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Abstract

In this thesis we define the derived category of an exact category through Verdier localiza-
tion. In addition we classify exact structures on idempotent complete categories through
module categories. Lastly we apply our classification theorems and Auslander-Reiten
theory to explicitly find the derived categories of all exact structures on representations
over the following quivers.

12, 1—-2«3and1—-2—3

Sammendrag

I denne avhandlingen vil vi se pa Verdier-lokalisering og asykliske komplekser for a kunne
definere den deriverte kategorien. I tillegg finner vi en klassifisering av eksakte strukturer
pa idempotent komplette kategorier gjennom modulkategorier. Til slutt vil vi andvende
klassifikasjonssetningene og Auslander Reiten-teori for & finne de deriverte kategoriene
av alle eksakte strukturer pa representasjoner over folgende kogger.
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Introduction

This thesis was written in 2021 under supervision of Professor Steffen Oppermann at
the Norwegian University of Science and Technology. The goal of the thesis is to define
the derived category of an exact category, find a classification of exact structures and
look at examples where we apply these.

We will look at exact categories, localization, derived categories and classification of
exact structures through module functor categories. The reader does not need any
prior knowledge of these subjects. Prior knowledge of additive, abelian and triangulated
categories is highly recommended although some results are included for the benefit of
the reader in Appendix A and Appendix B.

The thesis starts by defining exact categories. We will use a convenient self-dual presen-
tation of the axioms which are due to Yoneda [1]. The rest of section one is then used
to get familiar with exact categories and to prove results needed later in the thesis.

The second section is used to look at idempotent complete categories. We will see
a constructive proof of how to fully faithfully embed any additive category into an
idempotent complete category. Furthermore we look at a weaker form of idempotent
completion and look at how this affects an exact category.

We start working our way towards defining the derived category of an exact category by
introducing localization in section three. We will look at multiplicative systems in order
to find an explicit construction of the localization of a category. In particular we will aim
for the Verdier localization of a triangulated category with respect to a multiplicative
system constructed from a triangulated subcategory.

In section four we investigate chain complexes of exact categories. In particular we look
at acyclic complexes and some of their properties. This will lead us to the definition of
the derived category as the homotopy category with the subcategory of acyclic complexes
will fit into the definition of Verdier localization. At the end of section four we develop
some tools which will help us find derived categories on different exact structures in the
examples at the end of the thesis.

In section five we work towards a classification of exact structures on an idempotent
complete category .o/ through module categories. In particular we will construct a
bijection between the exact structures on o7 and certain Serre subcategories of mod 7.
At the end of section five we consider the case where the class of all kernel-cokernel pairs
forms an exact category («7,&) with enough projectives. In particular this includes
abelian categories.

In section six we reformulate the classification result in the case of categories of finite
type and see that we can restrict our attention to finitely generated projective I' modules



projI" for some noetherian ring I'. This enables us to introduce a class of exact categories
that will turn out to be controlled by simple modules satisfying the 2-regular condition.
Towards the end of section six we relate our findings to Auslander-Reiten translations.
We will see that given a nice noetherian R-algebra I' we have a correspondence between
admissible exact structures on projI' and sets of dotted arrows (AR translations) in the
Auslander-Reiten quiver of I'. No background in AR-theory is given but the relevant
results and references to sources containing proofs are given in appendix C.

The last section is used to combine our classification(s) and the derived category of an
exact categories in examples on representations over the following quivers.

1—-2, 1—-2+«3and1—2—3

In section one, two and four we mainly follow the exposition article “Exact Categories”
by Theo Biihler |2]. Section three is based upon results found in the article “Derived
categories, resolutions, and Brown representability” by Henning Krause [3]. In section
five and six our work is based upon the work of Haruhisa Enomoto in the the article
“Classifications of exact structures and Cohen-Macaulay-finite algebras” [4].



1 Exact Categories
The contents of this section is based on Biihler’s article |2, chapter 1-3]. Some proofs
have inspiration from Hansen [5].

In this section we look at some of the basics regarding exact categories needed for the rest
of the thesis. Unless otherwise stated we are working in an exact category throughout
the section.

1.1 Definition

In this subsection we will give the definition of an exact category, draw some consequences
of the axioms and go through a standard example.

Definition 1.1.1. Let o/ be an additive category. A kernel-cokernel pair (i,p) in < is
a pair of composable morphisms

A——*spB_-P.C

such that ¢ is a kernel of p and p is a cokernel of 3.

Definition 1.1.2. Let & be a fixed class of kernel-cokernel pairs on an additive category
7. An admissible monic is a morphism ¢ for which there exists a morphism p such
that (i,p) € &. Admissible epics are defined dually. In diagrams we will often denote
admissible monics by ~— and admissible epics by —.

Definition 1.1.3. An exact structure on o is a class & of kernel-cokernel pairs which
is closed under isomorphisms and satisfies the following axioms.

(E0) For all objects A € o the identity morphism Id4 is an admissible monic.
(E0°P) For all objects A € o7 the identity morphism Id,4 is an admissible epic.
(E1) The class of admissible monics is closed under composition.
(E1°P) The class of admissible epics is closed under composition.

(E2) The push out of an admissible monic along an arbitrary morphism exists and yields
an admissible monic.

(E2°P) The pull back of an admissible epic along an arbitrary morphism exists and yields
an admissible epic.



The following diagrams illustrate (E2) and (E2°P) respectively.

A>—— B A - » B

L

A -3 B A —— B

Definition 1.1.4. An ezact category is a pair (<7, &) consisting of an additive category
o/ and an exact structure & on 7. Elements of & will be called short exact sequnces.

Remark 1.1.5. We note the following properties from the axioms.

(1)
(2)

& is an exact structure on &7 if and only if £°P is an exact structure on 7P,

Isomorphisms are admissible monics and admissible epics. Let f : A — B be an
isomorphism. Consider the commutative diagram:

A#B*)O
ol ]
AVMA, 4 4o

Since & is closed under isomorphisms and the axioms are self dual f is both admis-
sible epic and admissible mono.

Let A>?+B-2%Cecé& andleth: A Dbea morphism. Then by (E2)
there exists a pushout given by the left square of the following diagram.

A>L>B*g»0

L

pytsp- 2

By there exists a morphism ¢’ : P — C such that the diagram commutes and
(f',d') € & Dually given i : D — C we have a pullback

— D
| b
A—— B ——»C

and a morphism f’: A — P such that (f',¢') € &.

An admissible epimorphism is always an epimorphism since it is a cokernel. To see

this let A >L> B—%% Ce& . Assume hig = hog for hy,ho : C' — D. Then



higf = 0, since g is a cokernel we get a unique morphism i : C — D such that
ig = h1g. However both hq and hs satisfies this. Hence h; = hy and g is epic.

A%BL»C

!
\ El
hig ~

D
Dually an admissible monomorphism is always monic as it is a kernel.
(5) The following are equivalent to (E0) and (EO0)°P respectively.
(E0)’ For any object A € o the zero morphism A — 0 is admissible epic.
(E0°P)’ For any object A € o the zero morphism 0 — A is admissible monic.

To see this let (E0) hold. Then Idy4 is an admissible monic. A — 0 is a cokernel of
Id4 hence A — 0 is admissible epic. Conversely if (E0)” hold we get Id4 is a kernel
of A — 0 and hence admissible monic. The second equivalence is dual.

Example 1.1.6. Let &/ be an abelian category. Consider the class
E={X—-Y—>2Z0-X—->Y - Z— 0exact in &}

in other words & is the class of short exact sequences as defined for abelian categories.
Then (&7,&) is an exact category. To verify this we check the axioms one by one,
including the implicit one. For the implicit axiom consider the commutative diagram

At s Bty

A

s/
L B L

Where (i, p) is a kernel cokernel pair, and the vertical arrows f, g and h are isomorphisms.
We need to show (i/,p') is a kernel cokernel pair. By commutativity of the diagram we
know ¢’ is monic and p’ is epic. By it suffies to show 4’ is a kernel of p’. express ¢’
and p’ as follows i/ = gif~! and p’ = hpg~' . Note that if~! is a kernel of hp as f and
h are isomorphisms. We also easily see by the diagram

At sp-Yy(C

S

AN - Y SN

that if ! is a kernel of hp <= gif~! = i’ is a kernel of hpg~—! = p’.Hence (i',p’) €

& and the class is closed under isomorphisms. For the explicit axioms note that an



admissible monic is precisely a monomorphism since an admissible monic is a kernel, and
hence monic. Conversely in an abelian category, every monomorphism forms a kernel
cokernel pair with any of its cokernels. The first and second pairs of axioms follows by
this observation. Every identity is an isomorphism, hence a monic epimorphism, and
therefore an admissible monic and admissible epic. Compositions of admissible epics
are epic, hence also admissible epics. The same dually hold for monics. The remaining
axioms (E2) and (E2°P) follows from |A.6



1.2 Some useful results

() (01)

Proposition 1.2.1. The sequence A 22y A® B —% B is short exact.

Proof. Consider the following pushout square

0— B

[ ®

A2y AeB
The upper and left arrow is admissible mono by (E0°P)’. Furthermore the bottom arrow
1
is admissible mono by (E2). As A® B L1, B is a cokernel of A @) A @ B we are
done. |

Proposition 1.2.2. The direct sum of two short exact sequences is a short exact se-
quence.

Proof. Let A v B 25 C and A L B —L 5 O be short exact sequences.

First we claim that for every object D the sequence
(07)

is exact. Let (01) : DEBB — B Then (0g) = g(01) and we get that (0g¢) is epic
by (E1°P) and proposition The first morphism in the sequence is a kernel of (0g)
and therefore admissible monic. Hence the sequence is exact. Similarly we get that the
following sequence is exact

(09)

DoA—"DeB ——C

(fo) (90)

AepD Y% BeD 2 ¢

Now consider the morphism.

fo

0 #
—_—
We observe this is the composition of two admissible monics by our previous claim.

(1) (o)

Ap A Bae B

ApA »——5 BpA % Bo B



Hence it is admissible monic. As (g go,> is a cokernel of (5 ]9,) it is admissible epic and

we have our desired exact sequence.

A@A’@B@B’ @ cCec

Example 1.2.3. An exact structure & of an additive category & is an additive sub-
category of the additive category &/~ of composable morphisms in .« by Proposition
2.2

Proposition 1.2.4. Given a commutative square

A" B

fl lf !

AL B
where the horizontal arrows are admissible monics. The following are equivalent
(1) The square is a pushout.
i
(2) The sequence A @ Bo A Y7 B s exact
(3) The square is bicartesian (Both a pushout and a pullback).

(4) The square is part of a commutative diagram

At B2y

A

At sp Yy

with exact rows.

Proof. We show (1) = (2) = (3)= (1), (1) = (4) and (4) = (2)
(1) = (2) : The push out property is equivalent to ( ' i’) being a cokernel of (7) by

Lemma [A.5] So we prove the latter. It suffices to show (}’) is admissible monic. This

follows from [E1] as (}Z) is equal to the following composition of morphisms.

1 10 i0
A@A@A'MA@A'MB@A'



These are all admissible monics by Proposition Remark [1.1.5] - .) and argument
in proof of proposition [1.2.2| respectively.

(2) = (3) : follows from

(3) = (1) : Automatic.

(1) = (4) : Since ¢ is an admissible monic it is the kernel of some admissible epic
p: B - C. By Lemma there exist p’ : B" — C such that the desired diagram
commutes and p’ is the cokernel of 7. Since 4’ is admissible monic by assumption we are
done.

(4) = (2) : As p and p’ are admissible epics we have the following pullback.

P-748

Lok

B Ly C

By using the dual of (1) = (4) we can find the following commutative diagram with
short exact rows and columns.

A——A
b
P*»B
H b
B’*»C

Our goal is to show that A s p 9y B s isomorphic to the sequence

A (f) B@A/ (f,ilg B/

Since p = p' f’ we get by the following pullback property a unique morphism k : B — P.

Now ¢’k = Ildp = k¢ = ¢ = ¢'(Idp—kq') = 0. Since j' is a kernel ¢’ there
exists a unique morphism [ : P — A’ such that j'l = Idp —kq’. By Remark 4) 5/
is monic. This yields
§lk = (Idp —kq )k =0 = k=0
J'j"' = (dp —kd")j' = j' = 1j’ =1da



Simmilarly since ' is monic we get
lj=qj'lj = q(Idp —kq')j = qj — (ak)(¢'j) = —fli=~i'f = lj=—f
The morphisms

(7)

k) p and P paa

Ba A

are mutually inverses by the following equalities.

!l

(k1)< )—k‘q +45'l = kg +1dp —kq' = Idp and (‘{)(kj/):(l’k quj):<l%BId(L/>
Note that

(1) =atk ) (4) =aand —1aa(7) = ()= (1)

Hence we have the following isomorphism between sequences

J P q

A
‘Id“‘l () l H

AHB@AMB,

and the bottom sequence is exact as desired.

Corollary 1.2.5. The following rectangle, where the right square is a push out and the
left square a pullback

Q

Y S AN
a lb
B

’ /
/ f / g

<gf)

is bicartesian. Furthermore the sequence A —> A’ ® C

b

>
Q<

(g'f C)C” is exact.

Proof. By Proposition and its dual we get that both squares are bicartesian. By
Lemma [A.7] the rectangle is bicartesian. Hence we have proved the first part. Note that

( gfe)=1(g c)<Jg I(? ) This is a composition of two admissible epics by Proposition

and part of argument in proof of Proposition As ( a) is a kernel of (¢'f' ¢)

we are done. [}

10



Corollary 1.2.6. Given the push out diagram

We have the following

(1) if j/ : B — " is a cokernel of ¢’ then the unique morphism j : B — C’ such that
ji =0 and jb = j' is a cokernel of i.

(2) If j : B — C is a cokernel of i then j' = jb is a cokernel of 7'
Proof. The first part we see in the proof of (The dual of what we did). For the
second part let j : B — C be a cokernel of i. We have jbi’ = jia = 0 as j is a cokernel of

i. Next we show the universal property. Let ¢ : B’ — T be another morphism such that
ti’ = 0. Then we get by the following universal property a unique morphism h : B — T.

o I

A" B
0

S h
"y
T

Now as j is a cokernel of ¢ we get a unique morphism f : C — T such that fj = h. Now

we have
At —typTyC
\h}
t v o
T
and see t = hb = fjb completing the argument. |

Proposition 1.2.7. Let i : A — B be a morphism in (<, &) admitting a cokernel. If
there exists a morphism j : B — C in & such that the composition ji : A — C is an
admissible monic then ¢ is admissible monic.

Proof. Let ¢: B — D be a cokernel of 7. From the pushout diagram

Jt

s
o ——Q

f



and Proposition we get that ( jii) : A — B @ C is admissible monic. As we have

that (Iﬂf; Ic?c) : B®C — B@(C is an isomorphism it is in particular admissible monic.

—j Ide Ji
is a cokernel of () it is admissible epic. Consider the following diagram

Hence we have that () = (IdB 0 )( / ) is an admissible monic as well. Since (6 If?c)

A—Y 3 B c D

H 1) 1)

A— BpC —s D C
((ZJ) ((C)Ic?c>

¢ is an admissible epic as the right hand square will be a pullback. By Lemma [A 1] is
a kernel of ¢ and we are done. |

Corollary 1.2.8. Let (i,p) and (i/,p’) be two pairs of composable morphisms. If the
direct sum i @ ', p @ p’ is exact, then (i,p) and (i, p’) are both exact. In other words &
is closed under direct summands.

Proof. We easily note that (i,p) and (¢/,p’) are kernel cokernel pairs. Furthermore we
see that (§)i= (4 9)(§) which is admissible monic. Hence by Proposition we get
that ¢ is admissible monic and we are done. |

12



1.3 Some classic diagram lemmas

In this section we show three classic results that are well known in the case of abelian
categories. In particular we will show the small 5-lemma, Noether isomorphism and 3x3
lemma for exact categories.

Proposition 1.3.1. The pull-back of an admissible monic along an admissible epic
yields an admissible monic.

Proof. Consider the diagram

Where the left square is a pullback that exist by (E2°P). Let p be a cokernel of ¢, hence
admissible epic. This gives us that pe is admissible epic as it is a composition of two
admissible epics. We get by Lemma[A.3|that i’ is monic. In order to show ¢’ is admissible
monic we show it is is a kernel of pe. pei’ is clearly 0, we show the universal property.
Let ¢’ : X — B’ be such that peg’ = 0. Since 7 is a kernel of p there exists unique
f: X — A such that eg’ = if. Applying the universal property of the pullback we get
a unique f’: X — A’ such that ¢/'f’ = f and 7' = ¢’. Since ¢’ is monic we get that f’
is the unique morphism such that 7 f’ = ¢’ and we are done. [ |

Proposition 1.3.2. A morphism (a,b,c) from a short exact sequence A’ — B’ — ('
to another short exact sequence A — B — (' factors over a short exact sequence
A— D —»C'

AL g

o we |y

m _D e Cl

A
| e [
A

f B g C

such that the two squares marked BC is bicartesian. In particular there is an isomor-
phism between the pushout under f’ and a and the pullback over g and c.

Proof. Form the pushout under f’ and a to obtain the object D and the morphisms m
and /. Let e : D — C’ be the unique morphism such that et/ = ¢’ and em = 0. By

13



Corollary e is a cokernel of m. Let v” : D — B be the unique morphism such that
't = b and b"m = f. The following diagrams show the construction.

Aty Aty
al lb/ g’ al lbl b
A" D A" D

\\ b’
"
/ f B

By Proposition [1.2.4] we get that the top left square is bicartesian. The lower right
square commutes as a and b = b”l’ determines ¢ uniquely by Lemma |A.2, By the dual
of Proposition we get that the lower right square is bicartesian. [ |

Corollary 1.3.3 (Five Lemma). Consider a morphism between short exact sequences.

A—— B —— C

I

A »—— B ——» '
if @ and ¢ are isomorphisms so is b. Furthermore if if ¢ and ¢ are admissible monics
(epics) so is b.

Proof. First we assume a and ¢ are isomorphisms. As isomorphisms are preserved by
push-outs and pull-backs the diagram in Proposition [1.3.2]yields that b is the composition
of two isomorphisms, and hence an isomorphism. Now let a and ¢ be admissible monics.
It follows from the diagram in Proposition[L.3.2]together with (E2) and Proposition[1.3.1]
that b now is the composition of two admissible monics, and hence admissible monic.
The case of admissible epics is dual. |

Proposition 1.3.4 ("Noether Isomorphism”). Consider the diagram

A>L>B*g»X

I

7 I's
A2 C
l”
Z
where the first two horizontal rows and the middle column are short exact. Then the
rightmost column exist, is short exact and is uniquely determined by the requirement

that it makes the diagram commutative. Furthermore the upper right hand square is
bicartesian.

14



Proof. By Lemma we have a unique morphism s : X — Y making the upper
right square commute. By the dual of we now get that the upper right square is
bicartesian. Since the upper left square is bicartesian we get that s is admissible monic
by (E2). By Lemma we can now find a ¢ that is the cokernel of s and makes the
lower square commute. [ |

Proposition 1.3.5 (3x3 Lemma). Consider a commutative diagram

U = el

N

AL sp-—2 ¢

b bk

A f B g’ okt

in which the columns are exact. Assume in addition one of the following
(1) The two outer rows are exact and gf = 0.

(2) The middle and top row is exact.

(3) The middle and bottom row is exact.

Then the remaining row is exact.

Proof. First we assume (1) hold. We start by forming a pushout under ¢’ and b. This
gives us the following diagram with exact rows and columns.

a g Lo
H |-
A i op_Jd oD
lb/ k'
Bl/ BII

By Corollary the cokernel k' of k is determined by k' = b and K’k = 0. j is
epic by the dual of Proposition [[.3.1} Furthermore we see that i = bf’ is a kernel of
the admissible epic j by the dual of Corollary By using the pushout property of

15



B'C'BD we get unique d’ making the following commute.

Consider the following diagram with exact rows.

S SLE A L

R
/

O s 0 Ly O

The left square commutes by our previous diagram. The right square commutes as
dd'j=cdg=g¢" =¢g"kK'j and j is epic. By the dual of Proposition DCB"C" is a
pullback square. Hence d’ is admissible epic. Consequently g = d’j is admissible epic.
The unique morphism d : A” — D such that ¥'d = f” and d’'d = 0 is a kernel of d’ by
dual of Corollary By the pullback property of DCB”C” the diagram

A/ A/

ol

At .p_9.,¢

PR

A4 o p_ 4y

commutes as k' and d' are epic, k'da’ = f"d' = b f =K jf and d'da’ =0 =gf =d'jf.
Note that this is where the assumption gf = 0 came into play. By the dual of Proposition
ABA"D is bicartesian. Now f is a kernel of g by Proposition and the middle
row is exact.

Next we assume (2) hold. Apply Proposition to the two upper rows to obtain

the commutative diagram

P URSEAy AN o

frse [

At s D 2y

| T
A1 B2y C

where ji = b. Note that ¢ is admissible monic by [E2] and j is admissible monic by
Proposition By Corollary the morphism ' : D — A” determined by i’ = 0

16



and i’ f = a’ is a cokernel of 7 and the morphism j' : B — C” given by j' = g = ¢"V is
a cokernel of j as shown in the following diagrams.

is commutative we are done by Noether isomorphism (Proposition [1.3.4). All that re-
mains to show is that f”i' = b'j as the rest hold by construction. We will show both is
a solution to the pushout problem

Then by pushout property they will be equal. We have

(F)i=0=bb=(5i and  Hf=Vf=f"d=(")f
which together with
(f"1fa=(f0)f and  (ifla=f"d'a=0=0bf = i) f

proves the claim. Assuming (3) yields a dual proof of assuming (2). [

17



1.4 Admissible morphisms

In this subsection we look at admissible morphisms and some of their properties. These
will show up when we later investigate acyclic complexes in Section 4. Towards the
end of the subsection we will see that an exact category consisting of only admissible
morphisms is abelian.

Definition 1.4.1. A morphism f : A — B in an exact category is called admissible if it
factors as a composition of an admissible monic with an admissible epic. This will often
be denoted —o—

Proposition 1.4.2. The factorization of an admissible morphism is unique up to unique
isomorphism.

Proof. Let A —o— B be a admissible morphism. Consider the commutative square

A——1
l il /:[
e’ /’// m
i
I — B
m
with two different factorisation of f. We need to show there is unique mutual inverses
i and 7' making the diagram commute. Let ¢ be a cokernel of m’. As ecme = em’e’ =0
and e is epic we get cm = 0. By universal property of m’ as a kernel we get unique
morphism ¢ : I — I’. Finding ¢ is dual. By m'¢’ = mii'e = 4’ = Id; and
me = m/i'ie’ = /i = Id;s we get 7 and ¢’ are mutual inverses. [ |

Lemma 1.4.3. Let f be an admissible morphism with the following factorisation.

Then we have if k is a kernel of e then it is a kernel of f. Dually if ¢ is a cokernel of m
then it is a cokernel of f.
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Proof. We only prove the first part as the second part is dual. Let k be a kernel of e.
We show it is a kernel of f. We see composition is zero by fk = mek = 0. Now let ¢ be
another morphism such that ft = 0. Then we have ft = met = 0. Since m is monic we
get that et = 0. Since k is a kernel of e we get a unique map h such that kh = t. Hence
k is a kernel of f. [ ]

Definition 1.4.4. The analysis of an admissible morphism is the diagram
A—&L B
k c
K I C

where k is a kernel, ¢ is a cokernel, e is a coimage, and m is an image of f. The
isomorphism classes of K, I and C' are well defined by Proposition [1.4.2] and Lemma

L.4.3]

We are now able to make sense of the following definition composing multiple admissible
morphisms.

Definition 1.4.5. A sequence of admissible morphisms
A 6 » B o C
I r
is called acyclic if I — B — I’ is short exact. Longer sequences of admissible morphisms
are acyclic if the sequence given by any two consecutive morphisms is exact.

Example 1.4.6. Given an exact category (7, &) where all morphisms are admissible

we have that &7 is abelian. Given A 4 B in o it follows from 1.4.3|that f has a

kernel and a cokernel. To see that that every monic is a kernel let i : A —o— B be
monic. As i is admissible we have

K—t5A . » B
I

where (k,e) is a kernel cokernel pair. We note that mek = ik = 0 Since 7 is monic we
get k = 0. Hence e is an isomorphism. Since m is a kernel by assumption so is f. By a
dual argument every epic is a cokernel.
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2 Idempotent Completion

2.1 Idempotent completion

This section is based on biihler’s article [2, Chapter 6 and 7]

A lot of the results we will see throughout the thesis only hold in idempotent complete
categories. It is therefore necessary to mention this class of additive categories. We will
see a constructive proof of how to fully faithfully embed any additive category into an
idempotent complete category. Furthermore we look at a weaker form of idempotent
completion and briefly look at some results on how this and idempotent completion
affects an exact category.

Definition 2.1.1. An additive category &7 is called idempotent complete if for every
idempotent p : A — A there is a decomposition A = K @& I of & such that p = (§9).

Proposition 2.1.2. An additive category «f is idempotent complete if and only if every
idempotent has a kernel.

Proof. Suppose every idempotent has a kernel. Let &k : K — A be a kernel of the
idempotent p: A — A. Let i : [ — A be a kernel of the idempotent (Id4 —p). Then we
get the following diagrams by the universal property as p(Id4 —p) = (Id4 —p)p = 0.

(1-p)

A A

SN
A
We have kli = (1 —p)i = 0 hence li = 0 as k is monic. We also get [k = Idx as
klk = (1 — p)k = pk + (1 — p)k = k. Similarly we get jk = 0 and ji = Id;. Hence we
get that (ki) : K ®I — A and (jl) : A — K @ I are mutual inverses and therefore
A= K @ I. Furthermore p = (;)p(kz) = (;)Zj(kz) = (8&?,) as desired. Conversely

let o/ be idempotent complete. Then a kernel of an idempotent ( I(?B ): A®B — A®B
is (M4):A— A®B. ]

s
?\
=

T~

Remark 2.1.3. Note that the first part of the proof gives us that every idempotent
p in an idempotent complete category can be decomposed to Ker(p) @ Im(p) with p =

0 0
0 IdIm(p) .
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Proposition 2.1.4. Every additive categry «/ can be fully faithfully embedded into an
idempotent complete category «7”.

Proof. We start by constructing the category </”. The objects are pairs (A,p) where
A € &/ and p is an idempotent in o7/. The morphisms are defined by the following
Hom , ((A,p), (B,q)) = qo Hom (A, B) o p where the composition is induced by <.
Note that Id4,) = p. It is easy to verify that < N is additive with the biproduct
(A,p)®(B,q) = (A®B, pdq). Now the functor i, : &/ — /" given by i (A) = (A,1d4)
and i (f) = Id fId = f is fully faithful by construction. All that remains is to see that
/" is idempotent complete. Let pfp be an idempotent of (A, p) in &/”. A fortiori pfp
is also idempotent in /. Now we can see (A,p) = (A,p—pfp) ® (A, pfp) by the mutual

inverses (p;%p) and (p—pfp pfp). We see that <p;%p>pfp(f’*1°fp piv) = (0 pfp) =

(8 1(21)- Hence &7” is idempotent complete. |

Definition 2.1.5. In a category € a morphism r : B — C'is called a retraction if there
exists a section s : C — B such that rs = Ido. A coretraction is defined dually i.e.
c: A — B is a coretraction if it admits a section s : B — A such that sc = Id4.

Remark 2.1.6. Retractions are epics, and coretractions are monics. Furthermore a
section of a retraction is a coretraction and a section of a coretraction is a retraction.

Lemma 2.1.7. Let » : B — C be a retraction with section s : C — B. Then the
idempotent sr give rise to a splitting of B if r admits a kernel k: A — B.

Proof. Note that r = rsr = r(Idg —sr) = 0. Hence by the kernel property of k there
exists unique t : B — A such that kt = Idg —sr. It follows that k is a coretraction
since ktk = (Idp —sr)k = k — srk = k = tk = Id4. Furthermore we have that
kts = (Idg —sr)s = s — s = 0, hence ts = 0 as k is monic. Now we have that the
morphism (ks) : A® C — B is an isomorphism with inverse (%). In particular the

sequence A — B — (' is isomorphicto A - Ae C — C. |

Lemma 2.1.8. In an additive category the following are equivalent
(1) Every coretraction has a cokernel.

(2) Every retraction has a kernel.
Proof. By duality it suffies to show (2) implies (1). let ¢ : C — B be a coretraction with
section s : B — C. Then s is a retraction and has kernel k£ : A — B by assumption. By

the proof of Lemma k is a coretraction with section ¢ : B — A. By the conclusion
in Lemma this is a cokernel. [ |

22



Definition 2.1.9. If the conditions of hold then & is said to be weakly idempotent
complete.

Lemma 2.1.10. Let (&7, &) be an exact category. The following are equivalent.

(1) The additive category o is weakly idempotent complete.

(2) Every coretraction is an admissible monic.

(3) Every retraction is an admissible epic.

Proof. We show (1) < (3), (1) < (2) is dual. For (1) = (3) let r be a retraction.
r admits a kernel by assumption. Therefore we get by Lemma that the sequence

AL BL Cis isomorphic to A - A ® C — C. This is exact by Proposition
Hence r is admissible epic. Conversely we know every admissible epic has a kernel. W

Proposition 2.1.11. Let (<7, &) be an exact category. Then the following are equiva-
lent.
(1) The additive category < is weakly idempotent complete.

(2) Let f: A— B and g : B — C be morphisms. If gf is admissible epic then g is an
admissible epic.

(3) Let f: A— B and g : B — C be morphisms. If gf is admissible monic then f is
admissible monic.

Proof. (1) = (2) : We form the pullback over g and gf and consider the following

universal property.
A f
\\ﬂ

s A

A
A0

Ida

g’ is a retraction as g’h = Id4. By assumption ¢’ has a kernel k : K — B’. We claim
f'k is a kernel of g. By the diagram
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kf’

s A

AR
Ay 0

We see gf'k = gfg'’k =0. Let t : T — B be another morphism such that gt = 0. By the
following two universal properties we find our desired unique morphism i : T' — K’.

Hence we found a kernel of g. By the dual of Proposition g is admissible epic.
(2) = (1) : Let g be a retraction. Then there exist s such that gs = Id. Since Id is
admissible epic we get that g is admissible epic by assumption. By we are done.
Showing (1) <= (3) is dual. [ |
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3 Localization

This section is based on Krause’s article [3, Chapter 3]

In this sections we will work our way to the definition of the Verdier localization. This
will be applied later in order to define the derived category of an exact category.

3.1 Localization with a multiplicative system

In this subsection we will define localization and introduce multiplicative systems to give
an explicit construction.

Definition 3.1.1. Let % be a category. Let S be a class of maps in €. The localization
of € with respect to S is a category S~! % together with a functor Q : € — S~! € such
that the following hold.

(L1) Qf is an isomorphism for all f € S.

(L2) For any functor F' : € — 2 such that F'f is an isomorphism for all f € S, there
exist an unique functor H : S~'% — 2 such that HQ = F.

In order to give an explicit construction of S~ %" we need to put some constraints on S.

Definition 3.1.2. Let S be a class of maps in . S is a multiplicative system if the
following hold.

(MS1) - If f and g are composable morphisms in S then gf is in S.
— The identity map Id4 is in S for all objects in %.

(MS2) Let s: B — C € S. Then every pair of morphisms f: A — Cand g: B — D in
% can be completed to a pair of commutative diagrams

P QE— » B B—5D
511 Js Sl 82
A-1.c C - X/

such that §; and 35 are in S.

(MS3) Let f,g : A — B be morphisms in 4. Then there exist some s; : A’ - A€ S
such that fs; = gsp if and only if there exist some s3 : B —+ B’ € S such that

sof = sag.
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With this definition we can define an explicit construction of the localisation of € with
respect to 5.

Construction 3.1.3. Let % be a category, and S multiplicative system. Then we get
the following description of the category S~ €.

1.

ObS~1¢ =0b¥%.
f

Morphisms in S~!% is given by pairs (f,s) X Y+~ Y with s € S,

up to an equivalence (given below).

Two morphisms (f1,s1) and (f2,s2) are equivalent if there exists a third mor-
phism (f3,s3) € S™!' % and morphisms u,v € € such that the following diagram

commutes.
Yy
2N
X Py, ey
Y,

4. Composition of two equivalence classes (f1,s1) and (f2,s2) is given by (ufi,vs2).

u and v are obtained by the commutative diagram below, which exist by (MS2).

4
A K
// \\ v
. N

- N
- ~

LN N
X Y VA

5. The identity of an object X in S~1% is (Idx,Idx).

The following two results will justify our construction.

Proposition 3.1.4. Given the setup in we have the following

1. The relation defined is an equivalence relation.

2. The composition rule given is well defined on equivalence classes.

3. Composition is associative.
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4. The identity morphisms in S~! % satisfy the identity axioms for a category.

Proving 1-4 shows S~ % is a category.

Proof. 1. The relation is reflexive as (f1,s1) is equivalent to (f1,s1) by letting the
third morphism be (f1,s1) and the morphisms u and v be identity. The relation
is symmetric as the diagram will still commute if we "flip” it. To show transitiv-

ity we let (f1,s1) ~ (f2,s2) and (f2,82) ~ (f3,s3). We then have the following
commutative diagram

where s1, 89, 83,5, 8" € S. By (MS2) we find the morphisms §1, §2 by the following
commutative square.

Where 3 € S. By (MS 3) we get the following right diagram with §3 € S by the
following left diagram.

B2, 0, Y o Cy s O
lv/ l§2 lv’ l§2
-5 D -2, DB, F

Now we have the diagram
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C1

f1 51
1 5381 2
A 8382 f" é. ) 53825" B
3 53820 4
f3 s3
OF

53895” is in S as it is a composition of maps in S. We check that triangle 1,2,3
and 4 commutes. All the relations are in the commutative diagrams above.

1. 53510 f1 = 8381 f" = 83510 fo = 83500 fo = 5382 f"
2. §3§1u/81 = §3§15, = §3§1U,82 = §3§2u”32 = §3§28”
3. 83590 f3 = 8350 f"
4. 33590" 53 = 83595"

. Let (f1,s1) (f2,52) be composable morphisms. Suppose we choose two different
representations of the composition as given in commutative diagram below.

D,
A K
/ \
/ \
/ \
u // \\ V1
1
/ \
/ DQ \
/ \
’ A K \
e SO

o, NN
’ o NS
’ 7 u2 v2 SN
- ~

A B’
N
A B C

Note s1, s2,v1,v2 € S. We need to show (uq f1,v182) ~ (u2f1,v282). By (MS 2) we
get the following commutative diagram with §; € S.
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S1u1
. .. s 4 C e
Consider the compositions B —— A’ - X . By commutativity in the two
Soug
diagrams above we get $ju1s; = §1v1fo = Sauafo = Sougs;. Hence by (MS3) we
stul
3 8 ~ PO A A
have A’ X --225 Y where §3 € S and $351u; = $352us. Now we have the
~_
Sousg
following commutative diagram.

u1 f1 V182

5351U1f1 R . S$381vV182

=5382ua f1 =3382v252
K_} Sssi/
ug2 f1 U252

Where 83810152 = 83520282 € S by (MS1). Hence (uy f1,v182) ~ (uaf1,v282).

3. Let (f1,51), (f2,s2) and (fs, s3) be composable morphisms. Consider the following
commutative diagram, where the dotted arrows arise from (MS2).

D
o

oI

S92 385

B, p li, g

/LNy U Ly U Lo

where s; € S. We see that it does not matter in which order we complete
the diagram, and we get. (f1,s1)((f2,52)(f3,83)) = ((f1,51)(f2,52))(f3,83) =
(fef5f3, 868551)-

4. Given (f1,s1) and (f2, s2) composable with (Idg,Idp) on the left and right respec-
tively. The statement is verified by the following diagrams.

A C
Id //7[ K\\\sl f2/,/>( K\\\Id
A B B C
NG BN N N
A B B B B C
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Proposition 3.1.5. Let € be a category, and S a multiplicative system. Then the
following hold:

1. Q: %4 — S™1¥, given by A — A on objects, and f ~ (f,1d) on morphisms is a
functor.

2. For all s € S we have (Js is an isomorphism.

3. If F: % — 2 is another functor such that F's is an isomorphism for all s € S.
Then there exist an unique functor G : S~ %4 — 2 such that GQ = F.

Proof. 1. Let A € Ob¥¢. Then QIdy = (Ids,Ids) = Idga. Let f and g be com-

posable in . Then Q(gf) = (9f,1d) = (¢,1d)(f,Id) = QgQf. Hence Q is a
functor.

2. Let s: A — B € S then Qs = (s,Idp). We claim the inverse is (Idp,s). In the
left diagram we see (s,Idp)(Idg, s) in the right we see it is in the same equivalence
class as Id 4.

B B
27 N S N
B B — = B
s Id Id s s
A B A
By drawing diagram for (Idp, s)(s,Idp) we immediately get it is equal to Idp.

3. Let F : € — 2 we need to show there is a unique G : S~'% — D such that the
following diagram commutes.

We define G(A) = F(A) for objects, which is the only choice. For morphism we
also only get one choice as we need composition to be well defined. G(f,s) =

G(s)'G(f).

Remark 3.1.6. B.1.4] and 3.1.5 shows that construction B.1.3lis a localisation.
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3.2 Defining Verdier localization

In this subsection we define the Verdier localization. In order to do this we will introduce
a class of morphisms in a triangulated category. Then we will show this is a multiplicative
system compatible with triangulation. This then gives us the specific localization.

Definition 3.2.1. Let 7 be a triangulated category and S a multiplicative system.
Then S is compatible with triangulation if the following hold.
(MS4) Given s € S, the map s[n] belongs to S for all n € Z.
(MS5) Given a map (f1, fo, f3) between two triangles where fi1, fo € S there exists a map
(fl?f?mfé) where fé €5.

Definition 3.2.2. Let 7 be a triangulated category. Let . be a triangulated subcate-
gory as defined in We denote by S(.¥) the class of morphisms in 7 such that the
cone of f belongs to .%.

Proposition 3.2.3. Let 7 be a triangulated category, and . a triangulated subcate-
gory. Then S(.¥) is a multiplicative system which is compatible with triangulation.

Proof. We check the axioms one by one.

(MS1) Let f,g € S(.#) Consider the following diagram which arise from (TR4).

A—1 4B Cone(f) — A[l]
) ‘

; H

ﬂl 2Ny Cone(gf) —— A[l]
Cone(g) Cori/e(g)
|

B[1] ——— Cone(f)[1]

The second column is an exact triangle by (TR4). We see Cone(f), Cone(g) € .¥
as f,g € S(¥). By (TS2) Cone(gf) € .. Hence gf € S(.¥). For the identity we
know by (TR1)+(TR2) S — S — 0 — S[1] is an exact triangle for S € .. By
(TS2) we get that 0 € .. Hence Cone(Idy) = 0 € . for all A € T. Therefore
Idg € (&) forall Ae T.
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(MS2) Let f bein T and s in S(). We need to find the dashed arrows f’ and s’ in the

following diagram

A 44114> B
s is’
C ——f/——> X

where s’ € S(). We complete s to an exact triangle, and then shift it to get the
following triangle.

Cone(s)[-1] —L—» A —— C » Cone(s)

Now we can construct the following diagram.

Cone(s)[—1] == Cone(s)[—1]
g fg
A ! >

Cone(s) === Cone(s)

By (TR3) we get the existence of f’. By (TR2) we can shift the triangle in the
right column to get

B — Cone(fg) — Cone(s) —— BJ[l]

We see that Cone(s’) = Cone(s) € .. Hence s’ € S(.#). The other half of (MS2)
is dual.

(MS3) Let s € S(&) and f,g € T such that fs = gs. We need s’ in S(.#) such that
s'f = s'g. We can complete the following diagram with the dashed arrow ¢

A A Iy Cone(s) —— A[1]

J(ffg)

-

B <t

since (f —g)s = 0 and h is a weak cokernel of s by Corollary Now we can
complete an exact triangle for ¢.

Cone(s) —— B —*— B’ » Cone(s)[1]
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Where s'(f — g) = s'th = 0 as s is a weak cokernel of ¢ by Corollary B.5| Hence
s'f = s’g. By shifting the triangle (MS2) we get

!

B —=— B Cone(s)[1l] —— BI[1]

As Cone(s) € . we get Cone(s)[1] € . by (TS1). Hence s’ € S(.). The other
half of (MS3) is dual.

(MS4) Let s: A — B € S() then we can complete s to an exact triangle and shift three
times to get the exact triangle

A1) s(1]

BI[1] Cone(s)[1] —— A[2]
By (TS1) Cone(s)[1] € .# and so s[1] € S(.¥).

(MS5) Let (f1, fo, f3) be a map between two triangles
A B C A[l]
lfl lfQ st lfl[l]
A’ B’ ! A'1]

where fi1, fo € S(). Consider the following commutative diagram.

A B C AL]
| |

AP p Cone(fag) —— A[l] (+)
lfl H 352 lfl[l}

Al B c’ A1)

We claim there exist s; and sy in S(.) that are compatible with the diagram
above. For s; consider the following diagram completed by (TRA4).

A—' 4B C A[l]

R

AP p Cone(f29) —— A[l]
Cone( fy) === Cone(s1)
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Since Cone(f2) = Cone(s;) € ¥ we get s1 € S(&). To find sy consider the
following completion by (TR4).

A—Ln Cone(f) — A[l]
AP, p Cone(f29) — A[l]
c [ —

We see that sy fits in our diagram (x). We can shift the triangle in the second
column (TR2) to get.

Cone(fag) —2— C' Cone(f1)[1] —— Cone( f29)[1]

Hence Cone(sz2) = Cone(f1)[1] which is in . by assumption and (TS1). Hence

s9 € S(). Now we have the morphism (f1, f2, s251) between the original triangles
as needed.

Definition 3.2.4. Let 7 be a triangulated category. Let . be a triangulated subcate-
gory. The Verdier localization of T with respect to . is defined by

TS =SIN'T

Together with the functor @ : 7 — T /. given in Proposition
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3.3 Properties of Verdier localization

In this subsection we go through results regarding localization and particularly Verdier
localization. When we later define the derived category through Verdier localization we
know these result will hold.

Lemma 3.3.1. Let & be a category and let S be a multiplicative system on €. Let
(f,s),(g,s) : A — B be morphisms in S~1%. Then (f,s) = (g,s) if and only if there
exists a morphism a : B — B” in € such that as € S and af = ag.

Proof. Since (f,s) = (g, s) we have the commutative diagram
B/
2N
Aot B
oA
B/

with ¢ € S. In particular us = t = vs. Hence by (MS3) there exists s : C — B” in
S such that s'u = s'v. Let a = s'u = s'v then we have as = s'us = s't wich is in S
by (MS1). Furthermore we have af = s'uf = s’h = s'vg = ag which concludes the
proof. |

Lemma 3.3.2. Let ¥ be a category, S a multiplicative system. If f : A — B and
f'+ A’ — B’ are two morphisms in ¢ and the following diagram commutes in S~' %

Q(A) —— Q(4A)

a| Jew

Q(B) —— Q(B))

where @ is the localization functor. Then there exists a morphism f” such that the
following diagram commutes in €

AT A = A
R
B B// B/

q

where s,q € S, a = (g,s) and b = (i, q).

35



Proof. Let a = (g,s) where g : A — A” and s: A’ — A”. We use (MS2) to obtain the
following diagram with a commutative square and t € S.

~

4;’: -

<;
=

Let b = (i,q) where i : B — C and ¢ : B — C then use (MS2) to get the commutative
square

B ——C
t ij
B - s B’

with r € S. By the following commutative diagram
C
SN
B-L, Bt p
\ TI J /
ji rt
E/

we get (ji,rt) = (i,q). Now we have the following diagram where the right square
commutes.

AT A A
f lrf lf’
B —— B« B
J1 rt

We calculate that bQ(f) = (ji,rt)(f,1d) = (jif,rt) and Q(f)a = (f',1d)(g,s) =
(rfg,rt). By assumption we know bQ(f) = Q(f’)a. Thus we have (rfg,rt) = (jif,rt).
We apply Lemma to get a d such that drt is in S and d(jif) = d(rfg). We note

that (ji,rt) = (dji,drt) by the following diagram.
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Now we have the commutative diagram

Ao A N

lf ldrf lf’

B——B'"+—B
dji drt

and we are done with (dji,drt) = (i,q) = b and f” = drf.

Theorem 3.3.3. Let T be a triangulated category, and S a multiplicative system com-
patible with triangulation. Then the localization S~! 7 inherits a unique triangulated
structure such that the localization functor Q : 7 — S—1 T is exact.

Proof. The equivalence [1] : 7 — T induces a equivalence S~![1] : ™17 — S~1 T given
by (f,s) — (f[1],s[1]). By (MS4) s[1] € S. This clearly commutes with the localization
functor @ : 7 — S~ 7. Now let the exact triangles in S~ 7 be all triangles isomorphic
to images of exact triangles in 7. This gives us that @ is exact by construction, and all
that is left is to verify (TR1)-(TRA4).

(TR1) : (a) The class of exact triangles is closed under isomorphism by construction. (b)

let A € S_thhen()—)AMﬁ)—)A—)Oistheimageon—)AEA—)A—)Oandhence
an exact triangle. (c) Let (f,s) € S™!T. Consider a completion of f into a triangle

, JId
AL B % ¢ AN in T. This has the image A L1427, pr @lde) o Pldam) - g,
in S~1 7 which gives rise to the isomorphism

A (f,IdBQ I (9.1dc) C(ngA[l]) All]

| el ]
A 1]

» B
(fvs) (gS,IdC) C(thdA[l])

Hence we found an completion of (f,s) into an exact triangle.

(TR2) : Given an triangle A 2), g 91, o (), A1] in S7'T we know it is isomor-
phic to the image of an exact triangle, say (a,b,c) in T. ((g,t), (h,u), —(f[1], s[1])) and
((=(h[—1],u[-1]), ([, s), (g,t)) will then be isomorphic to the image of (a,b, ¢) shifted.

(TR3) : First we want to reduce the problem to only looking at images of exact triangles
in 7. Suppose (TR3) hold for images of exact triangles in 7. Given the solid part of
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the following diagram

(a,s) (b))

A » B C > All]

th)lmm)ix l

A > B’ y O A'll
(a/,s/) (b/,t/) (b',u/) [ ]

we need to find z. We find triangles isomorphic to these which are images of exact
triangles in T

4 @), 5 (Gl il
9 |49 o
A (a,s) B (b,t) A[l]

(f1,wr) (f2,w2)

~ ~

/ N5 /
@i B oo AUl

| =1|J2 o

A (71',101)> B (b'.1d) Cv (fl'Jd)> A’[l]

where we get (f,38) by (TR3) for images. Now let 2 = jg_l(f, §)iz'. Then we get
w(bt) =5 (,9)iz " (b1)
= j3 *(f, 8)iz tiz (b, 1d)iy !
= j3 ' (£,5)(b,1d)iy "
= j3 ' (0, 1d)ja(fa, wo)iziy '
= j3 " (V' 1d)ja(fa, w2)
= (', ¢)j3 ' Gofay wa) = (U, 8')(f2,2)
similarly (0, v )z = (fi[1], w1[1])(c,u) Hence we can reduce the problem to images of

exact triangles. Let A @), p B19), o (10 A[l] and A’ (@D, g WD, o (410
A'[1] be images of exact triangles in 7 such that we have the solid part of the diagram.

A
(fmﬂ)l
A/

By Lemma we find a” such that the following diagram commutes in 7.

(a,Id) (b,1d) (c,Id)

B

l(f2752)
B

|
|
.
N / C/ N
(a’,1d) (v',1d) (c/.1d)

C

> A[l]
ymmmn
A'l1]

AT gy

Ik

B B// B/

f2 52
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By (TR3) in 7 and (MS5) we get the following diagram with s3 € S.

» O —=
lﬁ lfz lfs lfl[l

A a” . B b o c’ A//

R

R A e .Ul

Now it is straightforward to verify that the following will be a morphism of triangles.

(a,1d) (b,Id) (c,1d)

B C > All]

(fhsl)l l(fzﬁz) l(f&Ss) Jr(fl[l],é)l[l])
!/

N5 ! /
(a’,1d) B (b',1d) ¢ (c Id) A1)

(TRA4) : First we want to reduce the problem to looking at images of exact triangles in
T. So suppose (TR4) Hold for images of exact triangles in 7. consider the following
diagram, where we are given the solid part.

(a1,s1) B (az,s2) c (ag,ss)> A1)
RN
A (b1,t1) B (b2,t2) o (173»7753)> A[]
[CE y |(@ el
A a B g
(h1,w1) J(hzﬂm
B[llaz[llm 1) cll

We need to fill in the dotted morphisms x and y making the diagram commute. Using
(L1), (TR3) and we can construct the following isomorphisms, where the bottom
triangles will be images of triangles in 7.

A a1,812 B (a2,s2) . C (a3,83) >A[1] A (bl,tl) B, (b2,t2) . (b3,t3)
H %’l(sl,ld) %l’il H H ululvld) ulh H
AL B G b netan) A i) B D Gone(arar) MY A



Where a; and @; comes from the composition of (ai,s1) and (f1,u1).

B
v
B C
2N BN
A B B’

Observe that (a1,1d)(s1,1d) = (41 f1,1d) = (a1s1,1d) = (Gyug, Id)(f1,u1). We therefore

get by (L1), (TR3) and Lemma the following isomorphism where the bottom is an
image of a triangle in 7.

(f1u1) B (g1,v1) A (h1,w1)

B
Nl(shld) %l(ﬁlul,ld) Nlig gl
B

~

Cone(aq)

(a1,Id) B (e1,1d) (e2,1d)

Now by our assumption we can complete (TR4) in the following way for our images of
triangles in 7.

(a1,14) » B (c1,1) » Cone(ay) ﬂ All]
I R R
(dlal’ld)> B (d1,1d) > Cone\(,&lal) — A[1]
(e1,Id) (§,0) l
Cong(&l) — Cong(dl) —— B[]
V(eQ,Id)

B[1] —— Cone(a1)][1]

Now we let z = igl(f, 5) and y = z'gl(g,f)ig. This will give us the morphisms we
are looking for. We check that the top middle square in our original setup commutes.
Checking the three other squares are similar.

(a2, s2) = i3 ' (f,§)i1(az, 52)

= iy ' (f,9)(c1,1d)(s1,1d)

=iy *(dy,1d) (a1, 1d)(s1,1d)

= (bo, to) (tiyur, Id) " (ay, Id)(s1, Id)
= (by, to)(tiyur, Id) (@ ur, I1d) (f1, u1)
(b2, t2)(f1,u1)
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It is clear that (TR4) hold for images of a triangles in 7. We simply complete (TR4) in
T and then apply our localization functor on the whole diagram. |

Lemma 3.3.4. Let 7 be a triangulated category. Let S be a multiplicative system
compatible with triangulation. Then the following are equivalent for a map f: A - B

in T.
(1) The localization functor @ : 7 — S™! T annihilates f.
(2) there exists a map g : B — C in S such that ¢gf = 0.

(3) The map f factors through the cone of a map in S.

Proof. (1) <= (2): Let f: A— BThenweget Qf =0 < (f,Idg) = (0,1dp) <—
the following commutes for some g € S.

(2) —= (3): Let f: A— Bandg: B — C € S Consider the triangle B % C —
Cone(g) — B[1]. We can shift this triangle and consider the following diagram.

A ld A 0 A[1]
! bl
Cone(g)[—1] B—2>C Cone(g)

By (TR2) and (TR3) the dotted arrows exist such that the outer squares commute if
and only if gf = 0 and the middle square commutes. Hence we are done.

Definition 3.3.5. Let 7 be a triangulated category. Let F' : T — % be an additive
functor. The kernel of F, denoted Ker(F') is the full subcategory of 7 that consist of
all objects X € 7T such that FF.X = 0.

Lemma 3.3.6. If F': T — U is an exact functor of triangulated categories, then Ker(F)
is thick.
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Proof. (TS1) and (TS2) is clear as the functor is exact. (T'S3) comes from the fact that
an exact functor in particular is additive. |

Proposition 3.3.7. Let T be a triangulated category and . a triangulated subcategory.
Then the Verdier localization 7 /. from definition has the following properties.

1. T /7 carries a unique triangulated structure such that @Q : T — T /. is exact.
2. The kernel Ker(Q) is the smallest thick subcategory containing .&.

3. Every exact functor F' : 7 — U annihilating . factors through ) via an exact
functor G : T /.7 — U.

Proof. 1. This is a special case of Theorem [3.3.3

2. Ker(Q) is thick by Lemma [3.3.6] To see . C Ker(Q) let s : A — B € .%. Then
by (TS2) the triangle A 2 B 2 Cone(s) — A[1] is in ., and és = 0. By Lemma
Qs = 0 and s € Ker(Q). For minimality suppose U is a thick subcategory
such that . CU C Ker(Q). Let Ad A’ € U. Since U C Ker(Q) and @ is additive
we get 0 = F(A® A') = F(A) ® F(A’). Hence F(A) =0 and Ker(Q) = U. Hence
Ker(Q) is the smallest thick subcategory containing ..

3. Let F': T — U be an exact functor that annihilates .. Let f € S(.). Considering
the following morphism of triangles that arise from (TR2)+(TR3)

We get that F(f) is invertible. Hence we get that F' inverts every map in S(.%).
By (L2) we get a unique functor G : T /.¥ — U such that F = GQ. Let A be an
exact triangle in 7 /. Then A = QT for an exact triangle in 7. Since F' is exact
FT is an exact triangle in &/. Furthermore GA = FT' and thus G is exact.
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4 Chain Complexes of Exact Categories

The contents of this section is based on Biihler’s article |2, Chapter 9]. <7 is an additive
category unless otherwise stated.

In this section we investigate chain complexes of exact categories. In particular we look
at acyclic complexes, some of their properties and how to define the derived category of
an exact category through Verdier localization. In the last section of the thesis we will
see the derived category in examples.

4.1 Definition and basic properties

Before defining acyclic complexes for exact categories we recall some of the definitions
and properties of chain complexes of an additive category. We will also see that short
exact sequences in an exact category are closed under homotopy equivalences, this will
be needed later in the thesis when we classify exact structures.

Definition 4.1.1. A (cochain) complex of an additive category <7 is a sequence of
objects and morphisms in &/

-2 -1
dy dy A

dntt
A= ... 2 An-l A"

An+1
such that djdz_l = 0 for all n. A chain map f®: A®* — B® between two chain complexes
is morphisms f™ in each degree such that the following diagram commutes.

ay ay! ay g
L At A" Artl 2

lf’n71 lfn lf’nﬁ»l
n—2 n—1 n n—+1
Ll gt e pn B pen 5,

We denote the category where objects are complexes and morphisms are chain maps by
Ch(«).

Remark 4.1.2. Ch(</) is an additive category where ... =0 — 0 — 0 — ... is the zero

object. The coproduct of A® and B*® is the complex with the coproducts A" & B™ as
objects and (dé“ dog) as morphisms.

Example 4.1.3. If (&7, &) is an exact category then (Ch(%7),Ch(&)) is an exact cat-
egory where

Ch(&) ={A* L5 B* & 00 |an L g 2 on e & for all n)
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it is easy to see (E0) and (E0°P) hold as 0* € Ch .« and Id 4« has Id4» in each degree,
which is admissible epic and monic in (&, &). (E1) and (E1°P) hold as composition is
done pointwise (in each degree). We justify (E2), (E2°P) is dual. We need to complete
the following pushout.

A ", pe

r| Iz

C® -+ X*
3

We know pushouts is taken in each degree. The following use of the universal property
shows we have morphisms d" : X" — X!

An ", pn

el

cn oy xn

\\\\\\dj
-

n+1
ntldy, X

Such that the following diagrams commutes for each n.

cn de Cn+1 B d Bn+1
gnI I%'rﬂrl f'ni lfnJrl
day day
X" X XnJrl X" X XnJrl

Thus ¢* is admissible monic as desired. One can easily check d}“d"X = 0 by the following
universal property.

An ", pn

ol

cn oy xn

ez ag =0

Xn+2

i 2dt de =0

Thus X*® is a chain complex, and we have 7* and f * completing the pushout.

Definition 4.1.4. The mapping cone of a chain map f®: A®* — B® is the chain complex
Cone(f) where

Cone(f)" = A o B" and dCone(f) - ( i )

fn+1 d%
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Remark 4.1.5. Cone(f) is a chain complex as

it? 0 —d™t 0 dnr2gntl 0
dg—H f dgone(f) < n+2 n+1> ( n{x&—l n) = < n+2 7{}}—1 A n+1 pn+1 n+1 n>
one(/) f dp f dp [Ty +dpT f dp" dp
which is 0° as A®, B® are chain complexes, and the fact that squares commute in the

chain map f°®: A®* — B°.

Remark 4.1.6. The mapping cone defines a canonical functor from chain maps in
Ch(«) to Ch(«).

Definition 4.1.7. The translation functor [n| : Ch(«/) — Ch(«) is defined to be
A[n]* = A™" on components and d%[n] = (—1)"d’;"* on differentials. For chain maps
fln]* = f*™. The translation functor is clearly an additive auto-equivalence. The
inverse is [—n].

Remark 4.1.8. This gives us a new notation for the mapping cone namely A°*[1] ® B®.
Definition 4.1.9. The strict triangle over a chain map f®: A®* — B® is the 3-periodic
sequence.

(10)[1]

4ty p 0, Cone(f) 2% A s B Cone(f)[1] L2

Definition 4.1.10. A chain map f : A®* — B® is chain homotopic to zero if there exists
morphisms k" : A" — B! in each degree such that f" = d%‘lh" + h"T1d%. A chain
complex A*® is called null homotopic if Id 4 is chain homotopic to zero. Two morphisms
f® and ¢°® are called homotopic if f® — ¢*® is null homotopic. if f*® is homotopic to g® we
will sometimes write f® ~ ¢®*. We say two complexes A®, B® are homotopy equivalent if
there exists chain maps f® : A®* — B*® and ¢°® : B®* — A® such that f®¢®* ~ Idg. and
g°f® ~Ide.

Proposition 4.1.11. In an exact category (&,&) short exact sequences are closed
under homotopy equivalences.

Proof. Let A% B 2, be a short exact sequence homotopy equivalent to the sequence
X %Y % Z. In other words we have the diagram
ha hp

A>—>B*»C’

flo sl " ul]

X sy -Yy7
e -7 Fel_-~
ha hy
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Such that

The solid part commutes.
® 1y=g1f1+ haa

® 1p=gafo+hpb+ah,

® 1o =yg3fs+ bhy

° 1x = fig1 + hyx

o ly = fogo + hyy + xhy

o 17 = f393 + yhy

Our plan is to construct a new homotopy, then use a dual argument to get another new
homotopy which will turn out to be an isomorphism. Consider the following pushout

and universal property
A—— B

A 7

X %5 PO

AN N4
D
\\
¥
J Y

f2

This gives us the opportunity to consider the following diagram where g§ = fig2 + a'h,.

A2 Bty

sl

X225 PO —2»C

fé’ﬂgé’ f3J/T93
Y v Z

X Y

(4.1.1)

The top squares commute by The bottom left square starting at X commute by

our previous diagram and

ghr = (fage + d'hy)x = fhagy +d' (ldx —fig1) = d' fig1 +d —d' fig1 = d

The bottom right square commutes starting at Y as

Vgy =V (f392 + a'hy) =V fog0 + Va'hy = b f390 = bgo = g3y

Now we show the bottom right square commutes starting at PO. We note that y f4 f5 =
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yfo = fsb= f3b'f}. Thus considering the universal property

A—25 B

A 7

X %5 po

N
\\

A

yx Z

We see f3b = yfY by uniqueness of the dotted arrow. Thus the diagram (4.1.1) com-
mutes. Next we claim there exists [ such that h;fs — fihe = [b. As b is a cokernel of a
it is sufficient to show (h,fo — fihe)a = 0. This hold as

fihaa = fi(lda —g1f1) = fi — figrfr = (ldx —fi91) f1 = hex f1 = ha foa

Now we claim hy, and hj = fyhy — d’l gives the following homotopy equivalence.

/
hb
k===~

PO —— C

el ol

y Y 57

¥ _-

hy
Three of the equality’s are straightforward
o [395 + hyy = f3(f292 + a'ha) + hyy = fog2 + ha + hyy = 1dy
® f393+yhy, =1dz
o g3f3+b'hy = gafs +V(fohy —a'l) = gafs +V fohy — Va'l = g3fs + bhy, = Idc

To see Idpo = g4 f§ + hyb" we remember PO is a pushout and Lemma to realize
(o' f5) is epic and therefore
Mro = G4f} + MY < o = (Gf} + M) and 15 = (G4 8] + g
We check if the right equality’s above hold. We have
(G475 + W) = i f4l +
. g// "
=92/2
= (f292 +d'hy)x
= f3gow + a'hyx
= frag1 +d'(1x — fig1)
=dfig+d—dfig=d
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and

(92.f5 + W) f3 = g3 f3 f5 + Wb f3 = g3 fo + hyb
= (f392 + d'hy) f2 + (fohy — a'1)b
= fy92f2+ d'hafo + fohub — a'lb
= f392f2 + a'hafo + fyheb — d' (hyfo — fiha)
= fogafo + fohwb+ d fiha
= f392f2 + fahob + frah,
= fo(g2f2 + hob + ahq) = f5

Thus we see we have an homotopy equivalence. We can expand this to the following
homotopy equivalence.

0 h,
LTS DEEREN

X —— PO » C

/

b
[ o[J
y Y7

a
/
‘ ’ 2
X T

Now we can form a pullback over g3 and b and use a dual argument to get the following
homotopy.
ha 0

P L-—~<

Xs s PB—% 7

a// b/
| [l
X,y Y

’
> Z

Now we show f2g2 and §o fg are isomorphisms. It is given by the homotopy that fggg =
Idy. For the second we first note that hla” = 0 since Idx = Idx +h/a”. This gives
us that (a”h.)? = 0 and (Idpp —a”h.,)(Idpp —a"hl) = Idpp. From our homotopy we
see g fg = Idpp —a”h!, and thus go fg is an isomorphism. As short exact sequences are
closed under isomorphism we are done.

Definition 4.1.12. An ideal in an additive category <7 is a collection Z = {Z(A, B)} 4 cob()
of abelian subgroups Z(A, B) C Hom,,/ (A, B) such that the following hold.

L Ifh:B— Ce€Z(B,C). Then hf and gh are in {Z(A, B)} 4 peob(w) for every
f € Homy (A, B) and g € Hom,/(C, D).
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2. If hi,hy € 7 then h1 ® he € T.

Remark 4.1.13. Note that an ideal Z in & gives rise to a new category o where
we get Ob.&/ = Ob.&/ and Hom, (A, B) = Homy (A, B)/ Z(A, B). We can make this
Hom-sets as Z(A, B) is an abelian subgroup of Hom (A, B). Furthermore property (1)
makes composition of morphisms well defined.

Lemma 4.1.14. The collection N = {N(A*, B®)} 4¢ pecob(Ch.) Of chain maps homo-
topic to zero is an ideal in Ch .«/.

Proof. To show N(A®, B®) is a subgroup let f®,g* € N(A®, B®). Then we have

[ =dy " hi + hit ) and ¢ = diythy + hy T
We need to show (f®* —g¢*) = (f —g)® € N(A®, B®). This is straightforward as
(f = 9" = di B+ BT — (AR ) = d O — ) + (R - g
yielding the maps needed, namely h"™ = h] — hj. For the absorption property let
f € N(A®,B*) and g € Homgp()(B®, C*). Then we have f* = d 'hi' + hi*'d%. Let
b = " 'h,. Then we have

dgflﬁn + iLTH_le _ drcszlgn—lhn + gnhn—l—ldz

— gnd%—lhn + gn(fn _ d%_lhn)

Hence g*f* € N(A, B). Absorption from the other side is shown similarly. For the sum

we note that if f1, f» € N then we have f7' = dy A7 +h}T1d% and f§ = dy *hg+hotdy
and therefore

(1@ f)" = (dy t ®dy ") (R @ hy) + (BT @ hy ™) (d @ df)

Hence we have shown N is an ideal. |

Definition 4.1.15. The homotopy category K(<7) is the category where Ob(K (%)) =
Ob(Ch(A)) and HOIII;C(%) (A, B) = HOHICh({Q{) (A, B)/N(A, B)

Remark 4.1.16. In (%) morphisms are considered the same if their difference is null-

homotopic, every null homotopic complex is isomorphic to zero. Note that K(<) is well
defined by Lemma [£.1.14]

Remark 4.1.17. It follows from the definition that K(.<7) inherits the additive structure
of Ch(«/). The Hom-sets are quotients of abelian groups, thus abelian groups. However
K(<f) will rarely be abelian or exact with respect to a non-trivial exact structure.
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Example 4.1.18. (&) is a triangulated category where the exact triangles are induced
by the strict triangles in Ch() from Definition
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4.2 Acyclic complexes

In this subsection we go through the theory needed to define the derived category. We
will see that acyclic complexes form a triangulated subcategory of K(&7) which gives
us the ability to apply Verdier localization. Furthermore we will see that the acyclic
complexes form a thick subcategory if and only if we have an idempotent complete
category.

Definition 4.2.1. A chain complex A® over an exact category (<7, &) is called acyclic
n n+1

if each differential d’} factors as A" Ay gt A A L AP insuch a way that each

sequence Z"A M, A Ay ZnH1 A s exact. In other words it is a complex where

each differential is admissible, and two consecutive morphisms are acyclic. See Definition

L4 and L.45

L —— AL y AL
ez\» / \» /Z“
Zn-l—lA

Remark 4.2.2. By Proposition Lemma and Definition we know that
Z™A is a kernel of d”%, an image and coimage of dz_l and a cokernel of dZ_Q.

Lemma 4.2.3. The mapping cone of a chain map f® : A* — B® between acyclic
complexes is acyclic.

Proof. First we claim there exists unique morphisms ¢” making the following diagram
commute.

_ an
N y A" é S/ L
\ / 62 i:g+1
ZnJrlA
|
fnfl ign fn ign#»l fn+1
Zn+1B
n 7;"7‘+1
/' \ y’ N
~ ~ d% ~
—— B! B" o » Bt ——

We see e%‘lf”_ldz_2 = e%‘ld%_Qf"_Z =0asepy Lis a cokernel of d” Since eA_1 isa
cokernel of d’y~ 2 we get a unique map ¢" : Z"A — Z"B such that e” 1f” L= gnely” L
We also see that d fri% = fPd%% = 0 as 7 is a kernel of d%. AS i is a kernel of
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"5 we get a unique map g" : Z"A — Z"B such that f"i"j = i5g". Now we have the
following setup where g makes the right triangle commute, g" makes the left triangle
commute and the square commutes.

n—2 —
n—2 da n—1 eA n
A A 5 A *>ZA

I n;
nll=n f %
g
n 1 e 1 g \
i'ﬂ

Z"B » Bt

dp

Now f"zﬁez 1 =iBely Lol — iBgre’s = =iBgtey ' — ¢ = §". Hence we have
unique ¢g" making the diagram commute. Note that we can do this for every degree. By
Proposition we find objects Z"C' fitting into the commutative diagram

d
An—l fz’) s AT An—i—l

R N

i 7" A Znti g i

hn—l
g / BC % BC g

VAol g" zZ"C gt zntlo

BC V BC /

f2t Z"B Znip St

Bn N Bn Bn+1

where f3' f{' = f™ and the quadrilaterals marked BC are bicartesian. Recall the objects
Z"C are obtained by forming the pushouts under ¢j and g" (alternatively pullbacks over
e’y and g"*t1) and that 23— Z"C — Z"+1 A is short exact. Now we have by Corollary
that the following sequence is exact.

( —ifhn—1 )
57

—_

We then get the commutative diagram

(—d:}‘ 0 1)
mody

(fp kmep™)
—_—

Zn—lc A" o Bn—l znC

(5 &)
fn+1 d%

A" o Bn—l N An+1 @ B" An+2 o Bn+1
(s ke \(f» ke >/
\ (—i’jﬁ”b") —z’T‘Qh"‘H
AL®, 13 VAR fott
in each degree. Hence Cone(f) is acyclic. [ |

92



Definition 4.2.4. We let Ac(«/) denote the full subcategory of the homotopy category
K(4) consisting of acyclic complexes.

Remark 4.2.5. By Proposition we get that Ac(«/) it is a full additive subcategory
of K(7).

Corollary 4.2.6. The subcategory of acyclic complexes Ac(«7) is a triangulated sub-
category of K().

Proof. If A® is acyclic then clearly A®[1] is acyclic. If A* — B®* — Cone — A®[1] is an
exact triangle with two of {A®, B®,C*} acyclic we get by Lemma and (TR2) that
the third also is. ]

Lemma 4.2.7. Let («/,&) be idempotent complete. Let A® an acyclic complex in
Ch(«7). Then the following hold.

(1) If f*: X* — A°®is a coretraction in K(&/) then X* is acyclic.

(2) If f*: A* — X* is a retraction in () then X* is acyclic.

Proof. We prove (1), (2) is dual. Let f®: X*® — A® be a coretraction in (7). Then
there exists a section s® : A®* — X*® such that s®f® ~ Idx.. Hence there exist morphisms
R™ : X" — X"*! such that s”f" — Idx = d}_lh” + A" T1d%. We claim that we without
loss of generality can assume f has a left inverse in Ch(¢). Consider the chain complex
(IX)® with objects (/X)" = X" & X" and differentials d}y = (§§). This is acyclic
as we have

01 01
s Xl g xm (©0) y X Xt (o) y Xntlg xnt2
N / (m 1
00> (3) -~ (o)

(5)

and by Proposition [1.2.1] X" " X" @ X"t} LO1L yntl §g exact. We have a

canonical chain map % : X* — (IX)*® given by (I(}fén) X" - X" @ XL Fur-

thermore we have a chain map (lf;:) : X® — A* @ (IX)®. Since A®* & (1X)® is a direct

sum of two acyclic complexes, we can use Proposition to see A®* @ (IX)® is acyclic.
(f. ) has a left inverse in Ch(.%7) namely (s® —d% 'hm —hn+1) 1 A" @ X" @ X" ! in each

o ]
X

degree.
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d’j{l 0 0 azo 0
0 0 Idxn 00 Idxn+1

An—1 @ xn—1 @ X" 0 0 0O A" @ X" @ xnt+l 00 © An+l ® xnt+l @ xnt+2
(sm=t —dy 2Rt —pm) (s7 —d% 'hm —hntl) (snFl —di hrtl —pnt2))
n—1 m
Xn—l dx xn dx Xn+1

We see this is a chain map as

daio 0 )
(smt1 —dghrtt —hrt2 ) [0 0Ty | = TG — dPR" + 1
00 0
= ds™ — d
= ds" — d%diT TR — d + 1

=d%(s" —dy 'h" —ht1)

Then we note it is a left inverse as

(s” 7d}71h” —pntl ) (I(ilil(n ) = Snfn — d?(_lhn — thrlan = Idxn
X
Now we can replace A® with our acyclic complex A® @ (IX)®. Hence we simply assume
our coretraction f®: X*® — A® has a left inverse s®* in Ch(%7) as section. Now we note
that f®s® is idempotent as (f®s®)? = f*s®f®s® = f*s*. Hence we get A®* = B* @ C*®
and f°®s® = (8 Ié)c) since &/ is idempotent complete. This gives us that the sequences
Z"A — A — Z™1 A decompose into two exact sequences. Thus we apply Corollary

to get that B® and C*® are acyclic. Now we have the following commutative diagrams
where s®* = (st s3) and f® = (fl )

f3
Idxe (8Id0c->
x () BFoC s FeCaapX ( f)> prec
3 I3

We want to show s§ and f5 are mutual inverses. <g ) (sts3)= (8 Idoc, ) which gives us
f1st = f1s5 = f3s] =0 and f3s5 = Idce. For the other direction we see

Idxn = (IdX-)2 = S.f.s.f. = S.IdC' f. = (SI 55)(8 Id%o ) (j‘%) - 85f2.

Hence f3 and s§ are mutual inverses, X* = C*® and we are done as C* is acyclic.
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Proposition 4.2.8. The following are equivalent for an exact category <.
(1) Every null-homotopic complex in Ch(</) is acyclic.
(2) The category </ is idempotent complete.

(3) The class of acyclic complexes is closed under isomorphisms in (7).

Proof. (1) = (2) : Let e: A — A be an idempotent of o/. Consider the complex

l1—e l1—e
y A —— A A —=

This is null homotopic, to see this set h™ = Id4. By assumption the complex is also
acyclic. Hence e has a kernel and by Proposition [2.1.2| we are done.

(2) = (3) : Let A® be acyclic. Let X*® = A® in (/) then the induced isomorphism
f:X® — A®is in particular a coretraction hence by Lemma [£.2.7 X* is acyclic.

(3) = (1) : A null homotopic complex X* is isomorphic to 0° in (). Hence it is
acyclic by assumption as 0° is acyclic. |

Corollary 4.2.9. The triangulated subcategory Ac(</) of K(<7) is thick if and only if
4/ is idempotent complete.

Proof. Let < be idempotent complete. Let A* = B®* @ C*® be in Ac(</). Then we get
by similar argument as in Proposition that B® and C*® are acyclic. Proposition
4.2.8 ((2) = (3)) gives that Ac(/) is strictly full. Conversely if Ac(/) is thick we get
by Proposition [4.2.8((3) = (2)) that « is idempotent complete. [ |
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4.3 Bounded complexes

In this subsection we consider bounded complexes. We will see that for bounded com-
plexes it suffice that <7 is weakly idempotent complete in order for AcP («7) to be thick.

Definition 4.3.1. A complex A°® is called left bounded if A™ = 0 for all n < k for some
k € Z. 1t is called right bounded if A™ = 0 for all n > k for some k € Z. If A® is right
bounded and left bounded it is called bounded.

Definition 4.3.2. We denote the full subcategories of (/) generated by the left
bounded, right bounded and bounded complexes by K+ (&), K~ (&) and KP(7) re-
spectively.

Remark 4.3.3. Note that K°(&/) = K (/) N K~ («7). Also note K* is not closed
under isomorphisms in (/) for * € {+, —, b} unless & = 0.

Definition 4.3.4. For x € {+, —,b} we define Ac*(&/) = K* (&) N Ac(«).

Remark 4.3.5. Let x € {+, —,b}. We see that K£*(.&7) is a full triangulated subcategory
of K(<7). Furthermore by Proposition Ac*(«/) is a full triangulated subcategory
of K* ().

Proposition 4.3.6. The following are equivalent.

(1) The subcategories Ac™ (/) and Ac™ (&) of KT(&/) and K~ (&) respectively are
thick.

(2) The subcategory AcP (&) of KP(«7) is thick.

(3) The category <7 is weakly idempotent complete.

Proof. (1) = (2): Hold as AcP(«/) = Act (&) N Ac™ (o).

(2) = (3): Let s: B— Aandt: A— B be such that ts = Idg. In other words ¢ is
a retraction with section s. We need to show ¢ has a kernel. Consider the complex A®
given by
1—st

00— B 534 A—tspB_— 0

We want to show this is an acyclic complex. Note that A® is a direct summand of
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A® @ A*[1]. Consider the acyclic complex X*® given by

(01)

B—>B€BA—>A@A A® B B

\/\/\/ DN

We claim that there is an isomorphism f®: X*® — A® @ A®[1] given by

1 00 10
B (0) Ba A (01) Ad A (00)

—_—
IdBl ((S) 172t>i <*18%t~st lst8t>i <l—tst —Os>i IdBJV
B BOA 0 ABA 5 AGB ——— B
(3) (0 12) (7't 9) (=t 0)

It is clear that this is a chain map by multiplying matrices. One can verify by multiplying
matrices that the following is a chain map ¢°® : A®* @ A®*[1] — X* that is an inverse of f*
Keeping in mind that (st)? = st.

5 () (0" 12%) (7't ?) (~t0)
s s BaA~ T Y Yy pgp T 4

Id (—Os 1—tst) (Stszl litst> (1:ft 8) Id

B——— B®A—F———>APA ———— A®B —— B

(6) (61 (60) (01)

Thus we see that A® @ A°*[1] is acyclic. As Ac”() is thick it follows that A® is acyclic,
furthermore t has a kernel by Remark Thus we get are done by Lemma [2.1.10
(3) = (1): Let A*@ B*® be in Ac*(szf). We want to show A® € Ac™ (/). Since K (&)
is additive we get f®: A®* — A*@B®, s*: A*®B®* — A® and morphisms h" : A" — A"~!
such that s" f* — Id} = d’j2zh" + h"T1d’y. By replacing A* @ B® by A* @ B* @ (IA)®
as in the proof of - 4.2.7 we can assume s°® is a left inverse of f* in Ch™*(«/). Since & is
weakly idempotent complete we get by Proposition [2.1.11] that each s™ is admissible epic
and each f™ is admissible monic. Since A®* ® B® and A® are both left bounded we can
assume that A" = A" ® B™ = 0 for all n < 0. It follows that dA@B A B — Ale B!
is admissible monic as A®* @ B*® is acyclic. This gives us that d B o = fld?4 is an
admissible monic. By Proposition we get that dY is an admissible monic. Let
ely 1 AL — Z2A® be a cokernel of d% and let 6}4@3 : A'® B! — Z2A* ® B® be a cokernel
of dh@ p- By Lemma we get the unique dotted morphisms making the following
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diagram commute.

0
dA

AD y Al ¢ » Z2A
If“ Ifl 1 192
A BO 98, 41 gy gt A9B 0
lso lsl Lﬁ

A0y y Al s Z2A

0 1
da €A

We see that t2g%ely = elis'ft = el Ida, = Idy24 €l;. Hence t2 2 =1dy24 as €l is epic.
By Proposition [2.1.11] we get that ¢? is admissible epic and ¢? is admissible monic. Since
A® @ B* is acyclic we have a unique admissible monic mi@ g Z?A® B — A’ B?
such that mQA@ Bei@ B = dh@ B - Furthermore as A® is a chain complex We get by the
cokernel property a unique morphism m? 4 . Z2A — A? such that m Ae A= d? 4. Now
we have f2m eA fzd1 dA@Bf1 = mAeaBeA@Bf = mA@Bg eA. Hence we get
f2mA = mA@Bg as eA is epic. Similarly mit2 = s2m124@3 as 6}4633 is epic. Now we
have the commutative diagram

2
724 A 42

[» ]
724 298 Mhon A2 ¢ B2
e B

Z2A ——— A?

ma

By the commutative in the top square and Proposition [2.1.11| we get that m2A is admis-
sible monic. By induction we now see that A® is acyclic. Showing that Ac™ (&) is thick
in £~ (<) is dual. [ |
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4.4 The derived category

In this section we define quasi isomorphism for exact categories and the derived category.
We will see that the definitions makes the most sense when &7 is idempotent complete.
We will also see that the derived category of (&7, &) where & is split exact sequences
gives back the homotopy category. Lastly we go through a result needed at the end of
the thesis where we look at examples.

Definition 4.4.1. A chain map is called a quasi isomorphism if its mapping cone is
homotopy equivalent to an acyclic complex.

Example 4.4.2. Let p: A — A be an idempotent in an exact category (<7, &) which
does not split. Then the complex A® given by

1— 1—
LNy L Ny R Ny Q.

is null homotopic but not acyclic. We see that f® : 0° — A® is a chain homotopy
equivalence, thus a quasi isomorphism but Cone(f) = A*® fails to be acyclic. Working in
an idempotent complete category ”fixes” issues like this as all null-homotopic complexes
will be acyclic.

Example 4.4.3. If o/ is idempotent complete we get by Proposition that a chain
map f is a quasi isomorphism if and only if Cone(f) is acyclic.

As we have seen Ac(</) is a triangulated subcategory of K(.7), where given f € Ac(%)
we also have Cone(f) € Ac(«/) by Lemmal[d.2.3] We see that Ac(</) fits into Definition
and thus S(Ac(«)) is a multiplicative system by Proposition Recalling the
Verdier localization in Definition we have the ability to make sense of the following
definition.

Definition 4.4.4. The derived category of the exact category «f is defined to be the
Verdier quotient

D(o) = K()] Ac()

Remark 4.4.5. We note the following
1. Construction hold in D(&).

2. Considering Example we see the definition can be hard to unravel if & fails
to be idempotent complete.

3. If o is idempotent complete then a chain map becomes and isomorphism in D(./)
if and only if its cone is acyclic by Proposition
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Example 4.4.6. Let (27, &) be an exact category where & is all split exact sequences.
Let A® be the acyclic complex

Artl —

AM\ = -

Z"tA

We know Z7A — Al — Zit1Ais in & for all j. Thus it is an split exact sequence.
This gives us that A7 = Z9A® ZITA, i, = (}), ¢, = (01) for all j. This gives us
&y =i el = (3)(01) = (93) for all j. Now consider the homotopy

(01) (01)

L 2 Ae znA 00 s gnp g gttt 00 gl g gnt2g

00 00
d (10) d (10) d

01 01
L —— 2 e ZnA (60) ZNA@ Zm1A (60)
We see that Id4e is null homotopic, thus A® = 0°® in (7). This yields the result
D(o,8) = K(H)

Lemma 4.4.7. Let A* € KP(«/) be such that Homyev (,\(E*®, A®[i]) = 0 for all acyclic
complexes E*. Then every quasi-isomorphism s® : A®* — B® is monic.

Proof. As s: A®* — B® is a quasi isomorphism the cone is acyclic. We have the following
sequence from triangles.

Cone(s*)[~1] —2 4* = Be Cone(s®) —X— A°[1]
As morphisms in triangles are weak kernels and cokernels we are done. ]

Definition 4.4.8. Let 7 be a triangulated category. Let . be a full triangulated
subcategory. An . approximation of an object T € T is an object S € .% together with
a morphism f : S — T with the following property. For all S’ € .¥ with a morphism
S" — T we can find a morphism S’ — S such that the following commutes.

S——— T

S
N
~
N
N
N
~

S/

60

A Znt2h4 —



Example 4.4.9. Let (<, &) be an idempotent complete category where & has finitely
many indecomposable sequences and all Hom-sets have finite dimension. Then there
exist an Ac(«/)-approximation for all T' € K"(47). One can simply take

$ 4 E—T

E acyclic indecomposable Basis of Hom(FE,X)

Proposition 4.4.10. Let (&7, &) be idempotent complete where & has finitely many
indecomposable sequences and all Hom-sets have finite dimension. Let

S = {A® € K"(/)| Homy ) (E*, A°[i]) = 0 for all E* € Ac"(«/)}

Then the canonical functor Q : J# — 2°(<7) is an equivalence.
Proof. We show that functor is full faithfull and dense. Consider
¢ : Hom_»(A®, B®) — Hom@b(ﬂ)(A', B*)
Let (f*,s®) € Homgb(&{)(Aﬂ B*). We know s*® has left inverse s’ by Lemma 41 Using

the diagram

/.f. . I
S,.f\ldT A
B.

we see (f*,5%) = (s'*f*,Idge) in 2°(). Thus ¢(s'*f*) = (f*,s*) and our functor is
full. To see it is faithfull let ¢(f*®) = 0°. Then we have the diagram

ey
SN A

and see s*f* = 0. By Lemma[4.4.7 we have that s®* monic in this case. Thus f® = 0 and
the functor is faithfull. Lastly we show it is dense. For convenience we denote (f® o —)
by f*. Let A* € 2°(«7). Consider an Ac(«)-approximation f*: T® — A® in KP(&7).
Then we have a triangle

7 L5 40 & Cone(f) 25 o)1
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Let E* € AcP(«7). We claim the following sequence is exact.

2 Homy,) (B2, T*%) L5 Homy ) (E*, A%) = 0

(4.4.1)

Homyev (,\ (E®, Cone(f*)[-1])

f* is epic as f® is an approximation. The sequence is exact in the middle as Hom
is homological (Proposition . Thus our claim holds. By Lemma Cone(f)
is acyclic. This also gives that Cone(f)[—1] is acyclic. Thus we have an Ac”(«/)-
approximation r® : S® — Cone(f*®)[—1]. This gives us the exact sequence

Homyes ) (E*, $*) “ Homye, ) (E*, Cone(f*)[~1]) — 0 (4.4.2)

By combining the two sequences (4.4.1)) and (4.4.2) we obtain the following exact se-

quence.

(=h[-1]r)"

Homyes ) (E*, 5°) Homyen (B, T*) 5 Homyes, ) (B, A®) = 0 (4.4.3)

Now consider the triangle

—h®[-1]r®
—_——

S* T* %5 Cone(—h*[~1]r*) — S°[1]

which yields the following exact sequence as Hom is homological.

Homyeh(,\(E®,5*) = Homyeo () (E®,T*) — Homyen ) (E®, Cone(—h*[-1]r®))

By recalling the sequence we observe that Im(s*) = Homyn ,(E®, A®) and
get the monomorphism u* : Homyw ) (E® A®) — Homyw ) (E®, Cone(—h®[—1]r®).
Next we note s* is a weak cokernel of —h®[—1]r® thus there exists a morphism a®
such that a®s® = f°. Furthermore we note that Cone(—h®[—1]r®) is acyclic as S*
and T are acyclic. As f*® is an Ac(&)-approximation this gives us that there exists
t* : Cone(—h*[—1]r*) — T such that a®* = ¢*f*. Now we have the following diagram

+*

Homyeo ) (E*,T°) - Homyeb ) (E*, Cone(—h*[-1]r®))

Home(d) (E., A.)
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where s* = u*f*, a* = f*t* and f* = a*s*. This gives us that f*t*u*f* = a*s* = f*.
As f* is epic this yields f*t*u* = Id. As everything is natural for acyclic complexes this
implies that f* : Homys(—,T) — Homyn(—, A) is a split epic of functors AcP ()P —
Ab, where the splitting is given by t*u*. As (&7, &) is idempotent complete and t*u* f*
is idempotent we get Hom, (—,7*) = Hom-b (—, 77) ® Homyv (—,75). Note that T3 is
acyclic as AcP («7) is thick by Corollary That our category is idempotent complete
also gives us the commutative diagram.

Homy (—,T7) ® Homyen (—, 15) — Homyen(—, A®) »—— Homye(—,77) ® Homw(—,717)

t*u*

This gives us a natural isomorphism Homb (-, A®) = Homyes (=, T3) on functors
AcP(#7)°P — Ab and we are done by Yoneda lemma. [ |
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5 Classification of Exact Structures

In this section we will find a classification of exact structures. Our main theorem will be
a bijection between exact structures on an idempotent complete category 27 and certain
subcategories of the module category of &. Furthermore we will look at the theorem in
a less general case.

For the rest of the thesis we assume that all categories are skeletally small, that is the
isomorphism classes of objects form a set. Furthermore all subcategories are assumed
to be full and closed under isomorphisms.

5.1 Module functor categories

This subsection is based on Enomotos article [4, Chapter 2.1] and Prest’s article [6,
Chapter 1.2].

Before we are able to work our way to classifying exact structures we need some knowl-
edge about module functor categories. In this subsection we go through the basics and
see how it relates to kernel-cokernel pairs.

Definition 5.1.1. Let & be an additive category. A right o -module M is a contravari-
ant additive functor M : &/°? — Ab. Where Ab denotes abelian groups.

Proposition 5.1.2. The class of right &/ modules with natural transformations as
morphisms forms an abelian category.

Proof. Easily follows from the fact that Ab is abelian. |

Definition 5.1.3. The abelian category of right &/ modules will be denoted Mod /.

Lemma 5.1.4. Hom,(—, A) is a projective object of Mod </ for all A € &7.

Proof. Let m: M — N be an epic, and f : Hom,(—, A) — N a morphism in Mod <.
By Yoneda lemma f corresponds to some a € N(A). As 7 is epic there exists b € M(A)
mapping to a. Let g € Hom(Hom(—, A), M) Yoneda correspond to b. Now we have
found g such that mg = f and we are done. |

Proposition 5.1.5. Mod & has enough projectives.
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Proof. Let M : &7°® — Ab € Mod «7. Let [A] be the isomorphism class represented by
A € o/ . Define the morphism7: @ € Homg(—,A) — M to have component at a

[A]€</ a€MA
the morphism f, : Hom,/(—, A) — M A which Yoneda corresponds to a. As Hom/(—, A)
is projective, sois €@ € Hom,(—,A) and 7 is epic by construction. [ |

[Aleo acM A

Proposition 5.1.6. In Mod & The projective objects are precisely direct summands
of direct sums of representable functors.

Proof. Let P : @/°? — Ab be a projective object in Mod 7. By the construction in last

proposition we have epic morphism 7: @ €& Hom,(—,A) - P. As P is projective
[Ales/ a€PA
we have that there exist f; such that the following commute.

b P Homy(—,A) ——» P
[Ales/ a€PA

If we show f; is split monic, we are done as P then will be a direct summand of

@ Hom(—,A). We easily see this as Idp = 7f. [ |
[Ales/ a€PA

Remark 5.1.7. We will use the notation Py := Hom (—, X) and P¥ := Hom (X, —).

Definition 5.1.8. An ./ module M is called finitely generated if there exists an epic
Px — M for some X € o/. We denote the category of finitely generated ./-modules
mod 7.

Proposition 5.1.9. & is idempotent complete if and only if the essential image of
the Yoneda embedding P_) : & — Mod & consist of all finitely generated projective
&/-modules.

Proof. Let &/ be idempotent complete. We show that finitely generated projective
modules is representable up to isomorphism, hence in the essential image of P_. Let
M € Mod « be finitely generated and projective. By Proposition [5.1.6|we get that M is
a direct summand of some P4 € Mod /. Hence we have a projection m : P4 - M and
an inclusion i : M < P4. Let f = mi, then f2 = f. Since the Yoneda embedding Pyis
fully faithfull we have a bijection between End(A) and End(P4). This gives us that there
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exists some e € End(A) such that P, = f and e = e%. Since & is idempotent complete
we get by Remark that e is isomorphic to (J9) : Ker(e) ® Im(e) — Ker(e) ® Im(e).
Hence we have the following diagram.

PKer(e) D PIm(e) — M : ’ PKer(e) S PIm(e)

\/

(61)

Which means 7 = (01), i = (9) and M = Hom(—,Im(e)). Conversely let e: A — A
be an idempotent in /. Then we have the idempotent P, : Py — P4 in Mod /. We
can factor P. in the following way.

PA Fe > PA
)

Im(Py

Since P is idempotent we have imim = i, consequently mi = Idp,(p,) as ¢ is monic and
7 is epic. Hence Im(Py) is a direct summand of P4. By Proposition Im(Py) is
projective and it is clearly finitely generated. Hence Im(P4) = Pp for some B € <. This
gives us that P4 = Pxgp, i = Py and m = P, for some X, f,g € &/. Now it follows by
Yoneda lemma that A= X & B, gf = 1d4 and im = e. This also gives e = (8 IQB ) |

Definition 5.1.10. A finitely presented 7 module M is an & module such that there
exists an exact sequence Px — Py — M — 0. We denote the category of finitely
presented &/ modules mod; <.

Definition 5.1.11. We define the contravariant functor Hom,(—, %) : Mod &/ —
Mod «7°? by sending an «/-module M to the following composition.

Hom,, (M, /) : o — Modo/ —— Ab

X Px Hompnod o (M, Px)

Where &/ — Mod & is the Yoneda embedding. This is an left exact functor by the fact
that the Hom functor is left exact.

Proposition 5.1.12. Hom (P_), &) = P) and Hom,, (P\7), o) = P

Proof. By Yoneda lemma we have Hom/ (Px, %) = Hom(Px, P_)) = P¥X for the first
and Hom,, (PX, &) = Hom(P~X, P_y) = Px for the second. [ |
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Definition 5.1.13. We denote by Ext’ (-, &) : Mod &/ — Mod &7°? the i-th right
derived functor of Hom,/ (—, <7).

With these concepts we are ready to interpret kernel-cokernel pairs in terms of modules
over &7

Proposition 5.1.14. Consider a complex X Ly % Zing. Put M= Coker(Fy) in
Mod(«7). Then the following hold.
(1) g is epic in & if and only if Hom (M, <) = 0.

(2) X 1y ¥ % Z is a kernel-cokernel pair if and only if the following are satisfied.

P P,
(a) 0= Px 5 Py —% Pz — M — 0 is exact.

(b) Ext’, (M, /) =0 fori=0,1.

P{ . . .
Proof. (1) : The sequence Py — Py —» M — 0 is exact by assumption. Applying
Hom,,/(—, /) and recalling Proposition |5.1.12 we get the following exact sequence.

0 — Hom,, (M, o) — PZ 22, pY

Thus we see Hom,/ (M, o/) = 0 if and only if P9 is monic. As Hom is left exact we see
P9 is monic if and only if g is epic and we are done.

(2) : The condition (a) is equivalent with f being a kernel of g as Hom is left exact.
Let (a) hold. If we consider the sequence

f
0— M — PZ 2 pY 20 pX Bt (M, o) — ...

. . z P9 Y pf X . A
We see that (b) is equivalent to 0 — P* — P* — P~ — 0 being exact. Similarly to
argumentation in (1) this holds exactly when g is a cokernel of f.

The rest of this subsection will be used to go through Schanuel’s lemma and its gener-
alised version in order to prove a technical lemma. This lemma will be needed later in
the proof of the main theorem in this section.

Lemma 5.1.15 (Schanuel’s). Consider the exact sequences 0 - A — P — B — 0 and
0— A" — P'— B’ — 0 in an Abelian (Exact) category. If P and P’ are projective and
B=B then Ao P =2A P
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Proof. We construct the following diagram where PB is a pullback.

Al A/

| I

A>—>PB—f»P’

I

P » B=DB'

Where both vertical and horizontal sequences are exact by assumption and Lemma
Since P’ is projective there exist A making the following commute.

P/

h. -~ lldp,
i~

PBT>P’

Hence f is split epic, we have a split exact sequence and PB = A & P’. Similarly g is
split epic and PB = A’ @ P [ |

Lemma 5.1.16 (Generalised Schanuel’s lemma). Let </ be an Exact category. Given
two exact sequences

0 K- Iy p foop S,  Itip oy
fl, 4 / 7’17 ’
0 K p o S g Sy g

where P; and P/ are projective for all ¢ then we have
KoPoPoPRo.. “KOPOPLOP,®...
Proof. We do induction on n. The case n = 1 is Schanuel’s lemma. Suppose the lemma

hold for all £ < n. Consider the following diagram where PB is a pullback of f,_; and
(10). We want the long sequence below to be exact.

p, , I P 0
o] H
K-t v P, "% p ,_h pp_9 P@P’ f"f 0
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Since (1 0) is split epic so is p using a similar argument as in our previous proof. Fur-
thermore by we obtain the lower square of the diagram where 7 is a kernel of p.
Hence the leftmost vertical sequence is split and PB = P,_; @& P. By commutative
of the diagrams we now get g = (f"0*1 (1)) and we choose h = (f"(;?) to get an exact
sequence. Similarly we get the exact sequence
0 1
(#.4)

()

K Pyl p N0 e N g Uy g
Now we have the diagram
K Py 2 —— P, 1© P, P@P{L(MQM*»O

Ker(fn £,)

K’ P ,——P oP, ‘

[y RS LELNY y p—)
Ker(fn f})
and the claim follows from the induction hypothesis. |

Lemma 5.1.17. Let &/ be idempotent complete. Suppose there exists an exact sequence
0—>Px —>Pyr—>P;,—>M—0

in Mod 7. Then for any morphism h : B — C with Coker(P,) = M there exists A € &7

such that Ker(Py,) = Py.

Proof. By Generalised Schanuel’s lemma we have Ker(Py) © Py @ Po = Px ® Pp @ Py.
Hence we get Ker(Py,) ® Pygc = Pxepez and ker(Py,) is projective by Proposition
It is also finitely generated as there is an canonical epic Pxgpgz — Ker(Py,). Since o7
is idempotent complete the claim now follows by Proposition [5.1.9 |
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5.2 Construction of maps

This subsection is based on Enomoto |4, Chapter 2.2] and Kimura |7, Chapter 2].

In order to classify exact structures through the module category we will construct maps
between a class of subcategories of Mod ./ and kernel-cokernel pairs of «/. Then we
will find a mutually inverse bijection between a class of subcategories in mod & and a
class of kernel-cokernel pairs in .«/. We start with a reformulation of Proposition

Lemma 5.2.1. For an object M € Mod & the following are equivalent.

(1) There exists a kernel cokernel pair X Y % Z in o such that M is isomorphic to
Coker(FPy).

(2) There exists an exact sequence 0 — Py — Py — Pz — M — 0 in Mod &/ and
Ext',(M,e/) =0 for i =0, 1.

Definition 5.2.2. We denote the subcategory of Mod .« consisting of &/ modules
satisfying the equivalent conditions above by Ca(.2).

Before we start working our way to constructing maps we note that there is a duality
between Co(#7) and Ca(2/°P).

Lemma 5.2.3. The functor Ext?,(—, <) induces an duality Co(«) — Ca(=/°P).

Proof. Let f: M — N be a morphism in Co(&7). This gives us the following diagram.

0 PC PB > PA M > 0
I
0 PZ Py PX N > 0
Recalling [5.1.12 we get the following diagram for Ext?,(f,.«7).
0 P4 , PB y PY —— BExt?,(M, o) —— 0
0 » PX y PY y P2 —— Ext®/ (N, o) —— 0

We note Ext?, (M, o), Ext?,(N, /) € Ca(/°P) as P(7) are projectives is Mod(./°P).
Computing Ext?op (Ext?,(f, <7), 7)) yields the initial diagram. Now we can conclude
that Ext?,ep(Ext?,(—, ), &) is isomorphic to the identity functor. |
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Remark 5.2.4. For an additive category &7 with a class & of kernel cokernel pairs we

will use the following terms. An exact sequence X i> Y < Z in & will be called &-exact,
f and g will be referred to as &-monic and &-epic respectively.

The following definition and lemma gives us way of translating subcategories of Co(%)
into kernel-cokernel pairs of &/ and vice versa.

Definition 5.2.5. (1) Let Z be a subcategory of C2(&’). We denote by &(2) the class

of all complexes X i> Y £ Z for which there exists an exact sequence

Pf Py
0Py —P —>P;,—M—=0

in Mod(«/) with M € 2. This gives us a map &(—) from subcategories of Ca(&)
to classes of kernel-cokernel pairs (See lemma [5.2.6)).

(2) Let & be a class of kernel cokernel pairs in /. We denote by Z(&’) the subcategory
of Mod & Consisting of all objects M satisfying the following condition. There

exists an &-exact sequence A i> B4 ¢ satisfying M =2 Coker(P,). This also gives
us a map Z(—) from the classes of kernel cokernel pairs into subcategories of €2(&)
(See Lemma [5.2.6)).

Lemma 5.2.6. The following hold:
1. Every complex X — Y — Z in &(2) is a kernel-cokernel pair.

2. Every object M € 2(&) is in Co( ).
Proof. This is immediate from Lemma [5.2.1 |

Our next goal is to show Ca(<7) is closed under direct summands. This will be needed at
the end of the section when we find a mutually inverse bijection. In order to show this
we will first introduce subcategories mod,,(<7) of Mod ./ then show these are closed
under direct summands. This will help us as Ca(«7) will turn out to be the intersection
of two subcategories of modsy (7).

Definition 5.2.7. We denote by mod, (<) the subcategory of Mod </ consisting of
all objects M such that there exists an exact sequence

Po—--—>P P —>FP—-M-=0

in Mod & where each P; is a finitely generated projective module.
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Lemma 5.2.8. For an exact sequence 0 — L i> M % N = 0in Mod .« with L €
mod,,_; and M € mod,, &/ we have N € mod,, .«Z.

Proof. Let
Q*=Qn1 Qo QB L0
and

n Pn—1
P=pP 2P 2 M0

be our exact sequence where all (); and P; are projectives. As all (); are projective we
are able to construct s; : Q; — P; for 0 < ¢ < n—1 iteratively by the following diagrams.

Qo Qi
S?,// fao 5 8i-14;
k’//
Py g M P Im(p) € Py

Now we have the commutative diagram.

f g
0 > L o> > M » 0
q0 Po

Qo —2— Py

q1 P

Q —2— P

dn—1 Pn—1

Sn—1

Qn—l I Pn—l

Consider the complexes with Qy and Py in degree 0 respectively

dn—1 qn—2 q
Q°*=0— Qn1 Qn—2 Qo

and

n

/ Pn—-1 p1
P*=P, 5P, 11— =K
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Then we have a chain map s® : Q"®* — P’® and can consider the exact triangle

S.

Q'* = P'* — Cone(s*) — Q"*[1]
This gives us the following long exact sequence in homology.

H, 1(P'*) —— H,_1(Cone(s*))

Pt

H, 2(Q*) —— H,_o(P'*) —— H,_2(Cone(s*))

—

Hy3(Q"*) i H,(Cone(s*))

L

Hy(Q'®) ——— Hy(P'*) ——— Hy(Cone(s®*)) —— 0

<i1<n-— <i<n-—
o)« {0y 15050 i - {(§ 1555

0 1<i:<n-1

) and realize we are done. |
N =0

we get H;(Cone(s®)) = {

Lemma 5.2.9. The subcategory mod,, </ is closed under direct summands in Mod <.

Proof. Let A® B be in mod,, &. We show A, B € mod,, & by induction. For n =0
the claim is obvious. Let n > 1. Since mod, &/ C mod,_; &/ we have by induction
hypothesis A, B € mod,,_1 &/. Now we have the short exact sequences

A—— A®B —— B and B—— A@B —— A
Hence by Lemma [5.2.8) we get A, B € mod,, </. |

Lemma 5.2.10. The subcategory C2(«7) is closed under direct summands in in Mod 7.

Proof. Note that Co(/) is equal to the intersection of the following two subcategories
of mod, &

(1) The subcategory consisting of all objects whose projective dimension are at most 2.
(2) The subcategory consisting of all objects M such that Ext’, (M, o) = 0 for i = 1,2.

Since these subcategories clearly are closed under direct summands in Mod &7, so is
Co(). |
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Remark 5.2.11. We would have gotten away with only defining modsy </ but as the
proofs would essentially be the same we chose to generalize. We note that Lemma [5.2.10
can be generalised to C, (/).

Now we are ready to define two classes and use the maps in Definition to get a
bijection. We will see in the next subsection that this leads to an equivalence between
certain Serre subcategories of mod &7 and exact structures on o7, which will be the main
result of the section.

Proposition 5.2.12. Let o/ be an additive category. Then the maps in Definition [5.2.5
induce mutually inverse bijections between the following two classes.

(1) Classes of kernel-cokernel pairs & in o7 satisfying the following conditions.
(a) & is closed under homotopy equivalences of complexes.
(b) & is closed under direct sums of complexes.
(c) & is closed under direct summands.
(d) & is not empty.
(2) Subcategories Z of Co(47) satistying the following conditions.
(a) 2 is closed under direct sums.
(b) 2 is closed under direct summands.

(c) Z is not empty.

Proof. First we show that the maps in Definition [5.2.5]induces well-defined maps between
(1) and (2).
(1) = (2) : Let & be a class of kernel-cokernel pairs in ¢/ satisfying the conditions in
(1). We need to show Z(&) satisfy the conditions in (2).

(a) Let M and N be in 2(&). This gives &-exact sequences A — B % C and
X - Y 5 Z with Coker(P,) = M and Coker(P,) = N. By (1)(b) we have that

Ao X 5> BayY L5 C @ Z is an S-exact sequence. As Hom commutes with direct
sums we have Coker(Pyg,) = M @ N. Hence we get that M & N is in Z(&).

(b) Let My & My € 2(&). We have in particular that M; & Ms is in Ca(.27) which is
closed under summands by Lemma Hence both M; and My are in Co(/). This

gives exact sequences

0= Pa, 15 Pp % P, — My — 0



For some kernel-cokernel pairs A; £> B; %5 ¢ in o withi = 1,2. Taking direct sum of
these complexes we obtain a kernel-cokernel pair.

A @ Ay @) B1 ®© By @) C1®Cy (521)
This gives us the following exact sequence.

Pg, &Py Py, ®P,
0 — Payoa, ——> Ppiap, ——2 Poyac, — My @ My — 0 (5.2.2)

By the fact that M; @ M; is in (&) there exist an &-exact sequence
ALB4 o (5.2.3)

in &/ such that the following sequence is exact and Coker(P,;) = M; & M.

Pf Py
0—Py—Pg—Poc— M DMy —0 (5.2.4)

As projective resolutions are homotopy equivalent we get in particular that the projective
resolutions acquired from and are homotopy equivalent. Thus it is clear
by Yoneda Lemma that ((5.2.1]) and (5.2.3]) are homotopy equivalent in <7. By (1)(a) we
get that is an &-exact sequence. This gives us by condition (1)(c) that (fi,g:)
are &-exact sequences. Hence we get that M; and My are in 2(&).

(c) Hold as & is nonempty.

(2) = (1) : Let Z be a subcategory of C2(</) satisfying the conditions in (2). We
show &(2) satisfies the conditions in (1).

(a) Let A - B — C be in &(%). Then we have that 0 - P4 — P — Pc is
projective resolution for some M € . Let X — Y — Z be homotopy equivalent to
A — B — C in &/. Then we have by the Yoneda lemma that 0 — P4 — Pg — Po
is homotopic to 0 — Px — Py — Py. This gives us that 0 - Px — Py — Py is a
projective resolution for M. Hence we get that 0 - Px — Py — Pz — M — 0 is exact.

(b) Follows from the horseshoe lemma and (2)(a).

(c) Let A1 ® Ay &) B1® By 9992, C1®Cs bein &(2). Then we have the sequence

Py &P Py, &P,
0— Py, @ Pa, 22 Pp @ Pg, —2""%% Po, ® Pc, - M — 0

where M = Coker(Py,) @ Coker(Py,). Now the claim follows from (2)(b).
(d) Hold as Z is nonempty.

Now we will see that the maps in Definition [5.2.5| are inverses. First we see that ¥ =
2(8(2)) by the following implications.

M € @ <= There exists a kernel-cokernel pair A — B % C with Coker(Py) =M € 2
< A — B — Cis &(Z)-exact with Coker(Py) =M € 7
— Me 9(8(2))
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To see & C &(2(&)) let A— B % C be an &-exact sequence. Then we have that
0— P4y — Pp LEN Po — Coker(Py) — 0

is exact. Hence A — B % C € £(2(&)). Now all that is left to show is &(2(&)) C &.
Let
VENS: XN (5.2.5)

Be an &(Z(&))-exact sequence. Let M := Coker(P,), then we have M € 2(&). This
yields an &-exact sequence

AL (5.2.6)
such that

0— Py —Pgp —-Por—M—0

is exact. We note that the Yoneda embedding of ([5.2.5)) also gives a projective resolution
of M. As projective resolutions are homotopy equivalent it follows from Yoneda lemma

that ([5.2.5)) is homotopy equivalent to (5.2.6). Hence (5.2.5)) is an &-exact sequence as
& is closed under homotopy equivalences. |
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5.3 The classification result

This subsection is based on Enomotos article [4, Chapter 2.3]

In this subsection we arrive at our main theorem. Before we arrive at Theorem [5.3.4] we
need to connect our exact structures from Proposition ( 1) to Serre subcategories of
mod 7 and mod </°P. But first we remind the reader that in an exact category (<7, &)
all the conditions in Proposition [5.2.12(1) are satisfied.

Lemma 5.3.1. Let (&, &) be an exact category. Then & satisfy all the conditions of

Proposition [5.2.12(1).

Proof. 1(a) follows from Proposition [4.1.11} 1(b) follows from Proposition 1(c)
follows from Corollary and 1(d) is by definition. [ |

Definition 5.3.2. A Serre subcategory of an exact category (7, &) is an additive sub-
category 2 of &7 such that for every exact sequence A — B — C in (&7, &) we have
that B belongs to Z if and only if A and C belong to Z.

Proposition 5.3.3. Let &/ be idempotent complete. Let & be a class that satisfies
all the conditions of Proposition [5.2.12(1). Let 2 := 2(&). Then the following are

equivalent.
(1) & is an exact structure on 7.

(2) 2 is a Serre subcategory of of mod &/ and Ext%,(2,.«) is a Serre subcategory of
mod &7°P.

Proof. (1) = (2) : We show Z is a Serre subcategory of mod .«7. Showing Ext?,(2, /)
is a Serre subcategory of mod «7°P is dual. Let

0= M 5 M2 M0

be a short exact sequence in mod .«7. First suppose M7 and Ms are in 2. We will show

M is in . By definition we have &-exact sequences A; £> B; 24 ; such that the

Py, Py,
sequences 0 — Py, SN Pg, —% Po, — M; — 0 is exact for i = 1,2. By the horseshoe
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lemma we have the following commutative diagram in Mod &/

0 0 0 0
0 Pa, — 1 py P M —— 0
0 —— PA;,e;A2 *f> PB;;BBQ *g> PC;BCQ a ];,4 > 0
0 P:;l T, P;2 P, P(;2 ]\22 > 0
0 0 0 0

where the rows are exact and all but the rightmost column are split exact. Since the
Yoneda embedding P_) : & — Mod & is fully faithfull we obtain the following diagram
in o .

1 1
Al > ! Bl 9 » Cl

I ! |

Al@A2L>Bl@BQ L)Cl@CQ

| l I

f2 g2
A2 > BQ » CQ

We note that the top and bottom rows are &-exact, each column is split exact and
gf = 0. Recall split exact sequences are &-exact by Proposition Now we can
apply the 3x3 lemma (Proposition to see that middle row is &-exact. This implies
Me 9.

Now suppose that M is in 2. We start by showing M; is in 2. We have an &-exact

P P
sequence A i> B % C such that 0 — P4 —5 P ~% Po — M — 0 is exact. Since My
is in mod &/ we have an epic ¢ : Px — M for some X € /. As Px is projective this
gives us the following diagram with a commutative square.

PX*C»M1*>O

N

P
! Po—ls M ——0

Py

~

0 >PA PB

As & is an exact structure we get by [E2] and the dual of Corollary the following
diagram in &7, where the right square is a pullback and both rows are &-exact.

Ar 2Bty X

H l l‘i (5.3.1)

A%Bi»c
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P, . .
Now we show that 0 — Py i Pp =% Px 5 M; — 0 is exact. As Hom is left exact
and c is epic we only need to show exactness in Pyx. Consider the diagram

Py~ Py —C 5 M,y

T
Ps — P~y M

First we show Im(F,) C Ker(c). Let ¢ € Im(F;). Then ¢ = by for some v € Pg. By
commutative of the left square we get diy = gey. As the bottom sequence is exact in
Pc we know h(gey) = 0. By commutativity of the right square and the fact that i is
monic we now get ¢(¢)) = 0. To see Ker(c) C Im(P,) Let a € Ker(c). As i is monic
and the right square commutes we get 0 = hP;(«) = h(da)). As the bottom sequence is
exact in Po we know that we can lift da to some 8 € Pg. This gives us g6 = da. By
the following universal property of our pullback square we find unique ¢ € Pg such that
bo = a.

Hence a € Im(F;) and we have shown the sequence is exact. Now it follows that M; is in
2. Next we show My is in &. Using the pullback in (5.3.1) and the dual of Proposition

b
1.2.4) we know that the sequence F —ﬁ+ XéB M) C is &-exact. To see My is in

Py

(P<fe>> (Pa Py) hp :
2 we show the sequence 0 - Pp ———— Px ® P ——— Po — My — 0 is exact.
Where p: M — My and h : Po — M. As Hom is left exact and hp is a composition of
two epics all we need to show is exactness at Po. Consider the diagram.

Py — Py —C s M, 0

L A

Pp—% s Po—l s M —— 0

1) lr

Px @ Pgp » Mo 0

(PdPg)FUC ph

We have ph( Pa Py ) = phPy + phP, = pic + phP; = 0 by commutativity and exactness.
This implies Im(( Pz Py )) C Ker(ph). Too see Ker(ph) C Im((Pa Py)) let a € Ker(ph).
Then we have h(a) € Ker(p). The rightmost vertical sequence is exact, hence we know
there exists 8 € M; such that i(8) = h(a). As c is epic we have some v € Px so
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that c¢(y) = . By commutativity we now have hP;(y) = h(a) = h(a — Py(v)) = 0.
Thus by exactness there exists ¢ € Pp such that Py(oc) = o — P4(y). This implies
a = Py(o) + Py(y) and we get o € Im(( Pa Py )). Now we can see that our sequence is
exact and consequently My is in . Now we can conclude that Z is a Serre subcategory.

(2) = (1) : & is clearly closed under isomorphisms, as it is closed under homotopy
equivalences. By duality it suffice to show that [E0°P], [E1°P] and [E2°P] hold.
[E0°P]. Let X € «/. By 1(d) in Proposition [5.2.12] we know there exist some &-exact

sequence A ENY:3ENY6) By 1(c) in Proposition [5.2.12| we know 0 — 0 — 0 is in &. As

0 — 0 — 0 is homotopy equivalent to 0 — X 19, X we are done by 1(a) in Proposition

[E1°P] Let A Ly B% Cand X & ¢ % D be &-exact sequences. We show kg is an
&-epic. Let M = Coker(Pyq). Consider the following commutative diagram.

0
Px =——= Px
Py, aPy
P P ~ ~
0 Py —1y Py —%s Pp—2 0
H Ao
Pk ~ ~
Pg —s pPp 2 M 0
e d
N _ N
0 0

Where L = Coker(P;) and N = Coker(Fy) are in Z by definition. Furthermore all the
rows and all but the rightmost column are trivially exact. We show the rightmost column
is exact. We start with exactness in L. We have Im(aP},) C Ker(c) as caPy, = bP, Py, = 0.
Conversely let a € Ker(c). As a is epic there exists § € P¢ such that a(8) = a. By
commutativity we have bP;(8) = 0. Hence by exactness there exists v € Pp such that
Prg(v) = Pu(B). Now Py(8 — Py(v)) = 0 and by exactness there exists o € Px such that
Pp(0) = B — Py(y). Now we have aPy(0) = a(f) — aPy(y) = a(B) = « which implies
a € Im(aPy,). Next we show exactness in M. Let a € Im(c) then there exists § € L such
that ¢(8) = a. Since a is epic there exists v € Po such that a(y) = . By exactness
ePx(v) = 0. By commutativity we get b(Pg(7)) = o and d(«) = db(Pr (7)) = ePr(y) = 0.
Hence Im(c) C Ker(d). Conversely let a € Ker(d). As b is epic there exists 8 € Pp such
that b(8) = a. By commutativity e(8) = 0. By exactness there exists some v € Po
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such that Py(v) = . By commutativity we now have ¢(a()) = @ and « € Im(c). One
easily sees that d is epic as e is epic which gives exactness in N. Now we have that
all the rows and columns are exact and are ready to show that kg is &-epic. First we
look at the exact sequence 0 — Im(aPy) — L — Im(c) — 0. We recall that L is in
2 and that Z is a Serre subcategory to get that Im(c) = Ker(d) is in 2. Next we
consider the exact sequence 0 — ker(d) - M — N — 0. As ker(d) and N is in 2
we get that M is in & since & is a Serre subcategory. Particularly M is contained in

Ca(/) and by Lemma |5.1.17| there exists a kernel-cokernel pair YV L B ™, D such that

0 — Py LN Pg i Pp — M — 0 is exact. This gives us that kg is an &(2)-epic.
We recall that 2 := 2(&) which gives us §(Z) = & and we can conclude that kg is an
&-epic.

[E2°P] Let A Ly B % € be an &-exact sequence. Let h : X — C be an arbitrary
morphism in o/. Then we have the following commutative diagram where L = Im(aF)
and N = Coker(d).

0
Py —— L > 0
lph d
P P, -
0 y Py —1y Pp — 2 Po —% 5 M > 0
b
N
0

Note that the rows and columns are exact. Since M is in & we get by assumption L and
N are also in 2. In particular L and N are in Ca(«7). We now want to show that the

sequence Py & Pp M) P b N 5 0 is exact. We immediately see that ba is epic
and ba( Pn P;) = 0. Thus it remains to show Ker(ba) C Im(( P Py)). Let o € Ker(ba).
As the vertical sequence in our diagram is exact we see there exists S € L such that
d(B) = a(a)). We know c is epic thus there exists v € Px such that ¢(y) = 5. Now we
have a(a) = a(Py(v)) = a(a — Py(y)) = 0. Hence there exists some o € Pp such that
Py(0) = o — Py(y). Now we have o = Py(0) + Pp(7) consequently « is in Im(( Pn Py )).
Hence the sequence is exact. This gives us by Lemma[5.1.17 That we have the following
exact sequence in mod (7).

Py
- P, P
0—>PE@>PX@PBMPC”—“>N—>0
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Similar to earlier in the proof this corresponds to a pullback square of the form

E—*.Xx
i, ih (5.3.2)
B—25C
in «/. Hence we have showed the existence of the pullback. What remains is that k
is &-epic. Also similar to earlier we get by the pullback property of (5.3.2)) that there

exists a sequence A i> E ﬁ> X in & such that 0 — Py i Pg ﬂ) Py — L — 0is

exact. Thus the complex A LeELX belongs to & (%) which is equal to &. Hence k is
an &-epic. |

Now we are finally able to state our main theorem. We see that it simply falls out of
the preceding results.

Theorem 5.3.4. Let &7 be an idempotent complete category. Then there exists mutu-
ally inverse bijections between the following two classes.
(1) Exact structures & on 7.
(2) Subcategories Z of Co(o7) satisfying the following conditions.
(a) 2 is a serre subcategory of mod <7

(b) Ext%,(2, /) is a serre subcategory of mod .o7°P.
Proof. This now follows immediately from Lemma and Proposition [5.3.3 |

Next we will investigate more explicit classifications by adding structure to <. Firstly
in the following subsection we see what happens when the class of all kernel-cokernel
pairs forms an exact category (<7, &) with enough projectives. Then in the next section
we consider categories of finite type and see modules satisfying the 2-regular condition
play an important role. Towards the end we will see that when applying the theorem to
quivers we get a nice correspondence between exact structures on rep () and Auslander
Reiten translations.
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5.4 A more particular classification

As mentioned we will in this section see what happens when the class of all kernel-
cokernel pairs forms an exact category (&, &) with enough projectives. Before we start
working our way towards this result we go through an immediate corollary of our main
result and a proposition that will be useful for the final result of this subsection.

Corollary 5.4.1. Let &/ be an idempotent complete category. Then the following are
equivalent.

(1) C2(&7) and Co(o7°P) are Serre subcategories of mod &7 and mod &7 °P respectively.
(2) The class of kernel-cokernel pairs in .7 defines an exact structure of .«7.

In this case there exists a bijection between exact structures on &/ and Serre subcate-
gories of Ca(.o7).

Proof. Let & be the class of all kernel-cokernel pairs. Then we have 2(&) = Ca( ),
thus the claim follows from Proposition [5.3.3] The second part is clear from Theorem

b.3.4 [

Proposition 5.4.2. Let (<, &) be an idempotent complete exact category. Let Z be
the corresponding Serre subcategory of mod 7 given in Theorem Then for an
object A € of the following are equivalent.

(1) A is projective in 7.

(2) M(A) =0 for all objects M € 2.

Proof. The category Z consists of all functors M such that Pg 9y Po — M — 0 is exact
A
for some admissible epic g : B — C. Hence (2) is equivalent to Pg(A) L), Pc(A)

being epic for every admissible epic ¢ : B — C. This is equivalent to A being an
projective object of <. |

Next we work our way to defining the projectively stable category & of a category
(o, &) with enough projectives. Afterwords we will see that when the class of all kernel-
cokernel pairs forms an exact category (&7,&) with enough projectives we will get a
correspondence between Serre subcategories of mod; (/) and exact structures on 7.

Proposition 5.4.3. Let (&, &) be an exact category with enough projectives. Then
the class [Z?] of all morphisms factoring through an projective object forms an two sided
ideal in (&7, &).
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Proof. We show the requirements from Definition[4.1.12|First we show the subset [Z?](A, B)
consisting of morphisms A — B factoring through an projective object is a subgroup of
Hom (A, B). Let f € [Z](A, B). Then we have the factorization where P is projective.

A—T B
P
As f = ip we have —f = —ip, so —f € [Z](A, B). We know the zero object factors

through any object, thus 0 € [Z](A,B). Now let f,f € [Z](A, B) with the two
following factorizations where P and P’ are projectives.

A’ r s B’
P/

Let t: P— P®P and / : P — P® P’ be the canonical inclusions. Let 7 : P — P @ P’
and 7 : P’ — P & P’ be the canonical projections. We know P @& P’ is projective as
P and P’ are projective. We define ¢ = tp @ J/p’ and h = ir @ i'7’. Now we have
gf = f+ f" and can conclude that [Z?](A, B) is a subgroup of Hom, (A, B). For the
absorption property let f € [Z?]|(A, B) with factorization f = ip and g : B — C be
a morphism. then gf = gip hence it factors through an projective object. similarly
one shows absorbtion from the other side. [Z?](A, B) is closed under direct sums as the
direct sum of two projective objects is projective. |

Definition 5.4.4. Let (&7, &) be an exact category with enough projectives. Then the
category & = (o, &)/[#] where [Z] is the ideal from our previous proposition is called
the projectively stable category of <.

Lemma 5.4.5. Let (&7, &) be an exact category with enough projectives. Let & :=
Z(&) be the subcategory of mod </ corresponding of all short exact sequences (See
definition |5.2.5). Then 2 = mod; (%)

Proof. We note there is an embedding F : mod;«/ — mod /. Denote the essential
image of E by 2'. We show that following are equivalent, which will prove the Lemma.

(1) Me2
(2) There exists an admissible epic g : B — C in & and an exact sequence

Homg/ (—, B) -9, Homgy (—,C) = M — 0
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3) Me'
(1) = (2) : Let M € 2 Then there exist an exact sequence

0Py —~Pp—>Po—>M-—0

corresponding to a short exact sequence A i> B % C. We show g is the admissible epic
in (2). Consider the commutative diagram

P,
Pg g s Po P M s 0

b .

Homg/ (—, B) %9, Hom/ (—,C) LNV s 0

We know there exists p which is well defined and makes the diagram commute by Proposi-
tion It is now straightforward to see that the bottom sequence is exact by diagram
chasing.

(2) = (1) : Similar to (1) = (2).

(2) = (3) : Automatic.

(3) = (2) : Let M € 2'. Then M is finitely presented. i.e. there exists a sequence
Homg (—, B) —9 Homg/ (—,C) — M — 0. corresponding to some morphism g : B — C
By assumption there exists an admissible epic g : P — C. Thus we can replace g by the
admissible epic (fg): B® P — C and we are done. [ |

Corollary 5.4.6. Let & be an idempotent complete category such that the class of all
kernel-cokernel pairs forms an exact category (7, &) with enough projectives. Denote
&/ the protectively stable category category of («7,&). Then there exists a bijection
between the following two classes.

(1) Exact structures on .

(2) Serre subcategories of mod; ().
Proof. This follows immediately from Corollary and Lemma [5.4.5 [ |

Example 5.4.7. Corollary in particular hold in Abelian categories with enough
projectives.
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6 Classifying Exact Categories of Finite Type

This section is based on Enomoto [4, Chapter 3].

In this section we start by reformulating Theorem in the case of categories of
finite type. Afterwords we introduce a class of exact categories that will turn out to be
controlled by simple modules satisfying the 2-regular condition. In the final subsection
of this section we relate our results to Auslander-Reiten theory. We will see that given
a 'nice’ noetherian R-algebra I' we have a correspondence between admissible exact
structures on proj I' and sets of dotted arrows (AR translations) in the Auslander Reiten
quiver of I.

6.1 Reformulations and the 2-regular condition

In this subsection we start by defining categories of finite type in order to reformulate
Theorem in terms of a noetherian ring. We then define a special class of simple
I" modules and relate it to our classification theorem. At the end of the section we will
see that the additional structure has given us a way to tell when there exists non-trivial
exact structures on 7.

Definition 6.1.1. Let & be an additive category. For A € &/ we denote by add A
the full subcategory consisting off all finite direct sums of copies of A and their direct
summands. We say an object M € & is an additive generator of < if add M = o/. We
say that an additive category o7 is of finite type if it has an additive generator.

Lemma 6.1.2. Let M be an additive generator of &/ and I" := End,(M). Then we
have a fully faithfull functor & (M, —) : &/ — ModI'. Furthermore its essential image
coincides with the category projI' of finitely generated projective I' modules precisely
when 7 is idempotent complete.

Proof. The first part follows by Yoneda lemma. The second part is a special case of

b.I9 [ |

Remark 6.1.3. The preceding Lemma tells us that when we deal with an idempotent
complete additive category of finite type we may assume o7 := projI.

We reformulate our main result from Section [5]in terms of a noetherian ring I". We use
the same notation for Cs.

Co(T) := {M € modI'|pd My < 2 and Exth(M,T) =0 for i =0,1}
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Where pd denotes the projective dimension. Note that our restriction on Ext yields that
every nonzero module in Co(I") has projective dimension 2.

Theorem 6.1.4. Let I be a noetherian ring. Let o/ := projI’. Then there exists a
bijection between the following two classes.

(1) Exact structures & on 7.

(2) Subcategories Z of Co(I") satisfying the following.
a) 2 is a Serre subcategory of modI'.
b) Ext?(2,T) is a Serre subcategory of modI'P.

The correspondence is given as follows.

e For a given Z a complex A Sy B % Cin o isin & if and only if the sequence
0— A i> B C — M —0is an exact sequence in modI" for some M € 2.

e For a given & a I' module M € modl is in Z if and only if there exists an
admissible epic ¢ in & with M = Coker(g).

Proof. This is a reformulation of Theorem given an idempotent complete additive
category of finite type. See Lemma [6.1.2] and Remark [6.1.3] ]

Definition 6.1.5. Let I" be a two sided noetherian ring. Let S be a simple right I
module. We say S satisfies the 2-regular condition if the following hold.

(1) pdSr =2.
(2) Exth(S,T) =0 fori=0,1.

(3) Ext}(S,T) is a simple left T' module.

Definition 6.1.6. Let . be a set of simple modules. We denote by Filt.” the sub-
category of modI' consisting of all modules M that satisfy the following: M has finite
length and all composition factors are contained in ..

Lemma 6.1.7. Let I' be a Noetherian ring. Let .% be a set of simple I' modules. Then
the following are equivalent.

(1) Every module in . satisfies the 2-regular condition.

(2) 2 :=Filt.” is contained in Co(I") and satisfies the conditions of Theorem [6.1.4)2).
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(3) There exists a subcategory Z of Co(T") containing . such that 2 satisfies the con-
ditions of Theorem [6.1.4)2).

Proof. (1) = (2): Clearly S € Co(T") for all S € . as they satisfy the 2-regular condition.
We know C2(I') is closed under extensions by the horseshoe lemma. This implies that
Filt . is contained in C3(I"). Next we show Z satisfy the conditions of Theorem [6.1.4](2).
It is easy to see Filt .7 is a Serre subcategory of modI' by the behaviour of finite length
modules in short exact sequences. For the second part we recall by Lemma that
Ext2(—,T) induce a duality C2(T") = Co(T'°P). Furthermore ExtZ(S,T") is a simple module
for all S € . by 2-regularity. Hence we get that that Ext3(2,T) = Filt Ext3(.7,T)
which yields that it is a Serre subcategory of modI'°P.

(2) = (3): Automatic.

(3) = (1): Let S be a simple module in .. Then S € Cy(I') by assumption.
This gives us pd Sr = 2 and Exth(S,I") = 0 for 4 = 0,1. For the last requirement
recall ExtZ(—,T') gives a duality between 2 and Ext(2,T). Both of these are Abelian
categories. Hence we immediately get that Ext%(S,T) is a simple object in Ext?(2,T)
which implies ExtZ(S,T') is a simple left T' module and we are done. |

Recall from Proposition that every additive category admits a trivial exact structure
where short exact sequences are split short exact sequences. The following result gives
a criterion for the existence of non-trivial exact structures.

Proposition 6.1.8. Let I' be a noetherian ring. Then projI’ admits a non-trivial exact
structure if and only if there exists a simple I' module satisfying the 2-regular condition.

Proof. Suppose there exists a simple I' module S satisfying the 2-regular condition.
Then we have that there exists a set . of simple modules such that Filt. # (). By
Lemma(6.1.7|Filt . is a non-zero Serre subcategory satisfying the conditions of Theorem
6.1.4(2). By Theorem we now have that there exists at least one non-trivial exact
structure on projI'.

Conversely suppose projI' has a non-trivial exact structure. By Theorem [6.1.4] we
have a non-zero serre subcategory & of modI'. As any non-zero I' module has a sur-
jection onto a simple I' module and & is a serre subcategory we get that & contains at
least one simple I' module S. By Lemma S satisfy the 2-regular condition. [ |
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6.2 Admissible exact structures

In this section we introduce a class of exact categories that will turn out to be controlled
by simple modules satisfying the 2-regular condition. This will lead us to bijection
between exact structures in this class and sets of isomorphism classes of simple modules
satisfying the 2-regular condition. In the next subsection we will see that this makes
us able to find a correspondence between Auslander-Reiten translations and admissible
exact structures. This will make us able to give very explicit examples.

Definition 6.2.1. For a ring I' we denote by f.1.I" the subcategory of modI" consisting
of I' modules of finite length. Similarly we denote by f.l. o7 the category consisting of
o/ modules of finite length.

Definition 6.2.2. Let (<7, &) be an exact category. Let & be the subcategory of mod &7
corresponding to & under Theorem We call & admissible if 9 C f.1. &/ hold.

Example 6.2.3. Let (projI', &) be an exact category, where I is a noetherian ring. Let
2 be the subcategory corresponding to & under Theorem [6.1.4l Then it is clear that &
is admissible if and only if 2 C f.1.T.

If I is an artinian ring we have that every exact structure on projI' is admissible.
This is due to the fact that an artinian finitely generated module has finite length.

Proposition 6.2.4. Let (projI', &) be an exact category for a noetherian ring I'. Then
it is admissible if and only if (projI'°P, &°P) is admissible. i.e. Admissibility is left-right
symmetric when I' is noetherian.

Proof. Let & be the subcategory of modI' corresponding to & under Theorem [6.1.4
Then Ext(2,T) is the subcategory corresponding to &°P. As & is admissible every
object in Z has finite length as a I' module. Hence Z is an abelian category where every
object has finite length as a I module. By Lemmam Ext%(2,T) is dual to 2. Hence

every object in Extgroj (2, projT') has finite length in the abelian category Ext2(2,T).

As Ext3(2,T) is a serre subcategory of modI'®P we have Ext2(2,T) C f.1.TP, [ ]

Theorem 6.2.5. Let I be a noetherian ring. For &/ := projI" there exists a bijection
between the following two classes.

(1) Admissible exact structures & on <.
(2) Sets .7 of isomorphism classes of simple I" modules satisfying the 2-regular condition.

The correspondence is given by the following.
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e For a given . a complex A ENYSIER C in o7 is a short exact sequence if and only

if there exists an exact sequence 0 — A Sy B % ¢ - M = 0 in modl' where
M € Filt ..

e For a given &, a simple I module S is in . if and only if there exists an admissible
monic g : B — C in & such that Coker(g) = S in modTI.

Proof. By Theorem and Proposition there is a bijection between (1) and
(%) Subcategories of C2(T") satisfying the following conditions.

a) 2 is a serre subcategory of modI satisfying 2 C f.1.T.

b) Ext%(2,T) is a serre subcategory of modI™°P.

We have mutually inverse bijections between (2) and (x) as follows. (1) — (%): We send
< in (2) to Z =Filt . (x) — (2) We send a Z in (x) to the set . of simple modules
contained in 2. These are both well defined by Lemmal6.1.7} These are mutually inverse
to each other by definition. |

We note by Example[6.2.3]that in the case where I' is artinian we can drop the assumption
that & is admissible as all exact structures will be admissible.
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6.3 Classifying exact structures by quivers

In this section we relate our findings to Auslander-Reiten theory. We will see given
a ’'nice’ noetherian R-algebra I' we have a correspondence between admissible exact
structures on projI' and sets of dotted arrows (AR translations) in the Auslander-Reiten
quiver of I'. Particularly we get when I' is artinian a classification between all exact
structures on projI' through sets of dotted arrows. In the last section we use the result
in examples to find all exact structures. There we will also find the derived categories
of the different exact structures.

Definition 6.3.1. The radical of a noetherian R algebra I" and its powers is defined as
follows.

e The radical rad (A, B) of two objects A and B in a noetherian R algebra I' is the
two sided ideal formed by all all f € Homr (A, B) such that Id4 —gf is invertible
for all ¢ € Homrp(B, A).

e Given m > 1, the m'" power rad™ (A, B) C rad,, (A, B) of rad/(A, B) is obtained
by taking the subspace of rad. (A, B) containing all finite sums of morphism of
the form

A=x, Dx, 2y I x  Ix, - B

where fz : Xi—l — Xz is in rad@/(Xi_l,Xi) for all 1 = 1,2, o, M.

Definition 6.3.2. For a noetherian R algebra I" we define the valued quiver Q(I") as
follows.

e We draw an arrow from A to B if rad,, (A, B)/rad?,(A, B) # 0. The arrow has val-
uation (da, g, d’y ) where da p(resp.d’y p) is the dimension of radr (A4, B)/rad} (A, B)
as a k4 vector space (resp. kp vector épace). Here k4 := End/(A)/rad End(A)
and kp := End(B)/rad End . (B).

e The set of vertices is ind(projI'). That is the isomorphism classes of all indecom-
posable projective right I' modules.

Definition 6.3.3. Let R be a commutative noetherian complete local ring. Let I' be a
noetherian R algebra. The translation 7 of P € Q(I') is defined when P/rad P satisfy
the 2-regular condition. In this case 7P is the projective module @ such that Homp(Q,T")
is a projective cover of the simple left T' module Ext?(P/rad P,T). We draw a dotted
arrow from P to 7P whenever 7P is defined.

Lemma 6.3.4. Let A be a noetherian R algebra over a noetherian complete local ring
R. Let & = modA. Let G be the additive generator equal to the direct sum of
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all indecomposables. Consider the functor Hom, (G, —) : &/ — projI’ (See Lemma
6.1.2). Then the AR translation (Definition |C.5)) corresponds to Definition via
Homy (G, —).

Proof. Let T denote the translation in Definition and let 7/ denote the AR trans-
lation. As Hom (G, —) is an equivalence it is sufficient to show the following.

(1) When 7’ is non-zero for an indecomposable A module M then Hom,, (G, M) satisfy
the 2-regular condition and 7 Hom (G, M) = Hom (G, 7' M).

(2) When 7' is zero for a indecomposable A module M then Hom,, (G, M) do not satisfy
the 2-regular condition and thus 7/ is not defined.

(1) : Let M be a indecomposable non-projective A module, i.e. 7/ # 0. Then we have
by Theorem that there exists an almost split exact sequence.

0s7MLES M0
We apply Hom/ (G, —) to get the exact sequence

0 — Hom (G, 7' P) — Hom (G, E) — Hom,, (G, M) 1G9, Coker((G,g)) — 0 (6.3.1)

in projI'. We claim
Coker((G, g)) = Homa (G, M)/ radr Homy (G, M)

First we show radr Homp (G, M) is equal to all non-split epimorphisms. It is standard
to show that all non-split epimorphisms form a submodule. Consider a submodule
U C Homy (G, M) containing at least one split epic. Let e € U be split-epic. Then there
exists a morphism m such that em = Idy;. Consider ¢ € Hom (G, M) then ¢ = em¢
which is in U as m¢ is in Endr(M) CI' = Endp(G). Thus U = Homy (G, M) and the
submodule of non-split epimorphisms is our the a maximal ideal thus the radical as we
are working over a local local ring. Next we show Im(G, g) = radr Homa (G, M). We
know Im(G, g) is all morphisms G — M that factors through a morphism g : E — M. As
g is right almost split this yields Im(G, g) = radpr Homy (G, M). Our claim now follows.
Next we show Homy (G, M)/ radr Homa (G, M) satisfy the 2-regular condition. It is clear
that Homp (G, M)/ radr Homp (G, M) has projective dimension 2. For the two other
requirements we apply Homr (Homy (G, M)/ radr Hom (G, M), T") to the projective part
of to get the sequence

0 — Homp(Homy (G, M),T) — Homr(Homy (G, E),T) — Homr(Homy (G, 7' M),T) — 0
which is equal to the sequence.

0 — Homp (M, G) — Homy (E,G) — Homy (7'M, G) — 0
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As Hom is left exact we see the second requirement for 2-regularity is satisfied. By a dual
argument of the first part of the proof we also get the third requirement. Furthermore
we note that

Ext%(HomA(G, M)/ radr Homy (G, M),T') = Homa (G, 7M)/ radr Homp (G, 7 M)

Which have Homy (G, 7M) as a projective cover and yields 7 Hom, (G, M) = Hom (G, 7' M).
(2) : Let M be an indecomposable projective A module. Then 7'M = 0 by Proposition

We get by Proposition a right almost split morphism rad M — M. Applying

Hom/ (G, —) then yields the exact sequence

0 — Homy (G, M) — Homa (G, M) — Homa (G, M)/ radr Homy (G, M) — 0

Thus if M is a projective indecomposable A module we get that Homa (G, M)/ radr Homy (G, M)
do not satisfy the 2-regular condition as

pd Homy (G, M)/ radr Homy (G, M) = 1
|
Theorem 6.3.5. Let I' be a noetherian R algebra over a noetherian complete local ring
R. Then there exists a bijection between the following two classes.
1. Admissible exact structures on projI'.
2. Sets of dotted arrows in Q(I").
Moreover the Ausander-Reiten quiver of the exact category (&7, &) is given by Q(I") with

the dotted arrows in (2).

Proof. By definition each dotted arrow 7P «-- P bijectively corresponds to a simple I'
module P/rad P satisfying the 2-regular condition. As I' is local all the simple modules
are of the form P/rad P. Thus the correspondence follow from Theorem It follows
from Lemma that Q(I') is the Auslander-Reiten quiver of of (7, &).

Example 6.3.6. In the situation of Theorem let X be a set of dotted arrows. Let
& be the corresponding exact structure on &/ = projI’. Then we have the following.

e X is empty if and only if & is the smallest exact structure, i.e. all split exact
sequences.

e X is the set of all dotted arrows if and only if & is the unique maximal exact
structure among the admissible ones on /. If R is artinian this holds precisely
when & is the unique maximal structure as all exact structures are admissible in
this case.
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7 Examples on Representations over Quivers

7.1 Finding the exact structures

Example 7.1.1. Consider the category &/ = rep () of representations of the quiver
Q : 1 —— 2

Then we get the Auslander-Reiten quiver of &7 as follows

As there is only one dotted arrow we know by Theorem there is only two exact
structures. We have the AR-sequence (AR 1) = P, — P, — I; as our only indecompos-
able non-split exact sequence in <.

Now we consider the Auslander algebra of &7 to classify exact structures on projI’ =
o/ (See Theorem and Lemma [6.3.4). The Auslander algebra I' of </ is given by
the following quiver with relations.

Q: 2

1 ¢ 3

In projI" our indecomposable non-split exact sequence will correspond to P3 — P 9 p.
We have Coker(g) = S; and we can now classify the exact structures using Theorem
6.2.5]

o {0} <> &min = All split exact sequences
o {51} > Emax = {XBY|X € Emin, Y € add(AR1)} = All short exact sequences in .o/

and note &min € Emax

Example 7.1.2. Consider the category &/ = rep () of representations of the quiver

Q- 12,97 3
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Then we get the Auslander-Reiten quiver of 7 as follows.

As there are three dotted arrows we already know there are 22 = 8 different exact
structures on /. We have the following indecomposable non split exact sequences in /.

(AR1) 0 - P, — Iy —» S3—0
(AR2) 0 > Ps > 1 — S1—0
(AR3) 0 > Sy = P& P3s — 1, —0
(4)0—>S—>P—5 —0
(5) 0> Sy — P3— S3—0

where (AR1), (AR2) and (AR3) are the Auslander-Reiten sequences.

Now we consider the Auslander algebra of & to classify exact structures on projI' as
this corresponds to </ (See Theorem and Lemma[6.3.4). The Auslander algebra I
of &/ is given by the quiver with relations.

SN
NN

In projI" the sequences above will correspond to

(AR1) 0= Ps > P, 2 P, — 0

(AR2) 0= Ps —» P, & Py =0

(AR3) 0 » P, » Py P3 2 P — 0
40P —-P 2P0

(5) 0= Ps — P3 &P -0
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Using Lemma|[6.3.4] we get the following simple modules in proj I' satisfying the 2-regular
condition: Coker(g;) = Sz, Coker(ge) = S3 and Coker(gs) = S1. We find Coker(gy) to
be the representation

0 0

/N
N\
/N

k 0

which has composition factors S; and S3. Next we see Coker(gs) is the representation

k 0

/N
N/
/N

0 0

which has composition factors S; and Ss. Now we are able to apply Theorem to
classify all exact structures on projI’ = o7.

o {0} +> &min = All split exact sequences

e {S9} &1 ={XBY|X € &min, Y € add(AR1)}

o {S3} & ={XBY|X € &nin, Y € add(AR2)}

e {51} E3={XBY|X € &min, Y € add(AR3)}

o {S9,53}+ 12={XY|X €&1,Y € &}

o {51,513 ={XdYDZ|X &, Y e Zcadd(h)}
o {51,595} E34={XBYDBZ|X €&Y € &3 Zcadd(4)}

o {51,59,53} <> &max = All short exact sequences in &/

Thus we have classified all the exact structures. These can be represented in the following
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diagram where the arrows represent inclusions.

52 >(o@12

Example 7.1.3. Consider the category o = rep () of representations of the quiver

Q- 129 P43

Then we get the Auslander-Reiten quiver of 7 as follows.

SN
NN

As there are three dotted arrows we already know there are 23 = 8 different exact
structures on 7. We have the following indecomposable non split exact sequences in 7.

(AR1) 0 > P — P, — S, — 0
(AR2) 0 - Sy = I, -+ S1 — 0
(AR3) 0 > P, > PL® Sy — 1o — 0
(4) 0—=Ps—P—1r—0
5) 0P, — P — S5 —0

where (AR1),(AR2) and (AR3) are the Auslander-Reiten sequences.
Now we consider the Auslander algebra of & to classify exact structures on projI’ =
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/. The Auslander algebra I' of &/ is given by the following quiver with relations.

L O,
1 /\ 4 /\ 6

In projI" the sequences above will correspond to
(AR1) 0P, - P, 25 P —0
(AR2) 0= Ps —» Ps 2 P, — 0
(AR3) 0 P> PP 2P0
4 0=Ps—>P2 P -0
(5) 0= Ps— Ps &Py — 0

Using Lemma[6.3.4] we get the following simple modules in proj I' satisfying the 2-regular
condition: Coker(g;) = S1, Coker(gz2) = S4 and Coker(gz) = Sa.

We find Coker(g4) to be the representation

0

k 0

/ N

k 0 0

VRN
N/

which has composition factors S; and S2. Next we see Coker(gs) is the representation

k 0

S N

0 k 0

VRN
N/

which has composition factors Sy and Ss. Now we are able to apply Theorem [6.2.5] to
classify all exact structures on proj I’ = o7.

o {0} <> &min = All split exact sequences
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{Sl} —E = {X D Y|X € Emin, Y € add(ARl)}

{54} <~ (g)g = {X D Y‘X c @pmimY S add(ARQ)}

{SQ} — &3 = {X (&) Y|X S éamin,Y S add(AR3)}

{51,54}<—>é2172:{X@Y‘X66501,Y€£2}

{51,5} < &134={X@Y S Z|X € £1,Y € &3,Z € add(4)}

{52,854} > 235 ={X @Y B Z|X € &, € &3,Z € add(5)}
o {51,592,54} <> &max = All short exact sequences in &/

Thus we have classified all the exact structures. These can be represented in the following
diagram where the arrows represent inclusions.

&3 E1,3,4

7.2 Finding the derived categories of the exact categories

In this section we find the derived categories of the different exact structures found in
the previous subsection.

We denote degree ¢ of complexes by an i over degree ¢ and let brackets denote zeroes
further left and right. Which will mean that the complex

[A—>B—>}Z/—>M]

is concentrated in degree i —2,i—1,4,i+1 and have Y in degree i. We will denote by A[i]
the complex with A concentrated in degree zero shifted by i. We will denote triangulated
AR- translations by dotted arrows in diagrams. We will refer to the repeating patterns
that appear by taking triangulated AR-translations as 7-orbits or simply orbits.

Example 7.2.1. In this example we will find the derived categories of the exact struc-
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tures in projI' from Example We know that
KP (o) = KP(proj I') = 2P (modT')

where KP(projT') correspond the Auslander Reiten algebra of 7. In the proof of [C.13 -

found in [8, Section 3.6] we have a way of obtaining all of 2°(modTI') through triangu-

lated AR- translations.

We start with P;[0] which have I3[0] as an injective resolution thus 7(P;[0]) = P»[1].

Next an injective resolution of Py is I3 which yield 7(P»[1]) = P3[2]. An injective reso-
0

lution of P3 is I3 — Iy — Is. This gives us 7(P3[2]) = [P3 — P, — P;]. We note this

0
is quasi isomorphic to I;[1] and get 7([P3 — P, — Py]) = P1[2]. Thus we will have the
following repeating pattern.

4o Py[0] 4o Py[1] 4 P3[2] <---- Py Py Pi] < P[2] <om-

Now we need to fill in the triangles to complete the quiver of ICb(proj I'). We have that
0
Cone(P,[0] — P1[0]) = [P — P1]. Next we know T(P1 [0]), T(P2]0]) and 7(Ps[0]) so we
0 -1 -1
easily find the translations 7([P; — P1]) = [P3 — Pz] and 7([Ps — P)) = [P» — Py).

0
Now we calculate Cone([P3s — P3| — [Py — Pl]) Pl [Ps — P — Pﬂ and note
that we can complete a diagram for K" (projT).

< Py[0] 4---------mmmmmmmmee Py[1] 4-----m-mmmmmmmomee P3[2] 4---------m---- [Ps — P, — Pi] «
N N T
k- [Py — Pl] {rmmmmmm [P; — Pg] D (P — P1 4mmmmme
S NS \
e & 11 IR [P3 — P, — Pl] {rmmmm e Py[1] 4---------mmmmmmmee Py[2] 4------ -+

As seen in Example this also gives 2°(proj I', &min). Now we want to find 2°(proj T, € max)-
We recall that P — Py — Pj is acyclic over (&7, & max). Thus we see using Proposition

(2 (2
4.4.10|in our diagram of KP(projI') that [P3 — Py — P], [Ps — P»] and P3]i] are super-
fluous in 2°(projT', & max). Now we have the following diagram for Z°(proj T, &may).

- <= P1 fffffffffffffffffffffff P2 — | &————----- $--=-

\/\/\/\;

© L= P2—>P1 ******************************** P2—>P1] SR

Example 7.2.2. In this example we will find the derived categories of the exact struc-
tures in projI" from Example Tedious calculations are excluded and the reader
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is encouraged to check that the 7-orbits and cones are correct themselves. We start by
obtaining KP(projI'), starting with the 7-orbit of Py[0].

0 0
P][O] - P4[1] - [P{,@Pﬁ%PLlﬁpl] - [Pz@Pg*}Pl] -
-1 0
******** [P{)@P()*)Pd === [P4*>P2@B;4)P1] {-mmmmmm - Pl[l]

0 0 0
[P4%P1]€ ******* [P5@P(,%P42%P1]€ ******* [P5@P(,%P2®R;€BP4%P12]( ***** [P5®P5%P2®B;@P4%P1]< *****
0 —1 —1
*********** [Ps®Ps — Po® P — Pi] ¢------------- [Py =& P, ® P3] ¢----------------------—- [Py — P|]

Next we see
1 0
Cone([Ps @ Ps — P — Pi] — [Py — Py))
0
= [Ps @ Ps — P} — P}

0 0
= P4[1] D [P5 — Py — Pl] D [Pﬁ — Py — Pﬂ

So we calculate the orbits

0 0 0 0
[Ps— Py — Py] <~ [Ps — Py @ Py — Py] 4-—--- [Ps® Ps — P3@® Py — Py <----- [Ps— Py@ Py — Pi] <~
-1 -1
******************* [Po — Po] ¢----------mmo--n= [Py = P3] ¢~ [P = Py — P]
And
0 0 0 0
[PG*}P4*>P1]< ***** [P5*>P3@P4*>P]]( ***** [P5@P6*>P2@P3*>P1]< ***** [P@*)PQ@P3*>P1]< *****
1
——————————————————— [Ps — Ps] ¢ [Py = Py] ¢ [Ps = Py — Py

then find the cones
1 0
COHG([P@ — P ® P — Pl] — [P5 — Py — Pl])
0
=[Ps® Ps — P,® P} — P}

0 0
>~ [Ps® Ps — P} — Py| @ [P, — P
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and
1 0
COHG([P5 — P3 (5] P4 — Pl] — [Pﬁ — P4 — Pl])
0
=[Ps® Ps —» Ps® P} — P}
0 0
>~ [Ps@® Ps — P} — P,| ® [P; — P

We see that there are even more orbits to calculate. We get the two orbits

0 -1

[Pz%P]]( ***** [P()A)Pz;]( ***** [P5%P3HP1]( ***** P2[1]< ***** P6[2]< ***** [P()'%P4%P;5}< ***** [P;*)Pl]
—1 0 —1

[Ps — Py] -~ [Ps — Py] -~ [Ps — Py — Py] -~ P3[1] <----- P5[2] 4----- [Ps — Py — Py] <——--- [Py — P

0 0 0
Now we see that we have Cone([Ps — Pi| — [Po — Pi|) = [Ps = P> & Py — Py] and

Cone([P5s — 124] — [P3 — Zgl]) =[P > Ps® P — Zgl]. Thus we have found all the
orbits and are able to draw the diagram for P (projI') which is found at the end of the
example together with all the derived categories. Luckily P (projT') = 2°(projT, & min)
so we only need to find the derived category for the other seven structures. Now is a
good time to recall the exact structures from Example [7.1.2] Using Proposition
we can cross out the following in KP(projI') to obtain 2°(projT’, &1).

[P5—>P4—>]§2],[P5—>P4—>]§1],[P569P6—>P4@P4—>]§1],
%@%%ﬂ%é“&%&@ﬂ%é“&%m
[PS@PG—>P2EBP3€BP4—>P1EiBP1],[P5®P6—>P3€BP4—>Pi1],[P5—>P3—>Pi1]
[P5@P6—>P3€9P4—>1§1HP569P6—>P2@P369P4—>1§1],[P5@P6—>]g4]

[Py — Py & Py — P, [Ps @ Ps — Py Py — Pi], [Ps — Py], Psli]

and we can draw the diagram for 2 (projT', &1) with the remaining triangles. Simmilarly
for Z°(projT, &) we cross out

[P6—>P4—>]§3],[P6—>P4—>131],[P569P6—>P4@P4—>]-'i’1],

[Ps® Py — P — Py, [Ps — Py Py — P, [Ps — Py
[P5EBP6—>P269P3@P4—>P1€E131]7[P5®P6—>P2€9P3—>1§1],[P6—>P2—>1§1]
[P5€BP6HP3®P4ngﬂ,[PE)EBPG%PQEBPg@PzLHIél],[Ps)@PG%é]

[P5 - P o P;— Pl], [P5 ®FPs— P,® P; —~ Pl], [PG — Pg},P@M
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and in 2°(projT, &3) the following.

[Py — Py ® Py — ng], [Py — Pgéan], [Py — 132]

[Ps = Py — By, [Py — Py}, [Ps — P1— Py

[Py — ]%],P4[i], [Ps — Py — 131], [Ps — Py — ]—‘i’l]

[Ps ® Ps — Py @ Py H]él],[Pg)@Pﬁ — Py H]%],[P(; — PP %}%1]

[Ps — é], [Ps — P3 & Py — lél], [Ps — é]
[P5@P6—>P2@P3@P4—>P1éP1],[P5@P6—>P3@P4—>1§1]

[Ps@® Ps — Pa® P —>131],[P5@P6 P, ® P3P — 1%],[1%@1% —>134]

Thus we can draw these too. To find _@b(proj I', &1 2) we can consider the diagram for
@b(proj I, &1) and cross out the complexes that became redundant in .@b(proj I, &) (or
vice versa). To find 2°(projT, &934) we can choose to look at 2°(projT', &3) and note
that the following ”vanish”.

[Pﬁ — Py — Pl], [PG —P,d P — Pl], [P5 ® P — P,® P; — Pl], [P@ — PQ],P@[i]

Similarly to find 2°(proj T, &1.35) we look at 2°(proj T, &3) and note that the following
become superfluous.

[Pg, — P3 — Pl], [P5 — P,® P; — Pl], [P5 SFP— PP P;— Pl], [P5 — Pg],Pg)[i]

Thus we have found the derived categories of the different exact structures which will
be presented in the following four pages.
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Example 7.2.3. In this example we will find the derived categories of the exact struc-
tures in projI’ from Example Tedious calculations are excluded and the reader
is encouraged to check that the 7-orbits and cones are correct themselves. We start by
obtaining KP(projI'), starting with the 7—orbit of P;[0].

0 0 0
Next we see Cone([Ps — P3| — [P — P1]) = [Py — P3 — Pi] @ P3[1] and find a new
orbit.

0 —1 0
[P6—>P3—>P1] $-——-- [P5—>P3€BP4] $-——-- [P5—>P2—>P1] O e L
—1 —1 —1
************** [PG — P5;— PQ] $----- [Pg ® Py — PQ] $-—==- [PG — Py — Pl]

We calculate cone again

0 0 —1 0
COHG([P5 — P3 @ P4] — [P6 — Py — Pl]) = [Pﬁ — Pg] & [P5 — P3® Py — Pl]

then find a 7-orbit.

0 0 -1
[Ps — P3@® Py — Py] <----- [Ps = Po® P3 — Py] ¢--—------- [Ps — Pp] 4------==-=mmmmmmmoe-
-1 0 0
**************** [P() — P3s® Py — PQ] {----- [P() — P3s® Py — PQ] {----- [Pg, — P3® Py — Pl]
Next we get

1 0 -1 0 0
COHG([P5 — PhoP; — Pl] — [P5 — P3Py — Pl]) = [P5 - P;&® P4]EB[P2 — P1]@[P5 — P3— Pl]

and calculate the two orbits
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0 —1 —1 1 _
[PQ%P1]< ******** [P5—)P3]< ***** [P3—>P2]< ******** [P6—>P5]< ******** [Ps—)iDB@P4%P2]< ******** [P2—)P1]

0 0
Now we see that we have Cone(FP2[0] = [Ps — P3 — P1]) = [Ps — P, & P3 — Py| and

Cone([P5 — 1—?’3] — [Py — 121]) =[P > P®P; — 121]. Thus we have found all the
orbits and are able to draw the diagram for KP(projI') which is found at the end of
the example together with all the derived categories. Now is a good time to recall the
exact structures from Example [7.1.3] Using Proposition [£.4.10] we see can cross out the
following in KP(projT') to obtain 2°(projT’, &1).

[P4 — P2 — Pl], [P4 — Pg], [Pg @P4 — PQ], [P6 — P3 @P4 — PQ], [P5 — P3 @P4 — PQ],

3 i i i
P4[i], [P5 - Ps® Py — Pl], [P5 — P3s® P4], [P5 — P4], [PG — P5s — P4]

and we can draw the diagram for @b(proj I', &1) with the remaining triangles. Similarly
for 2" (proj T, &) we cross out

[Py — Ps — Pl [P — Ps — Py — Pi|,[Ps — Ps — B3], [Ps — Py @ Ps — Py, [Ps — Psl,
[Ps — P3s — _Pig], [Ps — P3s @ Py — _Pig], [Ps — P3 — 131], [Ps — ]%],PG[Z'].

and in 2°(projT, &3) the following.

[Ps — P3s & Py — ]ég], [Ps — P3® Py — ]ii’l], [Ps — P3 — 131], [Ps — ngéP4], [Ps — 134],
[Ps — Ps — ;’4], [Ps — Po® Py — 131], [Ps — 133], [Ps — Py — fi’l], [Ps — P5s — Py — 131],

[Pg, — PQLPE)[Z.L [Pﬁ — P5— PQ], [P6 —Psd P — PQ], [P6 — P5]

Thus we can draw these too. To find 2°(projT, & 1,2) we consider the diagram for
PP (projT, &1) and cross out the complexes that became redundant in 2°(projT’, &)
(or vice versa). To find Z°(projT, &134) we can choose to look at Z°(projT', &3) and
note that the following ”vanish”.

[P4 — Py — Pl], [P4 — Pz], [Pg e Py — PQ], [Pﬁ — P36 Py — PQ],P4[i]
Similarly to find 2°(proj T, &235) we look at 2P (projT, &3) and note that the following
become superfluous.

[P6 — P3 — PQ], [PG — P3 @ Py — PQ], [PG — P3 — Pl], [P6 — Pg],PG[Z]

Thus we have found the derived categories of the different exact structures which are
presented in the following four pages.
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Appendices

A Basic category results

In this section we go through some basic results. We work in a category % that contains
zero morphisms unless otherwise specified.

Lemma A.1. Let f be a kernel of g. Let the right hand square of the following diagram
be a pullback along g and h.

Then there exists a morphism f’ : A — P such that the diagram above commutes, and
/' is a kernel of ¢’. Dually if g is a cokernel of f and the left hand square is a push-out

along g and f

AL>BL>C

I
there exists ¢’ : P — C such that the diagram commutes and ¢’ is a cokernel of f’

Proof. We prove the first part, the second part is dual. Let f’ be the unique morphism
such that A'f' = f and ¢ f' = 0. f’ exist as P is a pullback, and gf = 0 = ho0. Let
a : T — P be a morphism such that ¢a = 0. Then f’ is the kernel of ¢’ if there exists
a unique morphism 3 : T — A such that /8 = a.

T
Al p 95D D
[ [
At .p_9,¢ C

Since f is a kernel of g, and gh'a = hg’a = 0 there exist a unique morphism 3 : T — A
such that W'a = f8 = I/ f’3. Furthermore the pullback property gives unique v : T' — P
satisfying ¢’y = 0 and h'y = f3. We see that both o and f’f3 satisfy this. Hence

a=f's. [ |
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Lemma A.2. Given the following commutative square, where a and b have cokernels.

A—23 B

L

A s B

There exists unique morphism A such that the following commutes.

“— B —=— Coker(a)

A
!
A o

b, B —< Coker(b)

Proof. By universal property of cokernels we get the following diagram.

A —%— B —“— Coker(a)
, B
cg 3

Coker(b)

Hence we are done. |

Lemma A.3. Given the pullback

A—1.,B
" %h

C ——
where i is monic we have that f is monic.
Proof. Let o, 5 : T — A be such that fa = f5. Then we have hfa = hf 3 which implies

iga = igf. Since i is monic we get g8 = ga. Now as both « and f fit as the dotted
arrow in the following diagram

Ja=fB

we get a = 3. |
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Proposition A.4. Let f be a monomorphism and g be an epimorphism in an abelian
category. Then f is a kernel of ¢ if and only if g is a cokernel of f.

Proof. Let f: K — A be a kernel of g: A — B. We note gf =0 as f is a kernel of g.
Hence we only need to show that for any morphism h : A — T such that Af = 0 there
exists a unique morphism ¢ : B — T such that og = h.

K%A%B

N

T
If there exists such o we get for free that it is unique as g is epic. As we are in an abelian

category g is the cokernel of some morphism p: X — A. Since f is a kernel of g and
1g = 0 there exists a unique map v : X — K such that fv = pu.

% ”\\a
A %
27 N
2

X — K

B

By assumption hf = 0. we see that hy = hfy = 0o h = 0. Hence h give rise via
the cokernel property of g a unique morphism o as required. The opposite direction is
dual. |

Lemma A.5. Let o/ be an additive category. Consider the commutative square

(1) The square is a pushout if and only if (i) is a cokernel of (*gf ).

(2) The square is a pullback if and only in (_gf ) is a kernel of ().

Proof. We prove (1), (2) is dual. Suppose the square is a pushout.

(n z)(_gf) = 0 by commutativity of the square. Let (1 t2) be such that (1 t2 )(_gf) = 0.
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We need to find unique ¢ making the following diagram commute.

—f ‘
A<9>B@C (hi) D

iﬂ!d)
(tlm <

T
By universal property of the pushout we find the unique ¢ by the diagram

A#B

o

C—5D

S 3le
N
to T

Conversely if (hi) is a cokernel of (_gf ) we find the unique ¢ in the pushout diagram

by the universal property of the cokernel. |

Proposition A.6. Consider a square in an abelian category.

A, B
lf2 lgl
c 24D

if the square is a pushout and f; is a monomorphism, then gs is a monomorphism.
Dually, if the square is a pullback and go is an epimorphism then f; is an epimorphism.

Proof. Suppose the square is a pushout and f; is monic. Then (91 92) is the cokernel

of ( j}z) by our previous lemma. Let h : T — A be any morphism such that goh = 0.
Then we have 0 = gah = (91 92 )({)h = (91 92)(}).

As we are in an abelian category < f}z) is a kernel of (91 92). This gives us that (2)

factors through ( _f}Q) via some t: T'— A. As fi is monic we now get

(k)= <(—f)1”20)tot) = hAt=0

=t=0
= 0= )t=(9)
=h=0
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Hence only the zero morphism precompose with go to zero. Therefore go is mono as the
category is additive. The other part of the statement is dual. |

Lemma A.7. given the diagram.

The following hold.
(1) If both the squares are pushouts, the rectangle is a pushout

(2) If both the squares are pullbacks then the rectangle is a pullback.

Proof. We proove (2), (1) is dual.The rectangle commutes as ¢'f'a = ¢'bf = cgf. Given
the following diagram, we need to fill in the dotted morphism ¢4 : T — A uniquely.

AL g L

By the universal property of the right pullback square we find ¢3 : T' — B then by the
universal property of the left pullback square we find our desired unique 4. |
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B Triangulated categories

This appendix is based on Oppermann’s lecture notes [9, Chapter VI] and Krause’s ar-
ticle |3, Chapter 2].

In this appendix we will go through the definitions and results necessary regarding
triangulated categories.

Definition B.1. Let 7 be an additive category with an auto-equivalence [1] : T — 7.
A triangle in T is a sequence (f, g, h) of maps

ALty 0t oAn

A morphism between two triangles (f, g, h) and (f’,¢’, k') is a triple (¢1, P2, ¢3) of maps
in T such that the following diagram commutes.

At ,p ¢ b A
Jﬁﬁl J¢2 Jtﬁs lm 1]
U A1)

o

The category T is called triangulated if it is equipped with a class of distinguished
triangles called exact triangles satisfying the following axioms.

(TR1) (a) The class of distinguished triangles is closed under isomorphisms.

Ids

(b) For each A € T the triangle 0 A A 0 is exact.
(¢) Each map f fits into a triangle (f, g, h).

(TR2) Given an exact triangle (f, g, h) the triangles (g, h, —f[1]) and (—h[—1], f,g) are
also exact.

(TR3) Given exact triangles (f, g, h) and (f’,¢’, ') each pair of maps ¢1 and ¢9 satisfying
¢of = f'¢1 can be completed to a morphism of triangles.

At p_9 0o "

Al1]
[
A'1]

U AN T NG

In other words the morphism ¢3 exist.
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(TR4) Given the solid part of the following diagram , where the two rows and the left
column are exact triangles

Al p 9 o Al
| |
A C B A‘[’u
v |
Al A" B[]
h |
B A oy

There exist morphisms as indicated by the dashed arrows such that the second
column is an exact triangle, and the whole diagram commutes.

Remark B.2. The third object C' in an exact triangle

f

A B C All]

is called the cone of f and will sometimes be denoted Cone(f).

Remark B.3. As 0 - A — A — 0 always is an exact triangle by (TR1), we get by
(TR2) that A — A — 0 — A[1] also is an exact triangle.

Proposition B.4. Let 7 be a triangulated category. Let A — B — C' — A[l] be an
exact triangle, and T' € T then the sequences

- — Homy (T, A[n]) —— Homy (T, B[n]) — Homy(T,C[n|) ——

Homy (T, Aln + 1)) —— Homy (T, Bin + 1)) —— Homy(T,C[n+1]) —— ---
and

- ——— Homy(C[n],T) ——— Homy(BIn|,T[n]) ——— Homy(A[n],T) ——

Homy(C[n —1],T) —— Homy(B[n —1],T7) —— Homy(A[n —1,T) — ---

are exact
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Proof. We prove the second sequence is exact, showing the first one is exact is dual. By
(TR2) it suffice to show that the sequence

Homy7(C,T) —— Homy(B,T) —— Homy(A,T)

is exact. We compare our given triangle with the triangle from (TR1).

A B c All)
£ lf h ol
0 T T 0

By (TR3) the morphism ¢ exist if and only if the morphism h exist. That is given
f € Homy(B,T)

f[A— B] =0 <= 3h € Hom7(C,T): h[B — C] = f
u

Corollary B.5. Any morphism in a triangle is a weak kernel of the next morphism,
and a weak cokernel the previous morphism. |

Lemma B.6. Let 7 be a triangulated category. Consider the following morphism of
triangles

A B C AL
[
Al B o A1)

If two of the morphisms f, g and h are isomorphisms so is the third.

Proof. For convenience we let 7 (—, —) denote Homy(—, —). By (TR2) it is sufficient to
check h is an isomorphism given f and g are isomorphisms. We apply 7 (—,C) to the
initial diagram.

T(AC) «—— T(B,C) «—— T(C,C) «—— T(A1]1],C) «—— T(B[1],0)

| ! -] |

TA,C) «—— T(B,C)+—— T(C',C) «— T(A[1],C) +—— T(B'[1],C)

As f and g are isomorphisms we get that the left two and right two morphisms in the
diagram are isomorphisms. By 5-lemma for abelian groups we get that the morphism
—oh:T(C',C) = T(C,C) is an isomorphism. In particular there is h € T(C’, C) such
that hh = Id¢. Hence h is split monomorphism. Similarly applying Homs(C’, —) we
get h is split epimorphism. Hence h is an isomorphism. |
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Definition B.7. An exact functor between triangulated categories T and T’ is an addi-
tive functor F : T — T’ with natural isomorphisms pa : F(A[1]) — F(A)[1] such that
for any exact triangle

A-tysp ¢ h, oA

in T, the triangle

is an exact triangle in 7.

Definition B.8. An additive functor F' : T — </ from a triangulated category to an
abelian category is called an homological if for every exact triangle

A— B— C — All]
in 7T, the following is exact in o
F(A) —» F(B) — F(C)

If I is contravariant we call F' cohomological if the corresponding functor F°P : TP — of
is homological.

Proposition B.9. Let 7 be a triangulated category. For any object T' € T the functor
Hom(T, —) is homological and the functor Homy(—,T) is cohomological.

Proof. This follows directly from [B.4} [ ]

Definition B.10. Let 7 be a triangulated category. A non-empty full subcategory .
is a triangulated subcategory if the following conditions hold

(TS1) Aln] € & for all A € . and n € Z.

(TS2) Let A — B — C — AJ[l] be an exact triangle in 7. If two objects from {A, B,C}
belongs to . so does the third.

Definition B.11. Let . be a triangulated subcategory of 7. Then .¥ is called thick
if it is strictly full and the following hold.

(TS3) Every direct factor of an object in . belong to .. That is given a decomposition
A=A @ A" with Ae .7, we get A/, A" € ..
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C Auslander-Reiten theory

In this appendix we give the definitions and results regarding Auslander-Reiten theory
used in the thesis. The results will not be proven. We refer the interested reader to the
book by Skowronski, Simson and Assem [10] and the work of Happel [§] where proofs
and background for the results can be found.

Definition C.1. Let L, M and N be modules in modA. Then we have the following
definitions.

(1) A morphism f: L — M is called left almost split if the following holds
a) f is not a section.

b) For every morphism u : L — U that is not a section there exists v’ : M — U
such that v/ f = u.

(2) A morphism g : M — N is called right almost split if the following hold.
a) ¢ is not a retraction.

b) For every morphism v : V' — N that is not a retraction there exists v’ : V.— M
such that gv’ = v.

(3) A morphismf : L — M is called left minimal if every h € End(M) such that hf = f
is an automorphism.

(4) A morphism g : M — N is called right minimal if every k € End M such that gk = ¢
is an automorphism.

(5) A morphism f: L — M is called left minimal almost split if it is left minimal and
left almost split.

(6) A morphism g : M — N is called right minimal almost split if it is right minimal
and right almost split.

(7) A short exact sequence in modA

0-LL ML NS0
is called an almost split sequence provided
a) f is left minimal almost split.

b) g is right minimal almost split.
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Definition C.2. Let M be a right A module. A minimal projective presentation is an
exact sequence P 2Py B M — 0 where po and p; : P; — ker(pg) are projective
covers. If we apply Homy(—, A) to the sequence we obtain a sequence of left A modules

0 — Homy (M, A) — Hom (P, A) 2= Homy (Py, A) — Coker(py o —) — 0
We denote Coker(p; o —) by Tr M and call it the transpose of M.

Proposition C.3. [10, Proposition 2.1(c)] M is projective if and only if Tr M = 0. If
M is not projective then Tr M is indecomposable and Tr(Tr M) = M.

Proposition C.4. |[10, Proposition 2.2] The correspondance M +— Tr M induces a
K-linear duality functor Tr : mod A — mod A°P where modA and mod A°P? denote the
projectively stable categories of modA and modA°P resp.

Definition C.5. The Auslander Reiten translation is defined to be the composition of
D with Tr where D is the standard duality D = Homg (—, K). So we have the auslander
reiten translation 7 = D Tr.

Theorem C.6. [10, Theorem 3.1(a)] For any indecomposable non-projective right A
module M there exists an almost split exact sequence 0 - M — E — M — 0 in
modA where 7 denotes the Auslander-Reiten translation.

Proposition C.7. [10, Proposition 3.5(a)] Let P be an indecomposable projective
module in modA. An A module homomorphism g : M — P is right minimal almost
split if and only if g is a monomorphism with image equal to rad P.

Definition C.8. Let A be a basic and connected finite dimensional K algebra. The
quiver I'(modA) of modA is defined as follows.

(1) The points of I'(mod A) are the isomorphism classes [X] of indecomposable modules
X in modA.

(2) Let [M],[N] be the points in I'(modA) corresponding to the indecomposable mod-
ules M and N in modA. The arrows [M| — [N] are in bijective correspondence with
the vectors of a basis of the K vector space Irr(M, N) = radg (M, N)/rad% (M, N).

Remark C.9. We can define in the exactly same way the quiver I'(%) of an arbitrary
additive subcategory of modA that is closed under direct sums and summands.

Proposition C.10. [10, Lemma 4.7] The Auslander Reiten quiver I'(modA) of an
algebra A is a translation quiver, the translation being defined for all points [M] such
that M is not a projective module by 7[M] = [T M].
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For the rest of the appendix we let T be a triangulated category such that Hom (A, B) is
a finite dimensional k vector space for all A, B € T and assume that the endomorphism
ring of an indecomposable object is local. I.e. we have that 7 is a Krull-Schmidt
category.

Definition C.11. A triangle A ENY; AT Al1] is called an Auslander-Reiten triangle
if the following hold.

1. A and C are indecomposable.

2. h#0.

3. If u: X — C is not a retraction, then there exists v’ : X — B such that f'g = u.

We say T has Auslander-Reiten triangles if for all indecomposable objects C' € T there
is a triangle satisfying the conditions above. We call A[l] the translation of A and
sometimes denote it TA.

Lemma C.12. |[8| Section 3.4] The definition above is self dual.

Theorem C.13. [8, Section 3.6] Let A be a finite dimensional k-algebra of finite global
dimension. Then the derived category 2°(A) has Auslander-Reiten triangles.
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