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Abstract

Let R be a connected selfinjective Artin algebra. We prove that any almost split
sequence ending at an ()-perfect R-module of finite complexity has at most four
non-projective summands in a chosen decomposition of the middle term into in-
decomposable modules. Moreover, we show that a chosen decomposition into
indecomposable modules of the middle term of an almost split sequence ending at
an R-module of complexity 1 lying in a regular component of the Auslander-Reiten
quiver has at most two summands. Furthermore, we prove that the regular compo-
nent is of type ZAy or ZA/(m"). We use this to study modules with eventually
constant and eventually periodic Betti numbers.
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Chapter 1

Introduction

The results presented in this thesis are mainly inspired by the work of Edward L.
Green and Dan Zacharia in [6] and [7]. We let R be a connected selfinjective Artin
algebra and we investigate both almost split sequences ending at an )-perfect R-
module of finite complexity and regular components containing an R-module of
complexity 1. Throughout the entire thesis we assume R is connected even though
it is not always pointed out.

In Chapter 2 we present the necessary preliminaries. The definitions and results
here are mostly basic knowledge. We have chosen to divide this chapter in three
subchapters where the first presents general notation and almost split sequences.
In the second subchapter we look at Auslander-Reiten quivers, before we in the
third and last subchapter explore properties of selfinjective Artin algebras.

Chapter 3 is divided in two subchapters. In Subchapter 3.1 we present Betti
numbers and in Subchapter 3.2 we investigate complexity.

So called -perfect modules are the main object of study in Chapter 4. Such
modules are defined in both [6] and [7], but slightly different. To give a uniform
presentation of the work we have chosen the definition in [7] and modified the
proofs in [6] so they correspond to the definition we use. Again, we have chosen to
divide the chapter in two subchapters, where we investigate respectively (2-perfect
modules and eventually 2-perfect modules.

We end our work in Chapter 5. Here, we present the main results of this the-
sis. It is divided in three subchapters, Subchapter 5.1, 5.2 and 5.3. In the first
subchapter we explore almost split sequences ending at (2-perfect R-modules of fi-
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nite complexity. The second subchapter revolves around complexity 1. It is again
divided in two sections. In the first of these sections, Section 5.2.1, we look at the
structure of a regular component of the Auslander-Reiten quiver of an selfinjective
Artin algebra containing a module of complexity 1. In the latter part, Section
5.2.2, we use this knowledge to further investigate different properties of regular
components containing modules with eventually constant and eventually periodic
Betti numbers. In Subchapter 5.3 we present some closing remarks.

To avoid writing a textbook in abstract algebra we assume that the reader is
familiar with concepts and results from the following courses taught at NTNU:
MA3201 Rings and modules, MA3203 Ring theory and MA3204 Homological al-
gebra.



Chapter 2

Preliminaries

In this chapter we introduce notation and results that is used in the later chapters.
With few exceptions, the reader is referred to other literature for proofs. What is
presented here is in some cases used without reference later in the thesis, as a result
of it being mostly basic knowledge. This chapter is divided in three subchapters
where the first introduces some definitions and results concerning Artin algebras.
In the second subchapter we investigate Auslander-Reiten quivers of Artin alge-
bras before we explore the special type of Artin algebras called selfinjective Artin
algebras in the last subchapter.

2.1 General notation and almost split sequences

In the entire thesis we let R be an Artin algebra over a commutative Artin ring k.
That is, R is a ring and we have a ring morphism ¢: k— R where Im¢ C Z(R)
and R is finitely generated as a k-module. Here, Z(R) is the centre of R. Further-
more, we assume R is a connected algebra. That is, R is not a direct product of
two algebras. We let mod R be the category of finitely generated left R-modules.
All modules in this thesis is of such kind if not stated otherwise. That is, when-
ever we say that M is an R-module, what we actually mean is that it is a finitely
generated left R-module. Moreover, mod R° is the category of finitely gener-
ated right R-modules. We let mod R be the category mod R modulo projectives.
That is, the objects are the objects in mod R. Furthermore, if M and N are
in mod R, the morphisms from M to N in mod R are Homg(M,N)/Z (M, N),
where (M, N) is the morphisms from M to N that factors through a projective
R-module. This set of morphisms is denoted Homp(M, N). Similarily, mod R is
the category mod R modulo injectives. That is, the objects are the objects in
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mod R. Further, if M and N are in mod R, the morphisms from M to N in mod R
are Hompg(M,N)/7 (M, N), where .# (M, N) is the morphisms from M to N that
factors through an injective R-module, denoted Homp(M, N). In the last sub-
chapter of this chapter we present a useful equivalence between mod R and itself
called the syzygy functor when we assume that R is so called selfinjective. This
assumption also gives us an important isomorphism between functors from mod R
to mod R which is introduced later.

Before presenting some important definitions and results we look at some notation
that is used in later chapters. If A is a finitely generated R-module we denote the
projective cover of A by P(A)—A. Further, if f is a map from A to B we let
f be the map from A/JA to B/JB where a + JA maps to f(a) + JB. Here, J
denotes the Jacobson radical of R. It is easy to show that this is a well-defined
map. Moreover N denotes the positive integers 1,2, 3, ..., also known as the natural
numbers. Note that 0 ¢ N.

We now introduce two functors that prove important in this thesis. First, we
have Homp(—, R) from mod R to mod R°?. We denote this functor by (—)* and
have the following result.

Proposition 2.1.1. [4, Proposition I1.4.3] The functor (—=)* |»r): & (R)— P (RP)
is a duality, where 2 (R) is the category of finitely generated projective R-modules.
O

Further, we define the second functor. By assumption, k£ is a commutative
Artin ring, that is, it has only a finite number of non-isomorphic simple modules
S1, 52, ..., S, We let 1(S;) be the injective envelope of S; and let I = @ ,1(5;).
We then have a contravariant k-functor D = Homy(—, I): mod k— mod k that is
a duality. This functor induces a contravariant k-functor from mod R to mod R°P.
Moreover, we have the following result.

Proposition 2.1.2. |4, Theorem 11.3.3| If R is an Artin k-algebra, then the con-
travariant k-functor D = Homy(—, I): mod R— mod R is a duality. O

We now consider M in mod R and let
f
P1 — PO — M — 0

be the minimal projective presentation of M. We apply the functor (—)* to the
morphism f and get f*:
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pr L. pr

We then denote the cokernel of f*in mod R°P by TrM, and call it the transpose of M.
We have the following result.

Proposition 2.1.3. [4, Proposition IV.1.7] Let M be in mod R. Then TrM = (0)
iof and only of M is projective. [

The transpose Tr does not induce a duality from mod R to mod R°° as we might
have hoped (in general there is not even a functor from mod R to mod R°P that
sends an object M to TrM), but some work will give us the following result.

Proposition 2.1.4. [4, Chapter IV.1] The functor Tr: mod R— mod R°? is a
duality. [

Further investigations give us the following important theorem.

Proposition 2.1.5. [4, Proposition IV.1.9]
(a) The duality D: mod R— mod R°? induces a duality D: mod R— mod R°P.

(b) The composition DTr: mod R— mod R is an equivalence of categories with
verse equivalence TrD: mod R— mod R.

O

For simplicity, in some cases we denote DTr with 7 and TrD with 7.
Irreducible morphisms play an important part of this thesis. They are defined
as follows. A morphism f: M— N in mod R is called irreducible if f is neither

a split monomorphism or a split epimorphism, and if f = st for some t: M—X
and s: X— N, then ¢ is a split monomorphism or s is a split epimorphism.

X
N

M N

The result below is used without reference in later proofs.

Proposition 2.1.6. [4, Lemma V.5.1] If f: M—N s an irreducible morphism
in mod R, then f is either a monomorphism or an epimorphism. O

Remark. Recall that if f: M— N is an irreducible epimorphism, then ¢(M) >
¢(N). We cannot have equality since this would give us an epimorphism between



6 CHAPTER 2. PRELIMINARIES

modules of equal length, that is, an isomorphism. This contradicts the assumption
that f is irreducible and therefore not split. Similarily, if f is an irreducible
monomorphism, then (M) < ¢(N).

We now present the connection between irreducible morphisms and a special type
of exact sequences called almost split sequences. To do this, we first define minimal
right (left) almost split morphisms. A morphism g: B—C'is called right minimal
if every morphism ¢’: B— B such that the following diagram commutes

is an automorphism. Similarily, we call f: A—B a left minimal morphism if
every morphism f’: B— B such that the following diagram commutes

is an automorphism.

Moreover, a morphism g: B—C'is called right almost split if it is (a) not a split
epimorphism and (b) any morphism X —C" which is not a split epimorphism
factors through ¢g. Dually, a morphism f: A—B is called left almost split if it is
(a) not a split monomorphism and (b) any morphism A—Y that is not a split
monomorphism factors through f.

Naturally, a map that is both right (left) minimal and right (left) almost split
is called a minimal right (left) almost split morphism. We now present a con-
nection between the irreducible morphisms and minimal right (left) almost split
morphisms.

Proposition 2.1.7. [4, Theorem V.5.3]

(a) Let C' be an indecomposable module. Then a morphism ¢': B'—C' is ir-
reducible if and only if there exists a morphism ¢": B"—C' such that the
induced morphism (¢',g"): B'®B"—C'" is a minimal right almost split mor-
phism.

(b) Let A be an indecomposable module. Then a morphism f': A— B’ is irre-
ducible if and only if there exists some morphism f": A—B" such that the
induced morphism (JJ:,/,): A—B' @ B" is a minimal left almost split mor-
phism. O
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We now define almost split sequences. An exact sequence

0 At .oy

is called an almost split sequence given that f is left almost split and ¢ is right
almost split. The next proposition gives us further knowledge about the structure
of almost split sequences.

Proposition 2.1.8. [4, Proposition V.1.14| The following are equivalent for an
exact sequence

0 - A - B C -0

(a

) The sequence is an almost split sequence.

(b) The morphism g is minimal right almost split.
)

(

(c

The morphism f is minimal left almost split.

d

) The module A is indecomposable and g is right almost split.
(e) The module C' is indecomposable and f is left almost split.

(f) The module C' is isomorphic to TrDA and f is left almost split.
(g) The module A is isomorphic to DTrC' and g is right almost split.

We have the following existence theorem for almost split sequences.

Theorem 2.1.9. [4, Theorem V.1.15]

(a) If C is an indecomposable non-projective module, then there is an almost
split sequence

0—e 4120 0.

(b) If A is an indecomposable non-injective module, then there is an almost split
sequence
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Further, the almost split sequences are unique in the following sense.

Theorem 2.1.10. [4, Theorem V.1.16] The following are equivalent for two almost
split sequences

f g

0——=A——=B—"+C—0
and
00— A ——= B T+ ' — 0.

(a) C =
(b) A A

(¢) The sequences are isomorphic in the sense that there is a commutative dia-
gram

with the vertical morphisms isomorphisms.

]

Before we present the next result we need to introduce some new notation. For a
fixed R-module C' we let mod R/C be a category with objects the R-morphisms
f: B—C. Further, a morphism g: f—f’ from f: B—C to f': B'—C in the
category is an R-morphism g: B— B’ such that the following diagram commutes.

B Vi
o

By

C

Similarily, for a fixed R-module A, the category mod R\A has objects the R-
morphisms f: A—>B. A morphism ¢g: f—f' from f: A—B to f': A—B’ in
the category is an R-morphism g: B— B’ such that the diagram below commutes.

§
A I
Vi B/
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Proposition 2.1.11. [4, Corollary V.1.17] We have the following for an Artin
algebra R.

(a) For each indecomposable R-module C' there is a unique, up to isomorphism
in mod R/C', minimal right almost split morphism f: B—C.

(b) For each indecomposable R-module A there is a unique, up to isomorphism
in mod R\ A, minimal left almost split morphism g: A—E.

]

Combining the previous results we get that if ¢: B'—C' is an irreducible mor-
phism ending at an indecomposable non-projective module C, and

0 - A - B - C -0

is an almost split sequence ending at C' (which we know exists and is unique in the
manner described above), then ¢’ is a summand of ¢ up to isomorphism. Further,
if ¢: B'—C' is a summand of g: B—C in the almost split sequence above, then
¢ is irreducible. Similarily, if f': A— B’ is an irreducible morphism where A is an
indecomposable non-injective module and the sequence above is the almost split
sequence starting at A, then f’ is a summand of f up to isomorphism. Moreover,
if f/: A— B’ is a summand of f: A— B in the almost split sequence above, then
f’ is irreducible. Later in the thesis we dicard writing "up to isomorphism", but
whenever we say that f’ is a summand of f it is this we mean.

In Subchapter 2.3 our main object of study is so called selfinjective Artin al-
gebras. It turns out that R being selfinjective Artin implies that the projective
and injective modules coincide. Therefore, it is of special interest to study the al-
most split sequences containing a projective-injective summand in the middle term.

Proposition 2.1.12. [4, Proposition V.5.5| Let

50— A—wpB—2ec—1y

be an almost split sequence. If B has an indecomposable projective-injective sum-
mand P, then ((P) > 2 and 0 is isomorphic to the sequence

(_ivp)T (qvj

€: 0 - JP - P& JP/S )~P/S -0

where J is the Jacobson radical and S is the socle of P. Further, i: JP— P and
j: JP/S—P/S are the natural inclusion morphisms and p: JP—JP/S and
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q: P—P/S are the natural quotient morphisms. [

We end this subchapter with a notation that is used in later chapters. Let C
be an indecomposable non-projective R-module. We then denote the number of
indecomposable non-projective summands in a chosen decomposition (into inde-
composable modules) of the middle term of an almost split sequence ending at C

by a(C).
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2.2 Auslander-Reiten quivers

In this subchapter we define Auslander-Reiten quivers of Artin algebras. The def-
initions and results in this part of the thesis can be found in [4], [2] and [9], if not
specified otherwise.

Let R be a connected Artin algebra. We now want to define the Auslander-Reiten
quiver I'p of R. First, we define ind R, a full subcategory of mod R whose objects
consist of chosen representatives from isomorphism classes of indecomposable mod-
ules in mod R. We let I'g be the quiver with vertices in one to one correspondence
with the objects of ind R, denoted [M] for M in ind R. Further, if [M] and [N]
are vertices in I'g we have an arrow [M]—[N] if and only if there exists an ir-
reducible map M——N. The arrow has valuation (a,n, @), y) When we have a
minimal right almost split morphism

MeMN G X — N
where M is not a summand of X, and a minimal left almost split morphism
M——N"y @Y

where NNV is not a summand of Y.

Remark. We have here chosen the definition from [4]. In [9], ay, v and @), y are
defined oppsite of what is done here.

The vertices corresponding to indecomposable projective modules are called projec-
tive vertices and the vertices corresponding to indecomposable injective modules
are called injective vertices. Moreover, an indecomposable module M is called
preprojective if (DTr)"M = (0) for some n € N. The vertices corresponding to
such modules are called preprojective vertices. Similarily, a module N is said to
be preinjective if there exists an n € N such that (TrD)"N = (0), and vertices
corresponding to these modules are called preinjective vertices. Further, modules
that are neither preprojective or preinjective are called reqular modules, and the
corresponding vertices are called reqular vertices. Moreover, DTr defines a bijec-
tion from the indecomposable non-projective modules to the indecomposable non-
injective modules with invers TrD. As mentioned earlier, we denote DTr with 7
and TrD with 771, Further, 7 then induces a map from the non-projective vertices
to the non-injective vertices. For simplicity, we also denote this map by 7. That is,
for all indecomposable non-projective modules X we have that 7[X]| = [7X] and
for all indecomposable non-injective modules Y we have that 771[Y] = [r71Y].
We then say that 7 is the translation of the quiver I'g. Now, the valued quiver I'p
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together with the translation 7 is called the Auslander-Reiten quiver of R.

Remark. We note that ' cannot have any loops. If it did, we would have
an irreducible morphism from a module, say M, to itself. That is, we have an
epimorphism or a monomorphism from M to M. Since {(M) < oo this would
imply the morphism being an automorphism, a contradiction to it being irreducible
and therefore not split.

We now further explore the valuation of I'gy. Assume N is a non-projective
indecomposable R-module. Let [M]|—[N]| be an arrow in I'p with valuation
(am,n, @y ) and further let [rN]—[M] be the corresponding arrow with valua-
tion (arn,n, @y pr)- We now let

0 TN MY - N -0

be an almost split sequence ending at N, where M is not a summand of Y. By the
previous definition of valuation we then see that a = a’ ), and a = ap N, that
is a y pr = ann- It takes a little more work to show that also a,n .y = a)y y, for
instance see [4, Section VII.1|. Moreover, if R is an algebra over an algebraically
closed field, then ay; n = a v, see the proof of [4, Corollary VII.2.3]. Now let

0— 7N — dF  M¥ - N -0

be an almost split sequence ending at N, an indecomposable non-projective R-
module, and the M;’s are non-isomorphic. Then, we get the following part of the
Auslander-Reiten quiver I'g:

[M;]
N ,

g w
[TN] o o [N]
K7 Q
[M]

Furthermore, an indecomposable R-module M is called 7-periodic if "M = M
for some n € N. The vertices corresponding to such modules are called 7-periodic
vertices.

In later chapters we look at parts of the Auslander-Reiten quiver called com-
ponents. It is therefore natural to define them here. We say that two modules
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M and N in ind R are related by an irreducible morphism if there exists an ir-
reducible morphism f: M——N. This relation generates an equivalence relation
if we say that a module M is related to itself by definition. An equivalence class
under this equivalence relation is called a component of ind R. So, M and N are
in the same component if and only if there exists an n € N and indecomposable
modules X; for i € {1,...,n} where X; = M and X,, = N and further an irre-
ducible morphism f;: X;— X, or an irreducible morphism g;: X, 1— X, for
each i € {1,...,n — 1}. By the previous definition of an Auslander-Reiten quiver
['s we have a corresponding component of the quiver. If all vertices in a component
are preprojective we call the component a preprojective component. Similarily, if
all vertices are preinjective we call it a preinjective component. If the component
only contains regular vertices we call it a reqular component. Such components
containing modules with some special properties is the main object of study in
Chapter 5. Finally, if we let T'g(.S) be the full subquiver of the Auslander-Reiten
quiver of R containing the isomorphism classes of regular modules, we call I'g(.S)
the stable Auslander-Reiten quiver. The components of such a quiver are called
stable components.

We now define valued translation quivers, and it follows that the Auslander-Reiten
quivers of Artin algebras are such quivers. We let I' be a quiver with vertex set
['y and set of arrows I'y. Further, we let I' be locally finite, that is, for each i € T’
there is a finite number of arrows entering or leaving 7. Now let 7/ be an injec-
tive map from a subset of 'y to I';. We denote the set of immediate predecessors
of x € Ty by 7, that is = = {y € T | there exists an arrow y—x}. Simil-
iarily, the set 2 are the set of immediate successors of z, that is, 2t = {y €
[y | there exists an arrow x—y}. If the following three conditions hold we call
['=(Ty,I'1,7,a), where T'g, I'y and 7’ is as defined above and a the valuation for
(T, T'1), a valued translation quiver

(1) T has no loops and no multiple arrows.
(2) Whenever z € Ty is such that 7/(z) is defined, then z= = 7/(z)*.

(3) If z—y is an arrow with valuation (a, b) and 7/(y) is defined, then 7/(y)—x
has valuation (b, a).

Further, if the following also holds
(4) If x € T'y is such that 7/(x) is defined, then 2~ is nonempty.

we call the translation quiver a proper translation quiver. The partially de-
fined map 7': I'y——T'g is called the translation of the valued translation quiver
['=(Ty,I'1,7,a). A valued translation quiver where the translation and its inverse
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is everywhere defined is called a stable valued translation quiver. As mentioned
above, any Auslander-Reiten quiver is a valued translation quiver when we let 7’ be
7, and further any stable component is a stable valued translation quiver. We here
note that any Auslander-Reiten quiver is locally finite. As for Auslander-Reiten
quivers we call a vertex x € I'g a projective vertex if x is not in the domain of 7/,
and furthermore if x € I is not in the image of 7/ we call it an injective vertex. A
vertex in the quiver is called periodic given 7" (x) = x for some n € N. A valued
translation quiver is called a tube if there exists exactly one 7-orbit where every
vertex x in the orbit is such that |x~| = 1 and further |{y | 7"(y) = y}| = oo for
some n € N.

We now look at an example of a valued translation quiver that will prove use-
ful in deciding the shape of regular components of the Auslander-Reiten quivers
of Artin algebras containing a periodic vertex. We let A be a valued quiver with-
out loops or multiple arrows (possibly infinite), and define ZA in the following
manner. We let the vertices in the quiver be (Z x Ag), where A is the vertices
in A. The translation in the quiver is given by 7/(n,x) = (n — 1, z). Moreover, if
a: x—y is an arrow in A we have arrows in ZA that is (n, «): (n,z)—(n,y) and
o(n,a): (n,y)—(n+1,z) for all n € Z. Further, given the valuation (a,,a;,,)
for o we have valuations (a,,,a,,) for (n,a) and (a, ,, a,,) for o(n,a). That is,
ZA is a valued translation quiver. Note, if the underlying graph of A is a tree and
it has trivial valuation, then the valued translation quiver, ZA, is independent of
orientation in A. Otherwise, it might depend on this.

Before we illustrate this for a given A we define subadditive and additive functions
for a valued translation quiver, I' = (I'g, 'y, 7/, a). A subadditive function ¢ for T’
is a function ¢: I',——N that satisfies:

L)+ 0(r'z) = ) U(y)ay. (2.1)

yexr—

for all x € I, where I'j, is the set of vertices where 7’ is defined. The function /¢ is
said to be additive if we have equality in (2.1) for all x € I,

We let I'g be the Auslander-Reiten quiver of a connected Artin algebra. As pre-
viously mentioned, a component, C, of the full subquiver I'g(5) is in fact a stable
valued translation quiver where 7/ is 7. We assume C has a periodic module.
If we let ¢ be the ordinary length function, we see that it is clearly subadditive
and we note that it is additive if and only if C is a component of the complete
Auslander-Reiten quiver. Now, assume C is a regular component of the complete
Auslander-Reiten quiver, that is, the quiver has a component containing none of
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the projective modules. So, by [4, Theorem VII.2.1], we know that R is not of fi-
nite representation type. Furthermore, by a theorem of Auslander in [11, Chapter
2.3|, we have that ¢ cannot be bounded on C. Moreover, by [9] we then know that
the component is of type ZA.,/G where G is a group of automorphisms of ZA,
It is possible to show that the only such group of automorphisms is (7"). That
is, regular components of the Auslander-Reiten quiver I'g containing a 7-periodic
module is of type ZA,/(7"), a tube. We now illustrate A and a part of the tube.

Ay

Note that A, has trivial valuation. An illustration of a part of a component of
type ZA/{T"):

NS NN N
SNSN NN
NN N N

The dashed arrows indicate the 7-translates. These will be neglected in later figures
for simplicity. For the same reason, we do not write the trivial valuations in the
quiver either. Note that since the valuation is (1,1) we know that the component
illustrates actual almost split sequences. It should also be stressed that what
here looks flat is actually "glued" together at some point, so the component takes
the form of a tube. In Subchapter 5.2 we argue why we know which maps that
are monomorphisms (indicated with a hook arrow) and which are epimorphisms
(indicated with a two headed arrow).
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2.3 Selfinjective Artin algebras

In this section we discuss selfinjective Artin algebras. An Artin algebra R is called
selfinjective if it is injective as well as projective as an R-module. All algebras in
this subchapter are of such kind, if not specified otherwise. First, we present a
characterization of selfinjective Artin algebras.

Proposition 2.3.1. [4, Proposition IV.3.1] The following are equivalent for an
Artin algebra R.
(a) R is selfinjective.
(b) An R-module is projective if and only if it is injective.
(c) R°P is selfinjective.
O

We now introduce the syzygy functor. It is a functor from mod R to mod R for an
arbitrary Artin algebra R. We introduce it here because it turns out it is an equiv-
alence when R is selfinjective. The syzygy functor, €2, is defined in the following
way. For each R-module M we choose a fixed projective cover P(M)—M and
define (M) to be the kernel of this map. Now assume there is a map f: M—N
in mod R. We then have an exact commutative diagram

| |
QM) —+ Q(N)

¥ ¥
P(M) "+ P(N)

b

M N

} }

0 0

where ¢: P(M)— P(N) exists since P(M) is projective and the morphism
P(N)—N is an epimorphism. Further, by [14, Proposition 2.71|, we have
t: QM)—Q(N) which depends on the choice of ¢g. If we instead of g
chose ¢': P(M)—P(N) we would get another map t': Q(M)—Q(N). It
is then possible to show that ¢t — ¢ € Z(QM),Q(N)), that is, ¢ — ¢/
is a morphism from Q(M) to Q(N) that factors through a projective mod-
ule.  So, we get a morphism from Hompg(M,N)— Homg(Q(M),Q(N)).
Since f € P(M,N) gives t € Z(QM),Q2(N)) we obtain the morphism
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: Homp(M, N)— Homp(Q(M),Q(N)). It is now possible to check that €2 is
a functor from mod R to mod R.

Dually, we can define the cosyzygy functor Q~': mod R— mod R. Instead of
choosing a fixed projective cover for the module M, we choose a fixed injective
envelope u: M——I(M) and let Q7 '(M) be the cokernel of u. For further de-
tails of the definition of Q! see [4, Chapter IV.3]. We can now present the result
that makes the syzygy functor especially important for selfinjective Artin algebras.
Note that mod R = mod R when R is a selfinjective Artin algebra.

Proposition 2.3.2. [4, Proposition IV.3.5] Let R be a selfinjective Artin algebra.
Then, the functors Q: mod R—s mod R and 2~ ': mod R— mod R are inverse
equivalences. [

Recall that we assume that R is a selfinjective Artin algebra. We now define
2': mod R— mod R by induction. We let Q° = 1,4z and further Q! = QO
for all 7 > 0. In the same manner, one may define Q=% for i = 0, 1, .... If we now look
at a minimal projective resolution of an R-module M we see that Q'(M) = Im 6.

. — Pi+1 5“_1 Pz E, Pi—l et — Pl 51 PO 50 M O
NSNS NS
QM QM QM

Moreover, for each f: M—N in mod R we fix a choice of ¢ representing €2 f in
mod R, and abusing notation we write €1 f instead of t. We define (2" f in a similar
fashion.

Note that we later in the thesis write Q'M instead of Q'(M) for ¢+ € Z. This is
just to avoid too many parentheses. We also recall that QP = (0) if and only if P
is projective.

Now, we look at the connection between the functor Q? and DTr. To do this we
need to define an equivalence called the Nakayama functor. The following result
is needed.

Proposition 2.3.3. [4, Proposition 1V.3.4] Let R be a selfinjective Artin alge-
bra. Then (—)* = Hompg(—, R): mod R—mod R is a duality with dual inverse
Hompger(—, R): mod R°°—mod R. O

We denote the Nakayama functor by v and it is the composition of the dualities

*

mod R mod R°P mod R.
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That is, ¥: mod R— mod R is an equivalence when R is selfinjective. We now
investigate some properties of v.

Proposition 2.3.4. Let R be a selfinjective Artin algebra and v be the Nakayama
functor. Furthermore, let M and N be R-modules and f: M—N. We then have
the following

(1) The morphism f is irreducible if and only if vf is irreducible.
(2) L(M) =L(vM). In particular, M is simple if and only if vM is simple.

(3) The morphism f is an epimorphism (monomorphism) if and only if vf is an
epimorphism (monomorphism,).

(4) The module M 1is projective if and only if vM is projective.
(5) The Nakayama functor v preserves minimal projective resolutions.
(6) The Nakayama functor v preserves almost split sequences.

Proof. This follows from properties of equivalences between module categories.
For more on such equivalences, see [1, Chapter 6]. [

The previous result is used frequently in the thesis. We now want to argue that
for an R-module M we have that QUM = vQM. We let M be an R-module and
have the following projective cover of M

0— QM — P(M) — M — 0.

We then have the following commutative diagram, where the upper sequence is
the sequence where v has acted on the projective cover of M and the sequence
below is the projective cover of v M.

0— vQM — vP(M) — vM — 0
¥

The morphism [ is an isomorphism. Then, by [14, Proposition 2.71|, k is an iso-
morphism. Note that if M is projective, then vQM = (0) = QuM. We now have
the following result.

Proposition 2.3.5. [4, Proposition IV.3.7| Let R be a selfinjective Artin algebra.

(a) The functors DTr, Q?v and vQ?* from mod R to mod R are isomorphic.
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(b) The functors TrD, Q72! and v™'Q~2 from mod R to mod R are isomor-
phic.

O]

This implies that also 7 and (2 commute on objects in mod R. That is, Q7 M =
Q%M = Q?QuM = Q*vQM = 7QM. We collect our findings in the following
proposition.

Proposition 2.3.6. Let R be a selfinjective Artin algebra and let M be an R-
module. Then, we have that

(1) vQM = QuM.
(2) QM = Q71 M.
(3) "M = QM.

Proof.
(1) and (2). These results hold from previous arguments.
(3) The result follows from (1) and the fact that 7" M = (vQ?)"M by 2.3.5.
O
We further look at a result stating that a module has finite projective dimension

if and only if it is projective. This is obviously an interesting property for selfin-
jective algebras.

Proposition 2.3.7. Let R be a selfinjective Artin algebra and let M be an R-
module. Then, M has finite projective dimension if and only if M is projective.

Proof. 1If M is projective it has finite projective dimension by definition.

Let M be an R-module with finite projective dimension, say m. Assume m > 1.
Since R is selfinjective, we know that the projective modules are injective. We
have a minimal projective resolution

OHPmﬂPm—lapm—Qa...HP14.P04.M4.0
NS
Qm=ip

So, as a result of P™ being injective, the following sequence is exact and splits
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0 — P —— pm=l — Qm-l)f —— (.

That is, P™! = P™ @ Q™ !M and furthermore Q™ 'M is projective. This
contradicts the projective dimension being equal to m (> 1). So, m = 0 and M is
projective. O

It follows from this that if an R-module M is not projective, then it has infinite
projective dimension. That is, Q"M # (0) for n > 0. Further, we know that
"M = Q" M from 2.3.6. So, then by properties of v we know that 7" M # (0)
for any n > 0. That is, there are no non-projective modules that are prepro-
jective. Dually, one may prove that there are no non-injective modules that are
preinjective. So, for a non-zero, non-projective (and therefore also non-injective)
R-module we know that 7" M # (0) for all n € Z. This is important in upcoming
proofs. We end this chapter with some results that prove useful later in the thesis.

Proposition 2.3.8. Let R be a selfinjective Artin algebra and

(f 7f 7"~7ft)T (g ,g ’~~~gt)
o ELOE®. o8 —= O —— 0

0— 7C

be an almost split sequence of finitely generated R-modules with the E;’s not nec-
essarily indecomposable and t > 1. Then,

(Qflv"'agftvf/)T (lea"'vﬂgtvg/)

0— QrC QF, & ... 0E, & P

QC —0

is an almost split sequence where P is projective. Furthermore, if P is non-zero,
it 18 indecomposable.

Proof. Let

0 - 7C - F - C -0

be an almost split sequence. Then, by [3, Proposition 5.1] it is easy to see that we
have the following commutative diagram
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0 0 0
l NT L / i
Qf.f" (Qg9,9")
0— QrC QEaP —22 L0 ——0

| ’ '
0 — P(rC) — P(rC) & P(C) — P(C) — 0

} } }

0— 10— F 0 ——0
! ! |
0 0 0

where the upper sequence is an almost split sequence, {2g corresponds to €2f and
P is projective. Furthermore, assume E decompose, say £ = E, & Ey @ ...  E
where the F;’s not necessarily indecomposable, and moreover that we have an
almost split sequence

(f )f 7"'7ft)T ( 3925--- f)
00— 70 —= B8 E®..6F —2" ¢ 0.

So, since Q(E; @ Ey @ ... ® QE;) = QF; & QFy @ ... & QFE,; and furthermore
Q(fla f27 ceey ft)T = (Qfla Qf27 "'7th)T we have that

Qf1 U fs fT Qq1...091.9"
@ ftf)QEl@...@QEt@P(g1 99

is an almost split sequence where the (g;’s correspond to the Qf;’s.

Now, assume P # (0) and P = P, & P, @& ... ® P, where each P, is non-zero,
indecomposable and n > 2. Then, by 2.1.12, we know that ¢ is isomorphic to

0 - JP, - P ®JP /S —— P /Si —— 0

where S is the socle of P, and J is the Jacobson radical. So, P, is a summand of
JP;/S; and therefore

But, similarily 0 is isomorphic to

O 'JPQ 'PQ@JPQ/SQ%PQ/SQ%O.
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That is, by the same argument as above, {(P;) < ¢(P;), a contradiction. So, n =1
and P is indecomposable. O

We also have the following consequence of the proposition.

Corollary 2.3.9. Let R be a selfinjective Artin algebra. Then, the number of in-
decomposable non-projective summands appearing in a chosen direct decomposition
(into indecomposable modules) of the middle term of an almost split sequence is
invariant under €.

Proof. The result follows from 2.3.8, the fact that QP = (0) if and only if P is
projective and that no syzygy of a non-projective module is projective. ]

Remark. If f: A— B is an irreducible morphism with either A or B inde-
composable and neither is projective, we know from 2.3.8 and Chapter 2.1 that

Qf: QA—QB is irreducible.

We now let f: A— B be an irreducible morphism with either A or B indecom-
posable and neither is projective. We have a commutative diagram

0 0
b
QA —— OB
} {

P(A) -~ P(B)
f

04—‘;&&

}
B
|
0

and recall that we fix a choice t representing €2 f in modR and call it 2f. We now
know that this is an irreducible morphism. If we chose another ¢’ representing 2 f
this will also be irreducible. Since either ((QQA) > ((QB) or ({(NA) < £(2B) we
see that ¢ is an epimorphism (monomorphism) if and only if ¢’ is an epimorphism
(monomorphism). So the property epimorphism/monomorphism is preserved for
whatever choice of €1f.

In chapter 4 we define ()2-perfect modules. We prove that if an indecomposable
non-projective module C is Q-perfect, then 22C' cannot be simple. The following
proposition then gives us information about the almost split sequence ending at
QC.
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Proposition 2.3.10. |6, Lemma 2.3] Let R be a selfinjective Artin algebra. If

0—A—B——C—0

1s an almost split sequence of R-modules with

0 QA ~-QB@ P - QC =0

an almost split sequence with P a non-zero indecomposable projective-injective R-
module, then Q*C and 7C = A are simple R-modules.

Proof. Assume we have the almost split sequence

0 - A ~-QB® P QcC 0

with P # (0). By 2.1.12 we know that the only almost split sequence (up to isomor-
phism) containing a non-zero indecomposable projective-injective as a summand
in the middle term is

0 - JP - P®JP/S - P/S - 0

where J is the Jacobson radical and S is the socle of P. This gives us that QC' is
isomorphic to P/S, that is QC = P/S, and by [4, Theorem IV.3.6] we know that
Q(P/S) 2 Q(QC) = Q*C . Since P is indecomposable, we know that the socle is
simple from [4, Proposition 11.4.1]. We want to show that the projective cover of
P/S is

0 - S - P fvP/S - 0.

First, recall that P cannot be simple by 2.1.12. Moreover, since S C JP we know
that J(P/S) = JP/S. So, (P/S)/J(P/S) = P/JP and then by [4, Proposition
[.4.3] we know that f is a projective cover.

That is, Q2C = Q(P/S) = S, so Q2C is simple. Further, 7C' = vQ2*C by 2.3.5.
The Nakayama functor preserves simple modules by 2.3.4, so we then know that
7C' is simple. O

We recall the definition for DTr (7) and let f: M—N be in mod R. Similarily
as we did for Q0 f we fix a choice representing 7 f in mod R and denote it 7f also in
mod R. With this in mind we continue with another proposition that is important
in the thesis.
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Proposition 2.3.11. Let R be a selfinjective Artin algebra. Let

(f1,f2y )T (91,92,---9¢)

00— 7C EOE ... DE - C -0

be an almost split sequence of finitely generated R-modules with the E;’s not nec-
essarily indecomposable and t > 1. Then,

(Tf1yest fe, )T (T915--79¢,9")

TElEB-.-@TEtEBP

0— 72C 7C —0
1s an almost split sequence with P projective. Furthermore, if P is non-zero, it is
indecomposable.

Proof. The result follows from 2.3.8, 2.3.4 and 2.3.5. O

We have the following immediate consequence.

Corollary 2.3.12. Let R be a selfinjective Artin algebra. Then, the number of in-
decomposable non-projective summands appearing in a chosen direct decomposition
(into indecomposable modules) of the middle term of an almost split sequence is
invariant under T.

Proof. The result follows from 2.3.11, the fact that 7P = (0) if and only if P is
projective and that there exists no n > 0 such that 7" M is projective where M is
non-projective module.

[]

Remark. If f: A— B is an irreducible morphism with either A or B indecom-
posable and neither is projective, we know from 2.3.11 and Chapter 2.1 that
T7f: TA—7B is irreducible.

We now look at the correspondence between the modules and the morphisms in
almost split sequences ending at Q2"C and 7"C for n > 0. This is of great impor-
tance in Chapter 4 and 5.

Proposition 2.3.13. Let R be a selfinjective Artin algebra and let

(flvf? 77777 ft)T (917921---7915)

0—— 7C ELoE,d...0F - C -0

be an almost split sequence ending at C' with the E;’s not necessarily indecomposable
andt > 1. Then, for n > 1 we have that
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(1) The number of indecomposable non-projective modules in a chosen direct
decomposition (into indecomposable modules) of the middle term of an al-
most split sequence ending at Q*"C is equal to the number of indecomposable
non-projective modules in a chosen direct decomposition (into indecompos-
able modules) of the middle term of an almost split sequence ending at 7"C'
forn > 1.

(2) An almost split sequence ending at Q*"C has a mon-zero projective mod-
ule in a chosen direct decomposition (into indecomposable modules) of the
maddle term if and only if an almost split sequence ending at T"C has a non-
zero projective module in a chosen direct decomposition (into indecomposable
modules) of its middle term.

(3) Q¥ f; is an epimorphism (monomorphism) if and only if T f; is an epimor-
phism (monomorphism).

(4) Q2"g; is an epimorphism (monomorphism) if and only if T"g; is an epimor-
phism (monomorphism).

Proof. We have an almost split sequence ending at C

(f17f27"'7ft)T (917927"'7gt)
EIEBEQEB@Et > C ‘O (22)

0—— 7C

and then by repeating 2.3.8 we have an almost split sequence ending at Q?"C

Q2"g1,...00%"gs,9")

Q20— 0
(2.3)

(Qan ..... Qan ,f’)T
0 —— QrC - ! OB @ .. .eO"E, @ }S

with P indecomposable, projective. Furthermore, by 2.3.4 we know that applying
V" gives another almost split sequence

w2 fr, o )T (" 02gy,...v"g')

0 — Q%1 C VOB S .. e Vvt P

2 C —— 0

with v P indecomposable, projective. We also know from (2.2) and 2.3.11 that
we have an almost split sequence

1(Tnf1:-~~77'nft7f”)T (79157 gt,9")

00— i ™E, ®.. T E, PP ™C -0

with P’ indecomposable, projective.
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(1) Assume the E;’s in the almost split sequence (2.2) are indecomposable. If
E; is projective for some i € {1,...,t}, then Q*"E; = (0) and 7"F; = (0). If
not, Q*"E; # (0) and 7"F; # (0) for n > 1 and both are indecomposable by
[4, Proposition 1V.3.6]. Furthermore, neither Q?"FE; nor 7" FE; is projective.
From the almost split sequences (2.3) and (2.4) we have our result.

(2) First, we recall that none of the non-zero Q*"E;’s, v"Q*"E;’s and 7" E;’s can
be projective and furthermore that Q*"E; = (0) <= v"Q*E; = (0) <~
™ E; = (0). By 2.3.6, we know that 7°C = v"Q?"C'. Moreover, by 2.1.10, we
know that an almost split sequence ending at 7"C = v"Q?"C' is unique up to
isomorphism. So, we therefore know that v P # (0) if and only if P’ # (0).
By 2.3.4, we then have that P # (0) if and only if P’ # (0) which is what
we wanted to show.

(3) Let fi: TC—E;. If E; is projective, then Q*"E; = (0) and 7"E; = (0), so
then Q%" f; =0 = 7"f,.

Now, assume E; is not projective. We then know that 77 f; and Q*"f; are
irreducible morphisms by respectively 2.3.11 and 2.3.8. Moreover,

U C) = E(V”QQ"TC) = 6(92”70)
and
UTE;) = K(V"QQ”Ei) = E(QQ”EZ-)

by 2.3.4 and 2.3.6. So, therefore {(7"7C') > ((7"E};) if and only if £(Q*"7C') >
(Q2"E;). In other words, 7" f; is an epimorphism if and only if Q2" f; is an
epimorphism. We know that the morphisms are irreducible, so it follows that
7" f; is a monomorphism if and only if 2" f; is a monomorphism.

(4) The result follows from a length argument similar as the one in (3).

]

Remark. In the previous proposition we emphasized that we chose a direct de-
composition into indecomposable modules of the middle term of an almost split
sequence. In the upcoming chapters we may neglect writing this, and only re-
fer to a chosen decomposition of the middle term. However, the reader should
recall that it is a direct decomposition into indecomposable modules we actually
mean. It should also be a well known fact that the number of indecomposable
non-projective summands is equal no matter what decomposition we choose.



Chapter 3

Betti numbers and complexity

The aim of this chapter is to introduce the reader to the concepts of Betti numbers
and of complexity. In the first part we focus on Betti numbers, and in the latter
part we explore complexity and some important properties that we use in later
proofs. We assume R is a connected selfinjective Artin algebra and all R-modules
in the chapter are finitely generated.

3.1 Betti numbers

We now define Betti numbers.

Definition 3.1.1. [6] Assume R is a selfinjective Artin algebra. If M is a finitely
generated R-module, and if

) )
4>P242>P141>P040>M4>0

is a minimal projective resolution of M, the i-th Betti number of M, 5;(M), equals
the number of indecomposable summands in a chosen direct decomposition of P*
into indecomposable modules.

In the following proposition we explore some properties of the Betti numbers of a
finitely generated R-module M.

Proposition 3.1.2. |Properties of Betti numbers| Let R be a selfinjective Artin
algebra and M be an R-module. Then we have the following

(1) Bi(M) = Bi(vM) for alli > 0.
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(2) If M is a non-projective module, then Bi;(M) = B:( M) for all i > 0 and
j>o.

(3) If M is a non-projective module, then f;19;(M) = B;(T7? M) for all i > 0 and
J=0.

(4) Let d = max{l(Re;)}, the mazimal length of all the indecomposable projec-
tive R-modules. Then, ((X'M) < d'-B3;(M) for alli > 0. Furthermore, if M
18 mon-projective the inequality is strict.

Proof.

(1) The Nakayama functor preserves minimal projective resolutions by 2.3.4.
The result then follows.

(2) Let

- — pitl > PJ » pi-1 — ... — pl
NSNS NS
QItLM QM QM

PO — M —0

be a minimal projective resolution of M. Recall that we know that the pro-
jective dimension of M is infinite by 2.3.7. Since P? — M is a projective
cover by the definition of minimal projective resolutions, we have a minimal
projective resolution of % M

It then follows that 5;1;(M) = B;(¥YM) for all i > 0 and j > 0.

(3) By 2.3.6, we know that 7/ M = 13Q% M. This and the results from (1) and
(2) then give us the following
5i(TjM) = 5z‘(VjQ2jM) = Bz‘(QQjM) = Bivoj(M)
which is what we wanted to show.
(4) First, we assume M is projective. Then, Q‘M = (0) and 5;(M) = 0 for

i > 1. That is, the inequality holds when i > 1. If i = 0, then P° = M and
we know that £(Q°M) = (M) < d - Sy(M).

Now, assume M is not projctive. Given the minimal projective resolution of
M

. sz‘—f—l ‘Pi Pi—lg,... Pl ~p0 M —0
NSNS NS
Qi—i—lM QiM QM
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we get that £(QM) + £(Q'M) = ((P?) for i > 0. So, since we know that
QLM £ (0) we have that £(Q M) < ((P) < d' - B;(M).

m
We now explore some properties of the maximum of all the Betti numbers of a non-

projective R-module M with bounded Betti numbers. We denote this by (M),
that is 6(M) = maXizo{Bi(M)}.

Proposition 3.1.3. Let R be a selfinjective Artin algebra and let M be a non-
projective R-module with bounded Betti numbers. Then we have the following

(1) B(YM) < B(M) for alli > 0.

(2) B(T"M) < B(M) for alln > 0.

(3) The length of M is bounded by B(M) - d', where d = max{l{(Re;)}, the
maximum length of the indecomposable projective R-modules. In particular,
(M) < B(M)-d.

Proof.

(1) Let

.Hpi—f—l ‘Pi Api—lg,...g,Pl POHMAO
D NS

QM QM QM

be a minimal projective resolution of the non-projective module M. Recall
that we know that the projective dimension of M is infinite by 2.3.7. As
before, we have a minimal projective resolution of ‘M

©—= Pl — Pl — QIM — 0.

for i > 0. If a direct decomposition into indecomposable modules of one (or
more) of the modules {P°, P!, ..., P"~!} has more summands than a similar
decomposition of any of the modules P!, P ... we know that S(Q'M) <
B(M). If not, B(Q'M) = B(M). In total, 3(Q'M) < B(M).

(2) From (1) we know that (M) < B(M) for all i > 0. Further, from 3.1.2 we
know that f;(vM) = ;(M) and therefore also f(vM) = S(M). Combining

these results and applying 2.3.6, we are done.
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(3) From the minimal projective resolution of M we know that ¢(QM)+ (M) =
¢(P°) and QM # (0). Further, we then have the following

(M) < 6(P°) < Bo(M)-d < B(M)-d

and we are done.

]

In the next subchapter we present complexity. We then look at how the Betti
numbers of an R-module M is bounded by polynomials.
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3.2 Complexity

We now define complexity and explore some important properties.

Definition 3.2.1. [7] Let n be a nonnegative integer. We say that the complexity
of a finitely generated R-module M is at most n if 3;(M) < ¢i"!, for some ¢ € Qs
and all sufficiently large ¢, that is, for all i > 0. We denote this by cx(M) < n.
Further, the complezity of M is n, cx(M) = n, if ex(M) <n, but ex(M) £ n — 1.
If no such n exists we say that the complexity of M is infinite.

The results in the following proposition concern complexity and are of importance

in later proofs.

Proposition 3.2.2. [Properties of complexity| Let R be a selfinjective Artin alge-
bra, and M and {M;}¥_, be R-modules. Then we have the following

(1) ex(M) = 0 is equivalent to M being of finite projective dimension, and as a
consequence projective.

(2) cx(M) =1 is equivalent to M being of infinite projective dimension and that
there exists a b € Qg such that B;(M) < b for all i > 0.

Let M be non-projective, then cx(QVM) = cx(M) for all j > 0.
Let M be non-projective, then cx(tM) = cx(M).
ex(@F_, M;) = max{cx(My), ex(My), ..., ex(My)}.

6) [6, Lemma 2.1] If

o~ o~ o~ o~
~— ~— ~— ~—

O4>A14>A24>A34>0

is a short exact sequence of R-modules, then for each i, we have cx(A;) <
max{cx(A;), cx(Ag)}, where {i,7,k} ={1,2,3}.

(7) ex(M) < max{cx(S) | S a composition factor of the composition series of M}.

Proof.

(1) Assume cx(M) = 0. Then, for all i > 0, B;(M) < ci™!, where ¢ € Q.
Since lim; o, ¢ = 0, the module M has finite projective dimension and is

projective by 2.3.7.

Now assume the projective dimension is finite, so M is projective, again by
2.3.7. Then obviously for ¢ > 1 we have that 0 = 3;(M) < c¢i™! for some
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¢ € Qx9, so cx(M) = 0. Note, we do not have to check that ex(M) £ 0—1
since the complexity always is a nonnegative integer.

Assume cx(M) = 1. Since cx(M) # 0, the projective dimension is in-
finite by (1). Moreover, for all i« > 0, 5;(M) < ci'™! = ¢ for some
¢ € Q-p. We have a finite number of Betti numbers of M that are not
neccessarily bounded by ¢, say {Bo(M),1(M),...0—1(M)}. That is, we
choose b = max{c, Bo(M), ..., Bi_1(M)}. So, there exists a b € Q¢ such
that £;(M) < b for all i > 0.

Now assume that M has infinite projective dimension and that there exists
a b € Qs such that 8;(M) < b for all i > 0. We have that 3;(M) < bit!
for all ¢ > 0, and therefore cx(M) < 1. Since the projective dimension is
infinite, cx(M) # 0 by (1), hence cx(M) = 1.

We begin by proving that the non-projective module M has finite complexity
n if and only if M has finite complexity n. First, assume M has finite
complexity n. That is, for all i > 0, we have that 3;(M) < cyi"~ ! where
car € Qso, and we cannot find a ¢ € Qs, such that B,(M) < ck»~D=1 for
all k > 0. By 3.1.2 we have ;1 ;(M) = 3;(Q¥M), for i > 0 and j > 0. So,
using the Binomial theorem found in [5], for all ¢ > 0, we have that

n—1

Z'n—l + (n l)in_lj N (Z:é)in—ljn—Q + (n71>in—1jn—l)

n—1

n l)infl + (n;l)ianj o+ (Z:;)Zjan + (n—l)jnfl)
1

)
D )i+ ()" () )

Qi m

We have now found a cqiy € Qs such that 3;(M) < cqipi™ ! for all
i >0, so cx(QVM) < n.

We want to show that cx(Q/M) £ n — 1. Assume cx(QM) < n — 1. Then
Bi(¥ M) < iD= for some ¢ € Q¢ and for all i > 0. But then

Big(M) = B{(Y M) < iCD!
S C/(Z' +j)(n_1)_1

for all i > 0, a contradiction to cx(M) = n. So, cx(M) = n < oo implies
that cx(QYM) = n < oo for all 7 > 0.
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Now, assume €M has finite complexity n. That is, for all 7 > 0 we have
that 3;(Q'M) < ai™! with a € Qs¢ and we cannot find a @’ € Q- such
that 3 (M) < a'l™ D=1 for all I > 0. By 3.1.2, Bi(Q¥ M) = B;;;(M) for
all > 0 and j > 0. That is, for all 7 > 0 we have that

Biri(M) = B;(¥M) <ai" ' <ali+j)" "
That is, cx(M) < n.

We now want to show that cx(M) € n — 1. Assume cx(M) < n — 1. That
is, given j > 0, for all i 3> 0 we have that 8;,;(M) < (i + 7)Y~ with
” € Qs¢. Then, we know that for a 7 > 0 and for all 7 > 0 we have that

Bi(Y M) = Biy;(M)
< C//(i—i—j)(n_l)_l.

So, using the Binomial theorem in a similar manner as before, we see that
ex(Q M) <n —1, a contradiction. That is, cx(M) = n.

So, the non-projective module M has finite complexity n if and only if /M
has finite complexity n. So, using the previous we also have that M has
infinite complexity if and only if /M has infinite complexity.

(4) By 3.1.2 we know that f5;(vM) = B;(M), so cx(vM) = cx(M). Further,
by (3) we have that cx(Q*M) = cx(M). In total, using 2.3.5, we have that
ex(TM) = ex(vP M) = cx(Q*M) = cx(M).

(5) We first assume that M, has finite complexity n; and furthermore that it is
the maximum of {cx(M), cx(Ms), ..., cx(Mg)}. We prove that this implies
that @leMj has finite complexity n; as well. Since n; is finite we know that
cx(M;) is finite for each j € {1,...,k}, so, cx(M;) = n; with 0 < n; < oo.
Then, for all © > 0

Bi(@?lej) = Bi(My) + Bi(Ma) + ... + Bi( M)
< epni™ TN+ eani™ T A+ epg i
S C]\/[lZ'nt_1 + CMQint_l + ...+ CMkint_

= (C]\/[1 +cp, + .+ CMk) gl

. J
-~

CM ..M

-1

1

where ¢y, is in Qs for j € {1,...,k}. So, cx(@?lej) < ny.
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Assume that cx(®f_,M;) < ny — 1. Then, By(®_M;) < cst™=D71 for
some ¢ € Q- and for all s > 0. So, for all s > 0 we have that

Bs(Mt) S ﬂs(Ml) + 55(M2) + ...+ Bs(Mk)
= Bs(ea?:le)

< eglm—h—1

a contradiction to cx(M;) = ny. So, ex(®F_, M;) = ny.

Now, we assume that cx(@é?:le) is finite and equal to n. Furthermore,
let M; be such that cx(M;) = max{cx(M;), cx(Ms), ...,cx(Mg)}. We now
want to show that n = cx(M;). For all i > 0 and for some ¢ € Qo we have
that

Bi (M)

IN

Bi(My) + Bi(Ms) + ... 4 B;( M)
Bi(@fﬂMj)

Cin_l

IN

So, cx(M;) < n.

Now, assume cx(M;) < n—1. Then, since cx(M;) = max{cx(M;), ..., cx(My)},
we know that cx(M;) < n —1for j € {1,...,k}. That is, for all i > 0 we
have that

@'(@?:1]\/[]') = Bi(My) + Bi(Ms) + ... + 5 (M)
S CMli(nfl)fl _i_CMQZ-(nfl)fl + . _i_chi(nfl)fl

= (C]\/[1 —+ CM,y + ...+ CMk) Z'(nil)il

(. S/

Vv
CM | ®...0 M,

where cyy; is in Qs for j € {1,...,k}. So, CX(EB;‘?:le) <n — 1, a contradic-
tion. So, cx(M,;) = n.

Using the previous, we also have that CX(@;?:le) is infinite if and only
if max{cx(My), ..., cx(Mj)} is infinite.

Let
04>A14>A24>A34>0

be an exact sequence. If A; is projective and therefore injective we know
that cx(A;) = 0 by (1) and furthermore the sequence splits. That is,



3.2. COMPLEXITY 35

Ay =2 A & Az and using (5) we have that cx(As) = cx(4; & A3) =
max{cx(A),cx(A3)} = cx(Az). That is, cx(Ay) = cx(A3) and for each 1,
we have cx(4;) < max{cx(4;), cx(Ay)}, where {7, j, k} = {1,2,3}.

By a similar argument, assuming that As is projective also implies that
for each i we have that cx(4;) < max{cx(A4;),cx(A)}, where {7, j,k} =
{1,2,3}.

So, in the cases where either A; or Aj is projective we have our result. That
is, we assume A; and Az are non-projective in the remaining part of the
proof. We first show that for the given short exact sequence, cx(As) <
max{cx(A4;),cx(As3)}. Given minimal projective resolutions of A; and Aj

"4>P1HP04>A14>0
Q1 — Qo — A3 —— 0

the following diagram commutes

o

0 P—P®Q —Q —0
| } }

0 Po—FP®Qy— Qo —0
| } }

O 'Al 'A2 'A3 '0
} } b
0 0 0

For details, see Horseshoe Lemma [13, Lemma 6.20]|. The diagram gives us
a projective resolution of A,, not necessarily minimal. So, we know that
Bi(Az) for i > 0 is less than or equal to the number of summands in a direct
decomposition of P; @ ; into indecomposable modules. That is, 3;(As) <

Bi(Ar) + Bi(As).

We may assume that cx(A;) and cx(A3) are finite, or else the inequality
cx(Az) < max{cx(A;),cx(A3)} holds trivially.

Assume cx(A;) = ny and cx(Az) = n3, where n; and ng are nonnegative
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integers. We assume that n; < nz. Then, for all i > 0, we have that

Bi(Az) < Bi(Ar) + Bi(As3)
S Clinlil + C3Z'n371
S Cling_l +03Z'n3—1
= (Cl + 63)2'77,3—1
for some ¢, ¢35 € Qxp, so cx(Az) < n3. That is, in this case we have that

that cx(Az) < ng = max{cx(A4;),cx(A3)}. The same argument holds in the
other case where ns < ny.

We now want to show that cx(A;) < max{cx(A4;),cx(A2)}. We have the
following commutative diagram

0 0
L
00— QA — QA3 & P — Cokera — 0
' '
0 —— P(Ay) = P(Ay) 0
v g '
0— 4 - Ay - A3 -0
} }
0 0

The construction goes as follows. We start with the exact sequence and
the projective cover of A;. We can then define the map gp: P(As)— A3
such that the lower square commutes. Further, gp is an epimorphism, so
Ker gp = QA3 ® P, where P is projective. By |14, Proposition 2.71|, we then
have a map a: QA;—QA3 @ P such that the second square commutes as
well and thus « is a monomorphism. By Snake Lemma [13, Theorem 6.5,
we have that Cokera = A;, and furthermore we have the following exact
sequence

Now, if Aj is projective, QA5 = (0), so then QA3 & P = A;. That is, by (1),
(3) and (5) we have that cx(A4;) = cx(QA; & P) = max{cx(QA43),cx(P)} =
cx(A4;s) = cx(A;3). So, for each i, we then have that cx(4;) <
max{cx(4,), cx(Ag)}, where {7, 5, k} = {1,2,3}.

That is, we assume Ay is non-projective in the remaining part of the
proof. Looking at the short exact sequence (3.1) and using the previ-
ous arguments we get that cx(QAs & P) < max{cx(QA4s),cx(A;)}. By
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(3), we know that cx(24;) = cx(Az) and cx(QA3) = cx(A;) and further
cx(QA3 @ P) = max{cx(QA43),cx(P)} = cx(243) by (5). Combining these
results we get that cx(A3z) < max{cx(As),cx(A;)}.

It now remains to show that cx(A;) < max{cx(As), cx(As)} with A;, As and
Ajs all non-projective. We have the exact sequence

O"QAQ"QAg@P"Al%O

and we can construct the following commutative diagram in the same manner
as we did above

0 0
oo
OQQ(QAg)%QAl@P/HCOkGI‘B%O
Y '
' '
O"QAQ"QA:;@P A1 ‘O
} }
0 0

where P’ is projective. So, Coker f = QA,, and like before from the up-
per exact sequence and the above argument we get that cx(Q24; & P') <
max{cx(Q?A43), cx(Q4,)}. By (1), (3) and (5), we can conclude that cx(A;) <
max{cx(Asy), cx(A;s)}.

Let
(0>:Mn+1gMngMnflggMQQMlgMOIM
be the composition series of M. We have a short exact sequence

0—— Mn - Mn—l - Mn—l/Mn

0.
By (6) we have that

ex(M,—1) < max{cex(M,), cx(M,_1/M,)}.
Moreover, we again have a short exact sequence

0—— Mnfl - Mn72 - Mn—Q/Mn—l —0
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and furthermore

ex(My,_2) < max{cex(M,_1),cx(M,_o/M, 1)}
< max{cx(M,), cx(My—1/M,), cx(M,_o/M,_1)}.

So,
0 M, - My

My_1/ M

0

is a short exact sequence for each k € {1,...,n} and by induction we have
that

ex(M) < max{cx(M,), cx(Mp—1/M,), cx(M,_o/M), ...,cx(M/M)}

which is what we wanted to show.

]

We now want to show that a module of complexity 1 have a common bound for
the lengths of all its syzygies.

Proposition 3.2.3. Let R be a selfinjective Artin algebra and let M be an R-
module of complexity 1. Then, there is a common bound for the lengths of all its

SYzygies.

Proof. By 3.2.2 and 2.3.7, M is non-projective and has bounded Betti numbers,
that is £,(M) < b for all n > 0 where b € Q. Further, by 3.1.2, we know
that £(Q"M) < d' - B,(M) for n > 0 where d' = max{l(Re;)}. So, {(Q"M) <
d - (M) <d-bforall n >0, and we have found a bound for the lengths of the
syzygies of M. O]

The next result gives us information about the complexity of 7-periodic modules.

Proposition 3.2.4. Let R be a selfinjective Artin algebra, and let M be an R-
module. If M is T-periodic, then cx(M) = 1.

Proof. By assumption, M is 7-periodic, that is 7"M = M for some n > 1. The
module M cannot be projective, because if it was, 7M = (0). So, it has infinite
projective dimension by 2.3.7. Further, 7"M = v"Q*"M by 2.3.6 and we then
have that Q?"M = y~"M. So, looking at a minimal projective resolution of M

'%V_HPOHPZH_IA'” Pl PO M ;0
NS NS
v"M QM
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we see that b = max{fy(M), ..., Ban—1 (M)} gives B;(M) < b for all i > 0 by the
properties of v. That is, cx(M) =1 by 3.2.2. O

We end this chapter with a proposition in which we investigate the connection
between the complexities of the non-projective modules in a component of the
Auslander-Reiten quiver of a selfinjective Artin algebra. It should be noted that
we say we have a module M in a component of the Auslander-Reiten quiver, but
what is meant is actually that a representative of the isomorphism class of M is
in the corresponding component of ind R. This sloppy notation is used in the rest
of the thesis. It should also be noted that whenever we say that a module is in a
component of the Auslander-Reiten quiver, the module is obviously indecompos-

able.

Proposition 3.2.5. [6, Proposition 2.2| If R is a selfinjective Artin algebra and
C 1is a component of the Auslander-Reiten quiver of R, then all the non-projective
modules in C have the same complexity.

Proof. Let
00— TM — @By — M —0

be an almost split sequence ending at a non-projective R-module M in C where the
By’s are indecomposable. Now, assume B; is non-projective for some j € {1, .., s}.
By 3.2.2, we have that

cx(Bj) < max{cx(By),...,cx(By)} = cx(®j—1 Br) < max{cx(7M),cx(M)}.

Furthermore, again by 3.2.2, we have that cx(7M) = cx(M), so cx(B;) < cx(M).
Moreover, since B; is non-projective by assumption, we have an almost split se-
quence ending at B,

0— 7B —TM®B— B; —— 0
where B is an R-module, not necessarily indecomposable. Again, using 3.2.2 we
get that
ex(M) = ex(tM) < max{cx(TM),cx(B)} = cx(tM & B) < max{cx(7B;), cx(B;)}.

The fact that cx(7B;) = cx(B;) by 3.2.2 then implies that cx(M) < cx(B;).
That is, cx(M) = cx(B;). Thus, for all the non-projective By’s we have that
ex(By) = ex(M).

Repeating this argument, we are done.
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That is, we know that all of the modules in a regular (or stable) component of the
Auslander-Reiten quiver of a selfinjective Artin algebra have the same complexity.
Applying 3.2.2 we then see that if one module in such a component has bounded
Betti numbers, then all modules in the component have bounded Betti numbers.
We are now ready to define 2-perfect maps and modules. This is the main subject
of Chapter 4.



Chapter 4

()-perfect modules

This chapter focuses on Q-perfect modules. Both [6] and [7] define Q-perfect
modules, but slightly different. Here, we use the definition found in [7] since this
makes it possible to present the results in a uniform way. We start by presenting
the chosen definition of 2-perfect modules and some related results. In the second
and last part of the chapter we present eventually Q-perfect maps and modules.
In the entire chapter, R is assumed to be a connected selfinjective Artin algebra if
we have not specified otherwise and all R-modules are finitely generated.

4.1 Definition and properties

We need to introduce Q2-perfect irreducible maps to be able to define 2-perfect
modules.

Definition 4.1.1. 7] An irreducible morphism g: B—C' is called an Q-perfect
morphism if for all n > 0 the induced maps Q"g: Q" B—Q"C" are all monomor-
phisms or all epimorphisms.

So, if an irreducible morphism g is (2-perfect, we know that 2"g is an Q-perfect
morphism for all n > 0 as well. We now give the definition of {2-perfect modules.

Definition 4.1.2. [7] An indecomposable R-module C'is called an Q-perfect mod-
ule if it is non-projective and every irreducible map B—C and every irreducible
map 7C'— B is 2-perfect.

So, whenever we mention {2-perfect modules they are obviously indecomposable. It
should be noted that B in the chosen definition is not necessarily indecomposable.
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In [6], B is assumed to be indecomposable. The definition of Q-perfect modules in
[6] also requires that no syzygy of C' or C' itself is simple. We later prove that our
chosen definition gives us that 2"C' cannot be simple for n > 2. First, we present
a direct consequence of the definition.

Proposition 4.1.3. Let R be a selfinjective Artin algebra and let B be an Q-perfect
R-module and A an R-module, not necessarily indecomposable.

(1) If an irreducible morphism g: A— B is an epimorphism (monomorphism),
then so is an irreducible morphism Q™" A—Q™ 71" B with n > 0, m > 0.

(2) If an irreducible morphism f: TB—A is an epimorphism (monomorphism),
then so is an irreducible morphism QM " ' B—Q™1" A with n > 0, m > 0.
Proof.

(1) Assume B is Q-perfect and that g: A— B is an irreducible epimorphism.
Then, for m > 0, n > 0, by definition Q"+?"g: QM2 A Q™" B is an
epimorphism. That is £(Q™*"A) > ((Q™*"B). Now, by 2.3.4 and 2.3.6 we
know that

(T A) = (2 A) > ((QTB) = (7" B),

So, an irreducible morphism Q"7"A—Q™7" B is an epimorphism.

A similar length argument holds in the case where g: A— B is an irreducible
monomorphism.

(2) Assume B is Q-perfect and that f: 7TB—A is an irreducible epimorphism.
Then, for m > 0, n > 0, by definition Q™27 f: Qm+2"rB—(O™+27 4 is an
epimorphism. That is £(Q™"?"7B) > ((Q™T2"A). Now, by 2.3.4 and 2.3.6
we know that

UQPTHB) = (Q T B) > QT A) = Q7 A).

So, an irreducible morphism Q™71 B—O™7" A is an epimorphism.

A similar length argument holds in the case where g: A— B is an irreducible
monomorphism.

m
As previously mentioned, we want to prove that another consequence of our cho-

sen definition is that Q"C' cannot be simple for n > 2. To do this, we first need
the following four results. Note that the first one holds for all Artin algebras, not
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necessarily selfinjective.

Lemma 4.1.4. |6, Proposition 2.5| Let R be an Artin algebra and

g

0 - A - B - C -0

be a short exact sequence of R-modules with g irreducible and A non-simple. Then

(1) We have a split ezact sequence

0——~ AJJA— BB Clic——0.

(2) JA=ANJB, where J is the Jacobson radical of R.

Proof. Let

!
0— A

B—Yv(C——0

be a short exact sequence of R-modules where ¢ is irreducible. The module A is
indecomposable since it is the kernel of an irreducible epimorphism by [4, Propo-
sition V.5.7]. Then, using [4, Proposition 1.3.1], we know that A being non-simple
implies that (0) # JA C A. We can factorize the irreducible morphism ¢ in the
following way

B/f(JA)
7y N

B C

where s is defined such that for b € B we have b — b+ f(JA) and further ¢ is
defined such that for b + f(JA) € B/f(JA) we have b+ f(JA) — g(b). The
factorization, g = ts is well-defined since f(JA) C Im f = Kerg. The map f is a
monomorphism, so since JA # (0), we have f(JA) # (0). The modules have finite
length, so since ¢(B/f(JA)) < {(B), the morphism s cannot be a monomorphism.
This implies that ¢ is a split epimorphism by the definition of an irreducible map.

We now want to investigate a short exact sequence containing t. We know that
Im f =Kerg. Let a € A, then
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where f: A/JA — B/f(JA) is defined by f(a + JA) = f(a) + f(JA). So, then
Im f C Kert. We now want to show that Kert C Im f. Let b+ f(JA) € Kert, that
is, by the definition of t we have 0 = t(b+ f(JA)) = g(b). So, b € Ker g = Im f and

we have an a € A such that f(a) = b. Then b+ f(JA) = f(a)+f(JA) = fla+JA),
sob+ f(JA) € Im f and Kert C Im f. In total, Im f = Kert.

Further, we show that f is 1-1. Let a + JA be in A/JA such that f(a+ JA) = 0.
That is, f(a) + f(JA) = 0 and moreover f(a) € f(JA). That is, f(a) = f(x) for
some x € JA. Since f is 1-1 we then know that x = a and therefore a € JA. So,

~

f is 1-1 and we have the following exact sequence

t

0— A/JAL B/ f(JA) C 0

which is exact. Recall that the sequence splits since ¢ splits. The splitting gives
us an f’ such that f'f =14,;4. We now tensor with R/J ®r — and get

1Qgrf 1®rgt

R/J®r B/f(JA)

0— R/J®grA/JA R/J®rC ——0
where 1 denotes the identity on R/J. In general the tensor product is a right
exact functor, but as a result of the splitting of the sequence containing ¢ we get
exactness on the left as well as on the right. Further, we have the commutative
diagram

0 — R/J@nAJJA -2 RIJon B/ F(JA) —22 L RIJ @p C ——— 0
%la ; %’lﬁ . %J'Y
0 AJJA B/JB ClIC 0

where «, 3 and v are all isomorphisms, and f and g are defined as in Subchapter
2.1. Since the upper sequence is split exact we also have that the bottom one is
split exact. We can now construct the commutative diagram

0 0 0
} } |
JA JB JC
} } }
0 A1 g .o - 0
| 7 ' . }

0—— A/JA—+ B/JB -2 C/JC —— 0

} } }
0 0 0
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where the maps JX — X are inclusions and the maps X — X/JX are defined
such that x — x + JX for x € X. It is easy to show that the diagram commutes.
The bottom sequence is exact as a result of the previous argument. By Snake
Lemma, [13, Theorem 6.5, we get that

0 - JA JB - JC -0

is exact and therefore JA =KergNJB =ANJB.
O

Remark. The reader should recall how f and t are defined in the previous propo-
sition. Furthermore, it should be noted that since g is an epimorphism we know
that ¢ is an epimorphism without any assumption about A. That is, if

f g

0—A——B—C—0

is a short exact sequence with ¢ irreducible, then

0—»A/JA—f» B/ f(JA) e, - 0

is a short exact sequence. This is used in 4.1.7.

The next lemma and its corollary is of importance in several upcoming proofs.

Lemma 4.1.5. Let R be a selfinjective Artin algebra and let

0 - A - B - C -0

be a short exact sequence of R-modules. If Qg: QB—QC is an epimorphism,
then we have the following commutative diagram

0 0 0
| b
00— 0OA - OB - QC — 0

' } ¢
0— P(A) — P(B) — P(C) — 0
| PB |\ pc

- B - C -0
' ! |

'
O >
0 0 0




46 CHAPTER 4. Q-PERFECT MODULES

In particular,
Q
0— QA — QB — QC — 0

1S an exact sequence.

Proof. We construct the commutative diagram in the manner described below.

0 0 0
| Vo b
0 — Kera« OB QC — 0
} Vo
0 — Kerf§ — P(B) — P(C) — 0
o | B | pc
0 - A - B - -0
} | |
Coker « 0 0
}
0

Let pp and pc be the projective covers of B and C, respectively. The module
P(B) is projective, so as a result of po being an epimorphism we have a map
f: P(B)—P(C). The composition gpp is an epimorphism, so since pc is an
essential epimorphism, (§ is an epimorphism, that is, the sequence containing /3
splits and P(B) = P(C) @& Ker 8. So, Ker § is projective. By [14, Proposition 2.71]
we have the morphism «. Further, the map g is an epimorphism by assumption.
The Snake Lemma, [13, Theorem 6.5] then gives us that Coker aw = (0) and that
Ker a— QB is a monomorphism. Assume « is not the projective cover of A.
Then Kera = P’ @ QA, where P’ is a non-zero projective module. This gives
a contradiction as (2B cannot have a non-zero projective summand. So Ker § =
P(A), the map a: P(A)—A is a projective cover and then Ker o = QA. So, we
have an exact sequence

00— QA — QB — QC — 0
That is, QA = Ker a = Ker Qg. O

If g in the previous lemma is an )-perfect irreducible epimorphism we get the
following immediate consequence.

Corollary 4.1.6. Let R be a selfinjective Artin algebra and let

g

0 - A - B - C -0




4.1. DEFINITION AND PROPERTIES 47

be a short exact sequence of R-modules with g an Q-perfect irreducible epimor-
phism. Then

Qg
00— "4 — Q"B —— Q"C — 0
is an exact sequence for all n > 0.

Proof. Since g is Q)-perfect we know that {2g is an epimorphism. By 4.1.5, we have
the following short exact sequence

Qg
0 QA - QOB — QC — 0.

Moreover, since g is Q-perfect, the morphism Q2g: Q2B—Q?2C is also an epimor-
phism and, again using 4.1.5, we have the following short exact sequence

02

g
0— PA— Q?B— Q2C — 0

where Q?¢ is irreducible. Since g is Q-perfect we know that Q"¢ is an epimorphism

for all n > 0 and we proceed by induction and get an exact sequence

Qg
00— Q"A — Q"B—— Q"C — 0

with Q"¢ irreducible for all n > 0.
O

We continue with the last result we need before we can prove that most syzygies
of an Q-perfect module are not simple. The upcoming lemma is also important
later in the thesis. We prove that the only way the syzygy takes an irreducible
epimorphism into an irreducible monomorphism is if the kernel of the epimorphism
is simple.

Lemma 4.1.7. |6, Corollary 2.6] Let R be a selfinjective Artin algebra and let

g

0 A - B C -0

be a short exact sequence of R-modules with g irreducible. Then the induced ir-
reducible map Qg: QB—QC is an epimorphism if and only if A is not a simple
module. If A is simple, then Qg is an irreducible monomorphism and we have an
induced exact sequence

Qg
0—OQB——QC — A ——0
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Proof. Assume A is not simple. By Horseshoe Lemma [13, Theorem 6.20] we
have the following commutative diagram

B
0 — P(A) —— P(A) & P(C) —— P(C) — 0
pA o] lpc
0—— A - B e
0 0 0

where the maps p4 and p¢ are projective covers of A and C', respectively. We want
to show that « is a projective cover as well, so that Ker « = Q2B. Tensoring with
R/J ®gr — we get the commutative diagram

0 —— P(A)/JP(A) - P(A)/JP(A) & P(C)/JP(C) - P(C)/JP(C) — 0

| 7 =5

AJJA - B/JB ! - C/JC

s

where the bottom sequence is exact by 4.1.4. By [4, Proposition 1.4.3] we know
that the induced epimorphisms + and § are isomorphisms. Using Snake Lemma,
[13, Theorem 6.5], we get that P(A)/JP(A) & P(C)/JP(C) = B/JB. So, by [4,
Proposition 1.4.3], « is projective cover of B, so Kera = QB and Qg: QB—QC
is an epimorphism.

We now assume (1g: QB—(C' is an epimorphism. By 4.1.5 we have the fol-
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lowing commutative diagram

0 0 0
l o

0— QA - OB ~QC — 0
¢ Vo,

0 —» P(A) — P(B) —2+ P(C) — 0
| | rB | rc

0 - - B - C -0
! | |
0 0 0

Tensoring with R/J ®p — we get the diagram

0 —— P(A)/JP(A) P(B)/JP(B) P(C)/JP(C) —— 0
':VJ’Y gle glg
0 AJJA d B/JB ’ clic 0

where 7,€¢ and ¢, the induced epimorpisms, are isomorphisms (|4, Proposition
[.4.3]). The sequence containing /3 in the previous diagram splits, so we know that
the sequence

0 — P(A)/JP(A)

P(B)/JP(B)

P(C)/JP(C)—0

is left exact and splits. As v, € and § are isomorphisms it is easy to show that the
bottom sequence is left exact and splits as well. Further, we can now construct
the following commutative diagram

O—»A/JA—f»B/f(JA) . 0

T U

0 —— AJJA—1+ BlIB 2 ClJC —— 0

where f and t are defined as in the proof of 4.1.4. Note that ¢ is actually an
epimorphism since g is an epimorphism, but initially we do not know if ¢ splits,
as we did in 4.1.4. The map k is the identity, [ sends b+ f(JA) € B + f(JA)
to b+ JB and m sends ¢ € C' to ¢+ JC. It is easy to check that the diagram
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commutes. Since the bottom sequence splits, the upper sequence splits as well. If
A is simple, then JA = (0) and then upper sequence reduces to

00— AT p2tec—1y

by the definition of f and t. That is, g splits, a contradiction to it being irre-
ducible. So A is not simple.
We assume A is simple. We have

g

0 - A - B - C -0

a short exact sequence of R-modules with ¢ irreducible, and an induced irreducible
map Qg: QB—QC. If Qg is an epimorphism we know by the previous argument
that A is non-simple, so 2g is a monomorphism. We can construct the following
commutative diagram

0 0
Vo
0 OB ~ QC — Coker Qg —
' }
0 — Kera — P(B) -+ P(C) —— 0
18 | pB ; | pc
0 - A - B - C -0
e | }
Coker 3 0 0
;
0

Let pp and pc be the projective covers of B and C', respectively. The map «
exists since p¢ is an epimorphism and P(B) is projective. Since pe is an essential
epimorphism and the diagram commutes we have that « is an epimorphism. The
morphism {2g is a monomorphism independent of the choice of «, so the kernel is
zero. By [14, Proposition 2.71] we have 3. By the Snake Lemma [13, Theorem
6.5, we get that Coker § = Coker Qg and Kera = Ker 8. The module A is
simple by assumption, so Ker 5’ is A or (0). If Ker 8’ = Im § is equal to A, then
Coker Qg = Coker f = A/Im = (0) and g is an isomorphism, so it splits. This
contradicts the fact that Qg is irreducible. We conclude that Ker 5/ = (0), so
Coker 8 = A, and we have the exact sequence

Qg
00— QB — QC — A——0.



4.1. DEFINITION AND PROPERTIES o1

]

We are now able to show our desired result. That is, the requirement that all
syzygies of an 2-perfect module is not simple given in the definition of 2-perfect
modules in [6] actually holds for all syzygy powers greater or equal to two when
we use the chosen definition in [7]. In other words, if C' is an Q-perfect module,
then Q"C' is not simple for n > 2.

Proposition 4.1.8. |7, Lemma 2.2| Let R be a selfinjective Artin algebra and C
an Q-perfect module. Then Q"C' is not a simple module, for n > 2.

Proof. Assume C' is Q-perfect. We now look at an almost split sequence ending at

C

0——7C —+ B—+(C ——0

where B is not necessarily indecomposable. So, g is an Q-perfect epimorphism and
by 4.1.6 we know that

n

00— Q"rC —— Q"B — QnC - 0

is an exact sequence for all n > 0. Furthermore, by 4.1.7, we then know that Q"7C'
is not simple for n > 0. That is, using 2.3.5 we have that Q"7C = Q"vQ2C is not
simple for n > 0. Since v preserves length by 2.3.4 and commutes with €2 by 2.3.6,
we know that Q"*2C is not simple for n > 0, which is what we wanted to show.

[
The structure of almost split sequences ending at a syzygy of an 2-perfect module
is of importance in later proofs. The next result gives us further knowledge of such

almost split sequences.

Proposition 4.1.9. [6, Proposition 2.4| Let R be a selfinjective Artin algebra. Let
C be an Q-perfect R-module, and let

0O—7C—FE—C—0
be an almost split sequence ending at C'. Then, for eachn > 1,
0— "7C — Q"E — Q"C — 0

s also an almost split sequence.
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Proof. By assumption,
0O—C—FE—C—>0
is an almost split sequence. From 2.3.8 we then get that

0 —— QUC—QE® P — QC

0

is an almost split sequence where P is indecomposable projective-injective or zero.
Assume P # (0). Then, by 2.3.10, Q2C is simple, and this contradicts 4.1.8 since
C'is Q-perfect. So P = (0). That is

0 — QrC QF QcC

0

is an almost split sequence.

Since C' is ()-perfect we know that Q"C' is not simple for n > 2 by 4.1.8 and
the result now follows by induction.

]

As we did for both Betti numbers and complexity, we now present a proposition
with some elementary properties of {2-perfect modules.

Proposition 4.1.10. |Properties of Q-perfect modules| Let R be a selfinjective
Artin algebra and C an Q-perfect module. Then

(1) There are no irreducible morphisms from projective modules to C'.

2) Q"C 1s an Q-perfect module for alln > 0.

(2)
(3) T™C is an Q-perfect module for all n > 0.
(4)

vC s an Q2-perfect module for alln > 0.

Proof.

(1) Let P—C be an irreducible morphism where P is projective. The map
is a monomorphism or an epimorphism since it is irreducible. If it is a
monomorphism it splits since P is injective when R is selfinjective. This
contradicts the definition of irreducible morphisms, so it is an epimorphism.
But then, since C' is Q-perfect, (0) = QP—QC # (0) is an epimorphism, a
contradiction.
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Before we prove the next three statements separately, we look at an almost split
sequence ending at C'

(f 7f 7777 ft)T ( ) geee t)
0— 70 —2 c B OEe. 0F —2" ¢ 0

with each E; indecomposable. By (1) we know that none of the E;’s are projective.

(2) By (4.1) and 4.1.9 we have an almost split sequence

Q7 f1,.. Q0 )T Qngy,..., Qn
0 — QUrC ShitE 2 Q"El@...@Q"Et( g0

O"C —— 0
(4.2)

ending at 2"C' for all n > 0. Recall that none of the modules in the almost
split sequence are projective. Furthermore, the irreducible morphisms ending
at Q"C, for some n > 0, are of type Q"B—Q"C, where B is a finite sum
of some of the modules {E}, ..., E;} and each E; occurs at most once in the
sum. Moreover, the irreducible morphisms starting at 7Q"C' = Q"7C" are of
type Q"rC'—QO" B, with B as before. We now want to show that Q"C' is
Q-perfect for n > 0.

We know that C' is Q2-perfect, so the irreducible morphisms 2° B—Q°C' are
epimorphisms for all s > 0 or monomorphisms for all s > 0. That is, for a
chosen n > 0 we know that the irreducible morphisms Q™ (Q" B)—Q™(Q2"C)
are epimorphisms for all m > 0 or monomorphisms for all m > 0.

Similarily, since C' is Q-perfect we know that the irreducible morphisms
Q*1C'—Q°B are epimorphisms for all s > 0 or monomorphisms for all
s > 0. That is, for a chosen n > 0 we know that the irreducible morphisms
QmQrrC)— Q" (2" B) are epimorphisms for all m > 0 or monomorphisms
for all m > 0.

So, the irreducible morphisms Q" B—Q"C and Q"17C—€)" B are (2-perfect.
That is, all irreducible morphisms ending at Q2"C' and starting at 7Q"C' are
Q-perfect and therefore the non-projective module Q2"C' is (2-perfect.

(3) By 2.3.11, (4.1), (4.2) and 2.3.13 we have that

0 —— m7C ~T"EW B ... P TE, - C 0

is an almost split sequence ending at 7"C' for all n > 0. Recall that none
of the modules in the sequence are projective. Moreover, the irreducible
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morphisms ending at 7"C, for some n > 0, are of type 7" B——7"C', where
B is a finite sum of some of the modules {Fj, ..., F;} and each E; occurs
at most once in the sum. Moreover, the irreducible morphisms starting at
T"7C =2 77"C are of type 7"7C'—7"B, with B as before.

Since C' is Q-perfect, by 4.1.3, we know that for a given n > 0 the irre-
ducible morphisms Q™ (7" B)—Q™(7"C') are epimorphisms for all m > 0 or
monomorphisms for all m > 0.

Again, since C' is Q-perfect, by 4.1.3, we know that for a given n > 0 the
irreducible morphisms Q™ (7"7C)—Q™ (7" B) are epimorphisms for all m >
0 or monomorphisms for all m > 0.

That is, for n > 0, all irreducible morphisms ending at 7"C' and starting
at 77"C are Q)-perfect and therefore the non-projective module 7"C' is an
Q-perfect module.

From the almost split sequence (4.1) and 2.3.4 we get the following almost
split sequence ending at vC'

0 - v7C ~vE, ®vE, ... DVE, - vC - 0.

Furthermore, by 2.3.4, we know that none of the modules in the sequence is
projective. The irreducible morphisms ending at vC' are of type vB—vC
where where B is a finite sum of some of the modules {F, ..., E;} and each
E; occurs at most once in the sum. Moreover, the irreducible morphisms
starting at v7C' = TvC are of type v7C'—v B, with B as before.

The module C' is 2-perfect, so the irreducible morphisms Q°B—Q°C' are
epimorphisms for all s > 0 or monomorphisms for all s > 0. That is,
(QB) > ((2°C) for all s > 0 or ¢(Q2°B) < £(Q°C) for all s > 0. So,
by 2.3.4 and 2.3.6, we know that ¢(2*(vB)) > ((Q*(vC)) for all s > 0 or
0(Q*(vB)) < £(Q°(vC)) for all s > 0. That is, the irreducible morphisms
Q0 (vB)—Q°(vC) are epimorphisms for all s > 0 or monomorphisms for all
s> 0.

Similarily, since C' is (2-perfect we know that the irreducible morphims
Q*1C—Q°B are epimorphisms for all s > 0 or monomorphisms for all
s > 0. So, L(Q°7C) > L(Q°B) for all s > 0 or ((Q°7C) < £(Q°B) for all
s > 0. Then, by 2.3.4 and 2.3.6 we know that ¢(Q°(v7C)) > ((Q2*(vB))
for all s > 0 or £(Q*(v7C)) < £(Q*(vB)) for all s > 0. That is, the irre-
ducible morphisms Q°(v7C)—Q*(vB) are epimorphisms for all s > 0 or a
monomorphisms for all s > 0.
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So, all irreducible morphisms ending at vC and starting at 7vC' are Q-perfect.
That is, vC' is (2-perfect.

]

The next result proves important in later parts of the thesis. Among other things
we look at how the Betti numbers of the modules in an almost split sequence end-
ing at an ()-perfect module are connected.

Proposition 4.1.11. |6, Proposition 2.8| Let R be a selfinjective Artin algebra

and let
g

0 - A - B C -0

be a short exact sequence of finitely generated R-modules, where C' is an inde-
composable module and the map g is irreducible. Assume further that either (1)
the map g is Q-perfect, or (II) the sequence is an almost split sequence with C
Q-perfect. Then

(1) The module A is not simple. Furthermore, if we assume that B is indecom-
posable in the case where g is Q-perfect, B has no projective summands.

(2) For every n > 0, there is an induced short exact sequence

n

00— QA —— Q"B — QUC' — 0

and the map Q"q is irreducible. Moreover, for each n > 0, ™™g is an irre-
ducible epimorphism.

(3) For each n > 0, we have that ,,(B) = ,(A) + 5,(C).

Proof.

(1) The module A is clearly indecomposable being the kernel of an irreducible
epimorphism by [4, Proposition V.5.7].

(I) Assume that ¢ is Q-perfect and B is indecomposable. If B has non-
zero projective summands it is itself projective since it is assumed to be
indecomposable. The module C' cannot be projective, because if it was, the
map would split, which contradicts it being irreducible. But then if B is
projective, since g is Q-perfect, we have that (0) = QB—QC # (0) is an
epimorphism, a contradiction. So, the indecomposable module B is not pro-
jective and hence has no projective summands. Since (2g: QB—Q(C' is an
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irreducible epimorphism, by 4.1.7, A is not simple.

(IT) Assume the sequence is almost split and C'is Q-perfect. If B had a non-
zero projective summand we would have an (2-perfect map from a projective
module to C' and this cannot be by 4.1.10. Further, since C' is Q-perfect,
Q%C is not simple by 4.1.8. The Nakayama functor v preserves length by
2.3.4, so using this and 2.3.5 we have that A = 7C = vQ2(C is not simple.

(2) (I) We assume g is an irreducible Q-perfect epimorphism. Then the result
follows from 4.1.6. Recall that €2"g is irreducible by Subchapter 2.3.
(IT) Now assume the sequence is almost split and C' is Q-perfect. Then,

the result follows from 4.1.9.

In both (I) and (II), using 2.3.13 we know that 7"¢ is an irreducible epimor-
phism for all n > 0.

(3) (I) and (II). By (2) for n > 0 we know that
Qg
00— QA—Q"B—Q"C —0

is a short exact sequence and furthermore that Q"*tg: Q"*'1B—QO"*1(C is
an epimorphism. That is, by 4.1.5 we have the commutative diagram

0 0 0
| b,
OHQn—HAA ’Q”'HB‘ .Qn+104>0
' } v
0 — P(Q"A) — P(Q"B) -~ P(Q"C) — 0
} oo,
0— Q"A Q"B QC—0
| } }
0 0 0

That is, P(Q"B) = P(Q"A) @ P(Q"C) for all n > 0. So, B.(B) = B.(A4) +
Bn(C) for all n > 0, and we are done.

]
The structure of almost split sequences ending at modules with different properties

is of interest in this thesis. The following lemma is general, and holds for any short
exact sequence.



4.1. DEFINITION AND PROPERTIES o7

Lemma 4.1.12. Let

f7fT 7.
0 ‘A(12)‘B1@Bg (9192)‘0 . 0

be a short exact sequence. Then
(a) f1 (f2) is an epimorphism <= gs (g1) is an epimorphism.
(b) f1 (f2) is a monomorphism <= go (g1) is a monomorphism.
(c) Coker f; = Coker go and Coker f; = Coker g.
(d) Ker f; = Ker go and Ker f, = Ker g;.

Proof.

(a) The sequence is exact, so g1 f1 + gafe = 0 and further g, fi = (—g2) f2. Then,
the square in the following diagram commutes

A

We want to show that for each triple (Y, «, 5) with the property that af; =
B fa, we have a unique ©': C—Y such that ©'g; = o and ©'(—g2) = 5. We
have the following diagram

f.f2)T ,
0 A(l 2)731@32 (9192)70 . 0

(a7_ﬁ)
Y

We want to show that there exists a unique ©” such that ©"-(¢g1, g2) = (o, —3).
For all ¢ € C there exists a b € By @ By such that (g1, g2)b = ¢. We define

©' such that ©'(c) = (a, —B)b. This is well-defined since (@, —3) - ( ;1 )=
2
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afl - BfQ - 07 that iS, Ker(QlaQ?) = Im(flaf2)T - Ker(oz,—ﬁ). 807 we
have that ©" - (g1, 92) = (a, —). We now want to show that © is unique.
Assume there exists another W such that ¥ - (¢1,92) = (a,—f). Then
& (91,92)(b) = (@, —)(8) and V{1, 92)(b) = (c,—B)(b) for all b€ By & By,
Then, since (g1,¢92) is an epimorphism we know that ©'(c) = ¥(c) for all
ce C. That is, © = V.

So ©' is unique and ©'¢g; = «a and ©'gy = —( and we have a pushout.
By [13, Exercise 2.30| parallel arrows have isomorphic cokernels, so fy is
a epimorphism <= ¢; is a epimorphism. Similarily, g, is a epimorphism
<= f} is a epimorphism.

Again, the sequence is exact, so g1 f1 + g2 fo = 0 and further g, fi = go2(— f2).
Using this we know that the square in the following diagram commutes

g1

C

We now want to show that for each triple (X, s,t) with the property that
got = g1 we have a unique ©: X— A such that f10 = s and —f,0 = ¢.
We have the following

X

(S,—t)T

f1.f2)7 ,
0 ‘A(l 2) B, @ By (g192);C . 0

and since (g1, 92) - ( s ) = ¢15 — got = 0, we have that Im(

—t
Ker(g1, 92) = Im( g )

St) g

. Then, by the dual arguments of those in (a) we

know that there exists a unique © such that ( jil ) -0 = ( st ), that is
; _

f1© = s and f,0 = —t. Thus, we have a pullback and by [13, Exer-
cise 2.47] we have that parallel arrows have isomorphic kernels. So, f; is
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a monomorphism <= g, is a monomorphism. Similarily, f, is a monomor-
phism <= ¢; is a monomorphism.

(c) Follows from the argument in (a).
(d) Follows from the argument in (b).
[l

We now present a result that proves important in many of the upcoming proofs.

Lemma 4.1.13. Let R be a selfinjective Artin algebra and let

f 7f 7"'7f T b PARRS
0 R N -] O s - 0

be an almost split sequence of R-modules where the E;’s are mon-zero and not
necessarily indecomposable. Furthermore, we assume that all the f;’s and g;’s are
Q-perfect. Then, for some i € {1,...,t}, both f; and g; cannot be monomorphisms.

Proof. We assume both f; and g; are a monomorphisms for some i € {1,...,t}.
Then, g;f;: TC—C would be a proper monomorphism. Furthermore, since the
morphisms are Q-perfect by assumption, we know that in particular Q2" f; and
(?"g; are monomorphisms for all n > 0. Then, using 2.3.13, we know that 7" f;
and 7"g; are monomorphisms for all n > 0. That is, we have sequence of proper
monomorphisms

(7'291'7'2]%

. ,7.30

and £(t™C) > ((r™1C) for all m > 0. The non-projective module C' has finite
length, so then there must exist an integer k such that 7*C = (0), a contradiction.

[]

The last three results in this subchapter further explores 2-perfect modules and
how having such modules can expand our knowledge of almost split sequences and
irreducible morphisms ending at them.

Lemma 4.1.14. |7, Lemma 2.5] Let R be a selfinjective Artin algebra and let

(f1.f25000) T (91,92,---,9¢

)
0 - 7C O ED ... D E, - C -0

be an almost split sequence of R-modules where the FE;’s are non-zero and not
necessarily indecomposable.
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(a) Assume that g; is an epimorphism for some 1 <i <t. Then for each j # 1,
f; s an epimorphism.

(b) Assume that f; is a monomorphism for some 1 < i <t. Then for each j # i,
g; s a monomorphism.

(¢) In particular, if C is Q-perfect, and some f; is a monomorphism, then g; is an
eptmorphism, all the remaining f;’s are epimorphisms, and all the remaining
g;’s are monomorphims.

Proof.

(a) Since g; is an epimorphism for some 1 < ¢ <'t, then (g1, ..., gj—1, gj+1, ---» Gt)
where only g; is removed for a j # ¢ is an epimorphism (or (gs, ..., ¢:) in the
case where j =1 and i # 1, or (¢1,...,g;—1) when j =t and ¢ # t). By 4.1.12
we then know that f; is an epimorphism. This holds for all j # 7, so f; is an
epimorphism for all j # i.

(b) Since f; is a monomorphism for some 1 < i <t, then (f1,.., fj—1, fi+1, - ft)
where only f; is removed for a j # ¢ is a monomorphism (or (fs, ..., f;) in the
case where j =1 and i # 1, or (f1,..., fi_1) when j =t and i # ¢). By 4.1.12
we then know that g; is a monomorphism. This holds for all j # 4, so g; is
a monomorphism for each j # i.

(c¢) Assume that C' is Q-perfect and f; is a monomorphism for an i € {1,...,t}.
Then, by 4.1.13, we know that g¢; is an epimorphism and by (a) and (b) we
are done.

]

We are now able to prove that if we have an irreducible monomorphism between
indecomposable modules ending at an (2-perfect module, then the module where
the morphism starts is also (2-perfect.

Lemma 4.1.15. [7, Lemma 2.6] Let R be a selfinjective Artin algebra. Suppose

that f: A— B 1is an irreducible monomorphism between indecomposable modules.
If B is Q-perfect, then so is A.

Proof. Recall that A cannot be projective by 4.1.10. We begin by arguing that
there cannot be any non-zero indecomposable projective summand of the middle
term of the almost split sequence ending at A. Assume there is such a projective
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summand of the middle term. That is, we have an almost split sequence

0O— 7T A—D®dP —A—0

where 7B is a summand of D. If P # (0) we know that the morphism P—A is
an epimorphism, or else it splits which is a contradiction to it being irreducible.
But then, by 4.1.14 we know that TA— 7B is an epimorphism. This cannot be
by 4.1.3. So, there are no non-zero projective modules in the middle term of the
almost split sequence ending at A.

We now look at an almost split sequence ending at 2" A for some n > 0. By
repeatedly using 2.3.8 we know that such an almost split sequence is

0—QV7A— Q"D P — Q"A—0

where P’ is indecomposable if it is non-zero and Q"7B is a summand of Q"D.
If P" # (0), resuming the previous argument we have that Q"rA—Q"7B is an
epimorphism by 4.1.14, a contradiction to 4.1.3. So, an almost split sequence
ending at " A where n > 0 cannot have any non-zero projective middle terms.

Now, assume «(A) = 1. That is, the almost split sequence ending at A has
only one middle term, 75, since we cannot have any projective summands of the

middle term.
00— 7A—>7B—A——0

By assumption, B is Q-perfect, so since A— B is a monomorphism we now that
O*r A— Q%7 B is a monomorphism for £ > 0 by 4.1.3. The morphism 7B—A is
an epimorphism, and since B is Q-perfect we know that QF7B—QFA is an epi-
morphism for all £ > 0. So, in the case where a(A) = 1, the module A is Q-perfect.

Assume a(A) > 1. We then have the following almost split sequence ending
at A
0 ~TA ~TBe C - A -0

where C' is non-zero, not necessarily indecomposable and is without projective
summands. From previous arguments we know that an almost split sequence
ending at Q" A for n > 0 is

0— Q"7TA— Q"B Q"C — O"A — 0.

That is, Q"TA—Q"TB & Q"C is a monomorphism for all n > 0 and Q"7B &
Q"C—€"A is an epimorphism for all n > 0. Further, since B is Q-perfect
we know that Q"rA—Q"7B is a monomorphism for all n > 0 by 4.1.3. By
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4.1.12 we then know that Q"C'—Q"A is a monomorphism for all n > 0. If
7B—+A is a monomorphism, then since B is Q-perfect, both 7¥'A——7**+'B and
71 B—s7% A are monomorphisms for all £ > 0 by 4.1.3, and we have an infinite
sequence of proper monomorphisms

.;,TQA;,TA;,A'

This is not possible, so TB— A is an epimorphism and moreover "7 B—Q" A
is an epimorphism for all n > 0 since B is Q2-perfect. Then, again using 4.1.12, we
know that Q"7 A—Q"C' is an epimorphism for all n > 0. That is, if a(A4) = 2 we
are done.

We now write C = D1 @ Dy @ ... & D, with r > 2, so

0O—7A—1BD1®..6D, — A——0

is an almost split sequence ending at A where the D,’s are non-zero, not necessarily
indecomposable and without projective summands. From previous arguments we
know that 7TA—7B is a monomorphism and 7B—A is an epimorphism. Then,
by 4.1.14, we know that each map TA——D; is an epimorphism and each map
D;,—A is a monomorphism for ¢ € {1,...,r}. Furthermore, we know that

0— QA — 7B M"D,@..o0"D, — Q"A —— 0

is an almost split sequence for n > 0, where Q"7 B—€2"" A is an epimorphism, and
Q"rA—Q"7B is a monomorphism. So, by 4.1.14, Q"7 A—Q"D; is an epimor-
phism and Q"D;—" A is a monomorphism for all n > 0 and ¢ € {1,...,r}. That
is, the morphisms 7A—D; and D;—A for i € {1, ...,r} are also Q-perfect.

It remains to argue that the maps TA—X and X— A are Q-perfect, where
X 2 7B® X’ and the module X’ is non-zero, not necessarily indecomposable. We
write the almost split sequence ending at A

0—7A—XOD|®.0OD, — A——0

where 7B is isomorphic to a summand of X, the D}’s are non-zero, not necessarily
indecomposable without projective summands and s > 1. Since, by a previous
argument, 7TB—> A is an epimorphism, we know that X— A is an epimorphism.
Similarily, since we know that TA—7B is a monomorphism, then TA— X is a
monomorphism. By 4.1.14 we then know that TA— D) is an epimorphism and



4.1. DEFINITION AND PROPERTIES 63

further D/— A is a monomorphism for all i € {1, ..., s}. From previous arguments
by applying €2 a certain amount of times we get the almost split sequence

0 VA — XD © ... Q"D —— Q"A —— 0

(4.3)
for all n > 0. From previous arguments we know that Q"rA—Q"7rB for n > 0
is a monomorphism, so Q"7 A—Q"X is a monomorphism for all n > 0. Further,
Q"rB—Q"A for n > 0 is an epimorphism, so Q"X —Q"A is an epimorphism
for all n > 0. That is, the morphisms TA— X and X—— A are 2-perfect. Then,
applying 4.1.14 on the almost split sequence (4.3), we know that TA— D/ and
D;— A for i € {1, ..., s} are Q-perfect as well.

So, in the case where o(A) > 1 we have also shown that all possible irreducible
morphisms ending at A and starting at 7A are (2-perfect.

In total, A is Q-perfect.
O

We end this subchapter with a proposition which further explores irreducible
monomorphisms ending at an (2-perfect module.

Proposition 4.1.16. |7, Proposition 2.7| Let R be a selfinjective Artin algebra and
let A be Q-perfect indecomposable module. If there exists an irreducible monomor-
phism to A, then there is a sequence of irreducible monomorphisms

BHHBTL—I R ‘Bl4>A

such that each B; is indecomposable and a(B,,) = 1.

Proof. Assume A;— A is an irreducible monomorphism. Then there exists an
indecomposable summand B; of A; such that B;—> A is an irreducible monomor-
phism. It then follows that B is Q-perfect by 4.1.15. If a(B;) = 1 we are done,
so assume «(B;) > 1. Since A is Q-perfect, by 4.1.3, we know that 7B;—7A is
an irreducible monomorphism as well. We have an almost split sequence ending
at B1

OHTBlﬁTA@Dl@DQ@...@Dt 'Bl '0

where each D; is indecomposable and non-projective by 4.1.10. Further, by 4.1.14,
all the maps D;— By for i € {1,...,t} are monomorphisms. We may choose
D; = By for one i € {1,...,t}. Note that we know there is at least one such D;
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since a(By) > 1. Now if a(Bs) = 1 we are done, or else we resume in the same
manner. Since the length of the B;’s are decreasing as a result of us having proper
monomorphisms, the result follows. n

The class of Q-perfect modules of finite complexity play an important part of
Chapter 5. For instance, we investigate almost split sequences ending at such
modules. Before we are ready to present the results in Chapter 5 we need to define
eventually 2-perfect modules. This is done in the next subchapter.
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4.2 Eventually ()-perfect modules

We now define eventually 2-perfect morphisms and modules, and look at some
results concerning this kind of modules. The last result in this subchapter proves
especially important in Subchapter 5.2.

Definition 4.2.1. An irreducible map g: B—C'is an eventually 2-perfect mor-
phism if there exists an n > 0 such that Q"g: Q" B—Q™(C' is an epimorphism
for all m > n or a monomorphism for all m > n.

From this definition we get the following immediate result.

Proposition 4.2.2. An irreducible morphism B—C' is an eventually Q-perfect
map if and only if the induced morphism Q"B—Q"C' do not change from epi-
morphisms to monomorphisms infinitely many times for n > 0.

Proof. This result follows directly from the definition of eventually (2-perfect mor-
phisms. [

We now introduce eventually 2-perfect modules.

Definition 4.2.3. [7] An indecomposable module C' is an eventually Q-perfect
module if it is non-projective and Q"C' is Q-perfect for some n > 0.

We have the following result.

Proposition 4.2.4. Let R be a selfinjective Artin algebra and let C' be a non-
projective R-module. If Q"C' is Q-perfect for some n > 0, then 7"C' s Q2-perfect
as well.

Proof. By assumption Q"C is Q-perfect and then, using 4.1.10, so is Q?"C. Fur-
thermore, again applying 4.1.10, we know that v"Q*"C is Q-perfect. By 2.3.6, we
know that v"Q?*"C = 7"C, so we have our result. O

That is, if a module C' is eventually €2-perfect, we know that there exists an n > 0
such that 7"C' is Q-perfect. As previously mentioned we want to look at com-
ponents containing modules with special properties. The following result is the
first of such kind and it gives us information about the structure of a component
of the Auslander-Reiten quiver of an selfinjective Artin algebra containing a non-
projective indecomposable module with complexity less than the complexity of
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each simple R-module.

Proposition 4.2.5. |6, Proposition 2.7| Let R be a selfinjective Artin algebra and
let C be a component of the Auslander-Reiten quiver containing a non-projective
indecomposable module whose complexity is less than the complexity of every simple
R-module. Then the component is a reqular component, and every module lying in
C is eventually Q2-perfect.

Proof. By applying 3.2.5 we know that each non-projective module in C have
complexity less than each simple R-module. We now assume P is a non-zero,
projective-injective R-module in C. Then there would exist an irreducible map
f: P— M, for some indecomposable R-module M in C. If f was a monomor-
phism, then it would split since P is injective, so f is an epimorphism. We also
recall that M cannot be projective. From 2.1.12 we know that the only almost
split sequence (up to isomorphism) with an indecomposable projective-injective
module P in the middle term is

0——> JP — P®JP/S —~ P/S —

where J is the Jacobson radical and S is the socle of P. Then M = P/S, and we
have the exact sequence

0 - S - P f—P/SHO.

The module P is indecomposable, so by [4, Proposition I1.4.1], the socle of P, and
then the kernel of f, is simple.

We now want to show that f is a projective cover. We first recall that P cannot
be simple by 2.1.12. Furthermore, since S C JP, we know that J(P/S) = JP/S.
Then P/S/J(P/S) = P/JP, so by |4, Proposition 1.4.3|, f is a projective cover.

So, QM = S, and by using 3.2.2 we have that cx(M) = x(QM) = cx(S5), a

contradiction. That is, we cannot have any non-zero projective-injective modules
in C. That is, C is regular.

Now let

0 TN - 1O E, D ... DE, - N 0

be an almost split sequence for an arbitrary R-module /N in the component where
the E;’s are indecomposable. Furthermore, we assume g: B—C'is an irreducible
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morphism either ending at N or starting at 7/N. That is, the morphism ¢ can be
read such that B is a finite sum of some of the E;’s, each occurring at most once,
and C' = N or B = 7N and C'is a finite sum of some of the E;’s, each occurring at
most once. Recall that none of the F;’s is projective since the component is regular.

We first assume ¢ is an epimorphism. That is, we have the following exact se-
quence

O—»Kerg%B—g“C%O.

Furthermore, we assume that the kernel of g is simple. By 3.2.2 (6), we know
that cx(Kerg) < max{cx(B),cx(C)}. Moreover, by 3.2.2 (5) and the fact that
any module in the regular component has complexity less than the complexity of
each simple R-module, we know that max{cx(B), cx(C)} will be strictly less than
the complexity of each simple R-module. That is, we have a contradiction to the
assumption that Ker g is simple. So, Ker g is not simple and therefore g is an
irreducible epimorphism by 4.1.7. Since cx(/X) = cx(X) for all non-projective
R-modules X and j > 0 by 3.2.2, using the same argument we see that the kernel
of Q¢ cannot be simple either, so Q2¢ is an epimorphism as well. Repeating the
argument we get that (2™g is an epimorphism for all m > 0. That is, ¢ is an
Q-perfect epimorphism.

Now, assume g is a monomorphism. If "¢ is a monomorphism for all m > 0, we
know that g is eventually (2-perfect, in particular it is Q-perfect. So assume there
exists an n > 0 such that 2"¢g is an irreducible epimorphism. Then, repeating the
argument above, Q'g is an epimorphism for all [ > n, so ¢ is eventually {-perfect.

We have shown that if g is an epimorphism, then (2™g is an epimorphism for
all m > 0. Moreover, if g is a monomorphism, then either {2™g is a monomor-
phism for all m > 0 or there exists an n > 0 such that Q'g is an epimorphism
for all I > n. That is, there exists an even integer k& > 0 such that applying Q*
to each of the different irreducible morphisms ending at N and starting at 7V
gives ()-perfect morphisms. By 2.3.8 and 2.3.13 combined with the fact that the
component is regular we know that an almost split sequence ending at Q*N for
the same even integer £ is

0—— QN — Q*EL 0 Q*E, @ ... @ QFE, —— QFN —— 0.

That is, all the irreducible morphisms ending at the non-projective module QF N
and starting at Q7N are Q-perfect. So, QFN is Q-perfect and furthermore, N is
eventually 2-perfect. O]
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In the next proposition we also look at some conditions that guarantees us having
Q-perfect modules.

Proposition 4.2.6. |7, Proposition 2.4| Let R be a selfinjective Artin algebra
having no Q-periodic simple modules. Then every indecomposable non-projective
R-module is eventually Q2-perfect.

Proof. Let C' be an indecomposable non-projective module. We now want to show
that each irreducible morphism g: B—C, where B is non-projective, not neces-
sarily indecomposable, is eventually €2-perfect. Note that we neglect the case when
B is projective, because then there would not be a non-zero map Q2" B—Q"C or
Q"rC'— Q"B for any n > 1. Assume g is not eventually 2-perfect. Then, the
maps 2"g would have to change from epimorphisms to monomorphisms infinitely
many times by 4.2.2. Furthermore, by 4.1.7 and the fact that we have a finite
number of simple modules, we have a simple module S and two positive integers
m and n with m < n and the following diagram

Qg

0 - S - Q"B -Q"C'— 0
H

0 - S - Q"B — Q™"C — 0

Further, we let £ = n — m and apply QF to the bottom row in the diagram. We
then obtain the following commutative diagram

n

Qg
0 - S - "B -Q"C — 0

lh J(O,I)T
(F27g)
0— kG —— PO OB % Qne — 0

Then, by Snake Lemma [13, Theorem 6.5], we have the following exact sequence
0—— S — Qs —P —0.

This implies that P = (0), or else the sequence would split and Q%S would have a
projective summand, a contradiction. So, then QFS = S again a contradiction to
S not being ()-periodic. That is, g is eventually Q2-perfect. In the same manner, we
can show that every irreducible morphisms f: 7C'— B, where B is non-projective
and not necessarily indecomposable, is eventually (2-perfect.

Now, we have an almost split sequence ending at C

0—7C—LEo. oo P —C—0
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where F; is non-projective, indecomposable and P’ is projective. By repeating
2.3.8 we have an almost split sequence

0—— Q¢ — Q"L ... 00"E, o P, —— Q"C — 0

ending at Q™C for an m > 1 where P, is indecomposable projective and Q™ FE; #
(0) for i € {1,...,t}. From the previous argument we may assume that the irre-
ducible morphisms from a finite sum of the Q™ E;’s, each represented at most once,
to QM C" are )-perfect. Similarily, we may assume that the irreducible morphisms
from Q™7C to any finite sum of the Q™ FE;’s, each represented at most once, are
Q-perfect. If it was not for the fact that we might have a non-zero projective
middle term, we would know that C' is eventually 2-perfect.

If P,, = (0), then all irreducible morphisms ending at Q™C' and starting at 7Q™C
are ()-perfect and then C' is eventually (2-perfect and we are done. So, we assume
P,, # (0). Then, by 2.3.10 we know that Q™"1C is simple. We now apply Q to
the previous sequence and we get the almost split sequence

0 —— Qm+lrC QO"NE @ ..o Q" E ® P,

Qm+iC 0

where P, is projective. If P,,,1 = (0), we are done. Or else, Q™2C' is simple.
We can now repeat this argument. We know that there is only a finite number
of projective modules. That is, if there is no i > m such that P, = (0) and we
would have been done, there must exist a projective module P” such that it is
a summand in the middle term up to isomorphism in two almost split sequences
ending at Q"C and Q°C' where » > s > m. But, then Q"C' and Q°C' are both
simple and isomorphic to P”/S, where S is the socle of P” by 2.1.12. That is,
they are isomorphic and this contradicts the assumption that no simple modules
are ()-periodic.

So, there exists an almost split sequence

OFE, & ..o 0FF,

0 — QkrC QfC—0

for some k£ > 0 where all the irreducible morphisms from Q*7C to a finite sum
of the QFE,’s where each QFF; occurs at most once are Q-perfect and all the
irreducible morphims from any such sum of Q*E;’s to QFC are Q-perfect. That is,
C' is eventually §2-perfect.

]
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The next lemma is known from graph theory. Its proof is fairly simple, but is not
presented here.

Lemma 4.2.7. [6, Lemma 2.9] Let G be a finite directed graph having n vertices,
and assume that there is at least one arrow between any two vertices in G. Then,
there exists a directed path in G of length greater than or equal to n — 1.

Proof. See |8, Theorem 11.7]. ]

As previously mentioned, we conclude this chapter with a proposition that proves
important in Subchapter 5.2 where we look at regular components of Auslander-
Reiten quivers of selfinjective Artin algebras containing a module of complexity
1. Recall that a regular component of a connected (selfinjective) Artin algebra
containing a 7-periodic module is of type ZA.,/(7™), a tube, by Subchapter 2.2.

Proposition 4.2.8. [6, Proposition 2.10] Let R be a selfinjective Artin algebra
and let C be a reqular component of the Auslander-Reiten quiver of R that is not a
tube. Let M € C be a module of complexity 1. Then, there exists a positive integer
n such that "M 1is Q-perfect.

Proof. Since C is regular and contains a module of complexity 1 we know that all
modules in the component have complexity 1 by 3.2.5. We let

(froeesfi)™ (915-9k)
OHTM!’El@@Ek - gk'M '0 (44)

be an almost split sequence ending at M where each FE; is non-zero and indecom-
posable. The component is regular, so none of the E;’s are projective. We prove
that any irreducible morphism from 7M to a finite sum of the FE;’s, with each F;
occuring at most once, and any irreducible morphism from a finite sum of the E;’s,
each occuring at most once, to M is eventually (2-perfect and argue that this is
enough. We begin by showing that if g: B—C'is an irreducible morphism where
both B and C are indecomposable, then there exists an [ > 0 such that Qg is
Q-perfect.

We assume g is not eventually 2-perfect and B and C' are indecomposable. Then,
for an infinite number of positive integers j, )¢ is an epimorphism, but '*1g is a
monomorphism. Then, by 4.1.7, the kernel of /¢ is simple. We only have a finite
number of simple R-modules, so we have a strictly increasing sequence of integers,
ni,na, ... where we for each n; have a short exact sequence

QMg

0 - S - B QnC ——0
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for some simple R-module S. We have the following exact diagram for each n; # n;.

ki QMg

0 S Q"B Qe ——0
k’j A 'y

0 - S - " B QL ——0

We know that the maps 2"g and Q" g are irreducible, so by [4, Proposition
V.5.7|] there exists a homomorphism f]-i: Q" B—QO™ B or a homomorphism
fi7: Q" B—Q"™ B such that the left square of the above diagram commutes. Re-
labeling, if needed, we may use 4.2.7 and we can assume there is an arbitrary long
chain of homomorphisms

f2 fS 7”;: f7TrrLL+1
inBgl,anB 2,... 1,Qnt%...
The compositions fmLfm . f2 are all non-zero, since composing them with k;
gives (fpt f3f)ky = (f ™1 f3) (fika) = . = Kiia #0.
k
2

By 3.2.3, we know that there is a common bound of the length of all the syzygies
of B. We have an arbitrary long chain of non-zero composition between indecom-
posable syzygies, and since their lengths have a common bound this cannot be if
each f; is not an isomorphism by [4, Corollary VI.1.3]. Hence, for some i # j, we
have that f; is an isomorphism, and Q™ B and Q" B are isomorphic. That is, B
is Q-periodic.

We want to show that B is 7-periodic, since this would imply that C is a tube
by Subchapter 2.2. We first show that there exists a positive integer k& such that
vkS = S. Since there is only a finite number of simple modules and v preserves
simple modules by 2.3.4 there must exist a simple R-module S’ = 1S for [ > 0
such that v¥S’ = S’ for some k > 1. Then, we have that

VH(S) = TE(S)
v ((S)) = v (VTH(S)
S = k(9).

That is, v has finite order k£ when applied to S. We now let n be a positive integer
such that we have a short exact sequence

l Qg

0 ) Q"B aQre - 0.
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The Nakayama functor, v, takes irreducible maps to irreducible maps by 2.3.4,
so for all integer multiples kt; and kt; where t; # t; we have the following exact
diagram

th,br Qng

P C —— 0

Again, by [4, Proposition V.5.7], for each ¢; # t; we have homomorphisms I,/ or [’
commuting the left square of the diagram. Repeating the previous argument we
get arbitrary long chains of homomorphims with non-zero composition between
modules with the same length as *Q" B, since v preserves length. By [4, Corol-
lary VI.1.3], for some t, # t,, we have that v*"Q"B is isomorphic to v*=Q"B.
Then using [4, Proposition IV.3.6] and the fact that 2 and v commute by 2.3.6,
we know that v**B = ¥ B so v has finite order when applied to B. This fact
combined with B being Q2-periodic shows that B is 7-periodic. This contradicts
the fact that C is not a tube.

So, g: B—C' is eventually Q-perfect. So, the morphims f; and g; for i € {1, ..., k}
in (4.4) are eventually Q2-perfect.

The previous argument also holds in the case where C' decompose. That is, any
irreducible morphism from 7M to a finite sum of the E;’s, where each FEj; is rep-
resented at most once, is eventually 2-perfect. For simplicity, we denote such a
morphism by (fi,, ..., frn,)*. So, for a morphism of that sort, (fu,,..., fa, )T, there
exists an even integer 2m’ > 0 such that Q*™ (fy,, ..., fn, )" is Q-perfect. So,

Q™ (fors o fu ) QP T M— Q> By & . @ QO By,

is either an epimorphism for all s > 0 or a monomorphism for all s > 0. We
now choose m such that it is the maximum of all the m'’s corresponding to the
morphisms (fx,, ..., fr, ). So, applying Q%™ to any of the morphisms (fy,, ..., fn, )"
gives us an (2-perfect morphism. Furthermore, since

QP T M) = L(QT™ T M)
and
QPP E, ) + ..+ (QQ*E), ) = (BT Ey,) + ... + L(QT™E),,)
by 2.3.4 and 2.3.6, we know that an irreducible morphism

QT M— QT Ey, B ... &V TE),,
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is either an epimorphism for all s > 0 or a monomorphism for all s > 0. Further-
more, we explore the almost split sequence ending at 7™ M. By (4.4), 2.3.11 and
the fact that C is regular, we get an almost split sequence ending at 7 M

(T 1™ i) T (T"™g1,., T g)

T"EL D ... T"E, - TN — (.

0 TN
By our choice of m and the previous argument, we know that any irreducible mor-
phims from 7" M to a finite sum of the 7™ E;’s, with each occuring at most once,
is Q-perfect. In particular, we know that the morphism Q7" "' M —Qr™E, & ...
Q7™ E), is a monomorphism. By 2.3.8 we get another almost split sequence

QrmEL & ... QrME, P

0 — Qrm+iyg QrmM — 0

where P is projective. If P # (0) we know that the irreducible morphism
P—Q7r™M is an epimorphim, or else it would split. But then, by 4.1.12; the
morphism Q™M —Qr™E, @ ... ® Qr™E), is an epimorphism, a contradiction.
That is, P = (0). Repeating this argument, for any v > 0 we know that

v

QU™ fr,e Q20T i, ST 9)
0 — Qv7m+1MT : T §>2”TmE1 ®... P QvaE(k

ngly"wﬂ’Ungk::

Qo — 0

is an almost split sequence. Then, since any irreducible morphism from 7™M to
a finite sum of the 7™ F;’s, with each occuring at most once, say (7 fr,, ..., 7" f1,.),
is Q-perfect we know that QV(7™ fp,,, ..., 7™ fp,) is either a monomorphism for all
v > 0 or an epimorphism for all v > 0. Then, by 4.1.12, we know that any
irreducible morphism from a finite sum of 7™ FE;’s, where each is represented at
most once, to 7™M, say (7™ gk, ..., TGk, ), is such that QU(7"gr,, ..., 7" gk,) 1S
either a monomorphism for all v > 0 or an epimorphism for all v > 0.

That is, 7 M is Q-perfect. n

We are now ready to look at modules of finite complexity.
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Chapter 5

Finite complexity

In this chapter we present some results concerning finite complexity. It is divided
in two parts where the first one concerns general finite complexity and the latter
presents some results for complexity one. As before, R is a connected selfinjective
Artin algebra and all R-modules are finitely generated.

5.1 Finite complexity

In this subchapter we investigate properties of almost split sequences ending at an
Q-perfect module of finite complexity. The main result of this part of the thesis
is that if C' is an (2-perfect module of finite complexity over a selfinjective Artin
algebra, then a(C') < 4. We begin by looking at the lengths of two indecomposable
modules which are connected by an irreducible morphism. Recall that all modules
are left R-modules unless stated otherwise.

Lemma 5.1.1. |7, Lemma 3.1 Let R be a selfinjective Artin algebra and let
f: M—N be an irreducible map between indecomposable R-modules. If d' =
max{l(Re;)}, the mazimum length of the indecomposable projective R-modules,

then ((M) > ((N).

1 _
1+d’?

Proof. The algebra R is a selfinjective Artin algebra, so ¢(P) < d’' for each inde-
composable projective right R-module P as well. The result now follows from |4,
Proposition V.6.6].

]
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In the upcoming proofs we need that the previous statement also applies when M
decomposes. We therefore state this as a corollary.

Corollary 5.1.2. Let R be a selfinjective Artin algebra and let f: M—N be an
wrreducible map where N is indecomposable and M is not necessarily indecompos-
able. If d = max{l(Re;)}, the maximum length of the indecomposable projective
R-modules, then £{(M) > 175=((N)
Proof. The module M is not necessarily indecomposable, so M = M’ & M"” where
M’ is indecomposable and M"” may or may not be zero. By 2.1.7, we know that the
morphism M'— N is irreducible and moreover, by 5.1.1, we have that ¢(M') >

1+%K(N ), where d’ = max{/(Re;)}, the maximum length of the indecomposable
projective R-modules. That is, ¢(M) > ((M') > 1+%K(N) which is what we
wanted to show. O

The previous corollary is used in the next proposition.
Proposition 5.1.3. |7, Proposition 3.2] Let R be a selfinjective Artin algebra.
Suppose that C is an Q-perfect module of finite complexity. Let

(f’f """" ft)T (979 7777 g)
0 s T B OB 9E —— C - 0

be an almost split sequence, where the E;’s are non-zero modules that are not
necessarily indecomposable. Then, if t > 3, at most one of the g;’s can be an
epimorphism.

Proof. Assume both g; and gs are epimorphisms and recall that F;, Fs and E3 are
non-zero by assumption. Then (g1, g4, ..., g1): E1 B Es® ... E,—C is an epimor-
phism as well. Further, by 4.1.12, this implies that the map (fo, f3)7: TC—E, ®
E3 is an epimorphism. Since (f2, f3)T is an epimorphism we have that ¢(7C) >
((E5) + ¢(E3). The morphism g, is an epimorphism by assumption, so we have

Using 5.1.2 and the two previous strict inequalities we get that

UrC) > U(By) + U(E5) > ((C) + ——4(C) = (1 +

1+ d? )e(c)_

d? +1
The Nakayama functor v preserves length by 2.3.4, so this and 2.3.5 give us
that ((7C) = ¢(Q2C). For simplicity we denote ¢ = (1 + ﬁ), and further
U(Q2C) > ¢+ £(C), where ¢ > 1.
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The module C' is Q-perfect, so by 4.1.3 we know that 7" '7C—7""1E, & 7" 1 Fy
is an epimorphism for all n > 0. And also, 7" 'E,——7" (' is an epimorphism
for all n > 1. That is, we may repeat the previous argument and get the following

UQ2C) = U(r"C) > ¢ U(r"IC) > 2 - (7720) > .. > ¢ (C)

for n > 1. This tells us that the length of the even power syzygies increase
exponentially.

Further, by 3.1.2, {(Q'C) < d' - 3;(C) for i > 0 where d' is as before. So, the
growth of the Betti numbers cannot be bounded by a polynomial when the length
of the even power syzygies grows exponentially. This contradicts the fact that C'
has finite complexity. O

We now want to decide the possible shapes of a component of the Auslander-
Reiten quiver of a selfinjective Artin algebra that contains one module of finite
complexity and where all modules are eventually 2-perfect and have more than
one indecomposable module in a chosen decomposition of the middle term of an
almost split sequence ending at them. Before we can prove the result we need to
define sectional paths. Given a translation quiver I', a path (zo | aq,..., ¢ | ¢)
in I is said to be a sectional path provided 7x;11 # z;_1, for all 1 < i < t, where
Q; Ti—1— Ty, [12]

Proposition 5.1.4. |7, Corollary 3.3] Let R be a selfinjective Artin algebra, and
let C be a component of the Auslander-Reiten quiver of R such that every module
in C is eventually Q2-perfect and C contains a module having finite complezity. If
every M € C has the property that a(M) > 1, then C is of type Zflm, ZBe, ZB,,
ZAZ, or a quotient of the last two.

Proof. The modules in C are all eventually 2-perfect, so by definition they are
non-projective. Then, by 3.2.5, all the modules in C have finite complexity. Fur-
thermore, we know that for all C' € C there exists an n > 0 such that 7"C' is
Q-perfect by 4.2.4. We can therefore assume that C' is an 2-perfect module in
C. Now, assume «(C) > 3. Then, by 5.1.3, we have an irreducible monomor-
phism B—C'. So, by 4.1.16, we know that there exists a sequence of irreducible
monomorphisms

BnHanlg’"' 4’31HC

such that each B; is indecomposable and «(B,) = 1. But then, B, € C, a con-
tradiction to the assumption that a(M) > 1 for all M € C. So, a(C) = 2 for all
Q-perfect modules in C. That is, an almost split sequence ending at C' is

0—7C —FE1®&E —C—0
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where E,, E5 are non-zero, non-projective, indecomposable, and not necessarily
non-isomorphic. We know that for any module in C we have an n > 0 such that
7"C" is Q)-perfect. Therefore, since the function « is invariant under 7 by 2.3.12,
we have that a(M) = 2 for all M € C. In fact, since the component is regular, if
M is a module in the component, then an almost split sequence ending at M has
exactly two indecomposable summands in a chosen decomposition of the middle
term.

We now evaluate the possible structures of the component. We have two alter-
natives. Either there is at least one module M’ € C such that the almost split
sequence ending at M’ (up to isomorphism) has two indecomposable isomorphic
summands in a chosen decomposition of the middle term or all the modules in the
component have almost split sequences ending at them with two indecomposable
non-isomorphic modules in a chosen decomposition of the middle term. Before we
look at these two cases seperately, we argue that no module in the component is
T-periodic. If there was a 7-periodic module in the regular component this would
imply that the component was of type ZA,,/(7™) by Subchapter 2.2. This cannot
be the case since this again would imply that there exists a module M in the
component with «(M) = 1, a contradiction to the fact that a(M) = 2 for all
M eC.

Assume there is a module M’ € C such that the almost split sequence
ending at M’ (up to isomorphism) has two indecomposable isomorphic
summands in a chosen decomposition of its middle term. Since o(M) = 2
for all M € C and the component is regular, we have an almost split sequence
ending at M’

OHTM,HE:[@E]_HM,;’O. (51)

So, the arrow [E;]—[M’] has valuation ag, p = 2. From the almost split sequence
(5.1) we get an almost split sequence

0 — ) —— T"Ey @ 7B —— 7'M —— 0 (5.2)
with 7" E; # (0) for all n € Z, since the component is regular and by 2.3.11. That

18, Grnp, sy = 2 for all n € Z. Since a(r7'E;) = 2 there are two possibilties for
the value of a1y (= any-—1p,), that is, (1) af, =1 or (2) a4 = 2.

(1) Now, assume a, = 1. Then, we know that a’.np, ), = 1 foralln € Z, by
similar arguments as above. So, then by (5.2) and Subchapter 2.2, we know
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that we have a boundary for the component with valuation as illustrated
below. So, the following is a part of the component.

o [TE] [E1] [T By -
. y o Gy oY \@? Qy Z, o
[T M] [T M'] [M'] T M|

This cannot be the entire component, because that would imply that the
almost split sequence ending at 7" E for n € Z has only one indecomposable
middle term. That is, an almost split sequence ending at E; has an inde-
composable middle term X which is not isomorphic to 7M’ and these two
modules are the only indecomposable summands of the middle term

0 TFE, TM'® X - Fy - 0.
So, the arrow [X]—[F}] has valuation ax g, = 1. Again, since a(M) = 2 for
all M € C, we have two possibilities for the value of a’X7 B, that is, a'X7 B =1

or ay p, = 2.

If a’x y, = 2, then by previous arguments we have that al.y .5 = 2 for
all n € Z and furthermore we have the following

[7X] [X] [rX] [r2X]

o ) [7E:] P [E1] r \[TﬁlEl]/ N
) Q‘\» 9\9 Q"\» Y’? Q/ 9@ N
[ M] [rM] (M} [r M|

Since a(M) = 2 for all M € C and the component is regular we cannot have
anything else. That is, the component is of type Z B, or possibly a quotient
of it.

If a’y p, = 1, as before, we know that there must exist an indecomposable Y
such that

0 - X - oY

71X —0

is an almost split sequence ending at 77! X. So, then the arrow [Y]— 771 X]
has valuation ay .-1x = 1. Moreover, we then also have that a nt1y nxy =1
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for all n € Z. Again, we have two possibilities for the value of a’Y,T_1 +» that
is, either ag,’T_IX =1or ag,’T_IX = 2. Repeating this argument we get a
component of type ZB,, a quotient of ZB,,, or ZB... Note, we cannot have
a quotient of Z B, since this would imply that a module on the boundary is
identified with another module in the same 7-orbit, not possible.

Now, assume a, ,, = 2. Then, we have an almost split sequence

0 Ey M & M’

T_lEl —0
and using similar arguments as before we get an almost split sequence

0 —— T"E) —— "M &M —— "B, —— 0 (5.3)
for every n € Z. So, we know that a,np, iy =2 and al.p, ayp = 2 for all
n € Z, by respectively (5.2) and (5.3). Then, from Subchapter 2.2 and the
fact that a(M) = 2 for all modules in the regular component, the valuation
is (2,2) for any arrow in the quiver and the component cannot contain a
module that is not in the same 7-orbit as either M’ or E;. That is, we have
the following

o [TEA] [E4] [T B >
\3 a¥ Co oY \@? @y \@f) V
[72 M) [rM'] [M'] [r ]

So the component is of type ZALQ. If two modules in the component were
identified with each other, we would have a contradiction to the fact that
there are no 7-periodic modules in the component. That is, we have no quo-
tients of ZALQ.

We now assume that all the modules in the component have almost split
sequences ending at them with two indecomposable non-isomorphic
summands in a chosen decomposition of the middle term. That is, every
arrow in the component has valuation (1, 1) since we know that o(M) = 2 for all
M € C. Then, the component is of type ZAZY or a quotient of it. Recall that we
cannot have a 7-periodic module in the regular component. That is, if we have a
module X in the component that is identified with another module X’ in the com-
ponent, then X and X’ are not in the same 7-orbit. Such an identification where
X’ lies on a sectional path of morphisms starting at X gives rise to a component
of type ZA,. We do not know the structure of other possible quotients. O]
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Note that the result actually differs a bit from what is stated in |7, Corollary 3.3].
The corollary in |7] only states that we have components of type ZAY, ZA,, or
Zfll’z, but we were not able to prove that the other possibilities listed in 5.1.4 do
not exist. One interesting fact that arises from the previous corollary is that all
modules in such a component have two indecomposable non-projective modules
in a chosen decomposition of the middle term of an almost split sequence ending
at them. Furthermore, since there are no projective modules in such components
they actually have two indecomposable modules in a chosen decomposition of the
middle term of an almost split sequences ending at them. We now present two
lemmas before we prove the main result of this subchapter.

Lemma 5.1.5. |7, Lemma 3.4] Let R be a selfinjective Artin algebra and let C' be
an indecomposable module. Let

(f 7f »"‘:fi)T (g g 7~~~7gt)
0 e RO E® .. o E — ¢ - 0

be an almost split sequence where each E; is non-zero, but not necessarily inde-
composable. Assume that all the f;’s and g;’s are Q-perfect. If the map g, is an
wrreducible epimorphism and fyi is an irreducible monomorphism, then t < 2.

Proof. Assume t > 3, and that we have an almost split sequence

f 7f 7"'7f T b 9
0 o e e B e .o B, - 0

where each FE; is non-zero, but not necessarily indecomposable. By assumption,
f1 is a monomorphism and since the morphism is Q-perfect we know that Q2f;
is a monomorphism. Then, by 2.3.13, we then know that 7f: 72C—7E, is a
monomorphism as well. Further, by 2.3.11, we have an almost split sequence

(T f1,7 f2sem fio fT (T91,792,-,79¢,9")

TE,®TE,® .. ®&TE, ® P - 7C 0

0— 72C

ending at 7C where P is indecomposable. Assume P # (0). Then, the morphism
g': P—7C is an epimorphism, or else it splits which contradicts it being irre-
ducible. So, by 4.1.14, we know that 7 f; is an epimorphism, a contradiction. That
is, P = (0) and we have an almost split sequence

(Tflanzv"'vat)T (T9177—927---7T9t)

0 — 72C TE,®TE, ® ... D TE,

7C —0
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ending at 7C'. So, we have that

Y U(E;) =(rC) + ¢(C) and

t
Y UTE;) = ((7°C) + ((C).
i=1
Adding these equalities we get that
t t
D UE)+ Y UTE) = UC) +2- £(rC) + ((7*C). (5.4)
i=1 i=1

Note that none of the E;’s are projective. If one of them, say Ej;, is projective, then
the Q-perfect irreducible map f;: 7C'— F; is a monomorphism, or else it splits.
That is, (0) # QrC—QE; = (0) is a monomorphism, a contradiction. So, none
of the E;’s are projective and since we know that ¢t > 3 by assumption, we have
the following almost split sequences

00— 7FEy — A 7C — Ey —— 0

0 —7E; — A ®7C — E3 ——0
and we obtain
U(A) + L(1C) = U(Ey) + £(TEs) and
VA" +0(7C) = L(E3) + ((TE3).
Further, we get the equation
A+ L(A)+2-4(TC) = U(Ey) + ((E3) + U(TEy) + ((TFE3) (5.5)

by adding the equations as before. By (5.4) and (5.5) we then get the following
equality

U(A") + 0(A) + (B + U(TE) + > UE) + > UTE) =(C) + ((r*C),
U(Ey) 4 U(TEy) < 0(C) + 4(T%0). (5.6)

Since 7 f; is a monomorphism we know that ¢(72C') < (7 E;). But then, by (5.6),
we must have that ¢(E;) < ¢(C'). This contradicts the fact that ¢g;: E;—C' is an
epimorphism. So, ¢ < 2. [
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Lemma 5.1.6. |7, Lemma 3.5| Let R be a selfinjective Artin algebra and let C' be
an Q-perfect module of finite complexity. Let

(f »f )))) ft)T (g 392500y gt)
0 - B @By . E —— L - 0

be an almost split sequence where each E; is non-zero, but not necessarily inde-
composable. If g1 is an irreducible epimorphism, then t < 3.

Proof. Assume t > 4 and let B = E; & ... ® E;. By assumption B is non-zero.
Moreover, let g} : B—C and f;: 7C'— B be the induced irreducible maps. That
is, we have an almost split sequence

(f1,f2,f3,5)T (91,92,93,94)

0 TC WS E, B EsE B - C 0.

The map (g1, g2): E1 & E;—C' is an epimorphism since ¢g; is an epimorphism
by assumption. We now rewrite the almost split sequence and let k; = (g1, 92),
hy = (f1, f2)" and E = E; @ E,. That is, we have an almost split sequence

(h1,f3, /)T (k1,93,94)

E®FE;® B - C ~ ()

00— 171

where hy, f3, fi, k1, g3 and ¢} are all Q-perfect morphisms. Then, by 5.1.5,
the irreducible map h; = (fi, f2)7 cannot be a monomorphism, and thus is an
epimorphism. Referring to 4.1.12 we then know that (g3, ¢;) is an epimorphism, so
0(C) < l(Es)+{(B). On the other hand, since ¢; is an epimorphism, by 4.1.12 we
have that (fy, f3, f1)? is an epimorphism and further £(7C) > ((Ey)+{(E3)+4(B).
That is, by 5.1.2 and the previous arguments, we have that

where d’ = max{((Re;)}, the maximal length of the indecomposable projective
R-modules. For notational purposes we write ¢ = <ﬁ + 1>, and note that
c>1.
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Further, C' is Q-perfect, so by 4.1.3 we know that for n > 1 the irreducible mor-
phisms

™ g3, q)): T By @ "' B—7""'C and
" fa, fa, fO)T T O—T" T Ey @ T Es o T IB

are epimorphisms as well. So, as before we get that
(("C) > c- (7" 1C) for all n > 1.
The Nakayama functor v preserves length by 2.3.4, so then by 2.3.5 we have that
((rC) = L(Q2C) and moreover £(Q**C) > c¢- (" 1C) for n > 1. Furthermore, for
n > 1 we have that
UC) < ...<EUT0) < e U(TVIC) < ((QP0).
So, since
U(C) < L(QPC) < d - Ban(O)

by 3.1.2 where d' = max{/{(Re;)}, the growth of the Betti numbers cannot be
bounded by a polynomial. That is, C' does not have finite complexity, a contra-
diction. So, t < 3. O

Note that we have removed the assumption that f; is an epimorphism of the orig-
inal version of the previous lemma. We can now prove the main result in this
subchapter.

Theorem 5.1.7. |7, Lemma 3.6/ Theorem 3.7] Let R be a selfinjective Artin alge-
bra. Let C be an Q-perfect module of finite complexity. Then a(C') < 4.

Proof. Let

f1,02,s fT 1025y
0 cro I B e B L, - 0

be an almost split sequence ending at C' where each E; is non-zero and indecom-
posable. Recall that none of the E;’s are projective by 4.1.10, so a(C') = t. Assume
t > 5 and let £ = @!_,F;. In this proof we write E as a sum of R-modules in
different ways and use the former lemmas the get our result.
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Let By = F,® Ey and B, = FE35® Ef® ... d Fy, both are non-zero by assumption,
and we write the almost split sequence as

(h1,h2)T (F1,k2)
0 - 7C 12'31@32 12'0 -0

where hl = (fl,fg)T, h2 = (fg,f4,...,ft)T, ]{71 = (gl,gg) and k’g = (gg,g4,...,gt).
We want to argue that at least one of k; and k5 is an epimorphism. Now, assume
they are both monomorphisms. Then, by 4.1.12, since k; is a monomorphism, we
know that ho is a monomorphism. That is, both ks and ho are monomorphism, a
contradiction to 4.1.13. So, at least one of £y or ks is an epimorphims.

Assume k£ is an epimorphism. We again rewrite the almost split sequence

(h1,f35e-ft)T (k1,93,-.-,9¢)
0 e B O E® .. ®E —— T, o - 0.

By 5.1.6, we know that we have that t — 1 < 3, that is ¢ < 4. This contradicts the
assumption that ¢ > 5. So, k; cannot be an epimorphism.

Then k5 is an epimorphism by the former argument. Since k; is a monomorphism,
by 4.1.12, hy is a monomorphism. Further, we rewrite the almost split sequence
in the following manner

f1:f2,h2)T g2,k
(f1,f2,h2) B, & Ey, @ By (91,92 2)70 0

00—

where all modules are non-zero by assumption. The map ky is an epimorphism
and ho is a monomorphism, so by 5.1.5 we have a contradiction.

That is, t cannot be greater or equal to 5. So, a(C) =t < 4 and we are done. [

Note that the previous result is actually a combination of Lemma 3.6 and Theorem
3.7 in [7]. We have removed the assumption that all g;’s are monomorphisms of
the original lemma since it is superfluous, and thereby we get the result stated
as Theorem 3.7 in the paper directly. The next result follows from the previous
theorem.

Corollary 5.1.8. [7, Corollary 3.8] Let R be a selfinjective Artin algebra such
that no simple module is 2-periodic. Let C be an indecomposable non-projective
R-module of finite complexity. Then a(C) < 4.

Proof. By 4.2.6, the module C' is eventually 2-perfect, so it exists an n > 0 such
that Q"C' is Q-perfect. By 3.2.2, cx(Q"C) = cx(C), so Q"C has finite complexity.
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Then, by 5.1.7, a(2"C') < 4. Moreover, the function « is invariant under Q by
2.3.9. That is, a(C) = a(Q"C) < 4, and we are done. O

In this subchapter we have dealt with modules of finite complexity. In the next
subchapter we narrow our focus and look at modules of complexity 1.



5.2. COMPLEXITY 1 87

5.2 Complexity 1

In this subchapter we study the special case of finite complexity where the com-
plexity is one. Most of the results in this subchapter are found in [6].

5.2.1 Modules with bounded Betti numbers

As the headline suggests, we look at modules with bounded Betti numbers in this
section. Recall that a non-projective module with bounded Betti numbers has
complexity 1 by 2.3.7 and 3.2.2. By the same results, we also know that a module
of complexity 1 is non-projective and has bounded Betti numbers. In the previous
subchapter we studied almost split sequences ending at an (-perfect module of
finite complexity. In the next lemma we look at almost split sequences ending at
an )-perfect module of complexity 1.

Lemma 5.2.1. [6, Lemma 2.11] Let R be a selfinjective Artin algebra and let C
be an Q-perfect module of complexity 1. Let

(f1.f25000)T (91,92,--,9t

)
0 - 7C - O E® .. B E - C -0

be an almost split sequence ending at C' where the E;’s are non-zero and not nec-
essarily indecomposable. Then, for each 1 < i <'t, one of the maps f; and g; is a
monomorphism, and the other one is an epimorphism.

Proof. We know, by 4.1.13, that both f; and g; for some i € {1,...,¢} cannot be
monomorphisms.

Now, assume that both f; and g; are epimorphisms for some i € {1,...,¢}. Then,
since C' is Q)-perfect, we know that the morphisms 7" f; and 7"¢g; are epimorphisms
for all n > 0 by 4.1.3. So, we have a sequence of proper epimorphisms

T2g;72f; T9:iTfi gifi

7C — C.

We want to show that there is an upper bound on the lengths of the 7™C’s. By
3.2.3 we have a common bound for the lengths of all syzygies of C', say N. That
is, £(2"C') < N for all n > 0. The Nakayama functor v preserves length by 2.3.4
and commutes with €2 by 2.3.6, so it follows that ¢(7C') < N for all m > 0. Since
we have proper epimorphisms in the sequence above, /(7"C) < (7™ T1C) for all
m > 0. This contradicts the fact that ¢(7C) < N for all m > 0. So, both f; and
g; cannot be epimorphisms.
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In total, we conclude that for each 1 < ¢ < t, one of the maps f; and g; is a
monomorphism, and the other is an epimorphism. O

In the previous subchapter our main aim was to prove a result concerning the
number of indecomposable non-projective modules in a chosen decomposition of
the middle term of an almost split sequence ending at an €2-perfect module of finite
complexity. We now look at the number of modules in a chosen decomposition
of the middle term of an almost split sequence ending at an Q-perfect module C'
where 3, (C) =1 for an infinite number of n > 0.

Proposition 5.2.2. |6, Proposition 2.12| Let R be a selfinjective Artin algebra and
C' an Q-perfect R-module such that 5,(C) = 1 for an infinite number of n > 0.
Then o(C) = 1.

Proof. Let

(f17f27"'»ft)T ( 1,92;5--+ t)
0 - 7O c B G E®.. ¢ E —2, o - 0

be the almost split sequence ending at C' with each F; indecomposable. Since
there cannot be any non-zero projective modules in the middle term of an almost
split sequence ending at C' by 4.1.10, we know that t = «(C') and that the E;’s are
non-projective. Assume t > 1.

We assume g¢; is a monomorphism and then, by 4.1.13, f; is an epimorphism. So,
we have a short exact sequence

f1
0 —— Ker fj — 7C - - 0.

Since f; is Q-perfect, by 4.1.11 we know that 5;(7C) = S;(Ker f1) + 5;(E;) for
all ¢ > 0. The module E; is non-projective, so by 2.3.7, it has infinite projective
dimension and moreover non-zero Betti numbers. From the equality above we
therefore get the strict inequality 5;(7C) > B;(Ker f1).

By assumption, §;(C') = 1 for an infinite number of positive integers i > 0, and
since Bi12(C) = B;(7C) by 3.1.2, we have that (3,,(7C) = 1 for an infinite number
of integers n > 0. But then, by the inequality above, 5, (Ker f;) = 0 for the corre-
sponding n’s. The kernel of f; is non-projective or else f; splits, which cannot be.
That is, Bj(Ker f1) # 0 for all j > 0, a contradiction to the previous argument.
So, g1 cannot be a monomorphims.
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Assume ¢ is an epimorphism. Then

(!]17927~~~:gt—1)

EyOE,®..0 L, - C

is an epimorphism, and this implies that f; is an epimorphism by 4.1.12. By re-
peating the previous argument we have a contradiction.

So, we cannot have t > 1, and since we know that there exists an almost split
sequence ending at C' by 2.1.9, we have that t = 1. O]

We now turn our attention to regular components of Auslander-Reiten quivers
of selfinjective Artin algebras containing a module C' of complexity 1. Before we
present our results, we recall some important properties of such components. In
Chapter 2.2 we argued that a regular component of the Auslander-Reiten quiver
of a connected, Artin algebra containing a 7-periodic module is of type ZA../{T™).
Therefore, when we refer to regular components that are tubes in the upcoming
proofs they are of type ZA,/(7"). In Chapter 2.2 we promised to further explore
the morphisms of regular components of type ZA,, and ZA,,/(7"). We illustrate
a part of such a component here.

NSNS\ N S
R AN
\M/ \M/ \ / \W/

Since the valuation of all the edges in Ay, is (1,1) and no modules are removed
from the component, we know that it is actual almost split sequences that are
illustrated above. If we look at a module on the boundary of the component, Mj,
an almost split sequence ending at M, is

OHTM]_—»MQHM]_;»O.
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So, 7 M;—Ms is a monomorphism and Ms—> M is an epimorphism. If we com-
bine this with 4.1.12, we see why some of the morphisms illustrated in the above
quiver are monomorphisms (indicated with a hook arrow) and others are epimor-
phisms (indicated with a two headed arrow).

We now let C' be an indecomposable module lying in regular component that
is a tube or of type ZA.,. We further assume the component does not contain any
simple modules. We want to argue that if g: B——(C' is an epimorphism in such a
component, then its kernel is on the boundary of the component and is therefore
not simple. If C' itself is on the boundary of C, we have an almost split sequence
ending at C'

f
0—7C -+ B——(C ——0

and furthermore the kernel of ¢ is obviously on the boundary and is therefore not
simple. So, we assume C' is not on the boundary of C. We illustrate a part of the
component

[T B] Bl -
SN / NN
[T 1C] [T C]| . [7C] [C]
SN / \ / U
: [T .

"D | | (D]

SN / ~ \

[ E] S ]
oo S / RN /
[Fm AN [N [N] [V]

where we choose to denote the modules that are not of importance with a dot.
This is just to simplify the illustration. From previous arguments we know that
an almost split sequence ending at C' is

(ST (0.9)
BaD 2o —

0— 7C

and further, by 4.1.12, we know that Ker g = Ker f’. Repeating this argument we
get that Kerg = 7N. But 7NV is in the component, so 7N is not simple. That is,
the kernel of g is not simple.
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We continue considering the regular component of type Z A, or ZA.,/{T™) without
simple modules. We let g: B——C' be an epimorphism in the component and want
to show that g is (2-perfect. We know that an almost split sequence containing
7™g for m > 0 is either

Tmf ,T.'m

g

0— 7t — 7B ™C — 0
if C' is on the boundary of C or
(rm £ T (r™g,m™g’")

0 —— 7+l

TB®T™D

7C —— 0

if C'is not on the boundary of C. Looking at the component and recalling previous
arguments we then know that 7¢ is an epimorphism with non-simple kernel for
all m > 0. That is, by 2.3.13, we know that "¢ is an epimorphism for all m > 0.
We now need to argue that Q?"*1g is an epimorphism for all m > 0. We have the
following exact sequence

Tm

0 K, rmB —2 me v

for m > 0 where K,, is the non-simple kernel of 7"g. We then know that
UKy) +0m™C) =0(1T™B). (5.7)
Furthermore, we look at Q?*™g for m > 0

Q2

and we have that
U(K]) +(Q*™C) = ((Q°™B). (5.8)
Now, since v preserves length by 2.3.4 and by 2.3.6 we have that
((r™mC) = L(Q*™0)
and
((t™B) = ((Q*"B).

So, by (5.7) and (5.8) we have that ¢(K],) = ¢(K,,) > 1 for m > 0. That is, the
kernel of 2*™¢g is not simple and moreover by 4.1.7 we know that Q?"*lg is an
epimorphism for all m > 0. So, g is {2-perfect.

We now want to argue that any module C' in the component is Q-perfect. We first
assume «a(C') = 2, that is, we have
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()T (0.4)
-BaD .o —y

0 - 7C

an almost split sequence ending at a module C' in the component, with g an epimor-
phism and B and D indecomposable. By the above we know that g is Q2-perfect.
Further, by 4.1.12, f’ is also an epimorphism in the component and is therefore also
()-perfect. We need to show that also (g, ¢’) is an 2-perfect epimorphism. That is,
we need to show that the morphism Q" (g, ¢')(= (2"g,Q2™¢’)) from Q"B & Q™D
to Q2™C' is an epimorphism for all m > 0. But we know that Q™g: Q" B—Q"C
is an epimorphism for all m > 0 by the previous argument, so therefore 2" (g, ¢’)
is an epimorphism for all m > 0.

From the previous discussion we know that f and ¢’ are monomorphisms. We now
need to show that f, ¢’ and (f, f') are Q-perfect monomorphisms. By the dual re-
sult of 4.1.7 we know that given an irreducible monomorphism h: A— B’, the irre-
ducible morphism Qh: QA—Q B’ is a monomorphism if and only if the cokernel of
h is non-simple. Moreover, by a similar argument as above, if h: A— B’ is an irre-
ducible monomorphism in the component, then the cokernel of h is on the boundary
of the component and is therefore non-simple. Further, 7™h is a monomorphism
for all m > 0 and by 2.3.13, we know that Q2" A—Q?" B’ is a monomorphism for
all m > 0. Since the cokernels of the monomorphisms in the component are non-
simple, we know that Q?"*1A——0?m*1 B’ is a monomorphism for all m > 0 by a
simple length argument and the dual of 4.1.7. That is, the irreducible monomor-
phisms f and ¢’ in C are Q-perfect. Further, since Q™ (f, f')(= (Q™f, Q™" f')) is a
morphism from Q™7C to Q"B @ Q™D and Q™ f: Q™7C—Q" B is a monomor-
phism for all m > 0, we know that Q™(f, f’) is a monomorphism for all m > 0.
That is, (f, f) is Q-perfect as well.

In total, C' is Q-perfect. Now, if a(C) = 1, we have an almost split sequence

00— 70— p—2ec—1p

and by the previous arguments we know that f and g are Q-perfect. That is, C' is
Q-perfect in this case as well. That is, all modules in the component are (2-perfect
and we have the following proposition.

Proposition 5.2.3. Let R be a selfinjective Artin algebra. Let C be a reqular com-
ponent of the Auslander-Reiten quiver that is a tube or of type ZA~,. Furthermore,
assume that C does not contain any simple modules. Then, all modules in C are
Q-perfect.

Proof. See the previous argument. O]
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In the next proposition we, among other things, look at how a module C' with
complexity 1 and minimal 4(C) among the modules in such a regular tube with-
out simple modules actually has to lie on the boundary of the tube.

Proposition 5.2.4. |6, Proposition 3.1| Let R be a selfinjective Artin algebra, and
let C' be an indecomposable module with complexity 1, lying in a reqular component
C of the Auslander-Reiten quiver and such that (C') is minimal among the modules
in C. Assume further that C is either not a tube, or, that if a tube, then C contains
no simple modules. Then a(C) = 1.

Proof. Assume the component is not a tube. Then, by 4.2.8, we know that 7"C
is Q-perfect for some n > 0. Further, since S(7"C) < 5(C) by 3.1.3 and §(C) is
minimal among the modules in C, we know that 5(7"C') = §(C') is minimal. Since
the component is regular, by 3.2.5, all modules have complexity 1, so cx(7"C') = 1.
Furthermore, we know that the function « is invariant under 7 by 2.3.12. So, we
may assume, without loss of generality, that C' is Q-perfect. If C is a tube without
simple modules, it follows immediately from 5.2.3 that C' is 2-perfect.

So, we assume C' is {2-perfect and let

(f?f »»»» fi)T (7 7777 t)
0 e RO E®.. 0B —2" o 0

be an almost split sequence ending at C' with each F; indecomposable. The compo-
nent is regular, so we know that none of the E;’s are projective. That is, a(C) = t.
We assume that ¢ > 1.

If g; is a monomorphism, then f; cannot be a monomorphism as well by 4.1.13.
So, fi1 is an Q-perfect epimorphism and furthermore, by 4.1.11, we know that
Bi(rC) = Bi(Ker f1) + 5;(Ey) for all ¢ > 0. Then, since Ker f; cannot be pro-
jective as f; does not split, 8;(Ker f;) # 0. That is, we have a strict inequality
ﬁz<E1> < ﬁz<TC) for all 4 > 0.

If g1 is an epimorphism, then since (g1, 9s,...,g:—1) is also an epimorphism we
know that f; is an epimorphism by 4.1.12. This implies that 5;(E;) < 5;(7C) for

all ¢+ > 0 again using the argument above.

So, recalling that 5(7C') = S(C') by the minimality of 3(C') we have that

Bi(Er) < Bi(rC) < B(rC) = B(C)
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for all ¢ > 0 where k is either 1 (g; a monomorphism) or ¢ (g; an epimorphism).
That is, B(Ey) = max;>o{5i(Ex)} < S(C) for either k = 1 or k = t, a contradiction
to B(C) being minimal among the modules in C. So, t = 1.

]

The next two results concern non-zero maps between indecomposable modules.

Lemma 5.2.5. [10] Let X and C be indecomposable modules and f: X—C a
non-zero map which is not an isomorphism. Then either

(1) there is a finite chain of irreducible maps between indecomposable modules
X— ... —C with non-zero composition or

(2) there are chains of irreducible maps Y — ... —C', between indecomposable
modules, with non-zero composition, of arbitrary length.

Proof. Let g: E1 & Fy @ ... & Ex,—C' be a right minimal almost split map where
each FE; is indecomposable. The map f: X—C is not an isomorphism and we
want to show that this implies that is not a split epimorphism. If it was, then
X2CaY,withY € mod R. But then, since X # (0) is indecomposable and C
is non-zero, we know that Y = (0), so X = C. That is, {(X) = ¢(C) and since f
is an epimorphism we the have that f is an isomorphism, a contradiction. So, f
is not a split epimorphism and there exists a map s: X—FE; ® Ey & ... B E}, such
that gs = f.
/ i
s=(s;)"

/

9=(95)
E,®E,&...0E; ’

C

The diagram commutes and since f is non-zero we know that there exists an ¢ such
that g;s; # 0. Moreover, we know that ¢;: F;—C'is irreducible, so we choose g;
as our first map. If s;: X—F; is an isomorphism, we have case (1). If not, we
repeat the argument on s; and continue until we get our result.

]

Lemma 5.2.6. |6, Lemma 3.3] Let R be an Artin algebra and let C be a compo-
nent of the Auslander-Reiten quiver of R. Let M € C and assume that all the
predecessors of M in C have length bounded by some positive integer b. Then, if
X is an indecomposable R-module such that Hompg(X, M) # (0), then X € C and
X is a predecessor of M.
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Proof. Let X be an indecomposable R-module such that Hompg(X, M) # (0). If
X =2 M, then X € C and X is trivially a predecessor of M. So, we assume X 2% M.

By 5.2.5, we either have a chain of irreducible maps from X to M passing through
indecomposable modules with non-zero composition, or there exists an arbitrary
long chain of irreducible maps through indecomposable modules with non-zero
composition that ends in M. If we were in the latter case, since the length of
the predecessors of M is bounded by b, we know by [4, Corollary VI.1.3] that at
least one of the maps in the chain needs to be an isomorphism. This contradicts it
being irreducible. That is, we have a finite chain of irreducible maps with non-zero
composition from X to M through indecomposable modules. So, X € C and X is
a predecessor of M. O

We can now further explore the structure of almost split sequences ending at an
Q-perfect module C' of complexity 1. Here, we let the module C be in a regular
component of the Auslander-Reiten quiver of a selfinjective Artin algebra.

Proposition 5.2.7. [6, Proposition 3.5] Let R be a selfinjective Artin algebra and
let C be an Q-perfect module of complexity 1, belonging to a reqular component of
the Auslander-Reiten quiver. Let

(f »f »"‘:fi)T (g g 7~~~’gt)
0 e RO E® .. o E —— ¢ - 0

be an almost split sequence ending at C where the E;’s are indecomposable. Then
precisely one of the maps g; is an epimorphism and all the other ones are monomor-
phisms.

Proof. By 3.2.5, every module in the regular component has complexity 1. First,
assume two g;’s are epimorphisms, say, g; and go. Then, the morphism (gs, ..., )
is an epimorphism, so using 4.1.12 we know that f; is an epimorphism. This con-
tradicts 5.2.1.

Now assume all the g¢;’s are monomorphisms. Then, by 5.2.1, all the f;’s are
epimorphisms. We now want to show that all predecessors of C' in the component
have length bounded by 5(C) - d', where d = max{{(Re;)}. We already know
that ¢(X) < B(X) -d for all X € C by 3.1.3. That is, we only need to prove
that 5(X) < B(C) for all predecessors X of C. Again, by 3.1.3 we also know that
B(t"M) < (M) for n > 0 for M € C. That is, it is enough to show that if we
have a path

Dkg.Dk—lg....g,D14,O
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where the modules are in different 7-orbits, then (D¥) < 5(C). We assume
DkHDk*IH-.. 4’D14’C

is such a path where k > 1, and let D° = C. That is, D' = E, forar € {1,2,....t}.
We know that f,.: 7C—=D" is an irreducible epimorphism. Moreover, we know
that f,. is Q-perfect, and by 4.1.11 we then know that

Bi(rC) = Bi(Ker f,) + B3;(D").

Furthermore, Ker f,. cannot be projective as this would imply that f, splits, which
is not possible. So, f§;(Ker f,) # 0 and

Bi(D') < B;(7C) for all i > 0 and furthermore
B(DY) < B(rC) < B(O).

So, (D) < B(C). That is, if k = 1, we are done.

We assume k£ > 1 and continue. We consider an almost split sequence ending
at D!

(h1,h2,h3)T (k1,k2,fr)
0 - D! ———> D2 [, & 7C ———— D! - 0

where L; may decompose. We know that f,. is an epimorphism, so (ks, f,) is an
epimorphism. Then, by 4.1.12, h; is an epimorphism. Further, by repeating 2.3.8
we have an almost split sequence

0—— QD! — "D’ VLV rC P, — Q"D! —— 0

for n > 0 with P, projective. Since Q"f,: Q"rC—Q"D! is an epimorphism for
each n > 0, by a similar argument as above, we know that Q"h;: Q"7 D'—Q"D?
is an epimorphism for n > 0. That is, h;: 7TD'—D? is an Q-perfect irreducible
epimorphism, so

Bi(tD") = Bi(Ker hy) + B;(D?)

by 4.1.11. Again, since 3;(Ker hy) cannot be zero, we have that 3;(7D') > 3;(D?)
for all i > 0 and furthermore 5(D?) < B(rD') < B(D'). We now consider an
almost split sequence ending at D’

0 ~ 7Di Dit'e L; @ DI} - Di -0



5.2. COMPLEXITY 1 97

where L; may decompose and j € {1,...,k—1}. Resuming the previous argument,
we can show that each map 7D/—D7*! is Q-perfect, and using 4.1.11 we have
that 8;(tD?) > B3;(D7T') for all i > 0. That is, we have that

B(D*) < B(rD* ') < B(D* 1) < ... < B(D") < B(C), and
(D) < B(D*) - d' < B(C) - d

for £ > 1 by 3.1.3. By the above and the previous argument we know that each
predecessor of C' is bounded by B(C) - d’. Then, all indecomposable R-modules X
such that Hompg (X, C) # (0) is in C, by 5.2.6.

We now look at the composition series of C'
LCC,CcCCco

We know that C'//Cy = S, where S is a simple R-module. The projective cover of a
simple module is an indecomposable projective. That is, we have the commutative
diagram

o= C/C, =S

with P indecomposable projective. In particular, we have a morphism h: P—C),
so Hompg(P,C) # (0). That is, P € C, a contradiction to C being regular. So g; is
not a monomorphism for all i € {1, ..., t}.

In total, precisely one of the g;’s is an epimorphism, and all the others are monomor-
phisms.

]

The reader may confuse this result with 5.1.3. It should therefore be noted that
the assumptions are different in these results and moreover, while we in 5.1.3 just
show that at most one g; is an epimorphism, we here show that precisely one g;
is an epimorphism. We now prove a theorem stating that a module of complexity
1 belonging to a regular component cannot have more than two indecomposable
modules in a chosen decomposition of the middle term of an almost split sequence
ending at the module.

Theorem 5.2.8. [6, Theorem 3.6| Let R be a selfinjective Artin algebra and let M
be a module of complexity 1 belonging to a regular component. Then (M) < 2.
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Proof. If there is a T-periodic module in the component, by previous arguments,
we know that the component is of type ZA, /(™). That is, a(M) < 2 for all
M ecC.

So, we assume that the component is not a tube. By 4.2.8 we know that there
exists an n > 0 such that 7" M is Q-perfect. Further, all the modules in the regular
component have complexity 1 by 3.2.5, in particular cx(7"M) = 1. For simplicity,
we denote 7" M by M'. We assume that

(gl 1925005 gt)

E TG E,&...®F - M’ -0

0 — 1M’

is an almost split sequence ending at M’, where the E;’s are non-zero, indecompos-
able and that t > 3. The component is regular, so none of the E;’s is projective.
Moreover, we get that

> U(E) = (TM) + £(M)). (5.9)

By applying 5.2.7 we may assume that g; is an epimorphism. Since the component
is regular, by 2.3.11, we have the almost split sequence

0 —— 2 M’ TEL®TE ® ... TE, M — 0
where TE; # (0) for i € {1,...,t}. Furthermore, we get that
t
D UTE) = (M) + (T M), (5.10)
i=1
By adding (5.9) and (5.10) we get
t t
> UE)+ Y UTE) = (M) +2- L(rM') + ((T° D). (5.11)
i=1 i=1

Since t > 3 and E, and Fj5 are not projective, we have almost split sequences

00— 7By — M ®»C — E; —— 0

and
00— T7E3—TM'®D— E;3—— 0
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where C' and D are not necessariliy indecomposable. Moreover, we have that
UTM") 4+ 0(C) = U(TEy) + {(Es) (5.12)
and
M)+ U(D) = U(TE3) + ((E3) (5.13)
So, by adding (5.12) and (5.13) we get
UC)+ (D) +2-U(TM') = ((Ey) + U(F3) + {(TEy) + ((TE3). (5.14)

Now, adding (5.11) and (5.14) we get

U(C) + U(D) + U(Ey) + ((rE) + Y _UE) + > UTE) = ((r*M') + (M),

i=4 i=4
that is, we have the inequality
UE)) +UTE) < U(T*M') + 6(M). (5.15)

Further, we know that the morphism 7E;—7M’ is an epimorphism by 4.1.3 since
g1 is an epimorphism and M’ is Q-perfect. That is, both F1— M’ and 7 Ey—71 M’
are epimorphisms, so

(M) < £(E;) and
UM < U(TE)Y).

That is,
(M) + (T M) < U(Ey) + U(TEY),
and further, combining this with (5.15) we have that
(M) + (M) < 6(72 M) + 6(M).
Moreover, we then have that

(M) < (*M).

Since the component is regular we have that

0—— 7N ——E,®&7E,&. . &7E —— 1M —0
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is an almost split sequence ending at 770’ for all j > 0 by 2.3.11. The E;’s
are not projective, so then from Subchapter 2.3 we know that 7/FE; # (0) for
i €{l,...,t} and j > 0. Furthermore, since M’ is an Q-perfect module and g, is
an epimorphism, we know that 77¢; is an epimorphism by 4.1.3. Recall that 77 M’
is Q-perfect by 4.1.10 and has complexity 1 by 3.2.5. Repeating the argument for
TIM' for j > 1, we get

(M) < (M) < (M) < ...
But we know, by 3.1.3, that
((rFMy < B(rEM'y - d < B(M') - d for all k>0

where d’ = max;>o{¢(Re;)}. Recall that 5(M’) is finite by 3.2.2. That is, we have
a contradiction to the sequence of strict inequalities above. So, we cannot have
t > 3. Therefore, for the Q2-perfect module M’ = 7" M we have that t = a(M') < 2.
Since the function « is invariant under 7 by 2.3.12, we know that a(M) < 2.

]

Since the component in the previous proposition is regular, the theorem actually
states that we cannot have more than two indecomposable summands appearing
in a chosen decomposition of the middle term of an almost split sequence ending at
C. Furthermore, since all the modules in C have complexity 1 the statement holds
for all modules in C. Now, we prove the main result in this section. Combining
previous arguments we are able to determine the structure of a regular component
containing a module of complexity 1. Recall that a regular component that is a
tube is of type ZA,/(T").

Theorem 5.2.9. [6, Theorem 3.7| Let R be a selfinjective Artin algebra and C a
reqular component of the Auslander-Reiten quiver containing a module of complez-
ity 1. Then C is a tube or a component of type ZA.

Proof. 1f the component contains a 7-periodic module, we know from previous
arguments that it is of type ZA/(7").

So, we assume C does not contain a 7-periodic module. By 3.2.5 we know that all
modules in the component have complexity 1 and further by 5.2.8 we then know
that a(C) < 2 for all C' € C. Since all modules have complexity 1 in the regu-
lar component we know that §(C) is finite for all C' € C by 3.2.2. Moreover, by
5.2.4 we know that there exists a module M in C such that a(M) = 1. We want
argue that this implies that C has a boundary. Now assume there is an n € Z
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such that the almost split sequence ending at 7" M (up to isomorphism) has two
non-isomorphic summands in a chosen decomposition of the middle term.

ey o) )
NN S NN NS
)M e M)

“

[Y]

This cannot be since the function « is invariant under 7 by 2.3.12 and a(M) = 1.
That is, we have a boundary. Moreover, by the same arguments, we cannot have an
n € 7Z such that an almost split sequence ending at 7" M has two indecomposable
isomorphic middle terms. That is, the valuation of every arrow [7"M'|—[7" M|
is arnppm = 1 and moreover, the valuation is a’ ..., M = 1 for every arrow
[T M]—[r"M'], where n € Z.

We now let

0O— M — M’ - M 0

be an almost split sequence ending at M, and want to explore the almost split
sequence ending at M’. As 7M'—7M is an epimorphism and 7M— M’ is a
monomorphism, the almost split sequence ending at M’ has to have at least two
summands in a chosen decomposition of the middle term. Since a(M’) < 2 we
know that it has two indecomposable summands in a chosen decomposition of the
middle term. That is, there exists an indecomposable M"” such that

0O—7M —— 1Mo M - M’ -0

is the almost split sequence ending at M’ and by 4.1.12, M"— M’ is an epi-
morphism and 7M’'—M" is a monomorphism. Note that M” 2 7M because
TM— M’ is a monomorphism and therefore if they were isomorphic ¢(M") =
(tM) < £(M') and we could not have an epimorphism M”—M’. That is, we
recall the previous arguments and get that a;n+ips .y =1 and @l 0y, = 1 for
all n € Z. So, all the arrows on the boundary have valuation (1,1). Furthermore,
for n € Z, we know that a,»pm -y = 1 and a/TnHM/,TnM” =1 as well. So, we now
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have the following part of the component

(M) [M”] M I ‘QM”]
S CRVZRNCR) \i& \7‘ &
L Ml I~ 1M’]
S S \ @/’
[72M] [T M] [M] [T M]

where the question mark indicates that we do not know the valuation of a.. s 1wy
for n € Z yet. We have also illustrated which morphisms that are epimorphisms
(indicated by a two headed arrow arrow) and which are monomorphisms (indicated
by a hook arrow). We get this information by applying 4.1.12 in a similar manner
as above.

The morphism 7M”—7M’ is an epimorphism and 7M’'— M" is a monomor-
phism. So, an almost split sequence ending at M"” has two indecomposable non-
isomorphic summands in a chosen decomposition of the middle term by the pre-
vious and furthermore a,n+1ps np = 1 for n € Z. Continuing this argument we
get that we cannot have an upper boundary and the valuation of every arrow is
(1,1). That is, the component is of type ZA,,. We illustrate the component

[M///] [T—lM///] [7_—2 M///]
SN “ oo S
M//] [M” [T_lMH] [7_—2M//]

N %

o ]
/ Y S Y S N S \
N o

[T

—

SYUR VU RV
SN “« o o S
*M] [T M] [M] [T~ M]

and as usual we neglect the valuation of the arrows since it is trivial. O]

This result prove important in the next section.
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5.2.2 Modules with eventually constant Betti numbers

In this section we investigate regular components of the Auslander-Reiten quiver
of a selfinjective Artin algebra containing modules with eventually constant Betti
numbers. Such a module is non-projective as a result of it being in a regular com-
ponent and its Betti numbers are bounded. That is, it has complexity 1 by 2.3.7
and 3.2.2. By 3.2.5, we then know that all the modules in the regular component
have complexity 1. This argument is not repeated in the upcoming proofs. Fur-
thermore, by 5.2.9, we know that a regular component of the Auslander-Reiten
quiver of a selfinjective Artin algebra containing modules of complexity 1 is of type
ZA or a tube, that is, of type ZA./(7™). Since the valuation of A, is trivial,
we know that the component illustrates actual almost split sequences. Also, re-
call from 5.2.3 that all modules in a component of type ZA./(7") that does not
contain any simple modules are ()-perfect. By now, this should be well known
facts and we use these results without reference in the proofs. Before we introduce
the first result we need to define quasi-length for components of type ZA. and
LA/ (T™).

Recall from Subchapter 2.2 that since A, has trivial valuation, the valued transla-
tion quiver, Z A, is independent of orientation in A,,. We enumerate the vertices
in A, by the natural numbers and have orientation as shown below.

1 2 3 n n+l —— .-

We illustrate a part of ZA..

(_274) <_1>4) (074)

A N S U N
(_273) (_173) (073) (173)
N N S N S
/ (_172) (072) (172) \
NN N oS
(—1,1) (0,1) (1,1) (2,1)

That is, the vertices of ZA,, are of the form (z,47) with 2 € Z and ¢ € N and
the vertices of ZA,,/(t") are of form (z,i), with z € Z/(n) and i € N. Then,
we say that the element (z,4) in ZAy or (Z,4) in ZA /(") is of quasi-length i,
[12]. That is, a module in vertex (z,4) in a component of type ZA, or (Z,i) in
a component of type ZA /{T") has quasi-length i. It follows that all modules in



104 CHAPTER 5. FINITE COMPLEXITY

the same 7-orbit have equal quasi-length. We denote the quasi-length of a module
M by ql(M). Further, we note that the modules in a component of type ZA, or
LA /{T™) of quasi-length 1 lie on the boundary of the component. We now study
the case where there is a module with eventually constant Betti numbers lying on
the boundary of such a component. In the case where the component is a tube we
assume that it does not contain any simple modules.

Proposition 5.2.10. |6, Proposition 4.1| Let R be a selfinjective Artin algebra
and let C be a reqular component of the Auslander-Reiten quiver of R containing
a module M whose Betti numbers are eventually equal to b and with a(M) = 1.
Assume also that if C is a tube, then it contains no simple R-modules. Then every
module B in C has eventually constant Betti numbers equal to ql(B)b.

Proof. By previous arguments we know that all modules in the component have
complexity 1 and moreover that C is of type ZA,, or ZA,/(t"). If C is of type
ZA/{T™) and does not contain any simple modules we know that all modules in
the component are )-perfect. If C is of type ZA,,, by 4.2.8, we know that there
exists an m > 0 such that 7™M is Q-perfect. Since S;12;(X) = Bi(77X) for all
t > 0and 57 > 0 for any X € C by 3.1.2, we know that modules in the same
T-orbit as a module with Betti numbers eventually equal to some constant a also
have Betti numbers that are eventually equal to a. Furthermore, we know that all
modules in the same 7-orbit have equal quasi-length. So, we may assume that M
is Q-perfect. From the previous arguments we know that if M’ is a module on the
boundary of C, that is, in the same 7-orbit as M, it has eventually constant Betti
numbers equal to b. In other words, equal to ql(M’)b. We illustrate a part of C.

[B4] [T7'By]  [77?B4]
NS N N o NS
[7Bs] (B3] [77'Bs]  [17?B3]
AW S AW S b S
7 [7Bs] [Bs] [T~ By N
Y N S . A
(72 M] [T M] [M] [ M]

We use induction on the quasi-length n of B, and we let B; = M. We start by
looking at n = 2. An almost split sequence ending at M is

0O—7M —B,— M —0
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and by 4.1.11 we know that §;(By) = S;(M) + Bi(tM) for i > 0 since M is
Q-perfect by assumption. Further, since the Betti numbers of M and 7M are
eventually equal to b it follows that the Betti numbers of By are eventually equal
to 2b, that is, eventually equal to ql(By)b. So, all the modules in the same 7-orbit
as By, that is, the modules with quasi-length 2, have Betti numbers eventually
equal to 2b.

Now, let n > 3 and assume we have shown that B;, and therefore also all the
modules in the same 7-orbit as Bj;, has eventually constant Betti numbers equal
to jb for j € {1,2,..,n — 1}. We may assume that B,,_; is Q-perfect. Since C is
of type ZAy, or ZA/{T™) we know by previous arguments that an almost split
sequence ending at B, is

00— Tanl - 7-an2 ©® Bn > anl - 0.

Since B,,_; and 7B,,_1 have Betti numbers eventually equal to (n —1)b and 75,,_2
has Betti numbers eventually equal to (n — 2)b by assumption, and further

Bi(Bn) = Bi(Bn-1) + Bi(7Bn_1) — Bi(TBn—2)

for ¢ > 0 by 4.1.11, we know that B, has Betti numbers eventually equal to nb.
Of course, this is also the case for the modules in the same 7-orbit as B,,. That is,
all modules with quasi-length n have eventually constant Betti numbers equal to

nb.
O

We let R be a selfinjective Artin algebra and C be a regular component of the
Auslander-Reiten quiver of R that does not contain any simple modules if it is a
tube. Then, from the previous argument, we conclude that if M is on the boundary
of the component and has eventually constant Betti numbers, then all modules in
the component have eventually constant Betti numbers. In the next proposition
we see that if we have two modules M and N in such a component with eventually
constant Betti numbers and we have an irreducible morphism between them, we
know that each module in the component has eventually constant Betti numbers.

Proposition 5.2.11. [6, Proposition 4.2| Let R be a selfinjective Artin algebra and
M and N indecomposable R-modules whose Betti numbers are eventually constant.
Assume that M lies in a regular component C of the Auslander-Reiten quiver of
R that, if a tube, contains no simple modules. If there is an irreducible homomor-
phism M — N, then every module in C has eventually constant Betti numbers.
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Proof. By previous arguments we know that all modules in the component have
complexity 1 and further that C is of type ZA. or ZA,/{(t™). If C is a tube
without simple modules, then all modules in C are Q-perfect. Moreover, if C is of
type ZAs we know that there exists an m > 0 such that both 7™M and 7N
are (-perfect by 4.2.8 and 4.1.10. Furthermore, since f;42;(X) = B;(77X) for all
¢t > 0 and 7 > 0 for any module X in C, we know that all modules in the same
T-orbit as M (N) have Betti numbers eventually equal to the same constant the
Betti numbers of M (N) are eventually equal to. That is, we can assume both M
and N are (-perfect. If either M or N is on the boundary of C, we are done by
5.2.10. If not, since we know the structure of the component we have an almost
split sequence ending at N

0 TN ~M e M - N -0

where M and M’ are indecomposable. By 4.1.11 we know that
Bi(M') = Bi(N) + Bi(TN) — Bi(M)

for + > 0 and moreover we know that N, 7N and M have eventually constant
Betti numbers. That is, the module M’ and therefore also all modules in the
same 7-orbit as M’, has eventually constant Betti numbers.

Now let X be an arbitrary module in the component. Then we can assume that
78X lies on a sectional path of {2-perfect modules ending at an Q-perfect module
in the 7-orbit of N or in the 7-orbit of M for some k € Z. That is, we may
repeatedly use 4.1.11 and the arguments above to argue that 7 X, and therefore

also X, has eventually constant Betti numbers.
m

Remark. In the two previous proofs we let R be a selfinjective Artin algebra and
investigate regular components of type ZA., or ZA/{1"™). We argue that a mod-
ule in the same 7-orbit as a module with eventually constant Betti numbers equal
to some constant a also has Betti numbers eventually equal to a. The argument
for this is not repeated in the upcoming proofs.

We again let R be a selfinjective Artin algebra and C be a regular component of
the Auslander-Reiten quiver of R that does not contain any simple modules if it is
a tube. From the two previous results we know the following. If there is a module
on the boundary of C with eventually constant Betti numbers, then every module
in the component has eventually constant Betti numbers. Furthermore, we know
that if there are two modules with eventually constant Betti numbers connected
with an irreducible morphism in C, then all modules in C have eventually constant
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Betti numbers. It would be of interest to investigate if C containing a module
with eventually constant Betti numbers would imply that all modules in C have
eventually constant Betti numbers. Unfortunately, in the nonlocal case this need
not be true. It is not known if it is true in the local case [6]. We can however say
something about the Betti numbers of an arbitrary module in the regular compo-
nent containing a module with eventually constant Betti numbers. Before we are
able to present this result we need to define periodic and eventually periodic Betti
numbers. We say that an R-module M has periodic Betti numbers if there is some
positive integer n such that 5;(M) = B;in(M), for all i > 0. Moreover, we say
that M has eventually periodic Betti numbers if there are some positive integers n
and k such that §;(M) = 5;,(M) for all i > k. We now present a useful lemma
before we explore properties of an arbitrary module in a regular component, that,
if a tube does not contain simple modules, containing a module with eventually
constant Betti numbers.

Lemma 5.2.12. Let R be a selfinjective Artin algebra. Assume that C is a reqular
component of the Auslander-Reiten quiver of type ZA~ or LA /{T") and that C
is an Q-perfect module on the boundary of C. If

fn frn-1 f2 f1

MTL;»MH_14»~~~4»M1

C

is a sectional path of irreducible epimorphisms in C with n > 1, then each irre-
ducible epimorphism fi: My— M,y is Q-perfect for k € {1,...,n} where My = C.
In particular, 3;(My,) = Bi(My_1) + Bi(7*C) fori > 0.

Proof. We illustrate a part of the component.

[M3] [T Ms] [T Ms]
R Y S
[T Ms)] [Ms)] [T M) [T M
AN S AN S Y S
7 [T M;] [M;] [T~ M] ~
S A A A
[72C] el [C] el

For f;: M;—C' the result follows from the fact that C is Q-perfect and 4.1.11.
Now, look at fr: My—>My_1 with k € {2,...,n}. By previous arguments we
know that 7™ fy is an epimorphism for all m > 0. Moreover, by applying 4.1.12
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in the same manner as in Section 5.2.1, we know that its kernel is isomorphic to
T HRC. We know that C' is Q-perfect, so Q2™ +¥)(C is not simple for m > 0 and
k € {2,..,n} by 4.1.8. That is, by 2.3.4 and 2.3.6 we know that 7"**C is not
simple for m > 0 and k € {2,...,n}. Furthermore, we have that

UT™RC) + (7™ My, 1) = L(T™ M), (5.16)

We now want to show that f; is (-perfect. Since 7™ f; is an epimorphism for all
m > 0, by 2.3.13, we know that Q2" f; is an epimorphism for all m > 0. That is,
we have an exact sequence

Q2mf
0 —— Ky —= Q"M —> Q2" My —— 0

for m > 0. That is, we know that
() + U@ My ) = (OP™ M), (5.17)
Now, by 2.3.4 and 2.3.6 we have that

QP M_y) = £(T™Mj,_,) and

So, by (5.16) and (5.17) we know that £(K,,) = {(r™*C) > 1 for all m > 0. That
is, the kernel of Q2™ f;. is not simple for m > 0 and by 4.1.7 we know that Q?>"*! f,
is an epimorphism for all m > 0. That is, fr: Mp— My_1 is Q-perfect.

Then, applying 4.1.11 we know that £3;(My) = B;(Mg_1) + Bi(7*C) for all i > 0
and k € {2,...,n}.

]

The previous lemma is used in the next proposition where we investigate properties
of Betti numbers of an arbitrary module in a regular component of the Auslander-
Reiten quiver of a selfinjective Artin algebra containing a module with eventually
constant Betti numbers. Again, we assume the component does not contain any
simple modules if it is a tube.

Proposition 5.2.13. [6, Proposition 4.3 Let R be a selfinjective Artin algebra,
and let M, be an indecomposable R-module with eventually constant Betti numbers
lying in a reqular component C of the Auslander-Reiten quiver, that, if a tube
contains no simple modules. Then every module in C has eventually periodic Betti

numbers. Furthermore, the eventual period of the Betti numbers of a module in C
divides 2 ql(M,,).
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Proof. Again, we know that all modules in the component have complexity 1 and
that C is of type ZA or ZA/(t") . Further, we know that all modules in the same
T-orbit as M, have eventually constant Betti numbers. If M, is on the boundary of
C, then by 5.2.10, every module in the component have eventually constant Betti
numbers, that is eventually period 1, which obviously divides 2 ql(M,,).

Now assume M, is not on the boundary of C and have quasi-length n + 1. By
applying 7 a certain number of times, since 3;(77M,,) = Bi12;(M,,) for all i > 0 and
J > 0 by 3.1.2, we can assume that M,, has constant Betti numbers. We illustrate
a part of the component

G M -
oo S NN
[rCl [ [7C] [C]

So, we have a sectional path of n irreducible epimorphisms

Mn"'Mn—l;»Mn—Q > ‘Ml -

where C' is on the boundary of C, and a sectional path of n irreducible monomor-
phisms

TnC > Tn_lMl > Tn_2M2 — TMn—l — Mn

We can assume that all of the modules {M;}}_; and C are Q-perfect, because
either all modules in C are (2-perfect or for each module M € C there exists an
[ > 0 such that applying 7' to M gives an -perfect module by respectively 5.2.3
and 4.2.8. Furthermore, if this assumption gives us that the (2-perfect modules
have eventually periodic Betti numbers, since 3;12;(X) = B;(7/X) for all X € C
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with 7 > 0 and 7 > 0, every module in the same 7-orbit also have eventual periodic
Betti numbers with equal eventual period.

We first argue that every module on the boundary has eventually periodic Betti
numbers. Note that we in this part of the proof only need that C'is Q-perfect. By
5.2.12 we know that

Bi(TC) + Bi(M; 1) = B:(M;)
for all j € {1,...,n} and i > 0 where My = C. Using this we get that

Bi(M,) = Bi(7'C) (5.18)
5=0

for all 7 > 0 and in a similar manner, since 7C'is 2-perfect by 4.1.10, we have that
n+1

Bi(rM,) = Bi(C) (5.19)
j=1

for all 4 > 0. The module M, has constant Betti numbers and then since
Bire(M,) = Bi(tM,) for i > 0 by 3.1.2, we know that S;(M,) = Bi(vM,) for
all i > 0. So, by (5.18) and (5.19) we know that 8;(7"*1C) = 3;(C) for i > 0.
Further, by 3.1.2, we then know that B;2m+1)(C) = B;(C) for ¢ > 0. In other
words, C' has periodic Betti numbers with a period that divides 2(n + 1). This
implies that every module on the boundary has eventually periodic Betti numbers

with period dividing 2(n + 1).

We know that

0 - 7C M, - C -0
is an almost split sequence ending at the (2-perfect module C' and that
Bi(My) = Bi(tC) + B:(C) (5.20)
for + > 0. Further,

Tn+1M1

0

2 e ——0

is an almost split sequence ending at 7" 71C, an Q-perfect module by 4.1.10. So,
by 4.1.11 we have that

ﬁi(Tn—i_lMl) = BZ‘(TTH_QC) + ﬂi(Tn—HC) (521)
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for i > 0. Since C' has periodic Betti numbers with a period that divides 2(n + 1)
we know by 3.1.2 that

ﬁi(TnHC) = ﬁz‘+2(n+1)(c) = 51'((7)
for i > 0 and
Bi(T"2C) = Bitapnin) (1C) = Bi(7C)
for i > 0. So, then by (5.20) and (5.21) we have that
Bi(My) = Bi(T" " My) = Biyapmeny (M)

for ¢ > 0 using 3.1.2. That is, M; has periodic Betti-numbers with a period divid-
ing 2(n+1). Then all modules in the same 7-orbit as M; have eventually periodic
Betti numbers with period dividing 2(n + 1).

We recall that we may assume that all the modules {M}7_, are Q-perfect and

now look at the almost split sequences ending at the (2-perfect modules M; and
Tn+1M1

0 - M, - 7C' ® M, - M, > ()

and

0—— 20, 20 @ My ——— A —— 0.

So, by 4.1.11 we know that
Bi(TMy) + Bi(My) = Bi(7C) + Bi(Ma) (5.22)
for > 0 and
Bi(T" M) + Bi(r"T M) = Bi(r"TRC) + Bi(T" T My) (5.23)

for ¢ > 0. We know that M; and C' have periodic Betti numbers with a period
dividing 2(n+1), so then by (5.22) and (5.23) we know that S3;(My) = £;(7"" My)
for ¢ > 0. That is, Ms has periodic Betti numbers with a period dividing 2(n + 1).
Furthermore, all modules in the same 7-orbit as M, have eventually periodic Betti
numbers with period dividing 2(n + 1).

Continuing this argument, we have that all the modules {M}}_; have periodic
Betti numbers with a period dividing 2(n+1). So, all modules in the their 7-orbits
have eventually periodic Betti numbers with period dividing 2(n + 1).
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Now, assume X is an arbitrary module in C that is not in the 7-orbit of any of
the M;’s. We can assume that 7™ X for some m > 0 lies on a sectional path of Q-
perfect modules containing an 2-perfect module in the 7-orbit of M,, with constant
Betti numbers and ending at a module in the 7-orbit of M,,_; with periodic Betti
numbers with period dividing 2(n + 1). Then repeating the previous argument,
we see that 7 X has periodic Betti numbers with period dividing 2(n + 1) and
moreover X has eventually periodic Betti numbers with period dividing 2(n + 1).

]

Remark. We let R be a selfinjective Artin algebra and investigate regular com-
ponents of type ZAy or ZA/{1™). Then, from the previous proof we see that a
module in the same 7-orbit as a module with eventually periodic Betti numbers
with period a also has eventually periodic Betti numbers with period a. We do
not repeat the argument for this in later proofs.

Furthermore, we have two immediate corollaries.

Corollary 5.2.14. Let R be a selfinjective Artin algebra and let C be a reqular
component of the Auslander-Reiten quiver of type ZA, or LA /{T"). Let

Mng»Mn—l ‘Ml C

be a sectional path of irreducible epimorphisms in C with C an Q-perfect R-module
on the boundary of the component. Then B;(M,) = Z?:o Bi(T7C) for alli > 0 and
n>1.

O

Corollary 5.2.15. Let R be a selfinjective Artin algebra and let C be a regqular
component of the Auslander-Reiten quiver containing a module M, with constant
Betti numbers. Furthermore, assume we have a sectional path of irreducible epi-
morphisms in C

Mn,;»Mn—l;»”’;”MIH'C

with C an Q-perfect R-module on the boundary of the component. Then, the module
C' has periodic Betti numbers with period dividing 2 ql(M,,).

O

We now present two lemmas that we need to prove the last two main results
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in this chapter.

Lemma 5.2.16. [6, Lemma 4.4 Suppose that C is a regular component of the
Auslander-Reiten quiver of a selfinjective Artin algebra R of type ZAy or ZAs /{T™)
and that C' is an Q-perfect R-module on the boundary of C. If

MnHMnilﬂ--~4>>Ml—»C

is a sectional path of irreducible epimorphisms in C, then 5;(M,) = Z?:o Bita; (C),
foralli>0 andn > 1.

Proof. By 5.2.14 we know that

Bi(M,) = Zﬁi(TjC’) for all i > 0 and n > 1.

J=0

So, then by 3.1.2 we have that
Bi(M,) =Y Biya;(C) for all i > 0 and n > 1.
j=0

O

Note that we have made some changes in the assumptions in the previous lemma
compared to how it is presented in [6]. A combination of the lemma and 5.2.15
gives us the following.

Lemma 5.2.17. Let R be a selfinjective Artin algebra and let M,, be an indecom-
posable R-module with constant Betti numbers lying in a reqular component C of
the Auslander-Reiten quiver. Furthermore, assume that

MnH'Mn—lg""'H'Mlg»C

is sectional path of irreducible epimorphisms in C with C an Q-perfect module on
the boundary of the component. Then, C has periodic Betti numbers with period
dividing 2 ql(M,). Furthermore, 377 Ba;(C) = 377 B2j11(C) for all i > 0 and
n > 1.

Proof. Recall that the component is of type ZA, or ZA/(t"). By 5.2.15 we
know that C' has periodic Betti numbers with period dividing 2 ql(M,,) = 2(n+1).
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Further, by 5.2.16 we know that

n

Bo(My) = 52(C)

=0

and
Bi(My) = B241(C).
§=0

So, since M, has constant Betti numbers we have that Sy(M,) = (1(M,) and
therefore

Z Baj(C) = Z Baj1(C)

and we are done.

From the two previous lemmas we get the following result.

Proposition 5.2.18. |6, Proposition 4.5| Let R be a selfinjective Artin algebra
and let M be an indecomposable R-module with cx(M) = 1 lying in a regular
component C of the Auslander-Reiten quiver, that, if a tube, contains no simple
modules. Assume the length of a sectional path from M to a module C on the
boundary of the component is n; that is, the quasi-length of M is n+ 1. Then
M has eventually constant Betti numbers if and only if C' has eventually peri-
odic Betti numbers with period dividing 2ql(M), and, for sufficiently large m,

D im0 Bog(TMC) = 377 Baja (TC).

Proof. Recall that the component is of type ZA or ZA,/{(T"). We may assume
that C' is Q-perfect, as argued earlier. By applying 7 sufficiently many times and
recalling the previous remarks, it is enough to show that M has constant Betti
numbers if and only if C' has periodic Betti numbers with a period dividing 2 ql(M)

and D7 B2;(C) = -7 Baj1(C).

= If we first assume M has constant Betti numbers, the result follows from 5.2.17
since C' is Q2-perfect.

< We now assume C' has periodic Betti numbers with a period dividing 2 ql(M) =
2(n +1). That is, 8(C) = Brrom+1)(C) for all k > 0 and therefore

Y B C) =D Bryes(C)
§=0 J=0
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where s = 0 if 7 is even and s = 1 if 7 is odd. By assumption we also have that
D 85(C) =Y Baja(C)
§=0 5=0
and by 5.2.16 we know that
Bi(M) = B254:(C)
5=0

for ¢ > 0. Using the three equalities above we want to show that M has constant
Betti numbers. Now, if 7 is even, we get that

Bi(M) = Zﬁzm(o) = Z Baj(C) = ZBQj'Fl(C) = Zﬁ2j+(z’+1)(0) = Bir1(M).

If 7 is odd, we get that

n n n n

BiM) =" B2jui(C) =Y B2 (C) =D Boi(C) =D Bajuian)(C) = Biga (M),

j=0 Jj=0 j=0 j=0

That is, M has constant Betti numbers which is what we wanted to show.

We now present the last result in this thesis.

Theorem 5.2.19. [6, Theorem 4.6] Let R be a selfinjective Artin algebra and let
C be a reqular component of the Auslander-Reiten quiver of R containing a module
having eventually constant Betti numbers. Assume also that, if a tube, C contains
no simple R-modules. Then

(1) There is an infinite family {M"}2, of modules in C having constant Betti
numbers {b,}2 ; that is, B;(M™) = b, for all i > 0.

(2) The sequence {b,} is strictly increasing.
(3) The R-modules M™ lie on distinct T-orbits.

(4) There is a positive integer d, such that, for each t > 1, M' can be chosen
having constant Betti numbers b, = td.
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Proof. Recall that the component is of type ZA, or ZA /(™). If M is a module
with Betti numbers eventually equal to some constant a on the boundary of C,
then, by 5.2.10, we know that each module B in the component have eventually
constant Betti numbers equal to ql(B)a. That is, we can find an infinite family of
modules {M"}> | with constant Betti numbers satisfying the four statements.

Now, assume we have a module that is not on the boundary of C with eventually
constant Betti numbers. By applying 7 a sufficiently number of times we know
that there is a module, not on the boundary, with constant Betti numbers with a
sectional path to an 2-perfect module C' on the boundary. So, by 5.2.17 we know
that C' has periodic Betti numbers with period dividing 2(n + 1), for an integer n.
Moreover, we know that

Z B2;(C) = Z Baj+1(C). (5.24)

Since C' has periodic Betti numbers with a period dividing 2(n + 1), they are
also periodic with a period dividing 2I(n + 1) for [ > 1. That is, we know that
Bie(C) = Bryaumsn)(C) for all I > 1 and k > 0. So, for some ¢ > 1, we have that

t(n+1)—1 t(n+1)—

Z B2+i(C) Z 52g+s (5.25)
=0

where s = 0 if ¢ is even, and s = 1 if 7 is odd. Furthermore, we know that

n+1

Z ﬁQJ t(ZﬁMC)) and
Z 62]—1—1 = (Z 52]+1 ) .

This and (5.24) give us that

t(n+1)—1 t(n+1)—

Z Bai (C) Z 52]+1 (5.26)

Further, for ¢t > 1 we let

Mitny1y—-1 — Myni1)—2 My —— M — (C
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be a sectional path of irreducible epimorphisms. By 5.2.16 we know that

t(n+1)—

Bi(Myni1y-1) Z ﬁzm yforalli>0andt(n+1)—1>1  (5.27)

The following argument is similar as the one in 5.2.18, but we choose to show it
here to avoid confusion. Using (5.25), (5.26) and (5.27) we get the following. Let
7 be even, then

t(n+1)—

Bi(Mt(nJrl)fl) = Z 52]-%7,

t(n+1)—
> BlC
t(n+1
= Z ﬁ2g+1
t(n+1)—

= Z ﬁ2g+z+1

= ﬁi+1(Mt(n+1)fl)-
If 7 is odd, we get that

t(n+1)—

ﬁi<Mt(n+1)fl): Z ﬁ2g+z

t(n+1)—

= Z BZ]—i—l
t(n+1)—

- Z e
n+1

= Z ﬁ2;+z+1

= ﬁi+1(Mt(n+1)71)-

That is, for £ > 1 the module Mt(nﬂ)_l has constant Betti numbers equal to

t(n+1)— n
Bi(Mi(n+1)-1 Z 52g =t <Z 523'(0))
=0
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for all i > 0. We now let d = 37 f2;(C') and we are done.
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5.3 Closing remarks

Due to limited time available, we have not been able to look at specific examples
in this thesis. Given more time, it would also be interesting to look at regular
components of the Auslander-Reiten quiver of a local selfinjective Artin algebra
containing a module with eventually constant Betti numbers. As previously men-
tioned it is not known if this implies that every module in the component has
eventually constant Betti numbers. Moreover, we would have explored the possi-
ble components in 5.1.4 even further.
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