok projektive. Deretter vises det at disse trip-
lene induserer en ekvivalens av underkategorier. Vi beviser ogsa at enkelte type
kotorsjonspar i representasjonskategorier kan beskrives lokalt i den underliggende
abelske kategorien. Resultatene anvendes til a vise at enkelte familier av "Multi-

parameter Persistence" Moduler er av endelig eller tam representasjonstype.
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1 INTRODUCTION

1 Introduction

Tilting theory has throughout the end of the last century up until today been,
and most certainly will be for the foreseeable future, a great tool in the study of
algebraic structures. The exposition given in [I7] brings to light the usefulness
of the theory. In the classical setting of tilting one works over finitely generated
modules over a finite-dimensional algebra A. However, in this thesis, the tilting
theory studied will, following [5], be defined in an abelian category with enough
projectives. This allows us to develop the dual notion of cotilting by simply passing
to the opposite category. We will see that tilting induces a torsion theory in
addition to a complete cotorsion theory in the given abelian category. In fact, we
will show as one of our main results that there is a correspondence between what

we call cotorsion torsion triples and tilting theories in the category, i.e.

Theorem 1.1 (Theorem [3.55). Let A be an abelian category with enough projec-

tives. Then the two constructions

{tilting subcategories} <+ {cotorsion torsion triples}
T+— ({X € 1T | pdim < 1}, FacT, T+)
CNT «(C, T,F)

s a bijective correspondence.

The interest given cotorsion torsion triples is justified by how they induce an
equivalence between subcategories of the category. This is the second of the main

results presented in this thesis. Namely

Theorem 1.2 (Theorem [3.36)). Let (C,T,F) be a cotorsion torsion triple in an

abelian category A. Then there is an equivalence of subcategories

which was discovered by [5] and independently in [6] as noted by Bauer et al..



1 INTRODUCTION

In categories of representations of (possibly infinite, but rooted) quivers over an
abelian category, it was shown by |Holm et al.| and |(Odabasi that certain complete
cotorsion pairs can be described locally by complete cotorsion pairs of the under-
lying abelian category |16, 23]. These results are given here as the third and final

of our main results in this thesis, in the special case of finite acyclic quivers.

Theorem 1.3 (Proposition and Theorem {4.32)). Let (C,D) be a complete

cotorsion pair in an abelian category A and Q a finite acyclic quiver.
(i) If A has enough injectives, then (I'(C),Rep(Q, D)) is a complete cotorsion
pair in Rep(Q, A), and

(i1) If A has enough projectives, then (Rep(Q,C), A(D)) is a complete cotorsion
pair in Rep(Q, A).

where
the canonical morphism — [] F(i(«)) ﬁ) F(z)
['(C) =< F € Rep(Q, A) a€Q1(*.z) ,
is mono and Cok(y!) € CV x € Qo
and

the canonical morphism F(x) X, [T F(t(a)
A(D) =< F € Rep(Q, A) a€Q1(z,%)

is epi and Ker(Al') € CV x € Q

These induced cotorsion pairs of representations are then studied to see when they
are a part of a cotorsion torsion triple and thus further induces a tilting theory
of representations. The first cotorsion pair (I'(C), Rep(Q, D)) does in fact induce
a cotorsion torsion triple if and only if the original cotorsion pair (C,D) is the
cotorsion part of a cotorsion torsion triple in A. The second cotorsion pair is seen
to only induce a cotorsion torsion triple when the original cotorsion pair is the
trivial pair (ProjA,.A).



1 INTRODUCTION

The thesis assumes only knowledge up to and including that which one obtains
through introductory courses of Homological Algebra and Representation Theory
of Quivers. However, for the benefit of the reader, Section [2| and the start of
Section [4 contain some of the key results which would have been learnt through
such courses. In addition, Section [2| states a few results regarding Krull-Schmidt
categories with reference to proofs, and sets the stage for the rest of the thesis with
some preliminary definitions and results. In particular, the notions of approxima-

tions and orthogonality are introduced here.

In Section [3| we introduce the concepts of torsion, cotorsion and tilting, and prove

our first two main results. This section mainly follows in the footsteps of [5].

Section [4] is devoted to introducing representations and developing our final main
result. Towards the end of this section, we also study how this relates to tilting,
and we end the section as well as the the whole thesis by applying the developed
theory to grid representations that arises in Topological Data Analysis. The first
part of this section follows closely the treatment given in [16, 23], and the last

section follows the last part of [5].

Throughout we have tried to make the thesis as self-contained as possible. How-
ever, in Section [2] we have seen it more favourable to refer to other sources for most
of the proofs which wouldn’t have contributed significantly to the understanding
of the main story. In the appendix we have gathered a couple miscellaneous proofs
as well as a short introduction to the field of Topological Data Analysis in an effort

to provide background on the application of the last section.
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2 ADDITIVE CATEGORIES

2 Additive Categories

In this section we will recall a few definitions and results regarding additive and
abelian categories. We will also take a look at orthogonal subcategories, Krull-
Schmidt categories and approximations. These concepts will help us build the
theory surrounding tilting. Note that we do implicitly assume throughout the
thesis that our categories are skeletally small, or in other words the isomorphism

classes of objects form a set.

An ideal of an additive category &£ is a subfunctor Z(—, —) of the additive hom
bifunctor Homg(—, —) going from £°P x & into the category of abelian categories.
To every ideal of £ we have an additive quotient category £/Z, which consists
of the same objects as £, but whose hom sets are quotient groups by the groups
arising from Z(—, —). That is, for objects A, B € £, the hom set Homg,7(A, B)
is equal to the quotient Homg (A, B)/Z(A, B). To any quotient category there is
a canonical full and dense projection functor £ = E /Z, which is universal in the
sense that any other additive functor F': &€ — & such that F(¢) = 0 for every
¢ € T, factors through it.
&L x

A
T e
e
-

E/T
We will only be interested in the case where the ideal is generated from a full
subcategory X C &£. That is, the quotient of £ by X is the quotient category
E/|X] where [X] is the ideal consisting of all morphisms factoring through an
object in X'. We will usually drop the brackets from the notation whenever it do
not lead to any confusion. For a more thorough treatment on ideals of additive

categories, we refer to [I, Appendix A.3| or [29].

Two monomorphisms with the same codomain in an additive category are equiv-
alent if there exists an isomorphism of the domains which is compatible in the

natural way. That is, the monomorphisms f: X’ < X and g: X" — X are



2 ADDITIVE CATEGORIES

equivalent if and only if we have an isomorphism X’ = X" such that the diagram

X' f
s

X//

commute. The equivalence class of a monomorphism f: X’ — X is called a
subobject of X and is often referred to by a representative domain X’ if it do not
lead to ambiguity of the morphisms, we write X’ C X. Two epimorphisms with
the same domain are equivalent in the dual fashion, and the equivalence class of
an epimorphism X — X' is called a factor object or quotient object of X, often

only referred to by the codomain X'.

We define the sum of a collection subobjects {X;} of X to be the smallest sub-
object of X respective to the partial ordering given by C, which contains all the
subobjects. We write ) . X; for the sum, and if the collection consists of only two
objects X', X" it is written as X'+ X"”. The intersection of a collection of subob-
jects { X} of X is defined as the largest subobject contained by all the subobjects,
and it is denoted by N;X;.

Any subcategory X C & of an additive category induces two other subcategories
related to the notion of subobjects and factor objects. Namely the subobject
category Sub X’ consisting of every object U admitting a monomorphism into a
direct sum of objects in X', and the factor category Fac X consisting of objects F'
admitting an epimorphism from a direct sum of objects in X, i.e.

i=1

Sub(X):{UEE\HU%@Xi, XieX},

and

Fac(X):{FGSH Pxi - E, XZ-GX}.

=1

Another subcategory related to X is the smallest additive subcategory of £ con-

taining X', which we denote by add X. It is given by all direct summands of finite

6



2.1 Abelian Categories 2 ADDITIVE CATEGORIES

direct sums of objects in X', that is,

addxz{Eee|E@E'=€BX,-, Xie)(}.

=1

The notions of noetherian and artinian also generalizes to the categorical setting.
An object X € & is called noetherian if every ascending chain of subobjects X; C
X5 C X3 C ... C X stabilizes, i.e. there is some integer n such that X; = X;,; for
every ¢ > n. Similarly, X is called artinian if every descending chain of subobjects
... C X3 C X, C X, C X stabilizes. Specifically, any subobject of a noetherian
object X is contained in a maximal subobject X’ C X. A category in which
every object is noetherian, respectively artinian, is called noetherian, respectively

artinian.

2.1 Abelian Categories

As the reader is assumed to have knowledge equivalent to that obtained through an
introductory course for Homological Algebra, we assume that most of the results of
abelian categories in the following section are known. They are, however, included
as a benefit for the reader, as they will be used frequently throughout. The reader
can look to the notes on abelian categories in [25] or the appendix of [I], for a

more in-depth treatment.

Lemma 2.1 (|25, Thm. 14.2]). Consider the following exact commutative diagram
m an abelian category

0 —— Ker(f) Ny Cok(f) — 0

L |

0 —— Ker(4) »C —— D > Cok(i) —— 0

g
g

@
—
>

g

Then

e the middle square is a pullback if and only if k is an isomorphism and c is a

monomorphism, and
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e the middle square is a pushout if and only if k is an epimorphism and c is

an isomorphism.

Lemma 2.2 (|25, Cor. 13.8]). Monomorphisms and epimorphisms are stable under
pullbacks and pushouts in an abelian category. Furher, the resulting square from
the pullback of an epi is also a pushout square. Dually, the resulting square from

the pushout of a mono s also a pullback square.

Lemma 2.3 (Snake lemma [25, Thm. 14.3|). Consider the following commutative

diagram with exact rows and columns, in an abelian category

2\
(@)

v v ~

-5 Col;(f1) """ » COl;(fz) “““ » Cok(fs)

Then the dashed morphisms exists, making the whole diagram commutative, and

the sequence
Ker(f1) — Ker(f2) — Ker(f3) — Cok(f1) — Cok(fz2) — Cok(f3)

is exact. Further, if a is a monomorphism and ' an epimorphism, then we have

the exact sequence
0 — Ker(f;) — Ker(fy) = Ker(f;) — Cok(f;) — Cok(fs) — Cok(f3) =0
Lemma 2.4 (Horsheshoe Lemma, [25, Prop. 23.8]). Let
0—+A—=B—=C—=0

be a short exact sequence in an abelian category. If A admit a projective resolution
P3 and C admit a projective resolution Pg, then B admits a projective resolution

Py, where Py = P & PL, which is compatible with P% and P§, in the natural way.

8



2.1 Abelian Categories 2 ADDITIVE CATEGORIES

We can also note that in an abelian category we can describe sums and intersection
of subobjects more explicit. It can be seen (Lemma [A.1)) that the intersection of
two subobjects B <— A and C' — A of an object A coincide with the pullback

BNnC —— B
J

| [

Ce———A

and the sum of them coincide with the pushout

BNnC «—— B
[
C —— B+C

The sum can also be seen to be the image of the canonical map B & C' — A.

2.1.1 Extensions

We would like to work with the derived functors Ext’j(A,—) and Ext(—, B)
in cases where the abelian category do not necessarily have enough projectives.
Hence, we would like to have an equivalent notion that do not require projective
resolutions. This is found in Yoneda extensions. The reader is referred to [24] and
[22, Chapter 7] for proofs of the following claims, and for further properties. In

the special case of 1-extensions the reader can also see |25, chapter 27].

An n-extension of an object A to an object B in an abelian category A is an exact

sequence with n + 2 terms on the form

X: 0 > B > X, y X4 > A > 0 .

The class of all such extensions from A to B is denoted by £"(A, B). Two n-
extensions X and Y are called similar, which is denoted by X — Y, if we can find

morphisms making the following diagram commutative

X: 0 > B > X, y X1 > A > 0
| .
Y 0 > B > Y, > Y] > A > 0
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When n = 1, this reduces to demanding there exists some isomorphism making

the following diagram commutative

X: 0 > B >)I( > A > 0
| =
Y : 0 > B > Y > A > 0

We say that two n-extensions X and Y in £"(A, B) are equivalent if there ex-
ists some n-extension Z € E"(A, B) such that X <— Z — Y. This gives us
an equivalence relation upon £"(A, B). The collection of equivalence classes un-
der this equivalence relation is denoted by YExt’;(A, B) and is called an Yoneda
extension group. Any morphism f: B — B’ induces a well-defined morphism
f-—: YExt'y (A, B) — YExt", (A, B'), given on representatives X € £"(A, B) by a
pushout along B s B and B — X,,,

X: 0 > X > X1

|

> A
f
f-X: 0 > B’

> X1 y A > 0

o

~
~

~

Also any morphism ¢g: A" — A induces a well-defined morphism —-¢: YExt" (A, B) —
YExt" (A’, B), given on representatives X € £"(A, B) by taking the pullback along
A Aand X, — A,

X-g: 0 > B ; > Xo > P > A > 0
| [ .
X: 0 > B > Xo > X > A > 0

A Yoneda extension group is, as the name suggest, a group where addition is
defined on elements X, Y € YExt'; (A, B) as the "Baer-sum" given by

X+Y=(11)(XaY)(})

The zero object in these groups are given as the split exact sequence

0 » B > B A > A > 0,

10



2.2 Orthogonal Subcategories 2 ADDITIVE CATEGORIES

in YExt!, (A, B) and the trivial extension

0 s B > B > 0

\,
!
e}
>
>
=

for YExt'y(A, B).
The usefulness of these Yoneda extensions is that we have the group isomorphism
YExt"y (A, B) = Ext’y (A, B)

whenever the latter exists, which is natural in both variables. That is, we have
an explicit description of the derived hom-functors. When working with Ext, this
isomorphism will be thought of as an identification, hence there will be given no

effort in distinguishing the first from the latter in the following.

2.2 Orthogonal Subcategories

Now, having a concept of extensions in the general abelian case, we can set forth
defining a collection of subcategories which will be used extensively throughout

the rest of the thesis, namely orthogonal complements.

Definition 2.5. For any subcategory X of A, we have the full subcategories
Xt ={Aec A|Exty(X,A) =0forall X € X},

and

Lix: ={AcA|Exty(A,X)=0foral X € X}.

Xtiis called the right i-orthogonal complement to X and +i X the left i-orthogonal

complement. When ¢ = 0, the ¢ is usually dropped from the notation.

Remark 2.6. The action of taking the right or left i-orthogonal complement is
inclusion reversing. That is, if we have two subcategories X', ) of A, such that
X C Y then X D Ly and Xt DO Y+, We also note that X C L1(X+1) and
X C (b))t

11



2.2 Orthogonal Subcategories 2 ADDITIVE CATEGORIES

Further, we also observe that by that inclusion and the inclusion reversing property
we have X+t C [L1(x11)]h € X4 and then necessarily [*1(X+1)]t = xto
Similarly, 11[(11x) 4] = LA,

We will derive a few immediate properties of the orthogonal complements. The
proofs of these will be using the inherent duality of the left and right complements
to avoid needlessly repetitious arguments. Explicitly, this means that only the
properties attributed to one of the complements will be proven where a mutatis
mutandis argument is needed for the other. Alternatively, all proofs associated to
one of the complements can at once be used for the other, by first passing to the

opposite category.

Lemma 2.7. Let X C A be a subcategory of an abelian category A. Both the
right and left i-orthogonal complement of X are closed under extensions. The
right i-orthogonal complement X+ is further closed under products and the left

i-orthogonal complement ~i X is closed under coproducts.

Proof. Let
0>A—->B—-C—=0

be a short exact sequence such that A,C € X*i. Then by applying the hom-
functor Hom4 (X, —) for any X € X, we extract from the consequent long exact

sequence, the exact sequence
Ext’ (X, A) — Ext) (X, B) — Exty (X, C),

whose first and last term vanishes, forcing Ext’y(X, B) = 0, and therefore B €

X1, proving that the subcategory is closed under extensions.

Recall that for any family of objects {Ay,}aea which admits a product in A, we

have

Exty(—, [] 4a) = [] Extia(—, Aa)-

a€eN aEA

12



2.2 Orthogonal Subcategories 2 ADDITIVE CATEGORIES

Hence, assuming that {A,}aea consists of objects in X1, we have that

Extly(—, [] 4a)lx = [] Extiy(— Au)lx = JJO=0

aceA aeA acA

S0 [T ep Ao € X O

Lemma 2.8. Let X C A be a subcategory of an abelian category A. Then ~X is

closed under factors while X+ is closed under subobjects.

Proof. Let Y — F be any factor-object of an object Y €t X. Then we have a

short exact sequence
0->K—=>Y—=>F—=0

which induces a long exact sequence
0 — Homu(F, X) — Homu (Y, X) — Homy(K, X) — Exty(F, X) — -+

for any X €t X. The third term vanishes by assumption, hence Hom4(F, X)
vanishes as well. We conclude that F €1 X. O

Lemma 2.9. Let X C A be a subcategory of an abelian category A. Then both
L X and XY are closed under direct summands. Further, ' X contains all the

projective objects of A and X' contains all injective objects.
Proof. 1t P € A is projective in A, then the hom-functor Hom 4 (P, —) is exact and
necessarily ExtY (P, —) = 0. Thus, Proj(A) C H1X.

Now, to see that “1 X is closed under direct summands, let Y @Y’ be an object in
L1 X, and let
0=+ X—=E—=Y —=0

be any 1-extension of Y to an object of X. We construct the following commutative

13



2.2 Orthogonal Subcategories 2 ADDITIVE CATEGORIES

pull-back diagram

0 0
0 > X >PL/,>Y@Y’—>O>
a¢€ X
H g Ty I‘LY
0 > X > B — Y > 0
0 0

where we the middle row splits, since ExtY(+1X, X) = 0. Observe that
e(grey) = mye'riy = myidygyrty = myty = idy,
that is, the lower row splits, or equivalently Ext!(Y, X) = 0. O
Definition 2.10. A subcategory X C A of an abelian category A is called self-
orthogonal if it satisfies any of the following equivalent conditions
(i) Extl(X,X) =0,

(i) X C 1 x,

(iii) X C Ah,

iv) Xnxh =x=1xnx.
Lemma 2.11. Let X C A be a self-orthogonal subcategory of an abelian category.

Then the additive closure add X is also self-orthogonal.

Proof. Let A, A’ be any two objects in add (X'). Then we can find objects B, B’ €
Asuch that A® B =@, X; and A'® B’ = P]_, for X;, X; € X'. Hence,

Exty(A® B, A'® B') = (P @ ExtL (X, X;) =0,

i=1 j=1

14



2.3  Krull-Schmidt Categories 2 ADDITIVE CATEGORIES

which we claim gives that Ext(A, A’) = 0 as well. This is shown through a
similar argument as that given for complements being closed under summands in
Lemma [2.9] That is, for any short exact sequnece A" — X —» A we construct the
following commutative diagram with exact rows by taking the pushout along the

inclusion A" — A’ @ B, and then the pullback along the projection A & B — A.

0 s A s X s A s 0
I H

0—— AoeB s P s A s 0
H T, 1

0—— A DB s P s A9 B —— 0

The bottom row splits as Ext (A @ B, A’ ® B’) = 0, which results in the middle

row splitting, and then consequently that the upper row splits.

2.3 Krull-Schmidt Categories

We say that an object X € & is indecomposable whenever X = X’ @ X" implies
either X’ = 0 or X” = 0. An additive category in which every object admits a
finite decomposition into indecomposable objects with local endomorphism rings
is called a Krull-Schmidt category. As noted in [18], this naming originates from
the Krull-Schmidt Theorem, which states that such a decomposition is guaranteed
for every finite length module. An in-depth and self-containing exposition on the
subject of Krull-Schmidt categories have been written by Krause in [I8]. Most of
the following results concerning Krull-Schmidt categories are found in said article,

and the reader is referred there for the proofs which we omit.

Remark 2.12. A Krull-Schmidt category is both noetherian and artinian.

Definition 2.13. An epimorphism ¢: X — Y is essential if any morphism ¢: Z —
X is epimorphic if and only if the composition ¢ o1p: Z — Y is epimorphic.

15



2.3  Krull-Schmidt Categories 2 ADDITIVE CATEGORIES

An epimorphism from an projective object ¢: P — X is a projective cover if it is

essential.

Definition 2.14. An endomorphism f: X — X is said to be split idempotent if
there exist a factorization X — Y % X of f such that 7 o s = idy. It is easily
verified that a split idempotent is in fact an idempotent. We say that an additive

category &£ has split idempotents if all idempotents in & splits.

Lemma 2.15. If f: X =Y — X s a split idempotent such that the idempotent
idy — f: X = X also splits, then'Y 1is a direct summand of X .

Proof. Let
f: X=>Y=>X

and
idy — f: X 5 v 5 x
be split idempotents in £. Now, consider the maps
(7): X—=Y@®Y and (s¢): Y BY' — X,
which, by construction, gives
(v )(ss) = <i%y idi)/,> = idygy
and
(so)()=sor+sor =f+(idg - f) =idx
Thatis X XY @Y. O

Proposition 2.16 (|18 Prop. 4.1]). Let R be a ring. The category of R-modules is
Krull-Schmidt if and only if every finitely generated R-module admits a projective

cover. If R satisfies these equivalent assertions it is called semi-perfect.

Theorem 2.17 ([I8, Thm. 4.2|). Let X be an object in a Krull-Schmidt category

and suppose there are two decompositions
X190 X, 2EXEY1®--- DY,
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into objects with local endomorphism rings. Then r = s and there exists some

permutation m such that X; = Y ;) for 1 <o <.

Corollary 2.18 ([18, Cor. 4.4|). An additive category is a Krull-Schmidt category
if and only if it has split idempotents and the endomorphism ring of any object is

semi-perfect.

Remark 2.19. In an abelian category the condition of split idempotents is triv-
ially satisfied, since all morphisms factor through their image. Hence, the corollary
above says that an abelian category is Krull-Schmidt if and only if the endomor-

phism ring of any object is semi-perfect.

Remark 2.20. It can be seen that an additive quotient of a Krull-Schmidt cat-
egory is itself a Krull-Schmidt category. We omit the arguments here, since it

requires us to define the categorical radical.

2.4 Approximations

The notion of approximations were introduced by Auslander and Smalg while
studying subcategories of mod(A) for an artin ring A [3]. In certain literature one
may stumble upon the concept of pre-envelopes/covers for the same morphisms
which we call right-/left-approximations [14]. It has traditionally been normal to
use this naming convention when working in the category of all modules over a ring

R, and the convention of Auslander when working over finitely generated modules.

In module categories we can enforce a minimality condition on every morphism,
which in turn gives us minimal approximations or envelopes/covers. These mini-
mality conditions gives in particular Wakamatsu’s Lemma which relates approxi-
mations to orthogonality. We will see that Krull-Schmidt categories have minimal
morphisms, and, by Wakamatsu’s lemma, we can therefore later characterize co-

torsion pairs in Krull-Schmidt categories through the existence of approximations.

Definition 2.21. Let X be a full subcategory of an additive category £. A mor-
phism out of X to an object E of & is called a right X -approximation of E if any

17
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other morphism out of X to F factors through it. Thatis ¢: X — E, with X € X,
is a right X-approzimation of E if any morphism X' — E, with X’ € X factors

through ¢
X/

3. l _
>

X, F

Equvialently ¢: X — FE is a right X-approximation of E if it induces an epimor-

phism of functors
Hom (—, X)|x 2 Hom(—, E)| .

If every E € £ admits a right A'-approximation, then X C & is said to be con-

travariantly finite.

Dually a left X-approzimation of E is a morphism ¢: E — X which induces an

epimorphism of functors
Hom (X, —)|x = Hom(E, —)|x,

and if every E admits such a left X-approximation, X C & is covariantly finite.

Any subcategory X C & which is both contra- and covariantly finite is called
functorially finite.

Remark 2.22. The naming originates in the study of modules of an additive
category & [See e.g. [2, [I5], which are contravariantly additive functors from &
into the category of abelian groups. In the category of these modules, one has
that the representable modules, M =~ Homg(—, X)), are projective. Every module
admitting an epimorphism from a projective module are called finitely generated.
Thus, the existence of a right X-approximation of E from an additively closed
subcategory X of £ implies that Homg(—, F)|x is finitely generated as an X-

module.

Example 2.23. Let £ be an exact category with enough projectives and let F
be any object of £. Since we have enough projectives we have the following short

exact sequence
0-QF -PL E—0,

18
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which gives the short exact sequence
0— HOIIlg(—, QE)|projg — HOHlA(—, P)|projg Z—) Homg(—, E)|projg — 0.
Thus the full subcategory of projective objects Proj€ C £, is contravariantly finite.

Dually, if £ has enough injectives, then the full subcategory Inj€ C & of injective

objects is covariantly finite.

If £ is Frobenius exact, we have that Proj€ = Inj& is functorially finite. &

2.4.1 Example: The Syzygy-Subcategories

A slightly less trivial example of contravariantly finite subcategories is the Syzygy-
subcategories which was used in [4]. Let A be an abelian category with enough

projectives.

Definition 2.24. Let Q"(A) denote the additive closure of the collection of all
n-syzygies in A, that is

add {KGA

d an exact sequence
0—+K—>P,—--— P —P—A—0, P, €Proj(A)

We are going to show that 2"(A) is contravariantly finite in A.

Definition 2.25. Let C®(Proj(.A)), respectively C®(Inj(.A)), be the full subcate-
gories of the bounded chain complex category C®(A), consisting of bounded chain

complexes of projectives, respectively injectives.

Proposition 2.26. Let A, € C°(A) be a bounded A chain complex of length n <
0o. Then we can find an epimorphic right C*(Proj(A))-approzimation P, — A,,
such that P, has length n.

Proof. The proof is constructive. We start by finding a right epimorphic Proj(.A)-
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approximation p;: P, — A;. Then by taking the pullback of

P
p1

AQL)Al

we get the commutative diagram with exact rows

0 —— Ker(f) s Xy s P s O > 0
H Lo
0 —— Ker(f1) A, Iy A, » O > 0

where the middle square is both a pushout and a pullback square, since p; is an
epimorphism. We now find an epimorphic right Proj(.A)-approximation Py — Xj.
Set py: P, — A, to be the composition P, - Xy — As, and ¢g;: P, — P; as
the composition P, — X5 — P;. Observe that since the right-hand square of the
following commutative diagram is a pushout square, we have that the outer square

is also a pushout square,

P2 »XQ )Pl

I

AQ—AQLAl

Hence, the kernel morphism Ker(g;) — Ker(f;) is necessarily an epimorphism.
Next, we take the pullback of

Ker(fs)

AQ L) Ker(fl)

to obtain the commutative diagram with exact rows,

0 —— Ker(f2) > X3 > Ker(f2) > Oy > 0
0 —— Ker(fy) y Ay —2 Ker(fy) y Cy > 0
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where the middle square is a push-out and pullback square by the same reason
as above. Let now P; — X3 be a right epimorphic Proj(.4)-approximation, and
set p3: Py — Az as the composition P; - X3 — Az and ¢go: P, — P, as the
composition P3 — X3 — Ker(g;) < P,. By the same reason as above, the kernel
morphism Ker(gs) — Ker(f>) is an epimorphism. We iterate this construction up
until A,,.

We are left with showing that p: P, — A, is a right approximation. Thus, let
€: Qs — A, be any other morphism from C®(Proj(A)). p1: P, — A is an approx-
imation, so €; factors through p;. Observe that we get the following commutative
diagram

Q2 —— Q1

L

€2 X2 e P1 €1
I
P1
f1

Ag E— Al
where the dashed morphism arises from the pullback-property. Now, using that
P, — X, was an approximation, we get that ey factors through ps. Assume we
have shown that ¢; factors through p; for all i < k. If we let Ker(Qr — Qr—1) = K,

we have a commutative diagram

Qr11 > K » Qr — Q1
€k+1 Xk+1 — Ker(gk_l) < > Pk gk_l) Pk—l
l - lﬂk lpk lpkA
fr—1

Apyr —— Ker(fyo1) —— Ay —— A
where the dashed morphism arises from the kernel property, and the dotted mor-
phism exists by the pullback property. Once again, by the approximation property
of Pyy1 — X' we get that ex1: Qpy1 — Agyq factors through pi. Thus, we con-
clude that p: P, — A, is a right Proj(A)-approximation. O
Corollary 2.27. The full subcategory Ct(Proj(A)) C C8(A) of bounded complezes

of length n is contravariantly finite.
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Corollary 2.28. Let A be a bounded chain complex of length n in C°(A). The
epimorphic right C®(Proj(A))-approzimation p: P, — A, constructed in Proposi-
tion induces isomorphisms H;(P,) = H;(As) for i < n and an epimorphism
H,(P,) — H,(A,).

Proof. Since the approximation P, — X; is an epimorphism, we have the exact

diagrams from the construction

)

P,L'+1 E— Ker(gi,l) > Cl

lpi+1 lﬁi H

Ai+1 — Ker(fl-,l) > Cl > 0

for all ¢ < n. Thus, for i < n, we have H;(P,) = C; = H;(A,). When i = n we
have H,(P,) = Ker(g,_1) — Ker(f,—1) = H,(A,). O

Lemma 2.29. For every object A € A, there exists a right Q" (A)-approzimation
of A.

Proof. Let I, € C~(Inj(.A)) be an injective resolution of A. By truncation we find
the bounded complex ¢="(1,), and by Proposition we find a right Proj(.A)-

approximation p: P, — 0="(I,). We therefore obtain the commutative diagram

0 » K > P, >y P,y > oo > Py » O"(A) —— 0
i l n lpnfl lpl H 9
0 > A » 1 > Iy > oo > 1, > O"(A) —— 0

which is exact by Corollary[2.28] Therefore K = Q"(U"(A)) and is thus contained
in Q"(A). We claim that the morphism K — A is a right 2"(A)-approximation of
A. Suppose we have a morphism X — A with X € Q"(A), then we have an exact
sequence

0=2X—->Q, = Q11— = =Y

with Q; € ProjA. By letting (), be the bounded complex of length n
Qn = Qn-1 — - = Qr,
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we first obtain a morphism (), — I, since I, consists of injective elements, thus
also a morphism Q, — o="(l,). Since p: P, — o="(1,) is a right C"(Proj.A)-
approximation, we obtain a factorization through p. Thus by kernel-property, we

also have a factorization of X — A through K — A. O

&

2.4.2 Minimal Approximations

As already mentioned we are interested in minimal morphisms as they relate
approximations to orthogonality. We can also observe that orthogonality in an
abelian category relates naturally to approximations. Hence, in categories where
all morphisms decomposes into a minimal and a zero part, we obtain a corre-
spondence between orthogonality and approximation. The last relation is given
in the following lemma, before we move on to explore the other direction through

minimality and Wakamatsu’s lemma.

Lemma 2.30. Let f: X — E be any epimorphism in an abelian category A with
X € X a full subcategory of A. If the kernel K = Ker(f) of the morphism has the
property that Extly (X, K) =0, then f is a right X -approzimation of E.

Proof. Let f': X’ — E be any morphism such that X’ € X. Then, by taking the
pullback of this map along f: X — E we get the commutative diagram with exact

TOWS

L

0 v K ING'G

> P
_
R
> X > B

0 > K

=)}

> 0
and by hypothesis the upper row splits, thus giving the wanted factorization. [J

Definition 2.31. A morphism f: A — B is right minimal if every endomorphism

g: A — A such that f = f o g is an isomorphism.
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Conversely, f: A — B is left minimal if every endomorphism h: B — B such that

f = ho fis an isomorphism.

Whenever we have a right, respectively left, X-approximation of a subcategory
X, which is also right, respectively left, minimal, we will be calling it a right,

respectively left, minimal X-approximation.

Lemma 2.32. If ¢1: X1 — FE and ¢o: Xo — E are two right minimal X -
approzimations of E, then X7 = Xs.

Proof. The approximation propery of ¢; and ¢, gives us the following commutative

diagrams
X4 X5
L e md 0 e
o P2 ol o1
Xy —— F Xy, —— F

These diagrams gives us that

pr=ga0f=¢10(gof)and ¢y =¢10g=¢20(fog)
and by minimality both (go f) and (f o g) are automorphisms, thus giving that f

and ¢ are isomorphisms. U

Through Corollary 1.4 of [I9] and its dual we observe that any morphism in a
Krull-Schmidt category admit a decomposition into a minimal part and a zero

part.

Lemma 2.33 (Dual of Corollary 1.4 in [19]). Let ¢: X — Y be a morphism in an
abelian Krull-Schmidt category A. Then there exist a decomposition, X = X'@ X",

o=(¢ ¢"): X aX" Y,

such that ¢’ is right minimal and ¢" = 0. O
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Lemma 2.34 ([19, Corollary 1.4]). Let ¢»: X — Y be a morphism in an abelian
Krull-Schmidt category A. Then there exist a decomposition, Y 2Y' &Y,

"

/
wz( ):X—>Y’@Y”,

such that 7' is left minimal and " = 0.

Lemma 2.35 (Wakamatsu’s Lemma). Let A be an abelian category, and X C A

a full subcategory closed under extensions. Then

(i) Let ¢: X — A be a right minimal X -approximation of an object A, then

Exth (—, Ker(¢))|x = 0.

(ii) Let v: A — X be a left minimal X -approximation of an object A, then
Ext!y(Cok(1), ) x = 0.
Proof. (i):
First observe that ¢ gives us a short exact sequence
0 — Ker(¢) & X < Im(¢) — 0

where ¢: X — Im(¢) is a right minimal X’-approximation of Im(¢).
Consider now any short exact sequence

0— Ker(¢p) % ES X' —0

with X’ € X. This give rise to the following commutative diagram with exact
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rows and columns, where the upper left square is a push-out square,

0 0
0 —— Ker(¢p) —— E ——— X' > 0
: S
~ , V¥ ,
0 s X m Y < 5 X' y 0
Im(¢) == Im(¢)
0 0

X is closed under extensions, so we get that Y € X, and, necessarily, ¢: Y —
Im(¢) factors through X. That is, we get a morphism f:Y — X such that
d=cof.

Y — Im(¢)

x4 A
Thus, we get that ¢ = ¢ om’ = co fom/, and, since c is right minimal, we deduce

that f om/ is an isomorphism. We observe now that
co(fom' ) tofok=cofokl=cok'=0

so (fom/)"'o fok’ factors through Ker(¢), that is, we obtain a morphism g: E —

Ker(¢) fitting into the following commutative diagram with exact rows

0 y E—* v —< 5 Im(¢) —— 0
)
gi X
| |(gom)1
0 — Ker(¢) —— X — Im(¢) —— 0

We claim that g is a right inverse to m: Ker(¢) < E. In order to see this, we

observe that

k=(fom Y lofomok=(fom') 'ofokom=kogom
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which gives that idke(¢) = g o m, since k is mono. That is, g is a right inverse as

we wanted, further the short exact sequence
0— Ker(¢p) B ES X' —0

splits, so
Ext! (—, Ker(¢))|x = 0.

The second assertion is proven by applying the first part of the lemma in the

opposite category. 0
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3 Torsion, Cotorsion and Tilting

We are now ready to set forth on the study of tilting. For the most part, we
will follow the treatment given by |Bauer et al.|in [5], but some parts of the story
will diverge slightly. We will see that tilting is in a bijective correspondance with
cotorsion torsion triples, and that these triples induce an equivalence between
certain subcategories. However, before we can prove any of these results, we have
to make clear what torsion and cotorsion is. Hence, we will start by giving the
axioms and some results of torsion, before moving on to cotorsion. Then cotorsion
torsion triples will be defined and the induced equivalence proven, before tilting is

defined in the last part of the section.

3.1 Torsion Pairs

Dickson|introduced in [12] a set of axioms for decomposing a subcompleteﬂ abelian
category A into hom-orthogonal complements, based upon the concept of torsion
in abelian groups. The abelian category in this thesis is not generally assumed to
be subcomplete, hence our notion of torsion is a bit more restrictive than that of
Dickson. However, in the more restrictive setting, our definition do coincide with

the original axioms.

In an abelian group we have torsion elements, which are elements that are annihi-
lated when multiplied by some non-zero integer. Every finitely generated abelian
group decomposes into a direct sum of torsion groups on the form Z/pZ for some

prime p € N and free groups Z.

In a general abelian category these properties are approximatied through the fol-

lowing set of axioms describing torsion.

Definition 3.1. A torsion pair in an abelian category A is a pair (7, F) of full

Dickson| used the term subcomplete about abelian categories which for any object had a set

of subobjects, and in which any family of subobjects admitted a sum and intersection.
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subcategories of A closed under isomorphisms, such that

(i) Homu(T, F) =0 for any '€ T and F € F, and
(ii) for any object A in A, there is a short exact sequence
0—-tA—=>A—=£fA—=0

with tA € 7T and fA € F.

If (T,F) is a torsion pair, then 7 is called a torsion class and F is called a

torsion-free class.
Example 3.2. The trivial examples of torsion pairs in A are (0,.4) and (A,0). &

Example 3.3. Let (7,F) be a pair of full categories in the category of finitely

generated modules over a principal ideal domain R, given by

T =add({R/rR | r # 0 unit}),
F = add(R).

We claim that these subcategories forms a torsion pair. To prove this let us look
at R/rR € T and R € F. For any homomorphism f : R/rR — R we have
0= f(r)f(r=) = f(rr=') = f(1). Hence Homy,eqry(R/rR, R) = 0. For any other
finitely generated module M over R, we have a structure theorem which gives us
a decomposition into torsion and torsion free modules [See e.g. [7]. That is, any

finitely generated module M over a PID R is of the form

t
M>~R o (@ R/riR> .
i=1
This guarantees the existence of a short exact sequence
t
0— <@R/riR> — M — R* = 0.
i=1
(T, F) is therefore a torsion pair in mod(R). &
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Example 3.4. In the category of finite-dimensional representation over mod(k)

of the the zig-zag quiver @,
o <——— 0 — o
1 2 3

we have the indecomposable representations

P k+«0-—0 Py: k< k Lk Py: 0+ 0—k
I;: k< k-—0 Iy: 0+ k —0 Iy 0+ k Lk
Let

T=add{ k-~ k—0® 0+ k—0® 0+ k 5k}
F=add{ k+0—0® k< k-5k & 00—k}
It is easy to see that Homy(7,F) = 0 and since every representation V' over

mod(k) decomposes into a direct sum of these indecomposables, we obtain a short

exact sequence
0=tV =V =1V =0

for all representations V' € rep(Q, k). Thus, (7, F) is a torsion pair in rep(Q, k).
L

Example 3.5. Over the linear quiver

[ J > @ > @
1 2 3
we have a torsion pair (7, F) in rep(Q, k) given by

T=add{ 0 -k —>0®& k—>k—0®k—>0—0}

and
F=add{0 —-0—-k ® 00—k —>k & k—>k —k}

We also have the torsion pair (7', F’) given by
T =add{ k 4k —k ®k—>k—>0® k—0—0},
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and
Fl=add{ 0 —>0—>k  0—>k—>k & 0—>k—0}.

&

Example 3.6. All the examples of torsion pairs given thus far has been such that
the union of the torsion and torsion-free class is the whole of A, i.e. T UF = A,
this is not a general property of torsion pair. In rep(Q, k) of the linear quiver from

above, we can observe that the subcategories
T=add{k —=k—0&k—>0—0& 0—>k—0}

F=add{k >k—k & 0—0—k}.

form a torsion pair (7, F), but the indecomposable representation 0 — k — k

is not in either of them. &

Observe that if (77, F) is a torsion pair of A and we have an object X €+ F, then

we get the exact sequence
0 tX = X 5 £X — 0.

That is, X = tX € 7. Thus *F C T, and since the converse inclusion is trivial
we have equality. The equality 7+ = F follows similarly. From this and the
results on orthogonality in Lemma [2.7] and Lemma [2.8] we conclude that that the

following corollary holds.
Corollary 3.7. If (T, F) is a torsion pair of A, then
F=T+={Aec A|Homy(T,A) =0V TeT}

and

T="F={AcA|Homy(A,F)=0VY F € F}.

Further, both T and F are extension-closed, T is closed under factors and coprod-

ucts, and F 1s closed under subobjects and products. O
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Lemma 3.8. The short exact sequence arising from a torsion pair is functorial.

In other words, given a torsion pair (T,F) in A, the assignments

t: A= T f: A— F
and
A tA A fA

are functors.

Further, they appear in adjoint pairs (incy,t) and (£,incz), where incy: X — A

1s the canonical inclusion functor.

Proof. Let A; A’ € A and g € Hom 4(A, A’). Observe that the composition

¢ tA—s A2 A » £A'

is zero, since ¢ € Homy(tA,fA’) = 0. The universal property of tA" as kernel of
A — fA’ gives a unique morphism tg : tA — tA’. Likewise, using the universal

cokernel property of fA, we get the unique morphism fg: fA — fA'.

tA < s A s fA

I
ity lg 1 £g -

<+ <+
tA < A’ s £A’

g

For the adjoint claims, we apply the hom-functors Hom 4(7', —) and Hom 4(—, F')
where 7'€ T and F € F on

0 —>tA—>A—>£fA—0,
obtaining natural isomorphisms
Hom4(T, A) = Homy(T,tA) and Hom4(fA, F') =2 Hom (A, F).
O

Remark 3.9. For a torsion pair (7,F), we have that t is a subfunctor of the

identity functor in A. Such functors are often called a pre-radical on A. Moreover,
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a pre-radical r on A is said to be idempotent if r(r(—)) = r(—). If r(X/rX) =
0F] for every object X € A, then the pre-radical is radical on A. Thus t is
an idempotent radical of A. In fact, we also have the converse direction; any

idempotent radical give rise to a torsion pair, as shown in the following proposition.

Proposition 3.10 (|12, Theorem 2.8]). Let r be a subfunctor of the identity in an
abelian category A such that r(r(X)) = r(X) and r(X/rX) = 0. Then the pair
of subcategories (T, F) given by

T={TecA|rT=T}

and

F={FeA|rF=0}

is a torsion pair of A.

Proof. Let f € Homy(T, F) for any T € T and F € F. r is a subfunctor of the

identity, so we obtain the following commutative diagram

' ——=T
b b
rf—— F

and since rF' = 0, we see that every morphism in Homy (7, F') factors through
zero, thus
Homy(7,F) = 0.

From the hypothesis it follows that
0—>rA—-A—>A/rA—0

satisfies the second axiom for being a torsion pair. (l

We have seen that it is necessary for a torsion class to be closed under extensions,

factors and coproduct. When the ambient abelian category is locally small and

Where X/rX denote the cokernel Cok[rX < X].
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bicomplete, we can in fact show that these properties are sufficient as well [12].
This is done by constructing the so-called trace of any object A € A in T, which

is a functor given by

t(—) = Z Im(f): A—T,

feHom 4 (T,~)
[T1€[T]

where [T] denotes the isomorphism classes of objects in 7.
Observe that the trace is a a right 7-approximation, hence implying a relationship
between being torsion and contravariantly finite. In fact, any torsion subcategory

is contravariantly finite. This is easily seen by observing that any morphism 7" — A

for T in a torsion subcategory 7T gives the exact diagram

0 — tlN'=—=T —— 0

L

0 s t A s A s A s 0

Conversely, we get the following sufficient criterion for being a torsion subcategory.

Lemma 3.11. Let A be an abelian category, and T a contravariantly finite full

subcategory closed under extensions and factors. Then (T,T™) is a torsion pair.

Proof. Let A be any object of A, and ¢: T'— A be a right T-approximation of A.
T is closed under factors, so we can assume that ¢ is in fact an monomorphism.

Then we obtain the following short exact sequence
0T 3 A5 Cok(é) — 0,

which we want to show is of the desired form, i.e. Cok(¢) € T+. Therefore, let
f: T — Cok(¢) be any morphism from 7 and form the exact diagram

0 sy Yy x ¢

|
|k

!
? 5 A —S Cok(¢) —— 0

s T s ()

o
+
~
+
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where the right square is a pullback-square. 7T is extension-closed, so X lie in T,
thus f’ factors through ¢. Consequently, the top row splits. Now, f: 77 — Cok(¢)
factors as

7% x L5 A% Cok(e),

where ¢ is the right inverse of ¢. Using the fact that ¢ is a right T-approximation
gives us a factorization T” nT 2 Aof f'og. Combining this, we see that f: T" —
Cok(¢) factors through co ¢ = 0, so we conclude that Hom 4 (D, Cok(¢)) = 0, and
(T,T%) is a torsion pair. O

In noetherian categories we can even see that any full subcategory closed under
factors is contravariantly finite. This allows us to drop the condition of T being

contravariantly finite in order to be a torsion class.

Lemma 3.12. Let A be a noetherian abelian category, and T C A a full subcat-
egory closed under factors and extensions. Then T is contravariantly finite and

therefore a torsion class in A.

Proof. We start by claiming that any object A of A has a unique maximal sub-
object that lies in 7. A is noetherian by assumption, so it suffices to show the
uniqueness claim. Assume therefore that 7" and 7" are two maximal subobjects
that lie in 7. The sum of these two objects is a subobject of A by definition and
trivially contains 7" and 7" in a natural way. Further, since T' 4+ 7" is equal to
the image of the canonical morphism T & 7" — A, it must also lie in 7. This
contradicts the maximality of 7" and 7", thus proving the existence of a unique
maximal subobject of A that lie in 7. Let us denote this subobject by tA.

Now, we claim that the subobject tA < A is a right 7T-approximation. Let,
therefore, f: T'— A be any other morphism from 7, and observe that the image

of this morphism must necessarily factor through tA by maximality. That is,
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tA — A is a right T-approximation.

T ! A
Ny e
Im(f) ]
N
tA

3.2 Cotorsion Pairs

Where torsion pairs are hom-orthogonal, we have Ext-orthogonality in the related
concept of cotorsion pairs. Cotorsion was first introduced for abelian groups in
[28] by [Salcel, but is easily generelized to a general abelian category as we will see

in the following section.

Definition 3.13. A cotorsion pair of A is a pair of full subcategories (C, D) such
that D is left 1-orthogonal to C, and C is similarly right 1-orthogonal to D, i.e.

C="D={Ac A|ExtY(A D)=0foral Dec D}

and

D=C" ={Ac A|Ext,(C,A4)=0forall C €C}.

A cotorsion pair (C, D) is said to have enough projectives if for any object A in A

we have an exact sequence
0—-dA —-cA—-A—-0

with dA € D and cA € C. Equally, (C,D) is said to have enough injectives if for

any object A in A we have an exact sequence
0—A—dA—cA—0

with ¢4 in C and dA in D.

A cotorsion pair (C, D) which has both enough injectives and projectives, is called

complete.

37



3.2 Cotorsion Pairs 3 TORSION, COTORSION AND TILTING

Remark 3.14. We have chosen to not follow the convention used in [5] where
the existence of enough projectives and injectives is a part of being cotorsion, and
instead use the convention of calling such pairs complete cotorsion. This is done
in an effort to not unnecessarily over-complicate the notation for the constructions
in Section [1.2] Further, this allows us to state Salce’s Lemma (Lemma in its

commonly known form.

Example 3.15. Let A be an abelian category with enough projectives ProjA C A.
Then (ProjA, A) is a cotorsion pair with enough projectives. In fact, since we can

always form the short exact sequence
0AS5A-0-0

for any object A € A, we have that (Proj.A, .A) is a complete cotorsion pair.

Dually, if A has enough injectives Inj.A C A, then (A, Inj.A) is a complete cotorsion
pair. &

Example 3.16. Let us fix some abelian category A with enough projectives and

injectives. We consider the functor category Fun(Z*, A) of all functors from the

ordered category of positive integers to A. Equivalently, we can describe this by
—

the category rep(A>, A) of A-valued representations of the infinite quiver

~

.
A% ° s ® s ® NS
1 2 3 4

%
The pair (C, D) of subcategories of Rep(A*, A), given by
—
C ={F € Rep(A™, A) | All structure maps of F' are mono},

N
D = Rep(A*°,InjA) = Fun(Z*, InjA),

is a cotorsion pair [16, Theorem A|. Further,|(Odabagi has shown that this cotorsion

pair is in fact complete whenever A has exact small coproducts |23, Theorem 4.6].

Considering the ordered category of negative integers, or equivalently the quiver

—

Ao

<
N )
<
we
<
N e
<
— @
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>
we have the cotorsion pair (C, D) of Rep(Aw,.A) given by
—
C = Rep(Aw, ProjA) = Fun(Z™, ProjA),
—
D = {F € Rep(Ax, A) | All structure maps of F are epi}.

which is complete if A has exact small products. s

Remark 3.17. The above example is an application of the main results presented
by Holm et al|in [16] and |(Odabasi in [23]. In section [4.2] we will prove those results

for finite acyclic quivers. From there we obtain the next two examples.

Example 3.18. Let us fix an abelian category A with enough projectives and the
zig-zag quiver
Then (C, D) given by

C = Rep(Q, ProjA),

D ={F € Rep(Q, A) | The canonical morphism F, — F; @ Fj is epic.}

is a complete cotorsion pair in Rep(Q,.A).

Let us verify the cotorsion claim by showing that 1D C C and C** = D. Then
we will show that the pair has enough injectives, which by the soon to be shown
Salce’s Lemma (Lemma [3.25)) is sufficient for it to be complete.

Assume first that we have a representation F' € Rep (@, .A),

F
Fofe g PR

Y

in 11D, that is Ext(F, —)|p = 0. We want to show that F' € C, which we will do
by showing that Fi, Fy, F3 are projective objects in A. We start by showing that

F, is projective. Consider the following exact diagram

Fy
|
C

0 s A s B 5

e}
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in A, which gives us the following exact commutative diagram where the right

square is a pullback

0 > A > X > I > 0

I

0 s A s B s C s 0

From this, we construct the following commutative diagram with exact rows, where

the columns are representations of @),

0 > 0 > I > I > 0
0 y A y X > I > 0 -
0 > 0 > Iy > Iy > 0
This sequence splits by assumption, as the representation 0 < A > 0

clearly lies in D. Specifically, we see that
0 >A—>X—>F,—0

splits, and thus, we obtain a factorization

X(—FQ

|

0 s A s B s C s 0

giving that Fj is projective. By symmetry, it is enough to show that Fj also is
projective for F to be in C = Rep(Q, Proj.A) and thus 1D C C. Therefore, let us

consider the exact diagram

Fy

l :

0 s A s B’ s O

2\
)
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which by constructing the pullback, gives the following commutative diagram with

exact rows,
0 s A > Y > Fy > 0
[
0 > A > B’ > (' > 0

From this, we obtain the following short exact sequence of representations, by

taking the pullback along F3 LN FiandY — Fi,

0 > A > Y > | > 0
I
1
> By >0 -

|

0 s A’ 5
0 > 0 >

|

3 >F3 > 0

Once again, by assumption, this sequence and specifically
0—-A =Y —=F —=0

splits, giving the factorization

Y(—Fl
0 s A’ s B s O s 0

That is, F} is projective, hence F lie in C and D C C.

Now, we want to show that D = C''. Let us therefore assume we have F €
C11. Explicitly, for any representation C' € C = Rep(Q, ProjA) with projective
resolution

e PP 0 —=0

we have an epimorphism

Hompgep(g,4)(P°, F) = Homgepo.a) (P~ F). (1)
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Observe that we have the short exact sequence of representations

(1)

(f 1),

0 > Oy > Cy O > O > 0
| ol i

0 > 0 > C Ly » 0
Loy ol

0 y Oy ~— 2% Oy Oy (g 1), Cy > 0

which, in fact, is a projective resolution of C' since C' € Rep(Q,ProjA). Any

morphism P° — F' is on the form

Cy @ 01(—>Faoy I)Fl

ol Fa|
Cy, —2 5 F,
(4] l

Cy @ C,3(F,6’0y Z)Fg

and any morphism P~! — F is on the form

Cy, 2 Fy
[
0 —— Iy -
Ll
Cy —25 Fy
Hence the condition that the morphism is an epimorphism is equivalent to

(oFFee o)

A(Cy, F) @ A(Cy, F) @ A(Cs, Fs)

A(Ce, 1) & A(Co, F)
being epimorphic. Now any morphism C' — F' is on the form

CléFl

fT FQT

CZ%FQ

| w

03;)F3
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ie. xof = Faoyand zog = F3oy. Thus we also get the sufficient and necessary

condition that

Fao—
A(Co, F) M A(Co, Fy) @ A(Cy, F3) = A(Cy, Fy & F3) (2)

is epimorphic for every projective object Cy € ProjA. A has enough projectives,
so specifically, we know there is an epimorphism Cy — F; @ F3 for some projective
C5 € ProjA. Hence, we have that the morphism is epimorphic if and only
if F, — Fy @ Fy is epimorphic. That is, F' lie in C** if and only if it lie in D,

equivalently C** = D. Now, we have
cch (ct)y="DcCc,

which implies C =** D, and consequently (C,D) is a cotorsion pair.

To conclude, we are now left with showing that (C, D) has enough injectives, as this,
in conjunction with Rep(@Q,.A) having enough projectives, guarantees that (C, D)
is complete by Salce’s Lemma. In that endevaour, let us fix some representation

F € Rep(Q, A)
g

F
F1< 2 F2 )Fg.

A has enough projectives, so we find an epimorphism
(;) P — F1 D F2

from some projective object P € Proj.A. Observe then that since this epimorphism

is equal to the composition

() (F55)
P—FK®P —5F @ F;3,

we get that the last morphism of the composition is an epimorphism. Thus we

obtain the short exact sequence of representations

1
0 > I > I >

o

jen}
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where the last representation is in C and the middle representation is in D. We

conclude that (C,D) has enough injectives, and therefore is complete. &

Example 3.19. Dually, let A be an abelian category with enough injectives. Then

in the category of representaions of the zig-zag quiver

Q: o s el o
1 2 3

we have the complete cotorsion pair (C, D) given by
C ={F € Rep(Q,.A) | The canonical morphism F; & F3 — F; is mono.},
D = Rep(Q, InjA).
)

Example 3.20. Any class of objects X C A in an abelian category A gives us the
two cotorsion pairs (+1(X+1), X11) and (11X, (11 X)), We say that the cotorsion
pair is generated, respectively cogenerated by X. s

Remark 3.21. The usefullness of generated cotorsion pairs were demonstrated by
Eklot and Trlifaj, who proved that for module categories all cotorsion pairs which

is generated by a set of modules are complete [I3, Theorem 10].
From Lemma and Lemma we know that a cotorsion pair possesses the
following basic properties.

Corollary 3.22. Let (C,D) be a cotorsion pair, then both C and D are closed

under direct summands and extensions. Further

(i) C contains all projective objects of A and is closed under coproducts.

(i1) D contains all injective objects of A and is closed under products. O
In Lemma [2.30] we found that a morphism f: X — FE from a full subcategory
X of an abelian category is a right-approximation if ExtY (X, Ker(f)) = 0, i.e. if

Ker(f) € X+, This result and it’s dual gives us the following result for cotorsion

pairs with enough injectives or projectives respectively.
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Corollary 3.23. Let (C,D) be a cotorsion pair in A.

(i) If (C,D) has enough injectives, then D is covariantly finite in A.

(i1) If (C,D) has enough projectives, then C is contravariantly finite in A. d

The following corollary to Wakamatsu’s Lemma, Lemma [2.35] gives a converse to
the above when we work in a Krull-Schmidt category. In fact, the proof generalizes

to abelian categories where every morphism decomposes as in Lemma and

Lemma [2.34]

Corollary 3.24. Let (C,D) be a cotorsion pair in an abelian Krull-Schmidt cat-
egory A with enough projectives. If C is contravaritantly finite, then (C,D) has
enough projectives. Dually, if D is covariantly finite, then (C,D) has enough in-

jectives.

Proof. We prove the first claim, the second follows dually. Let ¢: C' — E be any
right C-approximation of an object £ € A. First, observe that if ¢ is not right
minimal, then Lemma [2.33| and the fact that C is closed under direct summands
gives us a right minimal C-approximation ¢': C’ — E. Observe also that since A
has enough projectives, we have an epimorphism P — E with P € Proj(.A) C C,

which factors through ¢, thus forcing ¢’ to be an epimorphism.
Now Lemma [2.35 gives us that
Ext! (C, Ker(¢')) = 0,
or, equivalently, Ker(¢') € C*' = D. We therefore have the short exact sequence
0—>Ker(¢’)—>0'¢i>E—>O
with C' € C and Ker(¢') € D. O

The dual statement for an abelian Krull-Schmidt category with enough injectives

holds as well.
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Salce showed in his article [28, Corollary 2.4] that in the category of abelian groups,
every cotorsion pair has enough projectives if and only if it has enough injectives.
This result generalizes to hold in any abelian category A with enough projectives
and injectives, as is seen from the following lemma, which is commonly called

Salce’s lemma.

Lemma 3.25 (Salce’s Lemma). Let A be an abelian category with enough pro-
jectives, and (C,D) a cotorsion pair in A with enough injectives. Then (C,D) is
complete, that is it also has enough projectives. The dual assertion for A having

enough injectives and (C, D) enough projectives holds as well.

Proof. Let A be any object of A. We can find an epimorphism P — A from a
projective object P, since A has enough projectives, and by taking the kernel of

this map we have a short exact sequence
0-K—-P—-A—0.
(C, D) has enough injectives, so we find a short exact sequence
0+ K —dK = ¢K — 0,

with dK € D and ¢K € D. By taking the push-out along K < P and K — dK,

we obtain the following exact commutative diagram

0 0

0 > K > P s A > 0
~V r < H

0 > dK > X s A > 0 -
cK cK
0 0

Observe that P € C, since Proj A C C and ¢K € C by construction, so the pushout
X lies in C, by closure of extensions. The second row is now a short exact sequence

on the wanted form. The dual statement is proven similarly. ]
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3.2.1 Adjoint Functors

We would like for complete cotorsion pairs to have natural functors associated to
them through their short exact sequences, like we had for torsion pairs. Unfortu-
nately, the short exact sequences are not necessarily unique and therefore neither
functorial. However, we can in some sense approximate the same property by

going to an appropriate quotient category. This will be made clear in an instant.

Definition 3.26. The subcategory K = CND C A associated to a cotorsion pair
(C,D) is called the core of the pair. For any full, additive subcategory X of A
containing IC, let X' /K denote the ideal qoutient of X by K. If f € Homy (A, B)
is a morphism in &, let f denote the image in X /K.

Lemma 3.27. For any complete cotorsion pair (C,D) in A we have that any
morphism from an object in C to an object in D, factors through an object in K.
That s,

Hom 4/ (C/K,D/K) = 0.

Further, the constructions d,d and c,< induce functors from A/K to D/K and
C/K respectively.

Proof. Let f: C'— D be any morphism with C' € C and D € D. By using that

(C, D) has enough projectives, we obtain the short exact sequence
0—-dD 5 cD S D—0,

where necessarily cD € C N D, since D is closed under extensions. This sequence

gives us the following short exact sequence
0 — Hom4(C,dD) o, Hom(C, cD) LN Homy,(C, D) — 0,

since Ext';(C,dD) = 0. Observe that since e* is an epimorphism, we can find a
morphism h € Hom 4(C, cD) such that f = eh.

C
s
N
I
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Thus any morphism from C to D factor through an object in C N D.

Now for the functorality claim, observe that any morphism g: A — B in A, fits

into the following commutative diagram with exact rows
0 > dA > cA > A > 0

I I
1dg icg lg
v v

0 > dB > cB s B > 0

The existence of the lift from g to cg follows from c¢B — B being a right C-
approximation of B by Lemma [2.30, The existence of this lift guarantees the

existence of dg, by the universal property of kernels.

Finally, we are left with checking uniqueness of the lifts in C/K and D/K. We
do this by showing that any lifts of the zero map 0: A — B factors through an
object of K. If cg is a lift of the zero map, we observe that it factors through some
morphism h: cA — dB by the kernel property of dB < c¢B. In fact, dg must also
factor through this morphism. Now, observe that by the first part of our lemma

h factors through some object K € K, and thus so does cg and dg. ]

Lemma 3.28. Let (C,D) be a complete cotorsion pair in A, with core K. Let
A € A be any object in A, and

0—>dA 5B cAS A—0

a short exact sequence with dA € D and cA € D. Then e = Hom 4 (C, €) is an
isomorphism for every C' € C. That is

e*: Hom4/xc(C, cA) = Hom4/xc(C, A)

Proof. As in Lemma [3.27] we get a short exact sequence
0 — Hom4(C,dA) o, Hom4(C, cA) < Hom,(C, A) — 0,

for C' € C, hence e* is epimorphic.
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In order to show that €* is also mono, we let f € Hom4(C, cA) be any morphism
such that e*(f) = o f = 0. Thus, we can find an object I € K, such that we have

the following commutative diagram with exact rows

1

1
b
0 »dA —— cA —— A > 0

in A. I lies specifically in C, so we get a new short exact sequence
0 — Hom(/,dA) — Homy(I,cA) — Homyu(I, A) — 0.

We can therefore find a morphism g € Homy(7, cA) such that e o g = j. Thus we
have

0=cof—joi=cof—eogoi=c(f—goi),
and, by exactness above, we have Ker(e*) = Im(m*), so there is a morphism
h € Hom4(C,dA) such that moh = f — goi. By Lemma [3.27 h factors through
some object I’ €

-/

'« % o7

\

[4

./ //
W h 9

f
l</
0 y dA 25 cA —S55 A y 0

s
-

sof=moh+goi=moj ot + goi. Thus, we have obtained the following

factorization of f

(;)\ 4 jlom)”

Il
and since both C and D are closed under extensions, we have I & I’ € K, and

therefore f = 0. We conclude that é* is an isomorphism. U

Corollary 3.29. The inclusion functor C/K — A/K is a left adjoint to the in-
duced functor ¢’: AJK — C/K.

We also obtain the dual results, which we state without proof.
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Lemma 3.30. Let (C,D) be a complete cotorsion pair in A, with core K. Let
A € A be any object in A, and

0-A%dASEA -0
a short exact sequence with dA € D and A € D. Then m, = Hom 4/x(m, D) is
an isomorphism for every D € D. That is
m.: Hom 4/ (A, D) = Hom 4,k (dA, D)

Corollary 3.31. The inclusion functor D/K — A/K is a right adjoint to the
induced functor d': A/K — D/K.

3.3 Cotorsion Torsion Triples

Now we can define what we mean by a cotorsion torsion triple.

Definition 3.32. A cotorsion torsion triple is a triple of subcategories (C, 7T, F)

in A, such that (C,7T) is a complete cotorsion pair, and (7, F) is a torsion pair.

Additionally, we define a torsion cotorsion triple as a triple of full subcategories
(T,F,D), such that (7, F) is a torsion pair, and (F,D) is a complete cotorsion

pair.

Remark 3.33. We can observe that torsion and cotorsion is self-dual, in the sense
that if (X', )) is either torsion or cotorsion in A, then (Y°P, X°P) is either torsion or
cotorsion in A°. Therefore, a triple of subcategories (C, D, F) in A is a cotorsion
torsion triple if and only if the triple (F°P, D°P C°P) is a torsion cotorsion triple in

A°P.

As we saw in the previous section, the cotorsion and cotorsion-free parts of a
cotorsion pair are contravariantly and covariantly finite respectively. Let us now
show that in the presence of the functors of a torsion pairs, these properties extend

to the core of the cotorsion pair as well.
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Lemma 3.34. Let (C,T,F) be a cotorsion torsion triple, then C 0T s con-
travariantly finite. Analogously, if we have a torsion cotorsion triple (T, F,D),

then F N'D s covariantly finite.

Proof. We will only prove the first statement of the lemma, the proof of the second
statement follows similarly. Let A be any object in A. Let f: X — A, be any
morphism from C NT to A. By post-composition with A — fA we see that f
factors through tA < A by the kernel property since Hom4 (7, F) = 0.

0 s t A s A s £A > 0

From Lemma [2.30] we know that the last morphism of
0—dtA—ctA—tA—=0

is a right C-approximation of tA, thus f factors further through ctA. Since T
is extension-closed we have ctA € C N T, so we have obtained a right C N T-

approximation of A.

k ’....)4///3! lf
ctA — tA « s A s fA

g

Lemma 3.35. Let (C,D) be a complete cotorsion pair in an abelian category A.
Then D is closed under factors if and only if all objects in C have projective di-

menston at most one.

In particular, if (C,T,F) is a cotorsion torsion triple, then all objects in C have

projective dimension at most one.

Proof. We start by assuming that D is closed under factors. Let us consider a

2-extension of an object C'in C to any object A € A,

0sASELES O S0
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Using that (C, D) is a cotorsion pair, we find the exact sequence
0= FE—dF — ¢E — 0,

where the monomorphism E < dFE is of particular interest. By constructing
the push-out along this monomorphism and f: F — F, we find the following

commutative diagram with exact rows

f

\
7

0 » A —— F
|
dF

0 N LN

1

f/ /
N
7

FF—=-C s 0

From the diagram above, we can use the exactness of the bottom row to extract

the short exact sequence
0—=Im(f) = F —-C—=0

D is closed under factors, so in particular we have that the image of f': dE — F'
lies in D. Therefore we know that Ext!,(C,Im(f)) = 0, and in particular the short

exact sequence above splits. Therefore we can form the commutative diagram with

exact rows
0 y A" S F ! s F c 5 C y 0
| H
0 y A >c~1EM>Im(f)@C SRANYS > 0
[ o) @] H
00— A=—A4 —2 (0 ——=C—>0

which gives us that our original 2-extension is equivalent to the trivial 2-extension
from C' to A, and therefore also Exti\(C, —) = 0. That is, the projective dimension

of C' is at most one.

Now, assume that the projective dimension of C' it at most one, or equivalently
Ext}(C,—) = 0. Let
0—-A—D—B—0

52



3.3 Cotorsion Torsion Triples 3 TORSION, COTORSION AND TILTING

be any short exact sequence where D is an object of D, then by applying Hom 4(C, —)

we get the exact sequence
Ext4(C, D) — ExtY(C, B) — Ext%(C, A)

where the first and last component is zero by assumption, and thus Exti(C, B) =
0,i.e. B €C* =D. That is, D is closed under factors.

In conclusion, if (C, T, F) is a cotorsion torsion pair, we get that since (7, F) is a
torsion pair, T is closed under factors. Thus C has projective dimension at most

one. ]

Theorem 3.36. Let (C,T,F) be a cotorsion torsion triple in an abelian category

A. Then comg: A— C/K and £: A — F induce mutually inverse equivalences

inc F

™ A/ S /K
and .

C/K —L5 AJK — F
such that F ~ C/K

Proof. Recall that £ is left adjoint to the inclusion F < A, and c: A/K is right
adjoint to the inclusion C/K — A/K. Observe also that the functor £: A — F
satisfies £(7) = 0. Therefore by the universal property of quotient categories we
obtain a functor f£: A/K — F such that £ = f o 7x.

F <— A CcoTic

N

Denote the restriction C/K — A/IC % F, by f|c, and the restriction F — A <5

coTic

C/K by c|r. We want to show that f|¢ and c|r are quasi-inverses.
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Let us start with a morphism ¢: A — B in F, then by the same argument as in
the proof of [3.27, we find the commutative exact diagram

0 s dA s cA s A > 0
\Ld¢ \LC¢ l‘i’
0 » dB > cB > B > 0

where c¢ is uniquely determined in C/K. Now, by applying f we obtain the exact
commutative diagram
=0
N
0 > fdA » fcA » fA > 0

lquﬁ lf co lfqﬁ

0 s fdB > fcB s fB > 0
=0

and by using that f acts as identity on all objects of F, we conclude ﬂo clr = idr.

Now let, ¢: C'— C' be any morphism in C/K and let ¢: C — C' be a preimage of

¢ in C. This preimage gives rise to the following exact commutative diagram in A

0 > tC > C > £C > 0

el Lo

0 > £’ > O » " —— 0

with tC,tC" € T and £C,£fC" € F. Now, observe that ¢ is a lift of f¢, and we
know that the lift of £¢ is unique in C/KC, thus

¢ =comgof(¢)=clrofle(d)

giving c|r o f|¢ = ide/c. We conclude that

F~C/K

By the duality remarked earlier, we also obtain the dual result of this theorem.

Theorem 3.37. Let (T, F,D) be a torsion cotorsion triple in an abelian category
A. Thendomg: A— D/K and t: A — T induce mutually inverse equivalences
such that T ~D/K
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3.4 Tilting

Definition 3.38. Let A be an abelian category with enough projectives. An
additively closed full subcategory T of A, i.e. T = add(T), is a weak tilting
subcategory if

(i) it is self-orthogonal, i.e. Ext! (T}, Ty) = 0 for all T}, T, € T,

(ii) any object T' € T has projective dimension at most 1, that is, it appears in

a short exact sequence
0P —=-F—=T—=0
with P, projective in A, and
(iii) for any P projective in A, there is a short exact sequence
0—->P—->Ty—>T,—0
with T; € T.
A weak tilting subcategory T C A is tilting provided T is contravariantly finite in

A.

Example 3.39. Let A be an abelian category with enough projectives, then
Proj(A) is a tilting subcategory of A. s

Example 3.40. Let k be a field. We will work in the abelian category of mod(k)

valued representations of the quiver () with commutativity relations

0O — e — B~

WO — NO —
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We claim that T = add{Ty, Ty, T3, Ty, T5, Ts } C rep(Q, k) where

(

k—0 k—0 0—0 k—k k—k — 0
T 7 T 1 T T T T T T 0
T1:0~>07T2:k~>07T3:0%07T4:0*>07T5:k~>k7T6:0*>0
L+ 4 N ol 4 1 { 4 1 {
0—0 k—0 k—0 0—0 k —k k — k

is a weakly tilting subcategory of rep(Q, k). It is easily verified that T is self-
orthogonal. It is in fact sufficient to check that EXth(Ti, T;) =0for 1 <i,j <6.

We can observe that for

(i,7) € {(1,3),(3,1),(1,6),(6,1),(3,4), (4,3), (4,6), (6,4) },

T; and T} have non-zero components in non-adjacent positions, forcing
ExtY(T;, T;) = 0.
Note also that T is projective, thus

ExtYy (Ts, —) = 0.

We are left with checking Ext) (T, T;) = 0 for

(Z j) E{ (1’]‘>7<]‘72)7(174)’(175)7(27]‘)7<2’2)7(273)7(
’ (3,3),(3,5),(3,6),(4,1), (4,2), (4,4), (4,5), (

o N
[\

~—

—~
D N
w

~

—

=z
ot

~

—~

=z
D

~—

which by symmetry reduces to checking for

{(1,1),(1,2),(1,4),(1,5),(2,1),(2,2),(2,4),(2,5), (4, 1), (4,2), (4,4), (4,5)}.

We check explicitly for (1,2), the rest are left as an exercise. Consider therefore
the short exact sequence

01T, —FE—=>1T,—0

which reduces to the exact commutative diagram

0 > k y Fy > k > 0
0 —— k —— F, > 0 > 0
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3.4 Tilting 3 TORSION, COTORSION AND TILTING

which clearly splits.

Now, let us verify that all projective elements admit a coresolution of objects from
T. It will be shown in Remark that it is enough to verify the existence of
such coresolutions for a subclass of projective objects which additively generates
the rest. That is, it is enough to check the existence for the indecomposable

projectives.

We obtain the following coresolutions

0—-P —-T1T,—0
0P —>1T5—0
0—>PFP—>T—0
0O—=FP,—-T,—1T1 =0
0= P —>1T5—1,—0
0—>F—>1T—>1T—0

where the three first doubles as projective resolutions of T, Ty and Ts. To verify

that pdT < 1 we observe that we have the following projective resolutions

0O—=P—-P —-1T1—0
0—=>FP > P —T,—0
0=>F—>P—T3—0
0—-P —-T,—0
0P —>1T5—0
0—>P—>T—0

which by the same proceeding result as noted above, is enough to guarantee pd7T <
1forall T €T.
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3.4 Tilting 3 TORSION, COTORSION AND TILTING

Observe that the weakly tilting subcategory T = add{T}, Ts, T3, Ty, T5, Ts} admits

an object which additively generates the whole subcategory, i.e.

6
add <@ Ti> = T.
=1

This is an example of what we shortly will be calling a tilting object. s

3.4.1 Tilting Objects

When we are traditionally talking of tilting we are thinking of a module with trivial
extensions, projective dimension at most 1 and which additive closure admits a
coresolution for every projective object. Even though our definition seems to be less
limiting we will see that our notion of tilting and the traditional notion coincide
in particularly well-behaved categories. Examples of such include categories of

finitely generated modules over an artin ring.
Definition 3.41. Let A be an abelian category with enough projectives. An
object T € mod(A) is called a tilting object if
(i) Ext4(T,T) =0
(i) pd(T) <1
(iii) For each projective object P € Proj.A there exists a short exact sequence

0O—=P—->T —=T"—=0

where 7" and T" lie in add(T).

Proposition 3.42. Let A be an abelian category with enough projectives, such
that Proj(A) = add(P) for some projective object P € A. Then, if T is a tilting
subcategory of A, we can find a tilting object T € T such that T = add(T).
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Proof. We will prove that T = add(Ty & Ty) where Tj, T are objects of T such

that we have the short exact sequence
0—=P—=T1—1T5—0

Let us first prove that any projective object P’ € Proj(A) = add(P) admits a

short exact sequence
0P =T —-Ty,—0

where T7, T} € add(T) ® T»). By assumption we have for some projective object
@ € add(P) and positive integer n > 0, that P’ & @ = P", and therefore also a

short exact sequence
/ (fg) n m
0O=-PoQ —1T1"—=T1T—=0

We can now form the exact commutative diagram

0 0
T‘;n ﬂ"
(41)
(i5) .2 '

0 — PoQ —= T &1 —— Cok(f) & Cok(g) —— 0

e

(f9) "
0 — PPaQ > 17

2\

where the right column splits since ExtYy (T3, T%) = 0, thus both Cok(f) and
Cok(g) lie in add(T} & Ty). We extract the short exact sequence

0— P =T — Cok(f) =0

which is on the wanted form.

We will now show that any object T' € T of the tilting subcategory lies in add (T}
T,). We start by fixing a projective resolution of T,

O%ngplgT%O
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3.4 Tilting 3 TORSION, COTORSION AND TILTING

and for P; € Proj(.A) we find the short exact sequence
0—P 5T YT -0

with T/, T € add(Ty @ T5) for i = 1,2. These two sequences gives us the epimor-

phisms
HOmA(¢i> —)\Ti HOmA(T{, _)’T - HOmA(Ba —)|1r

since ExtY (T, —)|r = 0. Equivalently, ¢; is a left T-approximation of P;. We can

therefore construct the following commutative diagram

0 0

)
S
)
S

where the upper row and the two columns are exact. The dashed morphisms
exists because of the approximation property remarked above. Note that the
second row do not necessarily compose to zero, but that by commutativity we
have foeoc=boa = 0. Hence, the cokernel property of ¢ give rise to the dotted

morphisms.

To finish our proof it is enough to show that the sequence

(5) (2

0Ty —>T Ty ST/ ®T —0

is exact, since it then would split and give T € add(T} © TY) C add(Ty @ T»). We

split the proof of exactness into the three following lemmas. O
Lemma 3.43. (5,) is a monomorphism.
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3.4 Tilting 3 TORSION, COTORSION AND TILTING

Proof. Let K L T} be the kernel of (£, ). Specifically, we get that gok = 0 = eok,
and thus k factors through c¢. By commutivity of the diagram above we have now
that 0 = e o k factors through e o ¢ = d o a where d o a is mono, so k must further

factor through 0. Thus K = 0 and the map is mono.

PQ' 4 >P1

s
?
A A
.7 c d
: e

k
K —— T} < T

S

T —— Ty T,

g

To ease the complexity of the next two lemmas we will prove them by use of

elements and diagram chasing.
Lemma 3.44. (i 3,) s an eptmorphism
Proof. We fix some element (§) € T/ @ T. h is an epimorphism, so we find some

preimage z € T} of y along h. Also b is an epimorphism, so we can find a preimage
v € Py of f(z) — « along b. The element (")) lie in 7] & T4 and

(f j> (z— d(v)) _ (f(z) - f(d(v>)> _ (f(z) - f(2) +x> _ ()
h i 0 h(z) — h(d(v)) y—0 Y
We conclude that the morphism is in fact an epimorphism. U

Lemma 3.45. Im( %) = Ker (/7).

Proof. We observe at once that by commutivity we get
(“)(—eg) =(9)

giving us the inclusion C. For the converse inclusion, let us fix some element

() € Ker({7). We start by lifting y € T} along the epimorphism g to some
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3.4 Tilting 3 TORSION, COTORSION AND TILTING

element z € T;, thus obtaining

0=f(z) +j(y) = f(2) +3(9(2) = f(x + e(2))

0 =h(z) +i(y) = h(z) +i(g(2)) = h(z + e(2))
x + e(z) lie in the kernel of h, so in turn it lie in the image of d. Let therefore
v € P; be such that d(v) = = + e(2). Further, 0 = f(d(v)) = b(v) so v lie in the

kernel of b and therefore also in the image of a. Hence we find w € P, such that

a(w) = v. Observe that the object c¢(w) — z € Ty is such that

( e ) (e(w) — ) = ( e(c(w)) = e(2) ) _ <d<a<w>> - e<z>> _ ()
—g —g(c(w)) + 9(2) —0+9(2) y
This establishes the converse inclusion, which concludes the proof. U

Remark 3.46. In the definition of a tilting subcategory we can relax the require-
ments a bit. We will be using a similar argument as those presented in the start of
the proof of Proposition to show that we only need to show that (iii) holds
for the objects in a subcategory P C Proj.A which additively generates Proj.A, i.e.
addP = ProjA.

Observe that if we have @), P € P, with short exact sequences
0—=>Q—->Ty—T,—0

and

0—>P—T,—1T =0

such that 7;,7] € T, then T; @& T} lie in T. Thus we get our desired short exact
sequence

0=>PoQ—-TyaT,—-TiaT, =0,

and all direct sums of objects in P have a two-term T-coresolution. The same

holds true for summands, in fact, assume P ¢ () fits into the short exact sequence

0sPaQ Y21 S0
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3.4 Tilting 3 TORSION, COTORSION AND TILTING

with 7; € T. Then we have the commutative exact diagram

0 0

~ ~

To To

(49 \,(‘11) ¥

0 —— PoQ 25 Tyo Ty — Cok(f) ® Cok(g) —— 0
e

(f9) o

L

>T1

~
)

00— P

~ ~

0 0

Exti\(T 0,11) = 0, so we have that the short exact sequence in the right hand
column splits, and therefore we see that both Cok(f) and Cok(g) lies in T.

We can also observe that the second requirement (ii) only needs to be verified for

a subcategory T" C T which additively generates the rest.

Proposition 3.47. Let A be a noetherian abelian category with enough projectives
and assume that T is a weak tilting subcategory of A. Then T is automatically

contraviariantly finite, and therefore already tilting.

Proof. By the equivalent definition of contravariantly finite, we will show that for

any object X € A, the functor
Homy(—, X)|r: T°®* — Ab

is finitely generated. Let us start by showing that any object X € A has a unique
maximal subobject tX < X with the property that it is an epimorphic image
of an object in T. The existence of such maximal objects are guaranteed by A
being noetherian, thus we only need to check uniqueness. Suppose we have two
maximal subobjects Y7, Y5 of X such that there exist epimorphisms 7T; — Y; with
T; € T. The image of the induced morphism Y; & Y, — X contains both Y;

and Y5, and admits an epimorphism from an object in T by precomposition with
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3.4 Tilting 3 TORSION, COTORSION AND TILTING

T1®T, — Y, ®Y,. This contradicts the maximality of Y; and Y5, and we conclude

that there is a unique maximal subobject tX of X with the given properties.

Let f: T'— M be any morphism from an object X € T. This morphism factorizes
uniquely through the subobject Im(f) C M, and by the maximality of tM we can
observe that the inclusion Im(f) < M also factors uniquely through tM.

f

X > M
\ )/
Im

~

tM

(f

This factorization gives that Hom 4(—, M)|r = Hom4(—, tM)|r, since we have for
every X € T the natural bijections where f: X — M is sent to the composition
X - Im(f) = tM, and g: X — tM is sent to the composition X — tM — M.

The given maximal epimorphism 7T’ Lyt M gives us the short exact sequence
O—>Ker(¢)—>Ti>tM%O
which in turn gives rise to the exact sequence
Homy(—, T)|r 2 Homy(—, tM)|r — Ext!y(—, Ker(¢))|r — Exty(—, T)|r

of T-modules. The last term is zero by assumption, so this gives us a short exact

sequence
0 — Im(¢.) — Homy(—, M)|p — ExtYy(—, Ker(¢))|r — 0

where we have used that Hom4(—, M) = Homy(—,tM). Now, from the definition
we have the epimorphism Hom 4(—, T)|r — Im(¢.), or equivalently that Im(¢,) is
finitely generated as a T-module. Hence, by the Horseshoe lemma we only need
to check that Ext!;(—, Ker(¢))|r is finitely generated for Hom 4(—, tM )|t to be so

as well.

A has enough projectives, so we can find a short exact sequence K’ — P —» Ker(¢)

with P projective. This gives rise to a long exact sequence, from which we extract
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the exact sequence
Extl (-, P) — ExtY(—, Ker(¢)) — Ext%(—, K')

The last term of this sequence vanishes when restricting to T, since any weakly
tilted subcategory has projective dimension at most 1, giving an epimorphism

ExtY(—, P) — ExtY(—, Ker(¢)). We now construct the exact sequence
Hom(—, T") | — Extl(—, P)|r — ExtYy(—, T°)|r

by applying the left exact hom-functor to the coresolution P < T° — T of P
in T. T is self-orthogonal so the last term of this sequence vanishes, giving us an
epimorphism Hom4(—,T%)|y — ExtY(—, P)|r. Now, by postcomposing this with
the previous epimorphism we have that Ext!,(—, Ker(¢))|r is finitely generated,

finishing our proof. O

We can now conclude that the weakly tilting in Example [3.40| was in fact an

example of a tilting subcategory.

Lemma 3.48. Let T be a tilting object in an abelian category A with enough projec-
tives. The additively closed subcategory T = add(T") is a weak tilting subcategory.
If A is also noetherian, then T is tilting.

Proof. {T'} is a self-orthogonal subcategory of A, so by Lemma we get that
add(T') is also self-orthogonal. The last two conditions for being weakly tilting
follows from Remark [3.46] If A is further a noetherian category, then by Proposi-
tion we get that T = add(T") is contravariantly finite, thus tilting. O

Remark 3.49. We can now conclude that the notion of tilting subcategory pre-
sented here coincides with the traditional notion of tilting in the category of finitely

generated modules over an artinian ring.
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3.4.2 Properties of Tilting

In the classical setting, a tilting module 7', give rise to a torsion class 7 epimor-
phically generated by direct sums of 7', i.e. T = Fac{T'} [I, Lemma VI.2.3]. We
will now show that our notion of tilting subcategories recaptures this property. In
fact, we will see that for a tilting subcategory T, Fac(T) is not only a torsion class,
but also a cotorsion-free class of a complete cotorsion pair. That, is any tilting
subcategory give rise to a cotorsion torsion triple. Further, we establish that it is
in fact a correspondence between cotorsion torsion triples of an abelian category

and tilting subcategories.

Remark 3.50. The factor category FacT for a weakly tilting T C A consists of
all objects X € A such that there exist an epimorphism 7" — X from an object

T € T, since T is closed under finite direct sums and summands.

Lemma 3.51. Let T C A be a weakly tilting subcategory of an abelian category A
with enough projectives. Then FacT = T+1.

Proof. Assume X € FacT, or equivalently that we have a short exact sequence
0-K-—=>T—-X-=0

withT" € T. The subcategory T has projective dimension at most 1, so Exti‘(']l‘, K) =

0, thus we obtain the exact sequence
ExtYy(T, K) — ExtY(T,T) — ExtY(T, X) — 0

Now, recall that every weakly tilted subcategory is self-orthogonal, so Exth(']l‘, T)=

0 which forces the last term to also be zero. We therefore have
ExtY (T, FacT) = 0

or in other words FacT C T%'. To show the converse inclusion, let us assume

that we have Y € T that is Ext}(T,Y) = 0. A has enough projectives, so we
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pick an epimorphism P — Y from a projective object P € ProjA. From the third

property of a weakly tilting we can now construct the following push-out diagram

0 s P s T’ s T s 0
I
0 s Y s X s T" s 0

with 77, 7" € T. Observe that by construction we have X € FacT. Further, since

Y € T+, we have that the lower row splits, so we obtain an epimorphism
T - X —»Y
by composition, thus Y € FacT. O

Proposition 3.52. Let A be an abelian category with enough projectives. If T C A
18 a tilting subcategory, then
(Fac T, T™)

18 @ torsion pair.

Proof. Let X be any object of FacT, then we have an epimorphism 7" — X for
some T € T. Now, for any Y € T+ = {A € A | Homy(T,A) = 0}, we get a
monomorphism

0 — Hom(X,Y) = Homu(7,Y) =0

hence Y € (FacT)+, that is T+ C (FacT)t. The converse inclusion is easily seen

from the fact that T is a subcategory of FacT.

To finish the proof of our claim, we need to find a suitable short exact sequence
for any object A € A. We start by finding a right T-approximation ¢: T"— A for

A. This morphism gives us the short exact sequence
0 — Im(¢) = A — Cok(¢) — 0
with Im(¢) € Fac T, which in turn give rise to a long exact sequence
0 —— Homu(—, m(9))}y —— Hom(—, A)ly —— ---
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The first morphism of this sequence acts as a part of the factorization

Hom4(—,T)|r » Homy(—, A)|r

\ /
HomA(_v Im(¢))"ﬂ'

and must therefore be an epimorphism. Hence, the second morphism in the se-

quence factors through zero, and we get the monomorphism
0 —— Hom4(—, Cok(¢))|r —— Extl(—, Im(¢))|r
Now, by Lemma we have that Im(¢) € FacT = T, and consequently
Hom (=, Cok(¢))|r = 0

or equivalently Cok(¢) € T+. We conclude that (FacT,T+) is in fact a torsion
pair. U

Proposition 3.53. Let T be a weakly tilting in an abelian category A with enough
projectives. Then
(*'(FacT), FacT)

18 a complete cotorsion pair, and
L1 (FacT) = {X €' T | pdimX < 1}

Whenever T is also contravariantly finite, the intersection of the cotorsion and

cotorsion-free part is the whole of T, i.e.

L1 (FacT)NFacT =T

Proof. The first condition of cotorsion pairs stipulates that the pair has to be
right 1-orthogonal and left 1-orthogonal of each other. 1!(FacT) is already left

1-orthogonal of FacT, so we are left with showing that

(FacT)** = (**(FacT))*
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In the first part of the proof for Proposition it was shown that Ext}(—, X)|r =
0 for any X € FacT. That is T C +1(FacT), so we obtain the inclusion
T+ D (F(FacT))*
For any subcategory X C A we have X C (11 X)11, so in fact
FacT C (**(FacT))*™ C T+

Now again by Proposition we have the equality T+ = Fac T, and thus Fac T =
(£1(FacT))*.

We are now left with showing that the cotorsion pair is complete. A has enough
projectives, so by Salce’s lemma (Lemma it suffices to show that the pair
has enough injectives. Let therefore P — A be an epimorphism from a projective
to any object A in A, and Py — Ty, — 11 be a coresulution of P in T. We now

construct the push-out along P - A and P — Ty and obtain the commutative

diagram
0 y P » To > T > 0
I
0 y A » X > T > 0

X clearly lies in Fac T and T} lie in T C +1(FacT), so the lower row is our desired

short exact sequence. Thus (+1Fac T, Fac T) has enough injectives.

In order to show the equality
H1(FacT) = {X €™ T | pdimX < 1}

we start by observing that since T C FacT we have the inclusion “'Fac T C +'T.
In addition to being a cotorsion class, we have by Proposition that +1(FacT)
is a torsion class and therefore closed under factors. Now by Lemma [3.35], we know
that a cotorsion class which is closed under factors has projective dimension less

than or equal to 1, hence
L1 (FacT) C {X €' T | pdimX < 1}.
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For the other inclusion, let X € +'T have projective dimension at most one. Let
F be an object in Fac T and choose an epimorphism ¢: T" — F with T' € T. From

this epimorphism we get the exact sequence
Exty (X, T) — Extl (X, F) — Ext% (X, Ker(¢))

where the outer two terms vanish, thus forcing Ext!; (X, F) = 0. Hence X also lies

in 11(FacT) and therefore the other inclusion is established.

Assume now that T is contravariantly finite and let X € +*(FacT) N FacT. We
choose an epimorphism 77 — X for T' € T and use that T is contravariantly finite

to obtain a right T-approximation ¢: T — X

T
A
/// l@b
77— X
which is necessarily also an epimorphism. From the short exact sequence Ker(¢) —

T 3» X we obtain the exact sequence
Hom4(—,T) —— Homy(—, X) —— ExtYy(—, Ker(¢)) —— Extl(—,T)

where the first map must be an epimorphism since ¢ is a right T-approximation,
hence the second morphism factors through zero. In addition when restricting to
T, the last term vanish since T is self-orthogonal. Hence, by exactness we must
have Ext!(—, Ker(¢))|r = 0, or equivalently Ker(¢) € T+* = FacT. Now, since

X € 11(FacT), we observe that the short exact sequence

0— Ker(¢p) =T - X —0

splits, and thus Ker(¢) & X = T. Further, since T is closed under summands,
X must lie in T, and we have Y1(FacT) N FacT C T. As already noted T is
a subcategory of both FacT and **(FacT), so we have in fact the equality we
wanted. U

Proposition 3.54. Let A be an abelian category with enough projectives, and

(C,T,F) be a cotorsion torsion triple in A. Then CNT is a tilting subcategory of
A.
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Proof. We start by observing that we have the natural inclusion
Ext4(CNT,CNT)CExty(C,T)

where the last term is zero by (C,7T) being a cotorsion pair. Next, we have by
Lemma that every object in C has projective dimension at most one. Thus
all subcategories of C will also exhibit the same property. In particular the sub-

category C NT C C satisfies the second property of being weakly tilted in A.

Now, for the third condition for C N7 being weakly tilting, we let P € A be a
projective element, and
0—P—=dP —cP —0

be a short exact sequence as in the definition of (C,7") being a cotorsion pair, i.e.
dP € T and ¢P € C. T is closed under quotients, so ¢P also lies in 7. C contains
all the projective objects in A, and is closed under extensions, thus P € C and
therefore dP € C. We conclude that both dP and ¢P liein CNT and CN T is
weakly tilting.

Recall that for a cotorsion torsion triple (C, 7, F) it was shown in Lemma [3.34]
that CNT is contravariantly finite. We conclude that CN7T is a tilting subcategory.

4

We have seen that a tilting subcategory induces a cotorsion torsion triple and
conversely that a cotorsion torsion triple induces a tilting subcategory. These

constructions do in fact induce a correspondence as we will see shortly.

Theorem 3.55. Let A be an abelian category with enough projectives. Then the

two constructions

{tilting subcategories} «+ {cotorsion torsion triples}
T+ ({X € T | pdim < 1}, FacT, T+)
CNT «(C, T,F)

s a bijective correspondence.
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Proof. The map taking a cotorsion torsion triple to a tilting subcategory is given
in Proposition [3.54] and the converse map is given through Proposition and
Proposition [3.53] What is left to do is to show that these maps are inverses of
each other. If we start with a tilting subcategory, we have by Proposition [3.53
that T = 1*Fac TNFacT, i.e. the maps gives back the original tilting subcategory.

Conversely, if we start with a cotorsion torsion triple (C, 7, F) and construct the
tilting subcategory T = C N7, we want to recover (C,D, F). A cotorsion torsion
triple is uniquely given from one of it’s component, so it is enough to show that
T =Fac(CNT). T is closed under factors, since it is a torsion class, thus Fac(C N
T) C Fac(T) = T. For the inclusion 7 C Fac(C N T), construct the short exact
sequence

0—dl—cT'—T—0

with AT € T and c¢T € C for any T € T. T is closed under extensions, so
cT € CNT. That is, we have an epimorphism c¢T" — T from an object in CN T,
thus T' € Fac(C N T). Consequently 7 C Fac(C N D), concluding our proof. O

From this theorem and Theorem we get the following immediate corollary.

Corollary 3.56. Let T be a tilting subcategory in an abelian category A with
enough projectives. There is an equivalence
{X € T | pdim < 1}
T

~ Tt

3.5 Cotilting

We can observe that all the result concerning tilting has corresponding dual results
in abelian categories with enough injectives. This observation relies partly on the
fact that the concepts of torsion and cotorsion are self-dual. With this in mind we

define the dual of tilting, namely cotilting.

Definition 3.57. Let A be an abelian category with enough injectives. An addi-
tivel closed full subcategory C of A is a weak cotilting subcategory if
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(i) it is self-orthogonal,
(ii) any object C' € C has injective dimension at most 1, and
(iii) for any I injective in A there is a short exact sequence
0—-C,—>Cy—1—0

with Co, Cl € C.

A weak cotilting subcategory C C A is cotilting provided it is also covariantly
finite in A.

Proposition 3.58 (Dual of Proposition and Proposition [3.53)). Let A be
an abelian category with enough injectives. If C C A is weakly cotilting, then
SubC = 11C, (SubC)** = {X € C** | idimX < 1}, and

(SubC, (SubC)*)
1s a cotorsion pair. If C is in addition covariantly finite, then
(*C,SubC)

s a torsion pair and

(SubC)**NSubC =C

Theorem 3.59 (Dual of Theorem [3.55)). Let A be an abelian category with enough
imjectives. Then there is a bijective correspondence between cotilting subcategories

C of A and torsion cotorsion triples (T, F,D) in A, given by

Cr (*C,SubC,{X € C* | idimX < 1}
FNOD <« (T,F,D),

Corollary 3.60 (Dual of Corollary [3.56). In an abelian category A with enough

injectives, any cotilting subcategory C gives an equivalence

{(XeCh |idimX <1} |

C C
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4 Representations

We are now ready to study cotorsion and tilting in the abelian categories of quiver
representations valued over an abelian category A. We start by recalling a few
fundamental facts about quivers and fix some notation conventions. In Section [4.1]
we describe classical results of projective and injective representations through the
use of adjoints pair between the category of representations and the underlying
abelian category. Then in Section [4.2] we give a description of certain complete
cotorsion pairs of representation through their local behaviour in A, before we
explore how these pairs correspond to tilting and cotilting in Section and
Section 4.4l At the end of Section [1.4] we also give an application of the discovered

results to Multiparameter Persistence Modules.

Recall that a quiver is an oriented graph () consisting of a set of vertices )y and
a set of arrows ;. We will be denoting the initial vertex of an arrow « by i(«)

and the terminal vertex with ¢(«), that is, for the quiver

D

1 2 3
we have i(a) = 2 and t(a) = 1. A path of a quiver, will be a concatenation
of arrows such that their initial and terminal vertices correspond nicely, that is
P = Q1 ---aq is a path if i(a;) = t(a;—1). The length of a path is the number
of arrows it consists of. We will be denoting the set of paths starting in vertex
x and ending in vertex y by Q(z,y), the set of all non-trivial paths by Qs1(z,y),
and all arrows starting at = and ending in y by Q1(z,y). If we want to consider

all paths ending in z, we will denote that set by Q(*,z). We similarly define the
sets Q(z, %), @>1(%, 1), @>1(x, %), Q1(*,7) and Q1(z, *).

We can observe that any quiver () generate a small category where the objects are
the vertices and the morphisms are the paths. Hence, a classical quiver represen-
tation can be thought of as a functor from the quiver into the module category of
an algebra A. In this text we further generalize this and think of representations

as functors from the quiver-category into some abelian category .A. This is done
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so that we can utilize the inherent duality of A. One can observe that the oppo-
site category of a module category is not necessarily a module category, but the

opposite of an abelian category is always an abelian category. Hence,

Definition 4.1. A representation of a small category X (over A) is a covariant
functor

F:x— A

into an abelian category A.

We denote the category of all representations of a quiver (valued over A) by
Rep(Q,.A), and whenever A is a module category over an algebra A we denote it
by Rep(Q, A). Note that any quiver in the following will be assumed to be finite

and acyclic.

Remark 4.2. Recall that the opposite of a functor F': C — D is the functor
For: C°P? — D such that F°P(C') = F(C) for any object C' € C, and F°P(¢) =
F(¢)for any morphism ¢ € C. Thus, Rep(Q,.A)°" = Rep(Q°P, A°P).

Lemma 4.3. Let F': C — D be a functor, such that F°P: C°? — D°P has a left
adjoint G: D°? — C°P, then the functor G°®: D — C is a right adjoint of F.

Proof. The assumption gives us a natural isomorphism
Homeor (G—, —) -5 Hompo (—, F°P—)
Which is the same as having commutative squares with horizontal isomorphisms
Homeor (GD, C) —<2 Hompes (D, FPC)
lHomcop (GfoP,g°P) lHomDOP (fOP,F°PgOP)
Homeer (GD', C") <225 Hompos (D', FoPC")
for every morphism f°P: D' — D in D°? and ¢°?: C' — C" in C°P. Now, passing to
the opposite setting, this induces the commutative squares,
Hom¢(C, G D) " Homp(FC, D)
Home (97G°pf)T Homp (Fg,f)T
Hom¢(C, GP D) B Homqp(FC', D")
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with isomorphic horizontal morphisms, for each morphism f: D — D’ in D and

each morphism ¢: C' — C in C. Thus we have a natural isomorphism
HomCop(—, GOP_> (ﬂ HOm'Dop (F—, —)
and we see that G°P is an right adjoint to F'. O

Remark 4.4. To save space, we will find it useful to sometimes adopt the con-

vention of denoting the morphism sets of a category C by C(—, —) in the following,
that is for pairs of objects C, D € C we have C(C, D) = Hom¢(C, D)

4.1 Projective and Injective Representations

We would now like to describe how the projective and injective representations
look like in the category Rep(@,.A). In the special case where A = mod(A) for an
algebra A, we will rediscover the descriptions we are used to. The description relies
on constructing adjoint functors between A and Rep(Q, .A) and is a specialization

of the corresponding construction in [16].

We start by observing that for every vertex = € () there is an exact evaluation

functor

—z: Rep(X, A) - A

taking any representation F' € Rep(@Q, .A) to it’s evalutaion at z, and any morphism
¢ € Rep(Q, A)(F,G) to the morphism ¢,: Fx — Fy. In the other direction we

can define the following functor.

Definition 4.5. For every vertex x € () we have an exact functor
P,: A— Rep(Q, A)

sending an object A in A to the representation P,(A) given on each vertex y € @
by the zero object in A if Q(x,y) is empty and else by

Py = @ AV,

PEQ(,y)
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Here the superscript only acts as an identifier for which path the summand arises
from, that is AP = A.

The internal morphisms of the representation are given as follows. Let 1,: A®) —
P,(A)(y) be the canonical inclusion morphism into the direct sum in A, and note

that for every path ¢ € Q(y, z) and p € Q(z,y), there is a path ¢gp € Q(x, z). Now
Po(A)(q): Po(A)(y) = Pu(A)(2)

is the unique morphism in A making the following square commutative

AWP) A Alap)
\[Lp \[Lqp (3)
Po(A)(y) — 29, pA)(z)

Explicitly, P,(A)(y) maps the summand A® identically to AP).

Example 4.6. For the quiver

) > @ > @ > @
(1,3) (2,3) (3,3) (4,3)
) > @ > @ > @
(1,2) (2,2) (3,2) (4,2)
® > @ > @ > @
2,1 3,1

(1,1) (2,1) (3:1) (4,1)

we have that P ) is given by

0 y A y A2 —— A3
(1,3) (2,3) (3,3) (4,3)
0 S| sy A —— A
(1,2) (2,2) (3,2) (4,2)
0 s 0 » 0 —— 0
(1,1) (2,1) (3,1) (4,1)
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Proposition 4.7. P, is left adjoint to the evaluation functor —zx.

Proof. To prove the statement we construct natural isomorphisms
n
Rep(Q, A)(Pe(—), —) f A(=, —z)

in the following manner. Let A € A and F € Rep (@, .A). Define
NAF: Rep(QwA)(Px(A)? F) — 'A(Av FSC)

as
(b — (bw o Lidz

The other transformation
Ear: A(A, Fz) = Rep(Q, A)(P:(A), F)

is a bit more delicate. Let us fix a morphism ¢ € A(A, Fx). If there are no paths
from x to y in @, £(¢), is forced to be the zero map since P,(A)(y) = 0. When
there is at least one path p € Q(z,y), we set {(¢), as the unique morphism which

fits into the commutative square

A—Y 5 Fe

o "

£y
P(A)y) — Fy

for every path p € Q(z,y), whose existence and uniqueness follows from the uni-
versal property of coproducts. In order to see that £(¢)) is in fact a morphism of
representations, we now claim that for any path ¢ € Q(y, z), the following square

commutes

Po(A)(y) 29 p(A)(2)

ls(wy ls(wz
Fly) —%— F(2)

If there are no paths from x to y in @, then P,(A)(y) = 0, so in that case our claim
holds. Therefore we assume that there is at least one path p € Q(z,y). Now, for
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each of these morphisms, we have by using the defining Diagram and that

F(q) o &)y oty = F(g) o F(p) ot = Flqp)y = §(¥): 0 tgp = &(1)= 0 Pu(A)(q) 0 1

By the universal property of the coproduct P,(A)(y) we summize that

F(q) 0 &(v)y = £(¥)= o Pr(A)(q),

which proves our claim. Now we claim that the two given natural transformations

are in fact mutual inverse.

Let ¢» € A(A, Fx) be a morphism in A. We have n({(¢))) = £(¢), © tiq, and by
the defining Diagram , this is equal to F'(id,) o ¢ = idp, 0 ) = ¢. Thus, no¢
is the identity on A(A, Fz).

Now, let ¢ € Rep(Q,.A)(P.(A), F) be a morphism in Rep(Q,.A). If there are no
paths from z to y in @, then P,(A)(y) = 0 and we have necessarily that ¢, = 0
and £(n(¢)) = 0, so we can assume there is at least one path from = to y. We

will now utilize the universal property of coproducts once again to establish that

oy =&E((9))y. Let p € Q(z,y) be any path. We have that

§((9))y o1 = F(p) on(9)
by Diagram , and
F(p) on(¢) = F(p) © ¢z © tia,
from the definition of 7. Now, using that ¢ is a morphism in Rep(Q,.A) we get
F(p) o ¢m O lid, = ¢y o Px(A)(p) O lid,

Finally, using the defining property of P,(A)(p) in Diagram (3, we get

Py © P.(A)(p) o tig, = Gy oty

That is,

En())y oty =dyou
and by the universal property of coproducts we conclude that £(n(¢)), = ¢y, so
¢ on is the identity on Rep(Q,.A)(P,(A), F). Thus, £ and 7 is mutual inverses and

we have established the needed isomorphism. U
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We can now make use of the fact that Rep(Q,.A4)°* = Rep(Q°?, A°?) and Lemma
to find a right adjoint to —x as well. Let us therefore define the dual functor of
P,.

Definition 4.8. For every vertex x in ) we have an exact functor
I,: A— Rep(Q, A)

given by sending any object A in A to the representation I,(A) given on each
vertex y € () by the zero object if Q(y,x) is empty and else by

L(A)y) = @ AV

PEQ(y,)
where the superscript is an identifier for the otherwise identical summands. Let

Tyt I.(A)(y) — AP be the canonical projection morphism from the direct sum in

A.

The internal morphisms of the representation are dual to those of P,. That is, for
each path ¢ € Q(y, z) and p € Q(z, x), the related morphism 1,,(A)(q): L.(A)(y) —
I.(A)(2) takes the summand A%) identically to A®). Equivalently, I,(A)(q) is the

unique morphism making the following square commutative;

L(A)(y) — 2D 1 (4)(2)

[ [

Alap) A AP
Example 4.9. For the quiver of Example we have that I(52)(A) is given by

~

o B

~

(S
[\
~
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Proposition 4.10. I, is a right adjoint to the evaluation functor —x for every

verter r € Q).

Proof. The opposite functor —z°P is the evaluation functor from Rep(Q°P, A°P) =
Rep(Q, A)® to A°P, which we know has a left adjoint P,: A°® — Rep(Q,.A)".
By Lemma [4.3| we therefore know that P,°?: A — Rep(Q, .A) is a right adjoint to
—z: Rep(Q,.A) — A, which by the previous construction is equal to I,. 0

We will now see that with the adjoint functors of the evaluation map, we can send
projective or injective objects in A to projective or injective objects in Rep(Q,.A)
respectively. Under some further constraints we can in fact guarantee that if A

has enough projectives or injectives, then Rep(Q),.A) inherits the same property.

Lemma 4.11. If P € ProjA is a projective object in A, then P,(P) is projective
in Rep(Q, A) for every x € Qo. Dually, if I € InjA is injective in A, then I,(I)
is injective in Rep(Q,.A) for every x € Q

Proof. We prove the first claim, the second follows dually.

Each evaluation functor —z is exact, so by the left-adjunction P, we obtain that
for each projective object P in A, the hom-functor Homgepga)(Pe(P), —) =
Hom 4 (P, —x) is exact. Thus P,(P) is projective. O

Lemma 4.12. Let A have enough projectives. Then Rep(Q,.A) also has enough
projectives. Dually, let A have enough injectives. Then Rep(Q,.A) also has enough

mjectives.

Proof. Assume that A has enough projectives Proj 4 C A. The adjunction (P,, —z)
give rise to the counit transformation, €”: P,o—x — idgep(g,4), Which in turn gives
us a morphism €%: P,(Fz) — F for every x € (). We obtain by the universal prop-

erty a morphism from the coproduct @,cq, P:(F'x) to F, which we claim is an
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epimorphism.

@xGQO PI(FI>

It is enough to show that p, is epimorphic for every z € @)y, since cokernels are
computed component-wise. Thus, apply —x to the commutative triangle above.
Observe that p, is epimorphic if and only if —z(€e}.) is epimorphic. Recall that since
(P, —x) are adjoints with unit n* and counit €, we have that idg, = —z (%) ong,.
In other words, —x(€}.) is a split epimorphism with right inverse n%.,. We conclude

that our claim holds, i.e. p is epimorphic.

Now, for every x € )y, we obtain an epimorphism p*: P* — Fx with P* projective
in A. P, is exact, so we have in turn an epimorphism P,(P*) — P,(Fz) in
Rep(Q,.A). The coproduct @zer P.(P*) is also projective, since it is a small
coproduct of projectives, and coproducts preserves epimorphisms, so we have in

fact obtained an epimorphic composition from a projective object to F'.

P P.(P?) - @ Pu(Fz) L5 F

TE€Qo z€Qo

The dual assertions regarding enough injectives InjA C A, is proven by applying
the first part in the opposite category. U

Lemma 4.13. Let A have enough projectives. Then

ProjRep(Q, A) = add{P,(P) | © € Qy and P € ProjA}

Proof. As we have seen in Lemma m P,(P) is projective, so we must necessarily
have the inclusion ” O ”. For the other inclusion, we take some projective object
P’ € Rep(Q,.A), and observe that the epimorphism from Lemma splits,

P’
k’/// H
Dicq, Le(P7) P
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Thus, P is a summand of €D, P:(P*) and therefore lies in add{P,(P) | = €
Qo and P € ProjA}. We have both inclusions, so the sets must be equal. O

4.2 Cotorsion

A natural question to ask when considering cotorsion in categories of representa-
tions is what, if any, relation cotorsion pair of the underlying abelian category has
to those in the representation category. This has recently been studied by |[Holm
et al/in [I6]. They found that for left (right) rooted quivers Y| and an abelian cat-
egory A satisfying certain conditions, the representations inherit cotorsion pairs
from A. It was also shown that hereditary cotorsion pair{] of the underlying

category gave hereditary cotorsion pairs in the category of representations.

Holm et al.| also asked whether complete cotorsion pairs in the abelian category
induces complete cotorsion pairs in the category of representations over a (left)
right rooted category. |Odabasi answered this in the affirmative when the pair
in addition were hereditary [23]. Recently, in a preprint by [Di et al.| [LI], the

hereditary condition has been removed.

We will in this section reproduce this relation between cotorsion in representations
and the underlying category, in the special case when the quiver is finite and
acyclic. This allows us to greatly simplify the arguments, and relax the conditions
put on the underlying abelian category a bit. The proofs are constructive in nature
and not necessarily intuitive nor informative. The reader can therefore skip past

them without losing too much understanding of the story.

As in the previous subsection we let () denote a finite acyclic quiver.

—
3 A left rooted quiver, is a quiver which do not admit the left infinite linear quiver Ay, : - - - *—
e —easa subquiver.
4A cotorsion pair (C,D) is hereditary if Ext’y(C,D) = 0 for all i > 1.
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Definition 4.14. For each vertex x € (), we have the exact stalk functor
sz: A — Rep(Q,.A)

given by sending an object A € A to the representation s,(A) where

52(A)) ={ A Hy=a

0 else.

To each representation F' € Rep(Q),.A) we have for each evaluation F(x) two

morphisms in A that we will be using quite frequently in the following, namely
e I Fli@) = F)
OtEQl(*,-T)

and

MoF@ - [ Fem)
BEQ (%)

given as the unique morphisms fitting into the following diagrams

F(i(a)) Vo' € Q1 (*,x)

Fl) -5 T1 F@B) Y9 € Qilax)
BEQ1 (%)
m l”ﬁ'
F(t(5))
where ¢, are the canonical inclusion morphisms and 7g the canonical projection

morphisms. Note that since we are working over a finite acylic quiver, both the

product and coproduct in the preceding is nothing but direct sums.

Remark 4.15. A necessary, but not sufficient condition for v to be a monomor-

phism, is that all internal morphism of the representation F' € Rep(Q,.A) are
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monomorphisms. That it is not sufficient can be seen by representations of the

zig-zag quiver

Q: o > @ < °
1 2 3

valued over the category of finite dimensional k-vector spaces for a field k. The

representation

clearly has monomorphic structure morphisms, but
W=1)kaok—k
is not a monomorphism.
Lemma 4.16. v induces a functor c,: Rep(Q,A) — A given by F — Cok~l.

Similarly, I induces a functor k,: Rep(Q, A) — A given by KerAL.

Proof. Let ¢ € Rep(Q,.A)(F,G) be a morphism of representations, this gives a

unique morphism ¢ fitting into the commutative diagrams below

F(i(a)) i> I[I F(i(a) Vo' € Qq(*,x)

ate(*vm)
ld)i(a/)

Gli() —" 11 Gli(a))

OéEQl(*,ZC)

Now, we claim that ¢, : F(z) — G(x) fits into the following commutative diagram

F
I F(i(a)) == F(x) — Cokyf —— 0
ate(*,z)

| 5
G
I G(i(e) = G(x) — Cokyf —— 0
ate(*vx)

This can be seen by observing that for every arrow o/ € Q1(*,z) we have from
¢ € Rep(Q,A)(F,G) being a morphism of representations that ¢, o F(a/) =
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G(a') 0 iay- In addition, from the construction of 7. we know that (o) factors

a/ Oél .

for the inclusion (&, : G(i(a/)) — [acq, (vn) Gli(a)). Thus, we have

as vL oL, for the inclusion £, : F(i(a/)) — [Loco, () F(i()), and G() as G0l

¢r ol 0l = ¢, 0 F(a)) = G(d) 0 gitary =75 015 0 digary =75 0 goil

and by the universal propery of coproducts, we conclude that ¢, o ! =% o é as

we claimed.

[ Fli(a) s F) Vo € Q1 (%, 7)

a€Q1(*,x)
Nx
Mi(a’) ln’ l

I Gli(a) - G)

QGQI(*7$)

Now, we can see that by the cokernel property, there is a unique induced morphism

Coky!" — Coky¢ making the diagram below commutative

F
I F(i(e)) = F(z) — Cokyf —— 0
a€Q1(*,z) |

N

G
I G(i(e)) == G(z) — Cokyf —— 0
ate(*vx)

Observe that idp € Rep(Q, A)(F, F) gets sent to idcoxyr. Associativity is straight-
forward, albeit a bit tedious to verify, and is therefore omitted here. We conclude
that ¢,: Rep(Q,A) — A is a functor. The claim of k, being a functor is proven
similarly. ]
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Remark 4.17. Observe that if we let ¢,: Rep(Q, A) — A and k,: Rep(Q, A)”" —
A°P we have that ¢,°°? = k,. Thus, k, being a functor follows from ¢, being a

functor.

Proposition 4.18. Let x € QQ be any vertex in a finite, acyclic quiver.

(i) ¢, is left adjoint to the stalk functor s,.

(i) ky is right adjoint to the stalk functor s,.

Proof. Here we will only be proving (i), as (ii) follows directly from (i) in light of
Lemma [.3] and Remark .17

We start by constructing a natural map

NrA: A(Cz(F)7A) — Rep(QaA)(Fa Sx(A))

We have that s,(A)(y) = 0 whenever y # z, so for every ¢ € A(c,(F), A) we must
necessarily have ng 4(¢), = 0 in these cases. When y = x, we set npa(¢), = poe

where e: F(z) — Coky! is the cokernel morphism

[ Fli(@) 2 Fz) S Coky!

a€Q1(x,x)

We have s,(A)(y) # 0 and npa(¢), # 0 only when y = z, so we are left with
verifying that ng 4(¢) o F(a) = 0 for every arrow o € @Q1(*, z), in order to see that
nr.a(¢) is a morphism of representations. Observe therefore that F(«) factors
through v by construction, thus ng a(¢) o F(a) = ¢oeo F(a) = 0.

Now, let us construct a natural map in the opposite direction
Erat Rep(Q, A)(F s,(A4)) = Alci(F), A)

Let ¢ € Rep(Q, A)(F, s,(A)) be any morphism. We do have that ;) 0 F'(a) = 0
for any arrow o € Q). Specifically we have 0 = 1, o F(a/) = 1, oy} 01, for
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every o € Qo(*,x). Thus, we get that 1, o vL = 0 and therefore by the cokernel
property, there exists a unique morphism &g 4(1) such that ¢, = {pa(1)) oe. Let
¢ be defined to send any ¢ € Rep(Q,.A) to these unique morphisms.

F(i(a)) Vo' € Qi(*,x)

F(a/)
F

«
[I F(i(a)) == F(z) —~— Cokyf ——— 0
a€Q1(*,x) !
X‘ ifF,A(w)

It is clear that & and 7 are mutual inverses, so we have established the natural
isomorphism

Rep(Q, A) (F, sz(A)) = A(CI(F)’ A)

which means that (c,, s;) is an adjoint pair. O

We will now see that the adjoint pairs obtained for the representation category
extends to Ext!, which will be essential in our proceeding proofs of cotorsion.
The fact that (P,, —z) and (—, I,), extends to Ext' follows easily from the fol-
lowing technical proof, which is proven in the appendix. The recently seen ad-
joint pairs (c,,s,) and (s,, k;), extends to Ext' for a subclass of representations
F € Rep(Q,.A) and needs a bit more careful argumentation than the two first

pairs.

Lemma 4.19. Let F: A — B and G: B — A be functors between abelian cate-
gories such that F is a left adjoint of G. If for objects A € A and B € B we have
that

(i) the functor F sends every short exact sequence
0—-+GB—=Y —+A—=0
to an exact sequence

0—-FGB - FY - FA—0
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(i1) and, the functor G sends every exact sequence
0=-B—=X—=FA—=0
to an exact sequence
0—-GB—-GX —-GFA—0

then there is an isomorphism of abelian groups YExt5z(GA, B) = YExtY (A, FB).

Proof. Proof in appendix (Lemma [A.2]) O

Proposition 4.20. Let x be any vertex in QQy. For all objects A € A and repre-
sentations F' € Rep(Q,.A) we have that

Extlgep@ 4)(Po(A), F) = Extl (A, Fx)

and
Extlgep@ ) (F 1(A)) = ExtYy (Fx, A)

That is, the adjunctions (P, —x) and (—z,1,) extends to Ext.

Proof. —x, P, and I, are exact functors, so the result follows from Lemma[d.19] O

Proposition 4.21 (Proposition 3.10 in [23], Proposition 5.4 in [16]). Let x be any
vertex in Qo, F' € Rep(Q,.A) any representation and A € A any object.

(i) There is an injective homomorphism of abelian groups
Extly (co(F), A) < Extpey g (F) 52(A))
If v¥ is a monomorphism, then the homomorphism is an isomorphism.
(ii) There is an injective homomorphism of abelian groups
Exty (A, ko(F)) < Extpey o (s2(A), F)
If ¥ is an epimorphism, then the homomorphism is an isomorphism.
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Proof. We show (i), (i) is dual. Let E be a representative of an element in
YEXt}‘l(Cl‘(F)?A)v
E:0> AL ES e (F)=0

We form the following commutative diagram with exact rows and columns by

taking the pullback of g and the cokernel of

0 0
A A
f
I Fli(a) —— F —“— E > 0
a€Q1(*,z) N
H ' g

[ Fli(a)) = F(z) — cx(lv) — 0

Now, let G € Rep(Q, .A) be a representation given on each vertex y € Qy by

% ify=ux
Cly) = { F(y) else.

And for an arrow « € Q1(z,y), we let G(a): G(z) — G(y) be given by

Case 1: If z # z and y # x, then G(a) = F(«).

Case 2: If z # x and y = z, then G(«) = hot, where ¢, is the inclusion corresponding

to the arrow «, into the coproduct.

Case 3: If z =z and y # x, then G(a) = F(a) o ¢g'.

Now, we observe that the representation G € Rep(Q,.A) fits into a short exact

sequence of representations,
G:O%sm(A)LGgF%O
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where the morphisms are given by

z [oify=ua . q ify==x
fy: Gy =

0 else. idp)  else.

Clearly, the assignment of E € YExt!(c,(F), A) to G € YExt%{ep(QA)(F, sz(A)) is
well-defined. For X,Y € ExtYy(4, B) and f € Homu(B, B'), we have

X+Y)-f=(1)-XaY-(3)f=(1)- X-f)@(Y-f)-(1)
so our construction gives in fact a group homomorphism. Now for the injectivity,

let us assume that G splits, so we have a morphism ¢: G — s,(A) such that

pof=ids(a

f ~
G: 0—>sI(A)?G 'S F > 0

If there are no arrows a € )1 which terminates in x € g, then ¢’: £’ — FE is the

identity, and thus f = f’ = f, is a split monomorphism, and E is split. If there
is at least one arrow which terminates in x € )y, we have for every such arrow
a € Q1(*,x), that ¢, o h o, = ¢, o G(a) = 0, and consequently that ¢, o h = 0.
Now, ¢’: E/ — E is the cokernel of h, so ¢, must factor through €', i.e. there exist

some morphism ¢ : F — A, such that ¢, = ¢ oe’. Now,

idy=¢o0f =tpoeof =1of

so E is split. Thus, the constructed homomorphism is injective.

We now assume that F' € Rep(Q,.A) is such that v is a monomorphism, and

claim that this makes the homomorphism surjective. Let
H: 05 s,(A) S HSF—0

be a short exact sequence in Rep(Q,.A). This sequence induces the following

commutative diagram with exact rows in A,

0—— TI @) — Il H(i(a)) — Il F(i(a)) —0

OtEQl(*,-T) ate(*vﬁ) ate(*7x)
Jze | [
0 — 5 su(A)(x) . H(z) s Flz) —— 0
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We have by assumption that Kery! = 0, so by the snake lemma we obtain the

short exact sequence
0 — Coky**@ L Coky? £ Coky? — 0

@ is acyclic, so necessarily [[,co, (n) S2(A)(i(@) = [lacg,um0 = 0. Thus
Cok’y}?m) >~ A, and we have gotten an element in YExtY(c,(F), A). Further,
Hacem H(i(@)) = Taeqy(nn F(i(@)), so we get the commutative diagram with

exact rows and columns

H ’
0—— JI H(i(a)) — H(z) —— Cokyl —— 0
ate(*vx)

~ g
P ~+ v

0—— JI F(i(a)) == F(z) — Coky! —— 0
ate(*,x)

Observe that since Ker(e’) — Ker(e) is an isomorphism and Cok(e’) — Cok(e) is
an isomorphism, that H(x) is the pullback of f and e. We have therefore found
a preimage for H € YExtllgtep(QvA)(F, s:(A)) in YExtY(c,(F),A), and conclude

therefore that the homomorphism is in fact an isomorphism. U

As we observed, the adjuncts of the stalk functor extends to Ext! for representa-
tions F' € Rep(Q, .A) such that 4" is monomorphic or ! is epimorphic. Hence, we
would like to have some kind of condition on F' for these induced morphism to be
exactly that. The following constructive remark and the subsequent Proposition

gives us such a condition.

Remark 4.22. Let F' € Rep(Q, A) be a representation and { fa}aco, (+2) be any
set of morphisms f,: F(i(a)) — Ain A. There is a representation G € Rep(Q,.A)
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fitting into a short exact sequence
05, (4) BG5S F—=0

given on objects as

|} F(y) if y #x
G(y)—{ Fz)e A ify=z

Proof. Let G € Rep(Q, .A) be given on objects as described. If 5 € Q1(z,y) is an
arrow in @), we define the corresponding morphism G(3): G(z) — G(y) as

Case 1: If 2 # x and y # «,
Case 2: If 2 # x and y = «x,

Case 3: If z=x and y # =,

Now, G fits into the short exact sequence
0—s5,(A) BG5S F—=0

where

mz:{@&,) itz=u ez:{@w) itz =2

0 else. idp, else.
In order to verify that m and e is in fact morphisms of representations, we check

whether the diagram
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commutes for every arrow f: z — y in Q. If 2z = x we get G(S) o m, =
(F®) 0)(15) A) = 0 = my 00, so the left-hand square is commutative for every
arrow [ € Q1(z,y). Let us now go through the right-hand side for each of the

cases given above.

Case 1:
ey 0 G(B) =idpy o F(8) = F(B) oidp, = F(B) oe.
Case 2:
e 0 G(B) = (idra o)(F;§>) — idp, 0 F(8) = F(8) oidp, = F(2) o e,
Case 3:

¢, 0 G(B) = idp, o (3 0) = F(B) o (idr. 0) = F() o,

g

Proposition 4.23 (|16, Prop. 5.6 |). Let x € Qo be any vertex, and F €
Rep(Q,A) and A € A any objects. Then

(i) [fExt%{ep(QA)(F, s:(A)) =0, then Hom4 (v, A) is an epimorphism. Further,
if A has enough injectives and Extll%ep(QA)(F, s:(I)) = 0 for every injective

object I € InjA, then vf is a monomorphism.

(ii) If Ext%{ep(QvA)(sx(A),F) = 0, then Hom(A,\L) is an epimorphism. Fur-
ther, if A has enough projectives and Ext%{ep(QA)(sx(P),F) = 0 for every
projective object P € ProjA, then \I' is an epimorphism.

Proof. (i): Hom(yr, A) is an epimorphism if and only if for every morphism
[ Hacquem F(i(a)) = Ain A, there exists a morphism g: F'(x) — A such that

the following triangle commutes

aconem Fli(a)) = F(a)

-

p
p
p
p
-
P
f P
~""g
.

-
A
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By precomoposing f with the canonical injections to: F'(i()) = [1c, ) F(E()),
we obtain a collection of morphisms {f © t }acq(«z) as in the construction of Re-

mark [4.22, Thus we get the short exact sequence
0—5,(4) 5G5S F—0

Now, by the hypothesis, Extﬁep(Q 4)(F, 8:(A)) = 0, so the sequence splits, and we
obtain a right-inverse r: F' — G to e. For any vertex y € Qo not equal to x, we

have e, = idp,, so necessarily r, = idp,. For the vertex x, » must be on the form
ry = (; ): F(z) = G(z) = F(z) ® A
(1)

. . . . 1
7, is a right-inverse of e, so idp, = €, 07, = (idr. 0) ( i > = rgc ). For every arrow
Tz

BNE -

a € Qi(x, ) terminating in x, we have a commutative diagram, from r being a

morphism of representations,

zja)) e s (1(
F(z) i? G(z)

which gives us that 1" o F(a) = f 01,. By definition we have that v¥ 0o = F(a)

e 2
for every arrow « terminating in z, thus r? o vE 01y = f o, for every such

arrow. This forces ri o 7vE = f by the universal property of the coproduct, and

by setting g = 72 we have obtained the wanted morphism, and we can conclude

(x)EBA

that Hom4(v%, A) is an epimorphism.

If A has enough injectives InjA C A, then we can find a monomorphism

fo Il Fl(a) =TI

QGQI(*,I)

into an injective object I € InjA. If also EXt%{ep(Q,_A) (vE, =)|mjua = 0, then the
discussion above gives that we have a morphism g: F(z) — I, such that f = gory!’,

thus forcing v to also be a monomorphism.

(ii) follows similarly. O
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Definition 4.24. Let C C A be a full subcategory of A. Let

Rep(Q,C) ={F € Rep(Q, A) | F(z) eCV x € Qp}
P.(C) ={P,(C) |z € Qy, CeC}
L(C) ={1.(C) | x € Qy, C €C}
['(C) = {F € Rep(Q, A) | v/ is monic and Coky? € CV x € Qo}
AC) ={F € Rep(Q, A) | )\f is epic and Ker)\f eCVaxeQo}

Proposition 4.25 ( [16, Prop. 7.3|). Let B C A be any class of objects in A, then

(i) P.(B)** = Rep(Q,B").

(ii) “11.(B) = Rep(Q,"" B).

(iii) if A has enough injectives such that InjA C B we have *1s,(B) = T'(+1B).
(iv) if A has enough projectives such that ProjA C B we have s,(B)** = A(B*).
Proof. Similarly to the preceding proofs, we will only prove (i) and (iii). (ii) and
(iv) follows by analogous arguments, or by passing to the opposite setting. To

prove (i) we recall from Proposition that for any vertex x € g, object A € A
and representation F' € Rep(Q,.A) we have

Extpo, .4 (Pr(A), F) = Ext (A, Fx)
That is, if B € B and Fa € Rep(Q, B1!) we have
Extpo, .4 (P(B), F) = Extl (B, Fz) = 0
Thus P,(B)** D Rep(Q, B'). The converse inclusion is shown similarly.

(iii) In Proposition we saw that for any vertex x € @)y, any representation
F € Rep(Q, . A) and A € A we have the inclusion

ExtY(c,(F), A) < Extlgep@ ) (F,5:(A))
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which is an isomorphism if v is a monomorphism. If F' € I'(**B) and B € B we

have for each = € Qg
0 = Extly(cs(F), B) 2 Extge, .4 (F) 52(B))

since ¢, (F) = Cokyl" €tt B, consequently *1s,(B) D I'(11B). If F el s,(B),
then for each z € Yy and B € B we have

EXt%{ep(Q,A)(Fﬂ 8£B<B>> =0

We also have that InjA C B, so v is a monomorphism by Proposition m

Therefore we have
Extly(cz(F), B) = Extgg, o) (F, s:(B)) = 0
so ¢;(F) €'t B, thus we conclude that F' € I'(*'B) and s.(B) C I'(*'B).

U

In the next proof we will be using a filtration of the set of vertices in our fi-
nite acyclic quiver. This filtration coincide with what Holm et al.| call transfinite

sequence in Section 2.5 of [16], for a general (possibly infinite) quiver.

Remark 4.26. The filtration of our quivers will be the set of subsets {Qo (i) C Qo}
given by

Qo(0) =2
Qo(1) ={z € Qo | Q1(*,x) = @, ie. z isinitial}

Qo(1) = {x € Qo | There is no arrow a € Q1(z,z) s.t. 2 € Qo \ Qo(i — 1)}

We will denote the filtration by {Qo(i) }o<i<k, where k € N is the smallest positive
integer such that Qy(k) = Qp. This integer exist since ) is assumed finite acyclic.

To familiarize us with the concept, let us look at a few examples.
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Example 4.27. Let () be the quiver

!

—@® — WO — U@
Lol
N — SO0 — OO

The filtration {Qo(7) }o<i<a of @ is given by

o ) o ) o0 o ) o0 ® >0 o e
5 6 5 6 5 6 5 6 5 6
o 3o o 3o o 3o o e o >e
3 4 3 4 3 4 3 4 3 4
S o 3o o e o« e o >e
1 2 1 2 1 2 1 2 1 2
Qo(0) Qo(1) Qo(2) Qo(3) Qo(4)
&
Example 4.28. Let ) be the quiver

T8

1/ 1

@ <— O

2 3

v/

[ ]

1

The filtration {Qo(7) }o<i<a of @ is given by

©) (] o o] (] @) o @) [ ] [
TR TR 6 45 445 445
0o oo o< e o o o o
2 43 2 .3 2 3 2 43 2 43
o o o o .
1 1 1
Qo(0) Qo(1) Qo(2) Qo(3) Qo(4) a
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Proposition 4.29 (|16, Thm. 7.4 & 7.9]). Let (C,D) be a cotorsion pair in an

abelian category A.

(i) If A has enough injectives, then
(I'(C), Rep(@, D))
is a cotorsion pair generated by P.(C) and cogenerated by s.(D).
(i) If A has enough projectives, then
(Rep(Q,C), A(D))

is a cotorsion pair cogenerated by I.(D) and generated by s.(C).

Proof. (i): Proposition tells ut that
P.(C)"" = Rep(Q,C*') = Rep(Q, D)

and
s, (D) =T(H'D) =T(C)

so we must show that Rep(Q, D) = I'(C)*'. Let C' € C and D € D be any objects,

then for every pair of vertices x,y € )y, we have
Extpep(g.4) (Pe(C), 5y(D)) = Extyy(C, s,(D)(x))
since (P, —x) is an adjoint pair. Further

Ext4(C,D)=0 ify=x

Ext4(C, 5y(D) () = { Exty(C,0)=0 ify#u
XU g y - 1
Thus P,(C) C** s,(D) and

Rep(Q,D) = P.(C)" 2 (T'su(D))™ =T(C)™

In order to prove the converse inclusion, let {Qo(i)}o<i<x be a filtration of the

vertices in (). Now, let F' € Rep(Q, D). We construct a chain of subrepresentations
Fp S RS S Fy=F
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in the following way. F; is given by

0 else.

Fi(a) :{ F(z) ifz € Qi)

on objects and for any arrow a: x — y by

Fi(a) = { F(a) if both x,y € Qo(1)

0 else.

We clearly have monomorphisms m;: F;_1 — Fj, so we have obtained our chain of

subrepresentations. Observe that

F(z) ifze@Qo(i)\Qoli—1)

0 else.

Cok(m;)(z) = {

Let a: © — y be any arrow in Q1. If 2 is in Qo(7)\ Qo(i—1) we necessarily have that
y € Qo \ Qo(i), so Fi(y) = 0 and thus Cok(m;)(a) = 0. If y is in Qp(7) \ Qo — 1)
then x € Qo(i — 1), so Cok(m;)(z) = 0 and thus also Cok(m;)(a) = 0. Therefore
we have

Cok(mi) = @  s.(F(x)),

2€Q0()\Qo(i—1)

and since F lies in Rep(Q, D), we have s,(F(z)) € s.(D) C (+15,(D))* =T'(C)H
further since I'(D)~ is closed under products we also have that Cok(m;) € I'(D)*1.
We claim now that every representation F; for 0 < i < k lies in I'(D)*1. Obviously
Fy =0 € T(D)*, so we assume that F;_; € ['(D)!!, so we obtain the short exact
sequence

0— F_i ™% F; — Cok(m;) = 0

and since I'(D)1' is closed under extensions, and Cok(m;), F;_; € I'(D)*' we

conclude that F; € T'(D)*! for every 0 <i < k. Thus

Rep(Q,D) C I'(C)™
(ii): Dual proof. 0
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We can describe the subcategories I'(C) and A(D) even more explicit, as shown in

the following lemma.

Lemma 4.30 ([16, Proposition 7.2|). Let (C,D) be a cotorsion pair in an abelian
category A, and Q) be a finite acyclic quiver. Then

e if ' is a representation in I'(C), then F, € C for every vertex x € gy, and

e if F'is a representation in A(D), then F, € D for every vertex x € Q.

Proof. The statements are proven in a dually manner, so it is sufficient to prove
the first statement. Let {Qo(7)}o<i<x be the filtration given in Remark We
observe that for every vertex x € Qo(1) the claim is trivially true, thus let us
assume that it has been shown for every filtration step i < n. Let z € Qg(n), then

we obtain the short exact sequence

F
0= @ F, = F, — Cok(y)) =0

a€Q1(y,x)

where the first term is a direct sum of objects in C, and therefore also an object of
C. Fx is therefore trapped between two objects of C, and since C is closed under

extension it is also in C. O

As an easy corollary to the preceding theorem we get the following characterization
of projective and injective representation when working over an abelian category

having enough injectives and projectives.

Corollary 4.31. Let A be an abelian category with enough projectives and injec-
tives, and Q a finite acyclic quiver. Then the set of projective objects in Rep(Q, .A)

18 grven as
ProjRep(Q, A) = {F € Rep(Q, A) | vF is split mono and F, € ProjA Y z € Qu}
and the set of injective objects in Rep(Q,.A) is given as

InjRep(Q, A) = {F € Rep(Q, A) | X' is split epi and F, € InjAY x € Qo}
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Proof. We prove the claim for the projectives, the claim regarding injectives is
completely dual. In A we have the trivial cotorsion pair (4, Proj.A) which induces
the cotorsion pair (I'(ProjA), Rep(@,.A)) since A has enough injectives. Thus,
since a cotorsion pair is completely described from either part of it, we see that
the cotorsion pair (I'(Proj.A), Rep(@,.A)) is nothing but the trivial cotorsion pair
(Rep(@Q, A), ProjA) of Rep(Q, .A). Observing further that the short exact sequence

F
0 @ F, = F, —Cokyl -0 F,
a€Q1(y,v)

splits for every F' € I'(Proj.A) gives that

7 is split d
ProjRep(Q, A) = I'(ProjA) = {F € Rep(Q, A) ‘ 7, is split mono an }

F, € ProjA Vv z € Qg
O

4.2.1 Completeness

In order to show that the induced cotorsion pairs are complete, we recall that by
Salce’s Lemma (Lemma we only need to show that ((I'(C), Rep(Q, D)) has
enough projectives. The proof is a specialization of the constructions used in [23]
and [IT]. By passing to the finite case, we are able to omit some of the more

lengthy and formal arguments.

Theorem 4.32 (|23, Thm. 4.6]). Adopting the setup of Proposition[{.29, we have

that the induced cotorsion pairs are complete when (C,D) is complete.

Proof. We will show the claim for the cotorsion pair (I'(C), Rep(Q,D)) in an

abelian category with enough injectives. The other claim is shown dually.

As already noted, it suffices to show that the cotorsion pair has enough projectives.
Let F' € Rep(Q,.A) be any representation. We will be constructing a short exact
sequence

0=D—=C—=F—=0
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with C € I'(C) and D € Rep(Q, D). First, observe that since (C,D) is a complete

cotorsion pair in A, we can construct short exact sequences
0= D'(z) > C'(x) = F(z) =0

for every vertex x € Qo such that D'(x) € D and C'(z) € C. For every arrow

a: xr — y in Qg we can finish the commutative diagram

as we observed in the proof of Lemma [3.27, Thus we have a short exact sequence
0D —-C"—-F—=0

of representations, such that D’ € Rep(Q, D) and C’ € Rep(Q,C). Now, C’ is not
necessarily in I'(C), so we have to somehow remedy this. We will be doing this
iteratively by means of the filtration, {Qo(7)}o<i<k, of Qo given in Remark [4.26]

For each 0 <7 < k we will be constructing a short exact sequence

(@) e(9)

Ci):0—-D; =5 C =5 F—0

in Rep(Q,.A) such that

(i) for every vertex z € Qo \ Qo(7), Ci(x) = C’'(x) and D;(z) = D'(x).

(ii) for every vertex z € Qqy(i), 7<i is mono, Ci(x), Cok(7$7) € C and D;(x) € D.

We start by setting C; = C” and Dy = D’. Assume that we have constructed C(7)

for every i < n, then we construct C(n) as follows.

For any vertex € Qy(n) \ Qo(n — 1) we have that if there is an arrow a: z — z €
@1, then z € Qg(n—1) and thus C,,_1(z) € C, sospecifically [ [,cq, .0y Cn-1(i(a)) €

C. By using the completeness of (C, D), we now obtain a short exact sequence

a’€Q1(*,x)
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with Y,¥ € C and X! € CND. A precomposition with the canonical inclusion
ta: Cpo1(i(@) = [Hueq, (s0) Cr—1(i(a)), gives us a monomorphism

frote: Cosa(i(a)) = J[  Cuili(e)) = X3
o’ €Q1(*,x)

for each arrow a € Q;(*,z). Since z € Qp(n) \ Qo(n —1) C Qo \ Qo(n — 1), we

also get

Crn1(@): Coa(i(@)) = Cra(z) = C'(x)

for these arrows. Hence, we obtain the morphism

() I Gailite) = C'@) @ X

o’ €Q1(*,x)

which in fact is a monomorphism since f is a monomorphism.

Now, we define C,, and D,, in the following way. For vertices x € )y let

Cp1(7) if £ € Qo(n) \ Qo(n — 1)
C'(z) ® XF  else.

Cn(x) =

and

Dy (x) = D, () if # & Qo(n) \ Qo(n —1)

D'(z)® XF else.

For arrows a: * — y € Q1 we define C),(«) and D,,(«) as follows

o If y e Qo(n)\ Qo(n—1), then z € Qp(n —1). In that case we set C,, () and
D, (a) as

and
(fzoi’fa?ﬁ((ﬁl)y )
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o If z € Qy(n)\ Qo(n—1), then y € Qo \ Qo(n). We set C,,(a) and D, («) as

the compositions

Colx) = C'(2) & XT 2% C'(2) L9 C'(y) = Culy)
Dy(x) = D'(x) & X7 22 D' () 2% D'(y) = Do(y)

where pc and pp are the canonical projections.

e If neither  nor y lies in Qo(n) \ Qo(n — 1), then we set Cy(a) = Cp—1()
and D,,(a) = D,,—1(«).

Observe that since X7 € C N D for every vertex x € Qp(n) \ Qo(n — 1), we get
that D'(x) ® X € D and C'(x) ® X € C. Thus D, (x) € D and C,(z) € C for all
r € Qp. We can also observe that for x € Qy(n) \ Qo(n — 1), 7S is equal to

(7%51>: [I Gali@)) = @) ex;
! a’€Q1(*,x)

thus we are only left with showing Cok(y$") € C to see that C,, and D,, are of the
wanted form. Therefore, consider the following commutative diagram with exact

rows and columns

0— I Cuaifa) =5 /() ® Xz —» Cok(30") — 0
a€Q1(*,z)

OéEQl(*,CE)

where the dashed morphism exist because of the cokernel property. By the snake
lemma, we also get that the cokernel of this morphism coincide with C’(z), thus

we have the short exact sequence

0 — C'(z) = Cok(y¢") = Y = 0
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where the end-terms are objects of C. We conclude that Cok(yS") € C, since C is
closed under extensions. We are thus left with showing that we do in fact have a
short exact sequence

0D, ™o gy

Thus, define
m(n — 1), if £ ¢ Qo(n)\ Qo(n —1)
m(n), = m(n—1), 0
else.
0 1
and
e(n—1), if £ ¢ Qo(n)\ Qo(n —1)
e(n), =

(e(n—l)x 0) else.

Verification that these maps are in fact morphisms of representations, are left to

the reader.
Observe that for & € N such that Qo(k) = Qo, we have
0—-D,—C,—F—=0

such that Dy € Rep(Q, D) and Cy, € T'(C), finishing our proof.

4.3 Tilting

We have observed in the previous chapters that cotorsion pairs appearing together
with a torsion pair is of great interest since they are in correspondence with tilting
subcategories. A natural question is therefore when the cotorsion pairs obtained
in Proposition acts as a part of a cotorsion torsion triple, or equivalently,
when the cotorsion-free class is also a torsion class. In this section we will observe

that the cotorsion pair (I'(C),Rep(Q, D)) is a part of a triple exactly whenever
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the underlying cotorsion pair (C,D) is a part of such a triple. The other induced
cotorsion pair (Rep(Q,C), A(D) will be observed to only induce such a triple when
(C,D) is the trivial pair (Proj.A,.A). We start by proving the stated property of

the first induced cotorsion pair.

Lemma 4.33. Let (C,D) be a complete cotorsion pair in an be an abelian category
A with enough injectives, and Q) a finite acyclic quiver. The induced cotorsion-
free subcategory Rep(Q, D) is a torsion subcategory if and only if D is a torsion

subcategory.

Proof. We start by assuming that Rep(Q, D) is in fact a torsion class. Any epi-
morphism D — X out of an object D in D, gives an epimorphism s,(D) — s,(X)
for some vertex x € (y. Rep(Q,D) is closed under factors since it is assumed
to be a torsion class. Hence, as s,(X) admits such an epimorphism, it must also
lie in Rep(Q, D) and by definition X lies in D. D is therefore closed under fac-
tors. If we also can find a right D-approximation for any object A € A, we have by
Lemma[3.11]that D is in fact also a torsion class. The obvious candidate morphism

for being an approximation is that which arises from the short exact sequence
0 — t5,(A) D 5.(A) = £5,(A) =0

in Rep(Q,.A), i.e. my: ts;(A)(z) — A. We observe easily that for every morphism

T — A out of D in A, we get our wanted factorization.

T = 5:(T)(x)

T

v
0 — ts.(A)(z) LN s:(A)(x)=A
We conclude that D is a torsion class.

For the converse direction, assume that D is a torsion class. By the functoriality

oft: A— T and £: A — F, we have for every representation F' € Rep(Q,.A) and
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path p € Q(x,y) the commutative exact diagram

0 — tF(x) — F(z) —— fF(z) —— 0

ES | |s#0

0 —— tF(y) —— Fy) —— fF(y) —— 0

which give rise to the representations tF'(z) € Rep(Q, D) and £F € Rep(Q, D),

as well as the short exact sequence
0 =tF—=F—=fF—=0

We conclude by the easy observation Rep(Q,D+) C Rep(Q, D)+, that Rep(Q, D)

is a torsion class. O

This gives us that in any category with enough injectives, the induced cotorsion
pair (I'(C),Rep(Q, D)) is a part of a cotorsion torsion triple, if and only if the
original cotorsion pair was the cotorsion part of a cotorsion torsion triple. Let us

therefore shift our interest to the other induced cotorsion pair.

Lemma 4.34. Let Q be a finite acylic non-trivial quiver, and (C,D) a complete

cotorsion pair in an abelian category A with enough projectives. If

(Rep(Q,C), A(D), A(D)")

is a cotorsion torsion triple in Rep(Q,.A), then (C,D) is necessarily the trivial

cotorsion pair (Proj(A), A).

Proof. We first claim that D is necessarily closed under factors. Let therefore
f: D — E be any epimorphism such that D € D. If x is an initial vertex of @,
then s,(D) lie in A(D), and we have an epimorphism s,(f): s,(D) — s,(F) from
an object of A(D). Now, since A(D) is a torsion subcategory it is necessarily closed
under factors, therefore s,(C) € A(D) and Ker(A*'?) = ¢ € D.

Next, we claim that D is also closed under subobjects. Suppose we have a short
exact sequence in A,
0-USDSE—0
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with D € D. I, is an exact functor, hence I,.(e): I,(D) — I.(E) is an epimorphism
out of an object in A(D). Let us now fix a terminal vertex = € ()y. We construct
a new representation F' € Rep(Q,.A) in the following manner. If y € Qg is an
initial vertex such that there exists at least one path p € Q(y,z), then we set
Gy = L(D)(y) = Do D®) and otherwise Gy = I.(F)(y).

For an arrow B: y — z € Q1 we let

GB = Ia:(E)(B) © ]x(e)<y) Gy - ]x(D)(y) — ]x(E)(y) — ]x<E)(Z)
if y € Qo is initial with some path p € Q(y,z) and G = [.(E)(5) otherwise.
From the epimorphism 7,(e) we construct an epimorphism
6: [,(D) = G

given by ¢, = id, (py() if ¥ is initial with a path p € Q(y,x) and ¢, = I,(E)(y)
else. Thus G € A(D) as A(D) is closed under factors and I,(D) € A(D). Now,
let us fix an initial vertex y which admits at least one path p € Q(y, ). We have

that Ker()\f) € D fits into the following commutative diagram with exact rows

0 — Ker(\§) ———— Gy > Q@( )G(t(a)) — 0
aEQ1(Y,*

0 — Ker(\f) — @ D —— P < QEB) )E(W)> — 0
pe T

a€Q1(yx) a€Qu(y,*) (t(
q€Q(t(a),) ]
0 — syl _  plda) s Fde) s 0

for all paths ¢'o/ € Q(y, z), where the superscripts only acts as identifiers for

otherwise identical summands. We summize that since finite direct sums preserves

Ker(W)= € v“= & v

a: y—z€QL a: y—2€Q1
PEQ(z,x) PEQ(z,z)

kernel, we have

and since D is closed under summands, we get that U € D. That is, D is closed

under subobjects.
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We are now ready to prove that D = A. Let A be any object of A. (C,D) is

complete, so we obtain the short exact sequence
0—+A—=dA—cA—0

with dA € D and ¢A € C. That is, A is a subobject of some object in D, and
since D is closed under subobjects we get that A € D. Thus, A C D, and trivially
D C A, so D = A. Then, necessarily C = Proj(.A). O

The question which then arises is when the trivial cotorsion pair (Proj.A, .A) of an
abelian category A with enough projectives, do induce a cotorsion torsion triple
(Rep(Q, ProjA), A(A), A(A)*). In an effort to answer this question we observe
in the following lemma that A(A) is closed under factors, which in an noetherian

category suffices for it to be a torsion class as we saw in Lemma [3.12]

Lemma 4.35. A(A) is closed under factors.

Proof. Let ¢: F — G be any epimorphism from an representation in A(.A). Then

for each vertex x € )y we obtain the commutative diagram

Fx O s Gx s 0

b e
D Flt) =2 @ Gta) — 0
a€Qq(z,*) a€Q1(z,*)

where we know by assumption that all but A\¢ is epimorphic, thus forcing A\¢ to

also be epimorphic. Then, necessarily G € A(A), concluding our proof. O

The cotorsion pair (Rep(Q, Proj.A), A(A)) does in fact always appear as the cotor-
sion part of a cotorsion torsion triple (Rep(Q, ProjA), A(A), A(A)*). This follows
from the fact that I,(Proj.A) is a tilting subcategory in Rep(Q,.A) as was shown
by [Bauer et al. in [5]. This tilting subcategory induces a cotorsion torsion triple
by the correspondende given in Theorem [3.55 which in short notice will be shown

to coincide with our wanted cotorsion torsion triple.

111



4.3 Tilting 4 REPRESENTATIONS

Proposition 4.36 (|5, Prop. 3.9]). Let A be an abelian category with enough
projectives. The subcategory T = I,(ProjA) of Rep(Q,.A) is a tilting subcategory.

Corollary 4.37. The tilting category I.(ProjA) induces the cotorsion torsion
triple (Rep(Q, ProjA), A(A), A(A)*)

Proof. The correspondence in Theorem tells us that the tilting subcategory

T = I.(ProjA) give rise to the cotorsion torsion triple
(t'Fac T, Fac T, T™)

where “'FacT = {F € 1T | pdimF < 1}. Thus, we have to show that
Rep(Q,ProjA) = 11FacT and FacT = A(A). In fact, if we show the first of
these equalities, we get the last one at once, since one part of a cotorsion pair

uniquely determines the whole, i.e.

A(A) = Rep(Q, ProjA)** = {F € “'T | pdimF < 1}** = FacT

First, since A has enough projectives, we can find an epimorphism P — A from
a projective object to any object A in A, which after applying the exact functor
I, gives that I,(A) € FacT for any vertex x € (). Now, for any representation
F € Y1FacT we see that

Extly(Fy, A) = Extyey g (F I:(A) =0
hence, F, is projective for every vertex z € Q, i.e. 1'FacT C Rep(Q, ProjA).

For the converse inclusion, observe first that for any F' € Rep(Q,ProjA) and
P € ProjA, we have

Ext%{ep(Q 4 (F, L(P)) = Exty(F,,P) =0

hence F € 11T. Therefore, we are left with showing that pdimF < 1. This will
be shown by an inductive argument on the number of vertices in the support of
Fie.

SuppF = {z € Qo | I, # 0}
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We start by observing that for every vertex x € )y we have the following projective

resolution
0= B PyF) = Pu(Fy) = su(Fa) = 0
a€Q1(z,y)
so pdims,(F,) < 1, and consequently pdimF < 1 when |SuppF| = 1. Let us
assume that the claim holds whenever |SuppF'| < n. Now, for |SuppF| = n, we
find a vertex x € Qo such that F'y = 0 for every y € )y such that Q(y,x) # .
From this we have the canonical epimorphism F' — s,(F,) which give rise to the
short exact sequence
0> K —=F —s,(F,) =0

where |SuppK | < n and K € Rep(Q, Proj.A), giving by assumption that pdimK <
1. Therefore by the Horseshoe lemma, we conclude that pdimF < 1. O

ﬁ
4.3.1 Representations of A,

When we are working with representations over the linear quiver

[ > @ > @ > e > @ > @
1 2 3 n—1 n

valued over an abelian category A with enough projectives, we can observe that the
cotorsion-free A(A) is the class of representation where all the internal morphisms
are epimorphic. From this observation we deduce that A(A)* must necessarily be
all representations where the first vertex evaluates to the zero object. Thus, we
have the following explicit description of (Rep(zn, ProjA), A(A), A(A)L).

Lemma 4.38. Let A be an abelian category with enough projective. There is a

cotorsion torsion triple (C,T,F) given by

C = Rep(A,, Proj(A))

T ={F € Rep(A,, A) | All internal morphisms are epimorphic.}

—

F ={F € Rep(A,,A) | F1 =0}
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Combining this with the obvious isomorphism
— —
{F € Rep(Ay, A) | F1 =0} = Rep (4,1, A4)

and Theorem |3.36, we obtain the following corollary which was also obtained in
[5, Corollary 3.14].

Corollary 4.39. Let A be an abelian category with enough projectives. Then

Rep(Xn,ProjA) N -

where
o
CNT ={F € Rep(A,, ProjA) | All internal morphisms are epimorphic.}

t

N
Remark 4.40 (Construction). When working over the linear quiver A, we can

without a lot of effort describe the cotorsion torsion triple
—
(Rep(Ay, ProjA), A(A), A(A)*)

explicit. In fact, let us start by observing that the short exact sequence tF —
F —» £F, of the torsion pair is given through the following exact commutative
diagram, where the upper row is the representation tF' € T = A(A) and the lower
row is the representation fF € F = A(A)*.

Fy —— Im(f;) — Im(f2.f1) o » Im(f1 -+ fof1)
- p 2R Is ... SN )
0 —— COk<f1> E— COk(fgfl) > > COk(fn_l s f2f1)

We can also see that the short exact sequence F — dF —» ¢F of the cotorsion

pair can be described iteratively in the following manner. We start by setting
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dF, = F,. Then after finding an epimorphism from a projective object P’ | to
dF,, setting dF,_; = F,_1 & P/ .. Now, iterating this process, provides us with

the short exact sequence of representations on the wanted form

F > By y Iy > B4 > b,
FieP —» &Py —» F30 P} oo » Fo1®FP,_, —» F,
P/ > P > Py > Pl > 0

The last sequence dF' — cF —» F' of the cotorsion pair is a bit more involved
to describe than the two preceding. We start by finding an epimorphism from a
projective object P, to F,, and taking a pullback along this and the internal map
Foy 25 F, of F.

QF, —— QF,

[

X, — P,

Lo

Fn—l — Fn

Then we find an epimorphism from a projective object P, ; to X, which by
composition gives an epimorphism down onto F,_;. Denote the kernel of this
epimorphism by QF,,_; and observe that the upper left square in the subsequent

commutative diagram is exact

QF, 1 — QF, —

T
|

P, » X,

} }

Fn—l Fn—1—>Fn

The morphism QF,,_; — QF, is by the exactness of that square necessarily an

epimorphism. Now, take the pullback along P, ; — F},_; and the structure mor-
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phism F,,_o ELECN F,_1, and repeat until reaching Fj.
OF, 1, ——= QF, 1 — QF, —— QF,
c— X, —— P, » X, > P,
I L7
e n72—>Fn71—Fn71—>Fn

This results in the following short exact sequence of representations

OF, » QF), $ o » QF,_ o, — QF,_; —» QF,
[ [ | [ [
P > P > . >y P9 e > P,
[ | | |
F > I > > F,_9 >y B > B,

where the upper representation lie in 7 and the middle representation lie in C.

Example 4.41. Let Q be the zig-zag quiver o9 e and set A as the abelian

category of representations of () valued in the category of finite dimensional vec-
—

tor spaces over a field k, rep(@,k). Then we can observe that Rep(As, . A) is

equivalent to Rep (@', k) where @)’ is the quiver with commutativity relations from
Example [3.40} that is

ol

17

WO — Ne — — 0

Hence we observe that the tilting subcategory A(Projrep(Q,k)]) is exactly the
tilting subcategory T of Example [3.40 &
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4.3.2 Representations of . — . — .

Example 4.42. Let us go back to cotorsion pair of the zig-zag quiver

Q: .(L.L).
1 2 3

presented in Example [3.18] That is, in the category of representation of @) valued
over an abelian category A with enough projectives, the pair (C, D) given by
C = Rep(Q, ProjA)
D = {F € Rep(Q, A) | The canonical morphism F, — F; & Fj is epic.}
is a complete cotorsion class. This is nothing but the cotorsion pair
(Rep(Q, ProjA), A(A))
induced by the trivial cotorsion pair (ProjA, A) of A. Therefore we also know that

this gives the cotorsion torsion triple (C, D, D+) and the tilting subcategory

CND={F € Rep(Q,ProjA) | F» — F; @ Fj is epic.}

o
If A = rep(Ay, k) we see that in Rep(Q’, k) where @)’ is the quiver with commuta-
tivity relations from Example [3.40| that is

o —

OO — O —

WO — Ne —

we also have the tilting subcategory

T = add{Tl, T27 T37 T47 T57 Tﬁ}

where
Kk — k 0—0 0—0 0—k 0—0 0-—0
T T T T T T T T T T T T
=y x> To=y sk, 3=k sk, Ta= gy, T5= ¢ .k, T6= ok
1 1 4 1 4 $ 1 1 1 1 1 +
0—0 0—0 k—k 0—0 0—0 00— k
&
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4.4 Cotilting

Just as cotorsion torsion triples are interesting by their relation to tilting, we
have also seen that torsion cotorsion bear the same relation to cotilting. Thus an
equally natural question to that asked in Section [£.3] is when the cotorsion part
of the induced cotorsion pairs from Proposition acts as a part of a torsion
cotorsion triple. The self-duality of torsion and cotorsion let us answer this quickly
through the dual results of the tilting-case. Let us therefore summarize the dual
results for cotilting. After stating these results, we will at the end apply them to
representations of about the commutative grids Xn ® Ajn which were mentioned

in the introduction of the thesis. This application is found among a couple more
in [5].

Lemma 4.43 (Dual of Lemma [4.33)). Let (C,D) be a complete cotorsion pair in
an abelian category A with enough projectives, and Q a finite acyclic quiver. The
induced cotorsion subcategory Rep(C, A) is a torsion-free class if and only if C is

a torsion-free class.

Lemma 4.44 (Dual of Lemma . Let () be a non-trivial finite acyclic quiver,
and (C,D) a complete cotorsion pair in an abelian category A with enough injec-
tives. If

(*T(C),T(C),Rep (D, A))

is a torsion cotorsion triple in Rep(Q,.A), then (C,D) is necessarily the trivial

cotorsion pair (A, InjA).

Lemma 4.45 (Dual of Lemma [4.35)). Let A be an abelian category with enough

injectives. Then I'(A) is closed under subobjects.

Lemma 4.46 (Dual of Corollary [4.37). Let A be abelian with enough injectives,
then (1T(C),T(C),Rep(D,.A)) is a torsion cotorsion triple in Rep(Q, A).
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_>
4.4.1 Representations of A,

Analogous to the discussion in Section we observe that for representations
—

over the linear quiver A, valued over an abelian category with enough injectives,

the cotorsion class I'(\A) is the class of representations with monomorphic structure

morphisms. Hence, we have the following dual characterization.

Lemma 4.47 (Dual of Lemma [4.38)). Let A be an abelian category with enough
injectives. There is a torsion cotorsion triple (T, F,D) given by
%
T ={F € Rep(A,,, A) | F,, =0}
%
F ={F € Rep(A,, A) | All internal morphisms are monomorphic.}
_>
D = Rep(A,, Inj(A))

Thus giving us the equivalence

Lemma 4.48 (Dual of Corollary . Let A be an abelian category with enough
injectives. Then
Rep(f?n, InjA)
FNnD

—
= R,ep(An,1 ) -’4)

where

—
FND={F € Rep(A,,InjA) | All internal morphisms are monomorphic.}

4.4.2 Application to TDA

Multiparameter persistence modules in topological data analysis (See Appendix
for a brief introduction to TDA) are a special case of quiver representation. That

is, as these modules arises as the nth-homology of a filtered topological space
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(Xi)ier, we have for each filtration step i € I a vector space V; over some field k.
The set I which the filtration is taken over, is a partially ordered set, such that
for each @ < j € I we have X; C X;. These inclusions induces maps V; — V;
of the homology of them, and hence the multiparameter persistence module is a

representation of I seen as a quiver with relations valued over vector spaces of k.

The filtration on the topological space can explicitly be described as a multi-
dimensional grid, which in the 2-parameter case gives us that [ is the partially

ordered set given by the Hasse-diagram

e — o —> @& —3 - —> o
(1,n) (2,n) (3,n) (m,n)
T T T T
T T T T
® — e — e — - — @
(1,2) (2,2) (3,2) (m,2)

T T T
® — e — e — - — @

(1,1) (2,1) (3,1) (m,1)

or equivalently the fully commutative grid quiver given by the same diagram. We
— —
denote such quivers by A,, ® A,, and observe that we have in fact a natural

equivalence
— —

Rep(A,, A) = Rep(A,, @ A, k)

_>.
for A = Rep(A,,, k). To summarize, we have that the category of multiparameter
— —

persistence modules is in fact equal to Rep(A,, ® A4, k).

Observe that persistence modules arising from the zeroth homology measures the
connectivity of the space at different filtration steps. If we fix all filtration pa-
rameters except the radius, we observe that each subsequent filtration step leads
to a greater overlap of the pieces. Hence, each subsequent space is either equally
connected or more connected as the preceding one. This translates to the induced
maps of the persistence module being surjections. Hence, we conclude that there
is a non-trivial amount of cases where we can assume that the multiparameter
persistence module in question has epimorphic structure morphism in at least one

direction of the grid.
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Example 4.49. If we have the following 4-step filtration with radius as the only

parameter

we see that for each step in the filtration, more and more pieces merge. Hence
each subsequent filtration step is equally or more connected than the preceding

step. &

Motivated by the preceding observation, we denote the full subcategory of all rep-
— —

resentations of A,, ® A, with epimorphic structure morphism in the horizontal
— —

direction by rep®*(A4,, ® A,,k). Similarly the full subcategory of representations
with epimorphic horizontal structure morphisms and monomorphic vertical mor-
phisms is denoted by repe’m(A_)m ® /Tn,k). Applying our acquired knowledge of
cotilting in the category of representations of the linear quiver /Tn we observe the

following.

Lemma 4.50 ([5, Corollary 3.17|). There is an equivalence

A @A,k
e, - -
rep ( m & _7:’ ) ~ rep(Am ® Ap-1, k)

repevm(A_)m ® Ap, k)

N

Proof. First, observe that the injective representations of Rep(A,,k) are those
%

which have epimorphic structure morphisms. Hence for A = Rep(A,,, k) we see

that

— —

—
Rep(Ap, InjA) ~ Rep®*(k, A, ® A,,)

Further, we observe that

N
FND={F € Rep(A4,,InjA) | All internal morphisms are monomorphic.}
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— —
is necessarily equivalent to Rep®™(k, A,, ® A,,). Thus, by Lemma [4.48 we see that

— — —
(A, ® A, k Ay, Tnj - e
(A © Ak Rep} D“JA) ~ Rep(A,1, A) = rep(Ay, © A1, k)

rep®™ (A, ® Ay, k) n

g

— —

Now, by observing that the indecomposables of Rep®™(A,, ® A,,k) are those
which is equal to k on each vertex (z,y) € [1,i] x [j,n] for 1 < i < m and
1< < 77E| and zero else, we realise that there is a finite difference in the amount
of indecomposables in repe’*(fl_}m ® Xn,k) and rep(A_:n ® A:,bk). Hence, the
equivalence above gives us the following corollary to Theorem [B.1]

—

Corollary 4.51. Let k be an algebraically closed field. The category rep®* (A, ®
_>
A, k), is of finite representation type when

em=1o0rn<2,

e or (m,n) € {(2,3),(2,4),(2,5),(3,3),(4,3)}.
It is of tame representation type when
e (m,n) € {(2,6),(3,4),(5,3)}. O

Hence, we have a small amount of additional cases where we can parametrize 2-
parameter persistence modules under the additional epimorphic condition. If we
have a case where we can safely assume that all the internal morphisms of a 2-
parameter persistence module is epimorphic, we would hope that the subcategory
of such representations, which we denote by repe7e(A_>m ® Xn, k), has even more
additional cases where we can parametrize the resulting modules. This was ob-

served to be the case in [5], which through the dual of Corollary 3.36 established

5These representations are often called constant representations and denoted by K1 ix[jn)-
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the equivalence

rep® (A,,&@ Ank) L ep(An 1 @ Ar )

where C is a suitable cotilting subcategory with a finite amount of indecomposable

objects, and therefore also the following classification.

Lemma 4.52 (Dual of [5], Corollary 3.36|). Let k be an algebraically closed field.
— —
The category rep®c(A,, ® A,, k), is of finite representation type when

em<2o0rn<2,

e or (m,n) € {(3,3),(3,4),(3,5),(4,3),(5,3) }.
It is of tame representation type when

e (m,n) € {(3,6), (4,4), (6,3)}. O
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A Miscellaneous Results
A.1 Sums and Intersections
Lemma A.1. Let £ be an additive category. The sum and intersection of two

subobjects B — A and C' — A are described through the following pullback and

pushout diagram.

BNnC «—— B BNnC «—— B
_

[ | |

C—— A C —— B+C

Further, the image of B ® C — A coincide with the sum B + C.

Proof. Let us start with the intersection. Let D be a subobject of A contained
in both B and C, then we have by the pullback-property that it factors through
BN . The morphism D — BN C is necessarily a monomorphism, thus D is also
contained in BN, proving that this is in fact the intersection. Now, for the sum,
we first would like to show that B + C' is in fact a subobject of A. The pushout

diagram above give rise to the exact sequence
0 —— BNC — Ba(C —— A

which then in connection with the pullback diagram above gives us the following

commutative diagram with exact rows,

0 —— BNC — BpC —— B+C —— 0

| | |

00— BNC —— B C s X s 0

where X = Im(B®C — A). Now the five lemma tells us that the last morphism is
necessarily an isomorphism, giving that B+ C'is in fact a subobject of A. Assume
now that there is a subobject Y of A which contains both B and C, then by the
pushout-property, we have that B4C' — A factors through it, and therefore B+C'

is necessarily also a subobject of Y.

125



A.2 Adjoints in Extensions A MISCELLANEOUS RESULTS

A.2 Adjoints in Extensions

We have that for certain pairs of adjunct functors (F,G) between abelian cate-
gories, the adjunction extends to the first extension group. In fact similar results

is true for higher extension groups [16, Lemma 5.1].

Lemma A.2. Let F: A — B and G: B — A be functors between abelian categories
such that F is a left adjoint of G. If for objects A € A and B € B we have that

(i) the functor F sends every exact sequence
0—-GB—-Y —>A—0
to an exact sequence

0—FGB - FY - FA—0

(i1) and, the functor G sends every exact sequence
0—+B—=-X—=>FA—=0
to an exact sequence
0—=+GB—GX =+GFA—0
then there is an isomorphism of abelian groups YExt(GA, B) = YExt'y (A, FB).S

Proof. By the given assumptions, we have that F' and G induces well-defined

group-homomorphisms
F(—): YExtY(A,GB) = YExty;(FA, FGB)

and
G(—): YExtg(FA, B) — YExtL4 (GFA,GB)
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Let n: id4 — GoF be the unit and e: F'oG — idg be the counit of the adjunction.
We now construct group homomorphisms ¢: YExtz(FA, B) — YExtY(A4,GB)
and ¢: YExtY (A, GB) — YExtz(F A, B) by the compositions,

¢

YExts(FA, B)

\G(—)} —nA

YExtY (GFA,GB)

» YExt' (A, GB)

YExtY (A, GB)

\F(_) €eg-—

YExty(FA, FGB)

» YExtz(FA, B)

As we will show, these homomorphisms is inverses of each other and thus gives our
desired isomorphism. Let X € YExty;(F A, B) be an isomorphism class represented
by

X: B - > X » FA

Under ¢ this class is sent to ¢(X) € YExt! (A, GB) represented by the lower row

in the following commutative diagram

G(X): GB —— GX —» GFA
T
H(X): GB——— PB—% A

We now apply F(—) on the whole diagram, obtaining the following commutative

diagram
F(G(X)): FGB —— FGX —» FGFA
H T F(UA)T
F(o(X)): FGB «—— F(PB) —» FA

By using €5 - — on the lower row obtaining a representative of ¢ (4(X)), and using
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the counit € on the whole upper row, we get a new commutative diagram,

X: B - > X » FA
F(G(X)): FGB —— FGX +—» FGFA
H | \'; F(nAJ
F(¢(X)): FGB —— F(PB) ;» FA
[ S
(B(X)): B - . PO s FA

By the properties of units and counits, we have that idps = €pq 0 F(n4). Further,
by the universal property of a push-out, we conclude that the upper and lower

row in this diagram is a representative of the same isomorphism class, that is

Y(¢(X)) = X, or equivalently, ¥ o ¢ = idYExt},,(FA,B)-

Now, let Y € YEXti‘(A, G'B) be an isomorphism class represented by

Y: GB « > Y S

We follow in the same manner as above. Y is sent to the lower row in the com-

mutative diagram below

F(Y): FGB —— FY » FA
P(X): B -« > PO » FA

After applying G(—) on this, we get the commutative diagram,

G(F(Y)): GFGB —— GFY ——» GFA
G(X)): GB —— G(PO) —» GFA
Finally, by applying — - 74 on the lower row and the natural transformation
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n:id4 — G o F' on the upper row, we obtain the commutative diagram

Y: GB - > Y » A
G(F(Y)): GFGB ——/GFY — GFA
o H
GH(X)): GB —\G(PO) ——» GFA
|
o(Y(Y)): GB — \?DB — A

with our original representative on the top row, and a representative of ¢(1(Y))
on the lower row. By 7 and € being unit and counit, respectively, we have that

idgp = G(ep) o ngp. Furthermore, the pullback property gives us a map Y —
d(¥(Y)), so we conclude that Y = ¢(¢(Y)).

B Topological Data Analysis

In the last twenty years topological data analysis, TDA for short, has risen as a
promising addition to the data analysts’ toolbox. With roots in cluster analysis it
incorporates results and classification tools from algebraic topology, in an effort to
make sense of seemingly non-structured data. This is the age of information, and
each day there is a new surge of vast data introduced throughout all branches of
science. TDA aims to bring the inherent structure of these data sets into light, in
an effort to make it less overwhelming. This is done by considering the data points
as sampled from some underlying geometric object, and then trying to approximate
this object’s topological features through (co)homological invariants. We will now
give a short introduction to the field of topological data analysis. Those interested

can check out [, 26] 27] for a more in-depth introduction to TDA.

In the general process of TDA one stumbles upon representations of partially or-

dered sets, or persistence modules as they are called within the realm of TDA. In
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order to extract useful information from these modules, they are decomposed into
their smallest components. The traditional concept of persistence modules are
representations over totally ordered sets, e.g. R, Z or a subset of these, which de-
composes into interval modules whenever the ordered set is finite or each associated
vector space is of finite dimension. Longer interval modules imply a more likely
homological invariant associated to the underlying space. Persistence modules over

totally ordered sets are often called single-parameter persistence modules.

However, in most application the resulting persistence module is over a more com-
plex partially ordered set, e.g. R™ Z", or subsets of these. These persistence
modules are often denoted as being multi-parameter, and there are no equiva-
lent decomposition theory for them, see e.g. [9]. In fact, we can observe that
for the 2-paramater case, we have that the persistence modules in question are

— —
quiver-representation of the commutative grid A,, ® A,,

e — o — e — - — @
(1,n) (2,n) (3,n) (m,n)
T T T T
T T T T
e — e — e — C—3 e
(1,2) (2,2) (3,2) (m,2)

T T T
®e — o — o — — @

(1,1) (2,1) (3,1) o (m,1)

which has a complete classification into finite or tame representation types. As

would be expected by the results of [9], there is a limited amount of such cases:

Theorem B.1 (|20, Theorem 2 5], [21 Theorem 5|). Let k be an algebraically
closed ﬁeld The category rep(A ® An,k) of representations of the quiver with
relations Am ® A valued in the category of finite dimensional k-vector spcaces, is

of finite representation type when

em=1orn=1,
o or (m.n) € {(2,2),(2,3),(2,4), (3,2), (4,2)}.
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It is of tame representation type when

e (m,n) € {(2,5),(3,3),(5,2)}.
And in all other cases it is of wild representation type.

To make the intuition behind TDA clearer, we will describe in broad strokes
the pipeline of a traditional application of TDA. The first step is to build a
one-parameter filtrated simplicial complex from the set of data points, apply a
(co)homological functor to obtain a vector space representation of the index set
for the filtration and decompose this representation into what is commonly called
barcodes. The quintessential example of how the filtrated simplicial complex is

built is a éech—complex.

When building the Cech complex, we first embed the set of data points, X,

in a metric space, (M,d). For each value ¢ € Rt = [0,00), we construct a
simplicial complex, C. consisting of a k-simplex [xg,z1, ...,z for each subset
{zg,x1,...,2x} C X of points, such that the intersection of balls of radius € and
center x;, © = 0,1,...,k is non-empty. That is
ﬂ Be(z;) # 2.
0<i<k

Thus, we have a filtered simplicial complex {C.}.cr+. The sampled data point set
is finite, so there will be a finite amount of critical values € such that, C #£ C, for
¢ < e. The filtration can therefore be taken over the set of critical values instead,

leading to a persistence module over a finite subset of RT.
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Example B.2. Say we have the data cloud given by

sampled from a circle in the plane. Through taking the union of balls with ever-

increasing radius, we obtain a filtered simplicial complex.

+ f// \
0o o ﬁ

which gives the following barcode-diagram of the first two homologies,

Connected components, Hg

T T
Two-dimensional holes, H1

T
10

(=]
[§]
£
(=]
o]
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where each horizontal bar represents an interval module in the decomposition of the
persistence module. Thus, we can deduce that the underlying structure of the data
cloud most likely consists of one connected component and has a 2-dimensional
hole. This correspond nicely with the fact that the data cloud were sampled from

a circle in the plane. &

All real data sets contain a certain degree of noise. Therefore one often wants
to have some way of removing noise from the data before building the filtered
complex. This can be done for example by only allowing data points of a certain
density to be considered, see e.g. [10], but by choosing a density treshold, the
analyst has done an a priori analysis of the data, which goes against the principle
of TDA. Thus one wants to consider all density treshold at the same time, which
will give another natural parameter to the filtered simplicial complex and thus
a multi-parameter persistence module. This is one example of a situation where
more than one parameter is wanted, another situation could be that the analysts

needs to consider variations of curvature.
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