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Introduction

This Ph.d. thesis consists of three papers:

(1) Benedikte Grimeland and Karin M. Jacobsen. Abelian quotients of triangulated
categories. Journal of Algebra 439 (2015), 110-133.
(2) Benedikte Grimeland and Karin M. Jacobsen. Realizing orbit categories as stable
module categories - a complete classification. Preprint, arXiv: 1508:02970v1.
(3) Karin M. Jacobsen. Modules of finite projective dimension over a cluster-tilted
algebra. Manuscript.
All three papers concern the interaction between abelian and triangulated categories. We
use triangulated categories to better understand the structure of module categories.

1. Background

Let A be an abelian category, and let D°(A) be the bounded derived category as
defined by Verdier in [29]. We know that D(A) is triangulated [21], with suspension
functor equal to the shift functor on complexes X — X[1].

1.1. Orbit categories. In the last decade, some very interesting results have come
from studying smaller categories obtained from the derived category. Given an automor-
phism on D’(A), we can define an orbit category:

DEFINITION 1. Let be C an additive category and F : C — C an automorphism.
The orbit category C/F has the same objects as C, and its morphisms are given by
Home/p(X,Y) = @,,c, Home (X, FY).

The orbit category is not necessarily triangulated. However, we know of a large class
of functors that do give triangulated orbit categories:

THEOREM 2 ([22]). Suppose that A is an hereditary abelian k-category. Let F be an
autoequivalence on D°(A) that fulfills the following properties:
(1) For each indecomposable object X € D°(A), there are only finitely many i € Z
such that F' € A.
(2) There exist an integer N > 0 such that each F-orbit of each indecomposable object
of D*(A) contains an object Uln] where U is indecomposable in A.

Then D*(A)/F is naturally a triangulated category and the functor D°(A) — D°(A)/F
1s a triangle functor. We call F' an admissible functor.

Let 7 be the AR-translation. Then the functor F = 771[1] is admissible. We call
the category C4 = D'(A)/F the cluster category of A [13]. If A = mod A, we write
Db(A) :=D’(A) and Cy := C4. The cluster categories on this form yield a categorification
of the acyclic cluster algebras[15], but they also turn out to be interesting in its own right.
It should be noted that in the cluster category we have X[1] = 7.X by construction. Amiot
has defined the cluster category for algebras of global dimension 2, and for quivers with
potential [1].

iii



iv INTRODUCTION

1.2. Quotient categories and cluster-tilting objects. While the various triangu-
lated categories are interesting to study, they are rather useless for our purposes without
a way of getting back to the module category. One option is the Hom-functor: If X is
an object in the triangulated category C, then I' = End¢(X) is a ring. Moreover, for any
object Y € C, the object Home(X,Y) is a I-module, so Home (X, —) is a functor to an
abelian category.

We will also use the construction of a quotient category:

DEFINITION 3. Let C be a category. An ideal T in C is a non-empty collection of
morphisms such that for any composition of morphisms fg where f € I or g € I, we have
fgel. We set

Z(X,Y) =Hom(X,Y)NZ.
The quotient category C/Z has the same objects as C, and has morphisms given by
Home,7(X,Y) = Home(X,Y)/Z(X,Y).

The natural functor w : C/T is called the quotient functor. It is universal with respect
to sending the morphisms of I to zero.

The quotient functor is always full and dense. By universality we can show that any
full and dense functor can be described as a quotient functor. For an object T', we define
Zr to be the collection of morphisms factoring through 7. We then write C/T for the
quotient category.

The quotient category is particularly interesting when used in conjunction with cluster-
tilting objects. We call T' € C a cluster-tilting object if it has no self-extensions, and is
maximal with respect to that property:

DEFINITION 4 ([13]). An object T € C is called a cluster-tilting object if the following
holds:
addT = {X € C|Exte(T, X) =0} = {Y € C| Extc(Y,T) =0}

We call ' = End¢(T') % a cluster-tilted algebra. Buan, Marsh and Reiten showed in [11]
that in the cluster category, the functor Hom(7T', —) induces an equivalence modI' = C/7T.

Let A be a hereditary path algebra over an acyclic quiver (). We say that the cluster-
tilted algebra A = Ende, (T) is cluster-tilted of type Q.

Keller and Reiten generalised the results of [11] to 2-Calabi-Yau triangulated categories
[23]. In particular, they show that the cluster-tilted algebra is Gorenstein.

Furthermore, in [26] Koenig and Zhu generalise the results of [11] to all triangulated
categories, using cluster-tilting subcategories. These are subcategories 7 such that

T = {X € C|Exte(T, X) =0} = {Y € C|Extc(Y,T) = 0}.

If C is a triangulated category and T is a cluster-tilting subcategory of C, then C/T is
abelian. Note that if T" is a cluster-tilting object, then add T is a cluster-tilting subcate-

gory.

1.3. Surface algebras. Let A be a gentle algebra [5], where the relations are from 3-
cycles with radical square zero (this technical condition means that we are dealing with a
quiver with potential, hence we can use Amiot cluster categories [1]). The cluster category
Cy can be represented geometrically [10]. We give the construction for path algebras of of
Dynkin type A, first described in [14], but it holds in larger generality as shown in [10].

Let S be a disc and let M be a set of at least four marked points on the boundary
9S of S. We call (S, M) a marked surface. Consider the set of arcs between the marked
points, up to homotopy. The arcs that are not homomorphic to arcs in S\ M are in



2. ABELIAN QUOTIENTS OF TRIANGULATED CATEGORIES. v

X AN N
XN N N

F1cURE 1. On the left: an AR-~quiver for Cy of type Az with the summands
of a cluster-tilting object marked. On the right: the marked surface repre-

sentation of the same cluster category, with the same cluster-tilting object
bolded.

bijection to the indecomposable objects of Cy. Together with a definition of irreducible
morphisms, composition and mesh relations, this gives us a complete description of the
cluster-category.

A maximal set of non-intersecting arcs in (S, M) is called a triangulation. When arcs
intersect, the corresponding objects have non-trivial extensions. Hence a triangulation
of (S, M) corresponds to a maximal object without self-extensions, or a cluster-tilting
object. In [10] this correspondence is shown to be a bijection.

Let T be a cluster-tilting object and A its corresponding triangulation. The quotient
Cu/T is equivalent to the module category of a cluster-tilted algebra A = Ende A(T).
If we set the arcs in A to correspond to zero objects, the marked surface gives us a
representation of mod A [6][14].

2. Abelian quotients of triangulated categories.

Our first paper [16] concerns a simple question: When is a quotient category of a trian-
gulated category abelian? As discussed in Section 1.2, we know sufficient conditions for a
quotient categories to be abelian. We wanted to find necessary and sufficient conditions.
We assume throughout this section that C is a Hom-finite, Krull-Schmidt triangulated
category.

We start by considering C and an ideal Z. We show that if C/Z is abelian with a
projective generator and the quotient functor is cohomological, then the quotient functor
is representable.

Then the natural question is: When is a functor of the form Home (7', —) equivalent to
a quotient functor? Before we give the theorem, we note that a right minimal morphism
is a morphism f such that if fg = f, then ¢ is an isomorphism.

THEOREM 5 ([16, Thm. 17]). Fiz some object T € C. Then Home (X, —) is a quotient
functor, i. e. full and dense, if and only if the following two conditions are satisfied.

a: For all right minimal morphisms Ty — Ty with Ty, Ty € add T, all triangles
T =Ty — X & Tyl

satisfy Home (T, h) = 0.
b: For any object X € C with Home(T, X) # 0 there exists a triangle

T —To— X 2511
such that Ty, Ty € add T, and Home (T, h) = 0.
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We also show that the AR-structure of the category is preserved under cohomological
quotient functors.

It turns out that the objects that give full and dense functors are closely related to
cluster-tilting objects:

THEOREM 6 ([16, Thm. 25]). An object T € C is a cluster-tilting object if and only if
the following conditions are satisfied.

a: For all right minimal morphisms Ty — Ty with Ty, Ty € add T, all triangles
Ty =Ty — X & Tyl

satisfy Home (T, h) = 0.
b*: For any object X € C there exists a triangle

T — Ty — X & Tyl
c: If T is a indecomposable summand of T, then T[1] ¢ add T.

In particular, in the cluster category it is in practice only the cluster-tilting objects
that give full and dense functors.

THEOREM 7 ([16, Thm. 27]). Let C be the cluster category, and let T be an object in
C such that Home(T, —) : C — mod End(T")? is full and dense. Then either End(T) = k
or T is a cluster-tilting object.

3. Realizing orbit categories as stable module categories

It is well known that the stable module categories over self-injective algebras are
triangulated, see e. g [18]. Holm and Jgrgensen showed a triangulated equivalence between
certain categories of higher cluster type and the stable module categories of certain self-
injective algebras [19]. We extend their results in the second paper of the thesis.

By work of Riedtmann [27][28] and Bretcher, Laser and Riedtmann [9], we have a
complete classification of the Auslander-Reiten-quivers (henceforth called AR-quivers) of
representation-finite connected self-injective algebras. These AR-quivers are stable trans-
lation quivers of Dynkin tree type. Asashiba extended their work, by giving a classification
of the representation-finite self-injective algebras up to derived equivalence. He assigns
to each algebra a derived invariant called the type which is determined by the AR-quiver
[3][4]. Asashiba also give representative algebras for each type.

Consider the orbit category D?(A)/F, where A is a path algebra over a Dynkin quiver.
Provided that F is reasonably nice, the AR-quiver of D’(A)/F is a stable translation
quiver of Dynkin tree type. We find algebras A and admissible functors F' so that we can
match the AR-quiver of any stable module category of a representation-finite self-injective
algebra. If the AR~quivers of two categories are identical, there is an additive equivalence
between the categories. Building on that, we want to prove that the equivalence is a
triangulated equivalence.

We use a theorem by Amiot [2] which helps us reduce the problem to showing equiv-
alence of AR-quivers. We give the following corollary to the theorem, specializing it to
our situation:

COROLLARY 8 ([17, Cor. 8]). Let A be a representation-finite, self-injective, basic
algebra such that modA is of standard type. Let A be a Dynkin diagram, and let ® :
D*(mod kA) — D*(mod kA) be a functor such that D*(mod kA)/® is triangulated.

If the AR-quivers of modA and D’(mod kA)/® are equivalent as translation quivers,
then modA and D’(mod kA)/® are equivalent as triangulated categories.
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Using this corollary, we match up Asashiba’s types with suitable functors for orbit
categories. We give a full list of which orbit categories correspond to stable module
categories over self-injective algebras.

4. Modules of finite projective dimension over a cluster-tilted algebra

In the final paper, we return to the subject of cluster categories and cluster-tilted
algebras. Let A be a hereditary path algebra of Dynkin type, and let A= Ende, (T') be a
cluster-tilted algebra of the same type as A.

We study the full subcategory P<; of mod A whose objects are the modules of projec-
tive dimension at most one. Reiten and Keller showed that cluster-tilted algebras have
Gorenstein dimension one [23], so P<; contains all modules of finite projective dimension.

By Auslander and Smalg, the category P<; has AR-structure [7]. We can calculate
the AR-translate 7<; in P<; using right approximations. We call f : t<; X — X a right
minimal P<;-approximation of X if f is right minimal, t<; X € P<; and any morphism
from P<q to X factors through f. If X is not projective then Kleiner and Perez showed
that t<17X = I & 7<1 X, where I is an injective object [24][25].

The modules of infinite projective dimension have been given a very nice description
by Beaudet, Brustle and Todorov in [8]. It turns out that an indecomposable module X
has infinite projective dimension if and only if there is an endomorphism of 7" in C, that
factors through the preimage of X.

For type A, we show that the description translates easily to the geometric represen-
tation:

THEOREM 9 ([20, Thm. 13]). Let (S, M) be a marked surface, where S is a disc and
M| > 4. Let A be a triangulation of (S, M), and let A(A) be the cluster-tilted algebra
corresponding to A. Let v be an arc in (S, M) which is not in A, and let N(v) be the
indecomposable module corresponding to . The following are equivalent:

(1) The A(A)-module N(7) has infinite projective dimension.
(2) There is an internal triangle aB6 of A, where « is a predecessor to vy and v is

a predecessor to B with respect to clockwise rotation at v(0). We say that v is
trapped by a triangle.

The idea is illustrated in Figure 2.

FIGURE 2. An indecomposable object of infinite projective dimension is
represented by an arc (dashed lines) ”trapped” by the triangulation (bold
lines)
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Using this description, we show that the number of non-isomorphic indecomposables
in P<; is dependent only the number of nodes n and the number of directed three-cycles
t in the quiver corresponding to A.

THEOREM 10 ([20, Thm. 16]). Let A be a cluster-tilted algebra of type A,. Let t be the
number of three-cycles in the corresponding quiver. Then the number of indecomposable
objects in P<y is

1 t(t—1
A1) o t=1)

2 2

Since the pair (n,t) is a derived invariant [12], this means that |P<;] is also a derived
invariant.

We show how to calculate the right approximations from P<;:

THEOREM 11 ([20, Thm. 18]). Let Z € mod A be indecomposable. Then

[Pl =

Z ifpdz<1
t<1Z =Y if pdZ = 00,3 irreducible Y — Z,pdY <1
TZ  otherwise,
where Y is unique up to isomorphism if it exists.

It follows that the approximation v<;7X = I @7« X is either indecomposable or zero.
In either case I = 0 and we get that

X if pdrX <1
TaX =t X =Y if pd7X =o00,3irred. Y - 7X,pdY <1
72X  otherwise

where Y is unique up to isomorphism if it exists.
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1. INTRODUCTION 3

ABELIAN QUOTIENTS OF TRIANGULATED
CATEGORIES

BENEDIKTE GRIMELAND AND KARIN M. JACOBSEN

AsTrAcT. We study abelian quotient categories A = T /7, where
T is a triangulated category and J is an ideal of 7. Under the as-
sumption that the quotient functor is cohomological we show that it
is representable and give an explicit description of the functor. We
give technical criteria for when a representable functor is a quotient
functor, and a criterion for when J gives rise to a cluster-tilting
subcategory of 7. We show that the quotient functor preserves
the AR-structure. As an application we show that if 7 is a fi-
nite 2-Calabi-Yau category, then with very few exceptions J is a
cluster-tilting subcategory of 7.

1. Introduction

In the literature there are several known methods for forming a triangulated category
given an abelian category. Given an abelian category A one can form the homotopy
category KC(A) and the derived category D(A), both of which are triangulated, along
with their bounded versions. Orbit categories D¥(A)/F are known [10] to be triangulated
when A is hereditary and F' is a suitable autoequivalence. The stable module category of
a selfinjective algebra is also triangulated.

With the introduction of cluster algebras [7] and cluster-tilting theory [5], cluster-
tilting subcategories (or maximal 1-orthogonal subcategories) have been defined, see [8].
In [11], Koenig and Zhu show that the quotient of any triangulated category by a cluster-
tilting subcategory is abelian. However not all triangulated categories contain a cluster-
tilting subcategory, but they may still admit an abelian quotient (for an example, see
[11]). Tt is also known that for the cluster categories of coherent sheaves on weighted
projective lines it is possible to obtain an abelian quotient by factoring out morphisms,
without any objects being sent to zero [3] .

Consider the orbit category D(kQ)/%, where @ is a Dynkin diagram and ¥ is the
suspension functor. This category has the same (finite) number of isomorphism classes of
indecomposable objects as mod k@, but has a greater number of irreducible morphisms.
This motivates us to find out if we can factor out an ideal to obtain an abelian category,
possibly without sending any non-zero objects to zero. Both of the examples mentioned
will be revisited in detail in Section 4.

Factoring out an ideal from the cluster category of a hereditary algebra has been
studied [4]. All known abelian quotients of these cluster categories arise from factoring
out cluster-tilting subcategories. We show that in the finite case these are in fact all
possible abelian quotient categories.

In Section 2 we define some notation and show that in the finite case, if an abelian
quotient category exists, it has enough projectives.



4 1. ABELIAN QUOTIENTS OF TRIANGULATED CATEGORIES

In Section 3 we study a quotient functor from a triangulated category to an abelian
category with projective generator. We show that it is representable and naturally equiv-
alent to an explicitly described functor.

Section 4 contains the main result:

THEOREM 1. Hom (T, —) is a quotient functor from a triangulated category T if and
only if the following two criteria are satisfied

a: For all right minimal morphisms Ty — Ty, where Ty, Ty € add T, all triangles
T =Ty — X 55T satisfy Homy (T, h) = 0.

b: For all indecomposable T-supported objects X there exists a triangle Ty — Ty —
X & $1 with Ty, Ty € add T and Homs (T, h) = 0.

In Section 5 we show that if it exists, the AR-structure is preserved by the quotient
functor.

In Section 6 we discuss the special case of triangulated categories with Calabi-Yau
dimension 2. We show

THEOREM 2. Let T be a 2-CY connected triangulated category with finitely many iso-
morphism classes of indecomposable objects. If T is an object in T such that Hom (T, —) :
T —modT is full and dense, then T is either Schurian or a 2-cluster-tilting object in T .

We would like to thank Professor Steffen Oppermann for many helpful discussions
during the work on this paper.

2. Background

SETUP. k is a field and 7T is a Hom-finite Krull-Schmidt triangulated k-category. ¥
is the suspension functor of 7.

By J we denote an ideal of 7. The quotient category 7/J has the same objects as
T, and has morphisms Homy,7(X,Y) = Hom#(X,Y)/J(X,Y).

By construction the projection functor 7 : T — T/J is full and dense. We also
assume it to be cohomological.

Note that the properties of being Hom-finite and a k-category carries over from 7 to
the quotient 7/J. The property of being a Krull-Schmidt category is also inherited by
the quotient category. The proof is a slightly adapted version of the proof found in [9],
taking into account we do not assume that the ideal J always contains objects.

LEMMA 3. Let T be a triangulated Krull-Schmidt k-category, and let J be an ideal in
T. Then the quotient category T /J is also a Krull-Schmidt category.

PROOF. Let X be an indecomposable non-zero object of 7/7. Then the preimage X
in 7 can be decomposed into a finite direct sum of indecomposable objects: X = & | X,.

Let e; : X 25 X; % X be the canonical morphisms in 7 for i € {1,...,n}, and denote
by € the image of e; in T/J.
Since X is indecomposable, all except one of the e; has to be such that & = 0.

Therefore we may assume that €7 # 0 and & = 0 for ¢ € {2,...,n}. Note that p; is an
epimorphism, since p; o ¢; = 1x, so that p;o7; =p; 01 = 1x, = 1* Therefore ;0 p; =0
means that (; € J. However, since ¢; € J and 7; 0 p; = 0 this means that we also have
pi € J. Then 15 = 0 and so X; = 0. Looking at the endomorphism ring of X we then
have that

Endr;7(X) = Endr)7(X;)
which is a local ring. O
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For more details we refer the reader to [9], Section 2 and 3.

Let A be an abelian Hom-finite Krull-Schmidt k-category with finitely many isomor-
phism classes of indecomposable objects. We call a projective object P in A a projective
generator if for any object X in A there is an epimorphism P" — X for some n € N.

Our first aim is to establish that A has a projective generator. We need this when
we study abelian quotients A = T /7 in later sections. The existence of the projective
generator was shown for the case when all objects of A has finite length by Deligne in [6].
We do not know that we have finite length yet, but we do know that A is a Krull-Schmidt
category. Therefore we give a different proof. We will use the Harada-Sai lemma for the
proof, so we need to recall the standard definition of length in a category.

DEFINITION 4. An object X in an abelian category A has finite length if there exists
a finite chain of subobjects
0=XCX1C...C X, C X, =X
such that each quotient X;,1/X; is a simple object.
We also define a different measure on the indecomposable objects of A. This will help

us show that every object in A has finite length. By Ind A we denote the set isomorphism
classes of indecomposable objects in A.

DEFINITION 5. Let X be an indecomposable object in A. We define
[(X)= ) dim;Homyu(I, X).
I€ind A

Since A is Hom-finite and there are finitely many isomorphism classes of indecompos-
ables, [(X) must be a finite number.

LEMMA 6. Let X and Y be objects in A. If there exists a proper monomorphism
i X =Y then [(X) <I(Y).

PROOF. Assume that i : X — Y is a proper monomorphism. For any I, the induced
morphism Hom 4(7, X) — Homyu(/,Y) is an inclusion. Therefore dim Hom4(7, X) <
dim Hom(1,Y) for all I, and {(X) < (V).

The identity 1y cannot factor through i, as ¢ is assumed not to split. Therefore there
is at least one indecomposable summand Y’ of Y such that 1y : Y' < Y does not factor
through i : X — Y. Therefore dim Hom4(Y”’, X) < dim Hom 4(Y”,Y"), and we must have
I(X) < 1(Y). 0

THEOREM 7. Let X be an object in an abelian Krull-Schmidt Hom-finite k-category
with finitely many indecomposable objects. Then X has finite length.

PRrROOF. Consider a finite chain of subobjects of X
0=XoCX1C...CX,,1CX, =X

where not all quotients X;,1/X; are necessarily simple objects. Choose a non-simple
quotient X;4+1/X;. Let Z be a nonzero, proper subobject of X;;/X;. Consider the
following commutative diagram with short exact rows.

X; Y Z

|

Xj — Xj+1 —» Xj+1/Xj
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The object Y is the pullback of Z — X;11/X; and X1 — X;41/X;. We see that Y’
is such that X; C Y C X, ;. We now need to show the inclusions to be proper inclusions.

If X; =Y, then Z — X;,1/X; is an epimorphism, contradicting the choice of Z. If
Y = Xj44, the exact sequence in the top row of the diagram would force Z = 0, which
again contradicts the choice of Z.

Hence we find a refined finite chain

0=XCX;C..CX;CYCX;.1C...C X, 1 CX,=X.

If the quotients of this chain are still not simple, the process can be repeated. However,
since [(X) is finite and [(X;) < [(Xi41), we can only do a finite number of iterations of
the process before reaching a chain where all the quotients are simple. Thus any object
has a finite composition series and also finite length. O

Our aim now is to show that there are enough projectives in the category A. In order
to achieve this the following lemma will be useful:

LEMMA 8. (Harada-Sai)
Consider a chain of length 2" of non-isomorphisms f; between indecomposable objects
of mazximal length n:

XX, B X B X

Then the composition fon fon_1--- fof1 is zero.

A proof of this lemma, which is also valid in abelian categories can for example be
found in [16].

For each indecomposable object X of A we will show that there is a projective object
with an epimorphism to X by iterating a certain process, which will build a tree with X
as the root-node. Let N be the maximal length of any indecomposable object of A. Then
by the Harada-Sai lemma, any chain of 2V non-isomorphisms in A is zero.

THEOREM 9. An abelian category A with finitely many isomorphism classes of inde-
composable objects has enough projectives.

PROOF. Let X be an indecomposable, non-zero object of A which is not projective.
Let Xt be an object in A with an epimorphism f* to X which is not split. If X+ is
projective, we are done. If X is not projective, decompose X' into a finite sum of

indecomposable objects:
m
X*=px
i=1

with morphisms f; : X; — X. Note that each morphism f; € Rad(X;, X).

Now, consider each summand X;. If X, is projective, we take no further action.
Otherwise, we can again find an object X;" of A with a non-split epimorphism f;" : X;" —
X;. The objects X;' can be decomposed into finite sums of indecomposable objects again,
and we iterate the process.

This iteration process builds a directed tree, where each node is an indecomposable
object of A, and each edge is a radical morphisms. We continue the iteration process until
all leaf nodes of the tree are either projective indecomposable objects, or at a branch of
length 2V. The sum of the compositions of morphisms along all paths from the leaf nodes
to the root nodes is an epimorphism by construction. Consider this morphism:

P Xiear & X.

leaf nodes
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If there are no projective leaf nodes in the tree, g is a composition of 2V radical morphisms,
and thus zero. Since it is an epimorphism, X = 0, which is a contradiction of the initial
assumptions.

Let P be the sum of all projective leaf nodes occurring in the tree, we now know
P # 0. Consider the inclusion ¢ from P to the sum of the leaf nodes. It is easy to see
that g o is an epimorphism from a projective object to X. O

3. The quotient functor is representable

In the remaining sections we assume that 7 /7 is an abelian category denoted by .A.
As established in the previous section A has a projective generator when it is a finite
category. For the rest of the article, neither A nor T are required to be finite. However,
we require A to have a projective generator P.

In this section we define T" as the minimal preimage of P in 7. We first show that the
functor Hom (T, —) takes the ideal J to zero in the module category mod End+(T)”.
Second, we show that the k-algebras I' := Endy(T)” and A := End4(P)” are isomorphic.
Finally, the main result of the section is proved, namely that the quotient functor 7 is
naturally isomorphic to Hom+(T, —).

DEFINITION 10. Let T be a triangulated category and J an ideal in T such that
A =T/J is an abelian category with a basic projective generator P. Let 7 be the quotient
functor from T to A, and assume w is cohomological. We define the minimal preimage
of P in T to be the basic object T € T such that:
e n(T)=P
e for all indecomposable summands T of T we have w(T") # 0.

The following lemma will prove useful in the remaining sections.

LEMMA 11. Let f: X — Y be a morphism in T. Then
(1) if Y is indecomposable and w(Y') # 0, then f is a split epimorphism if and only
if m(f) is a split epimorphism.
(2) if X is indecomposable and 7w(X) # 0, then f is a split monomorphism if and
only if w(f) is a split monomorphism.

PROOF. We only prove the first statement, as the second is dual.

If f is a split epimorphism, then there exists a morphism ¢ : ¥ — X such that
fg=1y. But then n(f)7m(g) = 7(1ly) = 1:(Y), so n(f) is a split epimorphism.

If w(f) is a split epimorphism, there exists a morphism ¢’ : 7(Y) — 7(X) such that
7(f)9" = lry). Since m is a full functor, there exists a morphism g : ¥ — X with
7w(g) = ¢. Since fg € Endr(Y), which is a local ring, fg is either nilpotent or an
isomorphism. As w(fg) = 7(f)g’ = lx(v), it clearly cannot be nilpotent. Hence fg is an
isomorphism, and thus f is split epimorphism. [l

For the rest of this section we fix P as the projective generator of A, and we fix T to
be the minimal preimage of P in 7. From now on we will denote a morphism Hom+ (T, f)

by f.

LEMMA 12. Let f € J. Then Hom,(T, f) = f = 0.

PROOF. Assume that we have f # 0, where f : X — Y. For at least one indecom-
posable T" € add T, there exists at least one map ¢ : 7" — X such that the composition
7 % X L Y is non-zero. Since f € J, we also have that fg € J. The morphism
T 2% ¥ can be completed to the triangle Z LNGVELN TN 3y
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Since 7 is cohomological, we get the following exact sequence in A:

(h) =(f9)=0

7(2)

Since fg € J we have w(fg) = 0 in A, so w(h) is an epimorphism. Since 7" is an
indecomposable summand of T we have that 7(7") is an indecomposable projective in A,
and hence 7(h) is split epi. By Lemma 11, h is split epi, giving a morphism u such that
1T’ = hu.

From the distinguished triangle Z M 1y 5 57 we see that the composition
fgh = 0. By composing with u, we get that 0 = fghu = fg, which is a contradiction.

Hence f = 0. (]

m(T") (V).

LEMMA 13. Let I' = End(T)% and A = Enda(P)°?. Then T’ and A are isomorphic
as k-algebras.

PRrROOF. We know that 7 is a full and dense k-functor between 7 and A. Hence it
induces an algebra epimorphism

m: T — Endy(n(T))” = A.

It remains to show that 7 is a monomorphism as well.

Let f € T' = End(T) be such that 7#(f) = 0 in .A. Then f is in the ideal 7, and
hence Hom (7, f) = 0 by Lemma 12. This means that for any g € T' we must have
gf = 0. In particular, f = 17f = 0. Hence ker(7) =0 and I' = A as k-algebras. O

From [13] it is known that since A has a projective generator P, there is an equiv-
alence of categories A = mod A = mod End4(P)”. From the previous result we now
know that modI" = modA. That is, we have two functors # and Homs (7T, —) such
that 7, Homy(T,—) : T — modT'. Next we show that these two functors are naturally
isomorphic.

THEOREM 14. Let m : T — A be a quotient functor from a triangulated category to
an abelian category. Let P be the projective generator of A, and let T be its minimal
preimage in T .

Then 7 is naturally isomorphic to Homy (T, —).

PROOF. By [13], the equivalence of categories between A and mod A is given by
Hom (P, —).
Let X be an object in 7. Consider the map

n : Hom7(T, X) — Homy (P, 7(X))

induced by 7 (recall that P = 7(T')). This is an epimorphism, since 7 is a full functor.
Let g € Hom7 (T, X). If 7(g) =0, then g € J, so Hom (T, g) = 0. Hence g = 0, and 7
is an isomorphism.

For any object X in T we thus know that

m(X) = Homy (P, m(X)) = Home (T, X).

We will show that this is a natural transformation.
Let f: X — Y be a morphism in 7. Consider the following diagram:
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Hom 4 (P, — o~
( AP ) Hom (P, (X)) — Homs(T, X)
m(f) Homu(P,7(f)) | Homy (T f)
Homy (P, —) =
m(Y) Hom, (P, 7(Y)) — Homy(T,Y)

The first square commutes because Hom4 (P, 7w(f)) = Hom(P,—) o w(f). The second
square commutes by the functoriality of 7. Hence we have defined a natural transforma-
tion. Since the map for each object is an isomorphism, it is also a natural isomorphism.

O

4. When is Homy(T,—) a quotient functor?

In the previous section, we showed that the quotient functor is representable. This
poses the question of when representable functors are quotient functors.

In this section we give our main result. It concerns technical conditions on an object
T that are equivalent to Homy (T, —) being a quotient functor (i.e. full and dense).

We start by giving two useful lemmas. The first is well known, and the proof in [2,
ch. I1. 2] extends our case. For more details see e.g. [12]. Recall that T' = End+ (7).

LEMMA 15. Let T be an arbitrary object in T. Homy(T, —) induces an equivalence

addT = proj I’

The second lemma is an extension of the first. Recall that we write Hom (T, f) = f.

LEMMA 16. Let T be an arbitrary object in T. Let Ty € add T, let X,Y € T and let
To EN X, Ty %Y and X 25 Y be morphisms.
Ifg=ho f, theng=hf.

PROOF. We have assumed that 7 is Krull-Schmidt. Let
L =pn
j=0

be the decomposition of Ty where the Tg are all indecomposable. We rewrite f = [fo - - f]
and g = [go- - gn] With respect to this composition. Note that if for each j we have
g; = hf;, then g = hf, so fix one j.

Since g = hf, and Hom (T, —) distributes over direct sums, we know that 9; = Ffj.
Since TJ is an indecomposable element in add 7', 7§ must be a summand of 7. Let
i Tg —Tandp:T — Toj be the direct sum injection and projection respectively. We
then construct the following commutative diagram:

-
Hom (T, T§) ———— Hom (T, X) Hom(T,Y)
Homy (i, Tp) Hom (i, X) Homyz(i,Y)
Hom7 (1Y, f;) ~ Hom(TY, h)

Hom(TY,TY)

Hom (77, X)

Hom(T],Y)
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We know that p € Homy (T, Tg ). By chasing p through the diagram, we get that
gj = g;pi
= [Hom7 (3, Y)g,](p) = [Homy (i, V) f,](p)
= [HomT(Tg, h) HomT(Tg7 fi) Homz (i, Tp)](p)
= hfjpi = hf;

An object X is called T-supported if Homy(T, X) # 0.
We are now ready to prove one of our main theorems.

THEOREM 17. Homy (T, —) is a quotient functor, i.e. full and dense, if and only if
the following two conditions are satisfied

a: For all right minimal morphisms Ty — Ty, where Ty, Ty € add T, all triangles
W —Ty— X LN YTy satisfy Homy (T, h) = 0.

b: For all indecomposable, T-supported objects X there exists a triangle Ty — Ty —
X & S7y with Ty, Ty € add T and Hom(T, k) = 0.

PROOF. Assume first that a and b hold. We will first show that this means that
Hom (T, —) is dense, and then that it is full.

a implies dense: Let X be an arbitrary object in mod I'. We need to find an object Y
in 7 such that Hom7(7,Y) = X. We have the following minimal projective presentation
of X B

Hom (T, T1) & Homs(T, Tp) & X — 0,
where T1,Ty € add T, by the equivalence projI" = add T

Here, f is the composition of the monomorphism Kerg — Homy(7T,T,) and the
projective cover Homy(T,T;) — Kerg. The former is right minimal because it is a
monomorphism. The latter is right minimal because it is a projective cover (see e.g. [2,
thm 1.4.1]). Hence f is right minimal.

The morphism f : T} — Ty in T is right minimal by virtue of the equivalence projI" =
addT. We can complete f to an distinguished triangle

LT sy o
Applying Hom7 (T, —) and using a we get the following exact sequence:

Hom(T, T1) & Homy(T, Ty) — Homy(T,Y) — 0.

It follows from the uniqueness of cokernels that X = Homy(7,Y), and thus Hom+ (7T, —)
is dense.

b implies full: Let X and Y be two objectsin 7. Let f : Homy(7, X) — Hom+(7,Y)
be an arbitrary morphism in modI". We need to find a morphism f': X — Y in 7 such
that f/ = f. Since the functor Homy (T, —) distributes over direct sums, we assume
without loss of generality that X and Y are indecomposable.

If X or Y is not T-supported, then obviously f =0,s0 0: X — Y maps to f. In the
following we therefore assume Hom7 (T, X) # 0 and Hom+(7,Y) # 0

Using property b, we define the following exact triangles:

T T J X T

/

T/ -9y ST
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By applying the functor Homy (T, —) and using the comparison theorem for projective
resolutions, we get the following diagram in mod I with exact rows:

Hom (T, T1) Hom (T, Tp) Hom (T, X) — 0
J L
/
Homy (T, T}) Homr (T, T]) ——— Homs(T,Y) — 0

By the equivalence between add T and the projective objects in mod I', we can lift the
left commutative square in the diagram back to 7. The commutative square in 7 can be
completed to a morphism of triangles.

g

T Ty —— X STy
Jv “ Jv J/ f/ J/
gl
T T Y 7]

Applying Hom7(T, —) once again, we get the following diagram:

Hom+(T,T}) Hom+(T, Tp) Hom+(T,X) — 0
J | -7
!
Homy (T, T}) Homy (T, T]) — 2 Hom(T,Y) — 0
Since
fag=gu=1[fg

and g is an epimorphism, it follows that f = f’, and we have shown Hom(T, —) to be
dense, thus finishing the first implication.

Next, assume that Hom7(T, —) is a full and dense functor.

Full and dense implies a: Let f : T} — T, be a right minimal morphism between
objects in add T'. Complete the morphism to the following triangle:

nhT s x e

We want to show that Hom (7T, h) = 0. Use Hom (T, —) on this triangle to obtain the
diagram
7 5 o

Hom¢(T,Ty) Hom7(T, X) = Hom (T, XT1)

where Hom7(7T,Y) = Img. The image and the maps all have preimages in T, since
Hom(T, —) is full and dense. We assume (without loss of generality) that all summands
of Y are T-supported. We want to show that Y is a direct summand of X, and we start
by showing that Hom(7,Y) is a summand of Hom+ (7T, X).

By 7o f = 0 and Lemma 16, we get that uf = 0.



12 1. ABELIAN QUOTIENTS OF TRIANGULATED CATEGORIES

Using Hom(—,Y") on the triangle, we get the exact sequence

Hom7(g,Y Hom+(f,Y
7(9Y) 7(

Homy(X,Y) Hom(Tp,Y) s Homs (T3, Y)
Starting with v € Hom7(Tp,Y) we get that Homy(f,Y)(u) = uf = 0, so « must be in
the image of Homy(g,Y"). Thus there exists some w € Hom7(X,Y) with wg = u.
Since
wovou=wog=1u,
and w is an epimorphism, we must have

wou = 1HomT(T,Y) .
Thus Hom7(T,Y) is a direct summand of Hom¢(T, X).
In order to show that Y is a direct summand of X, we first show that u is a left
minimal morphism. Use the functor Homy(—,Y") to obtain

Hom7(u,Y)
Hom (uY),

Hom(Y,Y) Homy(Tp,Y)

in mod End7 Y. By [2, thm 1.2.2], there exists a decomposition
Hom7(Y,Y) = Hom7(Y,Y) & Homr (Y2, Y)

such that u* = Homy(u, Y')|Homy(v;,v) is a right minimal morphism and
Homy(u,Y)|Homy(va,y) = 0. The preimages in 7 exist by the equivalence between add Y’
and proj Endr Y.

By the dual of Lemma 15, there exists a preimage u; of u* such that u; = uly,,
and u = ('¢). Suppose that for a morphism z : Y; — Yj, we have zu; = u;. Then
Homy(uy,Y)Homy(z,Y) = Homy(uy,Y). We have that v* = Homy(uq,Y) is right
minimal; thus Homy(z,Y") is an isomorphism. By (the dual of) Lemma 15, z is also an
isomorphism. Consequently, u; is left minimal.

We know that @ = (% ). Since u is an epimorphism, Y5 cannot be T-supported. By
choice of Y we have Y5 = 0. Therefore u = u; is left minimal.

We have wou=wg=wu. Thus wv is an isomorphism and Y is a direct summand of X.

We rewrite the original triangle to

(1) n L8y e p i, sy

where hy = h|y and hr = h|g. The next step is to show that R is a direct summand of
Y¥.T;. Using Homy(—, R) on the triangle, we get the following exact sequence:

Hom AN
Homy (S11,R) B, Homp (Y & B, R) -t COR, o R)

The projection pr : Y & R — R is contained in Hom7(Y @ R, R). It is obviously in the
kernel of Homy ((§), R), so it must be in the image of Homs(( v kr), R). Thus hg is a
split monomorphism, and we have 377 = R ® S. The one-sided inverse of hg we denote
as z.

Let y € Endr(X71) be such that (Xf) oy = Xf. Since X is an autoequivalence we
have foXy = f. Since f is right minimal, ¥y is an isomorphism. But that means that y
is an isomorphism as well. Thus ¥ f is right minimal, and so is X f.

Now consider

Hom7((hy hgr

Sf =37 o lhomy (rx1)

=5 (hgpoZz 0 =z (0 0
= = E
f ° ( 0 1Hom7—(T,S)) f ° (O 1Hon17(T,S)>
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Consequently (8 1H0m2(,ﬂs)) is an isomorphism. Thus R is not T-supported.

It follows that h = 0, and a holds.
Full and dense implies b: Let X be a T-supported indecomposable object in 7.
Consider its minimal projective presentation in modI':

Hom(T, T}) L Homy (T, Ty) ——» Homy (T, X)
We know that f is right minimal, and by Lemma 15, so is f. Complete T} ER Ty to a
triangle in T
nLhnsysen,

where 7 = 0 by condition a.
We use Hom7 (T, —) on the triangle to obtain the following commutative diagram with
exact rows:

v=10

Homy (T, T3) -~ Hom (T, Ty) % Homo (T, Y)

|

Homy (T, 1) - Hom(T, Ty) - Homy (T, X)

Homy(T,XT7)

0

By uniqueness of cokernels we must have Hom7 (T, X)) = Homy(7,Y). Thus there are
maps ¢ : X — Y and y : Y — X such that

oy = 1HomT(T,Y) and JoZT = 1HomT(T,X)~

Once again, the preimages of the isomorphisms exist due to Homs (7T, —) being full.

We have that yx € Endy(X), which is a local ring since X was assumed to be inde-
composable. Since YT is an isomorphism, yx clearly cannot be nilpotent, so it must be an
isomorphism. Thus X is a direct summand of Y, and we write Y = X & R.

We are now in the same situation as diagram (1), and we can use the same argument

to show that ¥7} = R@® S. By [14, Lemma 1.2.4],

LT X >3n
is a distinguished triangle. It fulfills the requirements of b. O

EXAMPLE 18. We revisit the last example presented in [11]. This is an example of
an abelian quotient of a triangulated category with no cluster-tilting subcategories, hence
not covered by the theory developed in [11]. Let A = kQ/I be the self-injective algebra
given by the quiver

and the relations afa, Sapf.
The AR-quiver of mod A is
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where the first and the last columns are identified. The stable module category modA is
triangulated with suspension functor 7!, the cozysygy. Its AR-quiver is:

a/“\b/b\a

As explained in detail in [11] this triangulated category does not have any cluster-
tilting subcategories. An abelian quotient can be formed, by factoring out add(a). This
abelian category has the following AR-quiver:

a\ /b
b

The projective generator of this category is ? @ b. The preimage of the projective
generator is ® @b considered as an object in modA. The functor Homyeaa(? @b, —) gives
rise to the an abelian category with the same AR-quiver as modA/add(a).

There is only one right minimal morphism between indecomposable objects of add( @ b),
namely ® — b. The triangle

b a ~1b
bbb g —>Q 0

shows that condition a is fulfilled.

The triangle also shows that condition b is fulfilled for §. For ? and b, condition b
is fulfilled by the completion of the identity morphism to a triangle. Hence Theorem 17
implies that Homyeaa(? @ b, —) is full and dense.

EXAMPLE 19. We revisit the class of examples mentioned in the introduction. We
will study D°(kQ)/% where kQ is a Dynkin diagram. Specifically we consider the quiver
As with orientation 1 — 2 — 3. The AR-quiver of mod kAjz is:

where we include some objects twice to indicate which objects are identified.

This category does not have any cluster-tilting subcategories, so it is not possible
to attain an abelian quotient by the method used in [11]. However it is in some sense
already close to being an abelian category; the difference is just two irreducible maps! We
let T = % @ 3 & 3. Applying the functor HomT(? @ 3 & 3,—) we return to an abelian
category equivalent to the module category. The functor is easily seen to be full and dense
directly.
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There are two right minimal morphisms between indecomposable summands of T,
namely 3 — 3 and § — ? Thus the triangles

3—» 32523

and
3 ;3 —1—3
show that part a of Theorem 17 is satisfied.
The objects 3, 3 and %’ are in add T, so the completions of the identity maps on these

objects fulfills condition b of Theorem 17. The above triangles fulfill condition b for the
objects 1 and 2. The only object that remains is 2, and in this case the triangle

3
3—>%—>%—>3

satisfies condition b. Hence by Theorem 17 the functor Homf,—@ ® 3 ®3,—) is full and
dense.

5. AR-structure in the abelian quotient

In this section we show that the AR-structure of 7 is preserved as much as one can
hope for in the abelian quotient. Let

Arx Ly S x v x

be an AR-triangle in 7. Assume that none of the objects in A are sent to zero, that 7.X
is not sent to an injective and that X is not sent to a projective. Then we show that A
is sent to an AR-sequence in A.

Before proceeding we need to define two new notions. We call a category T locally
finite if for each indecomposable object X of 7 there are only finitely many isomorphism
classes of indecomposable objects Y such that Hom(X,Y) # 0. A Serre functor S is an
autoequivalence S : 7 — T such that for each object X in T there is an isomorphism

DHom7(X,—) = Homy(—,SX)

where D is the duality Homy(—, k).
The following theorem is due to [15].

THEOREM 20. Let T be a Hom-finite Krull-Schmidt k-category. Then T has AR-
triangles if and only if T has a Serre functor S.

Many triangulated categories have a Serre functor. For example Amiot showed in [1]
that any locally finite Krull-Schmidt triangulated k-category has a Serre functor.

We assume in the following that 7 has AR-triangles, and we proceed to study the
AR-structure in the abelian quotient category. As before we let T' € T be an object such
that Hom7 (7, —) : T — mod T is full and dense, where I' = End(T)".

LEMMA 21. Let
Arx Ly S x tnrx
be an AR-triangle in T. Then h =0 if and only if X ¢ add T

PROOF. Assume first that o = 0. Then g is an epimorphism. If X € add T, Then
Hom(T, X) is projective, and the epimorphism g is split. By Lemma 11, ¢ is also a
split epimorphism. However this leads to h = 0 which is a contradiction to A being an
AR-triangle, hence X ¢ add T
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Now assume that X ¢ addT. Then Homy(T, X) is not projective. If X is not T-
supported then clearly h = 0. If on the other hand X is T-supported then there exists a
non-split epimorphism

Homy(T, A) - Hom(T, X),

giving rise to a morphism A = X which is not a split epimorphism. Since g is an almost
split morphism, there exists a morphism v : A — Y such that u = gov. We have u = go7,
where @ is an epimorphism. Hence g is an epimorphism and so h = 0.

O

LEMMA 22. If ¥7'X € add T then Hom(T,7X) is injective and nonzero.
PRrROOF. We have
Hom7(T,7X) = Hom7(T,SY ' X) = D Hom, (X' X, T).

Hence if X' X €add T then Hom (X1 X, T') € proj ['°P. It follows that D Homy (371X, T')
is injective in mod I'. ([l

LEMMA 23. Let A be the AR-triangle
Arx Ly S x Byvrx

Assume that X and 7X are both T-supported, with X' X ¢ add T, and X ¢ addT. Then
the functor Homy(T, —) takes the AR-triangle A to the following AR-sequence in modT':

(2) 0 — Homs(T, 7X) -5 Hom(T,Y) - Hom (T, X) — 0

PROOF. From Lemma 21 it is clear that Homz(T,—) takes A to the short exact
sequence (2). Note that Homy (7T, 7X) and Hom (T, X) are indecomposable since X and
7X are indecomposable. Since Homy(T,7X) is indecomposable it its enough to show
that g is right almost split [2, thm V.1.14].

If g is a split epimorphism then by Lemma 11 we have that ¢ is a split epimorphism,
which contradicts the fact that A is an AR-triangle. Hence g is not a split epimorphism.

Assume that u : W — X is a morphism such that % is not a split epimorphism. By
Lemma 11, u is not a split epimorphism.

Since wu is not a split epimorphism and ¢ is right almost split, there is a morphism
v: A —Y such that u = g ov. Applying Hom+(T, —) to this we obtain exactly what we
want, which is a morphism v : Hom+ (T, A) — Homs(T,Y") such that w =g o . O

6. Cluster-tilting objects and the 2-Calabi-Yau case

In this section we will work under the additional assumption that 7 is a 2-Calabi-Yau
category. We give two notable results. First we show for which objects T applying the
functor Hom (7', —) coincides with the cluster-tilting case studied in [11]. Then we apply
this result, to show that in many finite categories the only possible way to obtain an
abelian quotient is with the previously known method from [11].

We start by defining a cluster-tilting object.

DEFINITION 24. An object T in a triangulated category T is called a cluster-tilting
object if
add(T) = {X|Homy(7T,XX) = 0} = {X|Hom¢(X,XT) = 0}.

Cluster-tilting objects turn out to be very closely related to the objects where T is such
that Hom (7, —) is a full and dense functor. In Section 4 we showed that Hom7 (T, —) is
full and dense if and only if condition a and b were satisfied. We consider the following,
stronger, version of condition b:
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b*: For all indecomposable objects X there exists a triangle
T, —Ty— X 5yn
with T, Ty € add T and Hom¢ (T, k) = 0.

The difference from b is that we require existence of such a triangle not only for objects
X that are T-supported, but for all objects.

THEOREM 25. An object T in T is a cluster-tilting object if and only if a from Theorem
17 and b* are satisfied and furthermore:

c: if T' is an indecomposable summand of T, then XT" ¢ add T

PROOF. Suppose a, b* and ¢ holds, we need to show that T is cluster-tilting.
Assume T € add T is indecomposable. We need to show that 7" is not T-supported,
i.e Homy (T, XT") = 0. By b* a distinguished triangle

T =Ty — T Ly

exists, where Ty, Ty € addT and f = 0. We have that f # 0 by c. Since T" is indecom-
posable, ¥7'f : T — Ty is right minimal. By rotating the above triangle, we get the
distinguished triangle

-1
2L ST ST

where g = 0 by a. This means that the following sequence is exact:

Hom (T, Ty) =% Homy (T, ST") =% Hom (T, £T1).

Consequently Hom (T, XT") = 0.
Conversely, suppose X is such that Homy (T, XX ) = 0. We need to show that X is in
add T. By b* there exists Ty, T} € add T such that following triangle is distinguished:

T1 %TogZX%ETl

The zero follows from the assumption on X.
Using the axioms for triangulated categories we see that the following triangle is also
distinguished:
X =T — To i} ¥X.

By [14], this is a split triangle; thus T3 2 X @ Ty and X € add T.

We now have shown that add7T = {X|Homs(7,XX) = 0}; the other equality in
definition 24 can be shown similarly. Thus T must be cluster-tilting. Suppose now
instead that T is a cluster-tilting object; we show a, b* and c in order.

Let 77 — Ty be a right minimal morphism between objects in add T, and complete
this morphism to a triangle:

T, —=Ty—Y LT,

Since Hom (T, XT}) = 0, we must also have g = 0, and a holds.

Note that add T is a functorially finite subcategory; this is well known and not depen-
dent on T being a cluster-tilting object. In particular add T is contravariantly finite. We
now follow [11, thm 3.2] to show that condition b* holds.

Let X be an arbitrary object of 7. Let f : To — X be a right add T-approximation
of X. We complete this to the triangle

Y 5Ty 5 x &4 sy,
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Applying Hom7 (T, —) we get the long exact sequence

-+« > Homy (T, Tp) ER Hom+(T, X) ER Hom+(T,XY)— Homy (T, XT5) — - - -

We have Hom (T, YY) = 0, since f is surjective and Hom (7, XT,) = 0. Consequently,
Y € add T, and condition b* holds.

To show condition ¢, assume that 7" is an indecomposable summand of T" with X7" €
addT. As Homy(T,XT) = 0, we must have Homy(T,XT") = 0. Since 7" € add T, this
means that X7" = 0. Hence 7" = 0. O

A triangulated category T with a Serre functor S is said to be d-Calabi-Yau if S = X9,
and d is the smallest positive integer for which this holds. In particular 2-Calabi-Yau
categories have been studied quite extensively. Examples of such categories include the
classical cluster categories, D*(H)/7~% where H is an hereditary algebra [5].

We will show that in finite 2-Calabi-Yau categories if Homy (T, —) is full and dense,
then in most cases T" must be a cluster-tilting object. To do this we first need to study
the structure of finite 2-Calabi-Yau categories.

LEMMA 26. Let T be a connected 2-Calabi-Yau category with finitely many isomor-
phism classes of indecomposable objects. Let T € ObT be a non-zero object such that
condition b is satisfied. Then

Ind7 ={X € Ind T|Hom7(T, X) # 0} U{X € Ind T|X € add XT}.

PROOF. Let D = {X € Ind T|Hom (T, X) # 0} U{X € IndT|X € addXT}. Note
that D is non-empty, as all indecomposable summands of T" are in D.
We will show that for any object X € D we can find a triangle

T, —Ty— X 5yn

such that T1, Ty € add T and Hom+(T, h) = 0. If X is T-supported, this follows immedi-
ately from condition b. If not, then X € add X7, so ¥7'X € addT. The following split
triangle fulfills the conditions.

YIX 50X o X

Assume that X € D and Y € Ind7T. Let f: X — Y be a non-zero morphism. We
will show that Y € D. By the above we can form the following diagram:

TléTOLXLETl

fl
Y

If gf #0, then Y is T-supported. Hence Y € D, and we are done.

If gf =0, then by the weak cokernel property of triangulated categories, there exists
a morphism f’ : ¥T} — Y such that f’h = f. Hence ©~'Y is T-supported. By condition
b we can form a distinguished triangle

T — Ty, — Y'Y — 217,
with 77,7, € add T. Hence the triangle
ST = T, — v 2 x27)

is distinguished. If A’ = 0, then the triangle splits, and Y is a summand of ¥7Tj. Hence
Y € add XT.
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If &’ # 0, then
0 # Hom(Y, ¥*T) = Hom(Y,ST) = D Hom(T,Y).

Hence Y is T-supported.

In [1], the author shows that any connected triangulated category with finitely many
indecomposables has an AR-quiver of the form ZA /G, where A is a Dynkin diagram and
G is a group of weakly admissible automorphisms of ZA. By Corollary 6.3.3 in [1] T is
an orbit category. Since, by the above, any 7-orbit of the AR-quiver of 7 contains an
element of D, we see that Ind 7 = D. O

A consequence of this lemma is that for the connected 2-Calabi-Yau case b* is implied
by b. We are now ready to prove the final theorem. Recall that an object X in a
triangulated category T such that End;(X)” 2 k is called a Schurian object.

THEOREM 27. Let T be a 2-CY connected triangulated category with finitely many iso-
morphism classes of indecomposable objects. If T is an object in T such that Hom (T, —) :
T — modT is full and dense, then T is either Schurian or a 2-cluster-tilting object in T .

Proor. Condition a is satisfied, since Hom (7, —) is full and dense. By the above,
so is condition b*. If T satisfies ¢, then by Lemma 25 T is a cluster-tilting object.

Assume that T' does not satisfy condition c. We will show that mod I' = mod k.

Let T" be an indecomposable summand of T such that 77,X7" € addT. Since T

~

is a 2-CY triangulated category, we have X1 = 77", Therefore we have the following
AR-triangle

AT LEST S ner.
Applying Hom+ (T, —) to the above AR-triangle yields the following long exact sequence:

... = Hom (T, 7T") & Hom (T, E) L Hom(T,T") — ...
where by the proof of Lemma 23 the map g is right almost split.

Since T" in add T', we have that Hom+(T,7") is projective. Hence there exists a right
almost split monomorphism r : Radr Hom(T', T") — Hom¢(T,T"). Since g and r are both
right almost split, there are morphisms

a: Radp(T,T") — Hom (T, E) and o' : Hom7(T, E) — Radr(T,T")
such that ga = r and ra’ = 7. Hence
ra'a =ga=r.
Since r is a monomorphism, a’a = Igaap(r,r). Thus Radp (7, 7”) must be a direct summand
of Homy (T, E). We rewrite in terms of this direct summand:
I‘IOIHT(/T7 E) = Radp(T, T/> D I‘IOIH'T(T‘7 U)

for some object U in T. We rewrite the morphism g = (r )
We have
(ru) :(ru)oaoa’: (TO),
Hence u = 0.

Let R €T be the preimage of Radr(7,7"), i.e. Hom7(T,R) = Radr(T,T”). Let ¢’ be
the preimage of r, so that r = ¢’. Since Hom+ (T, R) is a summand of Hom (T, E) it is
clear that R is a summand of E, that is F = R @& V where Hom+ (T, V) = Hom,(T,U).
Hence A can be written as

(%)
v

TT’—>R@VMT’—>ZTT’
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which, by applying Homz (7', —), is sent to the long exact sequence

(%), Homr(TF) ()
o+ = Homy(T,7T") — @ —> Hom¢(T,T") — - -~

Homs(T,V)

We know that ¢’ is a monomorphism. Exactness of the sequence gives us that

g’ o Homy(T, fr) = 0 and hence Hom (T, fgr) = 0. Due to Lemma 16 we also have
fr=0.

Since f = () is left minimal, (§,

We have

() ()= (7)

?/) must be an automorphism on R ¢V, so R = 0.

Then Rad Hom7(T,T") = Hom7(T, R) = 0, and Hom+(7,7") is a simple projective.

Consider A under Homy (7', —):

Hom7(T, ¥ 'T") — Hom+(T, 7T) — Hom+(T, E) % Hom(T,T")

The first morphism cannot be zero, as 777 2 FE. By Lemma 21, we must have
YT € addT. By induction, for any n € N, we have T’ € add7. In particu-
lar X727" = ¥7'77T" € addT. Hence, by Lemma 22, Homy(7T,T") is injective. Thus
Homy(T,T") is simple, projective and injective as a End7(7)"”-module.

We assumed 7, and thus also modT', to be a connected category. However, if

Hom7(T,T") is a simple, projective and injective module, it must be the only indecom-

posable object in its connected component. It follows that mod I' = mod k. ([l
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REALIZING ORBIT CATEGORIES AS STABLE
MODULE CATEGORIES - A COMPLETE
CLASSIFICATION

BENEDIKTE GRIMELAND AND KARIN M. JACOBSEN

ABSTRACT. We classify all triangulated orbit categories of path-
algebras of Dynkin diagrams that are triangle equivalent to a stable
module category of a representation-finite self-injective standard
algebra. For each triangulated orbit category T' we give an explicit
description of a representation-finite self-injective standard algebra
with stable module category triangle equivalent to T.

1. Introduction

Let k be an algebraically closed field. In this paper we will focus on two types of
triangulated categories with finitely many isomorphism classes of indecomposable objects:
triangulated orbit categories of path algebras of Dynkin quivers of type A, D and E, and
stable module categories of representation-finite self-injective algebras of Dynkin tree type.

It is well-known that the stable module category of a self-injective algebra is a tri-
angulated category. Riedtmann showed in [15] that all connected stable components of
the AR-quiver of a representation-finite algebra are of Dynkin tree type. In two subse-
quent papers by Riedtmann [16] and Bretschner, Léser and Riedtmann [5], a complete
classification of all representation-finite self-injective algebras of Dynkin type is given in
terms of their quivers with relations. Continuing their work, Asashiba gives an invariant
under derived equivalence for representation-finite self-injective algebras, based on the
shape of the AR~quiver [2][3], called the type of the algebra. Algebras of one type are
stably equivalent, as well as derived equivalent. He also determines which types contain
standard algebras.

Triangulated orbit categories have been well studied, see e.g. [6], [7] and [13]. The
orbit category of a triangulated category is not necessarily triangulated itself. However
Keller showed that the orbit category D*(H)/F is triangulated for H a hereditary algebra
and with certain restrictions on the functor F' [13]. In the case where F' = 7 ![m — 1]
for m € N, the orbit category D*(H)/F is known as the m-cluster category C,,(H). The
Calabi-Yau dimension of Cp,,(H) is m.

Keller and Reiten proved in [14] that any algebraic triangulated category of Calabi-
Yau dimension m that contains an (m — 1)-cluster-tilting object T with a hereditary
endomorphism algebra H such that Hom(7,X7T) = 0 for i = 0,...,m — 2 is triangle
equivalent to the m-cluster category C,,(H).

More recently in [8], Dugas was able to determine the Calabi-Yau dimension to some
of the stable module categories of representation-finite self-injective algebras.

The theorem of Keller and Reiten, combined with the Calabi-Yau dimensions calcu-
lated by Dugas, was used by Holm and Jgrgensen [11] to classify which stable module
categories of self-injective algebras are triangle equivalent to an m-cluster category.

We classify all triangulated orbit categories of path-algebras of Dynkin diagrams that
are triangle equivalent to the stable module category of a representation-finite standard
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self-injective algebra. This is done by showing that all self-injective algebras of standard
type are triangle equivalent to orbit-categories (but not necessarily m-cluster categories),
using a theorem by Amiot [1, thm 7.0.5]. Amiot’s theorem reduces the problem from
finding triangle equivalences to finding isomorphisms between translation quivers. In the
last section we sum up the results, giving a complete overview of all the orbit categories
that are possible to realize as a stable module category.

The following theorem sums up our results.

THEOREM 1. Let A be a Dynkin diagram and let & be an autoequivalence such
that D(kA)/® is triangulated. Let A be a self-injective algebra. The orbit category
C = D(kA)/® is triangle equivalent to modA precisely in the cases described in Table 1.

2. Translation quivers and Automorphism groups

Translation quivers can be seen as an abstraction of the properties of AR-quivers.
They are central in Riedtmann’s classification of all self-injective algebra of Dynkin type
A, D and E. Background on translation quivers can be found in [10], [4].

DEFINITION 2. We define a quiver @ = (Qo, Q1, S,t) to consist of a set of vertices Qo,
a set of arrows Q1, a source map s and a tail/sink map t.

x~ and x: For a vertex x € Qo we denote by x~ the set of direct predecessors of
z 1 Q, and by T the set of direct successors of x in Q).
Locally finite quiver: A quiver Q) is called locally finite if for each x € Qo the
sets = and x* are finite.
Translation quiver: Let 0 be an injective map from a subset of Qg to Qu. The
pair (Q,0) is called a translation quiver if the following is satisfied:
1. Q) has no loops and no multiple arrows
2. For x € Qg such that 0(x) is defined, we have that x~ = 0(x)"
The map 0 is called the translation of the translation quiver (Q,6).
Stable translation quiver: A translation quiver (Q,0) is called stable if 6: Qo — Qo
1s a bijection.

TABLE 1. The cases, up to triangulated equivalence, where C = D°(kA)/®
is triangle equivalent to modA

C A Sec.
DY(A)/m0  r>lw>1 Nakayama alg. Ny 41 6.1
DA e T2 Mébius alg. M 6.2
" w=rv,r>1 g- M ‘
D'(D,)/Tv r>4w=s2r—3),s>1 | Dpsa 7.1
D'(D,)/t%¢ r>4w=s502r—3),s>1 | Dyso 7.9
DP(Dy)/m™p w>1 Dys3 7.3
Db(]D) e r=3m,m>2 De 7
! w=s(2r—3)/3,5s>1,3fs| ™! '
r=06 and w = 11s
DYE,)/r* r=Tadw=17s s>1 |E,,, 8.1
r =28 and w = 29s
D (Eg)/7"¢ w = 11s,5 > 1 Fe.s2 8.2
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Our focus will be on translation quivers of the form (ZA, ) for A of Dynkin type A, D

and E. We use the following orientation on the Dynkin diagrams:

/0
o(

r—2——or-—1

r—1——r

(ZE&G)
:(@,0) — (QI,G/) is a pair of maps fo

and f1: Q1 — Q’l such that

(p — 1,q) are shown in Figure 1.

FIGURE 1. Translation quivers of Dynkin diagrams

e ifa €@, anda:x — y then fi(a) € Q) is the arrow fi(a) :
o for all vertices x € Q) where 0 is defined we have fo(6(x)) =

Morphism of translation quivers: Given two translation quivers (Q,0) and
(@Q',6), a morphism f

The corresponding stable translation quivers (ZA,,0), (ZD,., ), (ZEg,0) (ZE,,6) and

(ZEs, 0) with 0(p, q)
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TABLE 2. The definition of the automorphism S in translation quivers of
Dynkin type

Translation quiver Automorphism S

(ZAy, 0) Sp,a)=+an+1-q)

(ZD,,0) neven | S=gt
e S = 0-"D¢ where ¢ is the automorphism
(ZD,,0) n odd on (ZD,,0) which exchanges the vertices

(z,r) and (z,r — 1) forx € Z

S = @075, where ¢ is the automorphism on

(ZEs, 0) (ZEs, 0) exchanging (z,5) with (z+2,1) and
(y,4) with (y + 1,2) for z,y € Z

(ZE.,0) | S=6°

(Zks,0) | S=¢

The set of automorphisms on a translation quiver (@, ) forms a group A. A group of
automorphisms of (Q,0) is a subgroup of A.

DEFINITION 3. Let G be a group of automorphisms of a translation quiver (Q,0). The
group G is called admissible if each orbit of G intersects the set {x} Uzt in at most one
point, and intersects the set {x} Ux™ in at most one point for each x € Q.

Given a (stable) translation quiver (@, ) and an admissible group G of automorphisms
of (Q,0), one can form the (stable) translation quiver (Q,0)/G, where (Q/G)o = Qo/G
and (Q/G); = @Q1/G. The maps s,t and 6 are induced by the corresponding maps of
(@, 0) [15]. For the stable translation quivers given by ZA, where A is a Dynkin diagram,
all admissible automorphism groups are known [15][1].

Some examples of automorphisms on (ZA, §) are given in Table 2. The action of S as
given in the table is the same as that of the suspension functor on D?(kA); see also [1,
sec. 2].

3. Orbit Categories

Throughout the rest of this paper we will assume & to be an algebraically closed field.

DEFINITION 4. Given an additive category A and an automorphism F : A — A, the

orbit category A/F is given as the category with the same objects as A and morphisms
given by Hom 4, p(X,Y) = @, o, Homy (X, FY).

Certain orbit categories of triangulated categories were shown by Keller in [13] to be
triangulated:

THEOREM 5 ([13]). Let H be a hereditary abelian k-category such that there is a
triangle equivalence

D’(mod kA) = D (H).
If F is an autoequivalence on D*(H) such that

e for each indecomposable object U of H there are only finitely many objects F'U
that lie in H fori € Z.
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o there exist some integer N > 0 such that the F-orbit of each indecomposable object
of D*(H) contains an object U [n] for some 0 < n < N and some indecomposable
object U of H.
Then the orbit category Or(H) := D*(H)/F is naturally a triangulated category, and the
projection functor m: D*(H) — Op(H) is a triangle functor.

We now let A be a Dynkin diagram, and consider the category D’(kA). The AR-
translation 7 and the suspension functor [1] satisfies the requirements on F. In many
cases, as we will see, so will the composition 7™ [n].

The AR-quiver of D(kA) is equivalent as a translation quiver to (ZA, #). The action
of 7 and [1] on the AR-quiver of D’(kA) are equivalent to the action of respectively 6
and S on (ZA,0). Hence, if 7™ [n] satisfies the requirements on F, the AR-quiver of
Db(A)/7™ [n] is isomorphic as a translation quiver to (ZA,6)/(0™S™).

In D°(kA) we know that [2] = 77" where h is the Coxeter number of A see [9][12].
The Coxeter number is known to be n+ 1 for A, 2n — 2 for D,,, 12 for Eg, 18 for E; and
30 for Eg.

4. Amiot’s theorem

A very important tool we will use is a theorem by Amiot [1, theorem 7.0.5]. We first
need to give a definition of two special classes of triangulated categories.

DEFINITION 6. A triangulated category T is called

algebraic: if it is triangle equivalent to the stable category of a Frobenius category.
standard: if it equivalent as a k-linear category to the mesh category kI' where T’
is the AR-quiver of T

THEOREM 7. [1, p. 7.0.5] Let T be a finite triangulated category which is algebraic
and standard. Then there exists a Dynkin diagram A of type A, D or E, and an auto-

equivalence ® on D°(mod kA) such that T is triangle equivalent to the orbit category
Db(mod kA)/®.

We specialize the theorem to deal with the cases we will use:

COROLLARY 8. Let A be a representation-finite, self-injective, basic algebra such that
modA is of standard type. Let A be a Dynkin diagram, and let ® : D’(mod kA) —
D’(mod kA) be a functor such that D*(mod kA)/® is triangulated.

If the AR-quivers of modA and D’(mod kA)/® are equivalent as translation quivers,
then modA and D’(mod kA)/® are equivalent as triangulated categories.

PRrROOF. Obviously, modA is a finite standard triangulated category. It is algebraic,
because A is self-injective and basic, and hence Frobenius. By the proof of Theorem 7 in
[1], the equivalence follows. O

5. Self-injective Representation-finite Algebras

Our aim is to use Claire Amiot’s theorem to show that many orbit categories of
hereditary algebras (more than known before) are actually realizable as stable module
categories of self-injective algebras. In order to apply the theorem on the stable module
categories of self-injective algebras, we need to know that the categories are algebraic
and standard. It is clear that they are algebraic, as any representation-finite self-injective
algebra is Frobenius.

Asashiba has in his paper [3] defined an invariant under derived and stable equivalence,
called the type of the representation-finite self-injective algebra. Furthermore, he shows
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that any two standard (resp. non-standard) representation-finite self-injective algebras
have the same type if and only if they are derived equivalent, and also if and only if they
are stably equivalent. In the appendix to [2] a list of algebras, in terms of quivers with
relations, is given for each type defined in [3]. In Sections 6, 7 and 8, we make use of the
explicit representatives for each type, and give the details of equivalent orbit categories
and stable module categories of self-injective algebras.

We give a brief summary of the classification of Asashiba.

DEFINITION 9. [3] Let A be a Dynkin diagram type A, D, Eg, E; or Es. We define the
type of a representation-finite self-injective algebra A to be the triple (A(A), f(A),t(A)).
The parameters are defined as follows:

A(A): the tree type of A (for this definition, we write A = A(A)).
Let ma be the Loewy length of the mesh category kZA. From [5] we know that my, = n,
mp, = 2n — 3, mg, = 11, mg, = 17 and mg, = 29. The AR-quiver of the stable module
category of A is known [15] to be of the form ZA/{(¢T7™") for some automorphism ¢ with
a fized vertex.

f(A): the frequency of A is given by f(A) :=r/ma.

t(A): the torsion order t(A) is the order of .

Using this notation, Asashiba gives a list of all the possible types for a standard
representation-finite self-injective algebra.

THEOREM 10. [3] The set of types of standard representation-finite self-injective al-

gebras is the disjoint union of the following sets:
o {(A,, £, 1)|n,s € N}

(AQP-H’ S, 2)|p7 s € N}
(D, s,1)|n,s € Nyn > 4}
(]1])37,1,57 m,s € Nym >2,31s}
2)|n,s € N,n >4}
)|s € N}
)jn=06,7,8,s € N}

n7 97
Dy, s,
.8
s,2)|s € N}

3
E,,s,1
E67 a2

6. Type A

There are two standard types of representation-finite self-injective algebras that have
AR-quivers of the form ZA,, /G, up to stable equivalence. The representatives given for
these two standard types by [2] and also by [16] are the Nakayama algebras, with AR~
quivers of cylindrical shape, and the Mobius algebras, which have AR-quivers shaped like
a Mobius band.

For the Nakayama algebras, the stable module categories will be equivalent to or-
bit categories using functors that are some power of the AR-translation 7. For M&bius
algebras we need a "flip functor” to get the Mobius shape of the quiver:

DEFINITION 11. Let n = 2l + 1 with | € N. The flip functor ¢ on D(A,) is given by
o =TH1].
6.1. Self-injective Nakayama algebras.

DEFINITION 12. A self-injective Nakayama algebra is a path algebra N, , = Q,/I,, for
v > 1,7 > 2, where Q, is the quiver in Figure 2 and I, is the ideal generated by paths of
length 7.
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Qly 1 (7]

FIGURE 2. Quiver of a self-injective Nakayama algebra N, ,

MI=V - M) - M7, M7= Mt
SN NS SN S
SN N S SN S
M2 - M2y - M2, M2 M?
A N 2 N 2 A N e
Ml} <”’M71171"’Mq}72 Mll <’”’le

FIGURE 3. AR-quiver of modN, ,. The leftmost and rightmost diagonal
are identified.

These algebras are self-injective, and the stable module category modN, , is trian-
gulated. The AR-quiver of modN, , has been described by Riedtmann in [16]. As a
translation quiver it is of the form ZA,_; /(6"). In the notation of Asashiba this is of type
(An, £,1).

If we denote the indecomposable modules over N,,,. by M!, where n is the socle of the
module, and [ is the (Loewy) length of the module, the AR-quiver of modN,,, is shown
in Figure 3.

PROPOSITION 13. The categories modN, . and D°(A,_)/7° are triangle equivalent
forr>2 and v € N\ {0}.

PROOF. For v # 0, the functor 7° fulfils the conditions in Theorem 5, so D°(A,_1)/7°
is triangulated. The algebra N, , is a representation-finite, self-injective, basic algebra,
whose stable module category is standard by Theorem 10. The conclusion follows from
Corollary 8. (]

6.2. Mobius algebras.

DEFINITION 14. Letl,v > 1. The Mébius algebra My, is the path algebra kQ/I, where
Q is the quiver in Figure 4 and I is generated by the relations:

1) aj-ah =5 B fori€{l,... v}

2) ZJrlozl' =0 and ajt'Bi =0 forie{l,...,0—1}
3) apa? =0 and BBy =0

4) paths of length | + 2 are equal to zero

(
(
(
(
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EXAMPLE 15. Let [ = 1 and v = 2. The algebra M, , is given by the quiver in Figure
5 with relations

afag = 8787 atog = BB
1.0 140
ha; =0 oy =0
0.1 051

aga; =0 By = 0.

The AR-quiver of this algebra is shown in Figure 6. We see that modM, » is triangle
equivalent to D°Az/¢75.

Riedtmann[16] showed that in general the AR-quiver of the stable module category of
a Mébius algebra M, is of the form ZAg /(0% F1V¢), where ¢ = 0*3*S and S is as in
Table 2. It is the asymmetry of relations (2) and (3) in I that gives rise to the "Mobius”
twist.

In Asashiba’s notation these algebras are of type (Ag1,v,2).

ProposiTiON 16. Let [,v > 1 and let n = 2l + 1. The categories modM,;, and
Db(A,)/T™ ¢ are equivalent as triangulated categories.

PROOF. Since nv > 1, we know that 7"¢ fulfils the requirements on F' in Theorem
5. Hence D®(Agy1)/7™ ¢ is triangulated. The algebra M, is a representation-finite, self-
injective, basic algebra, whose stable module category is standard by Theorem 10. The
conclusion follows from Corollary 8. (]

7. Type D

We will now look in detail at the classes of self-injective algebras that have AR-quivers
of the form ZD,,/G. For this purpose we will make use of the detailed list of representa-
tives of the standard types of representation-finite self-injective algebras provided as an

-1
By

1
— s 0 —— —s 0 ——

—_—
Bl By

FIGURE 4. Quiver of the Mébuis algebra M,
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FIGURE 5. The quiver of M, 5

Ps P

VAV OV ﬁ/\>

/\/\/\/\/\<\
| / |

FIGURE 6. The AR-quiver of the algebra M;j,. The identical objects on
either side are identified.

appendix to [2]. There are, as indicated by Theorem 10, four cases to consider that are
standard. Three of these share the same quiver but have different sets of relations, the
last type has an entirely different quiver.

We will now define some functors that will be useful in later subsections.

DEFINITION 17. We call an indecomposable object X in D°(D,,) an a-object if X is
a summand of the middle term in exactly one AR-triangle, and the middle term of this
AR-triangle has 3 indecomposable summands. All objects that are not a-objects are called

B-objects.

as™
Qg
—

o
‘ 9 ;
[¢]

o<— <—

ahs | 5/ 20 :
0 2
gl At A e
0o— 30 —30—0———— 30

0 2
aj \ / an o

FIGURE 7. (D, s)
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DEFINITION 18. We define the flip functor o : D(D,) — D*(D,,) for n > 4, in the
following way :
X if X is a B-object
©(X) = ¢ the other a-object in the middle term containing X
if X is an a-object.
For n = 4 choose two of the T-orbits containing a-objects in DY(Dy). We define the
objects of these two T-orbits to be o*. We then define ¢ by:
X if X is not an a*-object
o(X) = < the other a*-object in the middle term containing X
if X is an a*-object.
DEFINITION 19. We define the rotation functor p : D*(Dy) — Db(Dy). Enumerate the

T-orbits containing a-objects in D*(Dy) by 1,2 and 3. Let o be a permutation of order 3
on the set {1,2,3}. We then define

X if X is a B-object
p(X) = < the a-object in T-orbit o(i), in the middle term containing X
if X is an a-object in T-orbit nri.
7.1. Type (D,,s,1).

DEFINITION 20. The representative of self-injective algebras of type (Dy, s,1) is given
by the path algebra D, 1 = kQ/I where Q is the quiver of Figure 7 and the ideal I is
generated by the following set of relations:

(1) alab ol _y = BB = 7ivg for alli € {0,...,s — 1}
(2) For alli € {0,...,s—1} =7Z/(s),

flaf =0 af =0,
a6 =0, a1 =0,
%A =0, o m = 0;
(3) ity p---al =0 foralli € {0,...,s—1} = Z/(s) and for all j € {1,...,n—2} =
Z/{n —2).
Bo
0 Qg
1 2 3 4
hit ay
B

FIGURE 8. The quiver of algebras Dy 1, Ds12 and Dy 3.

EXAMPLE 21. Let n = 4 and s = 1. The algebra D, ; is given by the quiver in Figure
8 with relations:

ajon = B180 = 11%
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+: /& /PB\ +
N/ % % V4 x%
1 NSNS NS \1
1 \ /‘ 1
Py
FIGURE 9. Dy,
azf =0, Boar =0, Yoar = 0,
azm =0, Boy1 =0, Y051 =0,

and all paths of length 3 are 0. Note that the relations in point 2 makes it impossible to
compose arrows from different loops, this leads to an AR-quiver which has cylinder shape.
The AR-quiver of this algebra is shown in Figure 9. In this case modD,; is triangle
equivalent to Db(Dy)/75.

In general the AR-quiver of the stable module category of algebras of type (D, s, 1)
is of the form ZD,,/ 651 where h is the Coxeter number for D),,.

PROPOSITION 22. Letn>4 andn,s€N. The categories modD,, ., and D*(D,) /"1
are equivalent as triangulated categories.

PROOF. Since s(h — 1) > 0 the functor 75"~ satisfies the conditions of Theorem 5,
hence the category D*(D,,)/7°"~V) is triangulated. The algebra D, ,; is a representation-
finite, self-injective, basic algebra, whose stable module category is standard by Theorem
10. The conclusion follows from Corollary 8. O

7.2. Type (D,,s,2).

DEFINITION 23. The representative of self-injective algebras of type (Dy, s,2) is given
by the path algebra D, o = kQ/I where Q is the quiver of Figure 7 and the ideal I is
generated by the following set of relations:

(1) afag - ap_y = 5iﬂ8 =N for alli €{0,...,s — 1}
(2) foralli € {0,...,s =1} =Z/(s),

6+1z_0 il =0,
a, 50 =0 a5 =0,
and for alli € {0,...,s — 2},
=0 =0
BBt =0, 787? L=0;
(3) a-paths of length n — 1 are zero, and for all i € {0,...,s — 2},
B3 8163 = 0, i =0,
BB =0, A = 0, and
WEs =0, B =0,

'7170f1*07 B10$1*0
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P Py

|

* . .
|
I

AN
NAVAVAVAV.
NSNS \< >/ N

FIGURE 10. mod D4;5. The quiver is glued together by identifying the
matching symbols on either side.

EXAMPLE 24. Let n = 4 and s = 1. The algebra Dy o is given by the quiver in Figure
8 with relations:

aras = B8 = M1

a?ﬂl =0 ) 50011 =0 ) Yol1 = 07
Q271 = 0 ) 6061 =0 ) Yo = O:
and all paths of length 3 are 0. The AR-quiver of this algebra is shown in Figure 10. This

time the zero relations in point 2 glues together two of the 7-orbits of ZID,. In this case
modD, ;- is triangle equivalent to D*(Dy)/T5¢.

In general the AR-quiver of the stable module category of algebras of type (D, s, 2)
is of the form ZD, /0*"~V¢, where h is the Coxeter number for D,, and ¢ is the auto-
morphism described in Table 2 for n > 4 and for n = 4 it is an automorphism of order
2.

PROPOSITION 25. Let n<4 and s,n € N. The categories modD,, s o and DD,/
are equivalent as triangulated categories.

PROOF. Since s(h — 1) > 0 the functor 7"~V satisfies the conditions given in
Theorem 5. Hence the category D*(D,)/7*(" V¢ is triangulated. The algebra D, o
is a representation-finite, self-injective, basic algebra, whose stable module category is
standard by Theorem 10. The conclusion follows from Corollary 8. (]

7.3. Type (Dy, s, 3).

DEFINITION 26. The representative of self-injective algebras of type (Dy, s,3) is given
by the path algebra Dys 3 := kQ/I where Q is the quiver of Figure 7 and the ideal I is
generated by the following set of relations:

(1) The same relations as for (Dy4, s, 1), part 1.
(2) Forallie{0,...,s—2}

ot =0, ial =0,
ag™' sy =0, %6 =0,
abtlyi =0, Hlyt =0, and
aga ™t =0, Yot =0,
agﬁfil =0, ﬂ(()) f71 =0,
0 =0, =0



7. TYPE D 37

MAAEY

/

/

Py

/\

“0““4\*4,44

/

FIGURE 11. mod D43 3. The quiver is glued together by identifying the
matching symbols on either side.

(3) all paths of length 3 are zero.

EXAMPLE 27. Let n = 4 and s = 1. The algebra D, 3 is given by the quiver in Figure
8 with relations:

aras = B8 = M

apa; =0, ap =0, Born = 0,
Yoar =0, Bob1 =0, Y071 =0,
and all paths of length 3 are 0. The AR-quiver of this algebra is shown in Figure 11. As

the figure shows, three of the 7-orbits of ZD, are glued together, this is due to the zero
relations of length two. In this case mod D, 3 is triangle equivalent to D*(Dy)/7°p.

In general the AR-quiver of the stable module category of algebras of type (Dy, s, 3)
is of the form ZD,,/0°*¢, where ¢ is the automorphism of order 3 described in Table 2.

PROPOSITION 28. Let n = 4 and s € N. The categories modD, .3 and D*(Dy)/7m5%p
are equivalent as triangulated categories.

PROOF. Since 5s > 0, the functor 7°°p satisfies the conditions given in Theorem 5.
Hence the category D°(Dy)/7°%p is triangulated. The algebra D,, ;5 is a representation-
finite, self-injective, basic algebra, whose stable module category is standard by Theorem
10. The conclusion follows from Corollary 8. O

7.4. Type (Ds,,, 5,1). This is the only type of tree type D where the frequency is
not an integer. If 3|s, then the type is already described, in Section 7.1; hence we require
that s is not divisible by 3.

DEFINITION 29. Let m > 2 and s > 1 with 3 1 s. The representative of self-injective

algebras of type (D3, §,1) is given by the path algebra Dyy, s 1 := kQ/I where Q is the
quiver of Fzgm"e 12 and the ideal I is generated by the followmg set of relations:

(1) oy, -~ abay = BBy for alli € {1,..., s} =Z/(s);
(2) 0/1” al, =0 forallie{l,...,s} = Z/<s>;
(3) i it Biaal, - a]—OforalliE{L...,s}:Z/(s> and forallje {1,...,m}

ExaMPLE 30. Let m = 2 and s = 1. The algebra D6,§,1 is given by the quiver in
Figure 13 with relations:

52 = Qa0 ajag =0

(11/30[20[1 =0 0[20[1[3)0[2 =0.
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FIGURE 12. (Djp,, %)

The AR-quiver of this algebra is shown in Figure 14. In this case mod Dy 11 is triangle
equivalent to D?(Dg)/73.

In general the AR-quiver of the stable module category of algebras of type (D3, 5, 1)
is of the form ZDs,,/0*"=1/3 where h is the Coxeter number for Ds,,, and ¢ is the
automorphism described in Table 2. (Note that since h — 1 = 2n — 3 = 6m — 3 we have
that s(h — 1)/3 is a natural number).

PROPOSITION 31. Let m > 2 and s > 1 with 31s. The categories modng%’l and
Db(Ds,y,) /75" =D/3 are equivalent as triangulated categories.

PROOF. Since s(h — 1)/3 > 0, the functor 7°("~1/3 satisfies the conditions of The-
orem 5, hence the category D’(Ds,,)/75"~V/3 is triangulated. The algebra Dym,s 1 is a
representation-finite, self-injective, basic algebra, whose stable module category is stan-
dard by Theorem 10. The conclusion follows from Corollary 8. O

Q2
(T
~_
(¢35}

FIiGURE 13. Quiver of the path algebra D67%‘1
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FIGure 15. Type (E,, s)

8. Type E

We now look at self-injective algebras with AR-quivers of the form ZE,/G. These
algebras are all standard [3], and they are divided into two main groups; those with a
cylindrical AR-quiver, and those with a Mobius-shaped AR-quiver. In Asashiba’s nota-
tion, the former are of type (FE,, s, 1), while the latter are of type (Eg,s,2), see [3]. For
the first group, the stable module categories will be equivalent to orbit categories using
functors that are some power of the AR-translation 7. For the latter, however, we need a
"flip functor” to get the Mobius shape of the quiver.

DEFINITION 32. The flip functor ¢ on D*(E) is given by ¢ = 79[1].

We follow the classification due to Asashiba for the rest of the section. Note that the
representative algebras all share the quiver given in Figure 15; however the relations are
different.

8.1. Type (E,,s,1).
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DEFINITION 33. The representative of self-injective algebras of type (E,, s, 1) is given
by the path algebra E, ;1 = kQ/I where Q is the quiver of Figure 15 and the ideal I is
generated by the following set of relations:

(1) alah - ai_y = BG4 = vind for alli € {0,...,5 — 1};
(2) Foralli € {0,...,s =1} =Z/(s),

itl i i+l i

3 ¥ = 07 Y2 0y = 07

i+l gl _ i+l _
X3P = 07 Y2 ﬁl - 07

il i it i
a5y =0, 2y, =0, and

(3) a-paths of length n — 2 are equal to 0, B-paths of length 4 are equal to 0 and
v-paths of length 3 are equal to 0.

EXAMPLE 34. Let n = 6 and s = 1. The algebra Ej;; is given by the quiver in Figure
16, together with the relations

ajapaz = 15283 = 1172

azB; =0 azy =0 Baa; =0
ﬁ371 =0 Yol = 0 "/2,61 =0
apazag g =0 B2B381 82 = 0.

The AR-quiver of the module category over this algebra is given in Figure 17. It turns
out that modFg  ; is triangulated equivalent to D’(kEg)/7!'!.

In general, the AR-quiver of the stable module categories of self-injective algebras of
type (E,, s, 1) is isomorphic to ZE, /0%, where t5 = 11, t; = 17 and tg = 29.

PROPOSITION 35. Letn=6,7,8 and s>1. The categories modFE, ;1 and D*(kE,) /T
are triangle equivalent.

PROOF. Since t,s > 0, the functor 7' satisfies the conditions of Theorem 5, hence
Db(KE,)/'* is a triangulated category. The algebra E,, ; is a representation-finite, self-
injective, basic algebra, whose stable module category is standard by Theorem 10. The
conclusion follows from Corollary 8. O

8.2. Type (Eg,s,2).

DEFINITION 36. The representative of self-injective algebras of type (Eg, s,2) is given
by the path algebra Eg 2 := kQ/I where Q is the quiver of Figure 15 and the ideal I is
generated by the following set of relations:

(1) ajah---af_y = BifB3f5 = 1k for all i €{0,...,s —1};

as

2
2 Ps 4
1 6 B2 Qg
" 4 5
3

aq

FIGURE 16. Quiver of Eg;, forn =1,2
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FIGURE 17. AR-quiver of mod Eg ;1. The quiver is glued together by iden-
tifying the matching symbols on either side.

(2) Foralli € {0,...,s =1} =7Z/(s),

1 i+1 i
O[?L ,Yi = 07 §+ 7711 = 0’
1 i+1 i
wal =0, %A =0,
and for alli € {0,...,s—2},
5aq =0, azt B =0,
adait =0, Bt =0, and

(3) y-paths of length 3 are equal to 0, and for all i € {0,...,8 — 2} and for all
je{1,2,3} =7Z/(3),

i+1 % z+1 %

Oéjig"'Oéj—O, ﬁ—o
0 0 s—1 s—1 0 0 s—1
o3 3y "'Oéj —O7 ()@73"'0(351 ﬂ] =0.

ExXAMPLE 37. Let n = 6 and s = 1. The algebra FEj ;5 is given by the quiver in Figure
16, together with the relations

ajapaz = 15283 = 1172

asay =0 agyr =0 BsB1 =0
ﬁB’Vl =0 Yol = 0 "}/2/31 =0
aparzf318s =0 Bafsaiog =0

The AR-quiver of the module category over this algebra is given in Figure 18. It turns
out that modFg ; » is triangulated equivalent to D’(kEg)/m'%¢.

In general, the AR~quiver of the stable module categories of self-injective algebras of
type (s, s,2) is isomorphic to ZEg/0'**¢, where ¢ is described in Table 2.

PROPOSITION 38. Let s > 1. The categories modEs o and D*(kEg)/T'%¢ are triangle
equivalent.

PROOF. Since 11s > 0, the functor 71**¢ satisfies the conditions of Theorem 5, hence
Db(kEg)/T'%p is a triangulated category. The algebra Eg .o is a representation-finite,
self-injective, basic algebra, whose stable module category is standard by Theorem 10.
The conclusion follows from Corollary 8. O
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9. Summary

From the results of Section 6, 7 and 8 it is clear that all but one of the representation-
finite self-injective standard algebras are stably triangle equivalent to an orbit category
of the form D(kA,)/T%¢" where i € {0,1} and ¢ is the functor described in Definition
11 for type A, Definition 18 and 19 for D and Definition 32 for type Eg. However not all
triangulated orbit categories of the form DY(kA,)/F are equivalent to a stable module
category of a representation finite self-injective algebra. We therefore sum up our findings
in a table below, aiming at a way to easily look up if a certain orbit category is in fact
equivalent or not to a stable module category of a self-injective algebra.

Recall that given a functor of the form F' = 7™[n] on D*(kA,), it can be expressed on
the form I = 7¥¢" using the Coxeter relation for A, and the above-mentioned definitions
of .

The following theorem sums up our results.

THEOREM 39. Let A be a Dynkin diagram and let ® be an autoequivalence such
that D(kA)/® is triangulated. Let A be a self-injective algebra. The orbit category
C = D(kA)/® is triangle equivalent to modA precisely in the cases described in Table 3.

VAVAN p
\/\/\/\/\/\/\/\/\/\/>{§
NSNS NLN L RENSNLNINSNTN
N AYAVAVAVAVAVAVAVAVAY

o/\/\/\/\/\/\/\/\/\/\/\*
\/\/

FIGURE 18. AR-quiver of mod Eg ;5. The quiver is glued together by iden-
tifying the matching symbols on either side.

TABLE 3. The cases, up to triangulated equivalence, where C = D*(kA)/®
is triangle equivalent to modA.

C A Sec.
DY(A,)/Tv r>1l,w>1 Nakayama alg. Ny 41| 6.1
g oL Mébius alg. M 6.2
" w=rv,r>1 g M ‘
DY(D,)/t¢ r>4w=502r—3),s>1 | D1 7.1
DD, )/m%¢ r>4w=502r—3),s>1 | Dy.a 7.2
DP(Dy)/m7%p w > 1 Dyss 7.3
DD, /7 r=3m,m > 2 Do . 74
" w=s(2r—3)/3,s>1,3ts| ™! ‘
r =06 and w = 11s
D'(E,) /" r=7andw=17s s > 1 Ers1 8.1
r =38 and w = 29s
D'(Eg)/m"¢ w = 11s,5 > 1 FEgs2 8.2




REFERENCES 43

Acknowledgements. We would like to thank Steffen Oppermann and Aslak Bakke

Buan for helpful comments and feedback.

[10]
[11]
[12]

[13]
[14]

[15]

[16]

References

C. Amiot. “On the structure of triangulated categories with finitely many indecompos-
ables”. In: Bull. Soc. Math. France 135.3 (2007), pp. 435-474.

H. Asashiba. “On a lift of an individual stable equivalence to a standard derived equivalence
for representation-finite self-injective algebras”. In: Algebr. Represent. Theory 6.4 (2003),
pp. 427-447.

H. Asashiba. “The derived equivalence classification of representation-finite selfinjective
algebras”. In: J. Algebra 214.1 (1999), pp. 182-221.

M. Auslander, I. Reiten, and S. O. Smalg. Representation Theory of Artin Algebras. Cam-
bridge University Press, 1995.

O. Bretscher, C. Léser, and C. Riedtmann. “Self-injective and simply connected algebras”.
In: Manuscripta Math. 36.3 (1981/82), pp. 253-307.

A. B. Buan et al. “Tilting theory and cluster combinatorics”. In: Adv. Math. 204.2 (2006),
pp. 572-618.

P. Caldero, F. Chapoton, and R. Schiffler. “Quivers with relations arising from clusters
(Ay, case)”. In: Trans. Amer. Math. Soc. 358.3 (2006), pp. 1347-1364.

A. Dugas. “Resolutions of mesh algebras: periodicity and Calabi-Yau dimensions”. In:
Math. 7. 271.3-4 (2012), pp. 1151-1184.

P. Gabriel. “Auslander-Reiten sequences and representation-finite algebras”. In: Represen-
tation theory, I (Proc. Workshop, Carleton Univ., Ottawa, Ont., 1979). Vol. 831. 1980,
pp. 1-71.

D. Happel. Triangulated categories in the representation theory of finite-dimensional alge-
bras. Vol. 119. Cambridge University Press, Cambridge, 1988.

T. Holm and P. Jgrgensen. “Realizing higher cluster categories of Dynkin type as stable
module categories”. In: Q. J. Math. 64.2 (2013), pp. 409-435.

B. Keller. “Cluster algebras, quiver representations and triangulated categories”. In: Tri-
angulated categories. Vol. 375. 2010, pp. 76-160.

B. Keller. “On triangulated orbit categories”. In: Doc. Math. 10 (2005), pp. 551-581.

B. Keller and I. Reiten. “Cluster-tilted algebras are Gorenstein and stably Calabi-Yau”.
In: Adv. Math. 211.1 (2007), pp. 123-151.

C. Riedtmann. “Algebren, Darstellungskocher, chrlagcrungcn und zuriick”. In: Com-
ment. Math. Helv. 55.2 (1980), pp. 199-224.

C. Riedtmann. “Representation-finite self-injective algebras of class A,”. In: Represen-
tation theory, II (Proc. Second Internat. Conf., Carleton Univ., Ottawa, Ont., 1979).
Vol. 832. 1980, pp. 449-520.






PAPER 3

Modules of finite projective dimension over a cluster-tilted
algebra

Karin M. Jacobsen

Manuscript

45






1. INTRODUCTION 47

MODULES OF FINITE PROJECTIVE DIMENSION
OVER A CLUSTER-TILTED ALGEBRA

KARIN M. JACOBSEN

ABSTRACT. We study the category of modules of finite projective
dimension P<; over a gentle cluster-tilted algebra using triangula-
tions of marked surfaces. For Dynkin type A, we give the number
of irreducible objects in P<; and calculate the AR-translation.

1. Introduction

Let A be a finite dimensional algebra, and let D*(A) be the bounded derived category
over mod A. The cluster category, as introduced in [9] by Buan, Marsh, Reineke, Reiten
and Todorov, has been widely studied the last decade. It is given by the orbit category
C = D(A)/77[1], where A is a hereditary algebra.

In particular, the class of cluster-tilted algebras [7] is very interesting. These are the
algebras of the form End(T)”, where T is a cluster-tilting (i.e. maximal rigid) object
in the cluster category. Cluster-tilted algebras are not necessarily hereditary but their
module categories still have the nice structure of the original, hereditary algebra.

The technique of using marked surfaces as way to represent the cluster category of type
A was introduced in [10]. Marked surfaces were used by Assem, Briistle, Charbonneau-
Jodoin and Plamondon to represent module categories of gentle algebras, including cluster-
tilted algebras of type A, in [3]. For algebras of finite type, the geometric descriptions
give complete descriptions of the cluster category and the module category.

In this paper we let A be a cluster-tilted algebra, and consider the full subcategory P<;
of mod A containing all modules of projective dimension at most one. It was shown in [12]
that cluster-tilted algebras have Gorenstein dimension one, so in the cases we study, the
category P<; contains all modules of finite projective dimension. In Section 2 we recount
results by Auslander and Smalg given in [4] that shows that for any finitely generated
Artin algebra, the subcategory P<; has AR-structure. We state additional results by
Kleiner and Perez that calculates the AR-translation explicitly.

In Section 3, we give some results by Keller and Reiten on the structure of P<;. We
also recount a very useful theorem given in [5] by Beaudet, Briistle and Todorov, which
describes all modules of infinite projective dimension.

We state the basic facts about surface algebras in Section 4, including a conjecture on
the proper translation of the theorem in [5] to the world of surface algebras. In Section 5
we show that the conjecture holds for Dynkin type A and use it to give an invariant for
type A. We also calculate the AR-translation in P<; for type A.

1.1. Notation. k is an algebraically closed field. We assume all algebras are k-
algebras and that all categories are k-categories.

For a category C, we let |C| denote the number of isomorphism classes of indecompos-
able objects.

Let U be a subcategory C, and let X be an object in C. A minimal right U-
approximation of X is a right minimal morphism t,X % X with t, X € U, such that any
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morphism from an object in U to X factors through g. Dually, we denote by X — ;X a
minimal left ¢-approximation of X.

For a A-module X, we let pd X and id X denote the projective and injective dimension
of X respectively.

For T a cluster-tilting object, we let Ar = End(T)? = kQr/Ir.

2. Almost split sequences in subcategories

In [4], Auslander and Smalg studied the existence of almost split sequences (or AR-
sequences ) in subcategories of the module category. For convenience we state some central
results. First we define the analogues to projectives and injectives for a subcategory.

DEFINITION 1 ([4]). Let U be a subcategory, and let X be an object in U.
X s called Ext-projective if Ext},(X,U) =0 for allU € U.
X s called Ext-injective if Ext},(U, X) =0 for allU € U.

We give the definition of almost split sequences in subcategories.
DEFINITION 2 ([4]). Let A be a k-algebra. Let U be a subcategory of mod A that is

closed under extensions. We say that U has almost split sequences if

(1) For every indecomposable object U € U, there exists a right almost split morphism
V — U and a left almost split morphism U — W in U.
(2) For each indecomposable non-Ext-projective object W € U there exists an exact

sequence 0 — U LV 5 W = 0 such that f is left almost split and g is right
almost split in U.
(3) For each indecomposable non-Ext-injective object U € U there exists an exact

sequence 0 — U v % W = 0 such that f is left almost split and g is right
almost split in U.

They also give an existence theorem for the almost split sequences.

THEOREM 3 ([4, Thm. 2.4]). Any functorially finite subcategory of mod A which is
closed under extensions has almost split sequences.

In this paper, we will study the following full subcategory of mod A:
'Pgl = {M € mod A | pd M < 1}
COROLLARY 4. If A has Gorenstein dimension 1, then P<1 has almost split sequences.

PRrOOF. If A has Gorenstein dimension 1, then the injective envelope of A has pro-
jective dimension 1. In [11], the authors showed that this means that P<; is functorially
finite. It is closed under extensions by the horseshoe lemma. O

Kleiner [13], and later Kleiner and Perez [14] gave a method for calculating the AR-
translation in subcategories with almost split sequences.

THEOREM 5 ([14]). Let U be a functorially finite subcategory of mod A. Let

0=sULvELwso

be an almost split sequence inU. Let T be the AR-translation in mod A. Then v, W = UDI,
where I is Ext-injective.
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3. P« for cluster-tilted algebras

Let C be a cluster category as defined in [9], and let T be a cluster-tilting object in C.
We denote by 7¢ the Auslander-Reiten translation on C. Let A be given by A = End(T);
we call A a cluster-tilted algebra. As we will study the subcategory P<; of A-modules of
finite projective dimension, we first give a description of the projectives and injectives in
mod A.

LEMMA 6 ([7]). Let X be an object in mod A.
X s projective if and only if X = Home(T,T") for some T' € add T C C.
X is ingective if and only if X = Home (T, 721T") for some T' € addT C C.

We will need the following statements, which were shown in [12], though not all stated
explicitly. Statement (3) was also shown in [15]. We include the proofs for the convenience
of the reader.

LEMMA 7 ([12]). Let X be an object in mod A, where A is a cluster-tilted algebra.
Then the following holds:

(1) if X is injective, then pd X < 1;

(1) if X is projective, then id X < 1;

(2) if pd X < o0, thenid X < 1;

(2*) if id X < oo, then pd X < 1;

(3) either pd X =id X =00, orpd X <1 andid X < 1;
(4) the Gorenstein dimension of A is 1.

PROOF.

(1) Suppose X is injective. Choose a minimal projective presentation of X, say
P, - Py — X — 0. Using Lemma 6, we see rewrite this as

Home (T, T)) — Home (T, Ty) — Home (T, 72T"),

where T}, Ty and 7" are in add T'.
Using the correspondence add T =2 proj A, together with the knowledge that
Home (T, —) is full and dense, we see that there is a distinguished triangle

T LT T T

We apply Hom¢ (T, —) to this triangle and then use that Home(7,77T) =
Ext'(T,T) = 0. We get that

0—-P P —>X—>0

is an exact sequence, hence pd X < 1.
(1*) Dual of (1).

(2) Denote by QX the kernel of some epimorphism P; — X, where P; is projective.
Let Q™1(X) = Q(Q™(X)). Suppose that pd X = n < co. Then Q"(X) must
be projective, and hence of injective dimension at most one. We will show that
id X <1 by induction on p. Consider the short exact sequence

0—=Q"PX = P, , - Q- VX -0,
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where we assume that idQ2" 77X <1 and that P,_,, is projective, so that idP,_, <1.
For an arbitrary object A € mod A, we get the long exact sequence
0 — Hom(A, Q" ?X) — Hom(A4, P,_,) — Hom(A, Q" ?7'X) —
— BExt'(4,Q"?X) — Ext'(A, P,_,) = Ext'(4,Q"77'X) —
— BExt?(4,Q"PX) = Ext?(A, P,_,) — Ext?(4, Q" 77'X) — ...

Since Ext'™'(A, Q" ?X) = 0 = Ext'(A, P,_,) for i > 1 it follows that we have
Ext’(A, Q" P71X) = 0 for 4 > 1. Hence idQ2"?7'X < 1. By induction, we get
that id X < 1.

(2*) Dual of (2).

(3) Follows from (2) and (2*).

(4) Restatement of (3).

O

As we start investigating the AR-structure of P<;, we need to know its Ext-projectives
and -injectives.

LEMMA 8. Let X be an object in P<;.
X is Ext-projective in P<;y if and only if X is projective in mod A.
X is Ext-injective in P<y if and only if X is injective in mod A.

PRrOOF. If X is projective (injective) in mod A, then X is Ext-projective (Ext-injective)
in mod A and also in P<;.
Suppose that X is an element in P<;. Then there exists an exact sequence

0—-P—-F—>X—0.

If X is not projective, the sequence does not split. Both P, and P, are nonzero
elements in P<;, and hence Extp_, (X, P1) # 0, so X cannot be Ext-projective.

Assume that X € P<; is not injective. Then id X = 1 by Lemma 7. There exists a
non-split short exact sequence

0—-X—>Iy—1—0,
which is also non-split in P<;. Hence X is not Ext-injective. |
We now describe the objects of C that Hom+ (7, —) send to P<y.

THEOREM 9 ([5, Theorem 1.1]). Let X € C. Then Home(T, X) has infinite projective
dimension if and only if there exists a non-zero morphism T — 7T factoring through X .

EXAMPLE 10. Let C be the cluster category over Aj, and let T' be the cluster-tilting
object that is the direct sums of the objects marked with [ in the below figure.

S VAVAN
N VANV
VA NVANZANVAN

1
l
l
1
1
1

)
1
1
l
l l
1 1
1 1
1 |

[¢]
1 1
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We shade the summands of 77" dark grey. The objects X such that
pd Hom(T, X) = oo are shaded light grey.

N P
b NN
VA A

1
|
1

(3
|
1
l

®<(------- ®<(------- [ ]
The nodes marked * and o are identified.

4. Surface algebras

As shown in [3], surface algebras are useful when we study cluster-tilted algebras. In
particular, they give a description of the AR-structure of the module category and cluster
category of a gentle algebra [6]. In this section we recall the most relevant definitions and
results from the two papers.

Let S be an oriented surface with boundary 95. Let M be a finite, nonempty set of
points on 95 such that there is at least one point from each connected component of 95
in M. We call the pair (S, M) a marked surface (without punctures).

A curve in (S, M) is a continuous function v : [0,1] — S such that v(0),v(1) € M. It
is closed if v(0) = ~(1). Its inverse curve is 7! given by v~ 1(t) = v(1 — t).

An arc in (S, M) is a homotopy class of non-contractible curves in (S, M), subject to
the equivalence relation v ~ v~1. By abuse of notation we will denote the arc containing
a curve 7 simply by . If v is homotopic to an arc on S which only intersects M in its
endpoints, we call it a boundary arc. Otherwise, we call it an internal arc.

A triangulation A of (S, M) is a maximal collection of non-intersecting arcs. A triangle
in A is called an internal triangle if all the edges of the triangle are internal arcs. If «, 8
and y are internal arcs forming a triangle, that triangle is denoted a (7.

The quiver Qa associated to a triangulation A is given as follows.

Vertices: For each internal arc in A we associate one vertex in Qa.

Arrows: For each triangle in A containing two internal arcs « and (3, there is an
arrow in Qa between the corresponding vertices a — 3 if « is a predecessor to
[ with respect to a clockwise rotation at their joint end point in M.

The algebra associated to A is A(A) = kQa/Ia, where I is generated by all paths of
length two which are part of a 3-cycle in Qa. We call A(A) a surface algebra.

Surface algebras are gentle and finite-dimensional. Let A be a gentle path algebra
where all the relations are from oriented 3-cycles with radical square zero. Then there
exists a marked surface (S, M) with a triangulation A such that A = A(A). In particular,
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let A be a cluster-tilted algebra of Dynkin type A,,, then we know that S is a disc and M
contains |M| = n + 3 points [3].

We can also associate a cluster category to (S, M). Let A be a triangulation of (S, M).
Let Ca be the Amiot cluster category (see [1]) over (Qa, W), where W is the potential
corresponding to Ia above. We can show that the category Ca is independent of the choice
of triangulation A; hence we simply denote it by C(g ). The indecomposable objects of
C(s,m) are contained in two classes:

String objects: correspond to the internal arcs in (S, M). We set the boundary
arcs to correspond to the zero object. For the arc v we denote the corresponding
string object by C(7v)

Band objects: indexed by k* x [];(S, M)/~, where k* = k\ {0} and [];(S, M)/~
is given by the nonzero elements of the fundamental group of (S, M) subject to
the equivalence relation o ~ a=t. We set (), 5°) to be equal to the zero object.

If T is a finite set of arcs, we set C(I') = D, C(7)-
The irreducible morphisms of C(g sy are most easily given by first defining two types
of immediate successor objects:

e For any string object C(¥), let ;C(v) and C(7). be the arcs obtained by moving
respectively the start or end point of v one step. Such a move is also called a
elementary pivoting move. See Figure 1 for an illustration.

)

2

FiGURE 1. Elementary pivoting moves

o If (A, 0") is a band object, set (\,b"), = (\,b" 1) and (A, b") = (), b"H1).
Consider an indecomposable object X &€ C(s ).

e If X, is non-zero, there is an irreducible morphism X — X,.
e If X is non-zero, there is an irreducible morphism X — (X.
All irreducible morphisms are of this form.
We see that o(X;) = (eX)s = «X,. The following commutativity relation holds on the
irreducible morphisms:

X=X, -, X.=X— . X— X,

If either X, or ;X is zero, this means that the other composition is zero.

The cluster category C(g ) is a triangulated category. The suspension functor is most
easily described by its inverse: X[—1] = (X.. Moreover, the category C(s ) is 2-Calabi-
Yau, and has AR-triangles:

X=X, .X = X, — X[1].

We can show that if S is a disc and [M| > 4, then C(g ) is equivalent to the cluster
category of type Ajns—s.
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The triangulations A of (S, M) correspond to cluster-tilting objects in Cg . For
convenience, we let C'(A) = 7T, where Th is a cluster-tilting object. Mutation on a Qa
corresponds to switching out an arc in A.

We know that the quotient category C/7Tx is equivalent to mod End(7")%? [7]. If we
set the arcs of a triangulation A to correspond to zero objects, we obtain a description
of the module category of A(A). Hence, from the geometric description of C(g ), we get
a geometric description of mod A(A), including a description of the AR-translation. For
an internal arc v which is not in A, we let N(vy) denote the module corresponding to the
arc . We see that N(v) = Home g, (Ta, C(7)).

We propose the following version of Theorem 9:

CONJECTURE 11. Let (S, M) be a marked surface, and let A be a triangulation of
(S, M). Let v be an arc in (S, M) which is not in A. The following are equivalent:
(1) The A(A)-module N(7) has infinite projective dimension.
(2) There is an internal triangle afd in A where a is a predecessor to v and v is
a predecessor to B with respect to clockwise rotation at v(0). We say that v is
trapped by a triangle.

0S5

‘ oS

FIGURE 2. An arc v trapped by an internal triangle a39.

Suppose condition (2) holds. There must be an arrow between the vertices correspond-
ing to @ and  in Qa. The arrow corresponds to a non-zero morphism C(a) — C(f) in
the cluster category. That morphism factors through C(v), see Figure 2. By Theorem 9,
the module N(v) has infinite projective dimension. Thus, condition (2) implies condition
(1).

In Section 5 we show that the reverse implication, and thus the whole conjecture,
holds in Dynkin type A.

5. ,Pgl in type A

We will show that Conjecture 11 holds in type A. Thus we have a very nice description
of the modules of infinite projective dimension: they are the ones corresponding to arcs
trapped by some internal triangle of A. In this section we assume that S is a disc and
|M| > 4. Hence C(g ) will be the cluster category of type A,, where n = |M| — 3.

The derived category of an algebra of type A, is isomorphic as a translation quiver to
ZA,. Let ¢ be the graph automorphism on ZA,, corresponding to the functor 77![1]. The
AR-quiver of the cluster category is equivalent to the stable translation quiver ZA,, /.
This quiver has a Mébius band shape [9], see Figure 3.

For an indecomposable object X in the cluster category C, the Hom-hammock of X
is the set of objects Y such that Hom¢(X,Y) # 0. Similarly, the Ext-hammock is the set
of objects Y such that Extc(X,Y) # 0.
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FicUure 3. The AR-quiver of the cluster category of an algebra of type
A,. The first row and the last row are identified, with the * indicating
the identification of nodes. The Hom-hammock of * is shaded with vertical
lines. The Ext-hammock of * is shaded with horisontal lines.

Let T} and T, be two indecomposable summands of a cluster-tilting object T, and
suppose there is a non-zero morphism 77 — T5. Then T, must lie in the Hom-hammock
of T7. However it cannot lie in the Ext-hammock of T3, as they are both part of a cluster-

tilting object. As we see in Figure 3 we are left with very few options for where in the
AR-quiver Ty may lie with respect to T;.

We have an analogous result for triangulations on (S, M):

LEMMA 12. Let a and (8 be internal arcs in the triangulation A in (S, M). If there is

a non-zero morphism f : C(a) — C(B), then o and § share a vertez, and f corresponds
to rotation about this vertez.

PROOF. Assume that a and 5 do not share a vertex. Since A is a triangulation, the
arcs o and f cannot intersect. We are in the situation of Figure 4. We number the points

of M anti-clockwise along 05 by 1 to |M|. Let the a; and ay denote the vertices of a,
and let b; and by denote the vertices of 5.

a1+1

ai

by a2

FIGURE 4. The situation in the proof of Lemma 12 if @ and 8 do not share

a vertex. The dashed arcs show the irreducible morphisms (elementary
pivoting moves) from a.

We assume without loss of generality that f is a composition of finitely many irre-

ducible maps [2, Cor. 5.5], corresponding to a sequence of elementary pivoting moves on
a. We need to move the two vertices of a to the vertices of § without going through a
boundary component. Due to the mesh relations, we can assume that we do all moves
for a1, and then all the moves for as, see Figure 5. In the figure we also see that since
f is non-zero, we can assume without loss of generality that we first map a; to by, and
then ay to a;. However, this map also factors through (for example) the arc from a; to
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a1 + 1, which is a boundary arc. Boundary arcs represent the zero object, so f must be
zero, giving us a contradiction.

It follows that o and 8 must share at least one vertex. By a similar argument, we
see that f actually must correspond to a series of elementary pivoting moves about this

vertex. O
ay a1 + 1a1
by V‘
« 1 «
b2 a9 b2 a2

FIGURE 5. The two decompositions of f : C(a) — C(f) discussed in
Lemma 12 as seen on the marked surface.

We are now ready to prove Conjecture 11 in type A.

THEOREM 13. Let (S, M) be a marked surface, where S is a disc and |M| > 4. Let A
be a triangulation of (S, M). Let v be an arc in (S, M) which is not in A. The following
are equivalent:

(1) The A(A)-module N(v) has infinite projective dimension.

(2) There is an internal triangle B0 of A, where « is a predecessor to v and 7y is
a predecessor to B with respect to clockwise rotation at v(0). We say that v is
trapped by a triangle.

PROOF. As we discussed after stating Conjecture 11, if 7 is trapped by the triangle
a0, then there is a non-zero morphism C(a) — C(f) which factors through C(y). By
Theorem 9, the module N(v) has infinite projective dimension.

Suppose C(v) has infinite projective dimension. We use Theorem 9 and the corre-
spondence between the cluster category and arcs on the surface. We find that there are
arcs o and § in A, and a non-zero morphism f : C(a) — C(8) which factors through
C(v). By Lemma 12, the arcs @ and  share a vertex x, and f corresponds to a rotation
of a about .

By [2, Cor. 5.5] we can assume without loss of generality that any non-isomorphism is
a finite composition of irreducible morphisms. In the case of f it corresponds to a series
of elementary pivoting moves about z.

Let g : C(a) = C(v) and h : C(y) — C(B) be such that f = hg. The maps g and h
can also be assumed to be a finite composition of irreducible morphisms. Suppose that
the corresponding elementary pivoting move of one of the morphisms is not a move about
x. By applying the commutativity relation on Cg sy a finite number of times, we get that
[ factors through 771C'(a) = ,C(a).; see Figure 6.

This means 7 'C'() has infinite projective dimension, but it is supposed to be pro-
jective in the module category. Hence we reach a contradiction.

It follows that g and h must be composed of irreducible morphisms corresponding to
elementary pivoting moves about x. Hence v, o and 8 share x as a vertex, and moving



56 3. MODULES OF FINITE PROJECTIVE DIMENSION

FIGURE 6. Let g be a composition of irreducible morphisms, starting in
C(«). If at least one elementary pivoting move of ¢ is not about z, then ¢
factors through 7 ta.

anticlockwise about = we can go from « to v and then to 8. That o and § must be part
of an internal triangle a6 follows from maximality of the triangulation. O

5.1. Number of indecomposables. For a cluster-tilted algebra A of Dynkin type
A, we want to investigate |P<i|, the number of indecomposable objects in P<; up to
isomorphism.
Let @ be a quiver with n vertices. In [8], Buan and Vatne showed that @ is the quiver
of a cluster-tilted algebra of type A, if and only if the following are satisfied:
e All non-trivial cycles are of length three.
e Any vertex has at most four neighbours.
e If a vertex has four neighbours, then two of the arrows belong to one three-cycle
and the two other arrows belong to another three-cycle.
e If a vertex has three neighbours, then two of the arrows belong to a three-cycle,
and the last arrow does not belong to a three-cycle.

They also showed that that two cluster-tilted algebras of type A,, are derived equivalent
if and only if their quivers have the same number of three-cycles.

We will show that |P<;| depends only on the number of vertices and three-cycles in
the quiver of A; this means that |P<| is invariant under derived equivalence.

Let Cya, be the cluster category of type A,. Then [C4,| = 3n(n + 3), as seen in [9].
If we factor out a cluster-tilting object T, then we factor out n non-isomorphic objects;
hence |mod A| = in(n + 1). We denote by S the full subcategory of objects of infinite
projective dimension. Cluster-tilted algebras have Gorenstein dimension one. Thus an
object is either in P<; or it has infinite projective dimension, so [S| + [P<i| = | mod A|.

By Theorem 13, finding |S| reduces to finding the number of arcs trapped by a triangle.
Remember that when representing an algebra of type A, by a marked surface (S, M), we
let S be a disc and |M| =n+ 3.

LEMMA 14. Let (S, M) be a marked surface, where S is a disc. Let A be a triangulation
of (S, M). One internal triangle of A traps exactly |M| — 3 arcs.

PROOF. Each vertex = of the internal triangle will trap arcs from z to the vertices
that lie between the other two vertices of the triangle. So for each marked point which
is not a vertex in the triangle, one arc is trapped by the triangle. Thus |M| — 3 arcs are
trapped by the triangle. Figure 7 gives a visualisation of the proof. (]

Naively, we might then conclude that if A contains ¢ triangles, then |S|=t(|M|-3) =tn.
However, we may have counted some arcs more than once, as one arc can be trapped by
two internal triangles (one at each vertex). Obviously, an arc cannot be trapped by more
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FIGURE 7. Arcs trapped by a triangle

(A) no shared vertices (B) 1 shared vertex (€) 2 shared vertices

FIGURE 8. The three cases in the proof of Lemma 15. The dashed line
represents the trapped arc.

than two triangles, nor can it be trapped twice by one triangle, so if we find out how
many arcs one pair of triangles can trap, we know how many arcs we have counted twice.

LEMMA 15. For each pair of A-triangles, exactly one arc is trapped by both A-triangles.

PRrOOF. Consider a pair of internal triangles. As seen in Figure 8, the two triangles
can share 0, 1 or 2 vertices. In all cases, it is obvious that only one arc can be trapped
by both triangles. ([l

THEOREM 16. Let A be a cluster-tilted algebra of type A,. Let t be the number of
three-cycles in the corresponding quiver. Then the number of indecomposable objects in
Pgl 8

Py n(n;— 1 nt + t(t . 1)

PROOF. As we mentioned before, the number of indecomposable modules in mod A is
%n(n + 1). Each of the t triangles traps n arcs. Each pair of triangles trap one common
arc, and ¢ triangles form 1¢(¢f — 1) distinct pairs of triangles. Hence |S| = nt — 1t(t — 1),
and the result follows. O

ExaMpPLE 17. We consider the cluster-tilting object T' given in Example 10. We
consider it as a triangulation of (S, M) with |M]| = 8; see Figure 9.

With reference to the notation in Theorem 16 we have n = 5 and ¢t = 1, hence the size
of P<; is 10, as we also saw in Example 10.

5.2. AR-translation. Let 7<; denote the AR-translation in P<;, and let t<1 X — X
be the minimal right P<;-approximation of X.

From by Theorem 5 we know that v<;7X = 7<1 X ® I, where I is Ext-injective. This
means that if we can calculate the right P<;-approximation, then we can calculate the
AR-translation. For the sake of completeness, we also show how to compute the minimal
left P<;-approximation X — [<; X.

THEOREM 18. Let X € mod A be indecomposable. Then
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FIGURE 9. A cluster-tilting object T' in C(As) considered as a triangula-
tion of (S, M). The dashed arcs correspond to indecomposables of infinite
projective dimension in mod End(7")°?. On the right, the quiver Qr corre-
sponding to T'.

X difpdX <1
a1 X =<¢Y  if pd X =o00,3 irreducible Y — X, pdY <1
7X  otherwise,
where Y is unique up to isomorphism if it exists. Dually,
X if pd X <1
X =<7 if pd X = oo, 3 irreducible X — Z,pdZ <1
771X otherwise,

where Z is unique up to isomorphism if it exists.

PROOF. Let v be the arc corresponding to X (so that N(y) = X) and let a and 8
be its immediate predecessors. We illustrate the setup in Figure 10. Furthermore, let T
be the cluster-tilting object such that End(T)” = A and let A be the triangulation of
(S, M) corresponding to T.

If X has finite projective dimension, it is obviously its own right P<;-approximation,
and we are done.

If X has infinite projective dimension, then + is trapped by a triangle. As we see from
Figure 10, at least one of a or 8 must either be trapped by that same triangle, or be an
arc in the triangle. In other words, there are three possibilities:

oS oS

7
A B

FiGUuRE 10. Illustration for the proof of Theorem 18; at least one of « or
[ must be trapped by or part of the triangle trapping ~.

Case 1: pd N(a) <1 and pd N(B) = .
Case 2: pd N(«) = oo and pd N(8) < 1.
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Case 3: pd N(a) = pd N(B) = oc.

In Case 1 we see that « is not trapped by or part of a triangle, but 5 is. We will
show that N(«a) — N(v) is the minimal right approximation of X. Minimality follows
from irreducibility. It remains to show that an arbitrary morphism f : N(¢) — N(v)
with N(¢) € P<; factor through N(a). If f is zero, we are done, so we assume that f is
non-zero. We also assume without loss of generality that it is a composition of irreducible
morphisms.

Consider the arcs ¥ and «. Either the arcs intersect in the interior of the disc S, or
they do not.

Suppose that ¢ and 7 have no intersections except possibly on their end points. Then
the set {7,%} can be extended to a triangulation A’ of (S, M). Since f is non-zero,
we have by Lemma 12, that ¢ shares a vertex with v, and lie before v with respect to
anti-clockwise rotation about this vertex. Thus it must also share a vertex with a or 5.

a

AN D Eny
q w

(A) Predecessor to a (B) Predecessor to (c) Crossing v

c

FIGURE 11. Three possible placements of ¢ used in the proof of Theorem
18, Case 1.

If ¢ shares a vertex with «, then f clearly factors through N(«), as illustrated in
Figure 11a.

Suppose 1 shares a vertex with 5. Let § be the arc in the triangle trapping g and ~
which lies before 5 going anti-clockwise about their shared vertex; see Figure 11b. Then
the morphism C(¢) — C(7), which is the preimage of f in the cluster category, factors
through C(J). Hence f = 0 which is a contradiction.

On the other hand, suppose ¥ and 7 do intersect in the interior of S. Let a, ¢ be the
vertices that v share with o and ( respectively. Let b,d be the vertices of v, labelled
such that when moving anti-clockwise around 95 we encounter the vertices in the order
a,b,c,d; see Figure 11c. Then f corresponds, up to mesh relation, to first a rotation
about b, and then a rotation about a. Hence f factors through N(«).

It follows that for Case 1 the right minimal P<j-approximation of N(v) = X is
N(a) = X.

In Case 2, we can use a symmetric proof to the one for Case 1 to show that the right
minimal P<j-approximation of N(v) = X is N(5) — X.

In Case 3, both a and (8 are trapped by or part of some triangle. We cannot have
that 7y € A, as in that case N(7) is projective, and thus has finite projective dimension.

Let 6 € A be an arc in the triangle trapping v on the vertex shared with «, such
that § lies after v when going anticlockwise about the vertex; see Figure 12. Any arc
following 7y when going anticlockwise about the vertex shared with § must cross d.
Hence 77 cannot be trapped by a triangle on the vertex shared with #. Symmetrically,
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oS oS
0

]

FicUre 12. Tllustration for the proof of Theorem 18. If both « and /5 are
trapped by or part of the triangle, then 77 is not trapped by or part of the
triangle.

it cannot be trapped by a triangle on the vertex shared with . It follows that N(77)
has finite projective dimension. We will show that N(7y) — N(v) is the right minimal
P<i-approximation of N(v) = X.

Let N(¢) be a module of finite projective dimension, and let f : N(¢)) — N(v) be
a morphism. We will show that this morphism factors through N(77). By repeating
the proof for Case 1 we see that f factors through both N(a) and N(8). By the mesh
relations this means that it factors through N(77) as well. It follows that in Case 3 the
right minimal P<;-approximation of N(vy) = X is N(7y) — N(v).

The calculation of the left approximation is dual. ([l

COROLLARY 19.
X ifpdtX <1
TaX =t X =Y if pd7X =o00,3 irred. Y — 7X,pdY <1
72X otherwise

where Y is unique up to isomorphism if it exists.

Proor. We know from Theorem 5 that t<17X = 7<;X @ I, where I is injective.
Theorem 18 shows that right P<;-approximations of indecomposables are again indecom-
posable. Hence I = 0, and the corollary follows. ([l

ExaMPLE 20. We still consider the cluster-tilting object T' given in Example 10. We
consider it as a triangulation of a marked surface as in Example 17. Let v be the arc
marked in Figure 13. Then we see that 7N () = N(7) has infinite projective dimension.
Using Corollary 19, we first look at the immediate predecessors of 77, denoted o and §.
We see that « is trapped by a triangle, but 3 is not. Hence 7«1 N () = N(5).
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