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Abstract

A quasi-hereditary algebra is an Artin algebra A together with the choice
of a partial order on the set of isoclasses of simple A-modules which satis-
fies certain conditions. We refer to this partial order as a quasi-hereditary
structure on A.

In this thesis we discuss two approaches to investigate all the possible choices
that yield quasi-hereditary structures for a given Artin algebra.

The first strategy is to study total orders inducing quasi-hereditary struc-
tures via the homological poset, which is a partial order on the set of simple
modules reflecting homological properties. The second approach refines the
notion of a quasi-hereditary structure considering an appropriate equiva-
lence relation. In particular we exhibit combinatorial characterisations of
the homological poset of Auslander algebras arising from truncated polyno-
mial rings and for blocks of Schur algebras of finite representation type. For
the case of path algebras of Dynkin type A, we find a complete characteri-
sation of all the equivalence classes of quasi-hereditary structures by means
of binary trees and certain quiver decompositions.
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Introduction

This thesis is framed within the representation theory of Artin algebras, which roughly
speaking is the study of modules over Artin algebras.

The origins of representation theory can be found in the first half of the 19th century
with the study of groups by Galois and Lagrange, and Hamilton’s work on quaternions,
but was DeMorgan who gave the rudiments of the definition of algebra [Gus82]. An
algebra is vector space equipped with an associative multiplication which is bilinear.
The first class of algebras to be completely classified was the one of semisimple algebras,
which involves work of Hilbert, Wedderburn and Artin among others. Subsequently, in
the first half of the 19th century, the Krull-Remak-Schmidt theorem (cf. Theorem 1.2.4)
about indecomposability in group theory is a fundamental tool for future algebraic de-
velopments. The concept of a module, coined some years later by E. Noether, provided a
new way of investigating algebras, since now their study is translated in terms of modules
over an algebra. In the 1950’s, homological and categorical methods were introduced,
giving rise to new techniques and a robust mathematical language from which represen-
tation theory benefited. It is until the 1970’s when P. Gabriel introduced quivers as a
new way of conceiving algebras: path algebras modulo relations [Gab72], which led him
to the classification of path algebras with a finite number of indecomposable modules up
to isomorphism. In the same decade, the ideas of M. Auslander and I. Reiten became a
cornerstone in modern representation theory, e.g. their AR-quiver permitted the use of
new combinatorial techniques that are present in nowadays research in representation
theory.

Quasi-hereditary structures

Quasi-hereditary algebras form a distinguished class of Artin algebras introduced in the
1980’s by L. Scott [Sco87] in the context of the theory initiated by E. Cline, B. Parshall
and L. Scott on highest weight categories arising in the representation theory of semisim-
ple complex Lie algebras and algebraic groups [CPS88a; CPS88b; PS88]. V. Dlab and
C. M. Ringel contributed extensively to the study of such algebras from a module theo-
retical approach, determining important homological and algebraic properties [DR89a;
DR&9b; DR92]. O. Iyama showed that quasi-hereditary algebras are ubiquitous among
Artin algebras [Iya03].

Examples of quasi-hereditary algebras include semisimple algebras, Schur algebras
[Par89], path algebras defined by finite acyclic quivers, or by directed quivers modulo
relations, algebras of global dimension less or equal than two [DR89b], in particular
Auslander algebras, also blocks of the BGG-category O are quasi-hereditary algebras

vii



viii Introduction

[HumO8].

As noted earlier, quasi-hereditary algebras came up in the context of highest weight
categories in the sense that a module category over a quasi-hereditary algebra is a highest
weight category, and conversely every highest weight category with finitely many simple
objects arises in this way [CPS88b].

In a ring theoretical setting, the notion of heredity ideal (cf. Definition 2.2.1) is
central to define a quasi-hereditary ring. More precisely, a semiprimary ring A is quasi-
hereditary if there exists a finite chain of ideals

O=anCap1C---CarCa=A

such that a;_1/a; is a heredity ideal of A/a; for 1 < i < m. Such a chain of idempotent
ideals is called a heredity chain. Hidden at first sight, there is an intrinsic partial order
on the set of isoclasses of simple A-modules defined after every heredity chain. If A has
n simple modules, then any heredity chain can be refined to a maximal heredity chain
of length n.

There is a module theoretical definition of quasi-hereditary algebra equivalent to the
one using heredity chains (cf. Definition 2.2.13) in which a partial order is explicitly
requested. In this case a quasi-hereditary algebra is a pair (A4, <) where A is an Artin
algebra and < is an ordering on the set of simple A-modules, which is used to define
a set of standard modules A = A, and a set of costandard modules V = V. From
the notion of highest weight category, the poset <1 must satisfy a basic property in
order to have a quasi-hereditary algebra: to be adapted to A (cf. Definition 2.2.15). In
particular, an algebra may be quasi-hereditary for one adapted order but not for another.
A non-example of the last assertion are semisimple algebras; on the one hand they are
quasi-hereditary for any ordering, but on the other hand any order produces the same
set of standard modules, i.e. there is only one essential way to turn a semisimple algebra
into a quasi-hereditary algebra, in other words, every ordering produces the same set of
standard modules. In terms of heredity chains this means that any maximal heredity
chain produces a unique set of heredity ideals as factors. In this thesis, the latter is
formalised by the notion of quasi-hereditary structure in the following sense.

Let A be an Artin algebra, with {S(7)},cr a complete set of non-isomorphic simple
A-modules. Let <y and <2 be two partial orders on I, then <13 ~ < if Ay, = A, and
V4, = Vg,. Thenif (A4, <) is a quasi-hereditary algebra, we say that the class of < under
~ is a quasi-hereditary structure of A (cf. Definition 2.4.6). Note that the number of
quasi-hereditary structures is bounded by (card I)!. Then, the study of quasi-hereditary
structures is by definition the study of these equivalence classes.

Many interesting examples of quasi-hereditary algebras come with only one quasi-
hereditary structure. For instance, in recent work by K. Coulembier [Coul9] it is
provided a sufficient condition for a quasi-hereditary algebra to have a unique quasi-
hereditary structure, see Theorem 2.4.10. For example, cellular algebras and Brauer
algebras are shown to have at most one quasi-hereditary structure.

In [Rin91] C. M. Ringel proved that if (A, <) is quasi-hereditary, then there exists a
tilting A-module T, called the characteristic tilting module, such that F(A)NF(V) =
add T4, where F(A) denotes the category of all A-modules that admit a A-filtration,
and similarly for F(V). Actually, Tjpq depends only on the class of <. Then, we have
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that two quasi-hereditary structures are the same if their corresponding characteristic
tilting modules are isomorphic.

Contributions

To our knowledge, and after an extensive literature review, no one has tried to do a
systematic study of the different quasi-hereditary structures on appropriate families of
quasi-hereditary algebras, besides Coulembier’s work. This is the main objective of this
thesis.

We first present a new approach to study all the possible heredity chains of an
algebra A via its homological poset H(A) and its homological Hasse quiver H(A) (cf.
Definition 2.3.3). Roughly speaking, H(A) is a directed graph where the vertices are in
bijective correspondence with Serre subcategories of mod A of the form mod A/(e), for e
an idempotent of A, and the arrows correspond to “minimal” embeddings between Serre
subcategories that preserve all extension groups. Then H(A) determines all the possible
heredity chains of A in the following manner.

Theorem 2.3.5. Let A be an Artin algebra, and {e;}]' ; a complete set of primitive
orthogonal idempotents of A. Then we have a bijective correspondence between the
set of paths of length n in H(A) such that each quotient of the corresponding Serre
subcategories is semisimple, and the set of maximal heredity chains of A, given by

(@=Jo—J1= = Ju=n]) = (0= (eg) C - C (ess) C (eg) = A).

Let A, be the Auslander algebra of the truncated polynomial ring K[z]/(z™). We give
the following explicit combinatorial characterisation of homological embeddings between
Serre subcategories of mod A,,.

Theorem 3.7.9. Let J C I C {1,...,n} be subsets expressed as disjoint union of
intervals J = |_|é-:1 Jjand I = ||, L, and f:{1,...,l1} — {1,...,m} a function
such that J; C Iy for all j. Then the embedding mod A, /(ejc) — mod A, /(ee) is
homological if and only if

(i) 1€ Jand Jj = Iy forall 2 < j <1, or
(ii) 1 ¢ J and J;j = I for all 1 < j <.

The key ingredient in the proof of Theorem 3.7.9 is the characterisation of block
decompositions of A, /(e), for e € A,, an idempotent. Moreover, we provide a recursive
algorithm to construct the homological Hasse quiver H(A,,), confirming that A,, admits
only one heredity chain. In particular, we find that the cover relations of H(A,,) are in
bijection with P(n) the set of parts of n, i.e. the set of all summands in all possible sums
of positive integers equal to n.

Theorem 3.10.3. There exists a bijection Cov H(A,,) — P(n).

For a class of algebras Morita equivalent to blocks of Schur algebras of finite repre-
sentation type, we study their homological poset and homological Hasse quiver, using
techniques developed for the case of the Auslander algebras A, giving some interesting
counting formulas.
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It is well known that if A is a hereditary algebra, then it is quasi-hereditary for any
total order [DR89Db], and this assertion can be extended to all adapted orders. In this
case, the homological Hasse quiver of A is the n-hypercube, where n is the number of
simple A-modules up to isomorphism, and the set of heredity chains of A is in bijective
correspondence with the set of all the paths of length n of H(A), which has cardinality
n!, but the sets of heredity ideals appearing as factors of two heredity chains may not
be the same, i.e. different orderings may produce different sets of standard modules,
in other words, the number of quasi-hereditary structures is not n!. This led us to a
different strategy.

For a second approach, we study quasi-hereditary structures per se. First we give
the foundations to investigate the set of classes of adapted orders giving quasi-hereditary
algebras, denoted by gh.str(A). A natural way to endow gh. str(A) with a partial order
is to consider the usual partial order for tilting modules, considering that to each quasi-
hereditary structure corresponds a characteristic tilting module, defining the poset of
quasi-hereditary structures. This is a new way to classify quasi-hereditary structures of
a given algebra. This is joint work with Yuta Kimura and Baptiste Rognerud [FKR20)].

In particular, we classify all quasi-hereditary structures of a path algebra A, of
a Dynkin diagram of type A, with linear orientation in terms of binary trees. The
nice combinatorial properties of this classification are remarkable and involve Catalan
numbers. More precisely, we have the following result.

Theorem 5.1.9. There is a commutative diagram of bijections
Binary trees
of size n
/ T

qh. str(Ay) {Tthmg modules} / N

over A,

Therefore, the poset of quasi-hereditary structures of A, is isomorphic to a Tamari
lattice of order n. We extend our investigations to the case of a path algebra of type
A, for any orientation via iterated deconcatenations of quivers at sink or source vertices
(cf. Definition 5.2.1).

Theorem 5.2.7. Let Q' UQ? U --- U Q’ be an iterated deconcatenation of a quiver Q.
Let A be a factor algebra of KQ modulo some admissible ideal and A’ := A/{e, | u €
E\{v}, t=1,...,¢, t #i). Then we have an isomorphism of posets

l
qh.str(A) — H qh. str(A?),

i=1

l
i=1"

which is given by [<] — ([<]|Q6D

Outline

This thesis comprises five chapters organised as follows.
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Chapter 1 fixes general conventions and provides the reader the necessary back-
ground on representation theory over Artin algebras and finite dimensional algebras.
We introduce path algebras and bound quiver algebras and provide central results, fix-
ing important notation for quiver representations. Basic definitions of poset theory are
recalled briefly as well. The chapter ends with a brief discussion on homological embed-
dings and homological epimorphism of rings, proving some important properties used
later in the thesis.

In Chapter 2 we start introducing the central concept of highest weight category
and give an equivalent definition via filtrations of Serre subcategories. Afterwards we
define quasi-hereditary algebras in two equivalent ways, first via heredity chains, then
using adapted posets and standard modules, and we present a detailed explanation on the
interplay between both definitions and highest weight categories. Then we introduce the
homological poset of an algebra and formalise the notion of quasi-hereditary structure,
giving some examples.

The Chapter 3 is devoted to studying the homological poset and homological Hasse
quiver of the Auslander algebra of the truncated polynomial ring, denoted by A. In
the first sections we find a good description of a basis of A, used later to find block
decompositions of the factor algebras A/(e) for e an idempotent of A. The Chinese
remainder theorem and a property involving idempotent ideals Lemma 3.4.4 is crucial to
find such decompositions. Then we find a characterisation of all homological embeddings
over A, in particular we find a classification of the cover relations of the homological poset
of A that yields a recursive method to depict its homological Hasse quiver. In particular
we exhibit a bijection between the set of cover relations of H(A) and the set of all parts
of a positive integer number. At the end of the chapter we characterise the quotients
A/(e) that are quasi-hereditary, and find an induced subposet of H(A) with elements
corresponding to quasi-hereditary algebras.

In Chapter 4 we recall the notion of a block B of Schur algebras of finite represen-
tation type, and define a factor algebra B of B, that is relevant when finding block
decompositions of B/(e), for e € B an idempotent. Then we use several results of
Chapter 3 in order to find some homological properties of the algebra B used to classify
homological embeddings between Serre subcategories of mod B. We also provide a com-
plete description of the cover relations of the homological poset of B and give a recursive
method to depict its homological Hasse quiver.

Chapter 5 begins with the study of quasi-hereditary structures of A,, a path algebra of
an equioriented quiver of type A,,. We construct adapted posets to A,, from binary search
trees and show a bijection between binary trees of size n and quasi-hereditary structures
of A,. This bijection is compatible with the one-to-one correspondence between binary
trees and tilting modules over A,, (cf. Theorem 5.1.9). This yields a characterisation of
characteristic tilting modules over A,,. Next we give a bijection between quasi-hereditary
structures of quiver algebras and quasi-hereditary structures of the corresponding quiver
algebras given by a deconcatenation of the original quiver. As application we find a
classification of quasi-hereditary structures for path algebras of type A,, in general, via
its minimal adapted posets.






Chapter 1

Preliminaries

In this first chapter we recall fundamental definitions and standard results that are used
throughout the thesis, it should be noted that this introduction is merely a reminder
and is not intended to be exhaustive. We also fix important notation that is constant
throughout the text. We assume general knowledge on rings, modules and categories,
and only rings with identity are considered. Concerning results of this chapter without
proof nor citation, we refer the reader to [ASS06; ARS95; Sch14].

1.1 General conventions

The set of natural numbers is N = {0, 1,...}, and the set of positive natural numbers is
Ny ={1,2,...}. For n € N;, we define [n] :={1,2,...,n} and [0] :== & the empty set.
The set of permutations of [n] is denoted by ¥,. The cardinality of a set X is denoted
by card X.

In this thesis we work mainly with finitely generated left modules. More precisely, let
R be a ring. Then Mod R denotes the category of all left R-modules, and mod R is the
full subcategory of finitely generated left modules over R. For r € R and S C R, we use
the following notations for the two sided ideals generated by r or S: RrR = (r) = (r)r
and RSR = (S)g = (9).

A path algebra is a bound quiver algebra with zero admissible ideal. For two arrows
a:a—band B: b— cin some quiver, we denote the concatenation of o with 5 by Ba.

When referring to a poset (S, <1), we write just < if the underlying set S is known.

1.2 Representation theory of algebras

We start by defining the notion of R-algebra in general, despite the fact that we mainly
work with finite dimensional algebras over a field, and more generally over Artin algebras.

Definition 1.2.1. Let A bering, and R a commutative ring. An R-algebra, or an algebra
over R, is a triple (4, R, ¢) with ¢: R — A a unit preserving ring homomorphism such
that ¢(R) is contained in the centre of A. In this case we write ra := ¢(r)a for all 7 € R
and a € A.

Note that the action of R over A is bilinear, associative and respects the multiplica-
tion of A, i.e. r(ab) = (ra)b = a(rb) for all r € R and a,b € A.

1



2 Chapter 1. Preliminaries

We recall the notion of Artin algebra which is a generalisation of finite dimensional
algebras. In this thesis, usually Artin algebras are considered to provide a more general
setting for the theory, since the representation theory over Artin algebras is very well
studied, see for example [ARS95].

Definition 1.2.2 ([ARS95, I1.1]). Let R be a commutative artinian ring. An R-algebra
A is called Artin algebra if A is finitely generated as module over R.

From now on, K denotes an arbitrary field, unless otherwise stated. Thus if A is a K-
algebra, then it has a vector space structure over K, and A is said to be finite dimensional
or infinite dimensional according to whether A is finite or infinite dimensional as K-
vector space. In particular, every finite dimensional algebra is an Artin algebra. In this
thesis we usually denote an Artin algebra with the greek letter A and we reserve the
letter A for a finite dimensional algebra over a field K.

The Jacobson radical of a ring R is the two-sided ideal of R given by intersection
of all its maximal left ideals and is denoted rad R. A two-sided ideal I of R is called
nilpotent if there exists m € Ny such that I = 0.

We denote by Mod A the category of left modules over A, and by mod A the category
of finitely generated left A-modules. We denote the opposite algebra of A by AP, and
we identify the category of right A-modules with Mod A°P, similarly for mod A°P. If M
is a A-module, we write M the specify that it is a left A-module. The regular A-module
is A with action given by multiplication by the left, denoted A A. In this thesis we work
mainly with finitely generated left modules.

Two rings R, .S are defined to be Morita equivalent provided the categories Mod R
and Mod S are equivalent. For further details on definitions about module categories we
refer the reader to [AF92] and [ARS95].

Let M € Mod A. Then M is called simple if its unique submodules are 0 and M. M
is called semisimple if it is sum of simple modules. The algebra A is called semisimple
if A is semisimple as left A-module. The radical rad M of M is the intersection of all
the maximal proper submodules of M, i.e. rad M is the smallest submodule of M such
that M/rad M is semisimple. Call the quotient M/rad M the top of M, and denote it
by top M. The socle of M, denoted soc M, is the submodule of M generated by all the
simple submodules of M, equivalently soc M is the largest semisimple submodule of M.

A composition series of M is a finite chain of submodules M = My D My D -+ D
M; = 0 such that the factor module M;/M;_; is simple for all 1 < ¢ < ¢. In this case ¢
is the leght of the series.

Theorem 1.2.3 (Jordan-Holder theorem). Let A be an Artin algebra, and M € mod A.
If M =My D> M D--DM =0and M = Ny D Ny D --- D Ny =0 are two
composition series of M, then s = t and there is a bijection between the composition
factors of these series such that the corresponding factors are isomorphic.

Proof. See [ARS95] or [DK94] for the case of finite dimensional. O

The length of M is by definition the length of a composition series of M and is
denoted by ¢(M). The last theorem shows that ¢(M) is well defined and that the factors
of a composition series of M are unique up to isomorphism and are called the composition
factors of M. Moreover, if S is a simple A-module, the Jordan-Holder multiplicity of S
in M, denoted by [M : S], is the number of simple factors of M isomorphic to S.
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A module M € ModA is indecomposable provided it is non-zero and cannot be
written as a direct sum of non-zero A-submodules. If a finitely generated module is not
indecomposable, then it can be decomposed into indecomposable direct summands in
an essentially unique way as the following theorem asserts.

Theorem 1.2.4 (Krull-Remak-Schmidt theorem). Let A be an Artin algebra. Then the
following holds.

(a) Let M € mod A. Then M is indecomposable if and only if Endy M is local.

(b) For all M € mod A, there exits a decomposition M = @;_, M; such that M; is an
indecomposable A-module for all i.

(¢) f M =D;c; M; =D, Nj are two finite decompositions of M into indecompos-
able modules in mod A, then there exists a bijection o: I — J such that M; = Ny
foralli e I.

An algebra A is of finite representation type if there is a finite number of indecom-
posable modules up to isomorphism in mod A.

Idempotent elements play a crucial role in this dissertation. In what follows we recall
definitions and some important properties about them.

Let R be a ring. An element e € R is idempotent if e = e. A set of idempotents
{e1,...,en} C R is said to be complete provided e; + - -+ + e, = 1g. Two idempotents
e, f € R are orthogonal if ef = fe = 0. Moreover, e is primitive if it cannot be expressed
as a sum e = f+ g with f and g non-zero orthogonal idempotents of R. An idempotent
e € R is called central if er = re for all r € R.

A complete set of primitive orthogonal idempotents of R is a complete set £ =
{e1,...,en} C R of primitive idempotents which are pairwise orthogonal. In this case,
we also say that there exists a decomposition of the identity 1z = > ;" | e; with primitive
orthogonal idempotents.

Proposition 1.2.5. Let A be an Artin algebra. Let 1y = e1+---+ep, = f1+ -+ fm
be two decompositions of the identity with primitive orthogonal idempotents, then n = m
and there exists an invertible element a € A and a unique permutation o € 3, such that
foi) = aeja™! for all i.

Proof. For the existence part see [ARS95], and for the second part see [HGK04, Theo-
rem 11.1.7]. O

Let M and P be modules in mod A, with P projective. We say that P is a projective
cover of M if there exists an epimorphism f: P — M which induces an isomorphism
P/rad P — M/rad M, in this case we write P = P(M). Dually, an injective module
Q@ € mod A is called an injective envelope of M if there exists a monomorphism g: M —
@ such that for any submodule X of @, Img N X = 0 implies X = 0, it is denoted by
Q(M). It turns out that both P(M) and Q(M) exist for any M € mod A and are unique
up to a unique isomorphism.

Every Artin R-algebra A admits a duality D: mod A — mod AP given by D(—) =
Homy (—, Q(top R)), where Q(top R) is the injective envelope of the top of R. The stan-
dard K-duality of a K-algebra A is the vector space duality D: mod A — mod A°P given
by D(—) = Homg(—,K). Then, the simple, projective and injective indecomposable
modules are characterised as follows.
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Theorem 1.2.6. Let {e1,...,e,} be a complete set of primitive orthogonal idempotents
of an Artin algebra A. Then the following conditions hold.

(a) There exists a decomposition A = Aey @ - -+ @ Aey, into indecomposable left ideals.
(b) Ewvery simple left A-module is isomorphic to a module S(i) = top Ae;, for some i.

(¢) Ewvery indecomposable projective left A-module is isomorphic to a module P(i) =
Ae;, for some i. Moreover, P(S(i)) = P(i), for all i.

(d) Ewvery indecomposable injective left A-module is isomorphic to a module I(i) =

D(e;A), for some i. Moreover, Q(S(i)) = (i), for all i.

Let M € mod A. A projective resolution of M is an exact sequence (possibly infinite)

n: - — Py f# P B Py i) M — 0 such that P; is projective for all ¢ > 0. We say
that n is minimal if f and f/: P; — Ker f;_1 are projective covers for all . Dually, an
injective coresolution of M is an exact sequence (: 0 - M — Iy — I} — I — ---
with I; injective for all ¢ > 0. Similarly, call { minimal if the corresponding morphisms
are injective hulls. Write pd M < n (pd stands for projective dimension) if there exists
a projective resolution of length n 0 - P, — -+ = Py — M — 0. If no such a
finite resolution exists, we set pd M = oo, otherwise pd M = n if n is the length of
the shortest projective resolution of M. We define dually the injective dimension of
M. The dominant dimension of M, is the maximum integer n (or oo) such that if
0O—+ M — Iy~ --- — I, = --- is a minimal projective resolution of M, then I; is
projective for all j <t (or co).

The global dimension of A, denoted gl.dim A, is the supremum of the projective
dimension of all A-modules, or equivalently the supremum of all injective dimensions of
A-modules.

A ring R is connected provided {0, 1} are the unique central idempotents of R. This
is equivalent to the fact that R cannot be decomposed as a product S x T of non-trivial
rings S and 7. Moreover, every finite dimensional algebra A is isomorphic to a direct
product Aq X - --x A, of finite dimensional connected algebras A; in an essentially unique
way. In this case, the algebras A; are called the blocks of the algebra A.

1.3 Quiver representations

Most of the examples in this thesis are path algebras modulo an admissible ideal. In this
section we define all necessary notions to understand basic properties of quiver algebras
and quiver representations.

A quiver Q = (Qo,Q1,s,t) is a finite directed graph, with a set Qo of vertices and
a set Q1 of arrows, equipped with two functions s,t: ()1 — Qo which associate to each
arrow « € (Qp its source, or starting vertex, s(«) and its target, or terminating vertex,
t(a), in this case we write a: s(a) — t(a). We say that @ is finite provided card Qo U Q1
is finite, and @ is connected if its underlying graph is connected. The vertices in Qg
are known as the paths of length 0 or trivial paths, and a path of length m > 1 is a
sequence of arrows p = aaum—1 - - - a1 such that t(a;) = s(aj41) for j =1,...,m — 1.
Set s(p) == s(ay) and t(p) = t(cu,). Thus the vertices are characterised as the paths
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of length 0 such that s(¢) = t(¢) = ¢, and in this case set € := g;. For m > 0, denote
by @, the paths in @ of length m. If p € @Q,, and ¢ € @Q,, with t(p) = s(q), we denote
the concatenation of p and ¢ by gp. Note that gp € Qppin- A path p € @y, is called an
oriented cycle if m > 1 and s(p) = t(p). A loop is a cycle of length 1. A quiver is called
acyclic if it has no oriented cycles.

A subquiver of @ is a quiver Q' = (Qf, @}, s',t') such that Q) C Qv, Q] C Q1, s =
slqr and t' = t|q,. Moreover, Q" is called full if Q] = {a € Q1 | s(a),t(a) € Qp}. The
underlying graph of @Q is the graph obtained from ) by forgetting the directions of the
arrows.

The path algebra KQ of a quiver @ is the K-algebra whose underlying vector space
has basis the set of all paths | J,, .y @m Wwith multiplication given by concatenation, that

is
qp if t(p) = s(q),
. (r) = s(a)
0 otherwise.

and extended bilinearly to arbitrary elements of KQ.
We resume some general properties of path algebras in the following proposition.

Proposition 1.3.1. Let Q be a quiver. Then the following conditions hold.

(a) KQ has identity element if and only if Q is finite. In this case, lxg = Zier € 18
a decomposition of the identity into primitive orthogonal idempotents.

(b) dimg KQ is finite if and only if Q is finite and acyclic.
(¢) If Q is finite, then KQ is connected if and only if Q is connected.

(d) If Q is finite and acyclic, then rad KQ is the two sided ideal generated by all arrows
in Q.

From now on, in this dissertation we consider only finite quivers. The last proposition
says that if a quiver @ is acyclic, then K(@ is infinite dimensional, thus we want to consider
quotients of path algebras by certain ideals that turn out to be finite dimensional.

For the next definitions, we consider a quiver () and we denote by R the arrow ideal
of Q,' that is, Rg = rad KQ = Gaiel\u KQ;. The i-th power of Rg can be decomposed
as Ry = @5, KQ;.

An ideal I C KQ is said to be admissible if there exists m € N such that Rg CJIC
Ré. Moreover, if I C KQ is an admissible ideal, we say that (Q, I) is a bound quiver and
the quotient algebra KQ/I is called a bound quiver algebra, or simply a quiver algebra.

Let A be a finite dimensional algebra with {e1,...,e,} a complete set of primitive
orthogonal idempotents. We say that A is basic provided Ae; # Ae;, for all ¢ # j.

A relation in a quiver @) (with coefficients in K) is a linear combination of paths of
length at least two p = Y ", a;p; with same source and target, that is, s(p;) = s(p;)
and t(p;) = t(p;) for all i # j. If m = 1 we say that p is a monomial relation , and it is a
commutativity relation relation if it is of the form p; — p2. Then, we have the following
properties of quiver algebras.

Proposition 1.3.2. Let (Q,I) be a bound quiver, and set A :=KQ/I. Then the follow-
ing conditions hold.
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(a) A is finite dimensional basic algebra.

(b) The set {e; :=¢e;+1 |i€ Qo} is a complete set of primitive orthogonal idempotents
of A.

(¢) A is connected if and only if Q is connected.
(d) rad A = Rg/I.

(e) There exists a finite set of relations R = {p1,...,pm} such that I = (R). In this
case we say that the relations p; generate I.

The main connection between finite dimensional algebras and quiver algebras is given
by the following result by Gabriel [Gab72].

Theorem 1.3.3. Let K be an algebraically closed field, and A a basic and connected
finite dimensional algebra. Then there exists a quiver Q4o and admissible ideal I of KQ a
such that A = KQa/I.

The opposite quiver Q°P of Q is defined as follows. Q¥ = Qo and «a: i — j is in

@, if and only if a°P: j — i is in Q°P. If (@, I) is a bound quiver, then there exists an
admissible ideal 17 C KQ such that KQ /I = (KQ/I)°P.

A representation M = (M;, 9a)icQo,acq, of a quiver @) consists of K-vector spaces
M; for each vertex i € Qo, together with linear maps ¢q: Myq) — My, for each arrow
a € 1. A representation M is called finite dimensional provided each vector space
M; is finite dimensional. In this case, the dimension vector dimM of M is the vector
(dimg M;)icq,- Let M = (M;, po) and N = (N;, 1) be two representations of a quiver
Q. A morphism of representations f: M — N is a collection f = (f;)icq, of linear maps
fi: M; — N; such that for each map «: 7 — j in )1 the diagram

M; 22 M;

lfi |5

Ny Yo N,

commutes, i.e. Yofi = fjpa. A morphism f = (f;): M — N is a monomorphism
(epimorphism, isomorphism, resp.) if each f; is a monomorphism (epimorphism, iso-
morphism, resp.). In this way we have the category of representations of () denoted by
rep Q.

Let M = (M;,¢,) be a representation of @, and p = a,, --- a1 a non-trivial path.
We define the linear map ¢, = @a,, - * - Pa,. Moreover, if I C K@ is an admissible ideal
generated by the relations {p1,..., pm}, we say that M is a representation of the bound
quiver (Q,I), if ¢, = 0, for each p € R, where ¢, = Z]- ajpp; if p = Zj a;jpj. The
morphisms of representations of bound quivers are defined in the same way as in rep ).
We denote by rep(Q, I) the category of representations of (@, I).

The concepts of module and representation are essentially the same, i.e. if A = KQ/I
is a quiver algebra, then there exists an equivalence of categories mod A = rep(Q, I), if
Q is acyclic, then mod K@) = rep (). Thus, in this thesis we always identify both notions.
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For example, for i € Qo the simple module S(i) is given as representation as follows:
S(i); = K and S(i); = 0 for all j # 4, and ¢, = 0 for all & € Q1. The representation
of the projective module P(i) is given by P(i) = (P(i);, ¢a), where P(i); is the vector
space with basis the set of all residue classes p+ I of paths p from ¢ to j, and if a: j — [
is in @1, then ¢, is the linear map defined on the basis elements by composing paths
from ¢ to j with the arrow . The injective representations are defined dually. Usually,
if no confusion can arise, we write p for a residue class p+1 in KQ/I, and set e; :=¢;+ 1
for each i € Qq.

. . 1 _a 2 . . . .
For example, consider the quiver () = - *’T « with monomial relation af, i.e.

I = (af). Set A =KQ/I. Then A has dimension 5 with basis {e1, e2, o, 8, Sa}. The

simple and projective A-modules are given as follows.

S1) = K == 0 PO) = K2 22 g
0 0
(1)
0 0

In many cases it is usually more efficient to write down a diagram to describe a
representation of a quiver. For a more extended explanation we refer to [Barl5, Ex-
ample 4.21]. For instance, in the above example, the module P(1) can be written as

1\2 meaning that P(1); is 2-dimensional, P(1)2 is 1-dimensional, i.e. [P(1) : S(1)] = 2
/

1

and [P(1) : S(2)] =1, po: 1 — 2 and pg: 2 — 1 represent the non-zero defining linear
functions of P(1) acting on the basis elements. By convention the maps go from upper
to lower rows, thus we may avoid writing the edges. Using this new notation we have:

S(1)=1,8(2) =2, P(1) = 12 and P(2) = 2.

1.4 Poset theory

A central concept developed in this thesis is the homological poset of an algebra. In
what follows we give standard definitions related to posets and Hasse quivers.

Let S be a set. A binary relation S is a subset R C S x S. For simplicity we write
xRy for a pair (z,y) € R. A partially ordered set, or poset or order or ordering for short,
is a pair P = (S, <), where < is a binary relation on S satisfying three properties: s < s
for all s € S (reflezivity), if s <t and ¢t < s, then s =t (antisymmetry), and if s < ¢ and
t < wu, then s < wu (transitivity). Two elements s,t € S are comparable if s <1t or t < s,
otherwise s and t are incomparable. We say that t covers s provided s <1t and there is
no element = € S\ {s,t} such that s <z < ¢. In this case we call (s,t) a cover relation
of P. Denote Cov P the set of all cover relations of P. Sometimes Cov P is called the
Hasse diagram of P. An element m € P is called mazimal (minimal) in P if for all
x € P such that m <z (z <m), then m = z. We say that a poset P’ = (S, <') is a weak
subposet of P if S’ C S, and if <’ y then x < y. Moreover, if S = S’ then P is called
a refinement or extension of P’, and we say that P extends P'. We say that P’ is an
induced subposet of P if S" C S and for all x,y € S’, x <’ y if and only if z < y.
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Let S be a set. The power set of S is the set of all subsets of S, and is denoted by
25, We equip 2° with a poset structure given by inclusion, denoted P(S) = (2°,C). In
the special case of [n] = {1,...,n} for n € N, we write P(n) = (2["),C). This poset
plays a central role in Chapters 3 and 4.

A totally ordered set, or linearly ordered set, is a poset (S,<) in which any two
elements are comparable. In this case we say that < is a total order on S. Note that
there are 2" total orders on the set {1,...,n}.

The Hasse quiver of a poset P = (S, <) is the quiver with vertices the elements of
S, and arrows given by cover relations, i.e. for all s,t € S there is an arrow s — t if and
only if (s,t) is a cover relation. Usually we depict the minimal elements at the bottom
of the quiver and maximal elements at the top.

1.5 Homological embeddings and homological ring epimor-
phisms

In this section we introduce the language of homological ring epimorphisms that in the
setting of Chapter 2 for instance, coincides with the more general notion of homological
embedding. Also we prove some properties of homological ring epimorphisms that are
used in Chapter 3 to characterise certain homological embeddings.
Let A, B be abelian categories, and F': A — B an exact functor. For A, B € A and
n > 0, denote by
Fj g Exty(A, B) — Exty (F(A), F(B))

the morphism between n-extension groups in the sense of Yoneda [Wei94; Mac95] induced
by F, ie. if £ € Ext} (A, B) then F} 5(§) = F(§). For n = 0, we have

F} p: Homy (A, B) — Homs(F(A), F(B)).

We say that F is faithful if Fg p is injective for all A, B € A. F'is full if Fg p is surjective
for all A,B € A. If F'is full and faithful, we say that F is fully faithfu?, or that F' is
an embedding. Occasionally we will omit the subindices, i.e. we write F" = F 5. In
the particular case when A is a subcategory of B, we denote ¢ : A — B the inclusion
functor. A subcategory A C B is called full provided L%’ p is invertible for all A, B € A.

Definition 1.5.1 ([Psal4]). An exact functor F': A — B between abelian categories is

called a homological embedding provided F{  is an isomorphism for all n > 0 and all
A, BeA.

The following result gives a sufficient condition to have a homological embedding
when we consider certain subcategories of mod A.

Lemma 1.5.2 ([DR89b, Statement 3]). Let A be an Artin algebra, and e € A an
idempotent such that the ideal (e) is projective as A-module. Then ¢: modA/(e) —
mod A, given by 4 )M +— M, is a homological embedding.

The functors given by a correspondence as in the previous lemma have a standard
generic name, see next definition.
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Definition 1.5.3. Let R, .S be two rings, and f: R — S be a ring homomorphism. The
functor Mod S — Mod R induced by f and defined by ¢M +— rM and the identity on

morphisms, is said to be given by restriction of scalars, we denote it by fi.
Functors given by restriction of scalars have the following well known properties.

Proposition 1.5.4. Let f: R — S be a ring homomorphism. Then the following con-
ditions hold.

(a) The functor f. is faithful.

(b) If f is surjective, then f, is an embedding, and it restricts to finitely generated
modules, i.e. fi: modS — mod R.

(c) If g: S — T is a ring homomorphism, then (gf)« = fx © gs.
The following theorem is crucial to describe homological embeddings.

Theorem 1.5.5 ([GL91, Thm. 4.4]). Let f: R — S be a ring homomorphism. Then
the following conditions are equivalent.

(a) f is an epimorphism of rings and Torl(S,S) =0 for all i > 1.

(b) The natural map f': Exté(sX,sY) — Exth(rX, rY) is an isomorphism for all
left modules X,Y € Mod S and for all n > 0.

(c¢) The natural map (f°P)}: Extlop(Xs,Ys) = Exthop(Xgr, Yr) is an isomorphism
for all right modules X, Y € Mod S°P and for all n > 0.

Following [GLI1] we give the next definition.

Definition 1.5.6. A homomorphism of rings f: R — S satisfying the equivalent con-
ditions of Theorem 1.5.5 is called a homological ring epimorphism.

Corollary 1.5.7. Let f: R — S be a homological ring epimorphism. Then the following
conditions hold.

(a) If f is surjective, then f.: modS — modT is a homological embedding.
(b) fP: R°P — S°P 4s a homological epimorphism of rings.

Proof. From Proposition 1.5.4 f, restricts to finitely generated modules, then (a) is
consequence of Theorem 1.5.5. ]

The next results describe some new homological ring epimorphisms from old ones
that will permit us to prove important results in Chapter 3.

Lemma 1.5.8. The following assertions hold.

(a) Let R i> S LT be homological ring epimorphisms. Then the composite gf is a
homological ring epimorphism.
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(b) Assume that following diagram of ring homomorphisms

R%S

cxlz Zlﬂ

R —— 9
commutes, with o and B isomorphisms. Then f is a homological ring epimorphism
if and only if f' is so.

Proof. (a) From Proposition 1.5.4 we have that (¢f). = f« o g«, thus

<gf)*TX,TY f* sX,sY g*TX Y

for all X,Y € ModT, and all n > 0. Then the conclusion is consequence of Theo-
rem 1.5.5. The assertion (b) follows from (a). O

Lemma 1.5.9. Let R, S be two rings. Then the projection p: R x S — R, given by
(r,s) — r, is a homological ring epimorphism.

Proof. First note that R is projective as right R x S-module, since R &2 R x 0 =
(1r,0)R x S as left R x S-modules, thus TorZ*¥(R, R) = 0 for all n > 1. Then, the
result follows from Theorem 1.5.5, since p is surjective. O

Proposition 1.5.10. Let f: R — S and g: T — U be two homological ring epimor-
phisms. Then fxg: RxT — SxU, given by f x g(r,t) = (f(r),g(t)), is a homological
ring epimorphism.

Proof. We know that Mod S x U = Mod S x Mod U via gxyM + ((1g,0)M, (0, 1y) M),
and a quasi-inverse is given by sM X gy N — gxpy(M x N), thus we have natural isomor-
phisms

Extls, (—, —) = Ext%((1s,0)—, (15,0)—) x Ext;((0, 1y)—, (0, 1) —)
and . 4 '
EthS(_a _) X EXt%](_a _) l> EthS'XU<_ X =, =X _)
for all 7 > 0. Now, let X, Y be S x U-modules and ¢ > 0. Then,
Extg((1s,0)X, (Ls,0)Y) x Exty((0,10)X, (0, 1y)Y)
Ext%((15,0)X, (15,0)Y) x Ext:((0, 1) X, (0, 1¢/)Y)

Exth,r((1s,0)X x (0,1p)X, (15,0)Y x (0,1¢)Y)
EXtZ]'%XT(Xa Y)7

12

Exth, ;(X,Y)

1R

1

~Y

where the last isomorphism holds, since X = (1g,0)
modules, for any left S x U-module X. Indeed, x r—> s,
tive R x T-morphism, with inverse given by ((15,0)z, (0,1y)2’) — (1s,0)z + (0, 1y)z’
and the actions are given by (r,t) -z = ((f x g)(r, t)) = (f(r),g(t))x and (r,t) -
((157 0)z, (0, 1U)x/) = ((f(r),O)x, (O,Q( )) ) [

0)X x (0,1y)X as left R x T-
((1s,0)x, (0,1)z) is a bijec-
0,1



Chapter 2

Highest weight categories and
quasi-hereditary algebras

The unifying concept of highest weight category was introduced by Cline, Parshall and
Scott [CPS88b] as a categorical theoretic generalisation of the BGG category O of highest
weight modules used in the study of the representation theory of semisimple groups or Lie
algebras. Such categories arise in many situations, for instance in the theory of quiver
algebras or perverse sheaves. The strongest connection with representation theory is
given by quasi-hereditary algebras in the sense that every highest weight category with
a finite number of isoclasses of simple objects is equivalent to a module category over a
quasi-hereditary algebra. Starting from this point of view, it is crucial in this dissertation
to define such categories and explain in more detail the connection with quasi-hereditary
algebras and its quasi-hereditary structures, via heredity chains and standard modules.
More precisely, the definition of a highest weight category depends on the choice of a set
of standard modules, occurring as composition factors of a good filtration of the regular
module, called a heredity chain, see Definition 2.1.1. Conversely every heredity chain
induces a highest weight category structure, i.e. induces a partial order on the set of
isoclasses of simples modules, which defines an adequate set of standard modules, see
Theorem 2.2.8.

In this chapter we discuss two approaches to study all the possible choices of par-
tial orders inducing quasi-hereditary algebras, or equivalently, highest weight structures.
First, the characterisation of highest weight category presented in Theorem 2.1.7 follow-
ing [Kral7], provides a more conceptual approach via filtrations by Serre subcategories
and recollements, useful to find all the possible heredity chains of a given algebra, via
the homological poset. For the second strategy we define an equivalence relation on the
set of quasi-hereditary structures in order to introduce the more refined notion of poset
of quasi-hereditary structures.

The chapter is organised as follows. In the first section we define highest weight
categories and recollements, and state Theorem 2.1.7. In Section 2.2 several equivalent
definitions of quasi-hereditary algebra are discussed, first by means of heredity chains
and then using standard modules where adapted orders are part of the axioms. We
open a parenthesis to discuss standardly stratified algebras which are a generalisation
of quasi-hereditary algebras. The characteristic tilting module of a quasi-hereditary
algebra is defined as well. In Section 2.3 we establish a partial order structure on the

11
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class of Serre subcategories that is used to find heredity chains of a quasi-hereditary
algebra, namely the homological poset. In Section 2.4 we introduce the poset of quasi-
hereditary structures and state a result about quasi-hereditary algebras admitting only
one quasi-hereditary structure, found in [Coul9].

2.1 Highest weight categories

The definition of highest weight category introduced by Cline, Parshall and Scott in
[CPS88b, Definition 3.1] considers K-abelian categories satisfying certain conditions with
a non-necessarily finite number of isoclasses of simple objects. In this thesis, we restrict
ourselves to the case of module categories with a finite number of simple objects up to
isomorphism, particularly we work with module categories over Artin algebras. We start
fixing important notation used throughout the thesis.

Let A be an Artin algebra. Let (I, <1) be a finite poset and {S(7)};er a complete set
of non-isomorphic simple A-modules. We denote by P(i) the projective cover of S(7),
and by Q(7) the injective envelope of S(i), for i« € I. Many times, when referring to a
poset (I, <), we write < for simplicity, when the underlying set is known. Under this
assumptions we define the following central notion.

Definition 2.1.1 ([CPS88b, Definition 3.1]). The pair (mod A, <) is a highest weight
category if there exists a collection of finitely generated A-modules A = {A(%)};er such
that the following conditions hold.

(a) There is a surjective map v;: A(i) — S(i), for all 7 € I.
(b) If S(j) is a composition factor of Ker;, then j <i and j # 1.

(c) Every P(i) admits a good filtration, i.e. there is a chain of submodules 0 = M, C
M, C --- C M; = P(i) such that

(cl) P(i)/M;—1 = A(i), and
(c2) for 1 < s <t —1 there exists j € I with My/Ms;_; = A(j), i< j and i # j.

The elements of (I, <1) are called the weights of mod A.

Recall that if A is an abelian category, a full subcategory € of A is a Serre subcategory
if for every exact sequence 0 - X - Y — Z — 0 in A, we have Y € C if and only if
X, Z €@

Definition 2.1.2. Let A be an abelian category and ® a set of objects in A. We
denote by F(®) the full subcategory of objects X € A that admit a finite filtration
0=XpC X; C---C X; = X such that each factor X;/X;_1 is isomorphic to an object
X € &, in this case case we say that X is ®-filtered, and the chain of subobjects is called
a ®-filtration.

An ideal I of a ring R is idempotent provided I? = I. Serre subcategories of a
module category over an Artin algebra are characterised as follows.

Proposition 2.1.3. Let A be an Artin algebra, and A = mod A. For a full subcategory
C C A the following statements are equivalent.



2.1. Highest weight categories 13

a) C is a Serre subcategory of A.

(a)
(b) € =3F({S1,...,Sn}) for a set of simple objects {Si,...,Sn} in A.
(¢) € =mod(A/a) for some idempotent ideal a C A.
(d) €={X € A| Homy (P, X) = 0} for some projective object P € A.
In the case of (b), {S1,...,Sn} is a set of representatives of simple objects in A\ C.

Proof. See [Aus74, Section 7] or [GL91, Proposition 5.3]. O

We will see that every highest weight category induces a sequence of recollements
satisfying extra conditions. For, we recall the notion of recollement between abelian
categories.

Definition 2.1.4. A recollement of abelian categories is a diagram of functors

p/a q pa 1 b}

ANY Y
Ae—i— B e—» C

— —

satisfying the following conditions.
(a) (l,e,r) is an adjoint triple.
(b) (q,i,p) is an adjoint triple.
(¢) The functors i, 1, and r are fully faithful.
(d) Imi = Kere, where Imi is the essential image of the embedding i.

Following [Psal4], we say that the recollement is homological if the embedding i is
homological.

Remark 2.1.5. In the situation of a recollement the following properties hold.
(a) The functors e: B — € and i: A — B are exact.
(b) The composites ql = pl=0.

(¢) The functor i induces an equivalence between A and the Serre subcategory Kere =
Imi of B.

(d) There is an equivalence B/A = € (cf. [Gab62]).

Example 2.1.6. Let A be an Artin algebra. Then every idempotent e € A induces a
recollement of module categories

q 1
ModA/(e) =——i— Mod A e—» Mod eAe
55— .

where

q=A/(e) @ —, i = inc, p = Homy (A/(e), —),
1= Ae ®cpe —, e = Homy (Ae, —) Z e(—), r = Homepe(eA, —),
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that restricts to finitely generated modules. In this case, the functor e = Homy (Ae, —)
induces an equivalence Mod A / Mod A/(e) = Mod eAe that restricts to an equivalence
mod A/ mod A/(e) = mod eAe.

Conversely, up to equivalence any recollement with middle term Mod A is induced by
an idempotent element as before [PV 14, Corollary 5.5], and restricts to finitely generated
modules [Kral7, Lemma 2.5].

When the weights are totally ordered, the following characterisation of highest weight
categories is observed by Krause.

Theorem 2.1.7 ([Kral7, Theorem 3.4]). Let A be an Artin algebra, and < the usual
order on {1,2...,n}. Then the following conditions are equivalent.

(a) (mod A, <) is a highest weight category.
(b) There is a finite chain of Serre subcategories
Ozﬂogﬂl Qgﬂn:modA

and a sequence of semisimple rings I'1, ...,y such that each inclusion A; — A;q
induces a homological recollement of abelian categories

Aia

XA

> .Al >) mod Fl

In the latter case, the modules A(i) are obtained by applying the left adjoint modT'; — A;
to I';, for 1 <i < n. Conversely, the subcategories A; C mod A are obtained by setting
recursively A;—1 = {X € A; | Homp (A;, X) = 0}.

Remark 2.1.8. Note that in presence of Proposition 2.1.3 and Example 2.1.6, condition
(b) in Theorem 2.1.7 is equivalent to the existence of a sequence of idempotent elements
€1,-..,En in A inducing homological recollements

mod A/(g;) = mod A ——» mode;Ag;

such that ¢;Ae; is semisimple, for all i.

2.2 Quasi-hereditary algebras

In this section we present several equivalent definitions of quasi-hereditary algebra. In
particular we sketch a proof of the fact that every highest weight category is equivalent
to a module category over a quasi-hereditary algebra. We also introduce the notion
of standardly stratified algebra, and define the characteristic tilting module of a quasi-
hereditary algebra. We start defining quasi-hereditary algebras from a ring theoretical
approach.
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2.2.1 Definition via heredity chains

A ring A is semiprimary provided its Jacobson radical J = rad(A) is nilpotent and A/J
is semisimple. For instance, every Artin algebra is a semiprimary ring.

Definition 2.2.1. Let A be a semiprimary ring. An ideal a C A is called a heredity
tdeal if the following three conditions hold.

(a) ais idempotent, i.e. a = a,
(b) a is projective as A-module, and
(¢) aJ(A)a=0.
A heredity chain, or defining sequence, of A is a sequence

0=a,Cap,_1C---Ca; Cag=A (2.2.1)

of two-sided ideals of A such that a;_1/a; is a heredity ideal in A/a; for all 7. In this case
we say that the heredity chain has length n.

Definition 2.2.2. A semiprimary ring A is called quasi-hereditary if it admits a heredity
chain.

Lemma 2.2.3. Let A be a semiprimary ring. Then an ideal a C A is idempotent if and
only if there is an idempotent e € A such that a = AeA.

Proof. See [DR89b, Statement 6]. O

Remark 2.2.4. Let a C A be an idempotent ideal. Then Lemma 2.2.3 shows that
a = AeA for some idempotent e € A. Thus the axiom (c) of Definition 2.2.1 is equivalent
to ask that eAe is semisimple.

Note that the length of a heredity chain is arbitrary, but in general we can refine
defining sequences in such a way that the length is the number of simples over A up to
isomorphism. The following definition can be found in [UY90].

Definition 2.2.5. Let A be an Artin algebra. A chain of idempotent ideals 0 = a; C
-+ Ca; Cag = A is called maximal if the length of the chain is the number of simple
A-modules.

Proposition 2.2.6. Let A be an Artin algebra with N isoclasses of simple modules.
Then the every heredity chain (2.2.1) can be refined to a mazimal heredity chain 0 =
my C--- Cmy Cmg = A such that m; #m;_y for alli € {1,...,N}.

Proof. See [UY90, Proposition 1.3]. O

The next result is an equivalent definition of quasi-hereditary algebra by means of
surjective ring homomorphisms.

Lemma 2.2.7. A semiprimary ring A is quasi-hereditary if and only if there exists a
finite sequence of surjective ring homomorphisms

A=Ay I p I o 2 n I Ay =0 (2.2.2)

such that Ker(f;) is an heredity ideal for each 1 < i < mn.
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Proof. Suppose we have a sequence of the form (2.2.2). By Lemma 2.2.3 there are
idempotents e; € A; such that Ker f; = Aje;A;. Define a,, := 0 and a; := Ker(fi+1--- fn)
for 1 <i<n-—1. Clearly a; C a;—1 for 1 <i <n and ag = Ker(A — 0) = A. From the
hypothesis a,—1 = Ker(f,) = (en) is a heredity ideal in A,,. Now fix i € {1,...,n — 1}.
We prove that a;_1/a; € A/q; is heredity. For, set g := fi11 - fn, which is a surjective
ring homomorphism, thus we have a commutative diagram

A g N A fl
N /e
An

a;

> N1

where 7 is the canonical projection and g is an isomorphism of rings. Then, 7(a;_1) =
Ker(f;g), since ¢ = gn. On the other hand, Ker(f;g) — Ker(f;) via g, as g is a
bijection, moreover is an isomorphism of A/a;-modules: let A € A/a; and T € Ker(f; g)
then g(A-7) = g(A\) g(@) = X - g(Z). Let &; .= g '(e;). Then Ker(f;g) = g *((e:)) =
(g~ (e;)) = (&;). This shows that m(a;_1) = a;_1/a; is an idempotent ideal of A/a; and
is a projective A/a;-module, considering that A/a; = A; and Ker f; is A;-projective.
Finally, let 7 = ¢; 2’ ¢; € &; rad(A/a;) &, then g(Z) = g(g 1 (e;) g (ei)) = e; g(a') e; €
e; rad(A;) e; = 0, therefore T = 0. This proves that a,_1/a; C A/a; is heredity.

For the converse, if (2.2.1) is a heredity chain of A, then f;: A/a; — A/a;—; defined
by fi(A) == A+ a;_1, for 1 <i < n, is a well defined surjective ring homomorphism with
kernel a;_1/a;, thus Ker f; is a heredity ideal of A/a;, for all 1 <i <n. O

The connection between highest weight categories and quasi-hereditary algebras is
given by the following central result due to Cline, Parshall and Scott.

Theorem 2.2.8 ([CPS88b, Theorem 3.6]). Let A be a finite dimensional algebra. Then
mod A admits the structure of a highest weight category if and only if A is a quasi-
hereditary algebra.

Sketch of the proof. Let (I, <1) be a poset indexing the set of simple A-modules {S(%) }icr.
Let {e;}icr be a complete set of pairwise orthogonal idempotents of A.

First assume that (mod A, <) is a highest weight category, with distinguished objects
{A(i)}ier. We construct by induction a heredity chain for A as follows. Let m € I be
a maximal element such P(m) = A(m) is the projective cover of S(m). There is an
idempotent e € A such that P(m) = Ae. Moreover, there exists a subset J C I, such
that e = > ;. ;ej. Set a = AeA. Then a is a heredity ideal of A, and modA/a =
FH{S@E) | i € I\ J}) is a Serre subcategory of mod A which admits the structure of a
highest weight category, with poset of weights (1'\ J, <[\ s)-

Conversely, let 0 = a; C a;_1 € -+ C a; € ag = A be a heredity chain of A. This
heredity chain induces a partition I = |_|Z_:10 I; where

Iy = {i € I | [top(ax/axs1), S(3)] # O}.

We equip the set I with the following order: ¢ <y j if and only if ¢ € I, j € Iy and
r > s, where < is the usual order on {0,...,t—1}. For i € I,, let A(i) be the projective
cover of S(i) in mod A/a,_; viewed as an A-module. Note that a,_;/a, is a direct sum
of copies of A(i), i € I,. Then (mod A, <p) is a highest weight category. O
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Remark 2.2.9. If (mod A, <) is a highest weight category, we constructed a heredity
chain of the form Eq. (2.2.1) for A, and then we defined a partial order (I, <) induced
by the last heredity chain. It follows that <1z refines <.

2.2.2 Definition via standard modules

In this subsection A denotes an Artin algebra, {S;};cs is a complete set of non-isomorphic
simple A-modules indexed by a finite poset (I,<1). For each i € I, P(i) denotes the
projective cover of S(i), and Q(i) its injective envelope.

In what follows we present an alternative definition of quasi-hereditary algebra using
the module theoretical approach of Dlab and Ringel [DR92], which simplifies the defi-
nition of a highest weight category, considering Theorem 2.2.8. We start defining the
following operators.

Definition 2.2.10. Let M € Mod A and U a class of modules in Mod A.
(a) The trace of © in M is Try(M) =3 ¢. petiom, w,m),ven I f
(b) The reject of © in M is Rejy (M) == (s, temom, (), veu Ker f

Note that Try (M) is the largest submodule of M generated by U, and Rejy (M) is the
submodule N of M such that M /N is the largest factor module of M that is cogenerated
by U.

Lemma 2.2.11 ([DR92]). Let (mod A, (I,<1)) be a highest weight category, with distin-
guished collection A = {A(i)}ier. Let Wy = {P(j) | j £i}. Then

A(i) = P(i)/ Try, (P(2))
for all i € I, as A-modules.

The last result shows that A(7) is characterised as the largest quotient of P(i) with
composition factors S(j), with j <i. Equivalently, A(7) is the projective cover of S(i) in
F{SY) | j 4i}) viewed a A-module (compare with the proof of Theorem 2.2.8). This
motivates the following definitions in the context of Artin algebras.

Definition 2.2.12. Let (I, <) be a poset indexing the simple A-modules.

(a) The standard module with weight i € I, denoted by A(i) = A4(7), is the maximal
factor module of P (i) with composition factors S(j), with j <4, i.e.

A(i) == P(i)/ Trypg) | iy (P(0))-

(b) The costandard module with weight i € I, denoted by V(i) = V 4(7), is the maximal
submodule of Q(i) with composition factors S(j), with j <, i.e.

V(@) = Rejq) | i (Q0)-

We set A = A :={A(i)}ier and V = V4 = {V (i) }ier-



18 Chapter 2. Highest weight categories and quasi-hereditary algebras

In the case of a finite dimensional K-algebra A, the costandard module V(i) is the
dual of a standard module: let D := Hom4(—,K) be the standard duality and A° the
opposite algebra of A, then V 4(i) = D(A40r (7)), for all i € I.

Let M € F(A) (cf. Definition 2.1.2). The number of times that A(i) appears as quo-
tient in a A-filtration of M does not depend on the choice of the filtration (cf. [CPS88b,
Theorem 3.11] or [Conl6, Remark 1.4.7]), we denote it by (M : A(i)). Similarly, for
N € F(V) the number of times that V(i) appears in a V-filtration is independent of the
choice of the filtration, we denote it by (N : V(1)).

The next definition is a reinterpretation of Theorem 2.2.8 considering Lemma 2.2.11
and the proof of Theorem 2.2.8.

Definition 2.2.13 ([CPS88b]). The pair (A, (I, <)) is a quasi-hereditary algebra if the
following conditions are satisfied.

(a) [A(i): S(@)])=1foralliel,
(b) P(i) € F(A) for all i € I, and
(¢) (P(i): A(i)) =1foralli €I, and (P(i) : A(j)) # 0 implies i <1 j.
Remark 2.2.14. Note that for each i € I, condition (a) is equivalent to the properties:
(i) Enda(A(2)) is a division algebra,
(i) [V(3): S()] =1,
(iii) Enda(V(4)) is a division algebra;
and condition (b) is equivalent to A € F(A).

We can replace condition (c¢) in Definition 2.2.13 if we consider adapted posets in the
following sense.

Definition 2.2.15 ([DR92]). A partial order (I, <) is adapted to A if for every A-module
M with top S(7) and socle S(j), where i and j are incomparable, there is k € I with
i<k and j <k and [M:S(k)] #0.

Note that if <1 is a total order, then it is adapted to A. A very important property
of adapted posets is that this property is closed under refinement.

Lemma 2.2.16 ([DR92]). Let (I, <11) be an adapted poset for A. Let <2 be a refinement
of Q1. Forl=1,2 let Ai(i) be the standard module with weight i for the poset <;. Then

(a) A1(i) = Aa(d) for alli € 1.
(b) V1(i) = Va(i) for alli e I.
(¢) The poset (I,<2) is adapted.

Lemma 2.2.17 ([Conl6, Proposition 1.4.12]). If (A, (I, <)) is a quasi-hereditary algebra,
then (I,<1) is adapted to A.
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Proof. Let M be a module with simple top S(i) and simple socle S(j). Since A is
Artinian, M is a quotient of P(i). In particular S(j) is a composition factor of P(i).
Because the algebra is quasi-hereditary P(7) has a A-filtration. So S(j) must appear in
a standard module A(k). If k =i then j <i. If k # ¢ and S(j) is at the top of A(k) we
have i <1 j. And finally if S(j) is not at the top of A(k) we have ¢ <k and j < k. O

We can know considerably simplify the definition of quasi-hereditary algebra.

Proposition 2.2.18. The pair (A, (I,<)) is a quasi-hereditary algebra, in the sense of
Definition 2.2.13, if and only if the following three conditions hold:

(a) The poset (I,<) is adapted to A.
(b) ForallieI [A(i):S(3)]=1.
(c) ForallieI P(i) € F(A).
Proof. See the proof of [DR92, Theorem 1]. O

Remark 2.2.19. Many times, when considering adapted posets, one usually restricts
to total orders, since Lemma 2.2.16 and Proposition 2.2.18 actually show that this is not
an impediment.

The following are equivalent definitions of quasi-hereditary algebras. Condition (e)
is due to Soergel [Soe90]. The usual definition of quasi-hereditary algebra is (b).

Proposition 2.2.20 ([DR92, Theorem 1)). Let (I,<1) be an adapted poset to A, and
assume that for alli € I [A(i) : S(i)] = 1. Then the following statements are equivalent.
(a) (A, <) is a quasi-hereditary algebra.
(b) The module pA is in F(A).

)
(¢) F(A) = {X | Ext'(X,V(i)) =0 for alli € I}.

(d) F(A) ={X | Ext/(X,V(i)) =0 for alli € I and j > 1}.
(e) Ext?(A(i),V(5)) =0 for alli,j € I.

We may add the dual conditions:

(b)) The dual D(Ay) is in F(A).

() F(V)={Y | Ext'(A®4),Y) =0 foralliecI}.

() F(V) ={Y | ExtI(A®),Y) =0 forallic I and j > 1}.

In this case we say that the modules belonging to F(A) admit a good filtration , and those
in F(V) admit a cogood filtration.

Definition 2.2.21. Let € be a subcategory of mod A. We have the following full sub-
categories of mod A:

L= {M | Exti(C,M) =0 for alli >0, and C € €} and
L@ :={M | Exti(M,C)=0for all i >0, and C € C},

called the right (resp. left) perpendicular category to C.
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Ringel showed that the subcategories F(A) and F(V) are perpendicular to each
other, i.e. we have the following result.

Proposition 2.2.22 ([Rin91)). Let (A, <) be a quasi-hereditary algebra. Then F(A) =
LF(V) and F(V) = F(A)*L.

Recall that a ring R is called right hereditary if all left ideals are projective. We
call an Artin algebra A hereditary if it is right hereditary, or equivalently if gl. dim A <
1. It is well known that if () is a finite, connected and acyclic quiver, then K@ is a
hereditary algebra, and all basic hereditary algebras occur in this way [ASS06, Ch. VII,
Theorem 1.7].

The next result due to Dlab and Ringel shows that hereditary algebras are quasi-
hereditary for any adapted order.

Proposition 2.2.23. Assume that A is hereditary Artin algebra. Then for any adapted
order < on I, (A, (I,<)) is a quasi-hereditary algebra.

Proof. We may assume that < is a total order on I. Then the assertion follows from
[DR89b, Theorem 1]. O

Example 2.2.24. Let K be a field and @ the quiver 3 -+ 2 — 1. Set A = K@), and
let <1 be given by the cover relations 1 <12, 1 <13. Then < is not adapted to A, thus

(A, <) is not a quasi-hereditary algebra. Indeed, A(1) =1, A(2) = % , A(3) = 3. Thus

3

P(3) = 9 admits a A-filtration 0 C A(2) C P(3), with (P(3) : A(2)) # 0, but 3 £ 2,
1

so the axiom (c) of Definition 2.2.13 fails in this case.

The next result gathers some general properties of quasi-hereditary algebras.
Proposition 2.2.25. Let A be an Artin algebra. Then the following statements hold.
(a) If (A, (I,<)) is a quasi-hereditary algebra, then gl. dim A < 2n—2, where n = card I.

(b) The pair (A, (I,<)) is a quasi-hereditary algebra if and only if (A, (I,<P)) is a
quasi-hereditary algebra.

(c) If gl.dim A < 2, then there exits some adapted poset <1 to A, such that (A, <) is
quasi-hereditary.

Proof. (a) In [PS88, Theorem 4.3 (a)] Parshall and Scoot proved that every quasi-
hereditary algebra has finite global dimension. The bound was found later by Dlab
and Ringel [DR92, Lemma 2.2]. For (b), see [PS88, Theorem 4.3 (b)]. The assertion (c)
when gl. dim A = 2 was shown by Dlab and Ringel in [DR89b, Theorem 2], for the case
gl.dim A < 1 see Proposition 2.2.23. O

We finish this section recalling a generalisation of the concept of quasi-hereditary
algebra, namely standardly stratified algebras.

Definition 2.2.26. Let (I,<) be an adapted poset to A, and A = A,. We say that
(A, Q) is a standardly stratified algebra provided P(i) € F(A) for all i € I.
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Remark 2.2.27. Note that if A has n simples up to isomorphism and ({1,...,n}, <) is
a total order, then (A, <) is standardly stratified if and only if A admits a maximal chain
of idempotent ideals 0 = (¢,,) C (ep—1) C (en—2) C -+ C (g0) = A such that (g,_1)/(&;)
is projective as A/(e;)-module, for all 1 <14 < n. Call such a chain stratifying.
Proposition 2.2.28. Let (I,<) be an adapted poset to A, and A = A,. Then the
following conditions are equivalent.

(a) A is a quasi-hereditary algebra.
(b) A is a standardly stratified algebra with finite global dimension.

(¢) A is a standardly stratified algebra such that [A(i) : S(i)] =1 for alli € I.

Proof. For the equivalence of (a) and (b) see [Wic96, Theorem 1.7] or [D1a96, Corol-
lary 2.6]. The equivalence of (a) and (c) follows from Proposition 2.2.18. O

2.2.3 The characteristic tilting module

In [Rin91] Ringel studied the full subcategory of modules in mod A which have a A- and
V-filtration, for A a quasi-hereditary algebra. In what follows we state precise results
that will help us in the classification of quasi-hereditary structures for some quiver
algebras (cf. Chapter 5), but first we recall some definitions.

Let A be an Artin algebra, and M € mod A. The additive closure of M, denote by
add M, is the full subcategory of mod A consisting of all direct summands of any direct
sum of finitely many copies of M. We say that M is a basic module if it has no direct
summand of the form N & N, with N a non-zero A-module.

Definition 2.2.29. A A-module T is called a (generalised) tilting module if it satisfies
the following three conditions.

(a) T has finite projective dimension,
(b) Exti (T, T) =0 for all i > 0, and
(c) there exists an exact sequence 0 — A — Ty — T3 — -+ — T, — 0, with
T, € addT.
Moreover, if pdT < 1 then T is called a classical tilting module.

Proposition 2.2.30 ([Rin91]). Let (A, (I, <)) be a quasi-hereditary algebra. Then there
exists a basic tilting module T € mod A such that addT = F(A) N F(V). Moreover,
there exits a decomposition T = @,;;T(i) into indecomposable A-modules T'(i), such
that there are exact sequences
0—=A() =T\ — X(E) —0, 0=Y(\) —T3GE) —V(i)—0

where X (i) belongs to F(A(j) | j <i) and Y (i) belongs to F(V(j) | 7 <i).
Definition 2.2.31. A module T given as in Proposition 2.2.30 is called a characteristic
tilting module of (A, (I,<)).

Ringel proved that the characteristic tilting module determines both F(A) and F(V)
in the following sense.

Proposition 2.2.32 ([Rin91, Corollary 4]). Let T be the characteristic tilting of a quasi-
hereditary algebra (A, <1). Then F(A) = +T and F(V) = T+.
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2.3 The homological poset

In this section we present a systematic method to study all the possible heredity chains
that an Artin algebra could admit. For, we consider the more general concept of homo-
logical embedding between Serre subcategories (cf. Theorem 2.1.7).

In what follows A is an Artin algebra, and {S;};cs is a finite complete list of non-
isomorphic simple A-modules. Let {e;};c; be a complete set of pairwise orthogonal
idempotents of A such that P(i) = Ae; is the projective cover of S(7), for i € I. For

J C I define
ey = Z ej7
jed
where ez = 0. Set J:=1T\ J, thus eje =1 —ey.
Let 0=a; Ca;_1 C--- Ca; Cag= A be a heredity chain of A. Then Lemma 2.2.7
shows that

A A my m A om A
s
az at—1 ai ao
is a sequence of surjective ring homomorphisms, given by m;(a + a;) = a + a;,_1, with
Kerm; = a;_1/a; a heredity ideal of A/a;. By Proposition 2.1.3 and Lemma 1.5.2, this
sequence induces a chain

mod A = mod A/a; <> mod A/a;_y PRt mod A/a; <> modA/ay =0 (2.3.1)

of homological embeddings between Serres subcategories of mod A, since a;_1/a; is pro-
jective as A/a;-module. The embeddings ¢; are given by restriction of scalars.

Moreover, for each 1 < ¢ < ¢, there is a non-empty subset J; C I such that
mod A/a; = F({S(j) | j € Ji}), more precisely J; is characterised as the set of indices in
I such that {S(j)};es, is a set of representatives of simple objects in mod A \ mod A/a;.
Thus we have inclusions @ = Jy C J; C Jo C --- C Jy = I. Then it is clear that

modA/(eJic) = ?({S(]) | j e JZ}) = modA/ui,
thus a; = (eye), for each 1 < <. For simplicity, set o := 0,
gi=eys, and 0 =gi_1— & =e€j\_,

for 1 < i < t. Therefore, the fact that Kerm; = (g,-1)/(g;) = (0;) is a heredity ideal in
A/(ei) means that it is projective as A/(g;)-module, and I'; := §; A/(&;) 0; is semisimple.
Moreover, for 1 <4 < t, we have an isomorphism of rings

(A/(€))/((ei-1)/ (i) = A/ (i),

hence we have a homological recollement
modA/(e;—1) =~ mod A/(e;) — modT}; (2.3.2)

which induces an equivalence mod A/(ei)/mod A/(g;-1) = modTy, for each 1 <i < t.

The last discussion motivates a more general construction involving embeddings be-
tween Serre subcategories of mod A provinding a correct language to find all the heredity
chains of A.
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Let J C I. We know that F({S(j) | j € J}) = mod A/(ej) is a Serre subcategory
of mod A, and it is independent of the choice of the set of idempotents F, since it is
unique up to conjugacy (cf. Proposition 1.2.5). Thus we have a bijection between the
power set of [n] and the Serre subcategories of mod A of the form mod A/(e <), given by
J — mod A/(eje).

On the other hand, let J C K C I. We have a well defined ring surjection

A A

exe)  (ese)

7TK7JI(

given by X + (exe) — A+ (eje), since (exe) C (eje) by Lemma 3.4.1 (bl). By Proposi-

tion 1.5.4 (b) we have an embedding between Serre subcategories of mod A
Lk = (K, 7)«: modA/(ej) — modA/(exe)

given by restriction of scalars. Therefore, we regard A/(ejc)-modules as modules over
A/(eke), and A/(ege)-modules as modules over A in the natural way.

Remark 2.3.1. Observe that m ; is a homological ring epimorphism if and only if ¢ ;
is a homological embedding, by Theorem 1.5.5.

We will find necessary and sufficient conditions for ¢ to be a homological embedding
for some classes of algebras, see Chapters 3 and 4. This simple construction defines a
poset structure on the power set 27.

Definition 2.3.2. Let A be an Artin algebra. Let {e;};cr be a complete set of primitive
orthogonal idempotents of A. For J C K C I, set J <p K if tjx: modA/(ejc) —
mod A/(ex<) is a homological embedding.

It is clear that < is reflexive and antisymmetric. Moreover, since the composition of
homological embeddings is so too, we have that <, is transitive, since if J <5 L <) K,
then vy =t Kk oty Thus, < gives a poset structure on 2f,

Definition 2.3.3. Let A be an Artin algebra, and {e;};c; a complete set of primitive
orthogonal idempotents of A. The homological poset of A is the poset (21, =<A), denoted
by H(A). The homological Hasse quiver of A is the Hasse quiver of H(A), and is denoted
by H(A)

Note that the poset structure <, does not depend on the choice of the complete set
of primitive pairwise orthogonal idempotents, because if { f;}ics is other such a family,
by Proposition 1.2.5 there is @ € A invertible and we can reorder the idempotents f; in
such a way that f; = ae;a™! for all i € I. So, for any J C I, we have that (f;) = (es).

In the particular case when A = K@Q/I is a bound quiver algebra, in this thesis we
label the vertices of @ as Qo = {1,...,n}. We know that the set of classes of paths of
length zero {e; := ¢; + I}}*; is a complete set set of primitive orthogonal idempotents
of A. We always consider this family when dealing with bound quiver algebras.

Remark 2.3.4. Let n >0, and I = [n] .= {1,...,n}.

(a) The poset P(n)

= (2I", ©) is a refinement of H(A), in other words, F(A) is a weak
subposet of P(n).
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(b) FH(A) is determined by its cover relations since it is finite, i.e. if J <j I, then there
exists a chain of cover relations J <p X1 <p -+ =<p X; =32 1.

Combining Theorem 2.1.7 and Proposition 2.2.6 and our previous discussions, we
have the next result.

Theorem 2.3.5. Let A be an Artin algebra, and {e;}}_  a complete set of primitive
orthogonal idempotents of A. Then we have a bijective correspondence between the set
of paths of length n in H(A) n: @ = Jop — J1 — -+ = J, = [n] such that the algebra
es\gi N (ese) egng,_, is semisimple, and the set of maximal heredity chains of A, given
by

n— (0: (GJTCL) c---C (ejf) C (6]8) ZA).

Weakening the hypothesis on the maximal chains of idempotent ideals, we have a
similar result in the case of standardly stratified algebras.

Theorem 2.3.6. Let A be an Artin algebra, and {e;}}_ |, a complete set of primitive
orthogonal idempotents of A. Then we have a bijective correspondence between the set
of paths of length n in H(A), and the set of mazximal stratifying chains of A given by

(®:J0_>J1_>..._)Jn:[n])b—>(Oz(ejﬁb)C"‘C(le)C(eJS):A)'

Before exhibiting some examples, we give the following technical observation, which
generalises that fact that the embedding mod A/(e;—1) < mod A/(g;) considered in the
recollement (2.3.2) is homological.

Lemma 2.3.7. Let A be an Artin algebra with {e;}icr a complete set of primitive or-
thogonal idempotents. Let J C K C I. If (ex\ ) is projective as A/(ex<)-module, then
Ly K 45 a homological embedding.

Proof. Since K¢ C J¢, we have J° = KU J®\ K€, thus by Lemma 3.4.1 (egc) C
(exce) = (exe) + (egeyce) = (exe) +(excys). Set A == Af(exe), then A/(ese) = /(g 1),
which shows that we can regard ¢k as an embedding mod A’/(e K\J) <> mod A’. The
conclusion follows from Lemma 1.5.2. O

Example 2.3.8. Let K be a field.

(a) Let A be a hereditary K-algebra with n simples up to isomorphism. Then every
chain of length n of idempotent ideals is a heredity chain by [DR89b, Theorem 1]. Thus
H(A) = P(n), and H(A) is the n-hypercube.

(b) Let @ be the quiver 3 2, 2% 1  andset A= KQ/(ab). Then gl.dim A = 2,
thus A is quasi-hereditary for some adapted poset. H(A) is the following quiver

{1,2,3}

/ N\

{2,3} {1,2} {1,3}

X Xt

2y 380 {1

\1/

g
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which shows that A admits four different heredity chains.

(c) Let @ be the quiver 1 %’4; 2 L’; 3. Set A = KQ/(a1by — beag, biay, azbs),

1 b2

thus A is the preprojective algebra of type Aj, therefore gl.dim A = oo and A is not
quasi-hereditary for any order. The Hasse quiver of H(A) is the following.

{1,3}

/ N\

{1 {2} {8} {1.2} {2,3}{1,2,3}

N7

%)

(d) Let @ be the quiver 1 % 2. Set A =KQ/(baba). Then gl.dim A = oo, thus
A is not quasi-hereditary for any ordering, but H(A) is the following.

(12}
!

{1 {2}

\/

Indeed, note that the maximal path in H(A) corresponds to the chain of Serre sub-
categories 0 C mod A/(e1) C mod A, but e;de; = K( 1 Da) / (a?) is clearly not
semisimple. Note that A is standardly stratified by Theorem 2.3.6.

2
(e) Let @ be the quiver oz \f’ and A = KQ/(bac, acba). Then gl.dim A = 4,

and its homological Hasse quiver is the following.

{1,2} {1,2,3} {1,3} {2,3}

N X7

{1 {2} {3}
\I/

This shows that A admits no heredity chain. We remark that the algebra A has been
already considered in [DR89b].

2.4 Quasi-hereditary structures

In this section we provide the foundations of the notion of quasi-hereditary structures
in order to present a new approach to the classification of adapted posets that yield
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quasi-hereditary algebras. This is joint work with Yuta Kimura and Baptiste Rognerud
[FKR20]. At the end of the section we present a sufficient condition for an algebra to
have at most one quasi-heredity structure due to Coulembier.

In what follows A denotes an Artin algebra, and (I, <1) a finite poset indexing a
complete set of non-isomorphic simple A-modules {S(i)}icr. In this case, A = Ag
denotes the set of standard modules, and V = V the set of costandard modules. Recall
that adapted posets (Definition 2.2.15) are closed under refinement (cf. Lemma 2.2.16).
We start with the following weaker version of Definition 2.2.15.

Lemma 2.4.1. A partial order < on I is adapted to A if and only if for every A-module
M with top S(i) and socle S(j), where i and j are incomparable, there is k € I with
i<k orj <tk and [M : S(k)] #0.

Proof. See [DR92, page 202]. O

Definition 2.4.2. Let <7 and <3 be two partial orders on I. Then <y is equivalent to
g if Ag, = Ay, and V4, = V,. In this case we write <1; ~ <.

The relation ~ is an equivalence relation on the set of poset structures of I, and is
compatible with the notion of adapted poset in the following sense.

Lemma 2.4.3. Let <1 be an adapted poset to A. If < is equivalent to <1y, then < is
adapted to A.

Proof. Let M be an indecomposable module with simple top S(7) and simple socle S(j)
with ¢ and j are incomparable for <. Since M has simple top S(i) it is a quotient of
P(i). We denote by U(i) the kernel of the projection from P(i) to A(i). Since 7 and
j are incomparable, the module S(j) is a composition factor of U(:). Then, there is
a composition factor S(k) which is at the top of U(7) and which is also a composition
factor of M. We denote by N a non-split extension of S(k) and A(7).

Since <j is an adapted poset we see that i <1 k and by transitivity if S(e) is a
composition factor of A(i) then e <i; k. So the largest submodule of N cogenerated by
S(k) is a submodule of V1 (k). Since V(k) = Vi(k) and S(i) is a composition factor of
this module, we see that ¢ <t k and the result follows from Lemma 2.4.1. ]

Recall that a poset structure on I is a subset <1 C I x [ satisfying three properties
(cf. Section 1.4). Thus we order poset structures on I by inclusion. This gives a poset of
posets over I where the minimal element is the equality relation on I, i.e. {(i,7) | i € I},
and the maximal elements are the total orders on I. Given two poset structures <i; and
<lg on I, we can take their intersection <i; N <y which is again a poset structure on I,
called the intersection of <11 and <ls.

Lemma 2.4.4. Let <1y and <o be two adapted posets to A with <11 ~ <.
(a) The intersection <11 N <y is an adapted poset to A in the same equivalence class.

(b) In each equivalence class of adapted posets to A there is a unique minimal poset.
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Proof. Tt is clear that (a) implies (b). Let <1y and <I2 be two posets in the same equiva-
lence class. We denote by A = A; = As the corresponding set of standard modules. Set
<int to be the intersection of <y and <o, and denote by A;,:, Vine the corresponding
sets of standard and costandard modules, respectively.

Let i € I. By definition A;,.(7) is the largest quotient of P(i) whose composition
factors are S(j) such that j <01 ¢ and j <24. So A1(i) surjects onto Ay, (7). If they are
not isomorphic, at the top of the kernel there is a simple module S(j) such that j < i
but j is not smaller that i for <a. This contradicts A1(i) = Ag(i). Therefore Ay = A
and by a dual argument, we see that V;,; = V and the poset <;,,; is equivalent to the
posets <11 and <ls. The result follows from Lemma 2.4.3 O

Let <11 and <z be two partial orders on I. If (A, <) is a quasi-hereditary algebra
and <z ~ <1 then (A, <2) is also a quasi-hereditary algebra since the definition of quasi-
hereditary algebra only depends on the set of standard modules. In this case, we can give
various characterisations of this equivalence relation. Recall that for a quasi-heredity
algebra (A, <) there is a tilting module 7" such that addT = F(A) N F(V), called the
characteristic tilting module (cf. Proposition 2.2.30).

Lemma 2.4.5. Let <1 and <y be two partial orders on I such that (A, <11) and (A, <2)
are quasi-hereditary algebras. Then the following statements are equivalent.

(a) <q ~ 2.
(b)
()
(d)
(e)
(f)

Ar=Ay
V1=V,

F(A1) = F(As).
F(V1) = F(Va).
T

f) Ty = Ty where T; is the characteristic tilting module of (A, <;) fori=1,2.

Proof. We show (d) implies (b). For each ¢ € I, let K (i) be the sum of the kernels of non-
zero surjective maps P(i) — X with X € F(A;). Then A4(i) = P(i)/K (i) holds by the
proof of [Rin91, Corollary 4]. We have A;(i) = P(i)/K (i) = Az(i) by the assumption.
Dually, (e) implies (¢). The remaining equivalences follow from Propositions 2.2.20
and 2.2.30. O

Definition 2.4.6. Let A be an Artin algebra with an adapted poset (I, <) indexing the
isomorphism classes of simple A-modules.

(a) The equivalence class of < under ~ is called a quasi-hereditary structure of A if
(A, (I,<)) is a quasi-hereditary algebra. We denote by [<1] the equivalence class of
< under ~.

(b) The order < is called minimal adapted if it represents a quasi-hereditary structure
and it is minimal among partial orders which represent the same quasi-hereditary
structure (cf. Lemma 2.4.4 (b)).

We denote by gh.str(A) the set of quasi-hereditary structures on A.
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Note that the number of quasi-hereditary structures is bounded by (card I)!. Com-
pare with Example 2.4.7 (b).

Example 2.4.7. (a) Let A = @,.; A; be a semisimple algebra. Then it is clear that
any partial order on I is adapted to A, and A4(i) = A; for all i € I and any order
(I,<). Thus A has only one quasi-hereditary structure.

(b) Let K be a field. Let n € Ny and Q41 be a quiver with set of vertices I =
{1,2,...,n + 1} and such that there is a unique arrow from i to j whenever ¢ > j.
Observe that the underlying graph of @,,+1 is a complete graph. Let K,,+1 = KQpn11.
It follows that any adapted order on I for K, is a total order, and two distinct total
orders on [ induce different quasi-hereditary structures on K, ;. Therefore the number
of quasi-hereditary structures of K, is n!.

There is a poset structure defined on the set of basic tilting modules up to isomor-
phism given as follows. Let T7 and 75 be tilting modules in mod A, then T} < T5 if and
only if Tj- C T3-. Happel and Unger [HU05] described the Hasse quiver of this poset in
terms of a graph defined previously in work by Riedtmann and Schofield [RS91].

By Lemma 2.4.5, the equivalence class of <1 only depends on its characteristic tilting
module. It is then natural to order quasi-hereditary structures of a given quasi-hereditary
algebra A in the following way.

Definition 2.4.8. Let [<;] and [<2] be two quasi-hereditary structures of A with re-
spective sets of standard modules A; and Ag. We set [<1] < [<a] if F(Ag) C F(Aq).
It follows that we have a poset gh.str(A) = (qh.str(A), <) called the poset of quasi-
hereditary structures of A.

We have the following equivalent definitions of the relation <.

Lemma 2.4.9. Fori = 1,2, let [<;] be a quasi-hereditary structure on A, withV; = V4,
and T; a characteristic tilting module of (A,<;). Then the following statements are
equivalent.

(a) [<u] = [<).
(b) F(V1) C F(Va).
() Ti € Ty
Proof. Follows from Propositions 2.2.22 and 2.2.32. O

We finish this section with a result by Coulembier which provides a sufficient con-
dition for a finite dimensional algebra A to have a unique quasi-heredity structure. Let
{S(%)}icr be a complete set of non-isomorphic simple A-modules. In this setting, we say
that A has a duality fixing the simples if there is an involutive contravariant autoequiv-
alence D of mod A that induces the identity on 1.

Theorem 2.4.10 ([Coul9, Theorem 2.1.1]). Let A be a finite dimensional algebra with
a duality fixing the simples. Let (I,<1) and (I,<2) be two partial orders indexing the
simple modules of A. If (A, <) and (A, <) are two quasi-hereditary algebras, then
<1 ~ <.



Chapter 3

The Auslander algebra of
Klz|/(«")

Let K be a field. In this chapter we determine the homological poset and homological
Hasse quiver of a class of Auslander algebras, more precisely over the Auslander algebra
of the truncated polynomial ring T, := K[z]/(z"), for n > 0. This is done by means of a
combinatorial classification of all homological embeddings between Serre subcategories.
The crucial point in this characterisation is to determine block decompositions of factor
algebras by idempotent ideals, and use the Chinese remainder theorem. Along the
process we encounter some interesting integer sequences.

Recall that an Artin algebra A is called an Auslander algebra if its global dimension
is less than or equal to 2 and the dominant dimension of A is greater than or equal to 2.
Auslander showed that there is a one-to-one correspondence between algebras of finite
representation type and Auslander algebras, given by A — (Enda(M))°P, where M is
an additive generator of A [Aus74; ARS95]. Usually one takes M to be the direct sum
of all indecomposable A-modules up to isomorphism. In this thesis we denote by Aus A
the Auslander algebra of a finite representation type algebra A.

The organisation of the chapter is as follows. We define AusT,, in Section 3.1 as a
bound quiver algebra and give some properties. In Section 3.2 we find an adequate basis
of AusT, that is used in Section 3.3 to define a basis of the indecomposable projective
modules over AusT,,/(e), for e an idempotent. In Section 3.4 we encounter a sufficient
condition concerning idempotent ideals of a K-algebra A that guarantees block decom-
position of the factors A/(e), using a version of the Chinese remainder theorem. We
apply it to the case of AusT,. In Section 3.5 we introduce the notion of preprojective
algebras of type A,, and describe an appropriate basis. In Section 3.6 we characterise
blocks of the factor algebras AusT,/(e), and find the unique heredity chain of AusT,.
Section 3.7 is devoted to showing a combinatorial characterisation of homological embed-
dings between Serre subcategories of mod AusT,,, that we use in Section 3.8 to describe
explicitly the cover relations of the homological poset of AusT,,, denoted H(AusT},), ob-
taining some counting formulas. In Section 3.9 the homological Hasse quiver of AusT,
is described, where some Tribonacci sequences arise in the context of counting meth-
ods. In Section 3.10 we define compositions of a positive integer and show a bijection
between the cover relations of H(AusT,,) and the set of parts of n via tilings. Finally,
Section 3.11 studies the factor algebras AusT,/(e) that are quasi-hereditary algebras,

29
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as consequence some Fibonacci sequences appear in our investigations.

3.1 Basic properties of AusT,

Let K be a field. For n > 1, set T,, = K[z]|/(z™) the algebra of truncated polynomials of
degree less than n with coefficients over K. It is clear that T, is isomorphic to the bound
quiver algebra

K(* Do)/ (o),

with isomorphism given by 1 — ¢; and =z — «a.

It turns out that dimg 7, = n, gl.dim7,, = oo and 7,, is uniserial with unique
composition series T, D radT,, O --- D rad® ' 7T, D rad®T, = 0, where rad’ T,
K[z]/(z"%), for i € {1,...n}. The Auslander-Reiten quiver of T}, is

7N "~

(‘,

P(1) = rad P(1) == --- = rad""' P(1) = S(1),
thus 7), has finite representation type. So, the Auslander algebra of T}, is defined by

n—1
Ap, = AusT, :=Endp, (@radiP(l)).
i=0

It turns out that A,, is isomorphic to the path algebra K@ /I, where

1 a1 92 a2 An—2 p_1 Gn—-1 p
. . . .

b1 b2 bn72 bnfl

Q =

and I is the ideal generated by the relations a;b; — bj11a;41 for 1 < ¢ < n — 2 and
an—1bp—1. In this case, Qo = {1,...,n} =: [n]. Set Ag == 0.
In the next proposition we gather some known properties of the algebras A,,.

Proposition 3.1.1. Let n > 1. Then the following conditions hold.

(a) A, has a unique quasi-hereditary structure given by ({1,...,n}, <), where < is the
usual order.

(b) Let M € mod A, and A = A<. Then the following conditions are equivalent.

() M e F(a).

(ii) pd M < 1.

(iii) M is torsionless.

(iv) Ext!(M,T) =0, where T is the characteristic tilting module.
)

(v

(¢) Ay, is of finite representation type only if n < 3.

The injective envelope of M is projective.

Proof. For (a) and (c) see [DR92, Sec. 7]. For (b) we refer to [RZ14, Proposition 1]. [
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Example 3.1.2. Consider n = 3. The Auslander-Reiten quiver of Aj is the following.

1 1

2 2
123 123
1 \1 7 11

: 2 1 3 :

: 123 12

5 S \1 ; 3/ N
123 123 2 12 123

: / \ /1\ Vb \ / :

The quiver lies on a cylinder, thus the dotted lines must be identified. The modules
belonging to F(A) are marked with a rectangle. In particular we have the following
As-modules.

3.2 A basis of AusT,

The aim of this section is to find a good basis for A,, by means of the description of the
indecomposable projective A,-modules. The main goal is to find an explicit description
of the block of the factor algebras A, /(e), for any idempotent e of A,. For example, the
projective A4-modules have the following radical filtrations.

1

2 2

3 3 4
P)= 2.4 P@)= 2.4 P@E)= 2,4 Pay= 3
2 2 2

—_ = =
— =

Recall that each number j represents a basis element of the K-vector space e;P(i),
that is a path in @ from i to j. Thus each column in P(i) contains all the paths in Ay
starting at ¢ and terminating at j. Therefore, the dimension of e; P(7) equals the number
of elements of the j-column. We will prove that the basis elements of each P(i) only
depend on their length and on the target vertex (cf. Theorem 3.2.8). In order to justify
that we have the above radical filtrations, we first define the following sets of paths in

Q.
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Definition 3.2.1. Let k,j,i € Qp. We denote by (k, j,7) the shortest path in @ from ¢
to k of the form
i J k

For fixed 7 € Qo, let P; == {(l{f,],Z) | k,je Qo}

Notation. If w is a path in @, we will denote by [w] its corresponding class in A, and
by ¢(w) its length.

Lemma 3.2.2. The length of (k,j,i) is |j — k| + |7 —i|.
Proof. Straightforward. O

For example,

(3,1,2) =asarby = 2 251252 2,3 and  £(3,1,2) = 3.

A priori, all the basis elements of A lay in Uier P;, because their length is bounded
by 2n — 1. Indeed, by Corollary 3.2.11 the path (1,7, 1) has maximum length 2n — 2 in
A.

Thus, for fixed i € [n], it is natural to consider the following array of the paths
(k,j,i), where the column k contains the paths starting at ¢ and ending at k. To be
more precise, in the row j of the column & lays the element (k, j,1).

/(n,l,i)
(k+1,1,4)
(k,10) |
(k—=1,1,) : (n,j—1,%)
(110 L kL)
I :(k‘,j—l,i) . .
(k—1,j-1,4) (k+1,54)  (nj+14)
- (k.4 1) T
(17.j_17i) (k‘—l,j,l’) (k‘+1,]’+177:)
e (k,j+1,49) !
(1,4,1) (?*Lj+LUE ! —<mmn
(Li+Li) : L k)

' (kyn, i)
(k -Ln, Z)

(1,n,7)
The following result characterizes all the paths in Uier P;.
Lemma 3.2.3. Let k,j,i € Q.
(a) (i,1,1) = &; is the trivial path at vertes i.

(b) Ifk < j <i withi#k, then (k,j,i) = by bi_1.
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c) For1<k<n-—1and max{k+ 1,7+ 1} <j <n, we have
(c)

P a 1 g b
(k,j,i) = by - bj_1a;_1---a; = TR e N e SO T
(d) If k > j > with i # k, then (k,j,i) = ap_1 -+ a;.
(e) For2<k,iand1<j<min{k—1,i— 1}, we have
i b b § aj _
(k,j,4) = ag_1---ajbj--bi_1 = e S T A It S O

(f) (k,k,i) = (k,i,1).

Proof. (a) Straightforward.
(b) and (d) follow from the fact that if 1 < ¢ < j < n, then the shortest path in @
from i to j is

§ai, il %1
and the shortest path from j to ¢ in @ is

i i+1 J

b; bit1 bj—1
The conditions in (c¢) imply that i« < j > k, and the conditions in (e) imply that

1 > j < k. Then in both cases apply (b) and (d), from where (c) and (e) follow. Finally,
(f) shows two different labellings for the same path. O

Now we define the following sets.

®00e®

I
e s

™

RIS

S

=

il

oy

+

\.H

_T_.

—_

——

IA

.

IA

N

——

Note that each set corresponds to the elements described in Lemma 3.2.3. It is easy to
see that those sets are pairwise disjoint. Thus, we get a partition of P; for each i € Qg

P=QUBLOUDUE (3.2.1)

where =E =a fori=1, and C) = @ = @ for i = n. The following diagram
describes this partition. Recall that all those elements lie in KQ.
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(n,1,4)

@1 ® (ni—1,4)
(1,1,4)
. Tl Pt (n,i,17)
o (hi—1,0) -
(= 1,i—1,i) (i + 1,4, 1)
(i,1,1) ©
(i—1,i,0) (i +1,i+1,7)
- (1,4 1,7) \
Bt T DY (n,n,i)
(1,4,17) ’/,/’ E’nfl,’n,i)

(Lit1i) ©

(1,n,1)
Proposition 3.2.4. Let w a path from i to j in Q. Then {(w) = |j —i| mod 2.

Proof. Induction on ¢(w) = 1. If [ =0, then j =1, i.e. w = ¢;, thus |j —i| =0 = {(w).
Now let [ > 0 and « € @) starting at j, so e(a) = j £ 1. Then {(aw) = [+ 1, and
by induction ¢(w) = |j — 4| mod 2. Therefore {(aw) = 1+ ¢(w) = 1+ |j — ] mod 2.

Set m = j — i, so we have to prove that 1 + |m| = |e(a) — 4| mod 2. If m > 1 and
e(a) = j+ 1, then 1 + |m| — |m + 1| = 0. The other cases are similar. This completes
the induction. I

Corollary 3.2.5. Let i,5 € Qo. Then ¢ and j have the same parity if and only if any
path from i to j has even length.

Proof. Follows directly from Proposition 3.2.4. O

Remark 3.2.6. Let w be a path in @ of length [ > 2n —¢ — j. By Corollary 3.2.5, if i, j
have the same parity, then 2n — i — j and [ are even. Therefore, the least possible value
for [ is 2n —i — j + 2. We conclude the same if 7, j have different parity.

For example,

n; = (j7j+17j)(jan7i):bjajbj"'bn—an—lan—l"'ai if ]?én

! (n,n—1,n)(n,n,4) = ap—1bp—1an-1---a; if j=n
is a path of length ¢(j,5 + 1,5) + (4, n,i) =2n —i—j + 2.
Lemma 3.2.7. Let 1 <j<n-—1ands,t >0 such that j+t+s <n—2. Then

[@jts e agbj - bjrt] = [bjst1 bjts1@j1trs1 Ajreri],

ie [j+s+1,5,j+t+1=[+s+1,j+s+t+2,5+t+1].
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Proof. Let j be fixed. We proceed by doble induction on (s,t). The case (s,t) = (0,0)
follows from the definition of A. Suppose that the result is true for ¢ = 0 and s > 0, then

[aj1511(ajts - aj b)) = [aj4s41(0j4sp1 Qjsta - ajq1)]
= [(bjts+2ajts+2) Qjrsi1 - ajr1],

i.e. the result holds for (0,s + 1). Analogously the result holds for (0,¢ + 1).
Now suppose that the proposition is true for (s,t+ 1), so by induction we have

[@j4s+1(@jps - ajbi-juer1)] = [ajrst1(Djrst1 bjastetr Gjrstt2 s Qjres2)]

= [(Bjtst+2 bjrstt+3 Ajbstt+3) Qjbsttd2 " Ajyis2]

where the last equality follows by applying the change of variable ;' = j + s + 1 and
considering the base case (0,¢ + 1), meaning

[aj bjr -+ bjrpera] = [bjryr - byrpavo ajrrigal,
which shows the result in general. O

Theorem 3.2.8. Let w,w’ be two paths in Q from i to j with {(w) = L(w'). Then
[w] = [w].

Proof. By Lemma 3.2.7 any expression of w has the same number of a;’s and b;'s. And
since w’ is another path from i to j with the same length as w, it has the same number
of a;'s and b;’s as w. Thus [w] = [W']. O

Theorem 3.2.8 shows a complete classification of paths in @ by their length, that is,
any path in @ depends only on the starting and ending vertices and its length. Moreover,
for 7,5 € Qo fixed, Proposition 3.2.4 implies that all the possible lengths for a path w
from ¢ to j are of the form |j — i| + 21, for [ > 0.

Corollary 3.2.9. Let w be a path from i to j in Q and | = l(w). Thenl >2n—i—j
if and only if [w] = [0].

Proof. (=) Let n; be the path defined in Remark 3.2.6. It has length 2n —i —j +2 and
is the least possible value for [ > 2n — ¢ — j. By Lemma 3.2.7, if j £ n then

nj] = [bj(bjs1 - bp—1apn—1)bn—1an_1---a;] = [0],

and clearly [n,] = [0]. In general, if w has length | = 2n — i — j + 2k for k > 1,
Theorem 3.2.8 shows that for j # n

[w] = [(bj a;)* " n;],

and [w] = [(an—1bp—1)*" ] if j = n. Thus [w] = [0].
(<) Suppose | < 2n —i—j and [w] = [0]. Then w € I, and since w is a monomial we
conclude that
W="Yap-1bn-10

for some paths 7, J starting at n,i and ending at j,n respectively. Thus () > n — j
and £(0) >n—i,s01l =4€(y)+2+£(5) > 2n — j — i+ 2, a contradiction. Therefore,
[w] # [0]. O
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Following Corollary 3.2.9 we give the next definition.

Definition 3.2.10. For i,j € Qo, let m(i,j) = 2n — i — j. Thus m(4, j) is the maximal
length of a path from 7 to 7 in A.

Corollary 3.2.11. rad®*"~1(A) = 0.

Proof. We have that m(1,1) = 2n—2 > m(4, j) for any 4, j € Q. Thus by Corollary 3.2.9,
any path of length > 2n — 1 is zero in A. O

Now we describe the radical filtration of the indecomposable A-projectives. Let
i € Qo. By Corollary 3.2.9 it suffices to consider only paths (k, j,7) in P; because

Uk, j, 1) =7 = k[ + 17 =il <2(n—1) =m(1,1).

Lets analyse the paths described in the partition (3.2.1) of P;. By Theorem 3.2.8 we
can identify certain labels in A, because they have the same length, and same source
and target. For that reason we consider the following refinement of the partition of P;
given in Eq. (3.2.1).

‘_(n,lLi)
(n—i+ 2,:1‘,;') @
(n—i+1,149)

(2,1,4) \(;i,i:—l,i)

(1.1,4) € (n—1,i-1,i)
RN Tl (n.i,1)

e @i-Ly o e

(i/—_l,i—l,(lj)' )(z+1”) | (3.2.2)
Ptas Ty 0yt H

(i—14,4) (i+Lli+14) (nn-11)
(Li—19) (it O

~(n, n,i)

(L,i, i) (n—1,n,1)
(2,i+1,}') @

(Li+1,0) o

b (n—i+1,n,i)

@ \(\72 —i,n,1)

(1,7:1,7:)/

For example, for n = 7 and i« = 4 we have the following diagram.
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(7,1,4)
(6,1,4) 1
(5,1,4] (7,2,4)
(4,1,4) 6,2, 4)
(3,1,4) (5,2,4) 7,3,4)
(2,1,4 (4,2,4) 16,3,4)
(1,1,4) (3,2,4) (5,3,4) (7,4,4)
(2,2,4) 4,3,4) (6,4,4)
(1,2,4) 3,3,4) (5,4, 4 (7,5,4)
b (s, |)g (4,4,4) (6,5,4) (3.2.3)
(1,3,4) (3,4,4) (5,5,4) 17.6,4)
(2,4,4) (4,5,4) 16,6,4)
(1,4,4] (3,5,4) (5,6,4) 17,7,4)
(2,5,4] (4,6,4) 16,7,4)
(1,5,4) (3,6,4) (5,7,4)
vo(2,6,4) 4,7,4)
(1,6,4) 13,7,4)

(2,7,4)

(1.},4)’

Now we provide a complete description of this refinement. Compare with (3.2.3)
to have an example in mind. First, for 1 < k < 4, the k-column of is given by
{(k,k+s,i) | s=0,...,1—k} , moreover

Uk, k+s,i)=|k+s—k|+|k+s—i|=1i—k,

thus elements in the same column in represent the same path in A. We take the

paths of the form (k,7,7) as representatives in A, and call this set .

For i < k < n, the k-column in D) is given by {(k,k —s,i)|s=0,...,k — i}, and

Uk, k—s,i)=|k—s—k|+|k—s—i|=k—1,

thus elements in the same column of @ are labels for a single path in A. We take the

paths of the form (k, k,7) as representatives in A, call this set .
Let i > 1, and 2 < k < n — 1, then the k-column of @ is given by

(a) {(k,j,i)|1<j<min{k—1,i—1}}ifk<n—i+2,

(b) {(k.j.i)[k—n+i<j<min{k—1,i—1}}ifk>n—i+2,

and the k-column of @ is given by

(&) {(k,j. 1) | max{i+1,k+1} <j<k+i—1}ifk<n—i+2,

(b)) {(k,j,i) | max{i +1,k+1} <j<n}ifk>n—i+2.

Thus, for (k,j,i) as in (a) or (b), we have that (k,i+k — j,7) is a path as in (a’) or (b’)

respectively, and vice versa. Moreover

therefore [k, j,i] = [k,i + k — j,i]. The correspondence

x=(k,j,i) — p(z) = (k,i+k—7,1)



38 Chapter 3. The Auslander algebra of K[z]/(z™)

is just the reflection over the line through (i,7,7) — (i+2,i+1,4) or (4,4,4) — (i —2,i—1,1)
between the k-columns of @ and @ We choose as representatives in A the paths in
@. The following diagram describes the reflection p.

’(n, 1,4)

.<l

ol T

(1,1,1) )

(0= 20— 1) == (51, 1) ——————

(L)

Leti>1landn—i+2<k<n,thusk=n—i+2+sfors=0,...,7—2. Then the
k-column of@is given by {(n —i+2+s,j,i)|1 <j <1+ s}. Since

n—i+2+s,1+si)=n—s>n—s—2=m(n—i+2+s,1)
we conclude that the paths in@ are zero in A.

Finally, the paths in @ are those who have a unique representative of the form

(k,j, 1), for i < n. Identifying all the paths as above, we get a description of the radical
filtration of the indecomposable projectives A-modules P(7), for i € [n].

Notation. Let i € Q. Define e; = [¢;]. Thus {ey, ..., e,} is a complete set of orthogonal
primitive pairwise non-isomorphic idempotents of A with the natural ordering.

Proposition 3.2.12. Leti € Qo. Then a basis for nP(i) = Ae; is given by the elements

[i,,1]
P ! N

(1,4, 1]
(i, ]

-
-

[1,n,1]

Therefore, the column k of the radical filtration of P(i) is given by

[k, 1, 4]

k2.1 [k, K, 4]

k,3,i] i k<4, and by [k & _,F Ll if k>,
- [k, n, ]
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i.e. P(i) has basis B; = {[k,j,i]|1 < k < n, max{i,k} < j < n}. Moreover,
dimg P(i) = (=0t

Proof. Tt follows identifying the paths of diagram (3.2.2) as in the previous discussions.
O

Note that for 2 < i < n, we have inclusions
P(i) — P(i—1)

given by w = [k, j,i] — [wa;—1] = [k,J,i — 1]. Thus, identifying the images of these
inclusions into P(1), we have

Pn)CPn—1)C---C P(1).
The following technical result will be useful later.

Lemma 3.2.13. If [k,j,i] € B; and 0 < s < n — j, then [k,j + s,i| factors through
[k, 7,4

Proof. By Theorem 3.2.8 we have
[k, j + s,i] = [(bkar)®] [k, J, ]
because both elements have the same length 2s + 25 — k — 3. O
As a direct consequence of Proposition 3.2.12 we obtain a basis for A,,.
Theorem 3.2.14. Let n > 1. Then a K-basis for A, is given by
B, = {[k,5.1] |1 < k,i <n, max{i,k} <j<n}.
The multiplication between basis elements is given by

K, +j—ki] ifi'=kandj +j—k<n

0 else.

K, 5", [k, j,i] = {

Moreover, dimg AusT,, = w'

Proof. Suppose that j' + j — k < n, then (([K,j', k][k,j,i]) =2(j'+j— k) — kK —i =
UK, 5"+ 7 — k,i]), thus [k, j' k][k,4,i] = [K', 5+ F — k,1]. O

3.3 A basis of AusT,/(e)

Let A, = AusT),,. Recall that we write (e) := A,eA,, for an idempotent e of A,. In this
section we describe a basis of A,,/(e) using the basis of A,, constructed in Section 3.2. For
the rest of the chapter, let {e;}}" , be a complete set of primitive orthogonal idempotents
of A, given by the paths of length zero. We start giving the following notation.

Notation. Let n > 1. We denote the basis elements of A,, by [k, j, ], and we will omit
the subscript if no confusion can arise.
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A first and very important instance is the quotient A, /(ey).

Lemma 3.3.1. Letn > 1, and f,: A, — Ap_1 be given by

. k,jiln—1  ifl<k,i,<n—1andj<n-—1
Fulli i) = { 0
0 else.
Then fp is a well defined K-algebra surjection, with Ker(f,) = (en). Thus, f, induces
an algebra isomorphism fn: Ay /(en) — Ap_1.

Proof. The function f,, is well defined by Theorem 3.2.14, and is a ring homomorphism:
let x = [k, ', k], and y = [k, j,i], be in By, , such that xy # 0, thus 5’4+ j — k < n and
xy = [k, 7' +j—k,i],. We have two cases, if j'+j—k < n—1, then necessarily j, j/ < n—1,
thus fo(zy) = K7 + 7 — k,iln—1 = [K, 7, kln-1lk, j,i]n—1 = fn(z)fn(y). The second
case is when j' + j — k > n, then f,(xy) = 0. If j = n or j/ = n, the f,(z)fn(y) =0,
so we can assume that j, 7’ <n—1. Then f,(z)f.(y) = [k, j', kln-1][k, j, i]n—1 = 0, since
j+i—-k>n—1.

Now let’s show that Ker(f,) = (en). For, let x = [k, j,1] € Ker(f,), then necessarily
Jj =n, thus z = (k,n,n)ey(n,n,i) € (e). Finally, f,(en) = fu([n,n,n],) = 0, therefore
(en) C Ker(fy), and the equality holds. O

We will focus on the quotient modules P(i)/(e)e; = Ae;/AeAe; for i € Qo, because
we have an isomorphism of K-modules

A Aer ®--- B Ae,, | Aeg Ae,
O @ ©@a T @
Indeed, let
Fiher @ @ Aep - oy Den
(e)ex (e)en
be given by

f()\lel + -+ Anen) = ()\161 + (6)61, ce Apep + (e)en)

with \; € A for all . Then Ker f = (e), and the claim follows from the first isomorphism
theorem for modules. So, in order to find a basis of A/(e), it suffices to find bases for
the modules Ae;/(e)e;. The following observation is fundamental in this context.

Lemma 3.3.2. Let A = KQ/I be a bound quiver algebra and B a K-basis of A. If

e=ej + - +ej is a sum of primitive orthogonal idempotents of A, then
C={b+ (e)|be B, b does not factor through e;, for all k}
is a basis of A/(e). Therefore, a basis of P(i)/(e)e; is given by
Ci={b+ (e)|be B;, b does not factor through ej, for all k}.

Proof. Follows from the fact that if b € B, then b € (e) if and only if b factors though
some €j, . O



3.3. A basis of AusT,/(e) 41

Proposition 3.3.3. Let 1 < kg <i < n. Then a basis for P = P(i)/(ek,)e; is given by

2,7,

- ~
- ~

[k0+17277’} \\‘\ (331)

[n,m, ]

[n—i+ko+1,n,1

Proof. By Lemma 3.3.2 we have to find the elements of B; that factor through ey, . It
is clear that [k, ko, ] factors through ey, for all k € Qo, thus [k, ko,i] = [0] in P. First

consider 1 < k < ko, then [k, ko,i] € , thus [k, ko, ] = [k,4,4] = [0] in P, and since
.TI:[k,i+S,i]:[kﬁ,i,i”i,i—l—s,i], 0<s<n—iq,

because they have the same length, we conclude that z is zero in P.
Now consider kg + 1 < k < n —i+ ko. We know that [k, ko, 1] = [k,i+ k — ko, 1], thus
[k,i+ k — ko,i] = [0] in P. But in general, for k < j > i we have that

k,j+s,i] = [k, j,il[i,i+ 5,4, 0<s<n-—j

thus for j =i+ k — ko we get that [k,j + s,i] = [0] in P with 0 < s <n—k —i— ko.
It remains to prove that the elements in (3.3.1) do not factor through eg,. Indeed,
those elements can be parameterized as

y=lko+1+s+t,i+t,i], 0<s<i—ky—1, 0<t<n-—i,
then l(y) = |ko+1+s+t—i—t|+|i+t—i| =|ko+1+s—i|+t=i—ko—1—s+t, but
lko+14+s+tkoi)=1+s+t+i—ko

thus the minimal length path starting at i, ending at kg + 1 4+ s + ¢t and passing by ko,
has length greater than any y, therefore y does not factor through ey,. This completes
the proof. ]

Corollary 3.3.4. Let 1 <k <i <n. Then a basis for (ex)e; is given by

[k i,1]
1,44 [n—i+k n,i]
[1,n,1]
Proof. Follows from Propositions 3.2.12 and 3.3.3. O

Corollary 3.3.5. Let 1 < kg < ki <--- <k, <i<n. Then

P() ),
(6k0 +eg, +---+ €kT)€i (ekr)ei '
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Proof. It suffices to prove that (eg, + ex, + -+ + ek, )ei C (e, )e;. From the proof of
Proposition 3.3.3 we have that all the elements of B; that factor through ey, are zero in P,
this is equivalent to say that (ex,)e; C (eg,)ei;. Then the result follows by induction. [

Proposition 3.3.6. Let 1 <i < jo < n. Then a basis for P = P(i)/(ej,)e; is given by

[i,, 1]
[15177'] []0_17]0_171}

(3.3.2)

-

-
-

[17j0 - 17 Z}

Proof. We proceed as in Proposition 3.3.3: [k, jo, | factors through e;, for all k£ € Qy,
thus [k, jo,¢] = [0] in P, therefore [k, j,i] = [0] for all jo < j <mand 1 <k < n, in
particular for the elements in (C). We remain to show that the elements of the four-sided
diagram are non-zero in P. Indeed, the largest path in each column has length

é(k,jg—l,i):2].()—]?—7;—2<€(]€,j0,7;), k<.j07
thus all the elements in (3.3.2) do not factor through e, . O
Corollary 3.3.7. Let 1 <i < j <n. Then a basis for (e;)e; is given by

[7,4,1]

[17j7 7‘] [n,n,i]

Moreover, (ej)e; = P(j).

Proof. The description of the basis follows from Propositions 3.2.12 and 3.3.6. Recall
that P(i) — P(j), so (ej)e; € P(i) C P(j), but dimg(ej)e; = dimg P(j), thus the last
assertion also follows. O

A very important case is when we consider the idempotent ideal (e,). Next we
compute a basis for this ideal using the last result.

Corollary 3.3.8. Let 1 < i <n. Then a basis for (e,)e; is given by
[n,n,1]
’ (3.3.3)
L,
Moreover, (ey)e; is isomorphic to P(n).
Proof. Fix i € [n]. A basis for (ey)e; is just the complement of Eq. (3.3.2), for jo = n,
in the basis B; of P(i) (cf. Proposition 3.2.12), and this is given by Eq. (3.3.3). For the

last assertion, the isomporphism is given by [j,n,i] — [j,n, ][, 4, n] = [j,n,n], for any
j € [n]. O
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Corollary 3.3.9. Let 1 <i< jo<j1 <---<Jr <n. Then

P(i) _ PO _p
(ejo +ejy +---4ejei  (ejplei

Proof. 1t suffices to prove that (ej, +e;, +--- +ej,.)e; C (ej,)e;. In the proof of Propo-
sition 3.3.6 we showed that all the elements of B; that factor through e;, are zero in
P, which is equivalent to the fact that (e;,)e; C (ej,)e;. Then the result follows by
induction. O

Proposition 3.3.10. Let 1 < ko < i < jo < n. Then a basis for P = P(i)/(ex, + €j,)e€i
s given by
[i,4,1]

~
~
~
~

.. [jo — 1,50 — 1,14]
(ko + jo — i, J0 — 1,1]

Proof. By Lemma 3.3.2, a basis of P is formed by those elements of B; that do not
factor through ey, nor through ej,. By Propositions 3.3.3 and 3.3.6 those elements are
the intersection of (3.3.1) and (3.3.2), and this is just (3.3.4). O

Corollary 3.3.11. Let 1 <k <i < j <n. Then a basis for (e, + e;)e; is given by
[k, 1,1
o [jvjvi]\

[1,4,1] .
! e+i—idd  [nn,i]

[, i]/
Proof. Follows from Propositions 3.2.12 and 3.3.10. O
The previous results give us a simple description of bases for the modules
P(i)
(e)e;’

for e an idempotent in A.
Theorem 3.3.12. Let i € Qp.
(a) Ifi=1<jo<j1i<---<js<m,ande=ej +---+ej,, then

P _ PO

(e)er  (ejp)er’

and a basis is given by



44 Chapter 3. The Auslander algebra of K[z]/(z™)

(1,

(b) If1<ko<ki1 <---<kr<n=i, ande=ep, + -+ ex,, then

P(n) _ P(n)

(e)en (ex,)en’

and a basis is given by

[n,n,n]

[kr +1n, n]

(c) Let 1 <kp< -+ <k <i<jo<--<Js<m,thusi#1n. Ife:=ep, + -+
ekr—i—ejo—l----—{—ejs, then
pP@i) _ P(@)

(e)ei (e, +ejp)ei’

and a basis is given by

ke +1,i,4) .
N [jO_IaJO_l,Z]

~ .

~ .
N .
~ -

[k’!‘ +j0 _i7j0 - 1711

In other words, we have that the shape of P(i)/(e)e;, in either case, depends only on the
neighbour indices of i, i.e. on k. and jo.

Proof. (c) is consequence of Corollaries 3.3.5 and 3.3.9 and Proposition 3.3.10. O

3.4 Block decomposition of AusT,/(e)

In this section we find block decompositions of the factor algebras AusT,,/(e) for idempo-
tent elements e in A,, and characterise its blocks. The main tool used to find such decom-
positions is a particular version of the Chinese remainder theorem for non-commutative
rings. In general we find a sufficient condition on the set of idempotent ideals of an
algebra that guaranties the existence of a block decomposition as the one that we obtain
for the case of AusT,. We start discussing some properties of idempotent ideals.

Let R aring and F' C R. Denote by (F') the set of all finite sums of elements of F'
union with {Og}.
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In what follows, £ = {ej,...,e,} denotes a complete set of primitive orthogonal
idempotents of a ring R or K-algebra A. It follows for any element e € (E) there exists
a unique J C [n] = {1,...,n} such that

e=ey = Z ej,
Jj€J
where ez = 0, i.e. there is a bijection between the power set of [n] and (F) given by
J = ej.
For natural numbers s < ¢, the set [s,t] .= {x € N | s < x <t} is called a discrete

interval. Therefore, if J C [n] is non-empty, then J can be expressed as disjoint union
of discrete intervals in a unique way:

J = [Sl,tl]u---U[ST,tr], (3.4.1)

where 1 < r < L"THJ, s;<tiforalll1 <i<r,and s;4y1 —t; >2for1 <i<r—1.In
this case, define J; := [s;,t;], for 1 < i < r, and we use this notation for the rest of this
section. Note that e, = 1g. Moreover, we set J := [n] \ J. Thus, ejc = 1 — e; and

f:ﬁﬁ
=1

The next result gathers some technical properties of two-sided ideals generated by
idempotent elements.

Lemma 3.4.1. Let R be a ring. Then the following conditions hold.

(a) If e, f € R are orthogonal idempotents, then e + f is an idempotent and (e) C
(e+ f) = (e) + (f). In general this is not a direct sum.

(b) Let E = {e1,...,en} be a complete set of primitive orthogonal idempotents of R,
and J and I subsets of [n].

(b0) The product of any two idempotents in (E)4 is idempotent, more precisely,
€j€er =ejni-

(b1) (ejnr) C (eg) N (er) C (er). In particular, if J C I then (eg) C (er).

(b2) JNI =@ if and only if ey, er are orthogonal. In this case, ejur = ey + ey is
an idempotent and (ejur) = (ey) + (er).

Proof. (a) It is clear that e + f is idempotent, and since e = (e + f)e € (e + f), we have
(e) C (e+ f). On the other hand, we have (e + f) C (e) + (f). For the reverse inclusion
let zey +wfz be in (e) + (f), thus zey +wfz =x(e+ fley +wf(e+ f)z € (e+ f), and
the assertion holds. As counterexample for the direct sum consider R = AusTh, then
[1,2,1] € (e1) N (e2).

(b0) Since eje; = 0 for all j # i and €? = e;, then

ejer =eyj Ze¢:ZeJe¢:Z<Zej>ei

el el el JedJ

= E 6]'61' = E €L = ¢ejni-

(3,5)eIxJ keJnl
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(b1) follows from (b0). The first part of (b2) follows from (b0), because ez = 0, and
the last assertion of (b2) is due to (a), considering J NI = @. O

Next we recall the Chinese remainder theorem for non-commutative rings.
Proposition 3.4.2. Let I, ..., I, be two-sided ideals of a ring R such that I; + I;, = R
for all j # k. Then the map

R R
pi R XX

is a ring surjection such that Ker o = (i_; ;.

re— (r+1I,...,r+ 1)

The following result is a less general version of the Chinese remainder theorem,
adapted to our purposes when we consider ideals generated by idempotent elements.

Corollary 3.4.3. Let J =||,_, Ji C [n]. Then the correspondence

R R
R— —— X X ——, r—=(r+(ey),...,m+ (eje
©J o) ) (r+ (ess) (ese))

is a surjective ring homomorphism with Ker ¢ 5 = (i_(ee).

Proof. Follows from Proposition 3.4.2, since 1 € (ese) + (ese) for all i # j. O

We will find a description of Ker ¢ for algebras satisfying certain conditions. Some
results that we have proven for the alegbra AusT,, motivate the following lemma.

Lemma 3.4.4. Let A be an algebra with n simples, and E = {ey,...,en} a complete set
of primitive orthogonal idempotents of A satisfying the following property: for i € [n],
and any subsets K = {ko,...,ki} and L = {lo,...,lm} of [n] with1 < ko <--- <k <
i <lp <+ <lm<mn, the following conditions (1) and (II) hold:

(I) If i <n then (ex)e; = (ex,)e;,
(IT) If 1 <'i then (er)e; = (e, )ei.
Then, if J = | [i_; Ji € [n], we have that (ejc) = (i_i(ese)-

Proof. First note that (ex + er)e; = (er, + e,)ei. Indeed, clearly I N J = o, thus
by Lemma 3.4.1 (a) (ex + er) = (ex) + (er), thus by (I) and (II) (ex + er)e; =
(ex)ei + (ep)ei = (ew)ei + (e)ei = ((er,) + (er))ei = (ex, + ey )ei

By Lemma 3.4.1 (bl), we have (ejse) = (enr_ ye) € [ii(ese). Now we show the
reverse inclusion. For, let x € (i_;(esc), and a € [n]. If @ € (i, J§ = J, then
zeq € (ejc). Now suppose a € (i_; JS = J & a € J, thus there exists ig € [r] such that
a € J;i,. We have three cases: ig € {1,7} or 1 < ip <r.

First suppose i9 = 1. Thus a € J; = [s1,t1]. We have three subcases. If s = 1
and t; < n, then t1 +1 € J¢, otherwise t{ + 1 € J which is a contradiction. Thus
Jf = [t1+1,n] and a < 1 +1. In particular re, € (ess)ea C (et +1)ea C (€ge)eq C (ege),
where the first and second inclusions follow from (II) and Lemma 3.4.1 (b1) respectively.

If1 <s; <a<t <n,then sy —1,{4 +1 € J Thus Jf = [1,s1 — 1] U [t1 + 1,n],
and as before we have ze, € (le)ea C (esy-1 + €, 41)ea C (ege)eq € (ege), but now
using the first claim in this proof. Finally, if ¢; = n, then J = J; and the claim is
trivial. Similar arguments, using also the property (I), show the other two remaining
cases, which completes the proof. ]
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Note that Lemma 3.4.4 depends on the ordering of the set E of idempotents, i.e. it
could happen that if we reorder the elements of E, then the requested property could
not hold. Thus, we are interested in some order of the set of idempotents where the
requested property actually holds, if it exits.

Theorem 3.4.5. Let A be a K-algebra satisfying the property in Lemma 5.4.4 for some

complete set of pairwise orthogonal idempotents E = {e1,...,en}, J = iy Ji € [n],
and wy: A — A/(eje) the canonical projection. Then the map
_ A ~ A ‘o x A
(pJ N e s
(ee) (es) (ese)

given by @(my(a)) = @yms(a) is a K-algebra isomorphism.

Proof. The ring surjection ¢ is K-linear by componentwise scalar multiplication. Then
the theorem is consequence of Corollary 3.4.3 and Lemma 3.4.4. O

Corollary 3.4.6. Let A, = AusT,, E = {[i,i,1] | i € [n]} with the canonical oder, and
J=l_,Ji C[n]. Then
A, ~ A, A,

P e T e T (o)

given as in Theorem 3.4.5, is a K-algebra isomorphism.

Proof. By Theorem 3.4.5, it is enough to show that A, satisfies the property given in
Lemma 3.4.4 for E. Indeed, the inclusions C of (I) and (II) were shown in the proofs of
Corollaries 3.3.5 and 3.3.9 respectively, the reversed inclusions follow from Lemma 3.4.1

(b1). O

Let A, = AusT,. We finish this section with the following result that plays an
important role when computing homological embeddings for A,,. To avoid confusions, if
e € A, is an idempotent, we use the notation (e) = A, eA,.

Proposition 3.4.7. Let 1 <i <n. Then (e; + -+ + ey) is a projective left A,-module.
Proof. We have

(eit-+en)=(eit - +en)(er+-+en) ZEPAnlei+ - +en)Ane;
=1

= (e;)e1 @ - D (ej)ei—1 ® P(i) @ --- @ P(n),
where the last equality holds since A, satisfies the property in Lemma 3.4.4. From
Corollaries 3.3.7 and 3.3.8 we have that this is a direct sum of projective A,-modules. [
3.5 Preprojective algebras of type A,

We will prove that some blocks of AusT,,/(e) are isomorphic to preprojective algebras of
type A,. In this section we define such algebras and find a basis of its indecomposable
projective modules.
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Definition 3.5.1. For n > 2, let A,, be the quiver

1 b1 2 b2 b1 n
¢ «—— o «— ..

c —— o

of Dynkin type A,. Let II =1II,, = ’J’(@ be the preprojective algebra of type A,. Thus
I =K A,/J, where the double quiver A, of A, is the following:

1 al 2 a2 an—1 p
. . “. o

b1 b2 bnf 1

and the ideal J is generated by bi1a1, ap—1bn—1, and a;b; — bjr1a;41 for 1 << n— 2.

We will describe a basis for the preprojective algebra Il using what we have done so
far, but first note that II is quotient of A = AusT,,. Indeed, recall that A = KQ/I, and
denote by 7 : KQ — A the canonical projection. Consider the ideal b := ([bja;]) + 1 in
A. Thus by the (Noether) correspondence theorem we have that

A KQ
b 7 1(b)’

but 7-1(b) = J. Therefore A/b = II. So, in order to find a basis of II, it is enough to get
a basis of A/b, and this is equivalent to find bases for the projectives Ae;/be; = P(i)/be;,
with 1 <7 < n.

Proposition 3.5.2. Let 1 <i < n, then a basis for P(i)/be; = lle; is given by
[d,1,1]

[L,4,4] (3.5.1)
[, n, 1]

~ .

[n—i+1,n,i]

Proof. Fix i € {1,...,n}. As before, we have to show that the elements in (3.5.1) are
those elements in the basis B; of P(i) that do not factor through bia;. In what follows
we will use Lemma 3.2.7 without mentioning it.

First consider the elements below the diagonal [1,4,:] —[n—i+1,n,i] (see diagram in
Proposition 3.2.12). Those elements are parameterized by [k,i+k,i] with 1 <k <n—i.
It is clear that [1,2, 1] factors through bja, so consider i = 1 and 1 < k <n — 1. Then,

[k, k+1,1] = [(bgag - - - az2)a1] = [(ak—1 - - - arb1)aq].
Now let ¢ > 1. If K = 1, then
[1,i 4+ 1,4 = [b1(ba - - - bsa;)] = [b1(aiby - - - bi—1].
So, if k > 1 we get

k,i+ ki) = [br(bp—1-"biyk—1Gith—1-"-0a;)] = [bp(ar - a1by---b;_1)]
= [(brag---a2)aiby - bi—1] = [(ag—1---a1br)aiby - - - bi—q].
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Thus by Lemma 3.2.13 all the elements below this diagonal factor through bia;. So, lets
show that the diagonal elements do not factor through bia;. Indeed, these elements are
parameterized by [k,i + k — 1,i] for 1 < k < n —i+ 1. We proceed by induction on
k. For [1,1,1] the assertion is trivial, so consider i > 1 and k = 1. Then the claim is
also clear for [1,i,i] = [by---b;—1]. By induction, suppose that for k& > 1 the element
n=[k—1,i+ k — 2,i] does not factor through bya;. If

(k,i+k—1,1] = [ag—11] = [ak—1bk—1 - bitk—3Qitk—3 - - ;]

factors through bia, then the only possibility to find such a factorization is when

[ak—1bk—1] = [brax] = [bra]

because 1 does not admit the sequence bja; in any expression. Thus k£ = 1, a contradic-
tion. Therefore [k,i 4+ k — 1,i] does not factor through bja;.

In the proof of Proposition 3.3.3 we showed that the remaining elements of (3.5.1)
do not factor through e, thus they cannot factor through bya;. Thus the result follows
in general. O

Corollary 3.5.3. Let 1 <i<n—1, then a basis for be; C A, is given by

[1,i+1,i]

[1,n,1]
and be, = 0. Thus the elements [k, j,i] € b are characterised byi € [1,n—1], k € [1,n—1]
and k+1<j<n.

In order to distinguish the basis elements of A and II, we will use the notation [k, j, i]
for basis elements of II. Thus, we can state the following result.

Theorem 3.5.4. Let n > 1. Then a K-basis for 11,, is given by
B, = {[k.4,i] | 1 <k,i <n, max{i,k} <j <min{k+i—1,n}}.
The multiplication between basis elements is given by

I,/ +7—ki] ifi'=kandj +j—k<min{k'+i—1,n}
0 else.

[&,5", 1k, 4, i] = {

Proof. Follows from Theorem 3.2.14 and Proposition 3.5.2 O

3.6 Blocks of AusT,/(e)

Let A, = AusT,,. In what follows we characterise the blocks of the block decomposition
of A, /(e) given in Section 3.4. It turns out that those blocks are isomorphic to Aus T,
or IL,,, for some m € Ny. We start observing an important property of the morphisms
fir Ay = A;—1 defined at the beginning of Section 3.3.
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Lemma 3.6.1. Let 1 <m <n and f;: A; — A;_1 the function defined in Lemma 5.5.1.
Then the composite fu, -+ frn : Ay = Am—1 has kernel (ey, + -+ + ey).

Proof. Let x© = [k, j,i], € Ker(fp, -+ fn), then there exists mo € N, with m < mgy < n,
such that j > myg, otherwise 7 < m — 1, 80 fi - fu(x) = [k, J,]m-1 # 0, which is a
contradiction. Thus, by Lemma 3.4.1 z € (ej) C (e +---+ep), since m < mgy < j < n.
For the converse, set [j|; == [j,/,7]i = €j € Ay, for 1 < j <14 < n, then, since f;([i];) =0
for all i, we have

fm fo(mln + -+ [n]n) = fooo faa(mlpa + -+ [0 —1]n1)
=l =0

Therefore (ey, + -+ +e,) C Ker(fp -+ fn). O
The following technical result is used in the proof of Theorem 3.6.3.

Lemma 3.6.2. Let 1 < s <t <mn and J = [s,t]. If x := [k, j,i] € Ay, then the following
conditions hold.

(a) x € (eye) if and only if
(i) i € JC, or
(ii) i€ J and k € J°, or
(iii) i,k € J and min{i + k —s+1,t+ 1} < j.
(b) = & (eje) if and only if i,k € J and j < min{i + k — s,t}.

Proof. (b) Let i,k € J, then = & (ec) if and only if z is a basis element of P(i)/(ejc)e;,
but by Theorem 3.3.12 (¢) those elements are characterised by j < min{i + k — s,t}.
(a) Follows from (b), since the conditions are dual. O

Theorem 3.6.3. Let J =[s,t] C{1,...,n}, and m =t —s+ 1. Then
if J =0,

0
= Am:t ZfS = 17
I, if s > 1.

as K-algebras. If m = 1 we identify Ay = S(t) 2 II; 2 K.

Proof. Let A := A,,/(ejc). The case J = @ is trivial, so we can assume J # &. If m =1,
we have that J = {t}, thus the algebra A has only one primitive idempotent, namely e;.
Therefore A 2 K- ¢; &2 K.

Now let 1 < m =n. Then J = [1,n], thus (ejc) =0, and A = A,,. So we can assume
l<m<n. If s=1thenm=1tand ejc =ery1+ -+ e,. Therefore, by Lemma 3.6.1

w::ftqtl-'-fn: An —>At
(ee)

is an isomorphism of rings, where f;: A; — A;_1 is defined in Lemma 3.3.1.
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Now let s > 1, then t < n. If t <n, then J°=[1,s — 1] U [t + 1,n], and we define a

function A A
: LN ™1,
(eJc) (bl(ll)

given, for [k, j,i], € Ay, by

- k—s+1l,j—s+1i—s+ 1+ (bia ifs<ki<t j<t
w([kuﬁz]n‘i‘(e{]c» = {[ ] ( 1 1)

0 else.
It is clear that 1) is well defined, since [k, j,i], + (ege) = [k, j',¢']n + (ege) < [k, j,i]n =
(K5, iTn or [k, i, [K', 5", 7 ]n € (€ge).

Now, we prove that ¢ is a ring homomorphism. For, let y = [k/, 7, jln, x = [k, ], i]n
be in A,. Write T := = + (eje). Then yx = [K,j' + j — k, ], considering yz = 0 if
j' 4+ j —k > n. Thus,

Yyr) =K —s+1,7+j—k—s+1,i— s+ 1], + (brar)
if s<k,i<tandj +j—k<t, and ¥(yz) =0 else,

K —s+1,7—s+1,k—s+ 1]y, + (hay) if s<k k<tandj <t,
0 else,
(@) {[k—erl,j—S+1,z‘—s+1]m+(bla1) if s <k,i<tandj<t,
T) =< _
0 else.

We can distinguish two cases (a) and (b).

(2)yz =0 5 +j—k>noryx € (ey). In the first instance, if s < k', k,i < ¢
and j',7 < j, then v()Y(x) = [ —s+ 1,/ +j—k—s+1,i — s+ 1], = 0, since
jJ+j—k—s+1>n—s+1>t—s+ 1= m;if the latter conditions do not hold,
then ¢(y) = 0 or 1(x) = 0, thus their product is zero. For the second instance, by
Lemma 3.6.2, yz € (ejc) if and only if one of the following three conditions hold:

(i) i € JS, or
(ii) 7 € J and k' € J¢, or
(iii) 4,k € J and min{i + k' — s+ 1,t + 1} < j' +j — k.

Then, (i) implies ¥(Z) = 0, (ii) implies ¢¥(y) = 0, and (iii) implies in particular that
JH+j—k—s+1>t—s+1=m,thus ¢(y) =0 or ¢(T) =0 or ¥(y)y(Z) = 0. In either
case (i),(ii) or (iii), we have ¥ (y)¥(T) = 0.

(b) By Lemma 3.6.2, yZ # 0 & yz & (ejc) < i, k' € Jand j'+j—k < min{i+k'—s, t}.
In particular, these conditions imply 5,7 < t and

V(@) =K —s+1,7 +j—k—s+1i—s5+ 1+ (ha1).

Thus, if £ € J, then ¥(y)¥(Z) = ¢¥(yx). On the other hand, k € J° cannot occur,
otherwise = € (ejc), which implies 7T = 0, a contradiction. This shows that v is a ring
homomorphism.
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Moreover, we have decompositions

An o Ants X e X Anet d X - X
= “ e R an = o e _—
<€JC) (€JC)€S (6Jc>€t (blal) (b1a1)61 (b1a1>6m

Am ~ Amel Amem

as A,-modules. But Theorem 3.3.12 and Propositions 3.3.10 and 3.5.2 show that the

Correspondence
Ane; - Ape; Amei—st1

—
(ege)ei  (es—1+ert1)e; (bra1)ei—s+1

given by
[k7j7 Z]n + (eJc)e’i — [k — s+ 17j -5+ 177’ — s+ 1]m + (blal)ei—s+17

is bijective for all i € J = [s, t]. This proves that v is a bijection, thus a ring isomorphism.
Finally, if t = n, then J¢ = [1,s — 1], and similar arguments as before show that the

function
A, A,
o

(ee) (brar) Hon

=1y
given, for [k, j,i], € Ay, by

k—s+1,j—s+1,i—s+ 1y, + (biar) if s <k,i,
0 else,

w([kaja Z]n + (eJC)) = {

is a ring isomorphism. This completes the proof of the theorem. O

Corollary 3.6.4. Let J C {1,...,n}. Then the blocks of the factor algebra A, /(e <) are
isomorphic to A, or Iy, for some 1 < r;t <n.

Proof. Follows from Corollary 3.4.6 and Theorem 3.6.3. O

Now we are able to prove that A,, admits a unique heredity chain using some results
of the previous sections.

Lemma 3.6.5. The ideal (e,,) is a heredity ideal of A,,.

Proof. By Lemma 2.2.3 (e,) is an idempotent ideal, and Proposition 3.4.7 shows that
it is a projective A,-module. Finally, e,Ane, = e,P(n) = K-e, = S(n) because
the only element in the basis of P(n) with target n is [n,n,n| = e,. Thus, e,A,e, is
semisimple. O

Proposition 3.6.6. Let n > 0. Then A, is quasi-hereditary, with unique heredity chain
0C (en) C(en—1+en) C---Clex+ - +en)=Ap (3.6.1)

Proof. By induction on n, we construct a sequence of surjective ring morphisms f;: A; —
A;_1, such that Ker(f;) is a heredity ideal. The cases n = 0,1 are trivial, so consider
n > 1. By induction there is a sequence of surjective ring homomorphisms

Jn—2

Apoy 255 Ao 222 B2 8 I A =0
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such that Ker(f;) is a heredity ideal, for 1 < i <n — 1. By Lemma 3.3.1, there exists a
surjective ring morphism f,,: A, = A,_1, with Ker(f,,) = (ey), which is a heredity ideal
by Lemma 3.6.5. This proves that A,, is quasi-hereditary for all n > 0.

In order to prove that (3.6.1) is a heredity chain, it is enough to show that for
1<m<n,Ker(fi---fn) = {(em+---+ey), but this follows from Lemma 3.6.1. Finally,
if we show that (ey,) is the unique heredity ideal of the form (e), for some primitive
idempotent e € A,, , then it follows by induction that (3.6.1) is unique. Indeed, this holds,
since for 1 <4 < n—1, we have that [i,i+1,4] € e;rad(Ay,)e; C (e;) rad(Ay)(e;) #0. O

3.7 Homological embeddings in mod Aus T,

In this section we assume that K is an algebraically closed field. Set A, = AusT),,. The
aim of this section is to compute homological embeddings between Serre subcategories
of mod A,,, using the block decompositions obtained in Section 3.4 and the classification
of homological embeddings over preprojective algebras of type A,, found in [Mar17]. Our
proof uses the language of homological ring epimorphisms.

Recall that if R is a ring, we fix F = {ej,...,e,} a complete set of primitive orthog-
onal idempotents of R. If J C I C [n], then the embedding

tyr: mod R/(eje) — mod R/(ere)
is given by restriction of scalars, i.e. 177 = (7r17j)*, see Section 2.3.
Proposition 3.7.1. The embedding tj,—1) [n): mod Ay, /(en) = mod A, is homological.

Proof. From Proposition 3.4.7 we know that (e,) C A,, is projective. Then the result
follows by Lemma 1.5.2. O

Corollary 3.7.2. Let n > 1. The morphism f,: A, — An_1 is a homological ring
epimorphism. Thus, for any 1 < m < n, the composite fo, - fn: Ay = A1 is a
homological Ting epimorphism as well.

Proof. By Proposition 3.7.1 t,_1],;n) = (7[n],jn—1))+ is a homological embedding, i.e.
T[n],[n—1] 18 & homological ring epimorphism (cf. Remark 2.3.1). From Lemma 3.3.1 we
have that f,, induces an isomorphism f,: A,/(e,) = A,_1, and it is easy to see that
fn = ?nﬂ[n],[n_”, thus f, is a homological ring epimorphism by Lemma 1.5.8 (a). The
last assertion follows by induction. O

The next theorem due to Marks will help us to prove that there are no non-trivial
homological embeddings into mod II,,, with II,, the preprojective algebra of type A,,.

Theorem 3.7.3 ([Marl7, Thm. 6.2]). Suppose K is an algebraically closed field. Let
A be a preprojective algebra of Dynkin type and F: mod B — mod A be a homolog-
ical embedding that is neither zero mor an equivalence. Then A must be of type A,

LN S — form > 2 and the algebra B is Morita equivalent to K. In fact,

for each n > 2 there are precisely two such choices for F', up to equivalence, which corre-
spond to the Weyl group elements sp—1(Sp—28p—1) - (8182 Sp—1) and $p(Sp—15n) - - -
(s283 - - Spn), Tespectively.
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Corollary 3.7.4. Let 11, be the preprojective algebra of type A,,. If 1: mod B — modlIl,
18 a homological embedding given by restriction of scalars, then v is zero or an equivalence.

Proof. Suppose that ¢ is neither zero nor an equivalence. Then Theorem 3.7.3 implies
that B necessarily is Morita equivalent to K, and the essential image of ¢ is add (1, P(1))
or add(yy, P(n)), in either case ¢ is not given by restriction of scalars, a contradiction.
Hence, ¢ is zero or an equivalence. ]

Corollary 3.7.5. Let J = [s,t] C I = [r,u] C [n], such that 1 & J. Then the embedding

tyr: mod (é\T’Z) — mod (é\ﬁ is not homological.

Proof. If 1 € I, then by Theorem 3.6.3 A, /(eje) = I;_s+1 and Ay, /(erc) = Ay—ri1,
thus gl. dim A,, /(e <) = oo and gl. dim A,, /(ejc) = 2. Therefore, ¢ is not a homological
embedding.

If 1 ¢ I, Theorem 3.6.3 implies A, /(eje) = II;_s41 and A, /(ere) = y—py1. Thus,
since J # I the embedding ¢7 7, induced by restriction of scalars by 7 7, is not zero nor an
equivalence. Hence, Corollary 3.7.4 implies that ¢; s is not a homological embedding. [J

The next technical results will be used to characterise the homological embeddings

between Serre subcategories of mod A,,.

Lemma 3.7.6. Let J = [s,t] C I = [r,u] C [n] such that 1 ¢ I. Set p = u—1r+1,
m:=t—s+1 and g :=s —r. Then the correspondence

Au—r—i—l At—s+1
(bra) (braz)

Y =1
given by

.. k_Q7j_Q7Z_Q’m+ blal ka7le q+17q+m7]§q+m7
’Y([kaj,’é]p—i-(blal)):{g Jm + (b1a1) [ ]

else,

is the composite Yy omy jo zp;l. Therefore, v is a K-algebra surjection.

Proof. Let J and I be as in the hypothesis. In the proof of Theorem 3.6.3 we defined
an isomorphism 7: A,/(ere) — Ay—ri1/(bra1), with inverse ¢, Ay—ri1/(bra1) —
Ay /(ere) given by [k, j,i]p + (bia1) — [k+r—1,j+r—1,i+r — 1], + (erc). Therefore,
bromr o (kjilp+ (hia1)) = vyomry(k+r—1j+r—1i+r—1],+ (er))

= Py(lb+r—1j+r—1i+7r—1n+ (ese))

= [k+r—sj+r—si+r—=sli—si1+ (brar)

= ’Y([kvjvll]p + (blal))'

Thus, the diagram

commutes, proving the lemma. ]
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Lemma 3.7.7. Let J C I C [n], such that J = [s,t] and I = [r,u]. Then I¢ C J, and
the following holds.

(a) If 1 € J (thus 1 = s = r) there is a commutative diagram

Aw mo A,
€Jc € jc
(ere) (ee) (3.7.1)
fu+1"‘fnJ/ lftJrl"'fn
A Se1fu
w Ay
(b) If 1 &1 (thus 1 & J) there is a commutative diagram
An I, A,
€Jc € jc
(ere) (ese) (3.7.2)

o Jso

Y1,J
Hu—r—}—l — Ht—s+1

Proof. (a) Let A € A,,. Then

fror - fuo fuyr- fu(A+(ere)) = firr- fulfurr - fu(A+ (erc)))
= fir1 o fulfusr - Fa(X) = frg1 - fu(N)
= fir1 - fa(NF(ege)) = figr - fa(mrg( A+ (ege))

= fir1foo(mrg)(A+ (ere)).
(b) Follows from Lemma 3.7.6, since y7 jo ¢y = ¢ jom g ow;I oy =yomry. O

Let J C I C{1,...,n}. Thus we can write them uniquely, up to permutation, as
disjoint union of discrete intervals J = |_|§-:1 Jj and I = ||, I;, with J; = [s;,t;] and
I; = [ri,w;] for all j € [I] and ¢ € [m]. Then, it is clear that there exists a unique function
f = frs:[l] = [m] such that J; C Iy). Moreover, if 1 € J, we always choose an
ordering of the intervals such that 1 € J;. Under this conditions, the following holds.

Lemma 3.7.8. Let J C I C [n] as above, and suppose that | < m. Then we can reorder
the intervals I; in such a way that f(j) =j for all1 < j <1, d.e. J; CI; for1 <5 <1,
and the following diagram of ring homomorphisms

An  ma Ay

>

(ere) (ee)

@1} {@J

m An prs o A,

= (er) 7= (eue)

commutes, where pr y(A + (erg), ..., Am + (erg,)) = (A1 + (€gg)s - -, A + (eg))
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Proof. The first assertion is clear. Also it is clear that p; ; is a well defined ring surjec-
tion. Now we prove that the diagram commutes. For, let A € A,,, then

pryopr(A+ (ere)) = pry(A+ (ers), -, A+ (erg,))
()\‘F(GJ{),...,A—F(@J?))
=@;A+(es) =@ 0mr (A + (er)),

proving the lemma. O

Now we are able to present a complete characterisation of homological embeddings
between Serre subcategories of mod A,,.

Theorem 3.7.9. Let J C I C [n]. The embedding ¢jr: modAy/(ejc) = mod A,/ (er)
1s homological if and only if

(i) L€ J and J;j = Iy for all2 < j <1, or

(i) 1 ¢ J and Jj = Iy for all1 < j < 1.
Proof. (<) Suppose first that (i) holds. Then 1 € J; C I;, and necessarily [ < m.
Reordering the intervals I; we can assume f(j) = j for all 2 < j < [, therefore I =

LU |_|§}:2 Ji UL, Iy where | 2, I; is empty whenever | = m. Then we have the
following diagram of ring morphisms:

An I, J An

Pr|t U Py
An l n m An pr,J An l An
X Xj=2 X Xi=1+1 X Xj=2
(er5) (ese) (ers) (ess) (ese)
—_— ! —_— !
Fuy st Fux X gt x X 1, 2 U FeyrFax X gt

l m l
Au1 X Xj:2 Htj—5j+1 X Xi:l—l—l Hui—rﬁ—l T> At1 X Xj:2 Htj—s]-—H

where 1 == fy, 41+ fu, X p, and p: R x S — R is just the projection (r,s) — r, and R
and S are the corresponding direct products of preprojective algebras in the diagram, if
[ <m. When | = m, set p = 1p. Moreover, if {1 = u1, we replace fi, 41 fu, by 1, -
By Theorem 3.6.3 and Corollary 3.4.6 the vertical arrows are isomorphisms, and by
Lemma 3.7.8 the upper square commutes. Now we show the commutativity of the lower



3.7. Homological embeddings in mod Aus T, 57

square. For, let \; € A,, for 1 <1i < m, then

N0 fur+1 - fn X ><1/1J X >< Yr,(A1+ (ere), s Am + (ere))) =

7j=2 i=l+1
= N(fur+1- - Fa(Aa + (ex5)), (D (A + (€52))) 55 (1, (A + (ex6)))a)
= (fur1 furfurr1 - Fa(Ma + (exg)), (0, () + (€59)));5)
= (futr- foomn, (M =+ (erg)), (W, (A + (ee)));)
= (futr - fu(Xa £ (eg5), (€, (A + (€52)))5)
l
= (1 fa X X g) (M + (eg), (N + (e5))5)

j—2

= (fror1- fa X >< ¥1;) opra( AL+ (ere), ..., Am + (erg)))
7j=2

using Lemma 3.7.7 (a) in the third equality. Hence the lower square commutes.

Now, p and fi, 41+ fu, (or 1a,, if t1 = u1) are homological ring epimorphisms
by Lemma 1.5.9 and Corollary 3.7.2 respectlvely, therefore 7 is so considering Proposi-
tion 1.5.10. Thus 77 ; is a homological ring epimorphism, so Corollary 1.5.7 (a) implies
that ¢ is a homological embedding.

Now suppose (ii) holds. As before, we can reorder the intervals I; in such a way that
f(4) = 7 for 1 < j < 1. Moreover, | < m, since J # I. Thus, [ = |_|é-:1 Ji UL 1
and we have the following diagram.

An I, J An

><l An % m An pP1,J R Xl An
j=1 (eJ§) i=l+1 (CIC) j=1 (6J§)
Xé‘:l 'd’Jj sznlJrl"ybliJrl ZJVX;:waj

l m l
Ko Mm% Xy Hu—rip1 5> Xy M54

where p is the projection onto the first component. Note that the vertical arrows are
isomorphisms. Thus similar arguments as in case (i) show that the diagram is commu-
tative, and therefore 7 ; is a homological ring epimorphism. Thus, by Corollary 1.5.7
(a), ¢ty is a homological embedding.

) We proceed by contraposition. So, we have three cases:

=

(2) 1 ¢ J and there exists jo € {1,...,l} such that Jj, C I, and

=

(=

(1) 1 € J and there exists jo € {2,...,l} such that Jj, C I,
)
)

=

(3) there exists jo € {2,...,l} such that J;, C Tto)-
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We need to show that in either case, the embedding ¢ is not homological. For, first
consider (1). Then, 1 ¢ J;,, otherwise 1 € J; N Jj;, and since the intervals are disjoint,
we have J; = Jj,, contradiction. Then we have the following commutative diagram

Ay T, A,

An 7|-If(jo)’ ‘].7'0\ An

(61;(3.0)) (ese)

where p and p’ are the projections onto the components f(jo) and jo respectively. It
induces the following commutative diagram of functors given by restriction of scalars

mod A, /(eje) "1 mod Ay /(ese)
(@I)*TZ 21\(5])*
mod X", An/(eze) mod X§:1 An/(ese)

p*T |2

o 11 (jo)
mod A,/ (e[;(m)) +—————= mod A,/ (€JJC_O )

Then, from Corollary 3.7.5 we have that ¢ Tior Liti0) is not a homological embedding, since

1 & Jj,, thus there exist left modules X,Y € mod An/(eJJc,o) and g > 0 such that

Ext? . (X,Y)2Ext?! , (X,Y).

(516
eJ]C.O f(3o)

On the other hand, p, and p/, are homological embeddings (cf. Lemma 1.5.9), and since
(®7)« and (@)« are equivalences, we get

Exty, (X,Y)=Ext!, , (X,Y)=Ext?, (X,Y)

(<) 7=1 Geg) Cre)
2Ext? ,, (X,)Y)=Ext! , (X)Y)=Ext!,, (X,Y),
Cre, ) Xi=1 Tezo) (er0)
J0 ?

thus Ext?, (X,Y) 2 Ext?, (X,Y), proving that the embedding ¢;; is not homologi-

(e yc) (erc)

cal.

Now assume that (2) holds. Since 1 ¢ J, we have 1 ¢ J;,, and Corollary 3.7.5 shows
that ¢ iosLito) is not a homological emebedding, and the same calculations as before
show that ¢ is not homological as well. Finally (3) follows from (1) and (2). This

completes the proof. ]
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3.8 The homological poset of AusT,

Let A, = AusT,. In last section we characterised homological embeddings between
Serre subcategories of mod A,,. In what follows we describe the set Cov H(A,,) of cover
relations of the homological poset H (A, ). Recall that this poset is defined on the power
set 2" and for two subsets J C I C [n] the relation is given by J <4, I if and only if
the embedding ¢ 7: mod A, /(eje) < mod A, /(ere) is homological.

Notation. If J = |_|§.:1 J; C [n], set £(J) := 1. Thus, £(&) = 0.

For simplicity, we write =< instead of <,,. The next proposition characterises the
elements of Cov H(A,,).

Proposition 3.8.1. Let J < I C [n].
(a) If 1 € J, then I covers J if and only if

(al) Iy = Jy and 0(I) = 4(J) + 1, or
(a2) up =t1+1 and £(I) = £(J).

(b) If 1 &€ J, then I covers J if and only if

(bl) 1 €1 and £(I) =4(J) + 1, or
(b2) T\ J={1}.

Moreover, all these conditions are pairwise disjoint and characterise all the cover rela-

tions of H(Ay,).

Proof. Assume that J < I. In particular J C I and ¢(J) < ¢(I), thus there is a function
f="Ffrr {1, ()} = {1,...,¢(I)},such that if 1 < j < j' < ¢(J), then f(j) < f(j').

(a) Suppose 1 € J. Then J; C I and J; = Iy for all 2 < j < £(J). In particular,
J1=1[1,t1] and I} = [1,u;] with ¢t; < uy.

(=) We proceed by contraposition. Thus we have four cases.

Case 1. J1 € I1 and w3 # t1 + 1. Then uy < t; +1 < u; < ¢y, and since t; < uy,
we have t; = uy, a contradiction, since Jy # I;. Thus we can assume uy > t; + 1. Then
t1+2 <u; = Uf(1) < Tf(2) = S2- Set J' = JU{tl—i-l}, then J' = [1,t1+1]L|J2L|' . -UJZ(J),
since t1 +2 < s9. Thus J < J' < I, given J' # I.

Case 2. J; € I and ¢(J) < £(I). Then f is not surjective, otherwise £(J) > ¢(I),
a contradiction. Thus there exists ig € [((I)], such that ig & Im f, i.e. J; € I, for all
j € [£(J)], moreover 2 < iy because Ji C I, thus Jj = Iy;y € I, for all 2 < j < £(J).
Set J' :== JUI;,. Thus J' = J U I;,. Therefore, J < J" < I, since J; C I;.

Case 3. (1) # ¢(J) + 1 and u; # t1 + 1. We have four subcases.

(i) £(I) > £(J)+1and ug > t1+1. Then t;+2 < uy < rpg) = s2. Set J' := JU{t;+1}.
Then J" = [1,t; +1]UJoU- - - U Jyy), given that 1 +2 < s3. Therefore J < J' < 1, since
0T =0(J) < L(I).

(ii) (I) > £(J)+1 and uy < t; +1. Then uy = ty, i.e. J; = Iy, and since ¢(I) > ¢(J),
as in Case 2, there exists 2 < ig < £(I), such that ig & Im f. Defining J' := J U I, we
get J' = JUIL,. Thus J < J' < I, since (J) =0(J)+ 1 < £(I).
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(iil) £(I) < £(J) + 1 and w3 > t1 + 1. Then £(I) = £(J), thus f = 1y, ie. J; C I
for all j € [£(J)]. Therefore t; +2 < uj < T¢(2) = T2 = S2, considering Iy = Jo. Setting
J =Ju{t; +1}, weget J = [1,t6 +1]UJpU--- U Jy(gy, since t; +2 < sp. Thus
J=<J <1,since t; +1 < uy.

(iv) €(I) < £(J)+1 and u; < t1+ 1. Then ¢(I) = ¢(J) and u; = ¢;. Thus J; = I; for
all 1 < j </{(J), soJ =1, contradiction. Then this subcase does not hold.

Case 4. U(I) # £(J)+ 1 and ¢(I) # £(J). Then we have two subcases, since ¢(J) <
0(I).

(i) £(I) > £(J) 4+ 1 and £(I) > ¢(J). This is equivalent to ¢(I) > ¢(J) + 1. So, as in
Case 2, there exists 2 < ig < £(I), such that iy & Im f. Set J' := JUI,,, thus J' = JUI;,.
Then J < J' < I, since £(J') = 4(J) + 1 < ¢(I).

(ii) £(1) < €(J)+ 1 and £(I) > £(J). Then ¢(I) = £(J) and ¢(I) > ¢(J), a contradic-
tion. Thus, this subcase does not occur.

Therefore in each case, we conclude that I does not cover J. Completing the proof
for the necessity of (a).

(<) Set [ :=£(J). Suppose (al) holds. Since ¢(I) =1+ 1 and I; = Ji, there exists a
unique 2 < ig <[+ 1 such that ig € Im f, and since J < I, we have I\ J = I;,. Suppose
that there exists J' C [n], with J < J' < I, then necessarily there exists non-empty
L C I;, such that J' = JU L. If (L) > 1, then &(J') =1+ 4(L) >1+1={(), a
contradiction, since £(J") < £(I), considering that J' < I. Thus L = [p,q] C I;, for
some integers p < ¢q. So, since J' < I and ig > 2, Theorem 3.7.9 implies that L = I;,, a
contradiction. Thus such a J’ does not exist, proving that I covers .J.

Now suppose (a2) holds. Since ¢(I) = ¢(J) = [, we can choose an ordering of the
intervals of I such that J; C I; for all 1 < j <. In particular, J; = I; for all 2 < j </,
considering J < J. Moreover, J; = [1,t1] C I = [1,t1 + 1], thus J\ [ = {t; + 1}, ie. [
covers J in (2", C), hence the same holds in (2", <). This completes the proof of (a).

(b) Suppose 1 & J. Then J; = ;) for all 1 < j < £(J).

(=) We proceed by contraposition. Thus we have two cases.

Case 1. 1 € I and I\ J # {1}. We can distinguish two subcases.

(i) £(I) = £(J). Then the conditions in (b) show that f = 1y, and in particular
Ji1 = Iy, thus 1 € J; C J, a contradiction. Thus this subcase does not hold.

(i) &(I) > £(J) & £(I) > 4(J) + 1. If £(I) > £(J) + 1, then as before f is not
surjective, thus there exists 1 < ig < ¢(I) such that ig & Im f. Then, for J = J U I,
we get J = JUI,,and J < J < 1.

If £(I) = £(J) + 1, since J; = Ip;y forall 1 < j < U(J) =¢(I)—1and 1 €T\ J, we
have I = Iy UJy U+ U Jyy). Then I'\ J = I, thus I # {1} by assumption, so u; > 2.
On the other hand, 1 < f(1), otherwise 1 = f(1),s0 J; = I, thus 1 € I = J; C J, a
contradiction. Then 2 < uy < ryq) = s1, thus 3 < s1. Therefore, setting J' = JU{1},
we get J = [1,1]UJ. Then I # J', given I\ J' =11\ [1,1] # &. Thus J < J' < I.

Case 2. £(I) #¢(J)+1and I\ J # {1}. As before, we have two subcases.

(i) €(I) < £(J) + 1. Then £(I) = £(J). Thus f = 1y, considering (b), so I = J, a
contradiction.

(ii) () > ¢(J) + 1. Similar as in Case 1 (ii).

Therefore in each case, we conclude that I does not cover J. This completes the
proof for the necessity of (b).

(«=) Consider that (b1) holds. Similar arguments as in case (al) show that I covers J.
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Note that condition 1 ¢ I is necessary to have J covered by I. Indeed, as counterexample
consider J = [4,4] and I = [1,2]U[4,4], then J < I, 1 ¢ J and ¢(I) =2 ={¢(J)+ 1. But
J'=[1,1] U [4, 4] satisfies J < J' < I, showing that I does not cover .J.

Finally suppose that (b2) holds. Then I covers .J in (2[*), C), thus the same holds in
(2[”], =<). The last assertion is clear. This completes the proof of the proposition. O

In order to find some combinatorial properties of H(A,,), we define the following sets
which contain the cover relations given by Proposition 3.8.1.

Definition 3.8.2. Let n > 0. Define the following subsets of 2" x 2",

A(n) ={(J, 1) e 2 2l | J <1 1eJ, I, = Jy and £(I) = £(J) + 1}.
B(n) ={(J,))e2lM x2l | J<1I 1eJ uy =t +1and(I)=LJ)}
Cn) ={(J, 1) e2 x| J<1, 1¢1, and ¢(I)=0(J)+1}.

D(n) =={(J, 1) e2M x 2l | J<I I\J={1}}.

We denote the cardinality of each set using the corresponding lower case letter, e.g.
a(n) = card A(n).

Therefore,
CovH(A,) = A(n) U B(n) LU C(n) U D(n)

and h(n) := card Cov H(A,) = a(n) +b(n) +c(n) 4+ d(n) is the number of cover relations
in H(A,,), by Proposition 3.8.1. Now, we determine h(n) as follows.

Proposition 3.8.3. Forn > 0, the following equalities hold.

) a(n) =0 forn=0,1, and a(n) = (n — 2) - 2"3 forn > 2.
b) b(n) =0 forn=0,1, and b(n) = 2”2 for n > 2.

(c) ¢(n) =0 forn=0,1, and ¢(n) =n-2""3 forn > 2.

) d(0) =0, d(1) =1, and d(n) = 2""2 for n > 2.

Proof. (a) It is clear that A(n) = @ for n = 0,1,2, and A(3) = {({1},{1,3})}, thus
a(3) =1=(3—2)-2373. Now, let n > 4. Therefore, by induction we get that a(n —1) =
(n — 3) - 2"~ We define the following three functions.

a: Aln—1) — A(n) (J,I) — (J,I)
o i (J,TU {n}) itn—1er\J
p: Aln—1) = Aln) (J’I)H{(Ju{n},lu{n}) itn—1¢I\J

v {JJCl2, =2} 5 An)  Je (1Y UJ{1,n}Ul)

Note that « is well defined. Now we show that g is well defined. For, let (J,I) €
A(n — 1), and write J = [1,t1] U --- U [s;,¢]. Set I' :== I U {n}. First, suppose that
n—1€I\J. Thus I =JU[r1,n—1 witht; +2<r 1 <n-—1,s0 ' =JU[r1,n].
Then it is easy to verify that (J,I') € A(n). Secondly, suppose that n —1 & I'\ J. We
have two cases.
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(i))n—1¢I. Thus,n—1¢ J,so (J,I) € A(n—2), thus J' .= JU{n} = JU[n,n] and
I' = IUn,n]. Therefore, (J',I') € A(n), since £(I') = £(I)+1 =L(J)+14+1=£0(J)+]1.

(i) n—1 € J. Thus n — 1 € I. In this case, we can write J = [1,¢1]U---U[s;,n — 1],
I=05LU---UI1, and without loss of generality we can assume [; = Jy and I;11 = Jj,
considering that {1,n—1} C J C I. Thus, there exists a unique ig € {2,...,l} such that
I\J = I, so I = JUI;,. Therefore, J' .= JU{n} = [1,t;]U---Ul[s;,n] and I' = J U,
thus (J',I') € A(n). This proves that § is well defined.

To prove that v is well defined, let J C {2,...,n—2}. Write J = [s1,t1]U---U[s;, ],
and set J' == {1}UJ and I' .= {1,n} UI. If 2 € J, then J' = [1,¢1] U --- U [s;, ;] and
I'=1[1,4]U---Uls;, t;] U [n,n], so clearly (J',I') € A(n). On the other hand, if 2 & J,
then J' = [1,1)]U J and I' = J' U [n,n], thus (J',I') € A(n), proving that ~ is well
defined. Thus, this shows that Ima UIm S UIm~y C A(n).

Next we prove that A(n) C Ima UIm B UIm~. For, let (J',I') € A(n). If n & I,
then (J',I') € A(n — 1) = Im . So, we can assume that n € I’. We have two cases.

Case 1. n ¢ J'. Then J' = [1,t;]U---Uls;, t;] and I' = J U [ry11,n], with t; +2 <
rier <n.lfn—1¢€ ', then ryy < n—1, thus I :== I' \ {n} satisfies that (I,J) €
An—1),and B(J,I) = (J,I'),sincen—1€ I\ J.If n—1¢ I’ then r;;1 = n, and
J =TI \{l,n} C{2,...,n— 2} satisfies v(J) = {1} U J,{1,n} U J) = (J', I'), since
J=I'\n=1U'\{l,n})=1UJ.

Case 2. n € J'. Since (J',I') € A(n), we can write J' = [1,¢1] U--- U [s;,n] and
I' = J'U I, for some unique interval I} C {t1 +2,...,5 —2}. Set [ := I' \ {n} and
J = J"\ {n}, hence (J,I) € A(n—1) and B(J,I) = (J',I'), sincen —1 & I;, =T\ J.
This proves that A(n) =Ima UIm g UIm~.

Now we show that the images are pairwise disjoint. Indeed, if (J',I') € Ima N Im j,
then I’ C [n—1] and n € I, a contradiction, thus Im aNIm 8 = &. Similarly Im aNImy =
. Now, let (J',I') € ImB NIm~. In particular n — 1 & I’ and there exists I C [n — 1]
such that I’ = TU{n}, thus there exists J C I such that J' = JU{n}. Thus I’\ J' = {n}
and I' \ J' Z n, a contradiction. Thus Im 8 NIm~y = @.

Note that a, 8 and v are injective functions, hence the previous proved conditions
imply that

a(n) = card A(n) = card(Im «) 4 card(Im ) + card(Im )
= card A(n — 1) + card A(n — 1) +2"3 = 2a(n — 1) + 2"
=(n—3)-2"3 42" 3 = (n—-2). 2773,
(b) It is clear that B(n) = @ for n = 0,1, and B(2) = {({1},{1,2})}, thus a(2) =

1 = 2272, Now, suppose by induction that b(n — 1) = 2”73 for n > 2. We define the
correspondences

d: B(n—1) = B(n) (J,I)— (J, 1)
JU Tu if I #[1,n—1
(Ju{n—-1}1U{n}) ifI=[1n—1]

It is clear that § is well defined. Next we show that ¢ is a well defined function. For, let

(J,I) € B(n—1). If £(J) = 1, then necessarily ¢(I) =1, and J = [1,t1], [ = [1,¢; + 1]

witht1 +1 <n—1.1Ift; +1 = n — 1, then e(J,I) = ([1,n — 1],[1,n]) € B(n), and
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if t1 +1 < n—1, then e(J,I) = (JU{n}, I U{n}) = (JU[n,n],I U[n,n]) € B(n).
Ife(J)=4(I)=1>1, then J = [1,t1} .- [Sl,tl] and [ = [1,t1 + 1] U---u [Sl,tl],
and it follows easily that e(J,I) € B(n). This proves that ¢ is well defined, and that
IméUIme C B(n).

Next we prove that B(n) C Imd UIme. For, let (J',I') € B(n). As before, if n & J',
then (J',I') € B(n — 1) and (J',I') = 6(J',I'). Thus, we can assume that n € I'.
Set J == J' \ {n} and I = I'\ {n}. If I' = [1,n], then necessarily J' = [1,n — 1].
Thus, I = [1,n — 1], and e([1,n — 2],I) = (J',I"). So, lets assume that I’ # [1,n].
If ¢(J) = 4(I') = 1, then J' = [1,t1] and I’ = [1,¢; + 1] with {1 +1 < n — 1, and
n € I', a contradiction. Thus, if I’ # [1,n], and n € I’, then ¢(I') = ¢(J') =1 > 1.
So, J' = [1,t1] U [se,to] U --- U [s;,n] and I' = [1,¢; + 1] U [s2,ta] - U [s;,n], where
t1+1 < sy—2. If §f =n, then J = [1,t1] U [Sg,tﬂ U---u [Sl—17tl—1] and I = [1,t1 +
1 U [sa, o] U+ U [s;—1,t—1] with ;1 < n — 2, thus (J,I) € B(n —2) C B(n — 1), and
e(J,I) = (J',I'). On the other hand, if s; < n—1, then J = [1,¢1]U[sg, to]U- - -U[s;, n—1]
and I = [1,t; + 1)U [se, ta]U---U[s;,n— 1], thus (J,I) € B(n—1), and e(J,I) = (J', I').
This shows that B(n) = Imd UIme.

Moreover, Imé NIme = @ and §, € are injective functions, hence

b(n) = card B(n) = card(Imd) + card(Ime)
=card B(n — 1) +card B(n — 1) = 2-2"73 = 2"72,

(c) We have that C(0) = C(1) = @, and C(2) = {(2,{2})}, thus ¢(2) =1 = 22273,
So, by induction suppose that n > 4 and ¢(m) = m - 2™3 for 2 < m < n — 1. Hence,
Z?:}l c(i) = (n — 2) - 23 by induction. Now we define the following correspondences.

n:{2,3} - C(n) s (2,[s,n])
0:C(n—1)— C(n) (J,I)— (J,1),

and for 2 <i<n—2, let

wi: C(i) = C(n) (J,I)—~ (JU[i+2,n],IU[i+2,n])
vi: {J|J C[2,i]} = C(n) J = (J,JU[i+2,n]).

Note that these functions are well defined. Thus Im7n U Imé U U?:_;(Im w; U Imuy;) C
C(n). Now we show the reverse inclusion. For, let (J',I') € C(n). If n € I', then
(J',I'"Ye C(n—1), thus (J',I') =0(J', I').

Now, suppose that n € I'. If £(I') = 1, then I’ = [r,n] for some 2 < r < n and
0(J') = 0, thus J' = @. Then, if r € {2,3} we have (J',I') = n(r), and if r > 4,
then v,_2(@) = (&, [r,n]) = (J',I'). Then we can assume that ¢(I') = £(J") +1 > 2,
ie. l =4(J') > 1. If n € J', then there exists 4 < r < n such that J; = [r,n], since
oI') > 2. Set J == J"\ [r,n] and I := I\ [r,n], then it follows that (J,I) € C(r — 2),
hence p,—o(J,I) = (J',I'). On the other hand, if n & J’, then there exists 4 < r < n
such that I}, = [r,n] and I = J" U [r,n], otherwise £(I') = 1, a contradiction. Thus
J" C [2,r — 2], therefore v,_o(J) = (J', J'U[r,n]) = (J',I') as needed. This shows that
C(n)=Tmn U TImd U J'= (Imp; U Imyy).
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Note that the images of 71,0, u;,v; are pairwise disjoint for all 2 < 4,7 <n — 2, and
since they are injective functions, we get
n—2 n—2
¢(n) = card C(n) = card(Imn) + card(Im 0) + Z card(Im p;) + Z card(Im ;)
i=2 i=2
n—2 n—2
=2+cardC(n—1)+ anrd C(i) + anrd{J | J C[2,i]}
i=2 i=2
n—1 n—3 A
=24 c(i)+ > 2=2+4(n-2)- 2" 42" 2 —2=p. 2"
i=2 i=1
(d) It is clear that d(0) = 0, D(1) = {(&,{1})} = D(2), thus we can assume that
n > 3, and define the correspondence

o: {J|JC{3,....,n}} = D(n) Jw (J,{1}UJ).

It follows that o is a well defined injection, since J < {1} U J. Next we show that o is
surjective. For, let (J',I') € D(n). If 1 € J', then I \ J' = &, a contradiction. Thus,
1¢J.If2€e J, then J = [2,t1]U---U[s;, ], and since I' \ J' = {1}, we conclude that
I' ={1}uJ" = [1,t;]U- - -U[s;, ], thus J" £ I, contradiction. Therefore J' C {3,--- ,n},
thus I' = {1} U J', i.e. o(J') = (J', I'), proving that o is surjective, thus bijective. So,
d(n) = card D(n) = 2" 2. O

Corollary 3.8.4. h(0) =0 and h(n) =2""2(n+ 1) forn > 1.
Proof. Follows from Proposition 3.8.3. O

The numbers h(n) form the sequence OEIS:A001792 shifted by —1. Moreover, they
satisfy the recursive formula h(n) = 2 - h(n — 1) + 2772, for n > 2. The first values of
the sequence h(n) appear below.

n 1 2 3 4 ) 6 7 8 9 10

h(n) 1 3 8 20 48 112 256 576 1280 2816

3.9 Homological Hasse quiver of AusT,

In this section we provide an explicit description of the Hasse diagram of the homological
poset of A, = AusT, using the classification of the cover relations of the homological
poset of A, given in Section 3.8, and construct its Hasse quiver H(AusT,).

From the proof of Proposition 3.8.3, we have the following homological Hasse quivers.
H(AusTp): @

[1,1] [1,2]
H(AusTh) : T /

& H(AusTy):  [1,1] [2,2]

N/

g
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Note that h(n — 1) = ¢(n), thus the proof of Proposition 3.8.3 (c) motivates the
following construction of H(AusT,,) using recursion methods. More specifically, we will
prove that H(AusT),) is obtained from H(Aus7T,_1) by attaching to it exactly one copy of
H(AusT;), for 0 < i < n—2, and connecting the vertices in certain way, and finally adding
the arrow ([1,n—1], [1,n]), which corresponds to the embedding mod A, /(e,) < mod A,,.

For the rest of the section, set H(n) := H(AusT,). Forn >2and 0 <i <n—2
define

H'(i) ={(JUli+2,n],IU[i+2,n])|(J,I) € CovH(i)}, and
U@) ={(I,IU[i+2,n])|I C [i]}, where [0] = @.

Note that these sets are contained in Cov H(n) and are pairwise disjoint. We re-
gard H'(i) as the copy of Cov H (i) inside Cov H(n) that we mentioned above. The
elements of U(i) correspond to arrows that connect the vertices of H(AusT,,—1) with the
corresponding ones in the copies of H(AusT;), for 0 <i <n — 2.

The following proposition shows that this construction actually give us the complete
Hasse diagram of H(AusT,,).

Proposition 3.9.1. Let n > 2. Then

n—1 n—2 n—1
h(n)=> h(i)+ > 2 +1=> h(i)+2""
=0 =0 =0

Thus, Cov H(n) = Cov H(n — 1) U | "=2(H'(i) LU (i) U {([L,n — 1], [1,n])}.

Proof. For n =2 we have h(2) =3 =1+1+1=h(1) 4+ 2° + 1, thus we can assume by
induction that the result holds for n — 1, for n > 2. Then,

n—1 n—2
> h(i)+2m Zh )+ > 2+ 1=hn—1)+h(n-1)+2""2=h(n). (3.9.1)
=0 =0

Moreover, since the subsets H'(i) and U(j) are contained in Cov H(n) and are pairwise
disjoint, for 0 <i,7 <n —2, Eq. (3.9.1) shows the last claim of the proposition. ]

Fig. 3.1 illustrates the construction of H(Aus73) and H(AusTy) using the previous
recursive method.

Remark 3.9.2. By Proposition 3.6.6, the unique maximal length path in H(AusT),)
corresponds to the unique heredity chain of AusT,.

Now we count the number of maximal elements of H(n). For, let M (n) be the set
of maximal elements of H(n), and set m(n) := card M (n). Thus, m(0) = 0, m(1) = 1,
m(2) = 2, m(3) = 4 and m(4) = 7 (cf. Fig. 3.1). Note that, for 0 < i < n — 2, the
elements I U [i + 2,n] lie in M(n) if and only if I € M(i), by Proposition 3.9.1. Set
M) ={Tuli+2,n]|IC M(i)}, for 0 <i<n—2, thus we can say that the copies
H'(i) preserve the maximality of its elements, if i € [n — 2].

On the other hand, for n > 5, we have that M(n — 1) ¢ M(n), for, consider J =
{1} U[3,n—2] € M(n—1), and observe that it is not a maximal element of H(n), since
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(1,4]

1,2][4,4
Kl
(1,3]
1.3 4
’,'
L2 LB e /
4 ,:Z’;::: -------
LA I 4.4
(1,11 [2,2] [3,3] 4 .
‘\\,‘ 7 e
@l/ 1/,%
H(AusT3) H(Aus Ty)

Figure 3.1: The homological Hasse quivers of AusT3 and Aus7y. We omit the symbols
Ll in the expression of J C [n] as disjoint union of intervals, e.g. [1,1][3,3] = [1,1]U[3, 3].
The copies of H(Aus Tp) are indicated in , H(AusTy) in green, H(AusTy) in red
and H(AusT3) in , respectively. Dashed arrows indicate elements of the sets U (i),
and the unique solid black arrow corresponds to the embedding ¢, _1j ), for n = 3,4.

J <auwsT, J U {n}. Actually, all the maximal elements of H(n — 1), not considering
[n — 1], that are not maximal in H(n) are those with maximal element n — 2, denote
this set by N(n). Now define N'(i) = {JU[i+2,n—2] | J € M(i)}, for i € [n — 4].
It is clear that N'(i) C M(n — 1), but N'(i) ¢ M(n). Hence, by induction we have
that N(n) = U N'(i) U {[2,n — 2]}, thus M(n — 1)\ (N(n) U {[n —1]}) C M(n). For
simplicity, set

M/(n—1) = M(n— 1)\ (N(n) U {[n — 1]}).

We have the following result.
Proposition 3.9.3. Let n > 4. Then m(n) = m(n — 1) + m(n — 2) + m(n — 3).

Proof. We have already shown that U?:_()l M'(i) U{[n]} € M(n), moreover the reverse
inclusion also holds, considering Proposition 3.9.1 and the fact that the subsets of M’ (n—
1) are maximal elements of H(n—1) with maximal element n—1, thus the equality holds.
Since all the involved subsets are pairwise disjoint we have the following equalities.

n—1 n—2 n—4
card M (n) = anrdM’(i) +1= ZM’(Z) +card M(n—1) — (anrd]\f’(i) +1)
=0 =0 i=1

n—1 n—4
:1+Zm(i)—2m(i)—1:m(n—1)+m(n—2)+m(n—3). O
i=1 i=1

The sequence {m(n)},en is a Tribonacci sequence with initial conditions m(1) = 1,
m(2) = 2 and m(3) = 4, and this coincides, up to a shift, with the sequence a(n) given
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by OEIS:A000073, more precisely m(n) = a(n + 2), for n > 1. The following table
exhibits the first values of m(n).

n 1 2 3 4 5 6 7 8 9 10

m(n) 1 2 4 7 13 24 44 81 149 274

Now we show that H(n) admits a rank function in the following sense.

Definition 3.9.4. A rank function of a poset P is function p: P — N satisfying the
following properties:

(a) If x € P is minimal, then p(z) = 0.
(b) If y covers z, then p(y) = p(x) + 1.

Lemma 3.9.5. Let n > 0. Then the function py: 2"l — N given by

_ ) ifrégJ
pulJ) = {tl +0J)=1 ifleld

where J = [s1,t1) U ---U sy, t] € [n], is a rank function of H(n).

Proof. Set p = pp. Since P(n) = (2/", C) is a refinement of H(n), we have that H(n)
has only one minimal element, namely @. Thus, p(@) = (&) = 0. Now, suppose that
(J,I) is a cover relation in H(n), with J = |_|§:1[sj,tj] and I = ||, [r;, w;]. From
Proposition 3.8.1 we can distinguish four cases.

(i)leJ, I =Jyand m=1+1. Then p(J) =t1+l—1and p(I) = us+m—1=t;+1.
Thus p(I) = p(J) + 1.

(i) 1 € J, ug = t1 +1 and m = [. The same calculations as in (i) show that
p(I) =p(J) + 1.

(ii)1¢J,1¢Tand m=10+1. Then p(J)=l=m—1=p(I)—1.

(iv) I\J = {1}. The cases n = 1,2 are trivial. So, suppose that n > 3. In the proof of
Proposition 3.8.3 (d) we showed that if (J, I) satisfies (iv), then (J,I) = (J,{1} U J) for
some J C {3,...,n}, thusu; = 1. So, p(I) = ui+m—-1=m =141 =4(J)+1 = p(J)+1.
This shows that p is a rank function of H(n). O

3.10 Homological embeddings over Aus7,, and composi-
tions

In this section we study some interesting combinatorial properties of cover relations of
the poset H(n) = H(AusT,) involving compositions of an integer. We start with some
definitions.

Let n be a positive integer. A composition of n is a sequence of positive integers
o = (o1,...,0%) such that Zle o; = n. We write often 0 = o1 + -+ + 0, and we
say that o is a k-composition of n, the numbers o; are called the parts of 0. We
denote Comp(n) the set of all compositions of n, and P(n) denotes the set of parts of all
compositions of the positive integer n.
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The main motivation for considering compositions of positive integers comes from
the description of OEIS:A001792, where we can see that h(n) coincides with the number
of parts in all compositions of n. For example, h(3) = 8, and all the compositions of 3 are
14141, 241, 1+2, 3. In what follows we will exhibit a bijection between Cov H(n)
and P(n), but first we provide a new description of the cover relations of H(n) that is
crucial to find such a correspondence. Recall that Cov H(n) = A(n)UB(n)UC(n)UD(n)
(cf. Proposition 3.8.1 and Definition 3.8.2).

Lemma 3.10.1. Let (J,I) € Cov H(n), then D := I\ J has one of the following forms.
(a) D = [dy,ds] for some 3 < dy <dy <n, if (J,I) € A(n).
(b) D ={d} for some 2 <d <mn, if (J,I) € B(n).
(¢) D =[dy,ds] for some 2 < dy < do < n, if (J,I) € C(n).
(d) D= {1} if (J,I) € D(n).

Moreover, the conditions (a)-(d) determine the cover relation (J,I), in the sense
that if J < I and their set difference D satisfies (a), (b), (¢) or (d), then (J,I) lies in
A(n), B(n), C(n) or D(n), respectively. Thus, any cover relation (J,I) is of the form
(J,JU D), for some set D C [n] as in (a)-(d).

Proof. Follows from Proposition 3.8.1 and Definition 3.8.2. O

For simplicity, in the presence of Lemma 3.10.1, we use the following notation.
Definition 3.10.2. Let (J, JUD) be a cover relation of H(n). Then (J, D)) = (J, JUD).

Now we define a correspondence ¥ = U,,: P(n) — Cov H(n). Let 0 = 01 + -+ + 0%

be a k-composition of n. For 1 < j < 5/ < k set aj: =o0;+--+oj.
Case 1. If 01 > 2, W is given by:

o1 <<[1,01 —u | el +2,00], o1 ,01]», (3.10.1)
Jj=2,
0j=>2

and for ¢ > 2,

i (Lo —1u || o] +1,0]=1Ju || o] +2,0{), 017" +1,01]). (3.10.2)
1<j<i, 3>,
0j>2 0j=>2
For (3.10.1) we have that 1 < o1 —1< 01 +2 < a{_l +2 for any j > 2 such that o; > 2;
and for 2 < j < j’ such that oj,0; > 2, we get a{ < a{ +2< 0{71 + 2, meaning that
the intervals involved in the right hand side of (3.10.1) are disjoint and determine the
correct expression of their underlying set as union of them. Hence the first assignment
is well defined. Similar arguments show that the assignment (3.10.2) is well defined.
Case 2. If 0y = 1, then ¥ is given by

orm (L o + 2,00, 11, 10)), (3.10.3)

jz2,
O'J'Z2
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and for 7 > 2

oi o 1,0l —1u | o7 42,00, [0 4+ 1,00]). (3.10.4)
1 1 1 1 1
1<j<i, J>i,
0j>2 0j>2

Similar arguments as before, show that the assignments (3.10.3) and (3.10.4) are well
defined. Moreover, from Lemma 3.10.1 we get

A(n) ifop >2andi> 2,
B(n) ifo;>2andi=1,
C(n) ifo;=1andi>2,
D(n) ifo;=1andi>1.

U(o;) € (3.10.5)

As an example, we write explicitly the correspondence ¥y: P(2) — Cov H(2), since
the case n = 1 is trivial. Indeed, we know that there are only two compositions of 2:
oc=1+1and ¢’ = 2, thus card P(2) = 3. Hence, ¥, is given as follows:

or=1=(2,{1}), o2=1=(2,{2}), o1 =2 ({1},{2}),
and the inverse ®2: Cov H(2) — P(2) is given by
(@, {1})—=o1=1, (5,{2})—>o2=1, ({1},{1,2})— o] =2.

In Theorem 3.10.3 we define the correspondence ®,, for any n > 2 and prove that
®,, and V,, are inverse from each other. For, we use the following notation. Set 1(m) :=
1,...,1 m-times, for m > 0. Thus, 1(0) is the empty word. Also note that if o is a
k-composition of n, then k can be recovered from the parts of o that are larger than 1,
ie.

k=n—(o1+ +op)+k=n—[(o1 1)+ + (o — 1)]
=n->Y (0;-1), (3.10.6)

j7
0j>2

similarly, if 2 < i< k and 7 :== 01+ -+ 0;_1 +1 = n’/, then we can recover the number
¢ from the parts of 7 that are larger than 1, i.e.

i=n'—(o14+ - +oi1+1)+i=n"—[(o1 1)+ + (01 — 1)]
=n'— Y (05-1). (3.10.7)

1<5<i-1,
0j>2

Theorem 3.10.3. Letn > 1. There exists a function ® = ®,,: CovH(A,) — P(n) such
that ¥ o ® = logy g(n) and ® oW = Ip(,).

Proof. We have already shown the cases n € {1,2}, so consider n > 3. We define ®
explicitly by cases. For, let © = (J,I) = (J, D)) € Cov H(n).
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(a) If z € A(n), then D = [dy, ds2] with 3 < d; < dy < n, and we can write
I=JubD= [81 = 1,t1] s [Sl,tl”dl,dg][Tl,ul] <o [Tm,um],

where 1 <[, and 1 < m, if J N [d2 + 1,n] # @, otherwise the intervals [r;,u;] do not

appear. Set
aj =1t; —s;+2 Bj =u;—r;+2
e co (3.10.8)
ol = sjp1 — 15 =2 Bi=rj—uj1 =2,

and define a map ®4 : A(n) — Comp(n) by
Da(z) =0 = (a1, 1(al),... o0, 1(al), dz — di + 1, 1(8), B1, ..., 1(B™), B, L(n — upm))

where, by convention, we set s;11 = dj and ug = dg. If J N [de + 1,n] = & we identify
Uy, = do and we omit to write all the coordinates involving /37 or Bj, for example if
do = n, then the last coordinate of o is ds — d; + 1. Note that ® 4 is well defined, since
the sum of its parts is

l
> (o + o) +d2—d1+1+z B4 Bj) +n—up,
j=1 7j=1

=—14di+dy—di+1—ds+upm+n—u,=n.

Now, for 1 < j < 7/, let sg/ = s;+---+s;. Similarly for tgl, 7";/ and u;l Note that the
part o occurs in the position 1, and if it is the case, for 2 < j <, aj occurs in position

(j) = s{ - t{fl — j + 1; the part do — dy + 1 occurs in position (d) == (1) +di —t; — 1;
and for 1 < j < m the part §; occurs in position (j*) = (d) + 7| — uf)fl — j. Thus, we

define for z € A(n)
q)(flf) = (@A(J}))(d) =0 = do —di + 1.

It is easy to prove by induction that a(j) = t; + 1, a(j) =s;—1for2 <j </,
gd) = d, g ™! — 4y, and for 1 < j < m, we have agj ) = uj and oU)=1 = p; — 2,
Moreover, o is a k-composition of n, where

k=0+a )+ +(0+a)+1+ B +1)+ -+ (B"+1)+n—up

=n—1—m+ s —) 4yl

Thus, (3.10.2) applies, since o1 > 2 and (d) > 1, and we get
U(P(x)) = V(o@) = (), D) ==
(b) If x € B(n), then D = {d} for 2 < d < n, and we can write
I= [17 d] [r17u1] T [rmaum]

if JN[d+1,n] # @, otherwise the intervals [r;,u;] do not appear. Then, we define a
correspondence @ : B(n) — Comp(n) by

Pp(z) =0 = (d,1(8"),B1,. .., 1(B™), B, L(n — up,))
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where we use the same notations and conventions as in (a), with the conditions ug := d
and (d) = 1. It is easy to show that o is a k-composition of n, where k =n —m + 1+
r" — ug'. Thus, we define for x € B(n)

O(x) = (Pp(x)) =01 =,

and similar calculations as in (a) show that U(®(x)) = V(o) = x.
(¢) If x € C(n), then D = [dy,ds] with 2 < d; < dy < n, and we can write

I=JuD= [Slytl] [Slatl][dladQ][rlaul] [Tmaum]y

for some [,m > 1if JN[2,d1 — 1] # @ and J N [d2 + 1,n] # &, otherwise the intervals
[sj,t;] or [rj,u;] do not appear respectively. Using the same conventions and notation
of (a), we define a correspondence ®¢ : C'(n) — Comp(n) by

@C(QJ) = 0 .= (1(81 - 1),041, 1(041>, .. ,al,l(o/),dg —di +1,
1(51)751)"'71(5m)75m71(n_um))'

In this case o is a k-composition of n, where k =n —1—m + sll+1 — tll + 7" —ug'. Thus,
we define for x € C(n)

O(z) = (Pc(7)) @) = 0(q) =d2 —d1 + 1,

and similar calculations as in (a) show that ¥(®(x)) = ¥(0(q)) = z.
(d) If x € D(n), then D = {1}, and we can write

I=[1,1][r1,u1] - [P, ),

for some m > 1 if J N [2,n] # @, otherwise I = [1,1]. As before, we use the same
conventions and notations as in (a) to define a correspondence ®p : D(n) — Comp(n)
by

(I)D(.IT) =0 = (17 1(/81)5 517 sy 1(57%)’ Bma 1(” - Um))
where ug := 1 and (d) := 1. Note that o is a k-composition of n, with k =n —m + 1 +
" — ug'. Thus, we define for x € D(n)

®(z) = (Pp(x))1 =01 = 1.

Similarly as in (a), we get that W(®(z)) = ¥(01) = 2. This shows that Wo® = 1cgy gr(n)-
For the converse, let ¢ = 01 + - -+ + 0 be a k-composition of n, with o1 > 2, and
take 2 <4 < k. Then, from Eq. (3.10.2) we get

l m
U(o) = ([Lor—u e + 1,0 —u o + 2,00 ], l01 +1,01]),
j=2 i=1

where (j) are those indices j' € {2,...,i — 1} such that o5 > 2, and by (j*) we denote
the indices j' € {i + 1,...,k} such that o > 2, with the convention 1 < (2) < --- <



72 Chapter 3. The Auslander algebra of K[z]/(z™)

() <i<(1*) << (m*). Define (1) == 1, G == {(1),(2),...,(1),4, (1), ..., (m")},

for2<j5<1: for1<j<m:
s1=1 di =0 +1 sj=of) 7 +1 rj=o9) 7 42

From (3.10.5) we have U(0;) € A(n), hence we can set o’ := ®4(¥(0;)). Therefore,
using the equalities (3.10.8), we have that

01:a1:t1—81+2:t1+1201,
j:tj—sj~|—2:a£j)—1—(a(j)_1+1)+2:g(j) for 2 < j <I,

= /Bj =u; —r;+ 2= U§j*) - ((T%j*)_l

I
Q

O‘-:dQ—dl“‘l:Ui, and
,A:]_:O'j for any j € [k] \ G,

moreover, ¢’ is a k’-composition of n by construction, where k' = n —1 —m+ s/ — ¢ +
ri* — ug'. Hence,

k’:n—l—m+1+(a§2)_1+1)+...+( (l)_1+1)+(gi_1+1)
)

o=+ @ =1+ 0~ D]+ (o
— ot + ot oM
=n—[lcqy—-1D+-+(ogy—1)+(oi = 1)+ (0@ — 1)+ + (om —1)]

:n—Z(Uj—l):n—Z(aj—l):k

jeG 7,
0j>2

B R e C )

where the last equality follows from Eq. (3.10.6). Therefore, o0 = ¢’ as k-compositions
of n. Also, we have that

d)=U+d—t—1=s —th —1+d
— 14+ (@) (0T 4
—[(0’1—1)-1-(0’52)—1)+---+(0§l)—1)]—[4—0?1—}—1
=o'+ 1—[(o1 =D+ (o — 1)+ +(op —1)] =i
where the last equality follows from Eq. (3.10.7) Therefore,
(U (07)) = (2a(¥(02)))(a) = 0(q) = T(a) = -

Now for the case i = 1, we have that

m

U(on) = (100 = Ju | lof 7" + 2,01, 01,01},
j=1
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where we use the same notation as in the previous case. From Eq. (3.10.5) we have
U(o1) € B(n), hence we can set ¢’ := ®5(V(0q1)). Similar arguments as before show
that 0 = ¢’ as k-compositions of n. Therefore,

O(U(01)) = (Pp(¥(01)))1 = 01 = 01.

The case when 0 =1+ 02 + - -+ + 0}, is proven using the same techniques as in the case
o1 > 2. Thus ® o ¥ = 1p(,). This completes the proof of the theorem. O

Concerning the proof of Theorem 3.10.3, note that the maps ®5 and ®p are injective
for all m > 1; ®¢ is not injective for n > 3, since ®c((,{2})) = 1+1+1 = ¢ ((2,{3}));
and ® 4 is not injective for all n > 4, since ®4(({1},{3})) =2+ 1+1 = D4(({1},{4})).

In the following paragraphs, we describe the maps ® 4, 5, ®¢, and ®p in terms of
other combinatorial objets. For, we first introduce the binary notation of subsets of [n]
as follows. For this purpose we always consider the elements of J C [n] ordered by the
usual ordering of N.

Let Bin(n) be the set of binary words of length n, i.e. words wjws - - - wy,, such that
w; € {0,1} for all i. We may also depict a binary word w of length n as a n-tuple
(wl, ce ,wn).

Recall that card 2[") = card Bin(n) = 2", via the bijective map Bin,,: 2" — Bin(n)
given by J — Bin,,(J), where Bin,,(J) is the word wy - - - w,, with w; = 1if j € J, and
wj = 0 otherwise. We call Bin,,(J) the binary notation of J, and for seek of simplicity
we identify those notations, when we fix n. For example, if J = {1,3,4,5} C [6], we
have J = Bing(J) = 101110 = (1,0,1,1,1,0).

It is well known that we can visualise a composition 0 = o1 + -+ 4+ o} (of n) as a
tiling of a 1 x n board with tiles of size 1 X o; corresponding to each part of ¢ in the
natural way. For example, 1 4+ 2 + 3 + 1 = 7 is represented by the tiling

HEERE

which has 4 tiles of lengths 1, 2, 3 and 1, resp. The numbers in the tiling (3.10.9) repre-
sent the positions of the underlying tiles of size 1 x 1 when considering the composition
oc=(1,1,1,1,1,1,1), counting from left to right. In what follows, we stick to this con-
vention. Moreover, we assign o; — 1 dots to each tile of size 1 x ¢;, as in the following

picture:
LIt 1¢e]] (3.10.10)
1 2 3 4 5 6

o] 7] (3.10.9)

5

and we identify the tilings (3.10.9) and (3.10.10). In the latter case, the dots are drawn
over all the internal edges of each tile of length o; > 2. Actually, this representation gives
a bijection ¢ between Comp(n) (viewed as tilings) and the set Bin(n — 1) of all binary
sequences of length n—1, e.g. (3.10.10) corresponds to the binary sequence (0, 1,0, 1,1, 0):
the ones correspond to the positions of the dots over the n—1 internal edges of the board
labelled with the natural order. The inverse correspondence is given by first assigning
to the binary sequence s = (si,...,S,—1) its conjugate s’, where s, = s; + 1 mod 2,
and then marking the internal edges of the board corresponding to the positions of the
ones in s’ to get a tiling, and therefore a composition of n. For example,
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¢:(1,0,1,1,0,1) — (0,1,0,0,1,0) — | | | |
1 2 3 4

O —

0 - CET

6

O —
> —e—

which corresponds to the composition 2 + 3 + 2 = 7. Thus, there are 2"~ compositions
of m. So, it is natural to equip Comp(n) with the following order: let T and 7" be
in Comp(n), then T <;y T" if and only if p(T'); < ¢(T");, for all i € [n — 1]. Hence,
(2"~ C) and (Comp(n), <4;) are isomorphic posets, thus they have isomorphic Hasse
quivers. Fig. 3.2 shows the Hasse quiver of (Comp(3), <¢;).

Figure 3.2: Hasse quiver of (Comp(3),<;). The vertices are the compositions of 3
depicted as tilings of a 1 x 3 board. Note that all the elements of P(3) appear in this
diagram as tiles.

Now, we exhibit the corresponding tiling of the composition ® 4(z) (®Pp(z), Pc(x),
®p(x)) for z in A(n) (B(n), C(n), D(n), respectively). Recall that for z = (J,I) €
CovH(n), weset D=1\ J.

(a) If x € A(n), then D = [dy,ds] for 3 < di < dy < n. If d < da, the tiling
corresponding to ® 4(x) is the following:

L M R

(Tt fl [

1 dy—1 do n—1

where L denotes the parts ay, 1(al), ..., a7, 1(a!) of ®4(z) and it is obtained by
drawing dots over the internal edges with positions j, for any j € J N [1,d; — 2[;
note that it has at least one dot, since 1 € J N [1,d; — 2]. M indicates the part
dy — dy + 1 that occurs in position (d). If do = n, then R is not defined; but if
ds < n, R is obtained by drawing dots over the internal edges with positions j — 1,
for every j € JN[da+1,n] provided the last intersection is non-empty, otherwise R
is given by n—dj tiles of length 1, thus R represents the parts 1(3'), 81,...,1(8™),
B, L(n — wup,). Therefore, ®(x) = (Pa(x))(q) = d2 — d1 + 1 is represented by the
tile M.

If d1 = ds = d, we just consider the tiling
L M R

A
Ll el [ [
d

1 n—1

and proceed as before.
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(b) If x € B(n), then D = {d} for some 2 < d < n. Thus, the tiling representation of
®p(x) is the following:
M R
/_M/—/%

XY DI

1 d n—1

where R is given and represents the same parts as in (a). Therefore, ®(z) =
(®Pp(x))1 = d is represented by M.

(c) If x € C(n), then D = [d;,ds] for some 2 < d; < dy < n. If d; < dg, the tiling
representing ®¢(x) is the following:

L M R

I DB D R
1 2

di—1 do n—1

where R is defined and represents the same parts as in (a). Note that in this
case 1 ¢ J, hence the first tile has length 1. If d; = 2, then L is not defined; if
dy = 3, then L consists of the single tile in position 2; if dy > 4 L is given by
drawing dots over the internal edges with positions j, for every j € JN[2,d; — 2]
provided the last intersection is non-empty, otherwise L consists of d; — 2 tiles of
length 1 in positions 2,...,d; — 1. In this way L represents the parts (®c(z)); for
2 <j < (d) — 1. Therefore, ®(x) = (®c(x))(4) = d2 — d1 + 1 is represented by M.
If dy = dy then M is represented by a tile of length 1 as in the last part of (a).

(d) If z € D(n), then D = {1}. Hence, the tiling representing ®p(z) is the
following:

where R is given and represents the same parts as in (a). Since 1 € J, the first tile
has length 1. Therefore, ®(x) = (®p(z)); = 1 is represented by M.

Observe that the construction given above may give the same tiling for different
cover relations of H(n), actually if o is a k-composition of n, then there are k elements
of Cov H(n) with the same tiling 7', but each one corresponding to different tiles of 7T'.
In particular if (J, I) and (J',I’) are elements of Cov H(n), with 1 € J and 1 ¢ J', then
their corresponding parts will never belong to the same composition, see Fig. 3.3.

The inverse correspondence is given by W. We explain this map using tilings by an
example as follows. The special case occurs when o1 > 2. For, consider the tiling

T:|'l+2+3|4|5+G|7+8|9|'10|'1'1|
T 2 3 4 5 7 )

6 8 9 10

For convenience, we keep the numbering of the edges and tiles as explained before.
Thus, T corresponds to the composition o = (3,1,2,2,1,1,1) € Comp(11). In this
case 01 = 3 > 2, hence, Eq. (3.10.1) implies that it corresponds to the cover relation
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z = ([1,01 — 1] U J,{o1})), where J consists of the numbers j + 1 with j a label of an
edge marked with a dot appearing to the right of the edge oy, i.e. J = {6,8}, hence
x = ({1,2,6,8},{3})). For i > 1, Eq. (3.10.2) indicates that o; corresponds to the cover
relation (J U .J', D)), where J consists of the numbers j that label an edge marked with
a dot that appear to the left of the tile T” corresponding to the part o;; J’ consists of
the numbers j + 1 with j a label of a dotted edge to the right of 7", and D consists
of the positions of the underlying 1 x 1 tiles of 7”. For instance, o3 corresponds to
({1,2,8},{5,6}), and o¢ to ({1,2,5,7},{9})). The cases when o1 = 1 are analogous to
the the last two examples.

Fig. 3.3 displays the Hasse quiver of (Comp(4),<;;) with the cover relations of
H(AusTy) corresponding to the parts of each composition of 4.

({1,2,3},{4})

(£3.4}, {13)
(2,{2,3,4})

({1,4},{23)
({1}, {3.43)

> >

(1.2}, {31) |2
3
({123, {41 [

Efelep=]| — [rf=poi-]

({1}, {2)) o ({43, 13)

[delel=]—[=f=t-]=]

! ({4} 423)
({1, {31) & 3 (228 oy
(). 4 [ 0 (2 [
(2.(1})
(2.{3})
(2.{2})
(2. {4})

Figure 3.3: Hasse quiver of (Comp(4), <y;) with tilings depicted vertically for a better
display, with the 1 x 1 tile labelled by 1 on the top. Next to each tile appears the
corresponding cover relation of H(AusTy) using the notation (.J, D). The

correspond to elements of A(4), to elements of B(4), to elements
of C(4), and purple tiles to elements of D(4). Note that if we erase the tiles involving
a 4, then we get the Hasse quiver of (Comp(3), <4;) with the corresponding elements of
Cov H(AusT3).

3.11 Quasi-hereditary quotients of AusT,

Observe that if J C [n] and Bin,(J) has a subword of the form 011, then A; =
Aus T, /(eje) has a block isomorphic to I1,,, for some m > 2, by Theorem 3.6.3 and Corol-
lary 3.6.4, thus A is not quasi-hereditary since gl. dimIl,,, = co. The converse is also
true. We denote by < the usual order on J.

Proposition 3.11.1. (Ay, (J, <)) is a quasi-hereditary algebra if and only if 011 is not
a subword of Bin, (.J).
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Proof. (<) Let J = ||;_; J;, with J; = [s;,t;], for ¢ € [r]. We proceed by induction
on r. The case r = 1 means that J = [s1, 1], so we have two cases: if s; = 1, then
Ay = AusTy,, and Ay is quasi-hereditary; if s; > 1, then necessarily s; = ¢;, and
Ay is simple, thus quasi-hereditary. Now let » > 1, and set J' = Ug;%[sj,tj], thus
J = J U|s, t;]. Without loss of generality we can assume s, > 1. Since 011 is not a
subword of Bin, (J), we have that s, = t,, thus Ay = Ay x Kes,, hence (es,) = Kes, is
clearly a heredity ideal of Ay, and f: Ay — Ay given by the projection onto the first
coordinate, is a ring surjection with kernel (es, ). Then, the result follows by induction.

This completes the proof. O

Recall that an induced subposet of a poset (P, <) is a poset (P’, <), where P/ C P,
and for all x,y € P/, we have x <’ y if and only if z < y. In this case, we write
<|p=<.

Using the characterisation of the quasi-hereditary quotients Ay, we can restrict our-
selves to homological embeddings in H(Aus T}, ) between quasi-hereditary quotients, i.e.
we have an induced subposet of H(AusT),) given as follows.

Set P(n) = {J C [n] | 011 is not subword of Bin,(J)}. Then, it is clear that we
have an induced subposet

QJ‘C(AUSTn) = (P(n); jAusTn |P(n))

Set p(n) = card P(n). Note that P(1) = 21 and P(2) = 23, thus p(1) = 2 and
p(2) = 4, hence QH(AusT),) = H(AusT,), for n = 1,2. The following lemma provides
a recursive method to construct P(n).

Lemma 3.11.2. Let n > 3. Then p(n) =p(n—1)+p(n—2) + 1.

Proof. Set P'(k —2) ={JU{k} | J € P(k—2)}, for k > 3. It is enough to prove that
P(n) = P(n—1)UP'(n—2)U{[n]}. For, we use binary notation. Indeed, it is clear that
P(n—1)UP'(n—2)U{[n]} € P(n). For the converse inclusion, let w € P(n). If w, =0,
then w € P(n — 1). On the other hand, if w, = 1, we have two cases: w,_1 = 1, thus
w; = 1 for all i € [n — 2], otherwise 011 is a subword of w, a contradiction, therefore,
w = [n]. Second, if wy,_1 = 0, then w € P'(n — 2). This completes the proof. O

The sequence {p(n)},>1 satisfies the recursive defining formula of the Fibonacci
numbers Fib(n) minus one, but with initial values 2,4, i.e. p(n) = Fib(n + 3) — 1, for
n > 1, where Fib(n) = A000045(n). We observe also that the numbers Fib(n) —1 appear
as the sequence OEIS:A000071.

In what follows we will see that the number g(n) of cover relations of QH(AusT),) is
given by the sequence OEIS:A023610 (cf. Proposition 3.11.4), which counts the number
of parts of all compositions of n that use only 1 and 2, i.e. setting Compy(n) := {0 €
Comp(n) | o; < 2 for all i} and P(Comp.y(n)) :== {o; € P(n) | 0 € Compy(n)}, then
card P(Compo(n)) = A023610(n — 1). -

Note that the image of the restriction of the map ®: Cov H(n) = P(n) to the subset
of cover relations (J,I) € Cov H(n) with J,I € P(n) is not completely contained in
P(Comp<y(n)), e.g. ®([2],[3]) = 3, we need to characterise those elements ®((J, I)) that
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do not lie in P(Comp<y(n)). For, we define the following subsets of Comp(n):

F(n) = {0 € Compy(n) | o; =2 for some i > 2}, and
G(n) = {o € Comp(n) | 01 > 3, 0; <2 for all i > 1}.
For simplicity, we write a k-composition ¢ of n as a word w of length &, and we identify

both notations, e.g. if o = (1,2,4) € Comp(7), then o = 124. Using this identification,
the following table shows the elements of F(n) and G(n), for n = 3,4, 5.

3 12 3
4 121, 112, 22 31,4
5 1211, 1121, 1112, 221, 212, 122 311, 41, 32, 5

Aditionally we set,

F(n) ={o; € P(n) | o € F(n), i >2, 0, =2}, and
G(n) =={0; € P(n) | o € G(n), o; # 2}.

Note that cardF(n) = card G(n) for 1 < n < 5. We show that this is not a coinci-
dence.

Lemma 3.11.3. card F(n) = card G(n), for n > 1.

Proof. Let n > 5. For X,, € {F(n),G(n)} and m € N, set X,,[m] = {wm | w € X,,}.
First we show that

F(n)=F(n—-1[1]UF(n—2)2]U{zn, Yn} (3.11.1)

where x,, = 1---12 is a n— l-composition of n, and y,, = 21---12 is a n — 2-composition
of n. It is clear that the right hand side of Eq. (3.11.1) is contained in F'(n). Conversely,
let 0 € F(n) be a k-composition. If o, = 1, then o € F(n — 1)[1]. If o, = 2, and there
exits 1 < i < k, then 0 € F(n — 2)[2], otherwise ¢ € {zy,yn}. A similar proof shows
that equality

G(n)=G(n—1)[1]UGn —2)2] Uu{n} (3.11.2)

also holds. Hence,

card F(n) = card F(n — 1) 4+ card F(n — 2) 4 card F/(n — 2) + 2, and
card G(n) = cardG(n — 1) + card G(n — 1) + card G(n — 2) + 1.
Moreover, from (3.11.1) we have that card F'(n) = card F(n — 1) 4+ card F\(n — 2) + 2,

thus, (3.11.2) and an easy induction show that card G(n) = card F(n — 1)+ 1. The result
follows by induction. O

Proposition 3.11.4. Let n > 1. Then g(n) = A023610(n — 1). Moreover, q(n) =
g(n—1)+q(n—2)+ Fib(n + 1), for n > 3.
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Proof. Define

R = {o; € P(n) | 0 € Compy(n), o; = 1}, and
T = {01 € P(n) | 0 € Compy(n), o1 = 2}.

Hence, P(Comp<y(n)) =F(n) URUT, and card F(n) L RUT = A023610(n — 1).

Let = ((J, D) € Cov H(n). If we prove that J and J LU D are in P(n) if and only if
®(z) € RUTUG(n), then the result follows from Lemma 3.11.3, since ®: Cov H(n) —
P(n) is a bijection. So, we prove the last claim.

Set I .= JUD, and suppose that J, JUD € P(n). From the proof of Theorem 3.10.3,
we have four cases.

Case 1. © € A(n). Then I = {1,2,...,t1,82,...,8,,d,71,...,"m}, with no consecu-
tive integers after 1, for some d > 3. Thus

G(n) ift122,
Py(z) € { F(n) ifty=1land!>2o0rm>1,
(21---1} if I ={1,d}.

In the first case we get ®(z) = 1 € G(n), and in the last two cases ®(z) = 1 € R, since
I'\ [1,t] is union of singletons.

Case 2. x© € B(n). Then I = {1,2,...,d,r1,...,7,}, with no consecutive integers
after d, for some d > 2. Thus,

G(n) ifd=>3,
Psle) € {F(n) ifd—2.

In the first case we get ®(x) = d € G(n), and in the second ®(z) =2 € T.

Case 8. © € C(n). Then I = {s1,...,s;,d,r1,...,7m}, with no consecutive integers
and d > 2. Thus,
F(n) ifl>1orm>1,

Pole) € {{1--.1} if 1= {d}.

In both instances we find that ®(x) =1 € R.
Case 4. x € D(n). Then I = {1,ry,...,ry}, with no consecutive integers. Thus,

F(n) itm>1,

o(®) € {{1---1} if 1= {1}.

In both instances we find that ®(z) =1 € R.

For the converse, let ®(z) = o be a k-composition of n such that o; < 2, for 2 <i < k.
Set J,, ={j|1<j<i, 05 =2}and JS = {j|i<j<k, oj =2} Recall that if
1<j<j <k, then agl =0j+ - -+oj. Hence, if j € J;, then U{—l :ijl—%l, and
if j€Ji, theno] =0 ' +2. Set X, ={o] —1|j€J;}, S5 ={o] | j € JS}, and
Yo, = X, LUX} . From the definition of ¥ (cf. page 68) we have the following.

If 0, =1 € R, then

({1 ux,, {oi}) ifor=2
U(os) = S (S5, {1}) if oy =1 andi=1,
(2., {o1}) ifopr=1and > 1.
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If oy =2 €T, then ¥(oy) = ({1} U X, {2}).
Finally, if o; € G(n), then

V(o) = {«“m ~JUSE ) il
([Loy—1US,, {o}}) ifi>1.

In all cases we can see that J,D € P(n), thus J,I € P(n). This shows the first
part of the proposition; the second assertion is a well known property of the sequence
OEIS:A023610. O

The following table shows the values of g(n) for small n.

n 1 2 3 4 ) 6 7 8 9 10

q(n) 1 3 7 15 30 58 109 201 365 655

Now it is easy to construct recursively the Hasse diagram of QH(AusT,). For, set
Q(n) == Cov QH(AusT,),

Q'(n—2):=
U(n—2):=

{(Ju{n}, Tufn}) [ (J,1) € Q(n - 2)},
{(J,Ju{n}) | J € P(n—2)}.
Corollary 3.11.5. Q(n) =Q(n—1)UQ (n—2)UU(n—2) U{([n—1],[n])}.

Proof. Write X = Q(n — 1)U Q'(n —2) UU(n —2) U{([n — 1],[n])}. Then it is clear
that X C Q(n), and card X = ¢(n — 1) + g(n — 2) + p(n — 2) + 1. Since p(n — 2) =
Fib(n + 1) — 1, then card X = g(n — 1) + q¢(n — 1) + Fib(n — 1) and the result follows
from Proposition 3.11.4. ]
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Chapter 4

Blocks of Schur algebras of finite
representation type

Classical Schur algebras are defined as the endomorphism ring of some permutation
modules over symmetric groups. It is well known that Schur algebras are quasi-hereditary
for some suitable order of the simples [Don81; Par89; Gre90]|, whose highest weight
theory corresponds to those of general linear groups. In [Erd93] Erdmann classified
Schur algebras of finite type, and following this work, Donkin and Erdmann classified
blocks of finite representation type of Schur algebras, up to Morita equivalence in [DR94].
In this chapter we describe the homological poset of blocks of Schur algebras of finite
representation type, using a similar procedure as in the case of the Auslander algebra of
the truncated polynomial ring in Chapter 3.

Let K be a fixed algebraically closed field of characteristic p. For a vector space
V of dimension n over K, denote by V®" the r-th tensor power of V, with » > 0.
Then the symmetric group ¥, acts on V€ by place permutations. The Schur algebra
Sk(n,r) is the endomorphism ring Endgy,, (V®"). For more details on Schur algebras
and representation theory we refer the reader to [Mar08].

An interesting fact about blocks of Schur algebras of finite representation type is
that they are Morita equivalent to quiver algebras of the form K@Q/I, where @ is the
quiver

P,z e e e

b1 b brn—2 bn—1

and [ is the ideal generated by a;i1a;, bibit1, aib; — bir1ai41, for 1 < i < n — 2, and
ap—1bp—1, for some n > 1 [DR94, Theorem 2.1]. We denote this algebra by B, setting
B; = AusT;, for i € {0,1,2}.

It is also well known that the algebras B, are quasi-hereditary for a unique order
of the simples, since they have a duality fixing the simples [DR94; Coul9]. In this case
the only admissible order is the usual one: 1 < 2 < --- < n. In this chapter we describe
the homological poset of the algebras B,,. Firstly we describe the factors of some block
decomposition of By, to do so we define the following class of algebras: for n > 1, set
B, = By, /(biay). Note that By =11, (cf. Definition 3.5.1). Recall that for n € N, we
set [n] ={1,...,n}.

The chapter is organised as follows. In Section 4.1 we find block decompositions of the
factor algebras By, /(e) and B, /(e), for e an idempotent in B,, or B,,, respectively, and we
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also characterise its blocks. Section 4.2 is devoted to explaining and prove homological
properties of the algebra B,, that we utilise later to show that certain embeddings are
not homological. In Section 4.3 we describe the set of cover relations of the homological
poset of B, using properties of the algebras AusT;, discussed in Chapter 3. Finally, in
Section 4.4 we construct the homological Hasse quiver of B,, using similar methods as
in Section 3.9.

4.1 Block decompositions of B, and B,

In this section we find block decompositions and characterise its blocks in the case of the
algebras B,, and Bn. We proceed in a similar way as in the case of AusT,, in Chapter 3.

Let E' = {e;};c[n) be a complete set of primitive orthogonal idempotents of B,, corre-
sponding to the paths of length zero. The next result characterises the indecomposable
projective B,-modules and the idempotent ideals (e) = BpeB,,. For the convenience of
the reader, we use two notations for the basis elements.

Proposition 4.1.1. Let n > 1, and P(i) = Bype;, for 1 < i < n. Then the following
conditions hold.

€1 1 €n n
@ PO = e =T P =y, T and
€; 7
(b) P(i) = bi—1 a = -1 i+1,for2<i<n-1
bia; i

(c) If2<i<mn-—1 then (e;—1)e; = i—1 = and (ep—1)en = Kby,_1.

(d) If1 <i<n-—1 then (ej+1)e; = ; i+1

(e) If i — j| > 2 then (e;)e; = 0.

(f) Let I = {ij ‘ 1<53< k‘} - [n] with i1 < ... < ig. If i <1 then (e;)e,- = (eik)ei,
and if i < iy then (er)e; = (ei, )e;.

(g) The ideal (e,,) is projective, more precisely (e,) = P(n) @ P(n).

Proof. Since there are no paths of length greater than 2, (a) and (b) follow directly from
the defining relations of B,.

(c), (d) and (e) follow easily from (a) and (b). For (f), first assume iy < i. If i—ip > 2,
then (er)e; = 0 since there are no paths starting in ¢ and factoring through some i; by
(c), thus (e;,)e; = 0 = (e;,)e;. If i — i < 1, then necessarily i, = ¢ — 1. It is clear that
(ei,)ei C (er)e;. Let x € (er)e;, then z = prerpoe; = Z?leleijpgei = pre;_1pae; €
(e;—1)eq, by (e), from which the first part of (f) follows. The second part of (f) is similar.
Finally, (g) follows from (a), (d) and (e). O
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Corollary 4.1.2. Let J =||,_, J; C [n]. Then the map

@Bn ~ Bn X oo X Bn
7 (ege) (ee) (ege)’

given by b+ (eje) = (b+ (ejs),...,b+ (eye)), is a K-algebra isomorphism.

Proof. By Proposition 4.1.1 (f) the algebra B, satisfies the property in Lemma 3.4.4.
Thus, the result follows from Theorem 3.4.5. ]

Lemma 4.1.3. The embedding v}y, : mod By/(en) — mod By, is homological.

Proof. By Proposition 4.1.1 (g), the ideal (e,) is projective as By,-module, thus the result
follows from Lemma 1.5.2. O

For simplicity, we use the same notation E' = {e;}c[,) for classes of paths of length
zero of B, if no confusion can arise. Then we have the following descriptions of the
indecomposable projective modules and idempotent ideals of B,,. This follows directly
from Proposition 4.1.1.

Proposition 4.1.4. Let n > 2, and P(i) == Bpei, for 1 <i<n. Then

€ n
(a) P(1)= ay :12,P(n)= br—1 n:n—l , and
€; 2
(b) P(i) = bi—1 a = j—1 i+1,for2<i<n-—1L
bia; i

(c) If2<i<n-—1 then (e;—1)e; = i—1 . and (en—1)en = Kby—_1.

(d) If2<i<n-—1 then (ej+1)e; = ; i+t 1 and (e2)e1 = Kay.

(e) If |i — j| > 2 then (ej)e; = 0.

(f) Let I ={i; | 1 < j <k} C[n| withi; < ... < Ifix <1 then (er)e; = (e;,)ei,
and if i < iy then (er)e; = (e;,)e;.

(g) If n >3 then (e;) = P(i) ® P(i), fori=1,n.

Proof. To avoid confusion, we use the notation (e) :

(g) {e1) = (er)(er + -+ +en) = (er)er @ (e1)en =
The case i = n is analogous. O

The assertion (f) of Proposition 4.1.4 implies that B, has the property stated in
Lemma 3.4.4. Thus, by Theorem 3.4.5 we can describe the quotients B, /(e), for e € B,
a sum of elements of E.
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Corollary 4.1.5. Let J =||/_, Ji C [n]. Then

_ Bn ~ Bn < % Bn
(pJ : DY s

(ee) (ese) (ese)
given as in Theorem 3.4.5, is a K-algebra isomorphism, with the usual order of the
idempotents.

Now we are able to characterise the blocks of B,,/(e) as algebras of the form B,
and B,,. The crucial step for this characterisation is to consider the case of Aus T, (cf.
Theorem 3.6.3) and the following observation.

Proposition 4.1.6. Let A and A’ be K-algebras. Consider two-sided ideals I,J of A,
and denote by mx : A — A/X the canonical projections for X € {I, J}. If there exists a
K-algebra isomorphism p: w;(A) — A’ then the map

/
mr(A) R A ,
mi(J)  emy(I)

1s o K-algebra isomorphism.

0: mr(a) +7r(J) — pmy(a) + emy(I)

Proof. First note that 0 is well defined: suppose 77(a) + 77(J) = w7(b) + 7w1(J), then
mr(a — b) € mr(J), thus a — b € J, then pmy(a —b) = 0, i.e. prs(a) = pm;(b), from
where the claim follows. Now, let 77(a) + 7;(J) € Ker 0, thus ¢ ;(a) € ¢m;(I), since ¢
is invertible, we get 7w ;(a) € 7;(I), thus a € I which shows that Ker @ is trivial. Finally,
since ¢ is surjective, we conclude that 8 is an isomorphism. ]

For the rest of the section, if S is a subset of a ring R, denote (S)r the two-sided
ideal of R generated by the elements of S.

For the following result, set A,, = AusT,, and denote II,, the preprojective algebra of
type A,,. Consider the set I, .= {a;y1a; | 1 <1 < n—2}U{bibi+1 |1 < i < n—2}, assubset
either of A,, or II,,. Then we have the two-sided ideals I,, = <I A, and I, = (In)t,, -
With this notation, observe that B, = A,/L, and B, Hn/H as algebras, and we
have the canonical projections m,: A, — A,/I, = B, and 7,: II,, — Hn/]ln = B,.
Note that if e € A, is a primitive idempotent associated to a path of length 0, then

m({e)r,) = (e)B,, since m,(e) = e.

Theorem 4.1.7. Let n >3, J =[s,t] C{1,...,n}, and m =t — s+ 1. Then
0 if J = o,
B, g
=< Bh—t ifs=1,
(ese)B, - .
B, if s > 1.

as K-algebras. If m = 1 we identify B; = Ke; = Bj.

Proof. The cases J = @ and m < 2 have been already considered in Theorem 3.6.3, thus
we can assume J # & and m > 3.

Let mj: Ay, — Apn/{(eje)a, and 7y: I, — II,/{eje)m, be the canonical projec-
tions. Then, by Theorem 3.6.3 we have isomorphisms v: m;(A,) — A; if s = 1,
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and ¥: my(A,) = I, if s > 1. Recall the notation [i + 1,i + 1,i], = a;+1a; and
[i,i+1,i+1], = bibj11 as elements of A, or II,,. Thus, from the proof of Theorem 3.6.3 we
get Y([i-+2,i+1, T t{ese)an) = [i+2,i+1, s = aspra; and (i, i+1, i+ 2t {ese)n,) =
[i + 2,7+ 1,i]; = bibjy1 only if 1 <i <t — 2, and 0 otherwise, therefore ¥ ;(I,,) = I; if
s=1, and wﬁj(ﬁn) =1, if s > 1. Hence, if s = 1, by Proposition 4.1.6 we have

B, _ 7Tn(An) ~ Ay o & - B
(ese)p, ma({ese)n,)  Ymsln) I v
and if s > 1 we get
Bﬂ, n A?’L Hm Hm =
-7 An) o = = B,,.

(es)p,  malles)n,)  vas)  In

Corollary 4.1.8. Letn >3 and J = [s,t] C [n], J # &. Then (Zn) o Bt—s+1-

Proof. We consider B,,4+1 with primitive orthogonal idempotents labelled eg,e1, ..., e,.
So, by Theorem 4.1.7 we have that B,y1/(ep) = B,,. Let {€}_, be the usual set of
primitive idempotents of B,,. Then, motivated by the latter isomorphism, we identify
e; = &, for 1 <i < n.Set J¢ :={0,1,...,n}\ J, since J° = {1,...,n} \ J, and 0 & J,
we get J¢ = J¢U{0}. Hence

Bn ~ Bn+1 o Bn+1 o Bn+1 ~

B,
(es)  (eseteo) (esup) (ejo) —°H

by Theorem 4.1.7. 0

Corollary 4.1.9. Let J C [n]. Then the factor algebra By, /(e;c) has blocks isomorphic
to B, or By, for some 1 <r,t <n.

Proof. Follows from Corollary 4.1.2 and Theorem 4.1.7. O

4.2 Homological properties of B,

In this section we study some homological properties involving the syzygies of the simple
Bp,-modules which will permit us characterise homological embeddings between Serre
subcategories of mod By,. More precisely, we show that if n > 5 and 1 <7 < j <n then
Extgnz(S (1),5(j)) 2 K, to do so we need explicit descriptions of the k-th syzygies of the

B,,-simples S1,...,S, for some k’s. The next results will explain this in more detail.
We start recalling the definition of syzygy of a module.

Definition 4.2.1. Let A be an Artin algebra. Let M be a A-module, and P, : --- —

P f—k> o= Py f—1> Py ﬁ) M — 0 a projective resolution of M, with M in degree —1.

Then f; is the i-th differential of P,, for ¢ > 0, and Qf\M = Ker fr_1 is the k-th syzygy
of M, for all k > 1.
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From now on, in this section we work over the algebra B, so we write QFM =
Q% M, for any module M € mod B,,. Note that by dimension shifting we have that
Ext% (M,N) = Homén(QkM, N), for any N € mod B,, and k < 1.

For1<i<n—-2and0<¢t< %, t € Z, denote M (i, + 2t) the string B,,-module

142 142t

\/\ NS

1+ 1 - i+2t—1

and the projective By,-module P(i,i+2t) == @3‘:0 P(i+2j). By Proposition 4.1.4, there
are inclusions ¢;¢: M (i,i 4 2t) < P(i+ 1,7+ 2t — 1). Observe that there are projective
covers of the form h;;: P(i,i + 2t) — M (i, i + 2t).

From Proposition 4.1.4, direct and easy computations show that

S(2) if i =1,
QS = M@i—1,i+1) f2<i<n-—2, (4.2.1)
S(n—1) ifi =n.

For the next proposition consider the functions h, g: N — Z given by

h(n) == gn) =<m+2 ifn=2m+1+#3,

m-+1 if n=2m.

2 if n =3,
m—2 ifn=2m+1,
m—2 if n=2m,

Proposition 4.2.2. Let n > 5.

(a) We have the following exact sequences in mod B,,.

0— M(1,3) = P(2) = P(1) = 5(1) =0,

0— M(2,4) — P(1,3) —» P(2) — S(2) — 0,

0> M@GE—-2,i+2)—>Pi—1,i+1) = P(i) = ()—>0,f07’ <i<n-1,
0—=Mn-2,n)—>Pn—-1)— P(n)— Sh) —

M(1,k+1) ifk is even,

(b) If2 < k < n —2 we have Q*S(1) = e
M2,kE+1) ifk is odd.

() If2<k<h(n)andk+3<i<n—1—k, then Q*S(i) = M(i — k,i + k).
(d) If3<k<n—2, then Q¥S(1) = QF-15(2) = ... = Q=9 5 (g(E)).

The diagram in Fig. 4.1 depicts the syzygies considered in Proposition 4.2.2, in the
sense that the point in the row label by k& and column 7 represents 2¥S(i). Note that the
syzygies appearing on the left hand side of the picture satisfy Q%S(i) = QF+=15(1), for
2<k<n-—3and 2 <i < g(k), by Proposition 4.2.2 (d), thus they are characterised
by Proposition 4.2.2 (b). The remaining cases, i.e. the syzigies represented by points in
the triangle to the right are completely described by Proposition 4.2.2 (c).
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1 2 3 4 5 7+1 n—3 <«
2 |e L8 0 e\e . . 2
3 o’//o’llo’/,o ) )
o’//.’llo’//o'l o o o/ h(n) -1
o’//o’/,o/ o eNe/ h(n)
o’/,oll " o/ gln—2)
./ .
e
n—23 ¢
n—2|e
T
k

Figure 4.1: For n even, the points in diagram represent Q¥S(i). The triangle to the right
correspond to syzygies characterised in Proposition 4.2.2 (¢). The dashed lines denote
the isomorphic syzygies described in Proposition 4.2.2 (d). The diagram is similar when
n > 9 is odd, in that case the row k = h(n) in the triangle has 2 points corresponding to
Qh(”)S(”T‘H) and Qh(")S(”T‘*'g). If n =5,6,7 the triangle to the right does not appear.

Proof of Proposition /.2.2. (a) is consequence of (4.2.1).
(b) From (a), we construct a projective resolution of S(1) by induction. If n = 2m+1,
with m > 2, then n — 2 = 2m — 1. Thus, for 2 < k < m we have an exact sequence

hok—1 hok—2

P(2,2k) ~25P(1,2k — 1) ~2=2 P(2,2k — 2) — ---
My pe2,4) 22 pa1,3) 22 p2) 15 p(1) 22 S(1) = 0

where P(1) and P(2,2k) are in degrees 0 and 2k — 1 respectively. By induction,
O?k=18(1) = Ker hog_o = Im hop,_1 = M(2,2k) and Q2725(1) Ker hop_3 = Im hog_o =
M(1,2k — 1).

Similarly, if n = 2m, with m > 3, then n — 2 = 2m — 2. Thus, for 2 < k < m we
construct an exact sequence

hoj— hoj—
P(1,2k — 1) =224P(2,2k — 2) =% P(1,2k —3) — ---
My p(2,4) 25 P(1,3) 22 p2) 2 P(1) 2% 5(1) = 0

where P(1) and P(1,2k — 1) are in degrees 0 and 2k — 2 respectively. By induction,
QZk_QS(l) = Kerhor_3 = Imhop_o = M(l,Qk — 1) and Q2k—38(1) = Kerhop_4 =
Im h2k73 = M(2, 2k — 2)

(c) In this case, consider n > 8, otherwise the conditions are empty and there is
nothing to prove. Note that if k¥ = 2, the result follows from (a). Then, if £ 4+ 3 < i <
n — 1 — k, usig induction on k£ we find an exact sequence

hi—3

Pli—(k—2),i+k—2) ™2PG— (k—3),i+k—3) "% ...
SP(i—2,i+2) 2 Pli—1,i+ 1) 25 P@) 2 (i) — 0,

then Ker hj,_o = Q¥ 15(i) =2 M(i — k + 1,i + k — 1), which implies that the following
term in the sequence is P = P(i — k + 1,5+ k — 1) and QFS(i) = M (i — k,i + k).



88 Chapter 4. Blocks of Schur algebras of finite representation type

(d) We proceed by induction on k. For k = 3,4,5,6 the result follows by direct
inspection. Thus, we can assume k£ > 6. First suppose that £ = 2m + 1, with m > 3.
Then g(k — 1) = m + 1 and g(k) = m + 2. Thus, by induction hypothesis we have
Q2mS(1) =2 O?m=15(2) = ... =2 Q™S (m + 1). Using these isomorphisms, by induction
we continue the construction of projective resolutions of S(1),...,S(m + 1) such that
Q2mHlg(1) =2 O?mg(2) = ... =2 OMFTLG(m + 1), but by (b) these syzygies are isomorphic
to M(2,2m +2) = M(2,k +1).

On the other hand, note that the numbers k' := m — 1 and i’ := m + 2 satisfy 2 <
k' < h(n) and k' +3 = i/, thus by (c) we have Q"~1S(m+2) = M(3,2m+1) = M(3,k),
hence, by induction, the m — 1-st differential of a projective cover of S(m + 2) has the
form

hmfl

P(3,k) — "1 P(4,k—1)

~

M(3, k)

thus QS (m+2) = M(2, k+1), showing the claim for k = 2m+1, since k+1—g(k) =m
and g(k) = m + 2. The case when k = 2m is similiar. This completes the proof. ]

Corollary 4.2.3. Let n > 2, and i € [n]. Then pd S(i) = oo as B,,-module. Thus,
gl.dim B,, = oc.

Proof. From Proposition 4.2.2 we can construct for each S(i), ¢ = 1,...,n, an infinite
projective resolution of period 2, with repeating differentials P(1,n) — P(2,n — 1) if n
is odd, and P(1,n — 1) — P(2,n) if n is even. O

We have two crucial implications of Proposition 4.2.2 that will be used in the proof
of Theorem 4.3.3. Namely we have the following obervation.

Remark 4.2.4. If2<k <n—2and 1 <i<n—1—Fk, then Q% S(i) = M(z,i+k) for
some integer 1 < x <n —1, and for i € [n], ExtQBn(S(i), S(i)) = Homp (Q28(i), S(i)) =
K, since S(i) is direct summand of top Q225(3).

The following is a key lemma used in the characterisation of homological embeddings
into mod B,,.

Lemma 4.2.5. Let n > 2. Then Ext} (S(i),S(i)) 2K for 2 <i < n.

Proof. Induction on n. For n = 2, we have that 0 = P(2) - P(1) = P(2) = S(2) = 0
is a projective resolution of $(2) in mod By, thus Q25(2) = P(2). By dimension shifting
we get Ext (9(2),5(2)) = Homp, (0225(2), S(2)) 2 K, since S(2) = top P(2).

Now let n > 2. By Theorem 4.1.7 B, /(e;) is isomorphic to Bj,—1, thus Lemma 4.1.3
implies that the composition mod B, — mod B,, /(en) < mod B,, is a homological
embedding, so Extp, (S(i),S(i)) = K for all i € {2,...,n — 1} by induction. Is left to
prove the case i = n. Indeed, the following is an exact sequence in mod B,, :

0—+K—P(n—1)— P(n) = S(n) —0,

I

where K ="~ 2, /", hence K = Q25(n). So, Ext}, (S(n), S(n)) = Homp, (K, S(n))

K, because S(n),ls direct summand of top K, finishing the proof.

O
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4.3 Homological poset of B,

Now we are prepare to give a characterisation of the cover relations of the homological
poset of B,. We start describing the homological embeddings into mod B;,.

i C [n], J non-empty. Then the emebedding v =
Lyn: mod By /(eje) = mod By, is homological if and only if r =1 and 1 € J.

Theorem 4.3.1. Let J = |_|j_1 Ji

Proof. (<) Follows by induction using Lemma 4.1.3 and Theorem 4.1.7.
(=) We proceed by contraposition. First assume, without loss of generality, that
r = 2. Write J; = [s;,t;] for i = 1,2, with ¢; + 2 < s9, and set By := B,,/(ej<). Then

where the second block is isomorphic to Btz, so+1, since 1 € Jo. We distinguish two cases.
If card Jo = 1, i.e. s = t9, then Bt2_52+1 = Key, = S(t2) as Bj-modules, which shows
that S(t2) is Bj-projective, so Ext%J (S(t2),S(t2)) =0 for all ¢ > 1. On the other hand,
by Lemma 4.2.5 Ext% (S(t2), S(t2)) = K, given ty > 2. Therefore ¢, is not homological.

Now, if card Jo > 1, then Bgtz,sfrl has infinite global dimension by Corollary 4.2.3,
but B, has finite global dimension, considering it is quasi-hereditary, hence ¢; cannot
be homological.

Finally, if 1 € J, B is isomorphic to a product of algebras of the form B,, for some
m € N4, so similar arguments as before show that ¢; is not a homological embedding.
This completes the proof. O

Lemma 4.3.2. Let n > 3. Then, the embedding 1;: mod B, /(e;) < mod B, given by
restriction of scalars if homological for i = 1,n.

Proof. Tt is enough to observe that (e;) and (e,) are projective By-modules by Propo-
sition 4.1.4 (g). O

Recall that we identify By = IIy, thus in either case, the only homological embeddings
of the form mod A < mod By are the trivial ones, i.e. when A = By or 4 = 0 (cf.
Corollary 3.7.4).

Theorem 4.3.3. Let n > 3, J = | |;_; Ji C [n], J non-empty. Then, the embedding
Ly = L[y mod By, /(ejc) < mod By, is homological if and only if r = 1 and card J > 2.

Proof. Set B := B,/ (e ).
(=) We proceed by contraposition. For, suppose r > 2. Without loss of generality
we can consider r = 2. Write J; = [u;, t;], for i = 1,2. Then, by Corollary 4.1.5 we have

If u; = t;, for some i = 1,2, then Corollary 4.1.8 implies that Bn/(ejf) ~ B, Key,,
thus pdg S(u;) = Pda /(e 0 S(u;) = pdg K = 0. But in Remark 4.2.4 we observed that

Ext% (S(u;), S(u;)) = K. Hence, ¢ is not homological in this case.
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Now assume u; < t;, for i = 1,2. Thus 1 < t; < ug < n. Since S(t1) and S(ug) are
supported in different blocks as B-modules, Ext}(S(t1), S(u2)) = 0. On the other hand,
there exits 2 < k < n — 2 such that us = t; + k. By dimension shifting we have

Ext} (S(t1),S(t1 +k)) = Homp (Q*S(t1), S(t1 + k). (4.3.1)

From Proposition 4.2.2 we know that QFS(t1) = M(p,t; + k) as B,-modules, for some
1 < p < n —1. Then, recalling the shape of M(p,t1 + k), it is easy to see that the right
hand side of (4.3.1) is isomorphic to K, since S(t; + k) is direct summand of top Q¥ S(t;),
showing that ¢ is not homological.

(<) We proceed by induction on n. For n = 3, the only possibilities for J are [1, 2] and
[2,3]. Since J€ is equal to {3} and {1} respectively, the claim follows from Lemma 4.3.2.
Now let n > 3 and J C [n] as in the hypothesis. We distinguish two cases.

First, if n & J, then J C [n— 1]. Write J = [n— 1]\ J, and recall that J¢ = [n] \ J.
Then,

By induction ¢;: mod B,,_1/(e J) — mod B,,_1 is a homological embedding. Also note

/.
- i ~ -
that B,—1 = B,/(en), and ¢,: mod B, /(e,) — mod B,, is homological. Hence, the
composition

B, ~ B_1 Y N - B
"2 mod == ! n

(ee) (€er)

equals ¢;, since all functors are given by restriction of scalars, thus ¢ is homological.
Second, if n € J, then necessarily 1 ¢ J, and the proof is done similarly as in

the previous case, but now considering that B,_; = B, /(e1) and that the embedding

t1: mod B, /(e1) — B, is homological. This completes the proof. O

mod

Recall that H(A) is a weak subposet of the power set of [n] ordered by inclusion
P(n). Thus, if (J,I) € H(A) and card I \ J = 1, then (J,I) € CovH(A).

Corollary 4.3.4. Let n > 3, and J C [n]. Then,

(a) (J,[n]) € CovH(By,) if and only if J = [1,n —1].

(b) (J,[n]) € CovH(By,) if and only if J =[1,n—1] or J = [2,n].

Proof. (a) From Theorem 4.3.1 we have r = (J,[n]) € H(B,) if and only if J = [1,1]
for some 1 <t <n—1. Thus, if t = n — 1, then clearly r is a cover relation. Conversely,
if ¢ <n—2, then ([ () = t[n-1],[n] © L[f],jn—1] 18 & non-trivial factorisation of ¢f [, into
homological embeddings, thus [n] does not cover [¢] in H(By,).

(b) From Theorem 4.3.3 we have r := (J,[n]) € H(B,) if and only if J = [s, ] for
some 1 < s <t <mn. Thus, if (s,t) = (1,n—1) or (s,t) = (2,n) then r is a cover relation

in H(B,,). Conversely, if 2 < cardJ < mn — 2, then J C [1,n — 1] or J C [2,n]. In the
first case, L) = t[n—1),[n] © Ls,n—1) 1S @ non-trivial factorisation of ¢, into homological

embeddings, thus r is not a cover relation in H(B,,). The other case is similar. O
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In what follows we use the following assumptions. Let J C I C [n]. As before,
we split them into intervals, i.e. we find 1 < r < ¢ and closed intervals J; = [sj,1;],
I = [ri,u;], for 1 < j <rand 1l <<t such that J = L];Zl J;j and I = |_|§:1 I;. We
also assume that t; +2 < sj41 and u; +2 < rj4q, for j € [r — 1] and ¢ € [t — 1], unless
otherwise stated. Moreover, we have a unique function o: [r] — [t] such that J; C I,
for all j € [r]. In the case when ¢ = r, we assume that o = 1}, thus, if 1 € J, then
1 € J; C I, and in these cases, £(J) = r and ¢(I) = t. Also, for simplicity, we denote
By = B, /(ejc) for any J C [n].

Next we show that the cover relations of H(AusT},) (cf. Proposition 3.8.1) are actu-
ally relations in H(B,,), but not necessarily cover relations.

Proposition 4.3.5. Let (J,I) € H(AusT,), then (J,I) € H(By).

Proof. 1t is enough to prove the assertion for the cover relations of H(AusT,,). So, let
(J,I) € CovH(AusT,), and set By := B, /(esc) for simplicity. Then, by Lemma 2.3.7,
it is sufficient to show that the ideal (ej\ ;) is projective as Br-module.

From Proposition 3.8.1 we have four cases.

Case 1. t=r+1,1€ J, J1 =11 and J; = I,(;) for 2 < j <r. By Lemma 3.10.1, we
have I'\ J = I;;, for some iy € {2,...,t},i.e. I = JU ;. Then

BIEH

note that the last block is isomorphic to (eps) = (er,) as Br-module, hence Bj-
projective.

Case 2. t=r,1€ J, uy =t +1,and J; = I; for 2 < j <r. Thus, I = [1,u1] and
I\ J={ui}, so

Y

eJc eIc )

r

B; = Bn ><H Bn gBule Bn

(er5) 5 (ess) i (es)’
then (ey\j) = Breu, Br = (elc) €uy (2—2) > By €y By, =@ M as Br-modules. Note that
1

M is a projective By,-module (Proposition 4.1.1 (g)). Set B’ = [[}_, By /(ese), then B’
is an ideal of By and B’ C annpg, M, hence M = (e ;) is a projective Br-module.

Case 3. t =r+1,1 ¢ I and J; = I, for all j € [r]. Then, there exists 79 € [t] such
that I\ J = I, i.e. I = JU I, thus

BIZH m

eIc )

and similarly as in Case 1, we conclude that (e I\ 7) is Br-projective.
Case 4. J C{3,...,n} and I =[1,1]U J. Thus, I\ J = {1}, so

H nNK61XH

GJC

By

GJC

thus (e, 7) = (e1) = Ke; as Br-modules, showing that (ey\ 5) is projective. O
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Note that the relations (J, I) described in Cases 2 and 4 in the last proof are cover
relations in H(B,). We keep the same notation for the intervals J; and I; as before.

Lemma 4.3.6. Let n >3, J C I C [n], r = 4(J) and t = £(I). Then the following
conditions hold.

(a) If (J,I) € CovH(B,), thenr <t <r+1,.

(b) Lett =r. Then (J,I) € CovH(By,) if and only if there exists ig € [r] such that
(Jios Liy) € CovH(By, ) and J; = I; for alli # io.

(¢c) Lett =r+1. Then (J,I) € CovH(By,) if and only if there exists ig € [t] such that
io ¢ Imo, (2,1;,) € CovH(By, ) and Jj = I, for all j € [r].

Proof. (a) First suppose by contradiction that r + 1 < ¢t. Without loss of generality we
can assume t = r + 2. Then I = J U I;, U I;,, thus similar arguments to those used in
the proof of Proposition 4.3.5 Case 1 show that J <p, J U I;; <p, I, a contradiction.
Moreover, r < t, otherwise t < r, thus there exist igp € [t] and jy € [r] such that
Jjo U Jjo+1 € Iiy. If 1 € I;,, then By has a block of the form Bn/(efico) ~ B,,, for
some m, hence, after relabelling the idempotents if necessary, Theorem 4.3.1 shows that
(Jjo U Jjo41, Liy) is not a homological embedding in H(B,,), thus (J,I) ¢ H(B,), a
contradiction. A similar contradiction holds if 1 & I;,. Therefore, » <t <+ 1.

(b) Tt is clear that the implication (<) is consequence of Corollary 4.1.2. For the
converse, we proceed by contradiction. In particular we have (J;, I;) € H(By,) holds for
all i € [r]. First, suppose that there is no 49 € [r] such that (J,, I;,) € CovH(By, ), i.e.
(Ji, I;) & Cov H(By,) for all i € [r], then there exists K; C [n] such that J; < K; < I; in
By, thus J <p, JU K, <p, I contradicts the fact that (J, I) is a cover relation. Then,
we can assume that such an iy exists. By contradiction, we assume also that there exits
11 € []}, ig # 41, such that Jiy € I;;. Then, Jig < L, in U{(BL;O) and J;, < I;; in J‘C(B[il),
hence J < (J\ J;,) UL, < I is a non-trivial factorisation of the relation (J, 1) in H(B,,),
since J;, is contained in the middle set, a contradiction. Thus, the converse holds as
well.

Note that if (J,I) € CovH(B,,), then t = r if and only if J; # @ for all ¢ € [r], thus
(¢) is consequence of (b) when we let some J; to be empty. This completes the proof. [

The last lemma shows that the cover relations (J, I) in H(B,,) are determined by the
cover relations of any block By, and these cover relations are completely characterised
in Corollary 4.3.4, since each block is of the form B,, or B,,, for some m.

Proposition 4.3.7. Let n > 3, and J C I C [n] as before. Consider the following
conditions.

(Cl) t=r+1,1€J, Jj = Iy forall j € [r], and card I;, € {1,2} for the unique
ip € [t] \ Imo.

(C2) t=r,1e i Ch,Jj=1; for2<j<r,andu; =t +1.

(C3) t=r+1,1¢1, J;j = Iy for all j € [r], and card I;, € {1,2} for the unique
ip € [t] \ Imo.
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(C4) I =[1,1]UJ, with J C{3,...,n}.

(C5) 1 € J, there exists 2 < jo < r such that s;, < tj, and I \ J = {sj, — 1} or
I\J={t;,+1}.

(C6) 1 & I, there exists 1 < jo < r such that sj, < tj, and I\ J = {sj, — 1} or
I\J:{tj0+1}.

If the pair (I,J) satisfies one of the properties (C1)-(C6), then (I,J) € CovH(B,).
Conversely, all the cover relations of H(By,) are given by the conditions (C1)-(C6).

Proof. First, note that all the conditions are pairwise disjoint. Moreover, by Proposi-
tions 3.8.1 and 4.3.5 the pairs (J,I) in (C1) to (C4) are relations in H(B,,). For the rest
of the proof, set By := B,,/(esc).

Next, we show that (C5) and (C6) give relations in H(B,,). For, suppose that (I, .J)
satisfies (C5) with I'\ J = {sj, —1}. Then, I = I;y U[ |, J;, where Ij; = [sj, — 1,;,].
Since 1 € J, we have that 1 € I1, and 1 &€ I;,, given 2 < jy. Thus,

BTL Bn il B’/’l
Br = ><|| %Bmx” , 4.3.2
! (615.0) L1 (eje) L1 (eje) ( )
J#jo ~ I j#j0 J

where m = tj, — sj, +2 > 3. Then, (ep\y) = Bres;—1Br & Bmesjo,lém = M as
Br-modules. By Proposition 4.1.4 (g), and after relabelling the idempotents of B, as
{€jo—1, €405 - - - ’etjo}’ we conlude that M is a projective B,,-module, thus a projective
Br-module, considering the isomorphism (4.3.2). Hence, Lemma 2.3.7 implies that ¢ ;
is homological in this case.

Now, if (J, I) satisfies (C5) with I\ J = {t;, + 1}, or (C6), we find an isomorphism
(4.3.2), thus similar arguments as before show that (J,I) € H(B,).

On the other hand, the pairs (J, I) with properties (C2), (C4), (C5) or (C6) satisfy
that card I — cardJ = 1, thus they are cover relations in H(B,). If (J,I) has the
conditions in (C1) or (C3), then I = J U I;, for some ig € [t], and card [;;, < 2. If
card I;, = 1, then card I — card J = 1 and (J,I) is a cover relation. If card I;, = 2, then
Bn/(elfo) >~ By, = II, would be a block of B; by Corollary 4.1.2 and Theorem 4.1.7,
but we know that there are no non-trivial homological embeddings mod A — mod Iy
given by restriction of scalars, so there is no K C [n] such that J <p, K <p, I, i.e.
(J,I) € CovH(By,).

Now, we prove that these are all the cover relations of H(B,,). Indeed, let (J,I) €
Cov H(B,,), then by Lemma 4.3.6 (a) we know that r <t <r+ 1.

First, if ¢ = r, Lemma 4.3.6 (b) implies that there exists ig € [r] such that (J;,, I;,) €
Cov j'f(BIiO) and J; = I; for all i # ig. Since I;, # @, we have that

B, = B, if 1€ I,
© |\ B i1,

for some m > 2. In the first instance we have that iy = 1, thus Corollary 4.3.4 (a) shows
that the only possibility for J;, and therefore for J, is the one given in (C2). For the
second case, if m > 3, then Corollary 4.3.4 (b) shows that the unique possibilities for
Ji, are given by (C5) if 1 € J, or by (C6) if 1 ¢ I. If m = 2, the unique cover relation
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in H(Br, ) is (9, Li), i.e. Jiy = @, thus t = r + 1, a contradiction. Thus, this case does
not hold.
If t = r+ 1, Lemma 4.3.6 (c) shows that there exits ip such that I = J U I;, and
(2, ;) € CovH (B, ). Then necessarily card I;, € {1,2} by Corollary 4.3.4, thus
o | B1 if card [;, =1,
Br,, = .
0 Il if card [;, = 2.

Hence, the unique possibilities for (.J, I) are given by (C1), (C3) and (C4), depending on
wether 1 € J, 1 ¢ T or1 eI\ J,respectively. This shows that the conditions (C1)-(C6)
describe all the cover relations in H(B,,). O

4.4 Homological Hasse quiver of B,

Next we count the number of cover relations given in Proposition 4.3.7. For, we use
the binary notation of subsets J C [n] introduced in Section 3.10. Observe that with
this notation, the conditions (C1)-(C6) in Proposition 4.3.7 are equivalent to statements
using binary notation and subwords, for instance (C1) is equivalent to ask Bin, (/); =1
and 010 or 0110 are subwords of Bin,(); or Bin,(I) = (1,%,---,%,0,1) or Bin,(I) =
(1,%,---,%,0,1,1), where x € {0,1}.

For i € {1,...,6}, we denote by C(7) the set of pairs (J,I) given by the condition
(Ci) in Proposition 4.3.7.

Lemma 4.4.1. Let n > 4. Then the following equalities hold.

Proof. (a) Let (J,I) € C(1). From the previous discussion, we have four general shapes
for the binary notation of I:

I=(1,%--,%,0,1,0,%,-- %),
Ik, ,%,0,1),

Loy ooe %, 0,1,1,0,%, - -+ %),
Ly, oo ,%,0,1,1).

Note that the first two correspond to the property that for some i card I;, = 1, and the
last two when card I;, = 2. Hence, for (i) the first 0 of the subword 010 cannot be placed
at entries 1,n — 1 or n of I, and there are n — 4 free slots marked with *, thus there are
2"=4(n — 3) choices for I as in (i). It is clear that for (ii) there are 2"~3 choices. Similar
arguments show that there are 2"~®(n — 4) choices for the case (iii) and 2"~ for (iv).
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Hence, card C(1) = 2"~%(3n — 4), since once I is determined, J is uniquely defined in
these cases.

(b) Let (J,I) € C(3). Then I is determined by the conditions: Bin,(I); = 0 and
there exists ig such that card I;, € {1,2}. If

(i)I:(07*7"'7*7071707*7"'7*)7
(11) I= (071707*a"' a*)a
(iii) I =(0,%,---,%,0,1).

Using the same counting methods as in (a), we have 2" %(n — 3) choices for (i), and
27=3 for (ii) and (iii). On the other hand, if card I;, = 2, we have also three shapes for
Bin, (I):

(i)I:(07*7"'7*70>1>1707*7"'7*)7
(11) I= (0’171705*5"' ’*)a
(ifi) 7= (0,%,---,%,0,1,1).

For (i) there are 2" °(n — 4) choices, and 2"~ for (ii) and (iii). Since J is uniquely
determined, once I is given, we get that card C(3) = 2"~%(3n + 2).

(c) Let (J,I) € C(5). Then, it is clear that I is characterised by: Bin,(/) = 1
and 0111 is a subword of Bin,([). Thus I = (1,%,---,%,0,1,1,1,%,--- %), so there are
2"~3(n — 4) choice for such an I. In this case, .J is not uniquely determined by I, there
are exactly two choices for it, considering (C5). Therefore, card C(5) = 2"~4(n — 4).

(d) Let (J,I) € C(6). Then, [ is characterised by: Bin,(I) = 0 and 0111 is a subword
of Bin,(I). Thus I = (0,%,---,%,0,1,1,1,%,--- ,%), for which there are 2" 5(n — 4)

choices, or I = (0,1,1,1,%,---,%), for which there are 2"~* choices. Thus, there are
2"=5(n — 2) choices for I satisfying the conditions in (C6). As before, there are two
choices for .J, thus, card C(6) = 2"~4(n — 2). O

Corollary 4.4.2. Let n > 3. Then, card CovH(B,,) = 2" 4(5n + 1).

Proof. We know that card C(2) = 2772 = card C(4) (cf. Proposition 3.8.3), then the
result follows from Lemma 4.4.1, when n > 4. Direct computations show that H(Bs) =
H(AusT3), thus Cov H(B3) = 8. O

In what follows we will describe the Hasse quiver H(B,,) of B,, recursively, but first
we need the next arithmetic formula of card Cov H(B,,). Recall that B, = AusT, for
n € {1,2}, thus we define b(1) := 1, b(2) := 3 and b(n) = 2=Y(5n + 1), for n > 3.
Hence, b(n) = card Cov H(B,), for n > 1. We remark that the sequence {b(n)}nen,
is not listed in the on-line encyclopedia of integer sequences OEIS [OEI20] until the
publication date of this thesis.

Lemma 4.4.3. Let n > 3. Then b(n) = S0 b(i) +5- 273 — 1.

Proof. Follows easily by induction. O
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Note that for n > 3,
n—1
b(n) =D b(i) +2"7% 42772 42020 — 1) + L. (4.4.1)

i=1

This motivates a recursive construction of H(B,,). For, we define the following sets.

H@)={(JUli+2,n],IU[i+2,n]) | (J,I) € CovH(B;)}, for i € [n — 2],
UG)={(J,Juli+2,n])| J CIi]}, forie {n—3,n—2},

T(n) = {(J Uln— 20— 1,7 U —2,n) | J € [0 3]),

T'(n) ={(JUn—-1,n,JU[n—-2,n]) | J < [n—3]}.

Proposition 4.4.4. Let n > 3. Then
CovH(B |_| H@HOUUMm-3)uUm—-2)UuT(n)uT'(n)u{([n—-1],[n])},

where H(n — 1) :== Cov H(Bj—1).

Proof. First, observe that the sets involved in the equality are pairwise disjoint. More-
over, Lemma 4.3.6 implies that H(i) C CovH(B,) for all i € [n — 1], in particu-
lar Lemma 4.3.6 (c) shows that U(i) C CovH(B,) for i € {n — 3,n — 2}, since
(2,[2]) € CovH(Ily) and (&, [1]) € CovH(B;). On the other hand, T'(n) U T"(n) is
the subset of relations (J,1) in C'(5) U C(6) such that Bin,(I) = (*,---,%,0,1,1,1),
thus T'(n) UT'(n) C CovH(B,,). It is straightforward to see that card H (i) = b(i), for
i € [n—1], cardU(i) = 2¢, for i € {n—3,n—2}, and card T'(n) = card T"(n) = 2"~3 — 1.
Finally, note that ([n — 1],[n]) € CovH(B,) by Corollary 4.3.4 (a), hence the result
follows from (4.4.1). O

The last result says that, for ¢ € [n — 1], then H(i) can be considered as a copy of
Cov H(B;) inside Cov H(B,,). As an example, in Fig. 4.2 we depict the Hasse quivers of
H(By,), for n € {4,5}. The cases n = 1,2 or 3 are shown in Fig. 3.1 on page 66.

On the other hand, in Section 3.11 we characterised the quasi-hereditary algebras of
the form AusT,,/(ej) for subsets J C [n]. In the case of the quotients B, /(e <) we have
the same conclusion.

Proposition 4.4.5. Let J C [n], and < the usual order on J. Then (By/(e), (J,<))
is a quasi-hereditary algebra if and only if 011 is not a subword of Bin,(J).

Proof. Follows similarly as in the proof of Proposition 3.11.1 considering Corollary 4.1.9
and that B,, has infinite global dimension for m > 2. O



4.4. Homological Hasse quiver of B, 97
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Figure 4.2: Homological Hasse quivers of By and Bjs. For simplicity, we write the
subsets J C [n] as words over the ordered alphabet {1,...,n}, in the natural way, for
n = 4,5. The copies of H(B;) are indicated in , H(B3) in red, H(B3) in and
H(B4) in green, respectively; in each case, the empty set corresponds to the elements
marked with a rectangle. For n € {4,5}, black solid arrows terminate at vertices I,
with {n — 2,n — 1,n} C I, and they correspond to elements of T(n) LI T"(n) and the
embedding ¢, 1 ,). Dashed arrows indicate elements of the sets U (7).






Chapter 5

Quasi-hereditary structures of
path algebras of type A,

2 n—1 n

Let K be a field. The Dynkin diagram of type A,, is the graph R S
In this chapter we classify all the quasi-hereditary structures of path algebras of type
A, i.e. path algebras K@, where ) has underlying graph A,,. First for an equioriented
quiver, and then for any orientation. This is joint work with Yuta Kimura and Baptiste
Rognerud [FKR20].

The chapter is organised as follows. In Section 5.1 we define binary search trees
which we use to construct minimal adapted posets to A, = KA, in the sense of Defi-
nition 2.2.15, where A,, is an equioriented quiver of type A,,. Then we show a bijection
between binary trees and quasi-hereditary structures of A, that is compatible with the
classification of A,-tilting modules presented in [Hil06], determining that gh.str(A,)
and the Tamari lattice of size n are isomorphic posets. Section 5.2 is devoted to study-
ing quasi-hereditary structures of quiver algebras under deconcatenations of the original
quiver. As application we find all the quasi-hereditary structures of path algebras of
type A, in the general case.

5.1 Path algebras of type A,: equioriented case

Let A, = t— < ...<" bean equioriented quiver of type A,. In the setting of

quiver representations, it was noticed by Gabriel in [Gab81] that tilting modules over
A, = KA, are counted by the n-th Catalan number

1 2n
Cp = .
" n4+1\n

Moreover, Buan and Krause studied the poset structure of tilting modules in mod A,
determining that the latter is isomorphic to the Tamari lattice of size n as posets [BK04].
The Tamari lattice of size n, denoted by T(n), is defined on the set of bracketings of
a string of n 4 1-letters, and relations given by the rule (zy)z — z(yz) [Sta99], it was
introduced by Dov Tamari [Tam62]. There are several ways to describe the Tamari
lattice, all of them involve bijections between families of objects counted by Catalan
numbers [Sta99, Corollary 6.2.3]; among them we find the set of binary trees.

99
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In this section we show that the number of different quasi-hereditary structures of the
path algebra A,, also coincides with ¢, and prove that this bijection is compatible with
the poset structure on the set of quasi-hereditary structures of A,. The classification
of quasi-hereditary structures of A, is given by binary trees with a specific labelling.
We also describe all the characteristic tilting modules over A, using minimal adapted
posets. We start defining binary trees.

Definition 5.1.1. A binary tree T is either the empty set or a tuple (r, L, R) where r
is a singleton set, called the root of T', and L and R are two binary trees, called left and
right subtree, respectively. The root of L (R, resp.) is called the left (right, resp.) child
of r. The empty set has no vertex but has one leaf. The set of leaves of T' = (r, L, R) is
the disjoint union of the set of leaves of L and R. The size of the tree is the number of
leaves minus 1. We depict binary trees as in Fig. 5.1.

Figure 5.1: Graphic  representation of the binary tree T =
(a, (b, (d,2,2),(e,d,9)), (c,d,2)). The vertices correspond to singletons, which
are connected by an edge to their left and right subtrees. The leaves are marked by
edges connected to only one vertex. In this case T has 6 leaves, thus it has size 5. The
top-most vertex corresponds to the root of T'.

From now on we identify binary trees with their graphic representation. Therefore,
the size of a tree T' is the number of vertices appearing in T'. It is well known that the
number of binary trees is given by the Catalan numbers.

Definition 5.1.2. A binary search tree is a binary tree labelled by integers such that if
a vertex x is labelled by k, then the vertices of the left subtree (resp. right subtree) of
x are labelled by integers less than or equal (resp. superior) to k.

If T is a binary tree with n vertices, there is a unique labelling of the vertices by
each of the integers 1,2,...,n that makes it a binary search tree. This procedure is
sometimes called the in-order traversal of the tree or simply as the in-order algorithm
(recursively visit left subtree, root and right subtree). The first vertex visited by the
algorithm is labelled by 1, the second by 2 and so on, see Fig. 5.2 for an example.

From now on, every binary search tree will be labelled by the in-order traversal
method.

Figure 5.2: Binary tree of Fig. 5.1 viewed as a binary search tree using the in-order
algorithm. The vertices of T' are visited in the following order: d,b,e,a,c, thus d is
labelled by 1, b by 2, and so on.
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Let T be a binary tree of size n viewed as a binary search tree. Then T induces a
poset <p on {1,2,...,n} by setting i <p j if ¢ labels a vertex in some subtree of the
vertex labelled by j. In other words, erasing the leaves of T', and converting each edge
into an arrow pointing from a lower level to a higher level, we get the corresponding
Hasse quiver of <.

Example 5.1.3. Consider the binary search tree T  of Fig. 5.2. Then <t is the transitive
closure of the relations: 1 <17 2, 3 <7 2, 2 <r 4 and 5 < 4, i.e. the Hasse quiver of <ip
is the following.

4
'\
2 5
'\
!

The next proposition is a key result for proving a bijection between binary search
trees and adapted posets to A,,. From now on, we denote the usual order on {1,...,n}
by <.

Proposition 5.1.4. Let < be a partial order on {1,2,...,n}. Then there is a binary
tree T' such that < = <7 if and only if

(a) For every i < j incomparable for <, there exists k such that i < k < j and i < k
and j < k.

(b) For everyi < j <k, ifi <1k then j <k and if k <i then j <i.
Proof. See [CPP19, Proposition 2.21]. O

Remark 5.1.5. Condition (a) is equivalent to the following weaker condition: for every
1 < j incomparable there exists k such that i < k < j and ¢ <1k or j < k.

Lemma 5.1.6. Let n > 1. Then the following conditions hold.
(a) Let T be a binary tree of size n. Then <t is an adapted poset for A,,.
(b) If < is an adapted poset for A, then there is a binary tree T' such that < ~ <.

Proof. The indecomposable A,-modules can be identified with intervals in {1,2,--- ,n}.
Then, (a) follows from Proposition 5.1.4.

(b) Let <1 be an adapted poset for A,,. Let R be the set consisting of all the relations
of < that satisfy the condition (b) of Proposition 5.1.4. This set is non-empty since
it contains all the trivial relations ¢ <1 ¢ and all the relations of length 2. Because the
condition (b) is stable under transitivity, it is easy to see that R is a partial order on
{1,2,--- ,n}.

Let us look more carefully at the failure of condition (b). Let ¢ < j such that i < j
and thereis ¢ < k < j with k 4 j. We choose k maximal for this property. There are two
possibilities: either j <1 k or j and k are incomparable. Assume the second possibility.
Since the poset is adapted, there is k < z < j with k <z and j < z. By the maximality
of k, there is a relation x <1 j which contradicts the anti-symmetry of <. Thus, only the
first possibility occurs, and by transitivity we have ¢ <t k. Note that the relation j < k
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lies in R because if &k < x < j, the maximality of k implies that x <1 j, and by transitivity
we have x <1 k. The relation ¢ <1 k not necessarily belongs to R, but we can use the same
argument with ¢ and k and by induction we prove the following. If a relation ¢ <1 j with
i < j is not in R, there is ¢ < k < j such that i <j, j<k € Rand i <k € R. By
symmetry we have the same result for the decreasing relations.

Now we prove that R satisfies the condition (a) of Proposition 5.1.4. Let i < j such
that ¢ and j are incomparable in R. There are two possibilities: either ¢ and j are
comparable for < or not. In the first case, the discussion above implies the existence of
k such that i < k < jand : <<k € R and j <k € R. Let us assume that ¢ and j are
incomparable for <1, then there is i < k < j such that ¢ <k and j < k. If the last two
relations are in R, we are done. Otherwise, we use the discussion above and we see that
there is ¢ <t < j such that 1 <t € R and j <t € R.

In conclusion, the poset R satisfies the two conditions of Proposition 5.1.4, so there
is a binary tree T" such that R = <. Moreover the poset < is an extension of R, so by
Lemma 2.2.16, we have that R ~ <. ]

Now we are prepared to show that the quasi-hereditary structures of A, are counted
by the Catalan numbers.

Proposition 5.1.7. Let n > 1. The map sending a binary tree T to the equivalence
class of the adapted poset <t is a bijection between the set of binary trees of size n and
the set of quasi-hereditary structures of A,,. Therefore, card(qh.str A,,) = ¢,.

Proof. We already know that this map is surjective, since by Proposition 2.2.23 every
adapted poset induces a quasi-hereditary algebra. We need to see that it is injective.
For that we explain how we can recover the tree for the set of standard and costandard
modules.

Let T be a binary tree. Then <7 is an adapted poset for A,, and (A, <) is a quasi-
hereditary algebra. The standard module A(i) is the largest quotient of P(i) having
composition factors S(j) such that j <ri. By construction, this implies that j labels
a vertex in the left subtree of the vertex labelled by i. Conversely, the label of the left
subtree of 7 is of the form [, 1], so we see that A(7) is the indecomposable module with
composition factor the interval consisting of i the labels of its left subtree. Similarly,
V(i) is the indecomposable module with composition factors indexed by the interval
consisting of ¢ and the labels of its right subtree. It follows that two different trees
induce two non-equivalent posets. O

Lemma 5.1.8. Let T be a binary tree of size n. Then < is a minimal adapted order
to A,,.

Proof. Let <’ be an adapted poset to A, such that <i7 ~ <’. Then there exists a binary
tree T” such that <’ ~ <7+, by Lemma 5.1.6. Thus T'= T" by Proposition 5.1.7, and the
proof of Lemma 5.1.6 (b) shows that < is extended by <’, which shows the claim. [

Lemma 5.1.8 proves that the Hasse quiver in Example 5.1.3 corresponds to a minimal
adapted order to As. In general, all minimal adapted orders to A,, are obtained in this
way (cf. Theorem 5.1.9).

Let (A, <) be a quasi-hereditary algebra, and T" the associated characteristic tilting
module, which is characterised by add(T") = F(A4) N F(V4) (cf. Proposition 2.2.30).
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Observe that the module T' is a classical tilting module in this case, since A,, is hereditary.
Moreover, the tilting module 7" only depends on the equivalence class of the partial order
< by Lemma 2.4.5. So we have a well defined map char from the set quasi-hereditary
structures of A, to the set of isomorphism classes of tilting modules for A,, which sends
the equivalence class of < to the characteristic tilting module of (A, <1). Moreover, by
Proposition 5.1.7 and [Gab81], the correspondence char is one-to-one.

On the other hand, Hille exhibited a bijective correspondence ¢ between binary
trees of size n and tilting A,-modules up to isomorphism [Hil06, Sec. 9]. This bijection
is compatible with our findings in the following sense.

Theorem 5.1.9. We have a commutative diagram of bijections
Binary trees
of size n
¥

]

Tilting modules
qh. str(A,) ovger A, }/g

char

where ¢ is given by T — [<7].

Proof. In the proof of Proposition 5.1.7 we determined the set of standard modules and
costandard modules from a binary tree 7'. We claim that the indecomposable direct
summand 7'(7) of the characteristic tilting module 7' is the indecomposable module with
composition factors indexed by the interval consisting of ¢ and the labels of its subtrees
(left and right). Since the map ¢ sends 7" to the module constructed in this way, the
proof follows from this claim.

By induction on the size of the subtrees we show that the module T'(i) belongs to
F(A) N F(V). This is clear for the subtrees of size one since in this case T'(i) = S(i) =
A7) = V(7).

In the general case, if i; (resp. i,) denotes the left (resp. right) child of i we have
two exact sequences

0—A®)—>T3G) —T(r) —0

and
0—T(;) —T(@#) — V(i) — 0.

If ¢ has not left (resp.) right child then we let T7'(3;)) = 0 (resp. T'(ir) = 0) and we
still have the two exact sequences. By induction T'(i,) € F(A) and T'(i;) € F(V), so
T(i) € F(A)NTF(V). The results follows. O

Remark 5.1.10. Theorem 5.1.9 does not hold for other orientations of A,,, for instance
in Section 5.2 we show that if @ = 3 — 2 < 1, then card(qh. str(KQ)) = 4, but KQ
has 5 tilting modules, i.e. not all tilting modules are characteristic tilting modules.

The next result is intrinsic in the proof of Theorem 5.1.9.

Corollary 5.1.11. Let < be a minimal adapted poset to A, and char([<]) = @,c; T(4)
the associated characteristic tilting module. Then for any weights i,j € I, we have that

[T(i) : S(j)] # 0 if and only if j <.
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Proof. Let T be a binary tree such that <7 = <. Thus @,;T(i) = char([<]) =
char([<7]) = ¢(T'), by Theorem 5.1.9. Then, from the definition of ¢, we have that T'(7)
has composition factors S(j), with j € I, if and only if j <7 1. O

Example 5.1.12. Let T be the binary tree of Fig. 5.2, and char([<r]) = @?:1 T(1).
Then

Corollary 5.1.13. Let n > 1. Then gh.str(A,,) and the Tamari lattice T(n) are iso-
morphic as partially ordered sets.

Proof. From Lemma 2.4.9 and Theorem 5.1.9 we have that gh.str(A,) and the set of
tilting modules over A,, are isomorphic as posets. Then the assertion is consequence of
[BK04, Theorem 5.2]. O

Example 5.1.14. The Hasse quiver of gh.str(A3) is depicted below. The vertices cor-
respond to the minimal adapted orders to Ag displayed as Hasse diagrams. Note that for
the bottom-most order the standard modules are S(1),5(2),5(3). On the other hand,
for the top-most order we have that A = {P(1), P(2), P(3)}.

3
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2
/TV\
1

7‘

13

S

[oo o] > oo — o]

e

W=

5.2 Quasi-hereditary structures and deconcatenations

In this section we define certain kind of quiver decomposition, namely deconcatenation
of a quiver, and study the relation between quasi-hereditary structures of a quiver al-
gebra and quasi-hereditary structures of the corresponding quiver algebras given by a
deconcatenation of the original quiver. As application of this results, we generalise the
classification of quasi-hereditary structures of Section 5.1 to path algebras of type A,
for any orientation.

For the rest of the section, let () be a finite connected quiver. Recall that a vertex
v € Qq is a sink if all arrows connected to v point towards v, and v is a source if all
arrows connected to v point away from wv.
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Definition 5.2.1. Let v € Qg be a sink or a source. A deconcatenation of QQ at v is
a disjoint union Q' LI Q2% LU --- U QF of full subquivers Q' of @ such that each Q' is a
connected full subquiver of @ having a vertex v, Qo = (@4 \ {v})U---U(Qf \ {v})u{v},
Qi N Q) = {v} and there are no arrows between the elements of @ \ {v} and Q% \ {v},
for 1 <iz£j5</{.

Note that a deconcatenation of @) at a sink or source is not a unique. Furthermore,
it is easy to see that if Q' LU Q? is a deconcatenation of @ at a vertex v, and Q> LU Q% is a
deconcatenation of Q2 at the vertex w, then Q' LUQ3UQ* is a deconcatenation of Q. For
instance, consider @ = 1 — 2 «<— 3 «— 4 — 5. Then we have two deconcatenations of

Q:
(1>2)U(2<3«—4—5), (1—>2<3<—4)u(4—5).

Moreover, the first has a deconcatenation at 4, the second has a deconcatenation at 2,
and the resulting deconcatenation is the same:

(1>2)U(2<—3<—4)U(4—5).

Therefore, we consider deconcatenations which are the disjoint union of two full sub-
quivers.
Let Q' UQ? be a deconcatenation of @) at a sink or a source v. Let I be an admissible
ideal of KQ and A :== KQ/I. Set 1 =2 and 2 = 1. For each £ = 1,2, let
Al = A : (5.2.1)
(eu | u e Qp\ {v})

Thus we have a surjective morphism of algebras A — A’, and there exists an embedding
mod A¢ — mod A given by restriction of scalars. Using this functor, we regard mod A
as a full subcategory of mod A. Therefore, an A-module M is an A’-module if and
only if e, M = 0 for any u € Qf \ {v}. For a vertex i € Qf, let P(i), I'(s), S*(4)
be the indecomposable projective, indecomposable injective and the simple A‘-module
associated to the vertex i, respectively. The next lemma is proven easily.

Lemma 5.2.2. Let Q' LI Q? be a deconcatenation of Q at a sink or a source v. Fix
L=1,2.

(a) For any vertex i € Qf, we have S(i) = S%(i) in mod A.

(b) If v is a sink, then for any vertex i € Qf, we have P(i) = P*(i) in mod A.

(c) If v is a source, then for any vertex i € Qf, we have I(i) = I*(i) in mod A.
)

Let M be a non-zero A-module. If both the top and the socle of M are simple, then
one of M € mod A' or M € mod A? holds.

(e) Let M € mod A® and i € Q. If [M : S(i)] # 0, then i € Qf holds.

Let < be a partial order on (). By restricting this order, we have a partial order
<]|Q6 on Qg, for £ = 1,2. We first compare standard and costandard modules associated
to these orders.
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Lemma 5.2.3. Let Q' UQ? be a deconcatenation of Q at a sink or a source v. Let < be
a partial order on Qo and A (V, respectively) the standard (costandard, respectively) A-
modules associated to <. We denote by Ay (Vy, respectively) the standard (costandard,
respectively) A‘-modules associated to <I|Q€. Then we have the following statements.

(a) If v is a sink, then we have Ag(i) = A(i) for any £ = 1,2 and any i € Q.
(b) If v is a source, then we have V(i) = V(i) for any ¢ = 1,2 and any i € Qé

(c¢) If < defines a quasi-hereditary structure on A, then <1\Qg defines a quasi-hereditary

structure on A for each £ =1,2.

Proof. (a) Let i € Qf. By Lemma 5.2.2, we have P(i) = P%(i). If j € Qo satisfies
[P(i) : S(j)] # 0, then j € Q). Thus, for a composition factor S(j) of P(i) = P(i),
we get that j <4 if and only if j < ‘Qéi' This means that A(i) = Ay(i). By a similar
argument, (b) follows.

(c) Assume that v is a sink. Let i € Qf. By (1), A(i) = Ay(i). Thus we have
[Ag(i) : SY(i)] = 1 by Lemma 5.2.2. Since any composition factor of P(i) is a simple
Af-module, a filtration of P(i) by A in mod A gives a filtration of P*(i) by A, in mod A*.
Clearly, this filtration satisfies the axiom (c¢) of Definition 2.2.13. Thus <’|Qé defines a
quasi-hereditary structure on A¢. The assertion also holds in the case when v is a source
by a similar argument. O

Next we construct a partial order on )y from partial orders on Qf). Recall that we
write 1 =2 and 2 = 1.

Definition 5.2.4. Let <y be partial orders on Qg for £ = 1,2. We define a partial order
< = <Q(<1,<2) on Qq as follows: for i,j € Qo, set i < j if one of the following two
statements holds:

(a) 4,7 € Qf and i <1 j holds for some ¢, or
(b) ieQf,je Qg, i <lpv and v < j hold.

Lemma 5.2.5. Let Q' U Q? be a deconcatenation of Q at a sink or source v. Let
<y be a partial order on Qf and A, (Vy, respectively) the standard (costandard) A*-
modules associated to <y for £ = 1,2. We denote by A (V, respectively) the standard
(costandard, respectively) A-modules associated to < = <1(<11,<l2). Then we have the
following statements.

(a) If v is a sink, then A(i) = Ag(i) for any £ =1,2 and any i € Qf.
(b) If v is a source, then V(i) = V(i) for any £ = 1,2 and any i € Qf.

(c) If <y defines a quasi-hereditary structure on A® for £ = 1,2, then < = <1(<, <12)
defines a quasi-hereditary structure on A.

Proof. (a) Let i € Qf. By Lemma 5.2.2, P(i) = P*(i) holds. By the definition of < and
a similar argument as the proof of Lemma 5.2.3 (a), we have that, for a composition
factor S(j) of P(i) = P*(), j <t if and only if j <1y i. This implies the assertion. By a
similar argument, (b) holds.
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(c) Assume that v is a sink. Let i € Qf. From (a) we have A(i) = Ay(i). In
particular [A(7) : S(i)] = 1. By Lemma 5.2.2, P(i) = P%(i), for all i € Qf. Since <
defines a quasi-hereditary structure on A*, P(i) is filtered by A(i) for i € Qf. Since the
number (P(i) : A(j)) does not depend on the choice of the filtration, the axiom (c) of
Definition 2.2.13 is satisfied. If v is a source, then the dual argument show the claim. [

Let Q'UQ? be a deconcatenation of Q at a sink or a source v. Let I be an admissible
ideal of K@ and A :=KQ@/I. By Lemmas 5.2.3 and 5.2.5, we have the following map:

®: qh.str(A) — gh.str(A!) x qh.str(4?), (<] — <[<1|Q(1)], [<1]Q(2)]).
We also have an inverse map
W: gh.str(A') x gh.str(4%) — gh. str(A), ([<1], [<€2]) = [<(<1, <2)].

Let (A,<4) and (B, <p) be two posets. For (a1,b1), (az,b2) € A x B, we set (a1,b1) <
(a2,b2) if a; <4 az and by <p be. Then (A x B, <) is a poset, called the product poset.

Proposition 5.2.6. The map ® is an isomorphism of posets, with inverse U,

Proof. Consider the product poset on qh.str(A!) x gh.str(A2?). Then the assertion
follows directly from Lemmas 2.4.5, 5.2.3 and 5.2.5. 0

Let Q' UQ?U--- U Q¢ be a deconcatenation of Q at a vertex v. If Q1 L --- L Q™
is a deconcatenation of Q' at a vertex u, then we have a disjoint union Q' U Q% U --- U
QU U UQ™ of full subquivers of Q, and so on for each connected quiver Q.
We call a disjoint union Q* LIQ2 U --- LI QY of full subquivers of Q obtained by iterated
operations as above an iterated deconcatenation of Q.

Then we have the following result, which is a generalisation of Proposition 5.2.6.

Theorem 5.2.7. Let Q' LUQ?U---LQ" be an iterated deconcatenation of Q. Let A be a
factor algebra of KQ modulo some admissible ideal and A' := A/(e, | u € Q) \ {v},t =
1,...,4,t #14). Then we have an isomorphism of posets

l
gh.str(A) — H qh. str(A?),

i=1
. . . 14
which is given by (<] — ([<]|Q3])z’:1‘
Proof. By applying Proposition 5.2.6 iteratively, we have the assertion. O

Example 5.2.8. Let Q = 1 — 2 «<— 3 <— 4 — 5. We have an isomoprhism of posets
qh. str(KQ) — qh.str(Ag) x gh.str(As) x gh.str(As),

where A, is the path algebra of an equioriented quiver of type A,,, for n = 2,3. Thus
card(gh.strK@) =2 x 5 x 2 = 20.

The following result determines how minimal adapted orders behave under decon-
catenations.
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Proposition 5.2.9. Let Q' UQ? be a deconcatenation of Q at a sink or a source v. Let
I be an admissible ideal of KQ and A = KQ/I. Let < (<1, < respectively) be a partial
order on Qo (Q}, Q3, respectively) defining a quasi-hereditary structure on A (A, A2,
respectively). Then the following statements hold.

(a) If < is a minimal adapted order, then both Ql% and <|Q(2) are minimal adapted
orders.

(b) If <y and <2 are minimal adapted orders, then <(<i,<2) is a minimal adapted
order.

In particular, if < is minimal, then < = Q(Ql%, <I|Q(2)) holds.

Proof. We show only (a) and the last assertion. The assertion (b) is shown similarly.
We show that <; = <| Q) is a minimal adapted order. Let <1} be a partial order on Q(l)
such that <1} ~ <1;. Let i,j € Q) and assume that i <1y j. This implies that i < j. By
Proposition 5.2.6, we have <" := <(<, <|p2) ~ <. Since < is minimal, then i <’ j. By
the definition of <’, we have that ¢ <} j. The last assertion follows from the uniqueness
of a minimal adapted order, stated in Lemma 2.4.4 (b). O

Theorem 5.2.10. Let KQ be a path algebra of type A,, and Q' U Q* L --- U Q¢ an
iterated deconcatenation of Q) such that each Q' is an equioriented quiver of type A,,,
for some n; € Ny. Then there is a bijection

l
gh. str(KQ) — H gh. str(Ay,)
i=1
given by [<] — ([Q]Qé])le. Moreover, if < is a minimal adapted order, then there exists
a binary tree T; of size n; such that <|Q6 = L1, for each 1 <11 < /.

Proof. The bijection follows from Theorem 5.2.7. The second assertion is consequence
of Propositions 5.1.7 and 5.2.9 and Lemma 5.1.8. ]

Example 5.2.11. Let A = KQ, where @ = 1 — 2 «— 3 <— 4 — 5 as before. Then

we have that
3

1 5

) /N )

2 2 4 4
are the Hasse quivers of some minimal adapted posets to Ag, A3 and Ao, respectively.
Then, by Proposition 5.2.9 we have that the concatenation of the last Hasse quivers

13 5
NN/
2 4

is the corresponding minimal adapted poset to A, which represents a quasi-hereditary
structure of A. Moreover, we know that card(qh.str A) = 20. In Fig. 5.3 we depict
the Hasse quiver of gh.str(A). The vertices correspond to minimal adapted orders to A
which represent all the quasi-hereditary structures to A. Note that if a total order is a
minimal adapted order, then it is the unique element in its equivalence class.



109

5.2. Quasi-hereditary structures and deconcatenations

K(1—>2«3<4—5).

Figure 5.3: Poset of quasi-hereditary structures of A
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adapted order, 18
additive closure, 21
algebra, 1
Artin, 2
basic, 5
finite dimensional, 2
arrow ideal, 5
Artin algebra, see algebra, Artin
Auslander algebra, 29

basic
algebra, see algebra, basic
module, 21
binary notation, 73
binary relation, 7
antisymmetry, 7
reflexive, 7
transitivity, 7
binary search tree, 98
binary tree, 98
leaves, 98
root, 98
size, 98
block, 4
bound quiver algebra, 5

characteristic tilting module, 21
child of a root, 98
comparable elements of a poset, 7
complete

set of idempotents, 3

set of primitive orthogonal

idempotents, 3

composition

factors, 2

series, 2
composition of an integer, 67
concatenation, 5
connected
quiver, see quiver, connected
ring, 4
costandard module, 17
cover relation, 7

deconcatenation, see quiver, deconcatena-
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iterated, 105
defining sequence, 15
differential, 85
dimension vector, 6
discrete interval, 45
dominant dimension, 4
duality

fixing the simples, 28

standard, 3

embedding, 8
equivalent posets, 26

finite representation type, 3
functor

faithful, 8

full, 8

fully faithful, 8

global dimension, 4
good filtration, 12, 19

Hasse
diagram of a poset, 7
quiver of a poset, 8
hereditary algebra, 20
heredity
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chain, 15

ideal, 15
highest weight category, 12
homological

embedding, 8

Hasse quiver of an algebra, 23

poset of an algebra, 23

ring epimorphism, 9

ideal
admissible, 5
nilpotent, 2
idempotent, 3
central, 3
orthogonal, 3
primitive, 3
in-order algorithm, 98
in-order traversal, 98
incomparable elements of a poset, 7
indecomposable module, 3
injective
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dimension, 4
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Jacobson radical, 2
Jordan-Holder
multiplicity, 2

length
of a composition series, 2
of a module, 2

loop, 5

maximal
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heredity chain, 15
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adapted order, 27
element of a poset, 7
injective coresolution, 4
projective resolution, 4
Morita equivalence, 2

order, see partially ordered set
oriented cycle, 5

part of a composition, 67
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path, 4
trivial, 4
path algebra, 5
perpendicular category, 19
poset, see partially ordered set
extension, 7
intersection, 26
of quasi-hereditary structures, 28
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refinement, 7
power set, 8
preprojective algebra of type A,,, 48
projective
cover, 3
dimension, 4
representation, 7
resolution, 4

quasi-hereditary
algebra, 18, 19
ring, 15
structure, 27

quiver, 4
acyclic, 5
bound, 5
commutativity relation, 5
connected, 4
deconcatenation, 102
finite, 4
monomial relation, 5
opposite, 6
relation, 5
representation, 6

quiver algebra, see bound quiver algebra

radical of a module, 2
rank function, 67
recollement, 13
homological, 13
regular module, 2
reject of a module, 17

representation, see quiver, representation

finite dimensional, 6

of a bound quiver, 6

morphism, 6
restriction of scalars, 9
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right hereditary ring, 20

semiprimary ring, 14
semisimple
algebra, 2
module, 2
simple
module, 2
representation, 7
sink, 102
socle, 2
source, 102
standard module, 17
standardly stratified algebra, 20
stratifying chain, 21
subcategory
full, 8
subposet
induced, 7
weak, 7
subquiver, 5
full, 5
subtree, 98
syzygy of a module, 85

tiling, 73

tilting module, 21
classical, 21

top, 2

total order, 8

totally ordered set, 8

trace of a module, 17

underlying graph, 5

weight, 12
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