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Abstract

This thesis has two parts. The first part deals with the classification theory of
abstract elementary classes and the second part deals with links and applications of
this theory to algebra.

Part I: Remarks on classification theory for abstract elemen-
tary classes

This part of the thesis is made up of three chapters based on the corresponding
papers: [Ch. 2], [Ch. 3] (a joint work with S. Vasey), and [Ch. 4] (a joint work with
R. Grossberg).

Chapter 2, Non-forking w-good frames. We introduce and study the notion of a
w-good A\-frame which is a weakening of Shelah’s notion of a good A-frame. w-good
A-frames are useful as they imply the existence of larger models. We show that if K
has a w-good A-frame, then K has a model of size A*". This result extends [Sh:h|
§11.4.13.3], [JaSh13l 3.1.9], and [Vasl6al 8.9].

Chapter 3, Universal classes near X; (a joint work with S. Vasey). Shelah has
provided sufficient conditions for an L, ,-sentence ¢ to have arbitrarily large models
and for a Morley-like theorem to hold of . These conditions involve structural and
set-theoretic assumptions on all the N,’s. Using tools of Boney, Shelah, and Vasey,
we give assumptions on 8y and N; which suffice when 1 is restricted to be universal.

Chapter 4, Simple-like independence relations in abstract elementary classes (a
joint work with R. Grossberg). We introduce and study simple and supersimple
independence relations in the context of AECs with a monster model. We show
that if K has a simple independence relation with the (< RNg)-witness property for
singletons, then K does not have the tree property. We characterize supersimple
independence relations by finiteness of the Lascar rank under locality assumptions on
the independence relation.

Part II: Applications to abelian group theory and ring theory

This part of the thesis is made up of seven chapters based on the corresponding
papers: [Ch. 5], [Ch. 6], [Ch. 7] (a joint work with T.G. Kucera), [Ch. 8], [Ch. 9],
[Ch. 10], and [Ch. 11]. Chapters 5 and 6 deal with abelian groups and Chapters 7 -
11 with modules over associative rings with unity.

Chapter 5, Algebraic description of limit models in classes of abelian groups. We
study limit models in the class of abelian groups with the subgroup relation and in
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the class of torsion-free abelian groups with the pure subgroup relation. We show that
the former are divisible groups. As for the latter, we show that long limit models are
pure-injective while short ones are not pure-injective. This is the first place where
explicit examples of limit models are studied.

Chapter 6, A model theoretic solution to a problem of Ldszlé Fuchs. Problem
5.1 in page 181 of [Fuclh| asks to find the cardinals A such that there is a universal
abelian p-group for purity of cardinality A, i.e., an abelian p-group U, of cardinality
A such that every abelian p-group of cardinality < A purely embeds in Uy. In this
chapter we use ideas from the theory of abstract elementary classes to show:

Theorem. Let p be a prime number. If A® = X\ or Vu < A(u™° < )), then there is a
universal abelian p-group for purity of cardinality A\. Moreover for n > 2, there is a
universal abelian p-group for purity of cardinality X,, if and only if 2% < N,,.

Chapter 7, On universal modules with pure embeddings (a joint work with T.G.
Kucera). We show that if 7" is a first-order theory (not necessarily complete) with
an infinite model extending the theory of R-modules and K” = (Mod(T), <,) has
joint embedding and amalgamation, then K” has a universal model of cardinality \
if 7= X or Vi < A"l < X\). A corollary of this result is [Sh820, 1.2] which asserts
the existence of universal models in the class of reduced torsion-free groups with pure
embeddings.

Chapter 8, Superstability, noetherian rings and pure-semisimple rings. We un-
cover a connection between the model-theoretic notion of superstability and that of
noetherian rings and pure-semisimple rings. We show:

Theorem. Let R be an associative ring with unity.

1. R is left noetherian if and only if the class of left R-modules with embeddings
is superstable.

2. R is left pure-semisimple if and only if the class of left R-modules with pure
embeddings is superstable.

Chapter 9, On superstability in the class of flat modules and perfect rings. We
study the notion of superstability in the class of flat modules with pure embeddings.
We show:

Theorem. Let R be an associative ring with unity. R is left perfect if and only if
the class of flat left R-modules with pure embeddings is superstable.

It is worth mentioning that the class of flat left R-modules is not first-order ax-
iomatizable for most rings.

Chapter 10, A note on torsion modules with pure embeddings. We study s-tosion
modules with pure embeddings as an abstract elementary class. We analyse its limit



models and determine when the class is superstable under the assumption that the
ring is right semihereditary. In order to fulfill this goal, we develop relative notions
of pure-injectivity and X-pure-injectivity. As a corollary, we show that the class
of torsion abelian groups with pure embeddings is strictly stable, i.e., stable not
superstable.

Chapter 11, Some stable non-elementary classes of modules. We address the ques-
tion of whether every AEC of modules with pure embeddings is stable. We show that
many non-elementary classes are stable, among them: absolutely pure modules, lo-
cally pure-injective modules, flat modules, and s-torsion modules. As an application
of these results we give new characterizations of noetherian rings, pure-semisimple
rings, dedekind domains, and fields via superstability. We also show that these re-
sults can be used to obtain universal models.

v
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Chapter 1

Introduction

This thesis is in model theory, an area of mathematical logic. We focus on abstract
elementary classes. Abstract elementary classes (AECs for short) were introduced
by Shelah in [Sh8§] to study those classes of structures that can not be axiomatized
in first-order logic. The setting is general enough to encompass many interesting
examples (see Example , but it still allows the development of a rich theory as
witnessed by Shelah’s two volume book [Sh:h], Baldwin’s book [Bal09], Grossberg’s
book [Gro2X], and more than a hundred publications.

1.1 General introduction to AECs

Let us begin by recalling the definition of an abstract elementary class. Given a model
M, we write | M| for its underlying set and ||M || for its cardinality.

Definition 1.1.1 (Definition 1.2 in [Sh88|). An abstract elementary class is a pair
K = (K, <k), where:

1. K is a class of 7-structures, for some fixed language 7 = 7(K).

2. <k is a partial ordering on K.

3. (K, <k) respects isomorphisms: If M <g N arein K and f: N = N’  then
fIM] <k N’. In particular (taking M = N), K is closed under isomorphisms.



4. If M <k N, then M C N.

5. Coherence: If MD,Ml,MQ e K satisfy MO SK MQ, M1 SK MQ, and MO g Mla
then MO SK Ml-

6. Tarski-Vaught axioms: Suppose d is a limit ordinal and {M; € K :i < d} is an
increasing chain. Then:

(a) Ms:=J,.s M; € K and M; <x Mjs for every i < 4.

(b) Smoothness: If there is some N € K so that for all i < § we have M; <x N,
then we also have Ms <g N.

7. Lowenheim-Skolem-Tarski axiom: There exists a cardinal A\ > |7(K)| + X¢ such
that for any M € K and A C | M|, there is some My <k M such that A C |M,|
and || Mo < |A| + A. We write LS(K) for the minimal such cardinal.

Below we introduce many examples of AECs in the context of algebra, some of
these examples were first identified as AECs in this thesis. Hopefully the natural-
ness of such classes together with the fact that none of them are axiomatizable by a
complete first-order theory and that most of them are not even first-order axiomatiz-
able helps convince the reader of the importance of developing non-elementary model
theory.

Recall that ¢ is a positive primitive formula, pp-formula for short, if ¢ is an
existentially quantified finite system of linear equations. For R-modules M and N,
we say that M is a pure submodule of N if pp-formulas are preserved between M and
N and we denote it by M <, N. Equivalently, M is a pure submodule of N if for
every L right R-module L ® M — L ® N is a monomorphism. We write M < N to
express that M is a submodule of N. In all the examples below the language will be
the language of modules; i.e., for a ring R we take Lp = {0,+, -} U {r-: r € R}.

Example 1.1.2. We begin by giving some examples of abstract elementary classes
contained in the class of abelian groups:

o (Ab,<) where Ab is the class of abelian groups.
o (Ab, <,) where Ab is the class of abelian groups.

o (KPV <) where KPV is the class of divisible abelian groups. A group G is
divisible if for every g € G and n € N, there is h € GG such that nh = g.

o (KU <,) where K' is the class of torsion-free abelian groups. A group G is a
torsion-free group if every element has infinite order.



(K%, <) where K% is the class of torsion-free abelian groups.

(K™, <,) where K™/ is the class of reduced torsion-free abelian groups. A
group G is reduced if it does not have non-trivial divisible subgroups.

(KY¥PV <) where KDYV is the class of torsion-free divisible abelian groups.

o (KPP < ) where KP#P is the class of abelian p-groups for p a prime number.
A group G is a p-group if every element g # 0 has order p" for some n € N.

(Tor, <,) where Tor is the class of abelian torsion groups. A group G is a
torsion group if every element g # 0 has finite order.

(Tor, <) where Tor is the class of abelian torsion groups.

(KPPV <) where KPPV is the class of divisible abelian p-groups.

(KPo <) where KP° is the class of finitely Butler groups. A group G is a
finitely Butler group if G is torsion-free and every pure subgroup of finite rank
is a pure subgroup of a finite rank completely decomposable group.

(Ny-free, <,) where N;-free is the class of Nj-free groups. A group G is Ny-free
if it is torsion-free and every countable subgroup of G is free.

Below are some examples of AECs in classes of modules:

e (R-Mod, <) where R-Mod is the class of R-modules.
e (R-Mod, <,) where R-Mod is the class of R-modules.

(R-Flat, <,) where R-Flat is the class of flat R-modules. A module F is flat if
(—) ® F is an exact functor.

(R-Absp, <) where R-Absp is the class of absolutely pure R-modules. A module
M is absolutely pure, if for every N, if M < N, then M <, N.

(R-1-inj, <) where R-l-inj is the class of locally injective R-modules (also called
finitely injective modules). A module M is locally injective if given a € M<¥
there is an injective submodule of M containing a.

(R-1-pi, <,) where R-1-pi is the class of locally pure-injective R-modules. A
module M is locally pure-injective if given a € M<“ there is a pure-injective
pure submodule of M containing a.

(s-Tor, <,) where s-Tor is the class of s-torsion R-modules. A module M is
s-torsion, if for every m € M there is a low formula ¢(z) such that M F ¢[m].
o(z) is low if for every r € R, if R E ¢[r] then r = 0.



Remark 1.1.3. We will say more about these examples in this introduction and later
in this thesis. In particular, the reader can refer to Figure |1.3.1] at the end of this
introduction.

The main objective in the study of AECs is to develop a classification theory
analogous to the one for first-order theories. The main test question is Shelah’s
categoricity conjecture which is a substantial generalization of Morley’s categoricity
theorem. A class is categorical in A if there is a unique model of cardinality A in the
class up to isomorphisms.

Shelah’s categoricity conjecture. If K is categorical in some cardinal greater than
or equal to :(2LS(K))+, then it is categorical in all cardinals greater than or equal to
:(QLS(K))+.

Many partial results have been obtained in this direction as witnessed by for ex-
ample [Sh87al, [Sh&7h], [Sh394], [Sh:h], [GrVan06b], [GrVan06c|, [Bonl4b], [Vas17hl,
[Vas17d], [Vasl7d|, [Vas19], and [ShVas|. In this thesis we obtain an instance of She-
lah’s categoricity conjecture for universal L, ,-sentences in Chapter 3, which is a
joint work with Sebastien Vasey.

Another important test question is the following question posed by Grossberg in
the eighties.

Grossberg’s question. Assume K is an AEC with A > LS(K), if K is categorical
in A and A", must K have a model of size A7

The above question is interesting when \ < :(QLS(K))+ as it follows from Shelah’s
presentation theorem that if an AEC has a model of size greater than or equal to
3(2LS(K>)+ then it has arbitrarily large models. The best approximation is [Sh:hl,
§VI.0.2] which is a revision of the main theorem of [Sh576]. Shelah claims, under
certain cardinal arithmetic hypothesis, that if K is categorical in A\, AT and has a
model of cardinality At but essentially less than 2*"" models in AT, then there is a
model of size ATTT. We revisit Shelah result in Chapter 2. Assuming that the class is
(A, AT)-tame| we are able to avoid using the set-theoretic machinery developed first
in [Sh576, §3] and then revised in [Sh:hl §VII] and used in Shelah’s original proof.

A fundamental notion in trying to settle Shelah’s categoricity conjecture and
Grossberg’s question is that of a good A-frame. These were introduced by Shelah
in [Sh:h, §I1.2] and are the central notion of Shelah’s two volume book on AECs
[Sh:h]. The intuitive idea is that if K has a good A-frame, then the models of size A
are well-behaved and there is a non-forking like relation on types over model of size
A akin to superstability. The reader can consult the definition in [Ch. 2, 3.2].

Untuitively K is (A, AT)-tame if Galois-types over models of size AT are determined by their
restrictions to models of size .



Since good A-frames are hard to build, some weaker notions which only satisfy a
subset of the axioms of good A-frames were consider in [JaSh13], [JaSh940], [VasI6al,
and [Vas16c]. In Chapter 2, we introduce a weaker notion than all the ones previously
studied called w-good A-frames (Definition [Ch. 2| 3.7]). These frames are useful as
they imply the existence of larger models.

Good frames correspond to local independence relations. Recently, global inde-
pendence relations have been introduced for nice AECs and even for nice categories.
See for example [BoGrl7|, [BGKV16], [Vasl6al, and [LRV19]. By an independence
relation, it is understood a forking-like relation in the sense of Shelah which in turn
generalizes linear independence in vector spaces.

In Chapter 4, which is a joint work with Rami Grossberg, we introduce simple
and supersimple independence relations. The main difference between the indepen-
dence notions previously studied in AECs and the ones that we introduce is that we
do not assume uniqueness of non-forking extensions and instead assume the type-
amalgamation property. Although this may seem like a minor change, based on our
knowledge of forking in first-order theories this is a significant one.

Another important component in the classification theory of AECs corresponds
to finding dividing lines. A dividing line is a property such that the classes satisfying
such a property have some nice behaviour while those not satisfying it have a wild
one. These were introduced by Shelah in [Shl] and are central in both elementary and
non-elementary model theory. An introduction to dividing lines for mathematicians
not working in mathematical logic can be found in [Sh1151l Part I] and [Bal20].

In this thesis, we study four dividing lines. The aforementioned simplicity and
supersimplicity in addition to stability and superstability. Our treatment of stability
and superstability differs significantly with our treatment of simplicity and super-
simplicity. Stability and superstability were first considered for AECs by Shelah in
[Sh394] and are well-understood notions in this context. So what we do in this thesis
is to find links and applications to abelian group theory and ring theory. In the rest
of this introduction we will explain what is known and the results we obtain for both
of these dividing lines.

1.2 Stability

Stability was introduced by Shelah for first-order theories in [Shi] and for AECs in
[Sh394]. Under additional hypothesis that are satisfied by most of the classes studied

in this thesif| stability is a well-understood concept as witnessed by [GrVan06] and
[Vas1§].

2The hypothesis are amalgamation, joint embedding, no maximal models, and LS(K)-tameness.



Since an AEC is a semantic object, the notion of a type as a set of formulas
is not the correct generalization of a first-order type. Instead, Shelah introduced
a semantic notion of type in [Sh300], we call them Galois-types following [Gro02].
Intuitively, a Galois-type over a model M can be identified with an orbit of the group
of automorphisms of the monster model which fix M point-wise. The reader can
consult the full definition in |Ch. 6, 2.6]. If M € K we denote by gS(M) the set of
all Galois-type over M and by K, the models of K of cardinality A.

Definition 1.2.1. An AEC K is A-stable if for any M € K, |gS(M)| < A\. We say
that K is stable if K is A-stable for some A > LS(K).

A classical result from first-order model theory is that if T is a complete first-
order theory extending the theory of modules, then the class of models of T" with
pure embeddings is stable. This was shown independently by Fisher [Fis75] and Baur
[Bau7hl, Theo 1] in the seventies. A natural question to ask is if the same is true for
any AEC of modules with pure embeddings.

Question 1.2.2 ([Ch. 6, 2.12]). Let R be an associative ring with unity. If (K, <,)
is an abstract elementary class such that K C R-Mod, is (K, <,) stable? Is this true
it R =77 Under what conditions on R is this true?

In this thesis, we give many instances where the solution to the above question
is affirmative, but we are unable to give a complete answer to the question. In
particular, all the classes introduced in Example|l.1.2 are stable with respect to pure
embeddings. The way we approach the problem is by showing that if a class has some
nice algebraic properties then it has to be stable. Our best result in this direction is
obtained in Chapter 11 and generalizes some of the results obtained in the previous
chapters.

Theorem 1.2.3 ([Ch. 11, 3.7, 4.16]). Assume (K, <,) is an AEC with K C R-Mod
such that K is closed under direct sums. If K is closed under pure-injective envelopes
and direct summands or under pure epimorphic images and pure submodules, then
(K, <,) is stable.

An interesting consequence of stability is that it implies the existence of many
universal models. A model M € K is a universal model of cardinality X\, if M is of
size A and if for every N € K of size ) there is a K-embeddingf| f : N — M. The
search for universal models in classes of structures dates back to the early twentieth
century when Hausdorff showed that there is a universal linear order of cardinality
N,y if 2% = N, ;. A detailed history outlining the study of universal models in
various classes of structures is presented in [Bal20) §2.1].

3f: N — M is a K-embedding if f : N = f[N] <x M.



In this thesis we focus on the existence of universal models in classes of modules
with respect to pure embeddings. The main problem we adress is Problem 5.1 in page
181 of [Fuclh]. The problem stated by Fuchs is the following:

Problem. For which cardinals A is there a universal abelian p-group for purity?
We mean an abelian p-group U) of cardinality A such that every abelian p-group of
cardinality < X embeds in U) as a pure subgroup. The same question for torsion-free
abelian groups.

By using that the class of p-groups with pure embeddings is a stable AEC with
amalgamation, we give sufficient conditions for the existence of universal models.
Moreover, we obtain a complete solution to Fuchs’ problem below N, with the excep-
tion of Ny and N;.

Theorem 1.2.4 ([Ch. 6l 3.6, 3.8]). Let p be a prime number. If \X = X or Vu <
ApRo < N), then there is a universal abelian p-group for purity of cardinality .
Moreover for n > 2, there is a universal abelian p-group for purity of cardinality N,
if and only if 2% < R,,.

The question for torsion-free abelian groups has been thoroughly studied by Koj-
man and Shelah [KojSh95], [Sh3], [Sh820], and [Sh1151]. Using the methods described
in this section, we first extend the positive results to classes of modules that are first-
order axiomatizable and have amalgamation and joint embedding in [Ch. 7] and later
we extend the positive results to classes of flat modules for arbitrary rings in [Ch. 11].

1.3 Swuperstability

Superstability was introduced by Shelah for first-order theories in [Shi]. Extensions of
superstability for non-first-order theories were first studied in Grossberg’s PhD thesis
and published in [GrSh86]. In the context of AECs, superstability was first consid-
ered in [Sh394], but it was not until the work of Grossberg and Vasey (|GrVas17],
[Vas1§]) that it was fully grasped. In [GrVasl7, 1.3] and [Vas18], it was shown (under
additional hypothesis that are satisfied by most of the classes studied in this thesiﬁ)
that superstability is a well-behaved concept and many conditions that were believed
to characterize superstability were found to be equivalent. Grosberg’s and Vasey’s
work builds on significant results of Boney, Shelah, Villaveces, and VanDierenE]

4The hypothesis are amalgamation, joint embedding, no maximal models and LS(K)-tameness.
5A more detailed account of the development of the notion of superstability in AECs can be
consulted in the introduction of [GrVas1T].



Before introducing superstability, we recall the concepts of universal extensions
and limit models. These were originally introduced in [KolISh96, 3.6, 4.1]. A model
M is universal over N if and only if ||N|| = ||M|| = A and for every N* € K, such
that N <x N*, thereis f: N* ~ M.

Definition 1.3.1. Let A\ be an infinite cardinal and o« < A\™ be a limit ordinal. M is
a (A, a)-limit model over N if and only if there is {M; : i < a} C K, an increasing
continuous chain such that:

1. My=N.
2. M =U,., M.
3. M, is universal over M; for each i < «.

M is a (A, a)-limit model if there is N € K, such that M is a (A, «)-limit model
over N. M is a A-limit model if there is a limit ordinal & < A" such that M is a
(A, @)-limit model.

The next result characterizes the existence of limit models.

Fact 1.3.2 ([Sh:h) §I1.1.16], [GrVan06, 2.9]). Let K be an AEC with joint embedding,
amalgamation, and no maximal models. K is A-stable if an only if K has a A-limit
model.

We say that K has uniqueness of limit models of cardinality \ if K has A-limit
models and if any two A-limit models are isomorphic. Determining whether an AEC
has uniqueness of limit models for a fixed cardinal is an interesting question that has
been studied thoroughly [ShVi99], [Van06], [GVV16], [Bon14], [Van16], [BoVan|, and
[Vas19).

Definition 1.3.3. K is a superstable AEC if and only if K has uniqueness of limit
models on a tail of cardinals.

It is worth mentioning that the above definition is equivalent to classical first-
order superstability. For a complete first-order theory T', (Mod(T), <) is superstable
if and only if T is superstable as a first-order theoryf| The definition of superstability
we just introduced appears for the first time in [GrVas17].

Superstability may seem like a purely model-theoretic property. However in this
thesis we show that it is equivalent to classical ring theoretic notions. More specifi-
cally, we will characterize noetherian rings, pure-semisimple rings, and perfect rings
via superstability.

6A first-order theory T is superstable if and only if T is A-stable for every \ > 2I71.



Noetherian rings are rings such that every increasing chain of (left) ideals is sta-
tionary. These were introduced by Noether in [Noe21] and play a prominent role in
commutative algebra.

Theorem 1.3.4 ([Ch. 8 3.12], [Ch. 11l 3.18]). Let R be an associative ring with
unity. The following are equivalent.

1. R is left noetherian.
2. The class of left R-modules with embeddings is superstable.
3. The class of absolutely pure left R-modules with embeddings is superstable

4. The class of locally injective left R-modules with embeddings is superstable.

Pure-semisimple rings are rings such that every (left) module is pure-injective.
These were given a name by Simson [Sim77], but studied since the sixties [Cha60)].

Theorem 1.3.5 ([Ch. 8 4.28], [Ch. 11| 3.21]). Let R be an associative ring with
unity. The following are equivalent.

1. R is left pure-semisimple
2. The class of left R-modules with pure embeddings is superstable

3. The class of locally pure-injective left R-modules with pure embeddings is super-
stable.

Perfect rings are rings such that every flat (left) module is a projective module.
These were introduced by Bass in [Bas60] and play an important role in homological
algebra.

Theorem 1.3.6 ([Ch. 9, 3.15]). Let R be an associative ring with unity. R is left
perfect if and only if the class of flat left R-modules with pure embeddings is super-
stable.

We study the question of when the class of s-torsion modules with pure em-
beddings is superstable in [Ch. 10]. In that case superstability does not seem to
correspond to a well-studied class of rings.

The proof for each class of rings is different, but a key step in all of them is to
characterize the limit models in algebraic terms. In the first case they are injective
modules, in the second case they are pure-injective modules, in the third case they
are cotorsion modules, and in the last case they are relative pure-injective modules.

To finish this introduction we present the next diagram. In it, we display where
all the classes introduced in Example [1.1.2] are in the stability hierarchy. The classes
that are on the red cloud are stable, but it is not known if they are strictly stable
or superstable. Many of the results needed to classify the classes of the diagram are
first obtained in this thesis.
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1.4 Organization

Besides this introduction, this thesis has two parts. Each part is divided into chapters
and each chapter corresponds to a paper written by the author either with collabo-
rators or by himself. Each chapter has its own introduction and preliminaries (which
sometimes overlap). For a reader familiar with algebra but unfamiliar with model
theory or AECs we would recommend the preliminaries of Chapter 6. If the reader
has the possibility, we would advice him to look at the published papers.

The thesis is organized thematically rather than on the order the papers were
written. For this reason some of the chapters refer to results from later chapters.

The first part of the thesis deals with the classification theory of abstract ele-
mentary classes. It is made up of three chapters based on the corresponding papers:
[Ch. 2], [Ch. 3] (a joint work with Sebastien Vasey), and [Ch. 4] (a joint work with
Rami Grossberg). The three papers that make up this part have been accepted for
publication.

The second part of the thesis is made up of seven chapters based on the corre-
sponding papers: [Ch. 5], [Ch. 6], [Ch. 7] (a joint work with Thomas G. Kucera),
[Ch._§], [Ch. 9], [Ch. 10], and [Ch. 11]. Chapters 5 and 6 deal with abelian groups
and Chapters 7 - 11 with modules over associative rings with unity. Chapters 5 - 9
have been accepted for publication while Chapters 10 and 11 have been submitted
for publication.

An overview of what is done in each chapter can be consulted in the abstract of
this thesis.



Part 1

Remarks on classification theory
for abstract elementary classes
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Chapter 2

Non-forking w-good frames

This chapter is based on [Ch. 2].

Abstract

We introduce the notion of a w-good A-frame which is a weakening of Shelah’s notion
of a good A-frame. Existence of a w-good A-frame implies existence of a model of
size AT, Tameness and amalgamation imply extension of a w-good A-frame to larger
models. As an application we show:

Theorem 2.0.1. Suppose 2* < 22" < 22" and 227 > M+, If (K, \) = [(K, \t) =
1 <I(K, M) <22 and K is (A, A1)-tame, then Kyt # 0.

The proof presented clarifies some of the details of the main theorem of [Sh576]
and avoids using the heavy set-theoretic machinery of [Sh:hl §VII] by replacing it
with tameness.

2.1 Introduction

The central notion of Shelah’s two volume book [Sh:h] is that of a good A-frame,
which is a forking-like notion for types of singletons in abstract elementary classes. It
is crucial in transferring existence of models and categoricity to other cardinalities.

13
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Since it is hard to build good A-frames, several weaker notions have been stud-
ied. Jarden and Shelah introduced semi-good A-frames in [JaSh13|] and almost-good
A-frames in [JaSh940]. Vasey worked with good=(¥)\-frames in [Vasl6a] and with
good™ \-frames in [Vasch}E] These notions have been particularly useful in deriving
existence of models in larger cardinalities.

In this paper we introduce the notion of a w-good A-frame (see Definition [2.3.6)),
which is a weaker notion than all the ones mentioned above. A w-good A-frame
satisfies all the properties of a good A-frame except that the density requirement is
weakened and stability, symmetry and local character are not assumed.

In [Sh:hl §II1.0] Shelah introduced pre-A-frames which are a weaker notion than
that of a w-good A-frame, but they are so weak that no interesting statement follows
from their existence. The next diagram exhibits the relationship in strength between
all the frames presented above. In the diagram, the source of an arrow is stronger
than its target ]

semi-good A-frame good~ A-frame

]

good A-frame good~ ) \-frame w-good A-frame pre-\-frame

\ /

almost-good A-frame

(2.1.1)

A w-good A-frame is useful as it allows us to construct larger models. More
precisely we show the following theorem which generalizes [Sh:hl §11.4.13.3], [JaSh13,
3.1.9] and [Vas16al 8.9]:

Theorem 2.1.1. If s is a w-good [\, u)-frame, then K, # 0 for all k € [\, u™].

Under the hypothesis of tameness and the amalgamation property w-good A-
frames can be extended to larger models. The technique used to show this is similar

1See Definition for the definitions of all these notions and Diagram for their comparison
in strength.

2In Section 3.1 we present a more detailed discussion regarding the implications in the other
direction.
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to that of [Bonldl 1.1], we only need to show that weak density and no maximal
models transfer up.

Theorem Assume K is an AEC with the [\, u™)-amalgamation property.
If 5 is a w-good \-frame and K is (A, < p)-tame, then s can be extended to a w-good
[\, ™) -frame.

After presenting the above theorem, we apply the results obtained for w-good
A-frames to prove the following:

Theorem Suppose 28 < 227 < 22T and 22T > AT IFI(K,\) =
(K, =1 <I(K, AT <227 and K is (A, A\T)-tame, then Ky # 0.

The proof presented in the paper is an exposition of the ideas displayed in [Sh576]
with the following key feature. Using the assumption that 2*° > At that K is
(A, AT)-tame and the results obtained for w-good frames, we are able to avoid using
the set-theoretic machinery developed in [Sh576] §3] and in [Sh:h, §VII] and used in
Shelah’s original proof. The set-theoretic machinery was initially developed by Shelah
in a 20 pages section of [Sh576l §3], ten years later Shelah redid this section in a 200
pages chapter of his book [Sh:hl §VII]. In Shelah words “Compared to [Sh576, §3],
the present version [Chapter VII] is hopefully more transparent”. This newer version
was not refereed and we were still unable to verify Shelah’s assertions.

Another interesting consequence of Theorem [2.4.2] is that it gives a 200 pages
shorter proof for the main theorem of [Sh576] (see Fact 2.1.2(1) below), with the
extra hypothesis that 22" > ATt in the case K is a universal class (see Definition
E)

Lastly, we would like to point out that Theorem is not the best possible
result in this direction, since the main theorem of [Sh:h, §VI.0.(2)] (which is a revised
version of [Sh576]) is the following.

Fact 2.1.2. Suppose 2% < 22" < 227 If (K, )\) = I(K,\T) = 1 < [(K,\tY) <
Munif(/\++v 2)\+ )7 then

1. Ky+++ # 0.
2. There is an almost-good A-frame on K [f]

The paper is organized as follows. Section 2 presents necessary background. Sec-
tion 3 introduces the notion of a w-good frame, shows that w-good frames imply the
existence of larger models and shows how to extend w-good frames under tameness
and amalgamation. Section 4 presents an exposition of the proof of the main theo-
rem of [Sh576], with the additional hypothesis that 2" > A** and (A, A*)-tameness.

3See [Sh:hl, §VIL.0.4] for a definition of fi,,;¢ and some of its properties.
4Combining further results of Shelah, [Vas20, 7.1] actually gets a good A-frame and a good
AT -frame.
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The proof presented avoids using the set-theoretic machinery of [Sh:hl §VII] by using
(A, AT)-tameness and the results of Section 3.

This paper was written while the author was working on a Ph.D. under the di-
rection of Rami Grossberg at Carnegie Mellon University and I would like to thank
Professor Grossberg for his guidance and assistance in my research in general and
in this work in particular. I thank Hanif Cheung for helpful conversations. I thank
Sebastien Vasey for very useful comments on an early version. I thank the referee for
valuable comments that helped improve the paper.

2.2 Preliminaries

We present the basic concepts of abstract elementary classes that we will need for the
development of this paper. These are further studied in [Bal09 §4 - 8] and |Gro2X|
§2, §4.4].

2.2.1 Basic notions

First we will fix some notation.
Notation 2.2.1.
e Given M € K we denote the universe of M by |M| and its cardinality by ||M||.

o Let LS(K) < A < p such that A is an infinite cardinals and p is an infinite
cardinal or infinity. Let [\, u) = {k € card : A < k < p}. Given an abstract
elementary class K and [\, u) an interval of cardinals, Ky, ) = {M € K :
| M| € [A, p)}. In particular we let Ky = Kp ) = K.

Let us recall the following three properties. They play an important role in this
paper, although not every AEC satisfies them.

Definition 2.2.2. Let LS(K) < A < p such that A is an infinite cardinals and p is
an infinite cardinal or infinity.

1. K5, has the amalgamation property (or K has the [A, 1)-amalgamation prop-
erty): if for every M, N, R € Ky, ) such that M <k N,R, there are f K-
embedding and R* € K such that f: N 7 R* and R <k R*.

2. Kj\ ) has the joint embedding property (or K has the [A, p)-joint embedding
property): if for every M, N € Kj ), there are f K-embedding and R* € K
such that f: M — R* and N <g R*.
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3. Ky has no maximal models: if for every M € K|, ), there is M* € K such
that M <x M*.

The following fact was first proven in [Sh88|, but a more straightforward proof
appears in [Gro02, 4.3].

Fact 2.2.3. Assume 2* < 227, Let K be an AEC. If I[(K,\) = 1 < I(K, \*) < 27,
then K, has the amalgamation property.

2.2.2 (Galois-types

Let us begin by reviewing the concept of pre-type and some of its basic properties,
pre-types will play a very important role in Section 4.

Definition 2.2.4.

1. The class of pre-types is:

K} ={(a,M,N): M <k N,a € [N\|M| and M,N € K,}.

2. Given (ag, My, Ny), (a1, My, Ny) € K3 we define:
(a) (Clo,Mo,NU> S (al,Mth) lf and only lf MO SK M17 NO SK N1 and

g = aq.
(b) (ag, Mo, No) < (a1, My, Ny) if and only if (ag, Mo, No) < (a1, My, N1) and
My # M.

3. Given (CL(), M(], No), (al, M17 N1> S Ki and h : Ng — N17 we define (CL(], M(), No) <n
(ay, My, Ny) if and only if h [p,: Mg — M; is a K-embedding, h : Ny — Ny is
a K-embedding and h(ag) = a;.

We will also use the following property of pre-types, which is introduced in [Sh576],
2.5]. This will only be used in Section 4.

Definition 2.2.5. (ag, My, Ny) € K3 is reduced if for any (ay, My, N;) € K3 such
that (ag, Mo, No) < (a1, My, N1) we have that M; N Ny = M,.

The following appears as [Sh576, 2.6(1)] without a proof and it is proven in
[JaSh13, 3.3.4].

Fact 2.2.6. For every (ag, My, Ng) € K3} there is (a;, My, N;) € K3} such that
(ag, My, No) < (ay, My, Nq) and (aq, My, Nq) is reduced. In that case, we say that
reduced pre-types are dense in K3.



18

Let us recall the concept of Galois-type, this was introduced by Shelah in [Sh300].

Definition 2.2.7.

1.

Given (ag, My, Ny), (a1, My, Ny) € K3 we say (ag, Mo, No) Eo(ar, My, Ny) if M :=
My = M; and there are fy, fi and N € K such that f; : N; 7 N for each

L € {0,1} and fo(ao) = fi(a1).

. Let E be the transitive closure of E;.

Given (a, M, N) € K3, we define the Galois-type (also referred to as orbital
type in the literature) as tp(a/M,N) = [(a, M, N)|g.

Given M € K, let gS(M) = {tp(a/M,N): M <xg N € K, and a € |N|} and
gS" (M) = {tp(a/M,N) : (a, M,N) € K}}. gS"*(M) is the set of nonalgebraic
types.

The following is straightforward.

Fact 2.2.8. If K is an AEC and K, has the amalgamation property, then FE,; is
transitive. Hence F,; = FE.

The concept of tameness was introduced by Grossberg and VanDieren in [GrVan06].
We use this property to avoid using the set-theoretic machinery of [Sh:hl, §VII] men-
tioned in the introduction. The idea of using tameness instead of set-theoretic ideas

traces back to [GrVan06] and [GrVan06h].

Definition 2.2.9. We say K is (< k)-tame if for any M € K and p # q € gS(M),
there is N <x M such that | N|| < k and p [nv# ¢ [n. K is s-tame, if K is (< £7)-
tame. If we write (x, < A)-tame we restrict to M € K, +) and if we write (x, A)-tame
we restrict to M € K.

2.3 w-good frames

2.3.1 Frames

The concept of a good A-frame is introduced in [Sh:hl §I1.2, p. 259-263]. We will
follow the simplification and generalization given in [Vasl6d] and [BoVas1T7al.
First let us recall the notion of a pre-frame.



19

Definition 2.3.1. Let A\ < g where A is an infinite cardinal and p is an infinite
cardinal or infinity. A pre-[\, p)-frame is a triple (K, L, gS") where the following
properties hold:

1. K is an abstract elementary class with A > LS(K) and K, # 0.
2. 88" C Uik, ,, 85" (M). Let g8”(M) = gS(M) N gS".
3. L is a relation on quadruples (MO,Ml,a N), where My <x M; <x N,a € N

and Mo, My, N € K| ). We write aJ,Ml or tp(a/Mi, N) does not fork over
My (which is well-defined by the next three properties).

N N’
4. Invariance: If f: N =2 N" and a L My, then f(a) L f[M]. If tp(a/M;,N) €
Mo fIMo]

gS" (M), then tp(f(a)/f[Mi], N') € gS" (f[M]).
N
5. MOHOtOHiCitY: If CL\LMl and MO <k M(l) <k M{ <k M1 <k N’ <k N <k N"
Nll

with N” € K| ) and a € N, then aJ,M’ and aJ,M’
M}, M},

N
6. Non-forking types are basic: If a L M, then tp(a/M, N) € gS(M).
M

To simplify the comparison between the different kinds of frames we will introduce
below, we recall the notion of good frame.

Definition 2.3.2. Let A\ < p where A is an infinite cardinal and p is an infinite
cardinal or infinity. A good [\, p)-frame is a triple (K, L, gS") where the following
properties hold:

1. (K, L,gS") is a pre-[\, p)-frame.
2. K| ) has amalgamation, joint embedding and no maximal models.
3. bs-Stability: |gS**(M)| < ||M|] for all M € Ky .

4. Density of basic types: If M <g N are both in K, ., then there is an a € |N|
such that tp(a/M, N) € gS*(M).

5. Existence of non-forking extension: If p € gS™(M) and M <x N with N €
K5 ), then there is ¢ € gS"(N) that does not fork over M and extends p.
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Uniqueness: If M <g N both in K ,), p,q € gS(N) do not fork over M and
p Im=q [, then p = q.

N
. Symmetry: If a; L My, ay € My and tp(ay/My, N) € gS¥(My), then there are
DYIINeLy- by

N/
M, and N' >k N with a; € M; and M;, N' € K}y ) such that ay L M.
My

Local character: If § < p is a limit ordinal, {M; : i < §} C Ky ) is an increasing
continuous chain and p € gS"(M;), then there is an i < ¢ such that p does not
fork over M;.

. Continuity: If 6 < p is a limit ordinal, {M; : i < 6} C Ky, is an increasing

continuous chain, {p; : i < 6} with p; € gS*(M;) and for i < j < ¢ implies
that p;, = p; [a, and p € gS"*(Mjs) is an upper bound for {p; : i < ¢}, then
pE ngS(Mg) . Moreover, if each p; does not fork over M, then neither does p.

Transitivity: If My < My < M, with Mo, My, My € Ky ), p € gS(Ms) does not
fork over M; and p [, does not fork over My, then p does not fork over Mj.

Recall the following notation which was introduced in [VasI6d].

Notation 2.3.3. Given L a list of properties a good “A-frame is a pre-A-frame that
satisfies all the properties of a good A-frame except possibly the properties listed in
L. We abbreviate stability by St, density by D, symmetry by S and local character
by Lec.

In [JaSh940] Jarden and Shelah introduced the following weakening of local char-

acter.

Definition 2.3.4. A (K, .L,gS") pre-\-frame satisfies weak local character if there
is a 2-ary relation <* in K such that:

o If M <* N both in K}, then M <g N.

e For every M € K, there is N € K, such that M <* N.

o If M <* N <k R all in K, then M <* R.

e If§ < A*isalimit ordinal and {M; : i < J+1} C K, is an <*-increasing contin-

uous chain, then there are a € | My, 1|\|M;s| and o < 6 such that tp(a/Ms, Msy,) €
gS"(Ms) and does not fork over M,.

Since good A-frames were introduced several weaker notions have been studied.
In the definition below we recall all of them and write in parenthesis the paper in
which they were introduced.
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Definition 2.3.5.

1. ([JaSh13]) A semi-good \-frame is a good~ (Y \-frame with the additional prop-
erty that for any M € K, (|gS™(M)| < |M]T).

2. ([JaSh940]) An almost-good A-frame is a good—*) \-frame with the additional
property that it satisfies weak local character.

3. ([VasI6d]) A good=)A-frame is a good A-frame without symmetry.
4. ([Vasl6al) A good~A-frame is a good~5t5) \-frame.
Diagram shows how they compare to one another.

Before introducing the notion of a w-good frame, we will introduce a notion of
weak density.

Definition 2.3.6. A (K, L, gS") pre-|\, u)-frame has weak density for basic types
when: if M € Ky and M <g N € K|, then there are a € |[N[\|M| and M’ <x N’
with M’ € Ky, N' € K|, such that a € |[N'|\|M’|, tp(a/M’', N') € gS"(M’) and
(a, M,N) < (a, M', N'").

Observe that if a pre-frame has density for basic types then it has weak density
for basic types. We do not know if under the other axioms of a good A-frames the
conditions are equivalent (but we suspect it is not the case).ﬂ

We are ready to introduce the notion of a w-good frame.

Definition 2.3.7. Let A < p where A is an infinite cardinal and p is an infinite
cardinal or infinity. A w-good [\, p)-frame is triple (K, L, gS") where the following
properties hold:

1. (K, L,gS") is a pre-[\, u)-frame
2. K| ) has amalgamation, joint embedding and no maximal models.
(4)~ Weak density

5. Existence of non-forking extension

6. Uniqueness

9. Continuity

Using the notation introduced in a w-good [\, p)-frame is a good~(5tP-5:Le) \-
frame with the additional property that it satisfies weak density.

5 Shelah shows in [Sh:hl §VI1.7.4] that under additional hypothesis weak density implies density.
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Remark 2.3.8.

e As in [Sh:hl §I1.2.18] one can show that in a w-good frame transitivity of non-
forking holds.

e As we can see by comparing Definition [2.3.5] and Definition [2.3.6] a w-good
frame is weaker than all the notions presented in Definition [2.3.5

It is natural to ask which of the notions introduced in Definition [2.3.5] and Def-
inition are strictly stronger. In [JaSh13, §2.2] Jarden and Shelah showed that
good A-frames are strictly stronger than semi-good A-frames. Adapting an example of
[JaSh13l §2], we show that w-good A-frames are strictly stronger than pre-A-frames.

Example 2.3.9. Let L(K) = {<}, where < is a binary relation, and K = (Mod(T10), C
), where Tpo is the ﬁrst order theory of linear orders. Let s = (K,gS", L) where

for My, My, N € K: aJ/Ml if and only if My C M; C N and a € |N|\|M;|. Tt is

trivial to check that s is a pre-A-frame. Moreover, the uniqueness property fails so s
is not a w-good A-frame.

The following example shows that good™ A-frames are strictly stronger than w-
good A-frames. This example appears in a different context in other papers ([Sh:hl,

11.6.4], [AdI09, 6.6] and [BGKV16 4.15)).

Example 2.3.10. Let L(K) = {E}, where E is a binary relation, and K = (Mod(Tn4), =
), where Tj,4 is the first-order theory of the random graph. Let s = (K, gS", L)

N
where for My, My, N € Ky: a L M, if and only if My < M; < N, a € |[N|\|M;| and

Mo
there are no edges between a and | M;|\|Mp|.

It is easy to check that s is a w-good A-frame, we show that s does not have
local character. Build {M; : i < w} C K, strictly increasing and continuous. Let
M, = U,., M; and let N € K, such that M, < N and there is a € |[N|\|M,]| such
that for every b € M, there is an edge between a and b. Observe that tp(a/M,, N)
does not fork over M, but for any i < w tp(a/M,, N) forks over M;.

Therefore, s is a w-good A-frame and it is not a good~ A-frame.

Adapting another example of [JaSh13| §2], we show that semi-good A-frames and
good— %) \-frames are strictly stronger than good~A-frames. Moreover, the example
also exhibits that almost-good A-frames are strictly stronger than w-good A-frames.

Example 2.3.11. Suppose that 2* > AT, Let L(K) = {R, : @ < A}, where each
R, is a unary predicate, and K = (L(K)-structures , C). Let s = (K, gS"*, L) where

N
for My, My, N € Ky: a L M if and only if My C M; C N and a € |N|\|M].
My
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K, has amalgamation, joint embedding and no maximal models. Moreover, for
every My, My, No, N1 € Ky, ag € | No|\|M:| and a; € |Ny|\|M,]| it follows that:

tp(ao/My, No) = tp(ay /My, Ny) if and only if {a < X :ag € RY°} = {a < X\ :a; € RY'}.

Using this property it is easy to show that all the conditions of a good™ A-frame are
satisfied and that for any M € Ky(|gS"(M)| = 2*). Since 2* > A*+ it follows that
s is neither a semi-good A-frame or a good~ (%) \-frame. Observe that the hypothesis
that 2* > A*7 is only used to show that s is not a semi-good A-frame.

For the moreover part, it is clear that s is a w-good A-frames, but not an almost-
good A-frame.

Below we revise the diagram of the introduction, we write “s” above those arrows
for which it is known that the source frame is strictly stronger than the target frame
and we write “s*” above those arrows for which it is known that the source frame is
strictly stronger than the target frame but under some set-theoretic hypothesis.

*
semi-good A-frame > good~ A-frame
/ / XS
good A-frame good— %) \-frame w-good \-frame ———— pre-\-frame

\/

almost-good A-frame

(2.3.1)

Question 2.3.12. Are any of the notions introduced above the same? Are all the
notions introduced above the same under some additional hypothesis on K?

Question 2.3.13. Let T be a first-order theory. It is easy to show that if T is A-stable
then T" has a w-good A-frame. Example shows that simple theories might have
a w-good A-frame. So the question is: under what hypothesis does T" have a w-good
A-frame?

Another interesting question in this neighborhood is the following: is there a
w-good A-frame on a A-stable theory T different from first-order non-forking?
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2.3.2 Inside a w-good [\, p)-frame

Let us recall the definition of a coherent sequence of types. This were already implicit
in the work of Grossberg and VanDieren |GrVan06b], but did not appear in print until
[Bal09].

Definition 2.3.14. Given {M,; : ¢ < J} an increasing continuous chain and {p; €
gS"(M;) : i < §} an increasing sequence of types, the sequence is a coherent sequence
of types if and only if there are {(a;, V;) : i < ¢} and {f;; : 7 < i < d} such that:

1. fji: Nj = N;.

2. For all k < j <1, we have fi; = fji 0 fr;-
3. tp(ai/M;, N;) = p;.

4. fii Ta;= idag;-

5. fiila;) = a;.

The following lemma is straightforward but due to its importance in what follows
we will sketch the proof.

Lemma 2.3.15. If {p; € gS"(M;) : i < 0} is a coherent sequence of types, then
there is p € gS"*(Ms) upper bound for the sequence of types, i.e., for every i <
d(p extends p;).

Proof. Let (N,{f; : N; = N :i < ¢}) be the direct limit of the sequence such that
Ms <k N and f; [a,= idp,. Let a := fo(ao) and p := tp(a/Ms, N). Observe that
tp(a/Ms, N) € gS"(Ms), if a € My then there is ¢ < 0 such that a € M;, then
using that f; o fo; = fo, foi(ao) = a; and f; [a,= idyy, it follows that a; € M;, which
contradicts the fact that p; is nonalgebraic. It is easy to show that tp(a/Ms, N) is
an upper bound for the sequence of types. n

Lemma 2.3.16. Let 5 be a w-good |\, p)-frame. Let {M; € Kp,y : i < 8} an
increasing continuous chain such that 6 < p. If {p; € gS™(M;) : i < &} is an
increasing sequence of types such that p; does not fork over My for every i < 9, then
{pi : i < O} is a coherent sequence of types. Moreover, there is ps € gS™*(Mj)
extending all the p; and if 6 < p then ps € gS*(Ms) does not fork over M.

Proof. The exact same proof of [Bonl4l, 5.2] works, since the only properties of good
frames that are used in [Bonl4, 5.2] are amalgamation, uniqueness and continuity. [

Lemma 2.3.17. If s is a w-good [\, i)-frame without the assumption that Ky .y has
no mazximal models, then Ky 4 has no mazimal models.
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Proof. We show that for every x € [\, u| K, has no maximal models. The case when
k = A follows directly from the definition of a w-good [\, p)-frame and the assumption.
So suppose k € (A, u] and M € K, is a maximal model. Let R <k S <g M such
that R, S € K,. By weak density, [A, u)-amalgamation property and using the fact
that M is maximal, there are R’ <x S’ <k M both in K, and a € |S|\|R| such that
tp(a/R’,S") € gS”(R).

We build {M; :i < k} C K., an increasing and continuous resolution of M such
that My := R’. We build {p; : i < k} such that:

1. po=tp(a/R,S").

2. For all i < k, p; € gS"(M,).

3. For all 7 < k, p; does not fork over Mj.
4. If j <4, then p; < p;.

Enough: By Lemma there is p € gS™(UU,,, M;). Observe that |J,_, M; =
M and since the type is nonalgebraic there is N € K, and a € |N|\|M| such that
p=tp(a/M,N). Hence M <k N, this contradicts the fact that M is maximal.

Construction: The base step is (1) and if 7 is limit we apply Lemma [2.3.16, So
the only interesting case is when ¢ = j + 1. By construction we have p; € gS” (1)
that does not fork over M. Since M; <x M;; and both models are in K, ), by the
extension property there is p; 11 € gS"(M;,1) such that p; < p;y1 and p;,; does not
fork over M;. Then by transitivity p;;; does not fork over M

O
Theorem 2.3.18. If s is a w-good [\, p)-frame, then K, # (0 for all k € [\, ut].
Proof. Tt follows from the fact that K, # () and Lemma [2.3.17] O

The following corollary has a long history. First, Shelah proved it for good A-
frames in [Sh:hl §I1.4.13], then Jarden and Shelah proved it for good’(St’LC))\—framesﬁ
in [JaSh13, 3.1.9] . Later Vasey proved it for good~ ) \-frames in [VasI6al, 8.9]. Below
we prove it for w-good A-frames.

Corollary 2.3.19. If 5 is a w-good \-frame, then Ky+ # 0 and Ky++ # 0.

Proof. Observe that s is a w-good [A, A*)-frame and use Theorem [2.3.18] [

6Tt is clear that a good—(5%L¢) \-frame is stronger than a w-good A-frame. It is suspected that
symmetry does not follow from the other axioms of a good A-frame, so we suspect that good—(5:L¢) \-
frames are strictly stronger than w-good A-frames. The reason we do not mention good~(5t:L¢) -
frames until this point is because they are simply a technical tool developed in [JaSh13] to encompass
both semi-good frames and almost-good frames.
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2.3.3 Extending w-good A-frames

Similarly to [B0n14]|ZI, one can show that under the amalgamation property and tame-
ness one can extend a w-good A-frame to a w-good [\, co)-frame. We will only sketch
the proof since all the proofs of [Bonl4] work for our weaker setting, except the proof
of weak density and of no maximal models.

The following definition is a local version of (> s) which appears in [Sh:hl §11.2.4]
for good A-frames.

Definition 2.3.20. Let LS(K) < A < u where A is an infinite cardinal and p is an
infinite cardinal or infinity. Given s a w-good A-frame we define:

¢ Kf[fi) = {(e, M,N) € K[ri,#) : there is M’ <g M in K, such that: if M" €

K, with M' <x M" <x M , then tp(a/M", N) does not fork over M'}.

o gS» = {p € gS(M) : for some/every (a,M,N) € Kg’[fi) ,p=tp(a/M,N)}.

S[Au)

N
o Given My <x M; <k N all in K, ,y and a € |[N|\|M;|: a L M, if and only if
Mo
there is Ry <x My in K, such that for any Ry, 5 € K, with Ry <x R; <x M;
s
and Ry U{a} € S < N it holds that a L R;.

Ry

Define s ) = (K, gS2 | L ).

Sa,p)’
g S[,p)

The following is already proven for good A-frames in [Bonl4].

Lemma 2.3.21. Assume K is an AEC with the [\, ut)-amalgamation property. If
s is a w-good A-frame and K is (A, < p)-tame, then spx,+) is a pre-[A, u™)-frame
that satisfies the amalgamation property, the joint embedding property, existence of
non-forking extension, uniqueness and continuity.

Proof. 1t is trivial to show that sy ,+) is a pre-[\, u*)-frame. We have the amalga-
mation property by hypothesis and the joint embedding property follows from the
amalgamation property and the fact that we have the joint embedding property in
K. The existence of non-forking extension is [Bonl4, 5.3], the uniqueness property
is [Bonl4, 3.2] and continuity is [Sh:hl §II 2.11(6)]. O

Therefore we only need to prove that weak density and no maximal models transfer
up.

"[Bon14] uses tameness for 2-types to extend symmetry, in [BoVasl7al 6.9] it was established
that tameness for 1-types is sufficient. Observe that in this paper the results of [Bonl4] are enough
since symmetry is not assumed.
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Lemma 2.3.22. Assume K is an AEC with the [\, u™)-amalgamation property. If s
is a pre-A-frame that has weak density, then s ,+) has weak density.

Proof. Let M <x N such that M € K. If N € K, then it follows directly from the
fact that s satisfies the weak density property. So let us do the case when || N > A.

Apply downward Lowenheim-Skolem-Tarski axiom to get Ny € K, such that
M <k Ny <k N. By weak density in s there are a € |No|\|M| and M’ <k N/ both in
K, such that a € [N}|\|M’|, tp(a/M' N}) € g8*(M') and (a, M, Ny) < (a, M', N}).
By the amalgamation property there are f and N’ € Ky, such that the following
diagram commutes:

N Lo N
idT Tid
Ny 4> N
Observe that f(a) = a, a € |[N'|\|f[M']|, (a, M, N) < (a, f[M'], N') and tp(a/f[M'], N') €
gSe , (FIM)). O

BN

The reason we can not simply quote [Bonl14, 7.1] to transfer up no maximal models
is because Boney’s proof uses symmetry, which we are not assuming.

Lemma 2.3.23. Assume K is an AEC with the [\, u™)-amalgamation property. If s
is a w-good A-frame and K is (X, < p)-tame, then Ky ,+y has no mazimal models.

Proof. By Lemma [2.3.21| and Lemma [2.3.22| s}, ,+ is a w-good [A, ut)-frame without
the property that K|, ,+) has no maximal models. Since s is a w-good A-frame, K

has no maximal models. Therefore, by Lemma it follows that Ki ,+) has no
maximal models. O

With all the work we have done, we obtain the theorem promised at the beginning
of the section.

Theorem 2.3.24. Assume K is an AEC with the [\, u*)-amalgamation property. If
s is a w-good \-frame and K is (X, < p)-tame, then sy ,+y is a w-good [\, u*)-frame.

Proof. Follows from Lemma [2.3.21] Lemma [2.3.22] and Lemma [2.3.23 O]

In [Vasl7d, 4.16] Vasey weakens the hypothesis of the above theorem for good
frames from K has the amalgamation property for that of K has weak amalgamation.
In the proof, it is crucial the density of basic types, therefore we do not know if one
can weaken the hypothesis in the above theorem.
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2.4 Applications

The following notation will be useful in this section:

Notation 2.4.1. We denote by (x), the assertion “I(K,\) = I(K,AT) = 1 <
I(K, ATT) < 22777,

In this section we will show how w-good frames can be used to prove the following:

Theorem 2.4.2. P Suppose 2% < 227 < 227" and 22" > Xt+. If (%), and K is
(X, AT)-tame, then Ky+++ # ().

The proof presented here follows the blueprint displayed in [Sh576], unless other-
wise noted all the definitions in this section were introduced by Shelah in [Sh576]. We
would like to point out that most of what we prove here is already proved by Shelah
in [Sh576], but we decided to write down the proofs since some of Shelah’s proofs are
obscure, in particular those of Section 4.3, and they are central in the study of AECs.

The proof of Theorem is done by contradiction. We will assume that
Ky+++ = 0 and using this property we will construct an explicit w-good A-frame.
Then using tameness together with Theorem we will get a contradiction by
building a model of size AT,

2.4.1 Definition and basic properties
The next definition is crucial.

Definition 2.4.3. (a, My, Ny) € K3 is minimal when: if (a, My, No) <p, (a;, My, N})
for I € {1,2} and hy [a,= ho [ then tp(a; /My, N}) = tp(ag/M;, N3?).

A type p € gS(M) is minimal for M € K, if for some a and N € K, we have
that (a, M, N) € K3} is minimal and p = tp(a/M, N).

With this definition we are ready to introduce our candidate for the w-good A-
frame. This frame was introduced in [Sh:ll, §VI.8.3]

Definition 2.4.4. We define .., = (Kynin, L, gSP. ) as follows:

min
min

L4 szn = K)\'

8 As mentioned in the introduction, Shelah claims the same conclusion from fewer assumptions
(see Fact and the two paragraphs above it).

9In [Sh:hl §VI1.8.3] Shelah shows, under the hypothesis of Fact that s, is an almost good
A-frame. The reason we only show that §,,;, is a w-good A-frame is because by Section 3 this is
enough to get a model of size AT++ and because the known proofs of the other properties use the
machinery of [Sh:hl §VII] which we avoid.
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e gS» = {tp(a/M,N): (a, M,N) € K} minimal}.

N
e Given My <k M; <k N and a € |N|\|M;| we define: a L M; if and only if
My
tp(a/Mi, N) [, is minimal.
An easy consequence of Fact is the following.

Remark 2.4.5. Suppose 2* < 22" < 22" Let K be an AEC. If (), then Ky 1+
has the amalgamation property.

Therefore the theorems on this section that assume that K has A or AT amalga-
mation follow from the hypothesis of Theorem [2.4.2]

Definition 2.4.6.

1. (ag, Mo, Ny) € K3 has the weak extension property if there is (a1, My, N7) € K3
such that (ag, Mo, Ny) < (aq, My, Ny).

2. K3 has no mazimal pre-type if every (ag, Mo, Ny) € K3 has the weak extension
property.

As one can see from the definition of minimal pre-type, a pre-type can be mini-
mal if there is no pre-type above it, but we will show that under the hypothesis of
Theorem this can not happen. This appears first as [Sh576l, 2.4], but a more
straightforward proof is given in [Gro02) 7.11] (in [Gro(2] it is assumed that the class
is a PC class, but the hypothesis is not necessary).

Fact 2.4.7. Let K be an AEC. If [(K,\) = I(K,A\") = 1 and Ky++ # 0, then K}
has no maximal pre-type.

Now that we have that out of the way, we will show some basic properties about
minimal pre-types. The following is [Sh576, 2.6]. Although the proofs are easy, we
sketch them since they don’t appear on [Sh576] and this facts are used throughout
the paper.

Lemma 2.4.8.
1. If (a, My, No) < (a, My, Ny) € K3 and (a, My, Ny) is minimal, then (a, My, Ny)
18 minimal.

2. (A-amalgamation property is used) (a, My, Ny) is minimal if and only if the
following holds: if (a, My, No) <p, (a;, My, Ny) forl € {1,2} and hy [a= ha [,
then tp(ai /My, Ni) = tp(az/Mi, Ny).
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3. (A\-amalgamation property is used) If (a, My, Ny) € K3, p = tp(a/My, Ny) and
p is minimal, then (a, My, No) is minimal.

4. (A-amalgamation property is used) Let M <y M' € K. If p € gS(M) minimal
and q € gS(M') extending p, then q is a minimal type.

Proof. (1), (3) and (4) are straightforward so let us sketch (2). The forward direction
is trivial so let us show the backward one. Suppose (a, My, No) <p, (a;, My, N}) for
[ € {1,2} and hy [p,= h2 [, then apply the amalgamation property to obtain N
and j such that the following diagram commutes:

Ny—' >N

NI

Ny g N,
Then simply apply the hypothesis to h} = hy, hl, = j o hy and N.
O

First let us show that $,,;, is a pre-A-frame. This appears without a proof in [Sh:h|
§VL.8.1(1)].

Lemma 2.4.9. Suppose 2* < 2*". If K is \-categorical and 1 < I(K,\*) < 22",
then Spmin = (Kpnin, L, g8, ) is a pre-A-frame.

- min

mwn

Proof. 1t is clear that (1) through (3) of the definition of pre-A-frame are satisfied, so
let us check that (4) through (6) are satisfied:

4. Invariance: It follows from the fact that minimal pre-types are closed under
isomorphisms.

5. Monotonicity: It follows from Lemma [2.4.8(4).

6. Non-forking types are basic: By definition.

Moreover, we can show the following.

Lemma 2.4.10. Suppose 2* < 22" If K is A-categorical and 1 < T(K,\*) < 227,
then S, satisfies:

2. K, has amalgamation, joint embedding and no maximal models.

6. Uniqueness.
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9. Continuity.
Proof.

2. K, has amalgamation, joint embedding and no maximal models: The amalga-
mation property follows from Remark [2.4.5 Joint embedding follows from
A-categoricity and no maximal models from M-categoricity and the fact that

Ky # 0.

6. Uniqueness: It follows from the definition of minimal type.

9. Continuity: Let 06 < A*, {M; : i < 0} C K, an increasing continuous chain,
{p; :i < 0} with p; € g8, (M;) and for i < j < § implies that p; = p; [, and
p € gS"(Ms) an upper bound. Since p [n,= po and pg is minimal by Lemma
2.4.8(4) it follows that p is minimal and hence basic.

Moreover, if each p; does not fork over My, then by definition p [y, is minimal.
Hence p does not fork over M,.

O

Therefore to show that s,,;, is a w-good A-frame, we just need to show that it
satisfies weak density and existence of non-forking extension. The proofs of these two
facts are more complicated and will use all the hypothesis of Theorem together
with the assumption that Ky+++ = (). Before we do that there is a useful property
that we get by assuming that Ky+++ = 0.

Definition 2.4.11. Let M € K, and LS(K) < A < p infinite cardinals. M is
universal above A if and only if for all Ny, Ny € K|, such that Ny >x Ny <g M
there is f : IV N—> M.

0

The following is similar to [Sh576l 2.2], but instead of working in A** we work in
A

Lemma 2.4.12. If Ky, y+} has the amalgamation property, Ky # 0 and K+ =
(), then there is C € Ky++ universal above X. Moreover if (K, \) = (K, \T) =1, for
each N € K \+y there is C € Ky++ universal above A such that N <x C.

Proof. Since Ky+++ = ) there is C € K ++ maximal. We claim that C is universal
above A. Let Ng <g N € Ky, +}, then since Ky, y+) has the amalgamation property,
there are M € K,++ and f such that the following diagram commutes:

N, M

4

NOLC
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Since C is maximal, we have that C = M. Hence f : N; T C. The moreover part
0

follows from A-categoricity or A*-categoricity copying C.
O

2.4.2 Weak density

The only place where we use the extra cardinal arithmetic hypothesis that 22" > At+
is to prove the following lemma, since we are already assuming that 2* < 22" this is
a weak hypothesis.

The lemma below is [Sh576l 2.7]. Shelah’s proof and our proof are very similar,
but we have decided to include it for the sake of completeness.

Lemma 2.4.13. Suppose 2% < 22" < 2" and 22" > A, If (%) and Kyr++ = 0,
then minimal pre-types are dense in K3, i.e., for every pre-type there is a minimal
one above it.

Proof. We do the proof by contradiction. Let (a, M, N) € K3 with no minimal pre-
type above it. We will build {(a,, M,, N,)) : n € 2<*"} and {h,,, : n < v with n,v €
2<*"1 by induction such that:

L. (a<s, Mcs, Nos) i= (a, M, N).

2. (ay, My, N,) € K3 for all n € 22"

3. If n < v, then (ay,, M,, Ny) <4, (a,, M,,N,).

4. It n <v <p, then h,, =h,,0h,,.

5. Mo = My, Nyro = Nya,y Bygno Tag, = hpgnt Tag, for all n € 247
6. tp(ayno/Myro, Nyro) # tp(anst/Mpry, Nyrt).

7. Ifnp € 2% and § < A* limit then (M, {hy1.m}a<s)s (N, {Pntonta<s) are the direct
limits of ({ M}, : @ <0}, {hyams @ < B <0}) and ({ Ny, 1 o < 8}, {hypams
a < B < 60}) respectively where a, = hy, »(a).

Construction: In the base step apply (1). On limits take the direct limits, so the
only interesting case is when o = 5 + 1. By construction we are given (a,, M,, N,),
since (a<s, Mes, Nos) <p_., (ay, My, Ny) it follows that (a,, M,, N,) is not minimal.
Applying Lemma [2.4.8(2) we are done.

Enough: By Lemma there is C € K ++ universal above A. We build {g, :

M, — C :n € 2<*"} by induction such that:
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1. For every v <mn, g, 0 hy,, = gy.

2. Inro = G-

Construction: Base: Since K is A-categorical there is g.~ : M.~ — C.

Induction step: If « is limit using that M, is a direct limit and the fact that we
are constructing a cocone we obtain g, : M, — C.

If « = f+ 1. Suppose we have g, : M, — C. By the first construction we have
hoarolMy] <k Myno, copying back the structure we build g and M, such that:

/ =9
Mg —2 My

idT Tid
Thy A

M, —— ﬁnmAO[Mn]

Then copying forward the structure with respect to g, we build h and M, such

that:

/ =n "
Mn/\o E—— Mn/\o

idT ) Tid

M, —% gn[Mn]

Then using the universality of C we get j : M,y ——— C. So let g,no 1= johog™t

n M"]

and g,y :=johog ' Since Myng = My it is Welf—c[leﬁ]ned.

Enough: For each n € 2\" let ((a,, My, N,), {h,,, : v < 1}) be the direct limit of
g\{JrMma ra < AT gt ca < B < AT} and ({Nyp, o < AT} {hypam, o< B <

}])By the construction of {g, : ¥ < n} and the definition of direct limits there is
fn + M,, = C such that for any v < n(f, o h,, = ¢,). Using that C is universal above
A there is f} @ N, — C such that f, C f/.

Observe that for every n € 22" we have that fila,) € C. Since ||C|| = A™" and

22" > A\t we have 7 # v € 2*" such that filay) = fi(a,). Let a < A* least such
that 7 [o= v [» and n(a) # v(a), we may assume without loss of generality that
n(a) =0 and v(a) = 1.

tp(aniyo/Myipo Narao) = tp(aniar/Myar, Nyja1)-

Observe that the following diagram commutes:

+
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!
N fnohnFQOW C
nla0 i

Myipo e Npia1
Moreover, since f; (a,) = f,(a,) we have that f; oh,ino.q(ana0) = f,,0hya10(aniar)-

TClaim
Finally observe that this contradicts (6) of the first construction.

O
From the above lemma, the assertion below follows trivially.

Lemma 2.4.14. Suppose 2* < 22" < 2" and 2" > AT, If (%) and Kyi++ = 0,
then S, has weak density.

Proof. Let M <x N both in K,, then pick a € |N|\|M|. By the previous theorem
thereis (a, M', N') € K3} such that (a, M, N) < (a, M’, N’) and (a, M’, N') is minimal.
Hence tp(a/M’, N') € gS%, (M"). O

min

2.4.3 Existence of non-forking extension

Fact asserts that K3 has the weak extension property, in this section we will
deal with the extension property.

Definition 2.4.15.

e (ag, My, Ng) € K3 has the extension property if given M; € K, and f :
My — M, there are N; € K, and g : Ny — N; such that (ag, Mo, No) <,
(g9(ap), My, Ny) and g D f.

o p € gS"(My) has the extension property if given M; € K, such that My <k M,
there is ¢ € gS™*(M;) extending p.

Remark 2.4.16. p has the extension property if and only if there is (a, M, N) € K}
such that p = tp(a/M, N) and (a, M, N) has the extension property.

The following fact is [Sh576l 2.11], to show it Shelah used the A-amalgamation
property.

Fact 2.4.17. If (a, My, Ny) < (a, My, N;) € K3 and (a, My, Ny) has the extension
property, then (a, My, Ny) has the extension property.
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The proof of the following lemma is similar to [Sh576, 2.9], but our proof is shorter
since we assume \t-categoricity instead of 1 < I(K, ™) < 2" and we assume that
Ky+++ = 0.

Lemma 2.4.18. Assume K, x+} has the amalgamation property, K is A -categorical
and Ky+++ = 0. If (a, My, No) € K3, My <k R and |{c € R : ¢ realizes tp(a/My, No)}| >
AT, then (a, Mo, No) has the extension property.

Proof. We may assume R € K,+ and by Lemma there is C >k R universal

above \. Let f: My — M, , we may assume that f =idy;,. By universality there is

h: M - C. Since ||[h[M;]|| = A then there are ¢ € |R|\|h[M;]| and R’ <k R such
0

that (a, Mo, No)Eq(c, My, R'). Then by definitions of E,; and universality of C, there
is R <x C and g : Ny — R" such that g(a) = c.
0
Applying downward Lowenheim-Skolem-Tarski axiom to h[M;] U R” inside C we
get S <k C. Let S* >k M, and d : S* = S such that h C d. Since ¢ ¢ h[M;] it follows
that (d7*(c), My, S5*) € K3 and one can show that (a, My, No) <g-104 (d*(c), My, S*)
and d~' o g D idyy.
O

The next step is to prove the extension property for minimal types, for that we
use weak diamond principles. Weak diamonds were introduced (for A = Rg) by Devlin
and Shelah in [DeSh7§].

Definition 2.4.19. Let S C At be a stationary set. ®3,(S) holds if and only if VF :
(2N = 2 3g : AT — 2 such that Vf : At — 2* the set {a € S: F(f ) = g(a)}
is stationary.

The following facts will be used in the proof of Lemma and a proof of them
can be found in [Gro2Xl §15].

Fact 2.4.20.
1. 2% < 2*" if and only if ®2, (A*) holds.

2. ®2,(S) holds for a stationary set S C A* if and only if VF : (2x2x A*)<N — 2
Jg : AT — 2 such that V¥ € 2"Vv € 22'Vh : At — AT theset {a € S: F(n |4
VT, b [a) = g(a)} is stationary.

3. If @3, (A1) holds, then there exists {S; C A" : i < At} pairwise disjoint sta-
tionary sets such that @3, (S;) for each i < AT,

The lemma below is presented precisely in the way it will be used in the proof of
Theorem [2.4.24] It is similar to [Sh576, 1.6(1)], but our assumptions and conclusions
are weaker.
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Lemma 2.4.21. Suppose 2 < 2)". Let {M, : € 2"} such that for each n € 22"
1. {M,, : o < At} strictly increasing and continuous.
2. For all o« < XT(M,,;, € K,).

If for everyn € 22" and o < AT Myino can not be embedded to M, over My, when
n M1 <vandv e 2N, then K is not A\t -categorical.

Proof. We may assume that for all v € 22" (|M,| = ~, € A1), for every 1 €
22" ({1, : @ < At} is continuous) and in that case Vi € 2" (|M, | = A*).
For each 6 € A*, n € 2%, v €2 and h: 6 — § define:

1 |M,|=|M,| =6 and h: M, — M, can be extended to an isomorphism from
F(n,v,h) = M, to Mg where n*0 < 1 and v < 0

0 otherwise

Let {S; C At i < AT} pairwise disjoint stationary sets such that @3, (.S;) holds
for each i < A", they exist by the previous fact.

By ®3,.(S;) for all i < AT let ¢; : AT — 2 such that for any n,v € 22" and
h: AT — AT the following set is stationary:

S;={0€Si: F(nlsvlshls)=g(0)}

Now, given X C A" we define nx : AT — 2 as follows:

e (6) = {gi((S) if 3i € X(6 € S;)

0 otherwise

Observe that since {S; : i < A"} are pairwise disjoint, for each X nyis well-defined.

If X C A" and X # 0, then M, % M,,.

Suppose h : M, = M,,. Observe that 7y = 0. Let ¢ € X and S; = {0 € S; :
F(nx 15,0 [s,h [5) = gi:(0)} be the stationary set obtained for nx,0 and h.

Let Cpy = {0 < A" 1 [Myyp,| =0}, Co = {6 < At 1 [Mp,| =6} and D = {6 <
AT 2 h [s: 0 — 0}. Since they are all clubs we can pick § € C,, NCyN DN SF. Define
n:=nx |s and v = 0 [5. There are two cases:

1. Case 1: nx(0) = 1. Since 6 € S} we have that ¢;(d) = F(n,v,h [s) and since
i € X we have that nx(d) = ¢;(0). Hence F(n,v,h [5) = 1. Then by definition
there is g D h [s and 1y > "0 such that g : M, = M.
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By hypothesis h : M, = Mg, so consider f := h™'og: Myg — M,,. Since
{M, . : o < AT} is strictly increasing and continuous there is v < A such
that f[M,no] € M, ., so f: Myng — M, Moreover nx [,> n"1 and M, is
fixed under f; contradicting the hypothesis of the lemma.

2. Case 2: nx(0) = 0. Then observe that h D h [s5: M, — Mg where nx > 1n"0.
So F(n,v,h [5) = 1. Since 6 € S} it follows that nx(d) = 1. A contradiction to
the hypothesis of this case. {ciaim

Therefore, K is not A*-categorical. O
We recall one last definition before we tackle Theorem [2.4.24].
Definition 2.4.22.

o Givenp =tp(a/M,N) € gS(M)and f : M = Rdefine f(p) := tp(f'(a)/R, f'[N])
such that f/: N = f/[N] and f’ D f.

o Let p=tp(a/M,N) € gS(M) and R € K, then S,(R) :={f(p): f: M = R}.

Observe that if M and R are not isomorphic then S,(R) = @), but in this paper
when we refer to this notion, we will always assume categoricity in A. Hence it will
always be not empty. We will use the following lemma.

Lemma 2.4.23. Let p = tp(a/M,N) € gS"(M). If g : M = R, then |S,(M)| =
|1Sp(R)-

Proof. Define ® : S,(M) — Sp(R), by ®(tp(f'(a)/M, ['[N])) = tp(gs o f'(a)/R, gf o
f'[N]) such that ' : N = f'[N] and f" O f where f : M = M and the following

square commutes:

FIN]—%L g; 0 f'IN]

M — R
It is easy to see that ® is a bijection. O

The next theorem is [Sh576l 2.13]. Our proof is similar to that of Shelah, but we
show that Lemma [2.4.21] is enough.

Theorem 2.4.24. Suppose 2* < 227 < 227 and 22" > M\t+. Assume (%), and
Ky+++ = 0. If (a, M,N) € K3 is minimal, then it has the extension property.

Since the proof is very long we have divided it into three lemmas.
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Lemma 2.4.25. Under the hypothesis of Theorem |2.4.24. Let p = tp(a/M,N) €
gS" (M) such that p does not have the extension property. If q extends p, then q has
less than AT realizations.

Proof. Follows from Lemma [2.4.18| O

Lemma 2.4.26. Under the hypothesis of Theorem (2.4.24. Let p = tp(a/M,N) €
gS"* (M) such that (a, M, N) is reduced, minimal and does not have the extension

property. Then there is a reduced pre-type (a, M', N') > (a, M, N) such that | Sypa/mr N1y (M')| >
AT

Proof. Let M <k C such that C € K, ++ universal above )\, this exists by Lemma
2.4.12L 'We do the proof by contradiction, so suppose it is not the case. We build
{(a, Py, Qn) : @ < AT} such that:

1. (a, Py, Qo) := (a, M, N).

2. {P,:a< At} and {Q, : a < AT} are increasing and continuous.
3. Py, <k Pai1.

4. (a, Py, Q,) € K3 is reduced for each o < ™.

The construction of the chain is done by combining Fact and Fact [2.2.6
We also build {R,, : @« < AT} and {T',, : @ < At} such that:

1. RO =M
2. Va < AT (Ry <k C and R, € K,).
3. {R4 : @ < AT} is increasing and continuous.

4. To={q" i < A"} =U,cr+ Stp(a/r,.0q)(Ra):

5. VB < AVq(q = ¢ for a,i < [ then there is no N’ € K, such that C >k
N’ >k Rgyq1 and ¢ € |[N'|\|Rp1] realizing q).

Construction: If « = 0 apply (1) and if « is limit one takes unions. So the only
interesting case is when o = 8 + 1. By hypothesis given v < A" we have that
|Stp(a/p,.0,)(Py)| < AT, then by A-categoricity and Lemma |Stpa/r,.0,) (Rs)| <
AT, So let {¢” : i < At} an enumeration of U, <x+ Stpa/r,.@,) (). Let ¥ = {gf" :
i, < B}, clearly [S| < A. Observe that by Lemma [2.4.25if u € ¥ and A, = {c €
C : crealizes u} then |A,| < A. Hence A = J,cx A is of size A and let Rg,y the
structure obtained by applying downward Lowenheim-Skolem-Tarski axiom to AU Rg
in C. Rgy1 works.
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Enough: Let P = J, o)+ Pos @ = Uperr @a and R = J,_y+ Ra. By A'-
categoricty there is g : P = R. Let D = {6 < AT : g : Ps = Rs}, by continuity
of the chains this is a club. Let § € D and ¢ = g(tp(a/Ps,Qs)) € Stp(a/Ps,05) (Fs)
by the enumeration there is i < A* such that ¢ = ¢?. Let ¢’ : Q = ¢'[Q] <k C with
9C4d.

Let € > ¢,i. Since {P, : @« < A"} is increasing and continuous there is v < AT
such that ¢ '[Re41] <k P,. Moreover since (a, Py, Q) > (a, Ps,Q;), then ¢'(a) €
|9’ [Q+]|\| Res1| and realizes q. Hence ¢'[Q,] and ¢'(a) contradict (5). O

Lemma 2.4.27. Under the hypothesis of Theorem [2.4.24 Let p = tp(a/M,N) €
gS"* (M) such that (a, M, N) is reduced, minimal, does not have the extension prop-
erty and |S,(M)| > M. If R € K,, I' C |{S,(R') : R <x R,R' € K,} and
IT| < AT then

I'"={qe S,(R) : 3R" € K\(R <k R",R" realizes q and there is no c € |R*|\|R| realizing v € I')}
has size \TT.

Proof. Let R <k C such that C € K,++ universal above A, this exists by Lemma
2.4.12] Let {C, : @ < AT} be an increasing and continuous resolution of C such that
Cy = R.

Given ¢ € S,(R) let (a4, R, T,) € K3 such that (a, M,N) = (a, R,T,) and
q = tp(a,/R,T,). Since (a, M, N) is reduced it follows that (a,, R,T,) is reduced.
Moreover, from the fact that C is universal above A we may assume that 7, <k C.

1. If 4 # ¢ € Sy(R), then a,, # ag,.
2. Ifta, ¢ Cy, then T, NC, = R.

The proof of the first claim follows from the fact that 7}, T, <k C. As for the second
claim, it is clear that R C T,,NC,,, so we will show the other inclusion. Let b € T,NC,,
let R’ the structure obtained by applying downward Lowenheim-Skolem-Tarski axiom
to {b}UR in C, and let 7" the structure obtained by applying downward Lowenheim-
Skolem-Tarski axiom to {a,} U R' in C. Clearly (a,, R,T,) < (a,, R, T') € K} and
since (a4, R, Ty) is reduced T, N R’ = R. Since b € T, N R', it follows that b € R. {claim

For each u € I', u € S,(R') for some R' <kg R by definition. Hence by Lemma
2.4.25 if A, = {c € C : crealizes u}, it follows that |4,] < A. Since |I'| = AT,
Al = [Uner Aul < AT

Pick o < AT such that A C C,. Let

Y ={q:q=tp(a,/R,T,) and a, ¢ C,},
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we will show that X C I'™ and |X| > A*T.

Let ¢ € £, so ¢ = tp(a,/R,T,) for a, ¢ C,. Suppose there is ¢ € |T,|\|R| and
u € I' such that c realizes u. Since T, <k C, by definition ¢ € A, C C,. Hence by
claim (2) ¢ € T, N C, = R, contradicting the fact that ¢ ¢ R.

Finally, since |S,(M)| > AT, by A-categoricity and Lemma we have that
|S,(R)| > ATT. From the fact that ||C,|| = AT and Claim (1), it follows that |X| >
AT, O

Proof of Theorem[2.4.24). Let C € K,++ universal above A, this exists by Lemma
2412

We do the proof by contradiction, so assume that p = tp(a/M, N) does not have
the extension property.

By A-categoricity there is h : N — C so we may assume that N <k C. Moreover
by Fact [2.2.6] Lemma Lemma [2.4.25] and Lemma [2.4.17] we may assume that
(a, M, N) is reduced, minimal and [Sgp(a/a,n)(M)] > AT

We build {M, : n € 2<*"} and {p}, : n € 2<*",1 € {0,1}} such that:

1. M~ =M.

2. V€ 2 (M, € K, and M, <k C).

3. If n <wv, then M, <k M,.

4. ¥y € 2V € {0,1} (), € S,p(M,)).

5. M, realizes plmﬁ if and only if 8 < lg(n) and n(B3) = I.

Before doing the construction let us show that this is enough.

Enough: Given n € 2*" let M, = U,<\+ My, Realize that the construction above
satisfies the hypothesis of Lemma In particular, if n € 22" and a < AT M0
can not be embedded to M, over M, if n [ 1 < v and v € 2<*" by condition (5).
Hence by the conclusion of Lemma K is not A"-categorical, contradicting the
hypothesis of the theorem.

Construction: For the base step use (1) and in limit stages take unions. So the only
interesting case is when a = f+ 1. In that case, we are given by induction hypothesis
M, and need to build Myng, Myny and p),p;. We build {(N{,a]) : 6 < A**} such
that:

1. (al,M,,N]) € K} and Nj <k C.
2. tp(al/M,, N{) € S,(M,).

3. Ny omits every ¢ € I's, where I's = {pfﬂﬁ B <lg(n),l # n(B)}u{tp(b/M,, NT) :
v < d,b € NI and tp(b/M,, N7) € S,(M,)}.
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As before we will first show that this is enough and then we will do the construc-
tion.

Enough: For every § < A*tT, let W) = {y < A** : 3b € N](tp(b/M,, N{) =
tp(al/M,, N7))}. Observe that for every d we have that [Wy'| < X since Ny realizes
at most A types and by (3) if v # 7' then tp(a]/M,, N) # tp(al,/M,, N).

Therefore, there are 0 < ¢ < AT such that 6 ¢ W and € ¢ W. Let M,no = N,
Myny = N7, p) = tp(aj/M,, N§') and p} = tp(al/M,, N?).

By (3) they omit all the restrictions and by § ¢ W and e ¢ Wy it follows that p{)
is omitted in My, and p) is omitted in Myno.

Construction: If § = 0, then

ol = [{pyy, = 6 < 1g(n), L # n(B)}] < AT

Observe that p, R = M, and I' = T satisfy the hypothesis of Lemma [2.4.27
Therefore, there is (aj, NJ) such that M, <x N{, tp(al/M,, N]) € S,(M,) and
no ¢ € |NJ|\|M,| realizes a type in I'g. Moreover, since M, omits Iy it follows that
Ny omits I'g and since C is universal above A\ we may assume that Nj <k C.

If ¢ is limit or successor, realize that |T's| < A, then apply Lemma as we
did in the base step.

This finishes the construction and since we got to a contradiction in the first
enough statement, we conclude that (a, M, N) has the extension property. ]

We are finally able to obtain that s,,;, satisfies the existence of non-forking ex-
tension property.

Lemma 2.4.28. Suppose 2 < 22" < 2" and 27 > A+, If (%) and Kyr++ = 0,
then S, satisfies existence of non-forking extension property.

Proof. Let p € gS¥%, (M) and M <yx M’'. Since p € gS%, (M), there is (a, M, N)

minimal pre-type such that p = tp(a/M, N). Then by Theorem [2.4.24] there are g and
N’ € K, such that (a, M,N) <, (b, M',N') € K3} and g D id. Let ¢ = tp(b/M', N'),
it easy to show that ¢ is the witness for (a, M, N)E (b, M,N’), so p < q. Since
q [m= p is a minimal type, we conclude that ¢ does not fork over M. O

2.4.4 Conclusion

Putting together everything we have done in this section we get:

Theorem 2.4.29. Suppose 2* < 22" < 22" and 227 > AT If (%) and Kyt = 0,
then there is a w-good \-frame.
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Proof. By Lemma [2.4.9] s,,,;,, is a pre-frame. Then by Lemma [2.4.10| s,,;, satisfies
everything except weak density and existence of non-forking extension. Finally, by
Lemma[2.4.14] s,,;, satisfies weak density and by Lemma[2.4.28|s,,;, satisfies existence
of non-forking extension. ]

Now, using the ideas from Section 3 together with the above theorem we are able
to prove Theorem [2.4.2, We repeat the statement of the theorem for the convenience
of the reader.

Theorem 2.4.2. Suppose 2* < 22" < 22" and 2" > A\t IFI(K, \) = [(K, A1) =
1 <I(K,\*+) < 22 and K is (A, A*)-tame, then Koy # 0.

Proof. Suppose for the sake of contradiction that Ky+++ = (). Then by Lemma [2.4.29
Spin 18 & w-good A-frame. Since K is (A, A")-tame and Ky, y+} has the amalgamation
property (by Remark , it follows from Theorem that s, a1 @ w-
good [A\, ATT)-frame. Hence by Theorem Ky+++ # (), which contradicts the
hypothesis. O]

Lastly, let us show how we can apply Theorem to universal classes. In [Sh300]
Shelah introduced the concept of universal classes in the non-elementary setting.

Definition 2.4.30. A class of structures K is a universal class if:
1. K is a class of T-structures, for some fixed vocabulary 7 = 7(K).
2. K is closed under isomorphisms.
3. K is closed under C-increasing chains.
4. f M € K and N C M, then N € K.

Observe that if K is a universal class then K = (K, C) is an AEC with LS(K) =
I7(K)| +RNo. We identify K and K.

When K is a universal class, without any additional hypothesis, Will Boney proved
that K is (< Np)-tame. It appears in print in [VasI7d, 3.7].

Fact 2.4.31. If K is a universal class, then K is (< Ny)-tame. In particular, K is
A-tame for every A > LS(K).

Putting together this fact with Theorem [2.4.2] we get the following.

Theorem 2.4.32. Suppose 2 < 2% < 227 and 227 > A+, Assume K is a
universal class. If (*)y, then Ky+++ # 0[]

10Gimilarly to Theorem [2.4.2 this is not the best known result for universal classes, stronger
results are obtained in [Ch. 3].
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Proof. By Fact K is (A, A1)-tame and by Theorem K+ # 0. O

Observe that the proof of Theorem is around 30 pages long (we cited a
couple of facts in this paper), while Shelah’s original proof is around 250 pages long,
making the above proof for universal classes 200 pages shorter. We use the additional
hypothesis that 22" > A+t but as mentioned in Section 4.2 this is a weak hypothesis.



Chapter 3

Universal classes near N

This chapter is based on [Ch. 3] and is joint work with Sebastien Vasey. In this
chapter the first author is Marcos Mazari-Armida and the second author is Sebastien
Vasey.

Abstract

Shelah has provided sufficient conditions for an L, ,-sentence ¢ to have arbitrarily
large models and for a Morley-like theorem to hold of . These conditions involve
structural and set-theoretic assumptions on all the N,,’s. Using tools of Boney, Shelah,
and the second author, we give assumptions on ¥y and ¥; which suffice when v is
restricted to be universal:

Theorem. Assume 2% < 2% Let 9 be a universal L, ,-sentence.

1. If 9 is categorical in Ny and 1 < I(3,R;) < 2% then 1 has arbitrarily large
models and categoricity of ¢/ in some uncountable cardinal implies categoricity
of v in all uncountable cardinals.

2. If v is categorical in Ny, then v is categorical in all uncountable cardinals.

The theorem generalizes to the framework of L, ,-definable tame abstract ele-
mentary classes with primes.

44
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3.1 Introduction

In a milestone paper, Shelah [Sh87al, [Sh87b] gives the following classification-theoretic
analysis of L, ,-sentences:

Fact 3.1.1. Assume that 2% < 2%+ for all n < w. Let ¢ € L, ,, be a complete
sentence. Assume that ¢ has an uncountable model and for all n > 0, I(¢),R,,) <
,uwd(Nn)E Then ¢ has arbitrarily large models and categoricity of ¢ in some uncount-
able cardinal implies categoricity of 1 in all uncountable cardinals.

It is provably necessary to make hypotheses on all the N,,’s: a family of examples of
Hart and Shelah [HaSh90] (analyzed in detail by Baldwin and Kolesnikov [BaKo09])
gives for each n < w an L, ,-sentence v, which is categorical in Ry, 8y, ..., N, but
not in any cardinal above N,,.

In the present paper, we show that if we restrict the complexity of the sentence,
then it suffices to make model-theoretic and set-theoretic assumptions on ¥y and Nj.
More precisely:

Theorem Assume 280 < 2% Let 1) be a universal L, ., sentence (i.e.
Y is of the form Vx¢(x), where ¢ is quantifier-free). If 1 is categorical in Wy and
1 <T(p,Ny) < 2% then:

1. ¥ has arbitrarily large models.

2. If ¢ is categorical in some uncountable cardinal then ) is categorical in all
uncountable cardinals.

We more generally prove Theorem for universal classes (classes of models
closed under isomorphisms, substructures, and unions of C-increasing chains, see
Definition and Fact in a countable vocabulary. The assumption of cate-
goricity in Ny can be removed if we instead assume categoricity in N;. In this case,
we obtain the following upward categoricity transfer:

Theorem Assume 280 < 2% Let 1) be a universal Ly, ,, sentence. If 1 is
categorical in Ny, then it 1s categorical in all uncountable cardinals.

The statements of Theorems [3.3.3] and [3.3.5] should be compared to the second
author’s eventual categoricity theorem for universal classes[Vas17d].

Fact 3.1.2. Let ¢ be a universal L, .-sentence. If ¢ is categorical in some p > o, |
then 1 is categorical in all p' > 35, .

Fact is a ZFC theorem while the results of this paper use 2% < 2%, How-
ever, Fact is an eventual statement, valid for “big” cardinals (in fact there is

1See [Sh:hl VII.0.4] for a definition of jwq and [Sh:h, VIL.0.5] for some of its properties. We
always have that 2% < p,a(N,p1).
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a generalization to any universal class, not necessarily in a countable vocabulary),
while the focus of this paper is on structural properties holding in Ny and Nj.

The reader may wonder: are there any interesting examples of eventually cate-
gorical universal classes? After the initial submission of this paper, Hyttinen and
Kangas [HyKal§| showed that the answer is no: in any universal class categorical in
a high-enough regular cardinal, any big-enough model will eventually look like either
a set or a vector space (the methods are geometric in nature and also eventual, hence
completely different from the tools used in this paper). Thus a reader wanting a
non-trivial example illustrating e.g. Theorem [3.3.5] is out of luck: the statement of
Theorem |3.3.5| combined with the Hyttinen-Kangas result implies that any example
will eventually look like a class of vector spaces or a class of sets?] One can think of
this result as saying that an eventual version of Zilber’s trichotomy holds for universal
classes (but since algebraically closed fields are not universal, it is really a dichotomy).

Nevertheless, we still believe that the theorems of this paper are important for
several reasons. First, the fact that there are no nontrivial examples is itself not
obvious and Theorem helps establish it. Second, it has many times been asked
whether Morley’s categoricity theorem can be applied to any interesting examples,
and so far none has been found: the point is that the methods used to prove Morley’s
theorem are important. Similarly, we believe that the methods to prove the theorems
here (good frames and tameness) are important to develop a classification theory
of AECs — the statements of Theorems B.3.3 and B.3.5 here are showcases for the
methods. Third, while Hyttinen and Kangas’ proofs seem to only work for universal
classes, our result can be generalized?] as follows:

Theorem . Assume 2% < 2% Let K be an AEC with LS(K) = Rj. Assume
that K has primes, is Ny-tame, and is PCy, (see [Sh:h, I.1.4], this is essentially the
class of reducts of models of an L, ,-sentence).

1. If K is categorical in Ry and 1 < I(K,R;) < 2% then K has arbitrarily large
models and categoricity in some uncountable cardinal implies categoricity in all
uncountable cardinals.

2. If K is categorical in Ny, then K is categorical in all uncountable cardinals.

The hypotheses of Theorem are very general: they encompass for example
the class of models of any Wy-stable first-order theory (the setup of Morley’s theorem)
as well as any quasiminimal pregeometry class [Kirl0] (see e.g. [ShVasl8, 4.2] for
why they are PCy,). There are many such classes (e.g. the pseudoexponential fields
[Zi105]) which are not sets or vector spaces.

2It is however possible to add some noise in the low cardinals, see Example 3.4.1] here.
3Similarly, Fact [3.1.2| can be generalized. See for example the recent result of Ackerman, Boney,
and the second author on multiuniversal classes [ABV19].
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It is worth noting, that the results of this paper are direct consequences of putting
together general facts about AECs (many only recently discovered): Shelah’s con-
struction of good frames [Sh:hl §I1.3], Boney’s proof of tameness in universal classes,
and the second author’s proof of the eventual categoricity conjecture in tame AECs
with primes [Vasl7d, Vas17b]. We decided to publish them because it is not com-
pletely obvious how to use these tools, and also because we believe that it is worth
demonstrating how they can be used to solve such test questions.

Let us outline the proof of Theorem [3.3.3] in more details. We start with K,
the class of models of our universal L, , sentence 1. This is a universal class (see
Definition . We are further assuming that v is categorical in Ry and has one but
not too many models in N;. The first step is to show that K is well-behaved in Ry: we
use machinery of Shelah (Fact to build a good Ny-frame. The second step is to
observe that universal classes have a locality property for Galois-types called tameness
(see Definition : in fact Galois-types are determined by their finite restrictions
(this is due to Will Boney, see Fact . The third step is the easy observation
that in universal classes there is a prime model over every set (see Definition [3.2.8):
take the closure of the set under the functions of an ambient model. The fourth and
final step is to use the second author’s results on AECs that have a good frame, are
tame, and have primes [Vas17d, [Vas17b|: any such class has arbitrarily large models
and further Morley’s categoricity theorem holds of such classes.

Note that the above argument only used the structural assumption on the class in
the first step (to get the good frame). Once we have a good frame, the result follows
because any universal class is tame and has primes. Moreover, the argument to get
the good frame works in a much more general setup than universal classes. This is
the reason our main theorem can be generalized to Theorem |3.4.4

To sum up, any tame AEC with primes which has good behavior in the “low”
cardinals (Xy and ¥y) will have good behavior everywhere. If on the other hand it is
not clear that the AEC is tame or has primes, Shelah’s results [Sh87al [Sh87h] and
the Hart-Shelah example [HaSh90l BaKo09] tell us that one will need to use higher
cardinals (the W,,’s) to sort out whether the AEC is well-behaved past V.

This paper was written while the first author was working on a Ph.D. under the
direction of Rami Grossberg at Carnegie Mellon University and he would like to thank
Professor Grossberg for his guidance and assistance in his research in general and in
this work in particular. We also would like to thank John Baldwin, Will Boney, Hanif
Cheung, and the referees for valuable comments that helped improve the paper.
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3.2 Preliminaries

We assume that the reader has some familiarity with the basics of abstract elementary
classes, as presented in for example [Bal09, §4-8]. In this section, we recall the main
notions that we will use.

The notion of a universal class was studied already in Tarski’s [Tarb4]. Shelah
[Sh300] was the first to develop classification theory for non-elementary universal
classes.

Definition 3.2.1. A class of structures K is a universal class if:
1. K is a class of T-structures, for some fixed vocabulary 7 = 7(K).
2. K is closed under isomorphisms.
3. K is closed under C-increasing chains.
4. f M € K and N C M, then N € K.

The following basic characterization of universal classes is essentially due to Tarski
[Tar54] (he proved it for finite vocabulary, but the proof generalizes). This will not
be used in the present paper.

Fact 3.2.2 (Tarski’s presentation theorem). Let K be a class of structures. The
following are equivalent:

1. K is a universal class.

2. K is the class of models of a universal L, theory.

In this paper we will use tools of the more general framework of abstract elemen-
tary classes:

Definition 3.2.3 (Definition 1.2 in [Sh88|). An abstract elementary class (AEC for
short) is a pair K = (K, <), where:

1. K is a class of T-structures, for some fixed vocabulary 7 = 7(K).

2. <k is a partial order (that is, a reflexive and transitive relation) on K.

3. (K, <k) respects isomorphisms: If M <g N arein K and f: N = N’  then
fIM] <k N'. In particular (taking M = N), K is closed under isomorphisms.

4. Tf M <x N, then M C N.
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5. Coherence: If My, My, My € K satisfy My <k My, M, <x Ms, and My C M,
then Mg SK Ml;

6. Tarski-Vaught axioms: Suppose ¢ is a limit ordinal and (M; € K : i < §) is an
increasing chain. Then:

(a) Ms = Ui<5 M; € K and My <yx Mjs.

(b) Smoothness: If there is some N € K so that for all i < § we have M; <x N,
then we also have Ms <i N.

7. Lowenheim-Skolem-Tarski axiom: There exists a cardinal A > |7(K)| 4+ Ry such
that for any M € K and A C |M|, there is some My <k M such that A C | M,|
and || My < |A| + A. We write LS(K) for the minimal such cardinal.

Remark 3.2.4.
1. When we write M <g N, it is assumed that M, N € K.

2. We write K for the pair (K, <k), and K (no boldface) for the actual class.
However we may abuse notation and write for example M € K instead of
M € K when there is no danger of confusion.

3. Given [A, 1) an interval of cardinals (we allow pu = 00), let Kp» ;) = {M € K :
| M| € [ p)}. We write K for Ky and Kxy for Ky o).

4. If K is a universal class, then K := (K, C) is an AEC with LS(K) = |7(K)|+,.
Throughout this paper, we think of K as the AEC K and may write “K is a
universal class” instead of “K is a universal class”.

In any AEC K, we can define a semantic notion of type, called Galois or orbital
type in the literature (such types were introduced by Shelah in [Sh300] but we use
the definition from [Vas16d, 2.16]).

Definition 3.2.5. Let K be an AEC.

1. Let K3 be the set of triples of the form (b, A, N), where N € K, A C |N|, and
b is a sequence of elements from N.

2. For (b17A17N1)7 (bQ,AQ,NQ) € KS’ we say (bl,Al,Nl)Eat(bQ,AQ,NQ) if A:=
Ay = Ay, and there exists fy : N, - N such that fi(by) = fa(ba).

3. Note that F, is a symmetric and reflexive relation on K3. We let E be the
transitive closure of Ey;.
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4. For (b, A, N) € K3, let tpg(b/A; N) := [(b, A, N)]g. We call such an equiva-
lence class a Galois-type (or just a type). Usually, K will be clear from context
and we will omit it.

Note that Galois-types are defined as the finest notion of type respecting K-
embeddings. When K is an elementary class, tp(b/A; M) contains the same in-
formation as the usual notion of L, ,-syntactic type, but in general the two notions
need not coincide [HaSh90, BaKo09]. We will see shortly (Fact that in universal
classes the Galois-types coincide with the quantifier-free types.

The length of tp(b/A; M) is the length of b. For M € K and « a cardinal, p is a
type over M of length « if there is N >k M and b € N such that p = tp(b/M, N).
We write gSi (M) = gS*(M) = {tp(b/M;N) : b € *N,M <k N} for the set of
types over M of length . When o = 1, we just write gS(M). We define naturally
what it means for a type to be realized inside a model, to extend another type,
and to take the image of a type by a K-embedding. We call an AEC K \-stable if
|gS(M)| < A for every M € K of cardinality .

The notion of a good A-frame is introduced in [Sh:hl §I1.2]. As an approximation,
the reader can think of the statement “K has a good A-frame” as saying “K has a
model of cardinality A\, amalgamation in A, no maximal models in A, joint embedding
in ), is stable in A\, and has a superstable-like nonforking notion for types over models
of cardinality A7 (for a full definition see [Ch. 2, 3.2])f]

Tameness is a locality property of Galois-types (which may or may not hold), first
isolated by Grossberg and VanDieren in [GrVan06]:

Definition 3.2.6. We say an AEC K is (< k)-tame if for any M € K and p # ¢ €
gS(M), there is A C | M| such that |[A| < x and p [ A# q [ A. By k-tame we mean
(< kT)-tame. If we write (< K, \)-tame we restrict to M € K,. We may also talk
of tameness for types of finite length, which means that we allow p, g above to be
in gS<“(M) rather than just in gS(M) (i.e. they could be types of finite sequences
rather than types of singletons).

The following important fact is due to Will Boney. It appears in print as [Vas17c)
3.7].

Fact 3.2.7. If K is a universal class, then K is (< Rg)-tame for types of finite length
(in fact for types of all lengths). Moreover, Galois-types are the same as quantifier-free

types.

The final main concept use in this paper is that of prime models (here over sets of
the form M U {a}). The appropriate definition was introduced to AECs by Shelah in
[Sh:hl TT1.3.2]. The definition is what the reader would expect when working inside

4In this paper our frames will always be type-full.
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a fixed monster model, but here we may not have amalgamation, so we have to use
Galois-types to describe the embedding of the base set.

Definition 3.2.8. Let K be an AEC.

e A prime triple is (a, M, N) such that M <g N, a € |N| and for every N’ € K
and o’ € |N'| such that tp(a/M,N) = tp(a’/M, N'), there exists f : N - N’

so that f(a) =d'.

e We say that K has primes if for any M € K and every p € gS(M), there is a
prime triple (a, M, N) such that p = tp(a/M, N).

By taking the closure of M U {a} under the functions of an ambient model, we
obtain [Vas17d, 5.3]:

Fact 3.2.9. If K is a universal class, then K has primes.

The past two facts show that universal classes are tame and have primes. The
next facts show that if we have a good frame in addition to that, then the structure
of the frame transfers upward and in fact categoricity can be transferred.

We first give an approximation, due to Boney and the second author [BoVasi7al,
6.9], which assumes amalgamation instead of primes (an earlier result is [Bonl4l 1.1],
which assumes tameness for types of length two instead of just length one).

Fact 3.2.10. Let K be an AEC and let A > LS(K). If K is A-tame, K has amalga-
mation and K has a type-full good A-frame, then K has a type-full good [\, co)-frame.

The second author showed that one could replace amalgamation by primes (in
fact a weak version of amalgamation suffices) [Vas17d, 4.16]:

Fact 3.2.11. Let K be an AEC and let A > LS(K). If K is A-tame, has primes, and
K has a type-full good A-frame, then K-, has amalgamation. Hence a type-full good

[A, 0o)-frame by Fact [3.2.10}

Finally, the second author used Fact [3.2.11] together with the orthogonality cal-
culus of good frames to prove the following categoricity transfer [Vas17bl 2.8]:

Fact 3.2.12. Let K be an AEC and let A > LS(K). Assume that K is A-tame, has
primes, is categorical in A\, and K has a type-full good A-frame. If K is categorical in
some p > A, then K is categorical in all u' > \.

To get the good frame, we will use the following result from the study of AECs
axiomatized by L, .. It is due to Shelah and already present in some form in [Sh48|
Sh&Tal (see also [Sh:hl I1.3.4]), but we cite from other sources and sketch some details
here for the convenience of the reader.
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Fact 3.2.13. Assume 2% < 2%t Let ¢ be an L, ,-sentence. If 1 < T(h, N;) < 281,
then there exists an AEC K such that:

1. 7(K) = 7(¢).

2. Any model in K satisfies 1.

3. For M, N € K, M <k N if and only if M =, N.
4. K is categorical in 8y and has only infinite models.

5. K has a type-full good Ny-frame.

One key of the proof is the following classical consequence of Keisler’s omitting
type theorem [Kei70l, 5.10].

Fact 3.2.14. Let ¢ be an L, ,-sentence and L* be a countable fragment of L, ..
If there is a model M of v realizing uncountably-many L*-types over the empty set,
then I(¢), Ny) = 2™,

Another crucial result of Shelah will be used to obtain amalgamation from few
models. See [Sh:hl 1.3.8] or [Gro02, 4.3] for a proof.

Fact 3.2.15. Assume 2* < 2)". Let K be an AEC. If K is categorical A and
I(K, A\*) < 2*", then K has amalgamation in \.

We will also use the following fact from [Sh:hl IV.1.12] (there it is assumed that
A, i > LS(K) but the proof goes through without this hypothesis).

Fact 3.2.16. Let K be an AEC, let A > LS(K), and let u be an infinite cardinal.
If K is categorical in A and A = A<#, then for any M, N € K>, M <k N implies
M=y, N.

Finally, we will use [ShVas18| 5.8]:

Fact 3.2.17. If K is categorical in Ny, has amalgamation and no maximal models in
No, is (< Vg, Rg)-tame and is stable in Xy, then K has a type-full good Ro-frame.

Proof sketch for Fact[3.2.15 By [Bal09, 6.3.2], there is a complete L, ., sentence 1
that implies ¥ and has a model of cardinality N;. Let L* be a countable fragment
containing ¢ and let K := (Mod (), <p+).

Note that K is an AEC with LS(K) = X,, which by completeness of v is cate-
gorical in Ny and has only infinite models. Hence it has joint embedding in Ny. Since
it has a model of cardinality N; by assumption, K also has no maximal models in X.



23

Moreover, K has amalgamation in Xy by Fact [3.2.15] Finally, by Fact with
A = p = ¥y and since K has only infinite models, M <y N if and only if M =, N.

It remains to show that K has a type-full good Ny-frame. We first show:

Claim: Let M € Ky,. If (p; : i < wy) are Galois-types over M, then there exists
i < j <wi such that p; [ A=p; [ A for all finite A C |M|.

Proof of Claim: By amalgamation in Ry, we can find an uncountable model N
extending M such that all the p;’s are realized inside N. Say p; = tp(a;/M;N).
For A C |M|, let 74 denote 7(K) U {c, | a € A}, where the ¢,’s are new constant
symbols. Whenever M <k N’ <x N, let N/, denote the expansion of N’ to 74 with
cflvl = a. Observe that whenever M <g N’ <kg N and A C |M| is finite, then, since
SK:ij’w, we have that MA j]Loo,w(TA) NA jwa(TA) NA.

Let L** be a countable fragment of L, ., extending L* and containing Scott sen-
tences of My for all A C |M]| finite. We now apply Fact to the following

sentence:

A{¢(Ca07"'can_1) : ¢ S L**val)?"'?anfl € ‘M‘aM ): ¢[a05"'7an71]}

new

Note that the models of this sentence are essentially the extensions of M. More-
over 2% < 2% implies that the sentence still has few models in N;. Thus Fact
3.2.14] indeed applies and we get in particular that there must exist ¢+ < j such
that tpr--(a;/0; Njagy) = tpr=~(a;/0; Njagp). Now fix N <x N countable contain-
ing M and a;a;. Also fix A C |M]| finite. Since My =p_  (r.) N4, there exists
an isomorphism f : N’ =4 M. Let b; := f(a;), b; := f(a;). By equality of
the types (NA,{CZ)\I{A = G} }h<n) =L tra, (NA,{CbNZA = @ }r<n), hence (MA,{cé\ZA =
bi Hren) =1 7 am, (M, {cé\f*‘ = bi}k@). Since L** includes all the relevant Scott sen-
tences, this means that there exists an automorphism g of M sending b; to b; and
fixing A. Composing maps, we obtain an automorphism of N’ fixing A and sending
a; toa;. Thus p; | A=p, | A, as desired. {ciaim

Combining the Claim with [HyKe06, 3.12], we get that K is stable in Ry and is
(< Vg, Rg)-tame for types of finite length. Therefore by Fact K has a type-full
good Ny-frame. O]

3.3 Main results

In this section we prove the main theorems of this paper. We start by applying Fact
3.2.106| to a universal class categorical in Nj:
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Lemma 3.3.1. Let K be a universal class in a countable vocabulary. If K is cate-
gorical i Ry, then for M, N € Ksy,, M C N uf and only of M =p_, N. Moreover,
K>y, is the class of models of an L, .,-sentence.

Proof. Use Fact [3.2.16| with A = u = Ny and recall that <k is just the substructure
relation. For the moreover part, take the Scott sentence of a countable model. O

Applying Fact [3.2.13] we get directly:

Corollary 3.3.2. Assume 2% < 2%, Let K be a universal class in a countable
vocabulary. If K is categorical in Ny and 1 < I(K,N;) < 2% then K has a type-full
good Nq-frame.

Proof. By Lemma K>y, is axiomatized by an L, . sentence and the ordering
on Ky, coincides with < . Since K is already categorical, K>y, is equal to the

class given by Fact |3.2.13] so K has a type-full good Ny-frame. ]
We obtain one of our main theorems:

Theorem 3.3.3. Assume 2% < 2% Let K be a universal class in a countable
vocabulary. If K is categorical in Ry and 1 < T(K, ;) < 2% then:

1. K has arbitrarily large models.

2. If K is categorical in some uncountable cardinal then K is categorical in all
uncountable cardinals.

Proof. By Corollary [3.3.2, K has a type-full good Ry-frame. By facts [3.2.7] and [3.2.9]
K is Ng-tame and has primes. Therefore Fact [3.2.11|yields (1) and Fact [3.2.12] yields
(2). O

Observe that the only place where we used the hypotheses “2% < 2% and 1 <
I(K,R;) < 2™” was to derive amalgamation and stability. Thus the conclusion of
Theorem [3.3.3] also holds in ZFC if we assume that K is universal, Ny-categorical, has
amalgamation and no maximal models in 8y, and is stable in X, (using Fact
to get the good frame).

We can also replace the assumption of categoricity in RNy by categoricity in ¥;. To
see this, we will use the following local version of Facts [3.2.10] [3.2.11] [3.2.12]

Fact 3.3.4. Let K be an AEC and A > LS(K). If K has a type-full good A-frame, is
categorical in A and AT, is (A, \")-tame, and K+ has primes, then K has a type-full
good \*-frame and is categorical in AT+,

Proof. The proof of Fact [3.2.11] is local, so K has a good AT-frame. That K is
AT *-categorical follows from [Vasl7al 6.14]. O



5}

Theorem 3.3.5. Assume 2% < 2%, Let v be a universal Ly, ., sentence. If v is
categorical in Ny, then it is categorical in all uncountable cardinals.

Proof. Let K be the class of models of 1. Let K* be the class obtained in Fact[3.2.13]
Note that since K§, # 0 (by the existence of the good Ny-frame), K* € K and K
is categorical in Ny, K* is also categorical in 8;. Moreover K§ = Ky,, because
by Fact [3.2.16] with A = ¥y and p = Ry for M, N € Ky,, M C N if and only if
M =i, N. Since the behavior of an AEC is determined by its behavior in the
Lowenheim-Skolem-Tarski number, K%y, = Kxy,.

Now K* has a type-full good Ng-frame and since K is a universal class, K is
(Rg, Ny)-tame. Since K%, = Kosy,, one can check that K* is also (R, ®;)-tame.
Furthermore, since Ky, has primes and K§, = Ky,, K§, also has primes. By Fact
[3.3.4] K* has a type-full good N;-frame and is categorical in Ry. But this means that
K>y, has a type-full good N;-frame and is categorical in Ny, so we can now apply

Fact [3.2.12] to K>y, to get the result. []

3.4 Open questions and generalizations

The following variation on an example of Morley shows that for every countable
ordinal « there are universal classes with models only up to size J,.

Example 3.4.1. Fix a < w;. Let 7 be a vocabulary consisting of unary predicates
(P; : i < a), a binary relation E and a binary function f. Let K be the class of
T-structures M such that:

1. PMC PMforalli<j<a.

2. PM =1.

3. |M| = PM.

4. PM = Uj<i PM for i limit.

5. zEMy implies z € P} and y € P} for some i < j < a.

6. For any ¢ < o and any two distinct y1,y» € PM, x := f(y1, ) satisfies:

(zBy1 A =(xEys)) V (=(xEy1) A zEys)
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Then K is a universal class in a countable vocabulary with amalgamation, joint
embedding, and a model of cardinality 3,(0) but no models of cardinality J,(0)" f]
Taking the disjoint union of K with the class of Q-vector spaces, we obtain (when
a > w) a universal class in a countable vocabulary which is categorical in an infinite
cardinal A exactly when A > 3,(0).

This shows that some conditions on the class are necessary to derive arbitrarily
large models. However it is not clear to us that Theorem [3.3.3| is optimal. Indeed
it is not clear to us that the hypotheses on N; are necessary (see Baldwin-Lachlan
[BaLa73| for a positive result when K is axiomatized by a Horn theory):

Question 3.4.2. If K is a universal class categorical in Ny with a model in Ny, must
it be categorical in ¥;7

It would also be really nice to have a proof of Theorem |3.3.3|in ZFC, so it is
natural to ask the following question.

Question 3.4.3. Can we drop the hypothesis 2% < 2% from Theorem [3.3.3]? Can it
be dropped if we add more categoricity assumptions?

Shelah [Sh:hl §1.6] has given an example of an analytic AEC which under Martin’s
axiom is categorical in Ry and N; yet does not have amalgamation in Ny. It seems
however plausible that there are no such examples which are universal classes.

We end this paper with a generalization of Theorem [3.3.3] The key is that we
have not used the full strength of the universal assumption: all we used was tameness,
having primes, and some definability. Using harder results of Shelah, Theorems

and generalize to:

Theorem 3.4.4. Assume 2% < 2%, Let K be an AEC with LS(K) = N,. Assume
that K has primes, is Ro-tame, and is PCy, (see [Sh:h, 1.1.4]).

1. If K is categorical in Ry and 1 < I(K,R;) < 2% then K has arbitrarily large
models and categoricity in some uncountable cardinal implies categoricity in all
uncountable cardinals.

2. If K s categorical in Ny, then K is categorical in all uncountable cardinals.

Proof. As in the proof of Theorems but using [Sh:hl 1.3.10] to derive an
No-categorical subclass and [Sh:hl I1.3.4] to derive the good Ry-frame (actually in this
case we only obtain a semi-good Ry-frame with conjugation, see [JaSh13l 2.3.10], but
this suffices for the proof). O

SFor a (possibly finite) cardinal p and an ordinal o, J,(p) is defined inductively by Jo(p) = p,
Jpra(p) =222 and Js(u) = supg g Jp(p) for 0 limit.



Chapter 4

Simple-like independence relations
in abstract elementary classes

This chapter is based on [Ch. 4] and is joint work with Rami Grossberg. In this
chapter the first author is Rami Grossberg and the second author is Marcos Mazari-
Armida.

Abstract

We introduce and study simple and supersimple independence relations in the context
of AECs with a monster model.

Theorem 4.0.1. Let K be an AEC with a monster model.

e /f K has a simple independence relation, then K does not have the 2-tree prop-
erty.

o If K has a simple independence relation with the (< Wo)-witness property for
singletons, then K does not have the tree property.

The proof of both facts is done by finding cardinal bounds to classes of small
Galois-types over a fixed model that are inconsistent for large subsets. We think that
this finer way of counting types is an interesting notion in itself.

We characterize supersimple independence relations by finiteness of the Lascar
rank under locality assumptions on the independence relation.

27
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4.1 Introduction

Simple theories were discovered by Shelah in the mid seventies, an early characteriza-
tion from his 1978 book [Sh:a] is Theorem II1.7.7. Originally they were named theories
without the tree property, Shelah’s first paper on them was published in 1980 [Sh93].
Simple theories were ignored for more than a decade. In 1991 Hrushovski circulated
[Hru02] (which was published in 2002), there he discovered that the first-order theory
of an ultraproduct of finite fields while unstable is simple in the sense of Shelah and
established an early version of the type-amalgamation theorem (also known as the in-
dependence theorem). This work was extended later by Chatzidakis and Hrushovski
in the mid nineties, eventually published as [ChHr99]. Influenced by these papers,
Kim in [Kim98| and with Pillay in [KiPi97] managed to adapt the type-amalgamation
theorem from the algebraic context to complete first-order theories and solved a tech-
nical difficulty Shelah had with forking. We recommend |GIL02] for some of the basic
results, history (approved by Shelah) as well as some technical simplifications and the
chain condition. The subject of simple theories and more generally studying various
variants of forking-like relations for unstable first-order theories got much attention
in the last 20 years as witnessed by three books dedicated to the subject: [Wag00],
[Cas1l], and [Kim14].

In 1976 and 1977 Shelah circulated preprints of [Sh87al, [Sh87bh] and [Sh88] start-
ing the far reaching program of extending his classification theory of first-order the-
ories to several non-elementary classes. First classes axiomatizable by a theory in
L., »(Q) and later to the more general syntax-free context of Abstract Elementary
Classes (AECs for short). An elementary introduction to the theory of AECs can be
found in |Gro02]. A more in depth introduction is the two volume book by Shelah
[Sh:h]. Another book is Baldwin’s [Bal09]. For many years Shelah was the only person
who managed to make progress in the field. Much of the early work was motivated
by Shelah’s categoricity conjecture (a generalization of Morley’s categoricity theo-
rem). Naturally the work was closely related to generalizing first-order Ng-stability
and superstability.

There is a very extensive literature about attempts to develop analogues to Ny-
stability, superstability and stability for various classes of AECs. Always under some
extra assumptions on the AEC. This massive effort occupies thousands of pages and is
impossible to summarize in this paper. A start can be found in the above mentioned
books by Baldwin and Shelah, however in the last decade much was added. See in
particular in the PhD theses of Boney [Bonl4a] and Vasey [Vas1T7¢].

The goal of this paper is to begin exploring analogues of simplicity in the context
of AECs. A-priori it is unclear that there is a natural property (for AECs) that
correspond directly to simplicity. It is plausible that there are several such properties.
We introduce simple and supersimple independence relations. The main difference
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between stable independence relations and the relations that we introduce is that we
do not assume uniqueness of non-forking extensions and instead assume the type-
amalgamation property. Although this may seem like a minor change, based on our
knowledge of forking in first-order theories this is actually a significant one.

Simplicity in first-order theories can be approached from several points of view:
using ranks, tree-property, axiomatic properties of forking (or independence properties
in general), and counting families of types. In this paper we too approach simplicity-
like properties of AECs from various different directions.

We introduce the function NT'(u, A\, k) to connect the existence of a simple-like
independence relation with structural properties of the AEC. Our function generalizes
NT(u,A) of [Cas99]. The function NT'(u, A, k) assigns to each p < X and & cardinals
the supremum of |I'| such that I" is a subset of Galois-types over models of size less
than g which are contained in a fixed model of size A and such that any subset of
I' of cardinality greater than k is inconsistent. Intuitively this function let us count
types in a finer way than just calculating the number of types over a fixed model.

We find the following bounds for the different kinds of independence relations
studied in this paper.

Theorem. Let K be an AEC with a monster model.

1. (Theorem [4.4.2) If L is a stable independence relation, then
NT(u, N\ k) < A D) g

2. (Theorem {4.5.12)) If L is a simple independence relation, x(L) < pu < A and
,ud(\b) = u, then

NT (1, A, Ro) < ML) 9w
3. (Theorem 4.7.6) If L is a simple independence relation with the (< ¥

)_
witness property for singletons or a supersimple independence relation, k(L) <
i< \and ud(\b) = u, then

NT(, ), (29)) < XD 4o,

We show that these bounds are useful as they imply that the AEC is stable or the
failure of the tree property. The extension of the tree property to AECs is another of
the contributions of the paper and is the based on the the idea that small types play
the role of formulas (see Definition [4.3.5)).

Corollary. Let K be an AEC with a monster model.

1. (Corollaries 4.4.4) Tf L is a stable independence relation independence

relation, then K is stable and does not have the tree property.
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2. (Corollary |4.5.14)) If L is a simple independence relation, then K does not have
the 2-tree property.

3. (Corollaries 4.7.6) If L is a simple independence relation with the (< R)-
witness property for singletons or a supersimple independence relation, then K
does not have the tree property.

Moreover, using similar ideas to those used to prove the previous corollary, we
obtain a new characterization of stable first-order theories assuming simplicity. We
show that if first-order non-forking is contained in non-splitting and 7" is simple, then
T is stable (Lemma [4.4.16]).

In a different direction, we characterize supersimple independence relations via
the Lascar rank (extended to AECs in [BoGrl7]) under the (< Rg)-witness property
for singletons. This extends [Kim14l, 2.5.16] to the AEC context.

Theorem . Assume K has a monster model. Let L be a simple inde-
pendence relation with the (< Ng)-witness property for singletons. The following are
equivalent.

1. L is a supersimple independence relation.
2. If M € K and p € gS(M), then U(p) < co.

A natural question whenever encountering work in pure model theory is about
applications. In this paper we do not deal with applications, we believe that it is
premature to focus in applications as even for first-order simple theories the first
significant applications were found more than 15 years after the basic results were
discovered. Only recently some early applications were discovered of the much better
understood theory of stable and superstable AECs. For this we refer the interested
reader to recent results of the second author on classes of modules, among them:
[Ch. 7], [Ch._§], [Ch._6], [Ch. 9], and [Ch. 11].

It is worth mentioning that there have been some efforts to extend the notion of
simplicity to non-elementary settings. Buechler and Lessman introduced a notion of
simplicity for a strongly homogeneous structure in [BuLe03], Ben-Yaccov introduced
a notion of simplicity for compact abstract theories in [Ben03], Hyttinen and Keséla
introduced a notion of simplicity for Ry-stable finitary AECs with disjoint amalgama-
tion and a prime model in [HyKe06], and Shelah and Vasey introduced a notion of
supersimplicity for Rp-nicely stable AECs in [ShVas18]. One major difference between
our context and that of [BuLe03] is that in their context types can be identified with
sets of first-order formulas. As for [Ben03], types in his setting have a strong finitary
character built in. While in our context types are orbits of the monster model €
under the action of Auts(€). As for [HyKe06] and [ShVasi8], a major difference is
that we do not assume any trace of stability.
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On March 3rd, 2020, two days before posting this paper in the arXiv, Kamsma
paper [Kam20] was posted in the arXiv. In it, he introduced simple independence re-
lations in AECats. Our papers study different aspects of simplicity in non-elementary
classes. An important difference is that simple independence relations in his sense
have finite character (called union in his paper), while in ours they do not have it.
Kamsma answers partially Question of this paper (see Remark [1.8.2).

The paper is organized as follows. Section 2 presents necessary background. Sec-
tion 3 introduces the function NT'(-,-,-), which is the main technical device of the
paper, and a tree property. Section 4 deals with stable independence relations, a
bound for NT'(u, A, k) is found, and it is shown that it implies stability and the fail-
ure of the tree property. We also study the consequences of weakening the uniqueness
property by inclusion of the relation in explicitly non-splitting. Section 5 introduces
simple independence relations, a bound for NT'(u, A\, R) is found and it is shown that
it implies the failure of the 2-tree property. Section 6 studies simple independence
relations with locality assumptions. A bound for NT(u, A, (2#)1) is found and it is
shown that it implies the failure of the tree property. Section 7 introduces super-
simple independence relations and characterizes them by the Lascar rank. It is also
shown that the existence of a supersimple independence relation in a class that admits
intersections implies the (< Ng)-witness property for singletons.

This paper was written while the second author was working on a Ph.D. under
the direction of the first author at Carnegie Mellon University and the second author
would like to thank the first author for his guidance and assistance in his research in
general and in this work in particular. We thank Hanif Cheung for helpful conversa-
tions. We would also like to thank Mark Kamsma, Samson Leung, Sebastien Vasey,
and a couple of referees for comments that helped improve the paper.

4.2 Preliminaries

We assume the reader has some familiarity with abstract elementary classes as pre-
sented for example in [Bal09, §4 - 8] and |Gro2X|, §2, §4.4]. Familiarity with [LRV19]
would be useful, but it is not required as we will recall the notions from [LRV19] that
are used in this paper. We begin by quickly introducing the basic notions of AECs
that we will use in this paper.

Since the main results of the paper assume joint embedding, amalgamation and
no maximal models, we will assume these since the beginning/f]

Hypothesis 4.2.1. Let K be an AEC with joint embedding, amalgamation and no
maximal models.

1Some of the definitions presented here make sense without these hypothesis.
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4.2.1 Basic concepts

We begin by introducing some model theoretic notation.
Notation 4.2.2.
o If M € K, |M| is the underlying set of M and ||M]|| is the cardinality of M.
e If Misa cardinal, Ky ={M e K: |[M|| =A} and Ko, = {M € K : |[M|| < A}

e If M € Kand A < |M||, [M]P> = {N : N <x M}NK, and [M]<* = {N :
N <x M} NK.y.

o Let M, N € K. If we write “f : M — N” we assume that f is a K-embedding,
ie., f: M= f[M] and f[M] <k N.

We will also use the next set theoretic notation.

Notation 4.2.3.
e For k a cardinal, we define k= = 0 if Kk = 0T and k= = k otherwise.
e For k a cardinal and x < |A], let P..(A) ={B C A:|B| < k}.
Recall the following definitions due to Shelah.

Definition 4.2.4. Let M € K.
1. M is A-universal if for every N € K_), there exists f: N — M.

2. M is A-model homogeneous if for every My <k Ny both in K_,, if My <x M
then there exists f : Ny ? M.
0

Remark 4.2.5. Since K has joint embedding, amalgamation and no maximal models,
we work inside a monster model C (as in complete first-order theories). A monster
model C is large compared to all the models we consider and is universal and model
homogeneous for small cardinals. As usual, we assume that all the elements and sets
we consider are contained in the monster model C. Further details are given in [Vas,

§7].

Shelah introduced a notion of semantic type in [Sh300]. The original definition
was refined and extended by many authors who following [Gro02] call these semantic
types Galois-types (Shelah recently named them orbital types). We present here
the modern definition and call them Galois-types throughout the text. We use the
terminology of [Ch. 3, 2.5] and introduce Galois-types without using the monster
model.
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Definition 4.2.6.

1.

Let K? be the set of triples of the form (b, A, N), where N € K, A C |N|, and
b is a sequence of elements from N.

. FOI' (bl,Al,Nl),(bQ,AQ,Nz) - K3, we say (bl,Al,Nl)E(bQ,AQ,NQ) lf A =

A = Ay, and there exists f,: N, - N such that fi(by) = fa(ba).

Note that E is an equivalence relation on K3. It is transitive because K has
amalgamation.

. For (b, A,N) € K3, let tpg(b/A; N) := [(b, A, N)]g. We call such an equiv-

alence class a Galois-type. If N = C (where C is a monster model) we write
tp(a/A) instead of tp(a/A;C).

. For N € K, A C N and I a non-empty set, gS’(A; N) = {tp(b/A;N) : b =

(b e N:iel)}. Let gS(M) := gS"(M) and gS**(M) := ... &S (M).

. An AEC is A-stable if for any M € K, it holds that |gS(M)| < A\. An AEC is

stable if there is A > LS(K) such that K is A-stable.

For p = tpk((bi)ici/A; N) € gS](A;N), A" C Aand Iy C I, plo 4=
[((bi)icry, A, N) &

The following fact shows that in the presence of a monster model, the Galois-type

of b over a set A is simply the orbit of b under the action of the automorphisms of
C fixing A.

Fact 4.2.7. tp(b;/A;C) = tp(bs/A;C) if and only if there exists f € Aut4(C) with
f(bl) - bg.

The notion of tameness was isolated by the first author and VanDieren in [GrVan06]
and type-shortness by Boney in [Bonl4b].

Definition 4.2.8.

e K is (< k)-tame for O-types if for any M € K and p # ¢ € gS’(M) with |I| = 6,

there is A € P_(M) such that p [4# q [a.

o K is k-tame for f-types if it is (< £*)-tame for f-types.

o K is fully (< k)-tame if for every 6 ordinal, K is (< k)-tame for 6-types.

o K is fully (< k)-tame and -type-short if for any M € K and p # q € gS' (M),

there is A € P..(M) and Iy € P, (I) such that p’ |47 ¢° [ 4.
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4.2.2 Independence relations and the witness property

Global independence relations in the context of AECs and u-AECs have been exten-
sively studied in the last few years, see for example [BoGrl7|, [Vasl6al, and [LRV19].
Below we introduce a weak independence notion. Our notation and choice of axioms
is inspired by [LRV19] and the specific independence relations that we will study in
this paper.

Definition 4.2.9. L is an independence relation in an AEC K if the following prop-
erties hold:

1. LC{(M,A,B): M <k C and A, B C C}. We say that tp(a/B) does not fork
over M if ran(a)L ,,B. This is well-defined by the next three properties.

2. (Preservation under K-embeddings) Given M <k C, A, B C C and f € Aut(C),
we have that AL ,,B if and only if f[A]zf[M}f[B].

Monotonicity) If AL B and Ag C A, By C B, then AgL,,B.

Base monotonicity) If AL B, M <g N <k C and |N| C B, then AL yB.

S A

(
(Normality) AL B if and only if AUML,,BUM.
(
(

Existence) If M <x N and p € gS*(M), then there exists ¢ € gS~>(N)
extending p such that ¢ does not fork over M.

7. (Transitivity) If M <g N, AL N and AL B, then AL,,B.
Let us introduce some notation.

Notation 4.2.10. Given L an independence relation:

e For «v a cardinal, let £, (L) be the minimum A (or co) such that: If p € gS*(M),
then there exists My <x M with ||My|| < A and p does not fork over M,.

o Let (k(L),4(L)) be the minimum pair (),0) of Cardinal (or (00, 0)) such
that: If p € gS*(M), there exists My € K with My <g M, || M| < X\ + a<?
and p does not fork over M,.

The following notion is a locality notion for independence relations.

Definition 4.2.11 ([VasI6al 3.12.(9)]). Let L be an independence relation. L has
the (< 0)-witness property of length « if for all M <k N and b € C*: b.L,N if and
only if bl ;A for every A € Pog(N). We say that L has the (< 6)-witness property
if and only if L has the (< #)-witness property of length « for all a.

2) is an infinite cardinal, but # might be a finite cardinal. The minimum is taken with respect
to the canonical ordering in pairs of ordinals.
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Observe that since first-order non-forking has finite character, first-order non-
forking has the (< Rg)-witness property. This might not be the case for independence
relations as the next example shows. This example was first considered in [AdI09,
1.43].

Example 4.2.12. Let L(K) = () and K = (Sets, C). Given M, A, B € K let:
AL B if and only if [(AN B)\M| < X,

It is easy to show that L is an independence relation. L has the (< Rg)-witness
property of length o for a countable, but not for a uncountable. Hence L. does not
have the (< Ny)-witness property.

In a few places in the paper we will assume that the independence relation under
consideration has the witness property in order to be able to carry out some of the
proofs (see for example Lemma and Theorem [4.7.12)).

The next lemma gives a natural condition that implies the witness property. It
fixes a small gap in [Vasl6al 4.3]; the argument in [Vasi6al, 4.3] seems to only work
for M of cardinality less than or equal to k(L) as we need M <k N in order to
apply transitivity.

Lemma 4.2.13. Let L be an independence relation. If ko(L) = X, then L has the
(< A1)-witness property of length .

Proof. The proof is divided into two cases:

Case 1: Assume that | M| < \. Let M <k N and a € C%, by k(L) = X there is
N’ € [N]* such that aL y/N. Since ||M]| < X and M <k N, we may assume without
lost of generality that M <y N’. Moreover, as N’ € P<y(N), we have that al ,,N'.
Then by transitivity we conclude that al,,N.

Case 2: Assume that |[M| > \. Let M <g N and a € C®. Since k,(L) = A there
is M’ € [M]* such that al,, M. Using that VB € P<\(N)(al,,B) and transitivity,
it follows that VB € P<x(N)(aLB). Then by the first case we have that al V.
Hence a.L ;N by base monotonicity. O

We will give a few other natural conditions that imply the witness property, see

for example Fact and Corollary [4.7.16

4.3 The basic notions

In this section we introduce a way of counting Galois-types over small submodels and
generalize the tree property to AECs. We think that this finer way of counting types
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is an interesting notion in itself. As mentioned in the preliminaries we are assuming

Hypothesis [4.2.1]

In this paper Galois-types over submodels will play a central role.

Definition 4.3.1. Let M € K and u < | M]:
gS(M, < p) = {tp(a/N) : N <x M and ||[N| < p}

Definition 4.3.2. Let ' be a set of Galois-types. I' is consistent if there is a € C
such that a realizes every Galois-type in T, i.e., tp(a/dom(p)) = p for each p € T'. If
such an a € C does not exist we say that I" is inconsistent.

The following notion generalizes [Cas99, 2.3] to the AEC setting.

Definition 4.3.3. Let p, A € [LS(K), co) such that 4 < A and & a cardinal (possibly
finite). We define the following:

NT(u, A\, k) = sup{|I'| : IM € K (I' C gS(M, < p) and VA CI'(JA] > k — A is inconsistent))}
If = 2 instead of writing NT' (11, A, 2), we write NT'(u, \) as in [Cas99]

The following bounds are easy to calculate and hold in general. In what follows,
see Theorems [4.4.2] (4.4.13] 4.5.12| and [4.6.2}, we will find sharper bounds which will
be the key to show stability or the failure of the tree property under additional
hypothesis.

Proposition 4.3.4.
1. If M € Ky, then |gS(M)| < NT(X, ), 2).
2. If iy < pg, A1 < Ay and k1 < kg then NT (py, M, k1) < NT (pz, Ao, ko).
3. If p < A, then the value of NT (u, A, -) is bounded as follows:

(a) If k € [2, (N)T], then NT(u, A\, k) < M.
(b) If K € (AT, (2M)F], then NT (u, A\, k) < 2.
(c) If k € ((22)*, 2], then NT(pu, A\, k) < 2.
4. K is A-stable if and only if NT(u, A\,k) < X for every p € [LS(K), Al and
K € [2,AT].

3The definition given here does not fully match the definition of [Cas99] when K = (Mod(T), <)
for a complete first-order theory 7', since the bound g on [Cas99] refers to the cardinality of the
type (the number of formulas in it) while in our definition it refers to the cardinality of the domain
of the type.
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1. Let x = |gS(M)| and {p, : @ < x} an enumeration without repetitions of
gS(M). Observe {p, : @ < x} € gS(M, < X) and any set {p,,pg} is inconsis-
tent if o # 5. Therefore, |gS(M)| = x < NT(\, A, 2).

3.

Follows from the fact that if ' C gS(M, < uy) for M € K,, and each subset
of size greater or equal to k; is inconsistent, then there is M* € K,, with
M <x M* and I' C gS(M*, < ps) such that any subset of size greater or equal
to k9 1s inconsistent.

(a)

()

Let k€ [2,(M)T], x := M and {p, : a < xT} C gS(M, < p) for M € K,.
Let ® : x™ — [M]=* be defined as ®(a) = dom(p,), since |[M]SH| = \*
by the pigeonhole principle there is S C x* of size x™ and N € [M]=+
such that dom(p,) = N for each a € S. Let ¥ : S — gS(V) be defined as
V() = pa, since |gS(N)| < 2# by the pigeonhole principle there is S” C S
of size x™ and ¢ € gS(N) such that p, = ¢ for each o € S’. In particular
{pa : @ € S'} is a consistent set of size x™. Hence NT'(u, A, k) < M.

Let k € (M), (2M7F], x := 2 and {p, : @ < xT} C gS(M, < p) for
M € K,.

Given a < xT, let g, € gS(M) such that ¢, > pa, it exists because we
assumed that K has amalgamation. Let ® : y* — gS(M) be defined as
() = qa, since |gS(M)| < 2* by the pigeonhole principle there is S C x*
of size xT and ¢ € gS(M) with g, = ¢ for every a € S. In particular
{pa : @ € S’} is a consistent set of size x*. Hence NT (i, \, k) < 2*.

Similar to (b).

4. The forward direction is similar to (3).(a) but using that for every M € K, we
have that |gS(M)| < X instead of only |gS(M)| < 2*. The backward direction
follows from (1).

]

The next concept extends the tree property to the AEC context. The main idea
is that Galois-types over small sets in AECs play a similar role as that of formulas in
first-order theories. This correspondence is explored in [Vas16b].

Definition 4.3.5. Let u, A € [LS(K), 00) and k < w. K has the (p, A, k)-tree property
if there is {(a,, By) : 1 € <“A}fY| such that:

1. Wy € <*A(|B,| < LS(K)).

4As always we assume that Vn(a, € C and B,, C C).
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2. Yv e *A({tp(a,,/By,;,) : @ < u} is consistent).
3. Vn € PA{tp(ayra/Byra) : @ < A} is k-contradictory).

We say that K has the k-tree property if for all u, A € [LS(K),o0) K has the
(i, A, k)-tree property and K has the tree property if there is a k < w such that K
has the k-tree property.

The following lemma relates the two concepts we just introduced. A similar con-
struction in the first-order context appears in[Cas99, 2.3].

Lemma 4.3.6. Assume A<* = X and LS(K) < u < A. If K has the (u, \,2)-tree
property, then NT (u, \,2) = M. Moreover, NT (u, \, k) > M for all k > Z.E]

Proof. By the definition of the tree property we have {(a,, B,) : 7 € <*A} such that:
1. Vn € <#X(|B,| < LS(K)).
2. Vv e “A({tp(ay,/B.,) : @ < p} is consistent).
3. Vi € “PA({tp(ayra/Byra) - o < A} is 2-contradictory).

Let A =J,c<uy By Since A** = X and each B, has cardinality less than LS(K),
we have that |A| < A. So applying downward Lowenheim-Skolem in C we obtain
M € K, such that Vn € <#\(B, C |M]).

For each v € #\, pick a, € C realizing {tp(a,,/B.;,) : @ < p} and apply
downward Lowenheim-Skolem to |J,., Bui, in M to get M, € [M]=*. Then define
by = tp(al//Mu>'

Observe that {p, : v € #A} C gS(M, < p) and using part (3) of the definition
of the tree property it is easy to show that: if v; # 15, then p,, # p,,. Therefore
{p, : v € ¥A}| = M. Moreover, using part (3) of the definition of the tree property
it follows that any pair of types is inconsistent. Hence NT'(u, A,2) > M.

The equality and moreover part follow from Proposition [4.3.4] ]

As we will see later, if we only know that K has the tree property it becomes more
complicated to obtain a lower bound on NT'(-,-,-).

4.4 Stable independence relations

In this section we deal with stable independence relations. The definition given here
for a stable independence relation is similar to the one given in [LRV19]. The proper-
ties given here are obtained by taking the “closure” of a stable independence relation

5As usual we assume that A,y are cardinals way below the size of the monster model.
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in the sense of [LRV19]; this is formalized in [LRV19, 8.2]. An important difference
with [LRV19] is that we do not assume the witness property.

Definition 4.4.1 ([LRV19, 8.4, 8.5, 8.6]). L is a stable independence relation in K
if the following properties hold:

1. L is an independence relation.
2. (Symmetry) AL ,,B if and only if B.L,,A.

3. (Uniqueness) Let p,q € gSF(B; N) with M <x N and |M| C B C |N|. If
p [m= q [m and p, g do not fork over M, then p = q.

4. (Local character) For each cardinal a there exists a cardinal A (depending on
a) such that: If p € gS*(M), then there exists My <x M with ||M|| < X and
p does not fork over M,.

We begin by bounding NT'(-,-,-).

Theorem 4.4.2. If L is a stable independence relation, then

NT(u, N\ k) < () + K.

In particular, we get that NT (u, ) < Am(b),

Proof. Let \g = k1(L), x = M0 +k~ and {p, : a < x*} C gS(M, < ) for M € K.

By local character for every ae < x* thereis R, € [M ]’\0 such that p, does not fork over R,.
We define ® : x* — [M]* as ®(a) = R,. Then by the pigeonhole principle there is
R € [M]* and S C x* of cardinality x* such that p, does not fork over R for every
a € S. Now define ¥ : S — gS(R) as ¥(a) = p, |r, since |gS(R)| < 2%, by the
pigeonhole principle there is p € gS(R) and S” C S of size x* such that p, [r= p for
every a € S’. Observe that p, > p and p, does not fork over R for every a € 5.

By the extension property and transitivity for each o € S’, there is ¢, € gS(M)
extending p, such that ¢, does not fork over R. Then by uniqueness, using that
for all o, € S’ we have that ¢, [r= pa [R= P = ps [r= ¢s [r and that both
a3 do not fork over R, we conclude that there is ¢ € gS(M) such that ¢, = ¢
for every a € S’. In particular, {p, : @ € S’} is consistent and |S’| > k. Hence
NT(p, A\ k) <A+ 57,

]

The next corollary follows directly from Proposition and the above theorem.
A version of it already appears in [BGKV16] 5.17] and [LRV19, 8.15].
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Corollary 4.4.3. If L is a stable independence relation, then K is A-stable for every
A\ such that \*(L) = X,

We show that the existence of a stable independence relation implies the failure
of the tree property.

Lemma 4.4.4. If K has L a stable independence relation, then K does not have the
tree property.

Proof. Let k(L) = A\g and k < w such that K has the k-tree property. Let pu = \{
and A = 3,(u). By the definition of the (u, A, k)-tree property there are {(a,, B,) :
n € <F\} such that:

1. Vn € <#A(||B,|| < LS(K)).
2. Yv e *A({tp(a,;,/By;,) : @ < pu} is consistent ).
3. Vn € <PA{tp(ayra/Byra) : @ < A} is k-contradictory).

Realize that A<# = A, so doing a similar construction to that of Lemma we
have M € K, and for each v € M we fix p, = tp(a, /M, ) such that M, € [M]=* and
Va < ﬂ(tp(aufa/Bufa> < pu)'

Observe that if A C #X\ and {p, : v € A} is consistent then the tree {v [,: a <
w, v € A} is finitely branching by condition (3) of the tree property, hence |A| < 2.
Therefore we can conclude that for all A C {p, : v € M}, if |A] > (2*)F, then A is
inconsistent.

Since c¢f(\) = p, by Kénig Lemma, we have that M = 3, (u)* > 3J,(pn)" = AT.
We claim that [{p, : v € M}| > A*. If it was not the case, then there would be
S C M with |S| = At and {p, : v € S} consistent; but this would contradict the
previous paragraph since (2#)" < 3,(u)" = A*. Hence

A< NT(, )\, (2997, (4.4.1)

On the other hand, by Theorem [4.4.2) we have that NT'(u, A, (24)%) < Ao + 2+,
Moreover, one can show that A = X and that 2# < X, hence

NT (i, \, (2)%) < . (4.4.2)

The last two equations give us a contradiction. O]

The above proof can also be carried out in Shelah’s context of good frames, see
[Sh:h §IT] or [Ch. 2| §3] for the definition.

Corollary 4.4.5. Let K be an AEC. If K has a type-full good [Ny, o0)-frame, then
K does not have the tree property.
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Proof sketch. Using local character (in the sense of a good frame) it is easy to show
by induction on ||[M] that for every p € gS(M) there is N € [M]* such that
p does not fork over N. Using this fact together with the properties of type-full good
[Ao, 00)-frame one can show that the proofs of Theorem and Lemma go
through. [

Remark 4.4.6. The above corollary goes through in the weaker setting of a type-full
good~[Ag, 0o)-frame (see [Ch. 2| 3.5.(4)]). We do not know if it still goes through in
the even weaker setting of w-good frames (see [Ch. 2, 3.7]).

4.4.1 Almost-stable independence relations

In this small subsection, we study what happens if instead of assuming uniqueness of
extensions one assumes that the independence relation is contained in non-splitting.
We show that this weaker assumption still implies stability of the AEC and the
existence of a subu-AEC with a stable independence relation. Moreover, the results in
this subsection are used to obtain a new characterization of stable first-order theories
assuming simplicity. A similar notion is studied in [ShVasi8, §6] under stability
assumptions.
A generalization of non-splitting to AECs was introduced in [BGKV16].

Definition 4.4.7 ([BGKVI6, 3.14]). We say that A does not explicitly split from B

(nes)
over M, denoted by A L ,,B, if and only if for every By, By C B, if tp(By/M) =
tp(B2/M) then tp(AB, /M) = tp(ABy/M).

To ease the reference to stable independence relations without uniqueness but
contained in explicitly non-splitting, we introduce the following notion.

Definition 4.4.8. L is an almost-stable independence relation in K if the following
hold:

1. L is an independence relation.
2. (Symmetry) AL, B if and only if B.L,A.

3. (Local character) For each cardinal « there exists a cardinal A (depending on
a) such that: If p € gS*(M), then there exists My <x M with || Mo|| < A and

p does not fork over M. Recall that k. (L) is the least A given a fixed cardinal
a.

(nes)

4. L C L.
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Remark 4.4.9. It follows from [BGKVT6, 4.2] that if L is a stable independence rela-
o (nes)
tion, then L C L . Hence, a stable independence relation is an almost-independence

relation.

We begin by showing that a class with an almost-stable independence relation is
tame. This extends [LRV19, 8.16] as they prove it for stable independence relations.

Lemma 4.4.10. If L is an almost-stable independence relation, then K is koo (L)-
tame for types of length o.

Proof. Let N € K and p,q € gS%(N) such that p [p= ¢q [p for every D €
P_ (z)(N). Assume that p = tp(a/N) and ¢ = tp(b/N) for a,b € C*.
SR2a
Consider tp(ab/N), then by local character there is Ny <g N such that tp(ab/N)
does not fork over Ny and || No|| < koa(L). By symmetry and the hypothesis that

(nes)

L € L we have that:

(nes)
N L Noab.
Since tp(a/No) = p [ny= ¢ [n,= tp(b/Ny) because Ny is small, we have by the
definition of explicitly non-splitting that tp(aN/Ny) = tp(bN/Ny). Hence p =¢q. O

The next result is the key result for many of the arguments given in this subsection.
The idea of the proof is similar to that of the proof of the weak uniqueness property
given in [Van06, Theorem 1.4.12].

Lemma 4.4.11. Let u, s be infinite cardinals. Assume L is an almost-stable in-
dependence relation and p > k.(L). If M is p-model homogeneous, M <k N,
p.q € gS~*(N), p,q do not fork over M and p [y= q [um, then p' [a= ¢ [4 for

every A € Pe,+(N) and Iy € P<x(|p]).

Proof. Let A, I, be as required and assume that p = tp(a/N), ¢ = tp(b/N) for
a,b € C* and « is an ordinal.

Consider p® 3, and ¢’ [,; then by local character, base monotonicity and using
that |Iy| < & there is L <g M such that p [, ¢® [y do not fork over L and
L] < 5n(D) < .

Let L' be the structure obtained by applying downward Lowenheim-Skolem to
LU A in N, observe that ||L'|| < u. Since M is pt-model homogeneous, there is

. /
f:L ?M.

(nes)

Then by monotonicity, transitivity and the fact that L C L , we obtain that:
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(nes) (nes)

aln, L Nandbl, L ,N.
Let C; = L' and Cy = f[L']. Realize that L <g C1,Cy <k N and tp(C;/L) =

tp(Cs/L), then by the above equations, the definition of explicitly non-splitting and
the choice of C7, Cy we obtain that:

tp(a [, L'/L) =tp(a |z, f[L']/L) and tp(b [;, L'/L) = tp(b |, f[L']/L).

Since by hypothesis p [y= ¢ [n and f[L'] <k M, we have that tp(a [, /f[L]) =
tp(b [;, /f[L]). Then it follows that tp(a [;, f[L']/L) = tp(b [, f[L']/L). Hence
tp(a I, L'/L) = tp(b [;, L'/L). Therefore, as A C L', we conclude that p [4=

1o
q"° la. O

Remark 4.4.12. For K an AEC with joint embedding, amalgamation and no max-
imal models, one can show, like in first-order, that if A > x > LS(K), M € K,
and A" = X, then there is N € K, such that N is k-Galois-saturated extending
M. Moreover, N is k-model homogeneous as Shelah showed the equivalence between
saturation and model homogeneity for AECs in [Sh:hl §II.1.14].

We obtain a bound for almost-stable independence relations.

Theorem 4.4.13. If L is an almost-stable independence relation, then

NT(u, \ k) < )\(zm\b)) + K.

Proof. Let Ao = ka(L), x = A2 +x~ and {pa : @ < xT} C gS(M, < p) for M € K.

Observe that by the above remark there is M’ extending M such that M is (2*0)*-
model homogeneous and || M’|| = A2, For each o < x*, fix ¢, € gS(M’) such that
Pa < (¢a, this exist by amalgamation. Moreover, given @ < x*, by local character
there is N € K, such that g, does not fork over N. Since (2*)* = 2% by the
remark above there is N” extending N such that N’ is (A} )-model homogeneous and
|N'|| = 2%. Since M’ is (2*)T-model homogeneous, there is f : N’ - M'. So fix

N, = f[N'], realize N, € Ky, N, is (Ad)-model homogeneous and ¢, does not fork
over N, by base monotonicity.

Define ® : y* — [M’]?* as ®(c) = N,. Then by the pigeonhole principle there is
N* e [M']? and S C x* of cardinality x* such that N, = N* for every a € S. Now
define ¥ : S — gS(N*) as U(a) = ¢, |-, since |gS(N*)| < 22°, by the pigeonhole
principle there is ¢ € gS(N*) and S” C S of size xT such that ¢, [ny+= ¢ for every
aecs
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Observe that ¢, > ¢ and ¢, does not fork over N* for every a € S’. Then since
N* is (A{)-model homogeneous and K is Ap-tame (by Lemma[4.4.10), it follows from
Lemma that ¢, = ¢s for every o, € S’. In particular, {p, : @ € S'} is
consistent and |S’| > k. Hence NT(u, A, k) < A2 + k™. O

The next results show that having an almost-stable independence relation implies
that K is stable and that K does not have the tree property.

Corollary 4.4.14. If L is an almost-stable independence relation, then K is stable
and K does not have the tree property.

Proof. We show that K does not have the tree property by contradiction, the proof

that K is stable is straightforward. Let u = (2"“2(\L))Jr and A = 3, (p). Since A<H = A,
the same construction as that of Lemma [4.4.4] gives us that:

AT < NT (A, (24)7).

On the other hand, by the previous theorem we have that:

NT (A, (20)F) < AZ25 yom = ),
Putting together the last two equation we get a contradiction. O

The next result shows that an almost-stable independence relation is close to being
a stable independence relation. Recall that K* ™" is the ut-AEC (see [BGLRVI6])
which models are the p*-model homogeneous models of K and which order is the
same as that of K.

Lemma 4.4.15. Assume K is fully (< k)-tame and -type-short. If L is an almost-
stable independence relation and p > k(L) + &, then K* ™ has a stable inde-
pendence relation. This is precisely the restriction of L to u™-model homogeneous
models.

Proof. A big monster model of K is a monster model of K# ™" For M e K+ mh,
A, B C C define:

(%) _
AL B if and only if AL ,/B.
)
We claim that L is a stable independence relation in K#™" Tt is straightforward

to show that it is an independence relation that satisfies symmetry. Uniqueness follows
from Lemma [4.4.11} As for local character, we have that given o and p € gS*(M)

(*)
with M € K+ there is N € K+# ™" guch that p does not L-forks over N and

IN|| < k(L) + LS(K)H. O
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We finish this section by showing that the results in this subsection can be used to
obtain a new characterization of stability assuming simplicity for first-order theories.
In order to present it, let us recall the notion of non-splitting for first-order theories.
A complete type p in T does not split over A a subset of the monster model if and
only if for every a,b € Dom(p) and ¢(z,7) first-order formula, if tp(a/A) = tp(b/A),
then ¢(Z,a) € p if and only if ¢(Z,b) € p. This notion was introduced by Shelah in
Definition 2.2 of [Sh3].

Lemma 4.4.16. Let T be a simple complete first-order theory. The following are
equivalent.

(ns)
1. L C L for every M model of T', where L denotes first-order non-forking and
M~ M

L denotes first-order non-splitting.
2. T is stable.
Proof. =: Lemma [4.4.11] Theorem |4.4.13| and Corollary 4.4.14] can be carried out if

one replaces explicitly non-splitting for non-splitting in complete first-order theories.
<: Since T is stable, non-forking has uniqueness (stationarity) over models. Un-

(ns)
der this hypothesis it is easy to show that L C L for every M model of T' (a proof
M~ M

is given in [BGKV16L 4.2]). O

4.5 Simple independence relations

We introduce simple independence relations and begin their study. We bound the
possible values of NT'(-,-,-) under the existence of a simple independence relation
and as a corollary we are able to show the failure of the 2-tree property. As in the
previous section we are assuming Hypothesis [4.2.1]

Definition 4.5.1. L is a simple independence relation in K if the following properties
hold:

1. L is an independence relation.
2. (Symmetry) AL, B if and only if B.L,A.

3. (Type-amalgamation) If p € gS<*(M), M C A, B C C and AL B, then for
all ¢; € gS°F(A;C),q2 € gS=™(B;C) and N* D A, B such that ¢;,q, > p and
q1, g2 do not fork over M, there exists ¢ € gS<*°(N*) such that ¢ > q1, ¢ and
q does not fork over M.
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4. (Uniform local character) There exists # and A cardinals such that: If p €
gS® (M), then there exists My <k M with ||M;|] < A+ a<? and p does not fork

over My. Recall that (k(.L),¢(L)) are the least (),#) with such a property.

Remark 4.5.2. Let T be a complete first-order theory. If T is simple and L is
first-order non-forking, then L is a simple independence relation.

Remark 4.5.3. The only difference between stable independence relations and sim-
ple independence relations are conditions (3) and (4). As for (3), while we assume
uniqueness in stable independence relations, we only assume type-amalgamation in
simple independence relations. Although this may seem like a minor change, based
on our knowledge of forking in first-order theories this is actually a significant one.
As for (4), this is a minor change and we give natural conditions under which local
character implies uniform local character (see Fact and Corollary .

The next strengthening of the witness property is the key property to show that
stable independence relations are simple independence relations if the AEC is tame
and type-short.

Definition 4.5.4. Let L be an independence relation. L has the (< )-strong
witness property if for all M <k N,  ordinals, and b € C*: bl /N if and only if
b [; LA for every A € Py(N) and I € Poy(a).

The proof of the following fact is the same as that of [LRV19, 8.10], since the
hypothesis are slightly different and the proof is short we repeat the argument for the
convenience of the reader.

Fact 4.5.5. Let L be an independence relation. If L has local character and the
(< 0)-strong witness property, then . has uniform local character.

Proof. Since L has local character, for each o < @ we have that k(L) < co. Let
Mo = sup{rao(L) : a < 0}. We show that the pair (Ao, 6) is a witness for uniform
local character.

Let M € K and p = tp(b/M) € gS”(M). For each I C 8 with |I| < 0, let M; €
[M]* such that b [; L, M, this exists by the choice of \g. Let A = Urcs <o Mr
and My be the structure obtained by applying downward Lowenheim-Skolem in M
to A. Observe that || My|| < Ao + 8<% and the (< 0)-strong witness property together
with monotonicity imply that bIMOM . O]

The next lemma gives a condition under which a stable independence relation is
a simple independence relation.

Lemma 4.5.6. If L is a stable independence relation that has the (< 0)-strong
witness property, then L is a simple independence relation.
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Proof. We only need to check properties (3) and (4). As for (4), this follows from
Fact [£.5.5] So we only need to show the type-amalgamation property.

Let p € gS<°(M), M C AB C C, ALyB, ¢ € g8<°(4;C) and ¢ €
gS<>*(B;C) and N* D A, B such that q;, ¢ > p and ¢, g2 do not fork over M. Since
p € gS°F(M) and M <y N*, by the extension property there is ¢ € gS~*(N*) such
that ¢ > p and ¢ does not fork over M.

Observe that ¢ [4,q1 € gS°F(A,C), q 4, q do not fork over M and (q [4) [x=
p = q1 [m, then by the uniqueness property ((3) of Definition we have that
q 4= q1. Hence ¢; < g. One can similarly show that ¢ [p= ¢s.

Therefore, ¢ > ¢1, g2 and ¢ does not fork over M. n

The next assertion gives a natural assumption on K that implies the (< #)-strong
witness property. The proof is similar to that of [LRV19, 8.8], but we obtain a stronger
result.

Fact 4.5.7. If K is fully (< #)-tame and -type-short and L is a stable independence
relation, then L has the (< 6)-strong witness property.

Proof. Let M <x N and b € C® such that b |; L ;A for every A € P_y(N) and
I € Py(a). Let p = tp(b/N) and g € gS(N) such that ¢ does not fork over M
and ¢q extends p [/, q exists because of the extension property. Using that K is fully
(< 0)-tame and -type-short together with the uniqueness property one can show that
p = q. As ¢ does not fork over M by construction, it follows that b.l V. O

Corollary 4.5.8. If K is fully (< 0)-tame and -type-short and L is a stable inde-
pendence relation, then L s a simple independence relation.

The next technical proposition is important as it shows that even when we are
considering independence relations over sets in some sense models are ubiquitous

Proposition 4.5.9. Let L be a simple independence relation. If AL B, then there
is M* € K with BUM C M* and AL ,;M*.

Proof. Assume AL ,,B. By normality and monotonicity we can conclude that AL, BU
M. Let M’ € K the structure obtained by applying downward Lowenheim-Skolem in
CtoMUBC M.

Consider p = tp(A/M), ¢1 = tp(A/M U B) and ¢2 = tp(A/M). Observe that
p < q1,q2, 1 € gS°(M U B;C) does not fork over M, qo € gS~*°(M) does not
fork over M, M C M UB,M C M' and M U BL,;M. Recognize that p, ¢, g and
M C M, MUB C M’ satisfy the hypothesis of the type-amalgamation property, then
there is r € gS<*°(M’) > q1, ¢2 such that r does not fork over M.

Suppose that r = tp(A’/M'), since r > ¢ there is f € Autpp(C) such that
flA’] = A. Since r does not fork over M, we have that A’L,;M’. Then by invariance
FIATL sun fIM']. Observe flA'] = A, fIM] = M, so AL, f[M']. Finally, realize
that M U B C f[M'], hence M* := f[M'] satisfies what is needed. O
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The following notion generalizes the chain condition introduced in [Les00, 2.3].

Definition 4.5.10. Let ¢ be an infinite cardinal. We say L has the (-bound condi-

tion if: VA € [k(L),00)VM € K\Vk € [LS(K), \][Vp € gS(M, k)Y € [k(L)+r, AJ( If

p<tD) = jrand {pa : o < (2)T} C gS(M, < p) are such that p,, is a non-forking extension of p
for every o < (2#)", then there are A C (2#)* and ¢ a type such that |A| = ¢ and

q is an extension of p, for every a € A ). Moreover, we say that L has the strong

t-bound condition if the type ¢ is a non-forking extension of p.

The following is a generalization of [Les00, 2.4], which is based on an argument of
Shelah which appeared in [GIL02, 4.9]. Compared to [Les00, 2.4], instead of showing
that two types are comparable we show that countably many types are comparable,
[Les00, 2.5] mentions that this can be done in the first-order case. We have decided to
present the argument to show that it does come through in this more general setting
and because we will extend it in Lemma [£.6.11

Lemma 4.5.11. If L is a simple independence relation, then L has the Ry-bound
condition

Proof. Let \,u,x € Car, M € Ky, R € [M]*, p € gS(R) and {p, € gS(N,) : a <
(2M)*T} C gS(M, < ) be as in the definition of the Ro-bound condition. By extension
and transitivity, we may assume that all N, have size pu.

We build {M,, : a < (2#)*} strictly increasing and continuous chain such that:

1. Va € (24T (M, € Kau).

2. R <x M,.

3. Va € (2#)T(Ny <k Myy1)

Let S = {a < (2" :¢f(a) = pt}and & : S — (2#)* be defined as ®(a) =
min{ B3 : tp(Na/M,) does not fork over Mg}. Observe that ® is regressive by local

character and the fact that /fe(‘b) = p. Then by Fodor’s lemma there is S* C §
stationary and o* < (2#)" such that Va € S*(tp(N,/M,) does not fork over M,-).
We may assume without loss of generality that S = S* and a* = 0. Hence,

Va € S(tp(No/M,) does not fork over My). (4.5.1)

By local character and using again that ,ud(\b) = p we have that for all « € S
there is R, € [My]* such that tp(N,/M,) [, does not fork over R,. Define W :
S — [Mo]* as ¥(a) = R,. Then by the pigeonhole principle, since |[My]#| = 2*, we
may assume that there is a R* € [My]* such that:

6Symmetry is not used to obtain this result.
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Va € S(tp(No/M,y) [y, does not fork over R*). (4.5.2)

By base monotonicity we may further assume that R <k R*. Then applying
transitivity to the previous two equations we obtain that:

Vo € S(NyLp-M,). (4.5.3)

Moreover, given o € S p, € gS(N,) does not fork over R and N, <g My41.
Applying extension and transitivity, there is ¢, € gS(M,+1) extending p, and ¢,
does not fork over R. By base monotonicity, since R <x R* <g M,.1, we also have
that ¢, does not fork over R*.

Let T : S — gS(R*) be defined as Y («) = g, [r+, by the pigeonhole principle we
may assume that there is ¢ € gS(R*) such that:

Va € S(qo > q and g, does not fork over R¥). (4.5.4)

Let {ov, : n € w} C S be an increasing set of ordinals. We build {r,, : n € w} such
that:

1. 79 = qa,-
2. Tpgl 2 TnyPanys -

.y € gS(ManJrl).

w

4. r, does not fork over R.

The base step is given so let us do the induction step. By equation (4.5.3)
Nop L peM,, . Since ap, +1 < apyr € 5, we have that My, 41 <k Ma,,,,, so by
monotonicity N, L g« My, +1 and by normality we have that N, UR*L g« M, 1.
Realize that ¢ € gS(R*), Gan,, [Na,,,UR€ gS(Na,., U R%C), r, € gS(Ma,11)
and M,, 41 substituted by p, ¢, g2 and N* satisfy the hypothesis of the type-
amalgamation property. Therefore there is r,41 € gS(Ma,,,,+1) such that 7,44 >
Qonir | Nay {UR*s Tn and 7,41 does not fork over R*.

In particular we have that 7,1 > 75, Da,.,, (since qa,,, > Pa,.,) and by transitivity
(since rp1 > 1, R* < M, 41, and 7, does not fork over R) we have that r,,; does
not for over R. This finishes the construction.

Finally {r, € gS(M,,+1) : n € w} is an increasing chain of types so by [Bal09,
11.3], there is r* € gS(U, ., Ma,+1) such that r* >, for each n € w. In particular,
by clause (2) of the construction, we have that r* extends p,,, for every n < w, which
is precisely what we needed to show. [
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The following generalizes [Les00, A] to the AEC context. The proof is similar to
that of Theorem [4.4.2] but using the Ry-bound condition instead of the uniqueness

property.
Theorem 4.5.12. If L is a simple independence relation, k(L) < u < X\ and

,ud(I) = u, then

NT (1, \,R) < A<D 4 on
In particular, NT (i, A) < AL + 2#

Proof. Let A\g = x(L), x = A + 2% and {p, € gS(N,) : a < x*} C gS(M, < )
where M € K,. Observe that by the extension property we may assume that each
N, € K,. As in the proof of Theorem [4.4.2] there are S C x* of size x*, R € [M]0
and p € gS(R) such that for every a € S p, > p and p,, does not fork over R.

By the Ng-bound condition, where the cardinal parameters are as in the definition
except that k := Ao and all the model theoretic parameters are the same with {p, :
a € S} being the collection of types and dom(p) = R, we obtain that there are
countable A C S and ¢ a type such that ¢ > p, for each a € A. In particular
{pq : @ € A} is consistent. Hence NT'(u, A, Rg) < A0 + 2K, O

Remark 4.5.13. Observe that when L is a stable or almost-stable independence
relation Theorems |4.4.2| and [4.4.13| give us a better bound. Moreover, Theorems |4.4.2
and give us a bound for each k € Car while the above corollary only gives us
a bound when & is countable, as we will see in Theorem more can be said if we
assume the (< Wg)-witness property.

The following result shows that we can not have the 2-tree property if K has a
simple independence relation.

Corollary 4.5.14. If L is a simple independent relation, then K does not have the
2-tree property.

Proof. Suppose for the sake of contradiction that K has the 2-tree property.
Let \g = wk(L), p = (:‘(NM@))JAJ)V and A = 3,(n). Observe that the

following cardinal arithmetic equalities hold:

1 ,u<£($) =y, using that Cf(j( (A)) = (Rg + ¢(L))" and Hausdorff

formula.

No+e(L))+

2. M0 4 2# =\ using that c¢f(\) = pu > A and that 3,(u) > 2~

3. A< =\, using that c¢f(\) = p.
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Applying Theorem [4.5.12] this is possible by the first cardinal arithmetic equality,
and by the second cardinal arithmetic equality we get that:
NT(j, A) < Mo 428 = ). (4.5.5)

Applying Lemma 4.3.6| this is possible by the third cardinal arithmetic equality,
we get that

N < NT (1, \). (4.5.6)
So putting inequalities (7) and (8) we obtain that A* < A, but this is a contradic-
tion to Konig’s Lemma since cf(\) = p. O

Remark 4.5.15. In the result above, instead of showing the failure of the 2-tree
property, we would have liked to obtain the failure of the tree property. We will
show in Corollary that this is the case if L has the (< R)-witness property for

singletons.

4.6 Simple independent relations with the witness
property

In this section we continue the study of simple independence relations under locality
assumptions. We begin by showing the failure of the tree property under the existence
of a simple independence relation with the (< Wy)-witness property. Then we study
simple independence relations with the (< LS(K)™)-witness property and obtain some
basic results.

4.6.1 Failure of the tree property
The next argument extends the one presented in Lemma [4.5.11}

Lemma 4.6.1. If L is a simple independence relation with the (< No)-witness prop-
erty for singletons, then L has the strong (2*)"-bound condition.

Proof sketch . Everything is the same as the proof of Lemma until equation
(4.5.4), but in this case instead of building only countably many r/ s we will build
(2#)" many of them.

Let {a; : i < (2*)"} C S be an increasing set of ordinals. We build {r; : i <
(2}, {a; i< (29} and {f;; : j <i < (2#)"} such that:

1. o = qay = tp(ao/Ma0+1).
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2. Itk <j<i<(2")7F, then fr; = fjio frj-

3. V5 < i(f; FYARRER CEYANY fiila;) = a; and f;; € Aut(C)).
4. r; = tp(a;/M,,+1) does not fork over R.

d. Ti 2 Pay-

6. Vj <i(r; <m).

The construction in the successor step is similar to that of Lemma |4.5.11] so we
only show how to do the the step when ¢ is a limit ordinal. Since {r; : j < i},
{a; : j <i} and {fx; : k < j < i} is a directed system, by [Bal09, 11.3], there is
p* =tp(a*/U;; Ma;+1) upper bound for {r; : j < i} and {f;; : j < i} satisfying (2)
and (3) but with a* substituted for a;.

Using the (< Rg)-witness property, invariance and monotonicity it is easy to show
that p* does not fork over R. Observe that Uj<i My, 41 © My, No, L gp-M,, (by
equation (4.5.3) of Lemma and p* > ro. Using these, one can show that ¢ €
gS(R), o, [N, ur€ 8S(No, UR™;C), p* € gS(U;o; Ma,+1) and My, 41 substituted for
D, q1, ¢2 and N* satisfy the hypothesis of the type-amalgamation property. Therefore,
there is r; € gS(M,,+1) such that r; > qq, | Na,ur*, p* and r; does not fork over R*.

Let r; := tp(a;/Mg4,+1). Since 7; lU,c; Mo, = P there is g € Aut(C) such that
g(a*) =a; and g rUj<iMaj+1: ide<iMaj+1' For each j <, let f;; :== go f;,. It is easy
to show that r;, a;, {f;; : 7 < i} satisfy (1) through (6), for conditions (4)-(6) see the
explanation given in Lemma . This finishes the construction.

We have constructed {(r;, a;, {frj: k < j <i}) i < (2*)T} a coherent sequence
of types, then by [Bal09, 11.3] there is r* € gS(UK(Qu)Jr M,,+1) such that r* extends
r; for every ¢ < (2#)*. In particular, p,, < r* for every i < (2#)*, since by condition
(5) pa; < 1 for each i < (2#)*. Moreover, using the (< Rg)-witness property it follows
that r* does not fork over R. [

Using the above result instead of Lemma [4.5.11] we are able to extend Theorem
4.5.12 to uncountable cardinals. As the proof is similar to that of Theorem [4.5.12| we

omit it.

Theorem 4.6.2. If L is a simple independence relation with the (< No)-witness

property for singletons, k(L) < u <\ and ,ud(‘b) = u, then

NT(, A, (24)F) < ACH) 4 2n,

As a corollary we obtain the failure of the tree property.
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Corollary 4.6.3. If L is a simple independence relation with the (< Ng)-witness
property for singletons, then K does not have the tree property.

Proof sketch . Let A\ = x(L). Let p and A be as in Theorem [4.5.14] ie., p =
(:l(N L L(A7))" and A = 3,(p). Then doing a similar construction to that of
0

Lemma (4.4.4) we get that:
AT NT (s, A, (29)7). (4.6.1)

But by Theorem we have that NT (i, A, (2#)%) < A + 2%, then by choice of u
and X\ we have that A\ 4 2# = )\, so:

NT (i, \, (2)%) < . (4.6.2)

Observe that equations (9) and (10) give us a contradiction.
0

Remark 4.6.4. A trivial example of a simple independence relation with the (< Ng)-
witness property for singletons is first-order non-forking in 7" where 7T is a complete
first-order simple theory. This follows from the fact that non-forking has finite char-
acter.

4.6.2 Simple independence relations with the (< LS(K)*)-
witness property

We continue the study of simple independence relations but with the additional hy-
pothesis of the (< LS(K)*)-witness property for singletons. Recall that we have
shown that if x;(L) = LS(K). then L has the (< LS(K)*)-witness property for
singletons (Lemma [4.2.13).

The following simple proposition will be used to study the Lascar rank in the next
section.

Proposition 4.6.5. Let L be a simple independence relation with the (< LS(K)*)-
witness property for singletons. If M <x N, p € gS(M), q € gS(N) and q is a
forking extension of p, then there is M* <x N with |M*|| = |M||, M <x M* and
q [ v+ is a forking extension of p.

Proof. Assume that ¢ = tp(b/N). Suppose for the sake of contradiction that it is not
the case, hence for every M* <g N with || M*|| = ||M|| and M <k M* it holds that
q |m+ does not fork over M. We will show, using the (< LS(K)™)-witness property
for singletons, that bl ,,NV.

Let A C N and |A| < LS(K), then apply downward Lowenheim-Skolem to AU M
inside N to get M* € K such that AUM C M* <g N. Then by assumption
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bl M*. So by monotonicity b.L,;A. Therefore, by the (< LS(K)™')-witness prop-
erty for singletons, we conclude that bl ,,N, which contradicts the hypothesis that
q forks over M. O

The next lemma generalizes [Kim14) 2.3.7].

Lemma 4.6.6. Let L be a simple independence relation that has the (< LS(K)*)-
witness property for singletons and without uniform local character. The following
are equivalent.

1. K)l(J/) < A

2. There are no {M; : i < X"} and p € gS(My+) such that {M; : i < X"} is
strictly increasing and continuous chain and p forks over M; for every i < A\ m

Proof. =: Assume for the sake of contradiction that there is {M; : i < AT} a strictly
increasing and continuous chain and p € gS(M,+) such that p forks over M; for every
i < AT. Then by hypothesis there is M’ € [My+]* such that p does not fork over M’.
Then by regularity of At and base monotonicity there is ¢ < A\™ such that py+ does
not fork over M,;. This is a contradiction.

«: Assume for the sake of contradiction that x;(.L) > A, then there is ¢ =
tp(a/N) € gS(N) such that ¢ forks over M for every M € [N]*. Realize that
|N|| > AT as ¢ does not fork over N.

We build {M; : i < AT} strictly increasing and continuous chain such that:

1. For every ¢ < AT, M; € Ky and M; <g N.
2. For every j > 1, q [, forks over M;.

Before we do the construction observe that this is enough by taking My+ =
Ui<>\+ M, {M; i < X"} and p=g¢g rMH .

In the base step, just take any My € [N]*. If i < AT limit take unions and
and it works by monotonicity, so the only interesting case is when ¢ = j + 1. Then
by the (< LS(K)*)-witness property there is B C N of size LS(K) such that ¢ [p
forks over M; and pick ¢ € N\M;. Let M1 be the structure obtained by applying
downward Léwenheim-Skolem to B U M; U {c} in N. This works by the choice of B
and monotonicity. O

Realize that even simple assertions as the ones above become very hard to prove
or perhaps even false if the independence relation does not have some locality as-
sumptions.

"This generalizes the first-order notion of a forking chain.
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4.7 Supersimple independence relations and the
U-rank

In this section we introduce supersimple independence relations and show that they
can be characterized by the Lascar rank under a locality assumption on the inde-
pendence relation. We also show that the existence of a supersimple independence
relation implies the (< Wy)-witness property for singletons in classes with intersec-
tions.

Let us introduce the notion of a supersimple independence relation.

Definition 4.7.1. L is a supersimple independence relation if the following properties
hold:

1. L is a simple independence relation.

2. (Finite local character) For every § limit ordinal, {M; : i < 0} increasing and
continuous chain and p € gS(Ms), there is i < § such that p does not fork over
M;.

Remark 4.7.2. Let T be a complete first-order theory. If T is supersimple and L
is first-order non-forking, then L is a supersimple independence relation.

The following is straightforward but will be useful.
Lemma 4.7.3. If L is a supersimple independence relation, then ri(L) = LS(K).

Proof sketch. The proof can be done by induction on the cardinality of the domain
of the type. The base step is clear because types do not fork over their domain and
for the induction step use that L has finite local character. O

The above lemma together with Lemma 4.2.13| can be used to obtain the next
result.

Corollary 4.7.4. If L is a supersimple independence relation, then L has the (<
LS(K)™")-witness property for singletons.

The next lemma shows that supersimplicity and stability imply superstability.

Lemma 4.7.5. If L is a stable and supersimple independence relation, then K is
stable in a tail of cardinald|

8This is equivalent to any notion of superstability in the context of AECs if one assume that the
AEC has a monster model and is tame by [GrVasl7] and [Vasig].
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Proof. Since L is a stable independence relation, by Corollary K is a stable
AEC, so let \y be the first stability cardinal. We show by induction on g > Ag that
K is p-stable.

The base step is clear, so let us do the induction step. We proceed by contradiction,
let M € K, and {p; : : < p"} C gS(M) be an enumeration of different Galois-types.
Let {M, : @ < p} € K., be an increasing chain of submodels of M such that
Ua<, Mo = M. Then by supersimplicity for every i < p* there is o; < pi such that
p; does not fork over M,,. Then by the pigeonhole principle and using that L has
uniqueness, one can show (as in Theorem that there are i # j < p* such that
pi = p;. This is clearly a contradiction. Therefore, K is u-stable. O

It is worth noticing that Lemma can be carried out with the finite local
character assumption instead of the (< Ng)-witness property for singletons. The idea
is that by applying finite local character and transitivity in limit stages one can show
that the types constructed in the limit stages do not fork over R (where R is the one

introduced in condition (4) of Lemma [4.6.1]).

Corollary 4.7.6. If L is a supersimple independence relation, then
o if (L)< pu<\and /L<€($) = u, then

NT (i, \, (29)) < AP 4o,

e K does not have the tree property.

4.7.1 Lascar rank

The Lascar rank was extended to the AEC context by Boney and the first author in
[BoGr17].

Definition 4.7.7 ([BoGrl7, 7.2]). We define U with domain a type and range an
ordinal or oo by, for any p € gS(M)

1. U(p) =2 0.
2. U(p) > « for a limit ordinal if and only if U(p) > § for each 8 < a.

3. U(p) > B+ 1if and only if there are M’ > M and p' € gS(M') with | M'|| =
||M]|, ' is a forking extension of p and U(p') > f.

4. U(p) = a if and only if U(p) > a and it is not the case that U(p) > a + 1.
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5. U(p) = oo if and only if U(p) > « for each « ordinal.

The next couple of results show that U is a well-behaved rank. The proofs are
similar to the ones presented in [BoGrl7, §7], but we fix a minor mistake of [BoGrl7,
§7]. The arguments of [BoGrl7, §7] only work when the models under consideration
are all of the same size, we are able to extend the arguments for models of different
sizes by using the (< LS(K)™)-witness property, specifically Proposition m

Lemma 4.7.8. Let L be a simple independence relation with the (< LS(K)*1)-witness
property for singletons, then the U-rank satisfies:

1. ([BoGr17, 7.4]) Invariance: If p € gS(M) and f : M = M’, then U(p) =
U(f(p))-

2. Monotonicity: If M <x N, p € gS(M), ¢ € gS(N) and p < q, then U(q) <
Up).

Proof. We provide a proof for (2) based on [BoGrl7, 7.3]. We prove by induction
on « that: if p < ¢, then if U(q) > «, then U(p) > a. The base step and limit
step are trivial so assume that « = § 4 1 and that U(q) > 8+ 1. By definition
there is N’ >k N and ¢’ € gS(N’) with |N’|| = || N||, ¢ > g, ¢’ forks over N and
U(q') > 8. Observe that by monotonicity ¢ forks over M and clearly ¢ > p. Then
by Proposition [4.6.5] there is M’ > M with ||[M'|| = | M|, ¢ s> p and ¢’ [ forks
over M. Since ¢’ [y< ¢, by induction hypothesis U(q' [yr) > 5. Therefore, by the
definition of the U-rank U(p) > 3+ 1. O

Lemma 4.7.9. Let L be a simple independence relation with (< LS(K)™1)-witness
property for singletons. Let M <x N, p € gS(M) and q € gS(N) with p < q and
U(p),U(q) < co. Then:

U(p) = Ul(q) if and only if q is a non-forking extension of p.

Proof. =: Assume for a sake of contradiction that ¢ forks over p. Then by Proposition
[4.6.5] there is M* € K with | M*| = ||M]||, ¢ [x+> p and ¢ |- forks over M. Then
from monotonicity of the rank and the definition of the U-rank, we can conclude that
U(p) > U(q) + 1, which clearly contradicts our hypothesis.

<: The same argument given in [BoGrl7, 7.7] can be carried out in our context
due to Proposition [£.5.9] O

Fact 4.7.10. ([BoGrl7, 7.8]) Let L be a simple independence relation with the
(< LS(K)™)-witness property for singletons. For each p > LS(K), there is some
ak,, < (2")7 such that for any M € K,,, if U(p) > ak ,, then U(p) = co.

The proof of the following lemma is similar to that of [BoGrl7, 7.9].
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Lemma 4.7.11. Let L be a simple independence relation with the (< LS(K)*)-
witness property for singletons. Let M € K, and p € gS(M). The following are
equivalent.

1. U(p) = o0

2. There is an increasing chain of types {p, : n < w} such that py = p and p,4q is
a forking extension of p, for each n < w.

Proof. =: Let ax , be the ordinal given by Fact 4.7.10f. We build {M,, : n < w} and
{pn € gS(M,,) : n < w} by induction such that:

L. po=p.

2. M, eK,.

3. pni1 is a forking extension of p,, for every n < w.
4. Upn) > ok, + 1.

The base step is given by condition (1). As for the induction step, we have by
induction that U(p,) > ok ,+1. Then by definition of the U-rank there is M, 11 > M,
and p,11 € gS(M,41) a forking extension of p, such that ||M, 1] = ||M,] = p and
U(pnt1) > ak . Observe that since U(pp41) > ok, and M, € K,,, we have that
U(pnt1) = 00, 80 U(pnt1) > ax, + 1.

<: Let {p, : n < w} be an increasing chain of types such that py = p and p,,; is a
forking extension of p,, for each n < w. We prove by induction on « that: U(p,) > «
for every n < w. The base step and limit case are trivial so assume that « = f+1 and
take n € w. By induction hypothesis U(p,+1) >  and by hypothesis p,1 is a forking
extension of p,. Then by Proposition [4.6.5|there is M* € K with ||M*|| = ||dom(p,)],
Pni1 [a+> pn and pyyq [+ forks over dom(p,). Then by monotonicity of the rank
and the definition of the U-rank we can conclude that U(p,) > 8+ 1 = «a. O

With this we obtain our main result regarding the relationship between a super-
simple independence relations and the U-rank . This generalizes a characterization
of supersimplicity for first-order theories [Kim14l, 2.5.16].

Theorem 4.7.12. Let L be a simple independence relation with the (< Wg)-witness
property for singletons. The following are equivalent.

1. L is a supersimple independence relation.

2. If M €e K and p € gS(M), then U(p) < oc.



89

Proof. =: Suppose there are M € K and p € gS(M) such that U(p) = co. Then,
by Lemma [4.7.11] there is an increasing chain of types {p, : n < w} such that py = p
and p,11 is a forking extension of p,, for every n < w.

Since we have that {p, : n < w} is an increasing chain of types, by [Bal09,
11.3], there is p, € gS(U,,~,, dom(py)) such that p, > p, for each n < w. Then,
by the definition of supersimplicty, there is n < w such that p, does not fork over
dom(py,). Hence by monotonicity pu [dom(pns1)= Pnt1 does not fork over dom(p,),
which contradicts the fact that p,; is a forking extension of p,.

«: Assume for the sake of contradiction that L is not a supersimple independence
relation, then there are § a limit ordinal, {N; : i < §} an increasing and continuous
chain and p € gS(Nj), such that p forks over N; for every i < 4.

We first show that for every i < 0 there is j; € (i,0) such that p [y, forks over
Nj. Let i < ¢ and suppose for the sake of contradiction that p [y, does not fork
over N; for each j € (i,6). Then using the (< Ng)-witness property for singletons,
as in Proposition [4.6.5] one can show that p does not fork over N;, contradicting the
hypothesis that p forks over N;.

Then one can build by induction {i, : n < w} C § increasing such that {p;, : n <
w} is an increasing chain of types with p;, , a forking extension of p;, for each n < w
where p;, = p I, . Therefore, by Lemma , we can conclude that U(p;,) = oc.
This contradicts the fact that U(p;,) < oo by hypothesis. ]

4.7.2 A family of classes with the (< Nj)-witness property

In this subsection we show that in classes that admit intersections one obtains the
(< Np)-witness property for singletons from supersimplicity. Similar results assuming
the existence of a superstable-like independence relation are obtained in Appendix C
of [Vas17c]. We begin by recalling the definition of classes that admit intersections,
these were introduced by Baldwin and Shelah.

Definition 4.7.13 (|[BaSh08, 1.2] ). An AEC admits intersections if for every N € K
and A C |N| there is My <k N such that |[My| = (\{M <k N : A C |M|}. For
N e K and A C |N|, let clf(A) = {M <x N : A C |M]|}, if it is clear from the
context we will drop the K. We write cl(A) instead of cl§ (A) if C is a monster model
of K and K is clear from the context.

Below we provide the properties of AECs that admit intersections that we will
use, for a more detailed introduction to AECs that admit intersections the reader can
consult [Vas17d, §2].

Fact 4.7.14. Let K be an AEC that admits intersections.
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1. If AC B C N, then cIV(A) <k ™ (B).
2. f AC M and M € K, then cl(A) <k M.

3. (Finite character) Let M € K and a € cI™(B), then there is By Cy;, B such
that a € cI™(By).

Proof. (1) and (2) are trivial and (3) is [Vas17d, 2.14]. O

We show that finite local character is actually witnessed by a finite set in classes
with intersections.

Lemma 4.7.15. Let K be an AEC with a monster model that admits intersections
and L be a simple independence relation. The following are equivalent.

1. (Finite local character) For every § limit ordinal, {M; : i < §} increasing and
continuous chain and p € gS(Ms), there is i < 0 such that p does not fork over
M;.

2. For every M € K and p € gS(M), there is D Cg,, M such that p does not fork
over cl(D).

Proof. The backward direction follows trivially using monotonicity, so we show the
forward direction.
Let M € K and p € gS(M), we show by induction on A < ||[M|| the following:

(¥)x: For every A € Py(M) and p € gS(cl(A)) , there is D Cg, M s.t. p does not fork over cl(D).

Observe that this is enough as ¢l(M) = M. So let us do the proof.

Base: If )\ is finite (x), is clear because given p € gS(cl(A)), p does not fork over
cl(A). So let us do the case when A = Rg. Let A = {a; : i < w} be an enumeration
without repetitions and p € gS(cl(A)). Let M; = cl({a; : j < i}) for every i < w and
M, = U;., M;. Observe that {M; : i < w} is an increasing and continuous chain and
Uicw Mi = cl(A) by the finite character of the closure operator. Then by (1) there is
i < w such that p does not fork over M; = cl({a; : j < i}). So D ={a;:j <i}is as
needed.

Induction step: Let A be an uncountable cardinal and suppose that (x), holds for
every i < A. In this case the proof is similar to that of the base step when A\ = N,.
The only difference is that on top of using (1), one uses the induction hypothesis, and
transitivity of the independence relation. O

Corollary 4.7.16. Let K be a class that admits intersections. If L is a supersimple
independence relation, then L has the (< Ro)-witness property for singletons.
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Proof. Let M <g N and a € C such that a.L ;B for every B Cg, N.

By the previous lemma there is D Cg,, NV such that aL py N, then by base mono-
tonicity a-LypanyN. On the other hand, by hypothesis a.l D, then by normality,
monotonicity and Proposition it follows that a-L ,,cl(DM). Therefore, applying
transitivity to a.L ,cl(DM) and a-L ypayN we obtain that aL,N. O

4.8 Future work

In [KiPi97, 4.2] it is shown that if a complete first-order theory is simple, then there
is a canonical independence relation satisfying the type-amalgamation property. In
[BGKV16] it is shown that stable independence relations are canonical. So it is natural
to ask if the same holds true for simple and supersimple independence relations.

Question 4.8.1. If K has L a simple or supersimple independence relation, is L
canonical?

Remark 4.8.2. Theorem 1.1 of [Kam20)] gives a positive answer to the above question
under the assumptions that L has the (< Wy)-witness property.

It is known that for a complete first-order theory 7', T is simple if and only if T’
does not have the tree property (see for example [GIL02, 3.10]). In Sections 5 and 6
we showed some instances of the forward direction for simple independence relations

(Corollary 4.5.14] and Corollary [4.6.3)). So we ask the following:

Question 4.8.3. If K does not have the tree property, does K have L a simple
independence relation?

Another notion that we studied in this paper is that of the witness property for
independence relations. This seems to be a very strong hypothesis that can be taken
for granted in first-order theories as forking has finite character. Regarding it we ask:

Question 4.8.4. Can Fact be extended to simple independence relations? More
precisely, if K is fully (< 6)-tame and -type-short and L is a simple independence
relation, does L have the (< 6)-strong witness property?

A related question is the following:
Question 4.8.5. Is Corollary [4.7.16| true for all AECs with a monster model?

Moreover, we used the witness properties a few times in this paper, see for example
Lemma and Theorem [4.7.12] An interesting question would be if the use of the

witness property is necessary in those arguments where we use it.
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In [LRV19, 8.16] it is shown that the existence of a stable independence relation
implies that the AEC is tame. We extended this result for almost-stable independence
relations in Lemma [£.4.10] so a natural question to ask is:

Question 4.8.6. If K has L a simple or supersimple independence relation, is K
tame?

Finally, as it was mentioned in the introduction, we think that it is premature to
focus on applications. Nevertheless, we acknowledge the importance of good examples.
Below is a list of the type of examples that we are interested in.

Question 4.8.7.

Find an example of a simple independence relation that is not a stable inde-
pendence relation in an AEC that is not fully (< Ng)-tame and type-short.

Find an example of a supersimple independence relation that is not a stable
independence relation in an AEC that is not fully (< Rg)-tame and type-short.

Find an example of a strictly simple independence relation without the (< Rg)-
witness property.

Find an example of a strictly simple independence relation without the witness
property.

Find an example of a strictly simple independence relation without the witness
property in an AEC that is fully (< Ng)-tame and type-short.
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Chapter 5

Algebraic description of limit
models in classes of abelian groups

This chapter is based on [Ch. 5.

Abstract

We study limit models in the class of abelian groups with the subgroup relation and
in the class of torsion-free abelian groups with the pure subgroup relation. We show:

Theorem 5.0.1.

1. If G is a limit model of cardinality \ in the class of abelian groups with the
subgroup relation, then G = (©,Q) & By prime(BAZ(p™)).

2. If G 1s a limit model of cardinality X in the class of torsion-free abelian groups
with the pure subgroup relation, then:

o [f the length of the chain has uncountable cofinality, then

G = (@)\Q) &} Hp pm’me(@AZ(l)))‘

e [fthe length of the chain has countable cofinality, then G is not algebraically
compact.
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We also study the class of finitely Butler groups with the pure subgroup relation,
we show that it is an AEC, stable and (< Ny)-tame and short.

5.1 Introduction

Abstract elementary classes (AECs for short) were introduced in the late seventies
by Shelah [Sh88] to capture the semantic structure of non-first-order theories, She-
lah was interested in capturing logics like Ly+ ,(Q). The setting is general enough
to encompass many examples, but it still allows a development of a rich theory as
witnessed by Shelah’s two volume book on the subject [Sh:h] and many dozens of
publications by several researchers. As a first approximation, an AEC is a class of
structures with morphisms that is closed under colimits and such that every set is
contained in a small model in the class.

Definition 5.1.1. An abstract elementary class is a pair K = (K, <k), where:

1. K is a class of 7-structures, for some fixed language 7 = 7(K).
2. <k is a partial ordering on K.

3. (K, <k) respects isomorphisms: If M <g N arein K and f : N = N’  then
fIM] <k N'. In particular (taking M = N), K is closed under isomorphisms.

4. If M <k N, then M C N.

5. Coherence: If Mo,Ml,MQ e K satisfy MO SK MQ, M1 SK MQ, and MO g Ml,
then MO SK Ml-

6. Tarski-Vaught axioms: Suppose § is a limit ordinal and {M; € K :i < d} is an
increasing chain. Then:

(a) Ms:=J,.s M; € K and M; <x Mjs for every i < 4.

(b) Smoothness: If there is some N € K so that for all i < § we have M; <x N,
then we also have Ms <g N.

7. Lowenheim-Skolem-Tarski axiom: There exists a cardinal A\ > |7(K)| + Xq such
that for any M € K and A C |M]|, there is some My <k M such that A C |M,|
and || Mo|| < |A| 4+ A. We write LS(K) for the minimal such cardinal.
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The main objective in the study of AECs is to develop a classification theory
like the one of first-order model theory. The notions of non-forking, superstabil-
ity and stability have been extended to this more general setting. The main test
question is Shelah’s eventual categoricity conjecture which asserts that if an AEC
is categorical in some large cardinal then it is categorical in all large cardinals.
Many partial results have been obtained in this direction as witnessed by for ex-
ample [Sh87al, [Sh87h], [Sh394], [Sh:h], [GrVan06b], [GrVan06c|, [Bonl4b], [Vas17hl,
[Vas17d], [Vas17d], [Vas19] and [ShVas][]

The notion of limit model was introduced in [KolISh96] as a substitute for satura-
tion in the non-elementary setting (see Definition [5.2.9). If A > LS(K) is a regular
cardinal and K is an AEC with joint embedding, amalgamation and no maximal
models, then: M is A-saturated if and only if M is a (A, A)-limit model ([GrVasl7,
2.8]).

Limit models have proven to be an important concept in tackling Shelah’s eventual
categoricity conjecture as witnessed by for example [ShVi99], [GrVan06] and [Vas19].
The key question has been the uniqueness of limit models of the same cardinality
but with chains of different lengths. This has been studied thoroughly [ShVi99],
[Van06], [GVV16], [Bonl4], [Van16], [BoVan|, [ViZal6] and [Vas19]. In this same line,
|[GrVas17] and [Vasl6c| showed that if a class has a monster model and is tame then
uniqueness of limit models on a tail of cardinals is equivalent to being superstabld’]

Despite the importance of limit models in the understanding of AECs, explicit
examples have never been studied. This paper ends this by studying examples of
limit models in some classes of abelian groups. The need to analyze examples is also
motivated by the regular inquiry of the model theory community when presenting
results on AECs. In particular, the analysis of limit models in the class of torsion-
free abelian groups provides a missing example needed for [BoVan].

In this article, we study limit models in the class of abelian groups with the sub-
group relation and in the class of torsion-free abelian groups with the pure subgroup
relation’] Observe that both classes are first-order axiomatizable, but since we are
studying them with a strong substructure relation that is different from elementary
substructure, their study is outside of the framework of first-order model theory. This
freedom in choosing the strong substructure relation is a key feature of our examples

For a more detailed introduction to the theory of AECs we suggest the reader to look at [Gro02],
[Bal09] or [BoVasl7h] (this only covers tame AECs, but the AECs that we will study in this paper
are all tame).

2We say that K is superstable if there is yu < J(orsx)y+ such that K is A-stable for every A > p.
Under the assumption of joint embedding, amalgamation, no maximal models and LS(K)-tameness
(which hold for all the classes studied in this paper, except perhaps the one introduced in the
last section) by [GrVasl7| and [VasI8| the definition of the previous line is equivalent to any other
definition of superstability given in the context of AECs.

3Recall that H is a pure subgroup of G if for every n € N it holds that nG N H = nH.
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and in the context of AECs has only been exploited in [BCG+| and [BET07].

The case of limit models in the class of abelian groups is simple.

Theorem Let a < AT be a limit ordinal. If G is a (\, «)-limit model in
the class of abelian groups with the subgroup relation, then we have that:

G= (@)\Q) ¥ @p prime(@AZ(poo))‘

The case of torsion-free abelian groups (with the pure subgroup relation) is more
interesting and the examination of limit models is divided into two cases. In the first
one, we study limit models with chains of uncountable cofinality and by showing that
they are algebraically compact we are able to give a full structure theorem. In the
second one, we study limit models with chains of countable cofinality and we show
that they are not algebraically compact. More precisely we obtain the following.

Theorem Let a < At be a limit ordinal. If G is a (A, «)-limit model in
the class of torsion-free abelian groups with the pure subgroup relation, then we have
that:

1. If the cofinality of v is uncountable, then

G =2 (©2Q) © L prime(BrZy))-

2. If the cofinality of o is countable, then G is not algebraically compact.

In particular, the class does not have uniqueness of limit models for any infinite
cardinal.

The paper is organized as follows. Section 2 presents necessary background. Section
3 characterizes limit models in the class of abelian groups with the subgroup relation.
Section 4 studies the class of torsion-free abelian groups with the pure subgroup rela-
tion. We show that limit models of uncountable cofinality are algebraically compact
(and characterize them) while those of countable cofinality are not. Section 5 studies
basic properties of the class of finitely Butler groups.

This paper was written while the author was working on a Ph.D. under the di-
rection of Rami Grossberg at Carnegie Mellon University and I would like to thank
Professor Grossberg for his guidance and assistance in my research in general and in
this work in particular. I would also like to thank John T. Baldwin, Hanif Cheung,
Sebastien Vasey and an anonymous referee for valuable comments that significantly
improved the paper.
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5.2 Preliminaries

We present the basic concepts of abstract elementary classes that are used in this
paper. These are further studied in [Bal09, §4 - 8] and [Gro2Xl §2, §4.4]. Regarding
the background on abelian groups, we assume that the reader has some familiarity
with it and introduce the necessary concepts throughout the text[]

5.2.1 Basic notions
Before we introduce some concepts let us fix some notation.
Notation 5.2.1.

o If M € K, |M]| is the underlying set of M.

o If Mis a cardinal, Ky = {M € K : |[M|| = A}

o Let M, N € K. If we write “f : M — N” we assume that f is a K-embedding,
e, f: M= fIM] and f[M] <k N. Observe that in particular K-embeddings
are always monomorphisms.

All the examples that we consider in this paper have the additional property of
admitting intersections. This class of AECs was introduced in [BaSh08] and further
studied in [Vas17d, §2].

Definition 5.2.2. An AEC admits intersections if for every N € K and A C |N|
there is My <k N such that [My| = ({M <k N : A C |M|}. For N € K and
A C |N|, we denote by clf (A) = ({M <k N : A C |M]|}, if it is clear from the
context we will drop the K.

Since an AEC is a semantic object, the notion of syntactic type (first-order type)
does not interact well with the strong substructure relation of the AEC. Even when
the AEC is axiomatizable in some extension of first-order logic, syntactic types do
not behave well since equality of types does not imply the existence of K-embeddings
between the models mentioned in the types. For this reason Shelah introduced a
notion of semantic type called Galois-type. We use the terminology of [Ch. 3, 2.5].

Definition 5.2.3. Let K be an AEC.

1. Let K? be the set of triples of the form (b, A, N), where N € K, A C |N|, and
b is a sequence of elements from N.

4An excellent encyclopedic resource is [Fucl5]. We recommend the reader to keep a copy of
[Fucl5] nearby since we will cite frequently from it, specially in the last section.



99

2. For (bl,Al,N1>, (bg,Ag,Nz) € Kg, we say (bl,Al,Nl)Eat(bg,Ag,NQ) lf A =
A = Ay, £(by) = {(by) and there exists f, : Ny - N such that fi(by) = fa(b2).

3. Note that F, is a symmetric and reflexive relation on K3. We let E be the
transitive closure of E,;.

4. For (b,A,N) € K3, let tpg(b/A; N) := [(b, A, N)|g. We call such an equiv-
alence class a Galois-type. Usually, K will be clear from context and we will
omit it.

5. For tpg(b/A; N) and C C A, tpk(b/A; N) [c:=[(b,C,N)]g.

In classes that admit intersections types are easier to describe as it was shown in
[Vas17dl, 2.18].

Fact 5.2.4. Let K be an AEC that admits intersections. tp(a;/A; N;) = tp(as/A; Ny)
if and only if there is f : cl™(a; U A) 22,4 cl™2(ay U A) such that f(a;) = a,.

The notion of stability generalizes that of a stable first-order theory. Since it will
play an important role, as witness by Fact [10.2.10] we recall it.

Definition 5.2.5.

e An AEC is A-stable if for any M € K, it holds that |gS(M)| < A, where
gS(M) = {tp(a/M;N) : M <k N and a € N}. Observe that gS(M) denotes
the 1-ary Galois-types over M.

e An AEC is stable if there is a A > LS(K) such that K is A-stable.

Tameness (for saturated models) appears implicitly in the work of Shelah [Sh394],
but it was not until Grossberg and VanDieren isolated it in [GrVan06] that it became
a central notion in the study of AECs. Tameness was first used to prove a stability
spectrum theorem in [GrVan06] and to prove an upward categoricity transfer theorem
in [GrVan06b|. For further details on tameness the reader can consult the survey by
Boney and Vasey [BoVas17b].

Definition 5.2.6. K is (< k)-tame if for any M € K and p # q € gS(M), there is
A C M such that |A] < k and p [47# ¢ [a.

Later, Boney isolated an analogous notion to tameness which he called type short-
ness in [Bonl4b].

Definition 5.2.7. K is (< k)-short if for any M, N € K, a € M*, b € N and
tp(a/0, M) # tp(b/0, N), there is I C a such that |I| < x and tp(a [; /0; M) #
tp(b [ /0; N).
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5.2.2 Limit models

Before introducing the concept of limit model we recall the concept of universal model.

Definition 5.2.8. M is universal over N if and only if N <x M, |M|| = ||N|| = A
and for any N* € K, such that N <g N*, thereis f: N* 7 M.

Recall that an increasing chain {M; : i < a} C K (for a an ordinal) is a continuous
chain if M; = | i<i Mj for every i < « limit ordinal. With this we are ready to
introduce the main concept of this paper, it was originally introduced in [KolISh96].

Definition 5.2.9. Let a < AT be a limit ordinal. M is a (X, a)-limit model over N
if and only if there is {M; : i < a} C K, an increasing continuous chain such that
My := N, M, is universal over M; for each i < v and M = UKQ M;. We say that
M € K, is a (A, a)-limit model if there is N € K, such that M is a (A, a)-limit model
over N. We say that M € K, is a limit model if there is & < A" limit such that M
is a (A, @)-limit model.

Fact 5.2.10.

1. If M € K, is universal over N and M <x M* € K,, then M* is universal over
N.

2. Let K be an AEC with joint embedding. If M is a limit model of cardinality
A, then for any N € K, thereis f: N — M.

Proof. The first assertion is trivial so we prove the second one.

Fix a < AT, {M; : i < a} a witness to the fact that M is a (), a)-limit model
and let N € K. By the joint embedding property applied to My and N and using
the Lowenheim-Skolem-Tarski axiom there is N* € K, and g : N — N* such that
My < N*. Then since M; is universal over M, there is h : N* 7 M. Hence

0

fi=hog: N — M. [
The following fact gives conditions for the existence of limit models.

Fact 5.2.11. Let K be an AEC with joint embedding, amalgamation and no maximal
models. If K is A-stable, then for every N € K, and a < A\* limit there is M a (), «)-
limit model over N. Conversely, if K has a limit model of cardinality A, then K is
A-stable

Proof. The forward direction is claimed in [Sh600] and proven in [GrVan06, 2.9]. The
backward direction is straightforward. O]
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As mentioned in the introduction, the uniqueness of limit models of the same
cardinality is a very interesting assertion. When the lengths of the cofinalities of the
chains are equal, an easy back-and-forth argument gives the following.

Fact 5.2.12. Let K be an AEC with joint embedding, amalgamation and no maximal
models. If M is a (A, «)-limit model and N is a (A, §)-limit model such that cf(a) =
cf(8), then M = N.

The question of uniqueness is intriguing when the cofinalities of the lengths of the
chains are different. This question has been studied in many papers, among them

[ShVi99], [Van06], [GVV16], [Bonld], [Vanl6], [BoVan|, [ViZal6] and [Vas19).

5.3 Abelian groups

In this third section, we study limit models in the class of abelian groups with the
subgroup relation. Since this class was studied in great detail in [BCG+| and [BET07],
the section will be short and we will cite several times.

Definition 5.3.1. Let K% = (K% <) where K% is the class of abelian groups in
the language L., = {0} U {+, —} and < is the subgroup relation, which is the same
as the substructure relation in L.

Fact 5.3.2.
1. K% is an AEC with LS(K®) = N,.
2. K% admits intersections.
3. K has joint embedding, amalgamation and no maximal models.
4. K% is a universal class.
5. K% is (< Ng)-tame and short.

Proof. (1) and (3) are shown in [BCG+, 3.3] and (2) is clear, so we show the last two
assertions:

4. Tt follows from the fact that K is axiomatizable by a set of universal first-order
sentences in the language L, = {0} U {+, —}. It is fundamental that we have
“—” in the language.

5. It follows from (4) and [Vasl7d, 3.7, 3.8].
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The following fact is implied by [BCG+, 3.4, 3.5].
Fact 5.3.3. Let G < H and a,b € H, the following are equivalent:
1. There exists f : clif.,(GU{a}) =g cli.,(G U {b}) such that f(a) =b.

2. e (a)NG=0=(b)NG, or

e There are n € N and ¢* € G such that na = g* = nb and ma, mb ¢ G for
all m < n.

In particular, K% is A-stable for every A infinite cardinal.

Remark 5.3.4. Since K% has joint embedding, amalgamation and no maximal mod-
els, K® has limit models in every infinite cardinal by Fact and Fact [5.2.11}

Recall that a group G is divisible if for each ¢ € G and n € N, there is h € G
such that nh = g. In the next lemma we show that limit models in K® are divisible
groups.

Lemma 5.3.5. If G is a (A, «)-limit model, then G is a divisible group.

Proof. Fix {G; : i < a} a witness to the fact that G is a (A, @)-limit model. Let
g € G and n € N, we want to show that n|g. Since G = J,_, G;, there is i < a such
that g € G;. Recall that every group can be embedded as a subgroup into a divisible
group (see [Fuclhl §4.1.4]), so there is D € K, divisible group such that G; < D.
In particular there is d € D with nd = g. Since G, is universal over G;, there is
f:D?)G. Hence nf(d) = f(g) = g and f(d) € G. O

Using the following structure theorem for divisible groups we can characterize the
limit models of K. A proof of this fact appears in [Fucl5l, §4.3.1].

Fact 5.3.6. If GG is a divisible group, then we have that:
G = (8:Q) ® By prime (B, Z(p™))

where the cardinal numbers &, x, (for all p prime number) correspond to the ranks
rko(G), rky(G) (for all p prime number)]

°The 7ko(G) is the cardinality of a maximal linearly independent subset of elements of infinite
order in G and rk,(G) is the cardinality of a maximal linearly independent subset of elements of
order a power of p in G. The notion of linear independence in the context of abelian groups differs
slightly from that of vector spaces, the reader can consult [Fuclbl p. 91] for the definition of linear
independence in this setting.
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From it we are able to show our first theorem.

Theorem 5.3.7. If G is a (A, «)-limit model in K%, then we have that:

G = (@AQ) S¥ @p prime(EB)\Z(pOO»‘

Proof. Fix {G; : i < a} a witness to the fact that G is a (A, a)-limit model. Observe
that Gy < Go @ (9rQ) @ D) prime(PAZ(p™)), therefore there is

f : GO ¥ (@)\@) S 69p prime(@)\Z(poo» G—o> G.

In particular, rko(G) = X and rk,(G) = X for all p prime, then by the structure
theorem for divisible groups we have that G = ($,Q) ® B prime (BAZ(p™)). O

As a simple corollary we obtain the following.

Corollary 5.3.8. K% has uniqueness of limit models for every infinite cardinal.

Remark 5.3.9. Fact and Fact (3) together with [Vasi8, 3.7, 11.3, 11.7]
imply that K has uniqueness of limit models above :(2N0)+, so the result of the
above corollary is only new for small cardinals.

5.4 Torsion-free abelian groups

In this fourth section, we study the class of torsion-free abelian groups with the pure
subgroup relation. In the first half of the section we examine basic properties of the
class while in the second one we look at limit models. As we will see in this case the
theory becomes more interesting.

Definition 5.4.1. Let K/ = (K% <) where K% is the class of torsion-free abelian
groups in the language Lo, = {0} U {4+, —} and <, is the pure subgroup relation.
Recall that H is a pure subgroup of G if for every n € N it holds that nGN H = nH.

5.4.1 Basic properties

Before analyzing the set of limit models, we obtain a few basic properties for the
class of torsion-free abelian groups. As for abelian groups the basic properties of
torsion-free abelian groups were studied in [BCG+] and [BET07].

Fact 5.4.2.
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1. K% is an AEC with LS(K!) = N,.
2. K admits intersections.

3. K" has joint embedding, amalgamation and no maximal models.

Proof. (1) and (3) are shown in [BCG+/| 3.3] and [BET07] and (2) is known to hold
(an argument for this is given in [Fucl5, §5.1]). O

The following proposition characterizes the closure operator in K*/, since the proof
is a straightforward induction we omit it.

Proposition 5.4.3. If A C H, then cli,;(A) = U, .., An where:
o Ay— A
o Apor = {—h:he Ay} U{SE ohi: hoy s hy € Aopyn € N}
o Aso={h € H: there are h* € Agx 1 and n € N s.t. nh = h*}.
Recall the following definition from [Vas17d, 3.1].

Definition 5.4.4. K is a pseudo-universal class if it admits intersections and for
any Ni,No € K and a; € Ny, ay € Ny, if tp(a;/0; N1) = tp(az/0; No) and f, g :
cl™(ay) = cl™2(dy) are such that f(a;) = g(a@,) = @y, then f = g.

The reason pseudo-universal classes will be of interest to us is due to the following
statement showed in [Vas17d, 3.7].

Fact 5.4.5. If K is a pseudo-universal class, then K is (< Rg)-tame and short.
With this let us prove the following lemma.

Lemma 5.4.6. K is a pseudo-universal class. In particular, K is (< Ng)-tame
and short.

Proof. Let H € K'Y, a,b € H with tp(a/0; H) = tp(b/0; H) and f,g : cllf,;(a) =
clfl,; (b) such that f(a) = g(a) = b. We show by induction that f [4,= g [4, for all
n < w, where the A,,’s are obtained by applying Proposition m to clgtf(d). The
base step is the hypothesis, so we do the induction step. The odd step is straightfor-
ward, so we do the even step. Let h € Agx.o, by definition there is h* € Agyq and
n € N such that nh = h*, then since f, g are isomorphisms we have that nf(h) = f(h*)
and ng(h) = g(h*). By induction hypothesis f(h*) = g(h*), so nf(h) = ng(h); using
that divisors in torsion-free groups are unique, we obtain that f(h) = g(h). Hence
K'/ is pseudo-universal. The fact that K! is (< Ng)-tame and short follows from

Fact 5.4.5 m

In [BETQT, 0.3] the following key result is obtained.
Fact 5.4.7. K/ is A-stable if and only if A* = X. In particular, K/ is a stable AEC.
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5.4.2 Limit models

In this subsection we classify the limit models in the class of torsion-free groups. It
is clear that they are not divisible groups because if G is not divisible then G can
not be a pure subgroup of a divisible group, but as we will show they are the next
best thing, at least when the cofinality of the chain is uncountable. The examination
of limit models will be done in two cases, we will first look at chains of uncountable
cofinality and then at those of countable cofinality.

Remark 5.4.8. Since K/ has joint embedding, amalgamation and no maximal mod-
els, K/ has limit models when A* = X\ (and only in those cardinals) by Fact
and Fact £.2.111

Recall the following characterization of algebraically compact groups [Fucl5l §6.1.3].
For more on algebraically compact groups the reader can consult [Fucl5l §6].

Definition 5.4.9. A group G is algebraically compact if given E = { f;(zi,, ..., i, ) =
a; : 1 < w} a set of linear equations over G, E is finitely solvable in G if and only if
[E is solvable in G.

Lemma 5.4.10. If G is a (A, )-limit model and cf(a) > wq, then G is algebraically
compact.

Proof. Fix {Gs : f < a} a witness to the fact that G is a (A, a)-limit model. Let
E = {fi(zs, ,xzn) = a; : i < w} a set of linear equations finitely solvable in G.
Since cf(a) > wy there is f* < a such that {a; : i <w} C Gg«. Add new constants
{¢; 11 < w} and let ¥ be the following set of formulas:

{filcigy s Ci,) = @i 1 i < WIUED(Gp )UTijU{—~Fz(nz = g) : Gg« F ~Fx(nx = g),n € N, g € Gp- },

where T}y is the first-order theory of torsion-free abelian groups and ED(Gg-) is the
elementary diagram of Gg-.

Since E is finitely solvable in G and G- <, G, it is easy to show that any finite
subset of X is realized in G. Then by compactness and Lowenheim-Skolem-Tarski
there is H € K;f such that Gg- <, H (Gp~ is a pure subgroup by the last element
in the definition of ¥) and H F {fi(ciy, ..., ¢, ) = a; 1 i < w} . Using the fact that
Gg+41 is universal over G-, there is f : H = Gp«41 and it is easy to show that

-

{f(cH) :i < w} is a set of solutions to E which is contained in G. O
As a simple corollary we obtain a new proof for the following well-known assertion,
the assertion without the torsion-free hypothesis appears for example in [Fucl5, §6

1.10].
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Corollary 5.4.11. FEvery torsion-free group can be embedded as a pure subgroup in
a torsion-free algebraically compact group.

Proof. Follows from the joint embedding property, Fact [5.2.10| and the previous
lemma. O]

Before proving a theorem parallel to Theorem [5.3.7] we prove the following propo-
sition. In it the group Z, will play a crucial role, recall that Z,) = {n/m : (m,p) =

1}.
Proposition 5.4.12. If G is a (X, «)-limit model, then dimg,(G/pG) = X for all p
pm’meﬁ
Proof. Fix {G; : i < a} a witness to the fact that G is a (A, a)-limit model. Notice
that Gy <, Go @ (@,\Z(p)), then using that G, is universal over G, there is f :
Go @ (®rZy)) = G. In particular, we may assume that (© \Z,)) <, G.

0

Claim: {e; : i < A} C (©aZ(y)) C G satisfy that for every g € G, A Cyip, A and
(ns)iea € {0, ...,p — 1}4N\{0} the following holds:

Yieanie; # pg.

Where each e; is the i*-element of the canonical basis.
Proof of Claim: Suppose for the sake a contradiction that it is not the case, then
there is g € G, A Cpin A and (n;)iea € {0, ...,p — 1}4N\{0} such that

YicAnie; = pg.

Since (BrZ)) <p G and G € K'/| we have that g € (®,Z,)). Then g = Ziepy;
for B Cg;, A and unique (g;)iep € Z'@'. Hence using the above equality it follows
that n; = pg; for each i € A. Then p would divide the denominator of g; for some
i € A, contradicting the fact that each g; € Z,, or g = 0, contradicting the linear
independence of the e;’s.7c1aim

From the above claim it follows that {e; + pG : i < A} is a linearly independent
set over F,,. Hence dimg,(G/pG) = . O

The following fact puts together the information from [EKFi72, §1] that we will
need in this paperﬂ

Fact 5.4.13. If GG is a torsion-free algebraically compact group, then:

G= (@6@) D Hp prime(@ﬁpz(p))-

SNotice that the proposition includes the case when the cofinality of « is countable.
" We recommend the reader to take a look at [EKFi72, §1] or [Fucl5l §6.3].
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Where:
1. B, = dimg,(G/pG) for all p prime ([EKFi72, 1.7.a]).
2. 0 = rko(Gq), where G4 is the maximal divisible subgroup of G ([EkKFi72, 1.10]).

3. Z) = {n/m : (m,p) = 1} for p prime and the overline refers to the completionﬁ
(look at the discussion between [EkFi72, 1.4] and [EKFi72, 1.6]).

Lemma 5.4.14. If G is a (A, «)-limit model and G is algebraically compact, then

G = (@)\Q) S¥) Hp prime(@AZ(p))'

Proof. Fix {G; : i < a} a witness to the fact that G is a (A, @)-limit model. Since
by hypothesis G is algebraically compact, by Fact it is enough to show that
Bp = A for all p prime and that § = A.

By Fact [5.4.13(1) and Proposition it follows that 8, = dimg,(G/pG) = A
for all p prime, so we just need to show that 6 = A. Observe that Gy <, Go @ (£,Q),
then there is f : Gy @ (£,Q) = G, from which it follows that rko(G4) = A since

0

fl(®,Q)] € G4. Hence by Fact [5.4.13}(2), we have that 6 = A. O

With this we obtain our main result on limit models of uncountable cofinality.

Theorem 5.4.15. If G is a (X, a)-limit model and cf(a) > wy, then

G = (@)\Q) S¥) Hp prime(®AZ(p))'

Proof. By Lemma [5.4.10] G is algebraically compact. Then the result follows from
Lemma [5.4.14] [

The following corollary follows directly from Theorem [5.4.15|

Corollary 5.4.16. If G is a (A, «)-limit model and H is a (A, B)-limit model such
that cf(«), cf(5) > wq, then G = H.

Remark 5.4.17. Since K/ has joint embedding, amalgamation, no maximal models
and is (< Wg)-tame, by [Vasl8, 3.7] non-splitting has weak continuity and then by
[Vas1S8, 11.3, 11.7] it follows that K has uniqueness of limit models for large A and
cf(a). Therefore, the result of the above corollary is only new for small cardinals.

The next corollary follows from the above corollary doing a similar construction

to [GrVaslT, 2.8.(3)].

8For the reader familiar with abelian group theory, this is precisely the pure-injective hull (see
[Fuclbl §6.4]).
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Corollary 5.4.18. If G is a (A, &)-limit model and cf () > wy, then G is A-saturated[]

This finishes the characterization of G when G is a (A, «)-limit model and the
cofinality of « is uncountable, we know tackle the question when the cofinality of « is
countable. Regarding it, we will only have negative results, i.e., we will show that if
G is a (A, @)-limit model then G is not algebraically compact. In order to do that, we
will use some deep results on AECs which appear in [GrVasl7] and [Vas16c]. Realize
that since limit models with lengths of chains of the same cofinality are isomorphic,
we only need to study (A, w)-limit models.

The proof will be divided into two parts. In the first we will use [GrVas17] and
[Vas16¢] to show that for A big (A, w)-limit models are not algebraically compact and
in the second we will reflect the big groups into smaller cardinalities.

The following fact contains the information we will need from |GrVasl7] and
[Vas16¢]. For the readers not familiar with the theory of AECs this can be taken as
a black box.

Fact 5.4.19. Assume that K has joint embedding, amalgamation, no maximal mod-
els, LS(K) = ¥ and is (< ®g)-tame. Let A > Jiox)+4,, be such that K is A-stable
and there is a saturated model of cardinality A. If every limit model of cardinality A
is saturated, then K is y-stable for every x > A.

Proof sketch. By [GrVasl7, 3.2] K does not have the Rg-order property of length
Jiaro)+- Then by [GrVasl7, 3.18] K has no long splitting chains in A. Since K has
no long splitting chains in A, is A-stable and is (< Rp)-tame by [Vasl6d, 5.6] we can
conclude that K is y-stable for every x > A. ]

Lemma 5.4.20. Let A\ > Jgsoyeyy,- If G is a (A w)-limit model, then G is not
algebraically compact.

Proof. Since G is a (\,w)-limit model, it follows that K*/ is A-stable by Fact [5.2.11]

Assume for the sake of contradiction that G is algebraically compact, then by
Lemma G = (©\Q) & I, prime(B2Zy)). Then by Theorem [5.4.15 K/ has
uniqueness of limit models of cardinality X\. Hence every limit model of cardinality A
is saturated by [GrVas17, 2.8.(3)].

By Fact and Lemma [5.4.6) K'/ has joint embedding, amalgamation, no max-
imal models, LS(K') = ¥ and is (< ¥g)-tame. Then by Fact K'/ is x-stable
for every x > A. But this contradicts Fact [5.4.7, since there is x > A such that

XN # X O

Lemma 5.4.21. Let A\ < Jgnoyryy,. If G is a (A w)-limit model, then G is not
algebraically compact.

9Recall that G is A-saturated if for every H <kx G and p € gS(H) such that ||H| < A, p is
realized in G. G is saturated if it is ||G||-saturated.
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Proof. Since G is a (), w)-limit model, it follows that K* is A-stable by Fact [5.2.11]
Let p1 > Jygney+ 4, such that p™° = p, by Facthf is p-stable. Let G* a (i, w)-
limit model witnessed by {G} : i < w}. By Lemma G* is not algebraically
compact, so there is E = {fi(2x,, ..., Tk, ) = ar 1 k < w} a set of linear equations
finitely solvable in G* but not solvable in G*.
We build {r; : i <w} CN, {S;:i <w} and {H, : i <w} by induction such that:

1. {r; i < w} is strictly increasing.

2. a; € H;.

3. 5; C H; and S; is a finite set.

4. S; has a solution to {fi(wxy, ..., ¥k, ) = ax : k < i}
5. H, <, Gr..

6. H, € K.

7. H;yy is universal over H;.

Before we do the construction, let us show that this is enough. Let H,, := |, cw Hi
by (6) and (7) it follows that H,, is a (A, w)-limit model. Since limit models of the same
cofinality are isomorphic by Fact it follows that H, = G. So it is enough to
show that H,, is not algebraically compact. Assume for the sake of contradiction that
H,, is algebraically compact. Since E = {fi(vg,, ..., Tk, ) = ar 1 k < w} is finitely
solvable in H,, by (4), it follows that there is a € HY a solution for E. But this
contradicts the fact that E is not solvable in G*, since H, <, G* by (5). Therefore,
H, is not algebraically compact.

Now let us do the construction.

Let {bo,...,br} € G* a solution to fo(xo,, ..., 0,,) = ao, this exists by
finite solvability of E in G*, and r < w such that {bo,...,b;, a0} C G:. Let ¢ := 1,
So = {bo,...,b;} and applying Lowenheim-Skolem-Tarski axiom to {bo,...,b;,ao} in
Gy, we get Hy € Kf\f such that Hy <, G7, and {bo, .., bi,a0} € Hy. It is easy to see
that this works.

’Induction step‘ By construction there are r; € N and H; <, G;.. Since K/ is

A-stable we can build H € Kf\f such that H is universal over H; by Fact [5.2.11] Using
that H; <, G , the amalgamation property and that G, universal over G , there
isf:H?G:ﬂrl‘

Let {bo,...,0i} € G* a solution to {fi(wxy,..., ¥k, ) = ar : k < i+ 1} and take
T Z r; +1 such that {bo,...,bl,ai+1} Q G: Let Tiv1 == T, Sz‘+1 = {bo,...,bl} and
applying Lowenheim-Skolem-Tarski axiom to f[H] U {bo, ..., by, ai11} in Gy, | we get

1
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Hip1 € KY such that Hyy <, Gi_ and f[H] U {bo, ..., b, a;41} € Hyy1. Using that

H; <, f[H] <, Hi+1 and that f[H] is universal over H;, it is easy to show that (1)
through (7) hold. O

Putting together the last two lemmas we obtain the following.
Theorem 5.4.22. If G is a (\,w)-limit model, then G is not algebraically compact.
Proof. If A > Jaxo)+ 4, it follows from Lemma and if A < Jgngy+ 4, it follows

from Lemma [5.4.21] ]

Remark 5.4.23. After discussing Theorem with Sebastien Vasey, he realized
that by applying [VasI8 4.12] instead of [GrVasl7, 3.18] one could prove Theorem
without dividing the proof into cases. The proof using [Vasl8|, 4.12] is similar
to that of Lemma [5.4.20] We decided to keep our original argument since the proof
presented here shows how to transfer the failure of being algebraically compact and
since we believe that showing that there are cofinally many (A, w)-limit models that
are not, algebraically compact is provable using only group theoretic methods.

Since (A, w)-limit models are not algebraically compact we ask:

Question 5.4.24. Is there a natural class of groups that contain the (\,w)-limit
models?

Regarding the structure of (A, w)-limit models, using the fact that every group
is a direct sum of a divisible group and a reduced groupm (see [Fuclbl §4.2.5]), it is
straightforward to show that if G is a (A, w)-limit model, then G = (©,Q) ® G, where
G, = G/Gg, Gy is the maximal divisible subgroup of G and G, is reduced. So it is
natural to ask the following.

Question 5.4.25. Is there a structure theorem for (\, w)-limit models similar to that

of Theorem B.4.15

Let us conclude with the main theorem of this section.

Theorem 5.4.26. If G is a (\, «)-limit model in K, then we have that:

1. If the cofinality of o is uncountable, then G = (®AQ) ® I, prime(BrZy))-

2. If the cofinality of o is countable, then G is not algebraically compact.
In particular, KY does not have uniqueness of limit models for any infinite cardinal.

Proof. The first part is Theorem [5.4.15] and the second one is Theorem [5.4.22] The
“in particular” follows from the fact that limit models with chains of uncountable cofi-
nality are algebraically compact by (1), while those with chains of countable cofinality
are not algebraically compact by (2). O

10Recall that a group H is reduced if its only divisible subgroup is 0.
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5.5 Finitely Butler Groups

In this last section, we look at some basic properties of the class of finitely Butler
groups. The results in this section are weaker than those of the previous two sections
and in some sense incomplete, but we decided to present them since we see this section
as a stepping stone and moreover finitely Butler groups had never been isolated as
an AEC.

Butler groups were introduced by Butler in [But65], while finitely Butler groups
were first studied in [BiSa83] and given a name in [FuVi90]. We follow the exposition
of [Fuclbl §14] and recommend the reader to consult it for further details.

Definition 5.5.1. A torsion-free group G of finite rank'l]is a Butler group if G is a
pure subgroup of a finite rank completely decomposable group. Recall that a torsion-
free group is completely decomposable if and only if it is the direct sum of groups of
rank one.

Definition 5.5.2. A torsion-free group G is a finitely Butler group (Bo-group) if
every pure subgroup of finite rank of GG is a Butler group.

Let us introduce the class we will study.

Definition 5.5.3. Let KB = (KP0 <)) where KP0 is the class of finitely Butler
groups in the language L, = {0} U {+, —} and <, is the pure subgroup relation.

Remark 5.5.4. Notice that if G € KP° and H <, G, then H € K?.
Our first assertion is that indeed K20 is an AEC.

Lemma 5.5.5. KP0 = (KP0 <)) is an AEC with LS(K?°) = Xy that admits inter-
sections.

Proof. From the closure under pure subgroups and the fact that K* is an AEC, it
follows that KP° satisfies all the axioms of an AEC except the first Tarski-Vaught
axiom. We show that it holds[?]

Let {G; : i < 0} such that G; <, G; for all i < j and G = |J,_5 G;. It is clear that
G; <, G for all i < j, so we only need to show that G € K solet H <, G of finite
rank.

Take X a finite maximal linearly independent subset of H, it exists because H has
finite rank. Since X is finite, there is ¢ < § such that X C G;. Since X is maximal
linearly independent H C spang(X). Then using that G; <, G and G; is torsion-free,
it follows that H <, G;. Therefore, since G; € K, we conclude that H is a Butler

group.

HGiven G a torsion-free group, the rank of G is rko(G) (see footnote 6 for the definition).
12This is exercise [Fuclf, §14.4.1].
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Moreover, the class admits intersections because K/ admits intersections and the
closure of KP0 under pure subgroups. O

Fact 5.5.6. KP° has joint embedding and no maximal models.
Proof. By [FucIf, §14.5.(B)] K is closed under direct sums so the result follows. [J

Regarding the amalgamation property, we are only able to provide the following
partial solution. We actually think that the amalgamation property might not hold
for the class.

Lemma 5.5.7. If G € K5 and G is divisible, then G is an amalgamation base, i.e.,
if G <, H; € KP for i € {1,2}, then there are H € K® and f; : H; — H for
i € {1,2} such that fi [¢= f2 a-

Proof. Let G <, H; for i € {1,2}. Let H := Hy & Hy/G* where G* := {(g, —¢ ) ; g €
G}, S+ Hy — I be (1) = (h,0) & G* and fo: Hy  H be f(h) = (0.1) + G
[BCGH, 3.27] it is shown that H € K| f, f, are pure embeddings and f; |g= f [

So we only need to show that H € KBO.

Let E C H; @ H, such that E/G* <, Hy @ Hy/G* and E/G* has rank n. Take
{e; + G* : i < n} a maximal linearly independent subset of E/G*.

Observe that £ <, H; & H,, because G* <, Hy & H, and E/G* <, H, & Hy/G*.
Moreover, cli s ({eo, ..., en—1}) <, Hy & Ha, clﬁBo({eo, ...yén—1}) has finite rank and
Hy & Hy € K™ (see [Fucld, §14.5.(B)]), so it follows that ¢z ({eq,...,en—1}) is a
Butler group (where the closure is the one described in Proposition by Remark
11.4.21).

Claim: E = G* + clfZ 5, ({€o, ..., en-1})-

Proof of Claim: Let e € E, since {e¢;+G* : i < n} is maximal linearly independent
e+ G* € spang({e; + G* : i < n}), then there are {m, ko, ..., k,—1} C N and g € G*
such that:

me = X"V kie; + g

Since G is divisible, G* is divisible so there is gi € G* such that mg] = g¢;.
Then m(e — g;) = X7 kie;, thus e — g; € clfp ({eo,...,en—1}). Hence e € G* +
cl®x ({eg, ..., en-1})-FClaim

Then E/G* = G*+cli s, ({€0, ..., en-1})/G* = clf 5 ({eo, ... en1}) /el 5y ({eo, ... en—1})N
G*. By the fact that torsion-free epimorphic images of Butler groups are Butler groups
(see [Fucl?dl, §14.1.6]) and that cli? 5, ({eo, ..., en—1}) is a Butler group, we conclude that
E/G* is a Butler group. Hence H € K. O

The next proposition is straightforward, but we include it because of its strong
consequences.
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Proposition 5.5.8. I[fG,H € K, ac G, b€ H and A C G, H, then tpgs, (a/A;G) =
tpkeo (b/A; H) if and only if tpyes(a/A; G) = tpker (b/A; H).

Proof. Since KP° is closed under pure subgroups by Remark [11.4.21], using the min-
imality of the closures, it is easy to show that for all H' € KB and B C H’ it holds

that clﬁ%o (B) = clff,;(B). Then using that K% and K admit intersections and
Fact the result follows. O

Corollary 5.5.9.
o K50 s (< Ny)-tame and short.
o If X =\ then KPo is \-stable. In particular, KP° is a stable AEC.

Proof. The proof follows directly from Proposition and the fact that K/ satisfies
both of the properties we are trying to show. O

Question 5.5.10. Do we have as in K!/ that: if KP0 is A-stable, then A = A\%0?

We were unable to answer the above question, but we have a partial solution (see
Lemma [5.5.12)). In order to present it, we will need some results from [Fucl5l §12.1]
and the following definitions.

Definition 5.5.11. Let G be a torsion-free abelian group and a € G:

e Given a prime p the p-height of a (denoted by h,(a)) is the maximum n € N
such that p™|a or oo if the maximum does not exist.

e The characteristic of a is xg(a) = (hy,(a))n<w where {p, : n < w} is an
increasing enumeration of the prime numbers.

e Given n,v € (NU{o0})¥ we define the equivalence relation ~ as n ~ v if and
only if n and v differ on finitely many natural numbers and when they differ
they are both finite. A type tis an element of (N U {c0})¥/ ~ and the type of

ais tg(a) = xgla)/ ~.
e We say that G has type t, if for every b # 0 € G it holds that t = tg(b).
The proof of the following lemma uses similar ideas to those of [KojSh95| 3.7].

Lemma 5.5.12. If A < 2% then KP° is not \-stable.

Proof. Let G € K5° and {t, : n € 2°} an enumeration of all the types (in the sense
of the previous definition). For each n € 2¢, let G, a group of rank one with type
t,, it exists by [Fuclbl §12.1.1]. Let H = G & (B,e2wG,). Since K0 is closed under



114

direct sums (see [FucIb, §14.5.(B)]) and rank one groups are in K? because they
are completely decomposable, we have that H € KPo.

For each n € 2 take a, € G, with a, # 0 and let p, := tp(a,/G; H). We show
that all the Galois-types in the set {p, : n € 2*} are different.

Claim: If n # v € 2¥, then p, # p,.
Proof of Claim: Suppose for the sake of contradiction that tp(a,/G; H) = tp(a,/G; H),
then by Fact @ there is f : clil s, ({ay} UG) =¢ clils,({an} U G) with f(ay) = a,.
Then since the closures give rise to pure subgroups of H we have that xy(a,) =
x#(ay), so tg(a,) = tg(a,). This contradicts the fact that ty(a,) = tg,(a;) =
t, # t, = tg,(a,) = ty(a,), the first and last equality follow from the fact that
Gy, Gy <p H. TClaim

Therefore, |gS(G)| > 2%, Since A < 2% K is not A-stable. O

As we mentioned in the introduction we are interested in limit models, therefore
we ask the following:

Question 5.5.13. Do limit models exist in K?0? If they exist, what is their struc-
ture?

Regarding the first part of the question, realize that if K0 has the amalgamation
property, then by Corollary and Fact limit models would exist. As for
the second part, even if they existed the techniques to characterize them would have
to be different from the ones presented in section four since finitely Butler groups do
not seem to be first-order axiomatizable.

Besides the function of this article as a pool of examples of limit models in the
context of AECs. We believe that the study of limit models (in different classes of
groups) as a classes of infinite rank groups could be an interesting area of research on
its own. We think this is possible since limit model are tame enough to be analyzable,
but their theory is nontrivial as showcased in this article. A good place to look for
new classes of limit models is [BET07].



Chapter 6

A model theoretic solution to a
problem of Laszlé Fuchs

This chapter is based on [Ch. 6].

Abstract

Problem 5.1 in page 181 of [Fuclh] asks to find the cardinals A such that there is a
universal abelian p-group for purity of cardinality A, i.e., an abelian p-group U, of
cardinality A such that every abelian p-group of cardinality < A purely embeds in U,.
In this paper we use ideas from the theory of abstract elementary classes to show:

Theorem 6.0.1. Let p be a prime number. If X = X or Vu < (™ < ), then
there is a universal abelian p-group for purity of cardinality . Moreover for n > 2,
there is a universal abelian p-group for purity of cardinality X,, if and only if 2% < N,,.

As the theory of abstract elementary classes has barely been used to tackle al-
gebraic questions, an effort was made to introduce this theory from an algebraic
perspective.

115
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6.1 Introduction

The aim of this paper is to address Problem 5.1 in page 181 of [Fucl5]. The problem
stated by Fuchs is the following:

Main Problem. For which cardinals A is there a universal abelian p-group for purity?
We mean an abelian p-group U, of cardinality A such that every abelian p-group of
cardinality < X embeds in U, as a pure subgroup. The same question for torsion-free
abelian groups.

The question for torsion-free abelian groups has been thoroughly studied as wit-
nessed by [KojSh95], [Sh622], [Sh820] and [Ch. 7]. Due to this, we focus in this paper
in the case of abelian p—groupsﬂ Regarding abelian p-groups, there are some results
for the subclass of separable abelian p-groups, these results appeared in [KojSh95],
[Sh622] and [Sh&20].

The solution we provide for the Main Problem extends the ideas presented in
[Ch. 7] to the class of abelian p—groupsﬂ We show that there are many cardinals with
universal abelian p-groups for purity:

Theorem Let p be a prime number. If A% = X or Vu < (™ < ),
then there is a universal abelian p-group for purity of cardinality ).

The proof has three main stepsE| First, we identify the class of abelian p-groups
with pure embeddings as an abstract elementary class and show that it has amalga-
mation, joint embedding and no maximal models (see Fact . Then, we show
that the class of abelian p-groups with pure embeddings is A-stable if A = X\ (see
Theorem . Finally, the assertion follows from using some general results on
abstract elementary classes (see Theorem [6.3.6)).

Using some results of [KojSh95| it is possible to show that if some cardinal in-
equalities hold, then there are some cardinals where there can not be universal abelian
p-groups for purity (see Lemma . The techniques used to obtain this result are
explained in detail in [KojSh95], [Dza05] and [Bal20, §2.4].

As a simple corollary of Theorem and what was mentioned in the para-
graph above, we obtain a complete solution to the Main Problem below R, with the
exception of Ny and Ny.

Corollary [6.3.9] Let p be a prime number. For n > 2, there is a universal
abelian p-group for purity of cardinality N, if and only if 2% < W,,.

'Recall that G is an abelian p-group if it is an abelian group and every element of G different
from zero has order p™ for some n € N.

2 For the reader familiar with first-order logic and [Ch._7], the reason we can not simply apply
the results of [Ch. 7] to abelian p-groups is because the class of abelian p-groups is not first-order
axiomatizable.

3All the definitions needed to understand this paragraph are given in Section 2 with many alge-
braic examples to showcase them.
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We address the case of ¥; in Lemma [6.3.10] and show that the answer depends on
the value of the continuum and a combinatorial principle. We leave open the case of
Ny (see Question and the remark below it).

In Section 2, we make an effort to present all the necessary notions of abstract
elementary classes that are needed to understand the proof of the main theorem
(Theorem [6.3.6). We present them from an algebraic perspective and give many
examples. In particular, we do not assume that the reader is familiar with logic.

The paper is divided into four sections. Section 2 presents an introduction to
abstract elementary classes from an algebraic point of view. Section 3 has the main
results. Section 4 presents how the main results can be generalized to other classes.

This paper was written while the author was working on a Ph.D. under the di-
rection of Rami Grossberg at Carnegie Mellon University and I would like to thank
Professor Grossberg for his guidance and assistance in my research in general and in
this work in particular. I would like to thank John T. Baldwin, Thomas Kucera and
Samson Leung for comments that helped improve the paper. I am grateful to the
referee for many comments that significantly improved the presentation of the paper.

6.2 An introduction to AECs from an algebraic
point of view

This section will introduce the basic notions of abstract elementary classes that are
used in this paper and will hopefully motivate the use of abstract elementary classes
to tackle algebraic questions. This section assumes no familiarity with logic, with the
exception of Example [6.2.7]

Abstract elementary classes (AECs for short) were introduced by Shelah [Sh8S]
in the mid-seventies to capture the semantic structure of non-first-order theories.
The definition of AEC will mention the following logical notions: a language 7, 7-
structures and the substructure relation. In this paper, the language 7 will always be
{0,4,=}U{r-: r € R} where R is a fixed ring and r- is interpreted as multiplication
by r for every r € R. So, a class of T-structures will be a class of R-modules for
a fixed ring R. Moreover, being a substructure will mean being a submodule. The
definitions of all of these notions can be found in [Mar02, §I]. We will give many
algebraic examples of AECs right after its definition. For a structure M, we denote
by |M| the underlying set of M and by || M| its cardinality.

Definition 6.2.1. An abstract elementary class is a pair K = (K, <), where:

1. K is a class of T-structures, for some fixed language 7 = 7(K).
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<k is a partial ordering on K extending the substructure relation.

(K, <k) respects isomorphisms: If M <x N are in K and f: N = N’ then
fIM] <k N'. In particular (taking M = N), K is closed under isomorphisms.

Coherence: If My, My, My € K satisty My <x M,, M; <x M, and My C M,
then MO SK Ml-

Tarski-Vaught axioms: Suppose 4 is a limit ordinal and {M; € K : 7 < §} is an
increasing chain. Then:

(a) Ms:=J,.s M; € K and M; <x Mjs for every i < 4.

(b) Smoothness: If there is some N € K so that for all i < § we have M; <x N,
then we also have Ms <g N.

Léwenheim-Skolem-Tarski axiom: There exists a cardinal A > |7(K)| 4+ Ry such
that for any M € K and A C |M]|, there is some My <k M such that A C |M,|
and || My|| < |A| + A. We write LS(K) for the minimal such cardinal.

Below we introduce many examples of AECs in the context of algebra. Recall
that (for abelian groups) G is a pure subgroup of H, denoted by G <, H, if and only
if nH NG = nG for every n € N. For R-modules M and N, we say that M is a pure
submodule of N if for every L right R-module L ® M — L ® N is a monomorphism.

Example 6.2.2. We begin by giving some examples of abstract elementary classes
contained in the class of abelian groups:

K4% := (Ab, <) where Ab is the class of abelian groups.

KA := (Ab, <,) where Ab is the class of abelian groups.

KpeP = (KP&P < ) where KP®™P is the class of abelian p-groups for p a prime
number. A group G is a p-group if every element g # 0 has order p™ for some
n € N.

K”o" = (Tor, <,) where Tor is the class of abelian torsion groups. A group G
is a torsion group if every element g # 0 has finite order.

K = (K'Y, <,) where K is the class of torsion-free abelian groups. A group
G is a torsion-free group if every element has infinite order.

K™/ = (K™ <,) where K"/ is the class of reduced torsion-free abelian groups.
A group G is reduced if it does not have non-trivial divisible subgroups.
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o KPo = (KPo <)) where KP0 is the class of finitely Butler groups. A group G
is a finitely Butler group if G is torsion-free and every pure subgroup of finite
rank is a pure subgroup of a finite rank completely decomposable group (see
[Fucl5l §14.4] for more details).

o KM-free = (N-free, <) where N;-free is the class of R;-free groups. A group G
is Wy-free if every countable subgroup of G is free.

Many of these examples can be extended to arbitrary rings. Below are some examples
of AECs in classes of modules:

e (R-Mod, Cg) where R-Mod is the class of R-modules.
e (R-Mod, <,) where R-Mod is the class of R-modules.

o (R-Flat, <,) where R-Flat is the class of flat R-modules. An R-module F' is flat
if (—) ® F is an exact functor.

Let us now introduce some notation.
Notation 6.2.3.
e For \ an infinite cardinal, Ky = {M € K : ||M|| = \}.

e Let M, N € K. If we write “f : M — N” we assume that f is a K-embedding,
e, f: M = f[M] and f[M] <k N. In the classes studied in this paper a
K-embedding is either a monomorphism or a pure monomorphism.

The next three properties are properties that an AEC may or may not have. The
first one is a weakening of the notion of pushout.

Definition 6.2.4.

e K has the amalgamation property if for every M, Ny, Ny € K such that M <gk
N1, Ny there are N € K, and K-embeddings f; : Ny — N and fo : Ny -+ N

such that fl fM: f2 fM

e K has the joint embedding property if for every M, N € K there are L € K
and K-embeddings f, g such that f: M — L and g: N — L.

e K has no maximal models if for every M € K, there is N € K such that
M <x N and M # N.

Example 6.2.5. All the AECs introduced in Example have joint embedding
and no maximal models, this is the case as they are all closed under direct sums.
As for the amalgamation property, all the AECs introduced in Example have
it with the exception of K®"f* and the possible exception of KP0. The problem
remains open in the latter case.
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The next notion was introduced by Shelah in [Sh300], it extends the notion of
first-order type to this setting. It is one of the key notions that let us answer the
Main Problem.

Definition 6.2.6. Let K be an AEC.

1. Let K3 be the set of triples of the form (b, A, N), where N € K, A C |N|, and
b is a sequence of elements from N.

2. For (bl,Al,Nl), (bQ,AQ,Ng) € K3, we say (bl,Al,Nl)Eg(bg,Ag,NQ) if A:=
Ay = Ay, and there exist K-embeddings f; : N, - N for ¢ € {1,2} such that
fl(bl) = fg(bg) and N € K.

3. Note that FX is a symmetric and reflexive relation on K*. We let E¥ be the
transitive closure of FX.

4. For (b, A,N) € K3, let tpg(b/A; N) :=[(b, A, N)]gx. We call such an equiva-
lence class a Galois-type. Usually, K will be clear from the context and we will
omit it.

5. For M € K, gSg (M) = {tpx(b/M;N): M <x N € K and b € N}.

Example 6.2.7. This is the only place where we assume the reader is familiar with
basic logic notions. The necessary logic background is presented in |[Ch. 7, §2.2].

e ([Ch. 5l 3.12] ) In K = K£° we have that for any G,Gy, G, in K with G <
G17G27 b, € wa and by € G2<w,

tpk (b1/G; G1) = tpk(be/G; Go) if and only if qf-tp(b1/G, G1) = qf-tp(b2/G, Gs).

Where qf-tp(b;/ G, (1) is the set of quantifier-free formulas with parameters in
G that hold for b; in G;.

e ([Ch. 7, 3.14] ) In K = KAl: or K = K we have that for G, G, G5 in K with
G Sp Gl,GQ, b1 € G1<w and bg € G2<w,

tpx (b1/G; G1) = tpk(ba/G; Gy) if and only if pp(bi/G,G1) = pp(be/G, G).

Where pp(b;/G,G1) is the set of positive primitive formulas with parameters

in G that hold for b; in G.

A direct consequence of Lemma [6.4.5] (see below) is that the second bullet is also
true for KP#'P for any prime number p.

On a different direction, it is not known if the analogue is true for the class
(R-Flat, <,). It is shown that this is the case under extra hypothesis in [Ch. 9| 4.4].
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One of the main objectives of the theory of AECs is to find dividing lines analogous
to those of first-order theories. A dividing line is a property such that the classes
satisfying such a property have some nice behaviour while those not satisfying it
have a bad one. An introduction to dividing lines for mathematicians not working
in mathematical logic can be found in [Sh1151, Part I] and [Bal20]. One of the first
dividing lines that was studied is that of stability.

Definition 6.2.8. An AEC K is A-stable if for any M € K,, |gSk(M)| < A. An
AEC is stable if there is a A > LS(K) such that K is A-stable.

As the following example will be used in the main section of the paper we recall
it as a fact.

Fact 6.2.9.
1. ([BCGH], [Ch. 8, 3.12] ) K£" is A-stable for every A > N,.
2. ([Ch. 7, 3.16] ) KA is A-stable for every A such that A% = .

3. ([BETO7, 0.3], [Sh820, 1.2], [Ch.-5l 5.9] ) K%, K"/ and K are A-stable for
every \ such that AN = \.

4. KMN-free js A-stable for every A such that AR = ).

5. ([Ch._8, 3.6], [Ch. 7, 3.16] ) (R-Mod, Cg) and (R-Mod, <,) are A-stable for
every A such that A+ = )\

6. ([LRV1al, 6.20, 6.21] ) (R-Flat, <,) is stable.

Proof sketch. The only bullet point that is missing references is (4). The proof is
similar to the one of KP0 (see [Ch. 5, 5.8]). It follows from the fact that N;-free
groups are closed under pure subgroups. O

Remark 6.2.10. We will obtain in Lemma [6.3.5 (see below) that KP&" is also A-
stable if AN = \.

As witnessed by Fact [6.2.9] Lemma [6.3.5] and Corollary all the AECs of
abelian groups and modules identified in this paper are stable. Moreover, a classical
result of first-order model theory assures us that:

Fact 6.2.11 (Fisher, Baur, sce e.g. [Pre88| 3.1]). If 7" is a complete first-order theory
extending the theory of modules, then (Mod(T'), <,) is stable.

The same result is obtained for incomplete first-order theories of modules closed
under direct sums in [Ch. 7, 3.16]. So we ask if the above is still true for all AECs of
modules.
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Question 6.2.12. Let R be an associative ring with an identity element.
If (K,<,) is an AEC such that K C R-Mod, is (K, <,) stable? Is this true if
R=77

Let us recall the classical notion of a universal model.

Definition 6.2.13. Let K be an AEC and X\ be an infinite cardinal. We say that
M € K is a universal model in K, if M € K, and if given any N € K, there is a
K-embedding f : N — M. We say that K has a universal model of cardinality A if
there is a universal model in K.

Remark 6.2.14. Let p be a prime number. Observe that the phrase there is a
universal abelian p-group for purity of cardinality A means precisely that KP9?7 has
a universal model of cardinality A. We will use the latter in the rest of the paper.

One of the nice consequences of being stable is that it is easy to build universal
models in many cardinals.

Fact 6.2.15 ([Ch. 7, 3.20]). Let K be an AEC with joint embedding, amalgamation
and no maximal models. Assume there is 6y > LS(K) and « such that for all § > 6,
if 0 = 6, then K is f-stable.

Suppose A > 6y. If \* = X or Vi < A(p® < ), then K has a universal model of
cardinality A.

This is all the theory of AECs that is required to follow the proof of the main
theorem (Theorem [6.3.6). Connections between algebra and AECs were studied
in: [GrSh83], [GrSh&6], [BETOT], [SaTr12], [Ch. 5], [Ch. 7], [BCGH], [Bon20, §5],
[LRV1al §6], [Ch. 8] and [Ch. 9]. Finally, the reader interested in a more in depth
introduction to AECs can consult: [Gro(02], [Bal09] and [Sh:h].

6.3 Main result

In this section we will study the class of abelian p-groups with pure embeddings for
any prime number p. We introduced these classes as the third bullet point of Example
[6.2.2] Following the notation of Example [6.2.2] we will denote them by K& for any
prime number p.

The following assertion contains many known facts about abelian p-groups.

Fact 6.3.1. Assume p is a prime number.

1. Krep = (KP&P <) is an AEC with LS(KP#P) = X,.
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2. KP#P has the amalgamation property, the joint embedding property and no
maximal models.

3. The class of abelian p-groups is not closed under pure-injective envelopes.
4. The class of abelian p-groups is not first-order axiomatizable.

Proof. (1) is trivial and (2) follows from the closure of abelian p-groups under direct
sums and pushouts. As for closure under pure-injective envelopes, recall that the
pure-injective envelope of @, Z(p"™) is I1,,Z(p"), which is not an abelian p-group. That
the class of abelian p-groups is not first-order axiomatizable follows from the last line
together with the fact that the pure-injective envelope of a module is an elementary
extension. [

Remark 6.3.2. Items (3) and (4) of the above assertion will not be used, but hint
to the difficulty of dealing with this class from a model theoretic perspective.

Remark 6.3.3. It is worth mentioning that if the Generalized Continuum Hypothesis
(GCH) holdq"] then just from the fact that KP#™ is an AEC with amalgamation, joint
embedding and no maximal models, one can easily show that KP#P? has a universal
model of cardinality A for every A uncountable cardinal.

We begin by characterizing Galois-types in the class of abelian p-groups. Recall,
from Example that K4° is the class of abelian groups with pure embeddings.

Theorem 6.3.4. Assume p is a prime number. Let Gi,Gy € KP97, A C Gy, Gy,
by € GT¥ and by € G5¥, then:

tpgcar (b1/A; G1) = tpgas(by/A; Go) if and only if tPgp-gre (b1/A; G1) = tPgcp-gmw (b2/A; Go).

Proof. The backward direction is trivial as K4* and K?&" are both AECs with respect
to pure embeddings. We prove the forward direction. Assume that tpgas (b /A; G1) =
tpgas(ba/A; Go), then by definition of Galois-types there are G € K4 f, : G, — G
and fy : Go — G such that f; [a= fo [a and fi(b1) = fo(be). Let L = f[G4] +
f1G2] < G. Observe that f[G1]+ f[G2] is an abelian p-group and that f[G4], f[G2] <,
flG1] + f]Gs] since fi, fo are pure embeddings. Therefore, the following square is a
commutative square in K?#P:

Go i>fl[Gl] + f2[G2]

¥y B

A Go

id

4GCH states that 2* = AT for every infinite cardinal \.
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and f1 (b1> = fg(bg) Hence tpr—grp (7)1/./4, G1> = tpr»grp (BQ/A, GQ) Il
We show that K& is stable for every prime number p.
Lemma 6.3.5. Assume p is a prime number. If \¥0 = X, then KP97 is \-stable.

Proof. Let G € K{®*" and {tpgpen(bi/G;G;) 1 i < a} be an enumeration without
repetitions of gSkp-arp (G). Let @ : gSkpen(G) — gSkan(G) be given by @ (tpgpsn (bi/G; G;)) =
tpgav(b;/G; G;). Then by Theorem [6.3.4, ® is a well-defined injective function, so
|gSkren (G)] < |gSkas(G)]. Then as K4 is A-stable, by Fact (2), we conclude
that [gSkp-ern (G)] < A O

With this we are able to obtain many cardinals such that there are universal
models for abelian p-groups for purity.

Theorem 6.3.6. Let p be a prime number. If X = X or Vu < (™ < ), then
KP97 has a universal model of cardinality \.

Proof. By Lemma [6.3.5 KPP is A-stable if A" = X\. As KP#P has amalgamation,
joint embedding and no maximal models by Fact it follows by Fact [6.2.15| that
there is a universal model of cardinality A if A = X\ or Vu < A(pR0 < N). O]

Remark 6.3.7. Recall that for an abelian group G, t,(G) = {g € G : there exists an n €
N s.t. p"g = 0}. One can show that if G € K#° is a universal group in K4?, then
t,(G) € KP#® is a universal group in K5*®7. In light of this observation, the above
result also follows from [Ch. 7, 3.19]. The reason we decided to present the above
argument for Theorem [6.3.6|is to showcase how the technology of AECs can be used

to obtain universal models. Moreover, the method presented in this section gives us
more information about K?#P (it shows that KP#™ is stable) and can be generalized

to other classes (see Section 4).

The above theorem is the main result in the positive direction. The next result
shows that if certain inequalities hold, then there are cardinals where there are no
universal models.

Lemma 6.3.8. Let \ be a regular cardinal and p be a reqular cardinal. If p+ < A <
1o, then KP9% does not have a universal model of cardinality ).

Proof sketch. In [KojSh95, 3.3] it is shown that there is no universal model of car-
dinality A in the class of separable abelian p-groups for purity. What is presented
there can be used to conclude the stronger result that there is no universal model of
cardinality A in the class of abelian p-groups for purity. O

As a simple corollary we obtain:
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Corollary 6.3.9. For n > 2, KPP has a universal model of cardinality X,, if and
only if 2% < N,,.

Proof. Assume for the sake of contradiction that 2% > R, then R < 8, < R§°.
So we get a contradiction by Lemma [6.3.8]

If 2% < N, then N0 = 28R, = N, where the first equality follows from Haus-
dorff formula. Therefore, by Theorem [6.3.6] there is a universal model of cardinality
N,. O

The above corollary gives a complete solution to the Main Problem below X,
except for the cases of Ny and N;. The next lemma addresses the case of N;.

Lemma 6.3.10.
1. If 2% = Xy, then KP97 has a universal model of cardinality N;.

2. If 2% > N, and the combinatorial principle & hold then KP9P does not have
a universal model of cardinality V.

Proof. (1) follows directly from Theorem [6.3.6] so we focus on (2). It is easy to
show that & implies the existence of a club guessing sequence in ¥; in the sense of
[KojSh95|, 1.5]. Then the result follows from [KojSh95| 3.3] by a similar argument to
the one given in Lemma [6.3.8 [

So for cardinals below N, we are only left with Ny. So we ask:
Question 6.3.11. Is there a universal model in KP#P? of cardinality Ny?

Remark 6.3.12. In the case of Ny, we think that the question can be answered
using group theoretic methods. For instance, using Exercise 6 of [Fucl5l §11.1] it is
possible to build an abelian p-group G of cardinality ¥; such that every countable
abelian p-group is purely embeddable into G.

Remark 6.3.13. For cardinals greater than or equal to N,,, Theorem gives
many instances for existence of universal models in K?#P. For example, Theorem
implies the existence of a universal model in 2™ or J,. On the other hand,
Lemma [6.3.8| gives instances where there are no universal models if GCH fails. There
are still some cardinals that are not covered by any of these cases, but based on what
is known about reduced torsion-free groups and separable torsion groups (see [Sh1151]
§10.(B)], in particular Table 1 at the end of that paper), we think that the answer in
those cases depends even more on set theoretic hypotheses and not on the theory of
AECs.

5% is a combinatorial principle similar to ¢, but weaker. For the definition and what is known
about &, the reader can consult [Sh:fl §I.7].
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6.4 Some generalizations

The key ideas we used to understand K& were that KP#P fits nicely inside K4
and that the class K4° is well-understood and well-behaved. As we think that these
ideas might have further applications, we abstract this set up in the next definition.

Definition 6.4.1. Let K = (K, <k) and K* = (K*, <k) be a pair of AECs. We say
that K* is nicely generated inside K if:

1. K* C K.

2. For any Ni, N, € K* and N € K, if N;, N, <g N, then there is L € K* such
that Nl,NQ SK L g N.

Example 6.4.2.

1. KP®&P is nicely generated inside K4°. Given N;, N, € KP®P and N € Ab
such that Ni, Ny <, N, then L = N; + Ny, € KP#®P and it satisfies that
Ni,Ny <, L C N.

2. K™ ig nicely generated inside K4,
3. KZFP = (K7#P <) and KI*" = (K™, <) are nicely generated inside K2,

4. KETor = (KRTor <y s nicely generated inside (R-Mod, <,) where R is an
integral domain and K1 is the class of R-torsion modules. An R-module M
is an R-torsion module if for every m € M there is r # 0 € R such that rm = 0.

5. KDV — (KD <) is nicely generated inside (R-Mod, <,) where R is an
integral domain and KPPV is the class of R-divisible modules. An R-module
M is an R-divisible module if for every m € M and r # 0 € R, there is an
n € M such that rn = m.

6. K2V = (KPV <) is nicely generated inside K£°, where K™V is the class of
divisible abelian groups.

The next lemma is the key observation.

Lemma 6.4.3. Assume K* = (K*, <k) is nicely generated inside K = (K, <k). If
M <g Ni,Ny € K* and there are N' € K and K-embeddings f1 : Ny — N’ and
fa : Nog — N’ such that fi [p= fa [m, then there are L € K* and K*-embeddings
g1: Ny — L and g : Ny — L such that L C N' and i o gy = f, for £ € {1,2} where
1: L — N’ is the inclusion.

Corollary 6.4.4. Assume K* = (K*, <k) is nicely generated inside K = (K, <g) .
If K has the amalgamation property, then K* has the amalgamation property.
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The next two result are proven by generalizing the proofs of Theorem and
Theorem respectively.

Corollary 6.4.5. Assume K* = (K*, <x) is nicely generated inside K = (K, <k).
Let N1, Ny € K*, A C Ny, Ny, by € N and by € N5, then:

tpK(l_Dl/A; Ny) = tpK(l_)g/A; Ns) if and only if tpK*(l_)l/A; Ny) = tpK*(l_)Q/A; Ns)

Theorem 6.4.6. Assume K* = (K*, <x) is nicely generated inside K = (K, <k).
If K is A-stable and A > LS(K*), then K* is A-stable.

Remark 6.4.7. Another consequence of Corollary is that if K* = (K*, <) is
nicely generated inside K = (K, <k) then: if K is (< Rg)-tame then K* is (< R)-
tame. Therefore, we get that KP#™ is (< Ng)-tame as K4 is (< Rg)-tame by [Ch. 7,
3.15]. Recall that an AEC is (< Ry)-tame if its Galois-types are determined by their
restrictions to finite sets (the reader can consult the definition in [Ch. 5l 1.6]).

Finally, these results can be used to obtain stability cardinals and universal mod-
els.

Corollary 6.4.8. Let p be a prime number and R be an integral domain.

1. If AR = X, then KP 97 and KT are A-stable. If \¥ = X\ or Vu < A(u™ <)),

then KP97 and K" have a universal model of cardinality \.

2. If NERFRo — X then KE-Tor gnd KPPW qre A-stable. If AR = X\ or Vu <
Al B+ < XY then KBTT and KP™ have a universal model of cardinality .

5. K29, K2 and K2 are A-stable and have a universal model of cardinality \
for every A > Nq.

Remark 6.4.9. Universal models for torsion groups with embeddings and divis-
ible groups with embeddings can be obtained by algebraic methods. More pre-
cisely, @p prime(BrZ(p™)) is the universal model of size A\ for torsion groups and
By prime (BAZ(p™)) & ©,Q is the universal model of size A for divisible groups.



Chapter 7

On universal modules with pure
embeddings

This chapter is based on [Ch. 7] and is joint work with Thomas G. Kucera. In
this chapter the first author is Thomas G. Kucera and the second author is Marcos
Mazari-Armida.

Abstract

We show that certain classes of modules have universal models with respect to pure
embeddings.

Theorem 7.0.1. Let R be a ring, T be a first-order theory with an infinite model
extending the theory of R-modules and KT = (Mod(T),<,) (where <, stands for
pure submodule). Assume KT has joint embedding and amalgamation.

IFANT =X or Vi < ATV < X), then KT has a universal model of cardinality .

As a special case we get a recent result of Shelah [Sh820), 1.2] concerning the
existence of universal reduced torsion-free abelian groups with respect to pure em-
beddings.

We begin the study of limit models for classes of R-modules with joint embedding
and amalgamation. We show that limit models with chains of long cofinality are
pure-injective and we characterize limit models with chains of countable cofinality.
This can be used to answer Question 4.25 of [Ch. 5.
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As this paper is aimed at model theorists and algebraists an effort was made to
provide the background for both.

7.1 Introduction

The first result concerning the existence of universal uncountable objects in classes of
modules was [EKI71]. In it, Eklof showed that there exists a homogeneous universal
R-module of cardinality A in the class of R-modules if and only if A<7 = A\ (where ~y
is the least cardinal such that every ideal of R is generated by less than v elements).

Grossberg and Shelah [GrSh83] used the weak continuum hypothesis to answer
a question of Macintyre and Shelah [MaSh76] regarding the existence of universal
locally finite groups in uncountable cardinalities. Kojman and Shelah [KojSh95] and
Shelah [Sh456], [Sh552], [Sh622] and [Sh820] continued the study of universal groups
for certain classes of abelian groups with respect to embeddings and pure embeddings.
For further historical comments the reader can consult [Dza05, §6].

In this paper, we will give a positive answer to the question of whether certain
classes of modules with pure embeddings have universal models in specific cardinals.
More precisely, we obtain:

Theorem [7.3.19. Let R be a ring, T a first-order theory with an infinite model
extending the theory of R-modules and KT = (Mod(T),<,) (where <, stands for
pure submodule). Assume KT has joint embedding and amalgamation.

IFANT =X or Vi < ATV < X), then KT has a universal model of cardinality .

There are many examples of theories satisfying the hypothesis of Theorem
(see Example[7.3.10). One of them is the theory of torsion-free abelian groups. So as
straightforward corollary we get:

Corollary . If AR = X\ or Vu < A(pR0 < X), then the class of torsion-free
abelian groups with pure embeddings has a universal group of cardinality ).

In [Sh&20| 1.2] Shelah shows a result analogous to the above theorem, but instead
of working with the class of torsion-free abelian groups he works with the class of
reduced torsion-free abelian groups. The reason Corollary transfers to Shelah’s
setting is because every abelian group can be written as a direct sum of a unique
divisible subgroup and a unique up to isomorphism reduced subgroup (see [Fucl5,
§4.2.5]). Shelah’s statement is Corollary in this paper.

The proof presented here is not a generalization of Shelah’s original idea. We
prove first that the class is A-stable (for A7l = )\) and then using that the class is an
abstract elementary class we construct universal extensions of size A (for AI71 = )).
By contrast, Shelah first constructs universal extensions of cardinality A (for A = ))
and from it he concludes that the class is A-stable.
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The methods used in both proofs are also quite different. We exploit the fact
that any theory of R-modules has pp-quantifier elimination and that our class is
an abstract elementary class with joint embedding and amalgamation. By contrast,
Shelah’s argument seems to only work in the restricted setting of torsion-free abelian
groups. This is the case since the main device of his argument is the existence of a
metric in reduced torsion-free abelian groups and the completions obtained from this
metric.

In [Ch. 5], the second author began the study of limit models in classes of abelian
groups. In this paper we go one step further and begin the study of limit mod-
els in classes of R-modules with joint embedding and amalgamation. Limit models
were introduced in [KolSh96] as a substitute for saturation in the context of AECs.
Intuitively the reader can think of them as universal models with some level of ho-
mogeneity (see Definition . They have proven to be an important concept in
tackling Shelah’s eventual categoricity conjecture. The key question has been the
uniqueness of limit models of the same cardinality but of different length.ﬂ

We show that limit models in K” are elementary equivalent (see Lemma [7.4.3)).
We generalize [Ch. 5, 4.10] by showing that limit models with chains of cofinality
greater than |T’| are pure-injective (see Theorem [7.4.5). We characterize limit models
with chains of countable cofinality for classes that are closed under direct sums (see
Theorem . The main feature is that there is a natural way to construct universal
models over pure-injective modules. More precisely, given M pure-injective and U a
universal model of size ||M||, M @& U is universal over M. As a by-product of our
study of limit models and [Ch. 5| 4.15] we answer Question 4.25 of [Ch. 5.

Theorem If G is a (\,w)-limit model in the class of torsion-free abelian

groups with pure embeddings, then G = QW @ (Hp ZE;)) ?(NO).

Finally, combining Corollary and Theorem | we are able to construct
universal extensions of cardinality A for some cardinals such that the class of torsion-
free groups with pure embeddings is not A-stable (an example for such a A is J,,). This
is the first example of an AEC with joint embedding, amalgamation and no maximal
models in which one can construct universal extensions of cardinality A without the
hypothesis of A-stability.

The paper is organized as follows. Section 2 presents necessary background. Sec-
tion 3 studies classes of the form K7, studies universal models in these classes and
shows how [Sh820l 1.2] is a special case of the theory developed in the section. Section
4 begins the study of limit models for classes of R-modules with joint embedding and
amalgamation. It also answers Question 4.25 of [Ch. 5].

This paper was written while the second author was working on a Ph.D. under
the direction of Rami Grossberg at Carnegie Mellon University and he would like to

LA more detailed account of the importance of limit models is given in [Ch. 5, §1].
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7.2 Preliminaries

We introduce the key concepts of abstract elementary classes and the model theory
of modules that are used in this paper. Our primary references for the former are
[Bal09l §4 - 8] and [Gro2X], §2, §4.4]. Our primary references for the latter is [Pre8g].

7.2.1 Abstract elementary classes

Abstract elementary classes (AECs) were introduced by Shelah in [Sh88]. Among the
requirements we have that an AEC is closed under directed colimits and that every
set is contained in a small model in the class. Given a model M, we will write |M|
for its underlying set and || M]|| for its cardinality.

Definition 7.2.1. An abstract elementary class is a pair K = (K, <k), where:

1. K is a class of T-structures, for some fixed language 7 = 7(K).
2. <k is a partial order on K.

3. (K, <k) respects isomorphisms:
If M <g N arein K and f: N = N’, then f[M] < N'.
In particular (taking M = N), K is closed under isomorphisms.

4. Tf M <x N, then M C N.

5. Coherence: If My, My, My € K satisfy My <x My, My <k M, and |M,| C
’M1’7 then MO SK Ml-

6. Tarski-Vaught axioms: Suppose ¢ is a limit ordinal and {M; € K :i < 0} is an
increasing chain. Then:

(a) Ms:=J,.s M; € K and M; <k Mj; for every i < 4.
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(b) Smoothness: If there is some N € K so that for all i < § we have M; <g N,
then we also have Ms <i N.

7. Lowenheim-Skolem-Tarski axiom: There exists a cardinal A\ > |7(K)| + X, such
that for any M € K and A C | M|, there is some My <k M such that A C |M,|
and || My < |A| + A. We write LS(K) for the minimal such cardinal.

Notation 7.2.2.
e If ) is cardinal and K is an AEC, then K, = {M € K : ||[M|| = A}

o Let M, N € K. If we write “f : M — N” we assume that f is a K-embedding,
e, f: M= fIM] and f[M] <k N. In particular K-embeddings are always
monomorphisms.

o Let M,N € K and A C M. If we write “f : M j N7 we assume that f is a
K-embedding and that f [ 4= id4.

Let us recall the following three properties. They are satisfied by all the classes
considered in this paper, although not every AEC satisfies them.

Definition 7.2.3.

1. K has the amalgamation property if for every M, N, R € K such that M <y
N, R, there is R* € K with R < R* and a K-embedding f : N 7 R*.

2. K has the joint embedding property if for every M, N € K, there is R* € K
with N <k R* and a K-embedding f : M — R*.

3. K has no mazimal models if for every M € K, there is M* € K such that
M < M*.

In [Sh300] Shelah introduced a notion of semantic type. The original definition
was refined and extended by many authors who following [Gro02] call these semantic
types Galois-types (Shelah recently named them orbital types). We present here the
modern definition and call them Galois-types throughout the text. We follow the
notation of [Ch. 3| 2.5].

Definition 7.2.4. Let K be an AEC.

1. Let K3 be the set of triples of the form (b, A, N), where N € K, A C |N|, and
b is a sequence of elements from N.
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2. For (bl,Al,Nl), (bQ,AQ, NQ) - K3, we say (bl,Al, Nl)E;%(bQ,AQ,NQ) lf A =
A; = Ay, and there exists f, : N, 7 N K-embeddings such that fi(by) = fa(bs)

and N € K.

3. Note that EX is a symmetric and reflexive relation on K3. We let E¥X be the
transitive closure of EX.

4. For (b, A,N) € K3, let tpg(b/A; N) :=[(b, A, N)]gx. We call such an equiva-
lence class a Galois-type. Usually, K will be clear from the context and we will
omit it.

5. For M € K, gSx(M) = {tpg(b/M;N) : M <xk N €e K and b € N}
6. For tpg(b/A; N) and C C A, tpk(b/A;N) [c:=[(b,C,N)]g.

Remark 7.2.5. If K has amalgamation, it is straightforward to show that EX is
transitive.

Definition 7.2.6. An AEC is A-stable if for any M € K, |gSk(M)| < A.
The following notion was isolated by Grossberg and VanDieren in [GrVan06].

Definition 7.2.7. K is (< k)-tame if for any M € K and p # g € gS(M), there is
A C M such that |A| < k and p [a# ¢ [a. K is k-tame if it is (< kT)-tame.

Let us recall the following concept that was introduced in [KolSh96].

Definition 7.2.8. Let K be an AEC. M is A\-universal over N if and only if N <gx M
and for any N* € K<, such that N <g N*, thereis f : N* ? M. M is universal

over N if and only if |N|| = ||M|| and M is || M||-universal over N.
The next fact gives conditions for the existence of universal extensions.

Fact 7.2.9 ([Sh:L, §IT], [GrVan06, 2.9]). Let K an AEC with joint embedding, amal-
gamation and no maximal models. If K is A-stable, then for every P € K, there is
M € K, such that M is universal over P.

The following notion was introduced in [KoISh96] and plays an important role in
this paper.

Definition 7.2.10. Let a < AT be a limit ordinal. M is a (\, a)-limit model over N
if and only if there is {M; : i < a} C K, an increasing continuous chain such that
My := N, M, is universal over M; for each i < v and M = UKQ M;. We say that
M € K, is a (A, @)-limit model if there is N € K, such that M is a (A, a)-limit model
over N. We say that M € K, is a limit model if there is & < A" limit such that M
is a (A, @)-limit model.
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Observe that by iterating Fact there exist limit models in stability cardinals
for AECs with joint embedding, amalgamation and no maximal models.
In this paper, we deal with the classical global notion of universal model.

Definition 7.2.11. Let K an AEC and ) a cardinal. M € K is a universal model in
K, if M € K, and if given any N € K, thereis f: N — M.

Remark 7.2.12. When an abstract elementary class has joint embedding, then M is
universal over NV or M is a limit model implies that M is a universal model in K.
A proof is given in [Ch. 5l 2.10].

7.2.2 Model theory of modules

For most of the basic results of the model theory of modules, we use the comprehensive
text [Pre88] of M. Prest as our primary source. The detailed history of these results
can be found there.

The following definitions are fundamental and will be used throughout the text.

Definition 7.2.13. Let R be aring and Lg = {0,+, —}U{r : r € R} be the language
of R-modules.

e ¢(v) is a pp-formula if and only if
$(0) = Jwy... Jwy( J\ Ty + Shoysewe = 0),
j=1
where 7; j,s,; € R for every i € {1,...,n},j € {1,...m},k € {1,...,1}.

e Given N an R-module, A C N and b € N<“ we define the pp-type of b over A
in N as

pp(b/A, N) = {¢(v,a) : ¢(v,w) is a pp-formula, @ € A and N |= ¢[b,a}.

e Given M, N R-modules we say that M is a pure submodule of N, written as
M <, N, if and only if M C N and pp(a/0, M) = pp(a/0, N) for every a €
M=“. Observe that in particular if M <, N then M is a submodule of N.

A key property of R-modules is that they have pp-quantifier elimination, i.e.,
every formula in the language of R-modules is equivalent to a boolean combination
of pp-formulas.
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Fact 7.2.14 (Baur-Monk-Garavaglia, see e.g. [Pre88 §2.4]). Let R be a ring and
M be a (left) R-module. Every formula in the language of R-modules is equivalent
modulo Th(M) to a boolean combination of pp-formulas.

The above theorem makes the model theory of modules algebraic in character,
and we will use many of its consequences throughout the text. See for example Facts
[7.3.2} [7.3.3] [7.3.13 and [7.4.2]

Recall that given T a complete first-order theory and A C M with M a model of
T, ST(A) is the set of complete first-order types with parameters in A. A complete
first-order theory T is A-stable if |ST(A)| <\ for every A C M with |A] = X\ and M
a model of T'. For a complete first-order theory 7" this is equivalent to (Mod(T), <)
being A-stable, where < is the elementary substructure relation.

Fact 7.2.15 (Fisher, Baur, see e.g. [Pre88| 3.1]). If T is a complete first-order theory
extending the theory of R-modules and A7l = X, then T is A-stable.

Pure-injective modules generalize the notion of injective module.

Definition 7.2.16. A module M is pure-injective if and only if for every module N,
it M <, N then M is a direct summand of V.

There are many statements equivalent to the definition of pure-injectivity. The
following equivalence will be used in the last section:

Fact 7.2.17 ([Pre88| 2.8]). Let M be an R-module. The following are equivalent:
1. M is pure-injective.

2. Every M-consistent pp-type p(z) over A C M with |A| < |R| + o, is realized
in M P

That is, pure-injective modules are saturated with respect to pp-types. They often
suffice as a substitute for saturated models in the model theory of modules.

We will also use the pure hull of a module. The next fact has all the information
the reader will need about them. They are studied extensively in [Pre88| §4] and
[Zie84 §3].

Fact 7.2.18.

1. For M a module the pure hull of M, denoted by M, is a pure-injective module
such that M <, M and it is minimum with respect to this. Its existence
follows from [Zie84, 3.6] and the fact that every module can be embedded in a
pure-injective module.

2. [Sab70] For M a module, M =< M.

2For an incomplete theory T' we say that a pp-type p(z) over A C M is M-consistent if it is
realized in an elementary extension of M.
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7.2.3 Torsion-free groups
The following class will be studied in detail.

Definition 7.2.19. Let K/ = (K%, <) where K'/ is the class of torsion-free abelian
groups in the language L; = {0,+,—} U {z : z € Z} (the usual language of Z-
modules)and <, is the pure subgroup relation. Recall that H is a pure subgroup of
G if for every n e N, nGNH =nH.

It is known that K! is an AEC with LS(K?) = ¥, that has joint embedding,
amalgamation and no maximal models (see [BCG+|, [BET07] or [Ch. 5, §4]). Fur-
thermore limit models of uncountable cofinality were described in [Ch. 5].

Fact 7.2.20 ([Ch. 5| 4.15]). If G € K is a (A, a)-limit model and cf(a) > wy, then

~ ) (N
G=Q% o H Z(p)'
p

7.3 Universal models in classes of F-modules

In this section we will construct universal models for certain classes of R-modules.

Notation 7.3.1. Given R a ring, we denote by Thpy the theory of left R-modules.
Given T a first-order theory (not necessarily complete) extending the theory of (left)
R-modules, let KT = (Mod(T),<,) and |T| = |R| + Xo.

Our first assertion will be that K7 is always an abstract elementary class. In order
to prove this, we will use the following two corollaries of pp-quantifier elimination (Fact
7.2.14). Given n € N and ¢, ¢ pp-formulas such that Thi - ¢ — ¢ we denote by
Inv(—, ¢,%) > n the first-order sentence satisfying: M = Inv(—,¢,v) > n if and
only if [¢(M) : p(M)] > n. Such a formula is called an invariant condition.

Fact 7.3.2 ([Pre88, 2.15]). Every sentence in the language of R-modules is equivalent,
modulo the theory of R-modules, to a boolean combination of invariant conditions.

Fact 7.3.3 ([Pre88| 2.23(a)(b)]). Let M, N be R-modules and ¢, 1) pp-formulas such
that Thy F ¥ — ¢,

L. If M <, N, then Inv(M, ¢,%) < Inv(N, ¢, ).

2. Inv(M & N, ¢,¢) = Inv(M, ¢,¢) Inv(N, ¢, ).

Lemma 7.3.4. If T s a first-order theory extending the theory of R-modules, then
K7 is an abstract elementary class with LS(K™) = |T).
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Proof. Tt is easy to check that K* satisfies all the axioms of an AEC except possibly
the Tarski-Vaught axiom. Moreover if § is a limit ordinal, {M; € KT : i < §} is an
increasing chain (with respect to <,) and N € K such that Vi < §(M; <, N), then
Vi < 6(M; <, Ms = J,.s M; <, N). Therefore, we only need to show that if J is a
limit ordinal and {M; € K” : i < §} is an increasing chain, then M; is a model of 7.

First, by Fact [7.3.2] every o € T is equivalent modulo Thg to a boolean combi-
nation of invariant conditions. By putting that boolean combination in conjunctive
normal form and separating the conjuncts we conclude that:

Mod(T) = Mod(Thr U {63 : B < a}),

where a < |T'| and each 63 is a finite disjunction of invariants statements of the form
Inv(—, ¢,%) > k or of the form Inv(—,¢,v) < k (for some pp-formulas ¢, 1 such
that Thg F ¢ — ¢ and some positive integer k).

Let 0 be a limit ordinal and {M; € K : i < §} an increasing chain. It is clear
that Ms = Thg and that M; <, M; for all i« < §. Take f < a and consider 05.
There are two cases:

Case 1: Some disjunct of 3 is of the form Inv(—,¢,v) > k and for some i <
6, M; = Inv(—,¢,v) > k. Since M; <, M;, by Fact [7.3.3](1) it follows that
Inv(M;, ¢,¢) < Inv(Ms, ¢,), and so Ms = 0.

Case 2: Every disjunct of 65 satisfied by a M;, for i < §, is of the form Inv(—, ¢, 9) <
k (for some ¢, 1, and k). Since ¢ is a limit ordinal and 6z is a finite disjunction,
there is some cofinal subchain {M;/} of {M; : ¢ < 6}, such that each M, satisfies the
same disjunct of 5. So without loss of generality we can assume that this is true of
the entire chain, i.e, there are ¢, ¥, and k such that M; = Inv(—, ¢,v) < k for all
i < ¢ and Inv(—, ¢,¢) < k is a disjunct of f5. A counterexample to Inv(Mjs, ¢, 1) < k
would be witnessed by finitely many tuples from My, hence by finitely many tuples
from M; for some i < ¢, a contradiction. Therefore, M; = 6.

[

Remark 7.3.5. If T has an infinite model, then K” has no maximal models. An
infinite model M of T has arbitrarily large elementary extensions, which are, ipso
facto, models of T" and pure extensions of M.

The reader might wonder if K7 satisfies any other of the structural properties of
an AEC such as joint embedding or amalgamation. We show that if K” is closed
under direct sums, then K has both of these properties. This will be done in three
steps.

Fact 7.3.6 ([Pre88, Exercise 1, §2.6]). Let M, N, N, € K'. If M <, N; and
M =< N, then there are N € KT and f : NV 7 N with f elementary embedding

and Ny <, N.
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Proof sketch. Introduce new distinct constant symbols for the elements of N; and
Ny, agreeing on their common part M. Let A(N;) be the (complete) elementary
diagram of Ny, let p™(Ny) = {#(a) : ¢ is a pp-formula, a € N5 and N, = olal},
and let p~(Ny) = {—¢(a) : ¢ is a pp-formula, a € N5* and Ny = —¢[a]}. Then it is
straightforward to verify that

Y= A(Nl) Up+(N2) Upi(NQ)
is finitely satisfiable in N; and any model N of 3 has the desired properties. O

Proposition 7.3.7. If KT is closed under direct sums, then pure-injective modules
are amalgamation based .

Proof. Let N <, Ny, Ny all in K? with N pure-injective. Since N is pure-injective
there are submodules M;, My of Ny, Ny respectively, such that for [ € {1,2} we have
that N = N @® M;. Let L =N, ® Ny = (N & M) ® (N & M,). Since K” is closed
under direct sums L € K. Define f; : Ny — L by fi(n,m;) = (n,mq,n,0) and
fo : Ny = L by f(n,ms) = (n,0,n,my). Clearly fi,fo are pure embeddings with
JiIn= f2 IN. []

Lemma 7.3.8. If K7 is closed under direct sums, then:
1. KT has joint embedding.
2. KT has amalgamation.

Proof. For the joint embedding property observe that given M, N € K’ they embed
purely in M @ N which is in K” by hypothesis.

Regarding the amalgamation property, let M <, Ny, N, all in K”. For £ € {1, 2},
M, Ny, M satisfy the hypothesis of Fact , since M < M by Fact (2)
Then for ¢ € {1,2}, there are N; € KT and f, : N, — NJ, with f, an elementary

embedding and M <, N;.

Since M <, N, Ny and M is pure-injective by Fact .(1), it follows from
Proposition that there are N € K?, g, : Nf — N and ¢, : Nj — N with
g1 157= 92 |77 and g1, go both K”-embeddings. Finally, observe that g; o f; : Ny — N
and gy 0 fo : Ny — N are K'-embeddings such that g; o f1 [yr= g2 0 fo [ur- O

From the algebraic perspective the natural hypothesis is to assume that K7 is
closed under direct sums. On the other hand, from the model theoretic perspective
it is more natural to assume that K? has joint embedding and amalgamation. This

3Recall that N € K is an amalgamation base, if given N <x N;, N, € K, there are L € K and
[Ny V L such that Ny <k L.
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is always the case when T is a complete theory, which is precisely Example [7.3.10}(2)
below.

Since we just showed that in K” closure under direct sums implies joint embedding
and amalgamation, we will assume these throughout the paper.

Hypothesis 7.3.9. Let R be a ring and T a first-order theory (not necessarily com-
plete) with an infinite model extending the theory of R-modules such that:

1. K7 has joint embedding.

2. KT has amalgamation.

Even after this discussion the reader might wonder if there are any natural classes
that satisfy the above hypothesis. We give some examples:

Example 7.3.10.

1. K¥ = (K% <,) where K% is the class of torsion-free abelian groups. In
this case T is a first-order axiomatization of torsion-free abelian groups. Since
torsion-free abelian groups are closed under direct sums, by Lemma Kt/
has joint embedding and amalgamation.

2. KT = (Mod(T), <,) where T is a complete theory extending Thp. This follows
from the fact that if M, N = T, then M <, N if and only if M < N by
pp-quantifier elimination.

3. K™% = (Mod(Thg),<,). It is clear that KTP% is closed under direct sums, so
by Lemma KT8~ has joint embedding and amalgamation.

4. K = (x, <,) where x is a definable category of modules in the sense of [Pre09,
63.4]. In this case T" = {Va(¢(xz) — ¥(x)) : Thrg - ¢ — ¢ and ¢(M) =
(M) for every M € y} and K has joint embedding and amalgamation because
K is closed under direct sums (by [Pre09, 3.4.7]) and by Lemma [7.3.8|

5. K = (C,<,) where C is a universal Horn class. In this case T = T (where
Tc is an axiomatization of C ) and K has joint embedding and amalgamation
because K is closed under direct sums (by [Pre88, 15.8]) and by Lemma [7.3.8]

6. K = (F., <,) where r is a radical of finite type and F, is the class of r-torsion-
free modules. In this case T exists by [Pre88| 15.9] and K has joint embedding
and amalgamation because K is closed under direct sums (by [Pre88| 15.8]) and

by Lemma [7.3.§|

7. K = (7;,<,) where r is a left exact radical, 7, is the class of r-torsion modules
and 7, is closed under products. In this case T" exists by [Pre88, 15.14] and K
has joint embedding and amalgamation by a similar reason to (5).
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8. K = (Kfqat, <p) where Ky, is the class of (left) flat R-modules over a right
coherent ring. In this case T exists by [Pre88| 14.18] and K has joint embedding
and amalgamation because the class of flat modules is closed under direct sums

and by Lemma [7.3.8

The following example shows that Hypothesis [7.3.9) is not trivial, i.e., given T a
first-order theory with an infinite model extending the theory of R-modules Hypoth-
esis does not necessarily hold.

Example 7.3.11. Let T'= Thy U {Inv(—,z = 2,3z = 0) < 6}.

Let A be an abelian group satisfying 7" and B the subgroup of A defined by
3z =0. Then |A/B| € {1,2,3,4,5} and so A/B = Ay, where A is one of the finite
groups {0}, Z/2, Z/2 x Z)2, Z/4, Z]5, or Z/3 .

In particular, if B = 0, observe that the first five Ag’s just listed are models of T
On the other hand, if B # 0, then B = (Z/3)) for some finite or infinite cardinal
k, and since 3 is a prime, it has no non-trivial extensions by any of the groups Ay .
There is one exceptional case, as Z/9 is an extension of Z/3 by itself.

Since the invariants multiply across direct sums (Fact , then all the models
of T are Z/9 or of the form Ay or (Z/3)" @& Ay, for some choice of Ay and & a finite
or infinite cardinal.

Therefore, there are many examples of failures of the joint embedding property:
amongst them we have that Z/2 and Z/5 do not have a common extension to a model
of T, and since the zero module is pure-injective, this is an example of the failure of
amalgamation over pure-injectives. Since (Z/3)®0) is pure-injective, (Z/3)™) @ Z/2
and (Z/3)®0) @ Z/5 provide an infinite example.

It is worth pointing out that there is an easy first-order argument to find universal
models if one assumes the hypothesis that K7 is closed under direct sums []

Lemma 7.3.12. If K7 is closed under direct sums and N7 = X, then K% has a
universal model.

Proof. Observe that T has no more than 2/71 complete extensions. Each such exten-
sion is A-stable, see Fact [7.2.15] and so has a saturated model of cardinality A. Take
the direct sum U of all of these; it has cardinality 2/7/\ = A. We claim that U € K%
and is universal in K¥ . But K7 is closed under direct sums, so U € K”; and we have
already observed that ||U|| = A.

If N € KI, then N is elementarily embedded in the A-saturated model of Th(V)
which is a summand of U , and hence N is purely embedded in U . O

4This was discovered after we had a proof using the theory of abstract elementary classes (see

Lemma ).
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7.3.1 Stability

The following consequence of pp-quantifier elimination will be the key to the argu-
ments in this subsection:

Fact 7.3.13 ([Pre88, 2.17]). Let N € K, A C N and by, by € N<“. Then:
pp(b1/A, N) = pp(ba/A, N) if and only if tp(bi /A, N) = tp(ba/A, N).

With this, we are able to show that pp-types and Galois-types are the same over
models.

Lemma 7.3.14. Let M, Ny, Ny € KT, M <, Ny, Ny, by € N and by € N5*. Then:
tp(by/M; N1) = tp(ba/M; Ny) if and only if pp(bi/M, Ny) = pp(bsy/M, Ny).

Proof. —: Suppose tp(by/M;N1) = tp(ba/M;N,). Since KT has amalgamation,
there are N € K” and f : N} = N a K”-embedding such that f [y= ida, f(b1) = by
and Ny <, N. Then the result follows from the fact that K”-embeddings preserve
and reflect pp-formulas by definition.

< Suppose pp(bi /M, Ny) = pp(ba/M, Ny). Since M € KT and KT has amal-
gamation, there is N € KT and f : N; -+ N a K”'-embedding such that f [y =
idys and Ny <, N. Using that K”-embeddings preserve pp-formulas we have that
pp(f(b1)/M, N) = pp(bs/M, N). ) )

Then by Fact it follows that tp(f(b1)/M,N) = tp(by/M,N). Let N* an
elementary extension of N such that there is ¢ € Auty (N*) with g(f(by)) = bo.
Observe that since K is first-order axiomatizable N* € K. Consider h := go f :
Ny — N*.

It is clear that h(Bl) = by, h [y= idy; and since being an elementary substructure
is stronger than being a pure substructure it follows that h : N; — N* is a K’-
embedding and N, <, N*. Therefore, tp(b;/M; Ny) = tp(by/M; N). ]

The next corollary follows from the preceding lemma since we can witness that
two Galois-types are different by a pp-formula.

Corollary 7.3.15. K7 is (< Rg)-tame.
The next theorem is the main result of this subsection.
Theorem 7.3.16. If M7l = X\, then K7 is \-stable.

Proof. Let M € K¥ and {p; : i < a} an enumeration without repetitions of gS(M)
where a < 2*. Since K” has amalgamation, there is N € K* and {a; : i < a} C N
such that p; = tp(a;/M; N) for every i < a.
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Let & : gS(M) — SZ;,MN)(M) be defined by p; — pp(a;/M, N). By Lemma|7.3.14
® is a well-defined injective function. By Fact [7.3.13] [Sr ™ (M)] = |STR™(A)].
Then it follows from Fact [7.2.15|that [STR™N)(M)| < A, hence |gS(M)] < \. O

7.3.2 Universal models

It is straightforward to construct universal models in K for \’s satisfying that A7 =
A. This follows from Fact [[.2.9] and Remark [7.2.72]

Lemma 7.3.17. If N7l = )\, then KL has a universal model.

The following lemma shows how to build universal models in cardinals where KT
might not be A-stable.

Lemma 7.3.18. If Vu < A"l < \), then KL has a universal model.

Proof. We may assume that A is a limit cardinal, because if it is not the case then
we have that A7l = )\ and we can apply Lemma . Let cf(A) = k < A. By using
the hypothesis that Vi < A(u!”l < \), it is easy to build {)\; : i < x} an increasing
continuous sequence of cardinals such that Vi()\L_TF‘l = Niy1) and sup;<xA; = A

We build {M; : i < k} an increasing continuous chain such that:

1. My is || M;iq1||-universal over M;.
2. M; € K)W

In the base step pick any M € KJ and if 4 is limit, let M; = {J,_; M.

If i = j+1, by construction we are given M; & K:{J Using that K” has no maximal
models, we find N € Kfjﬂ such that M; <, N. Since )\ﬁl = Aj+1, by Theorem|7.3.16
KT is \j 1-stable. Then by Fact applied to N, there is M;;; € K{Hl universal

over N. Using that K” has amalgamation, it is straightforward to check that (1)
holds.

This finishes the construction of the chain.

Let M = J,_,, M;. By (2) | M| = X\. We show that M is universal in K3 .

Let N € KI and {N; : i < k} an increasing continuous chain such that Vi(N; €
K} ) and | J;_,, N; = N. We build {f; : i < s} such that:

<k~

1. fz . NZ — Mi+1-

2. {f; 11 < Kk} is an increasing chain.
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Observe that this is enough by taking f =, fi : N = U;c. Ni = Ui, Miv1 =
M.

Now, let us do the construction. In this case the base step is non-trivial. By
joint embedding there is g : Ny — M* with My, <, M* € K:/CO. Now, since M, is
|| M;||-universal over M, there is h : M* — M,. Let fo := hog and observe that

0
this satisfies the requirements.

We do the induction steps.

If 7 is hmlt, let fz = Uj<i fj . Nz = Uj<i Nj — Mi—i—l-

If i = j + 1, by construction we have f; : N; — M;,; and N; <, Nj;1. Since K7
has amalgamation there is M’ € Kfjﬂ and g : Nj 11 — M’ such that M,,; <, M" and
fi In,= g In;. Since Mj is || M »||-universal over M;,,, thereis h : M’ — M;is.

i1
Let fj41 := h o g and observe that this satisfies the requirements. O

Putting together Lemma |7.3.17]and Lemma [7.3.18 we get one of our main results.
Theorem 7.3.19. If N7l = X\ or Vi < A(pT! < \), then K has a universal model.

The proof of Lemmal[7.3.17]and Lemma can be extended in a straightforward
way to the following general setting.

Corollary 7.3.20. Let K be an AEC with joint embedding, amalgamation and no
mazximal models. Assume there is 6y > LS(K) and k such that for all 6 > 0, if
0% =0, then K s 0-stable.

Suppose A > 0. If \* = X or Vu < A(u® < X), then Ky has a universal model[

Remark 7.3.21. In [Vasl6d, 4.13] it is shown that if K is an AEC with joint em-
bedding, amalgamation and no maximal models, K is LS(K)-tame and K is A-stable
for some A > LS(K), then there are 6y and x satisfying the hypothesis of Corollary

(0. 201

7.3.3 Reduced torsion-free abelian groups

Recall that K* has joint embedding and amalgamation, so it satisfies Hypothesis
7.3.9, Moreover, |T/| = Ry, therefore the next assertion follows directly from Theo-
rem [7.3.16] and Theorem [7.3.19

Corollary 7.3.22.
1. If X% = X, then K is \-stable.
°In Lemma and Theorem 0o = LS(KT) = |T| and k = |T.
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2. If A% = X or Vu < Mpt < \), then KY has a universal model.

Remark 7.3.23. In [BET07, 0.3] it is shown that: K is A-stable if and only if
A = X, The argument given here differs substantially with that of [BETO07, 0.3],
their argument does not consider pp-formulas and instead exploits the property that
K'/ admits intersections.

As mentioned in the introduction, Shelah’s result [Sh820), 1.2] is concerned with
reduced torsion-free groups instead of with torsion-free groups. The next two assertion
show how we can recover his assertion from the above results. First let us introduce
a new class of groups.

Definition 7.3.24. Let K™/ = (K" <) where K"/ is the class of reduced torsion-
free abelian groups defined in the usual language Lz of Z-modules, and <, is the pure
subgroup relation. Recall that a group G is reduced if its only divisible subgroup is

0.

Fact 7.3.25. Let A an infinite cardinal. Kf\f has a universal model if and only if K;tf
has a universal model.

Proof. The proof follows from the fact that divisible torsion-free abelian groups of
cardinality < X are purely embeddable into Q™) and that every group can be written
as a direct sum of a unique divisible subgroup and a unique up to isomorphisms
reduced subgroup (see [Fuclh, §4.2.4, §4.2.5]). O

The following is precisely [Sh820, 1.2].

Corollary 7.3.26.
1. If X% = X, then Kf\tf has a universal model.
2. If A\ = Scudn and Rg < N, = (AR < A\py1, then K;tf has a universal model.

3. K™ has amalgamation, joint embedding, is an AEC and is A-stable if \X0 = \.

Proof. For (1) and (2), realize that A either satisfies the first or second hypothesis
of Corollary 7.3.22/(2), hence K’;f has a universal model. Then by Fact we
conclude that Kf\t has a universal model in either case.

For (3), the first three assertions are easy to show. As for the last one, this
follows from Corollary[7.3.22(1) and the fact that if G, H € K"/ and a,b € H then:
tpkrr(a/G; H) = tpgrr (b/G; H) if and only if tpkes(a/G; H) = tpkr (/G H). O

Remark 7.3.27. It is worth noticing that Corollary [7.3.22/(2) not only implies
[Sh&20, 1.2.1, 1.2.2] (Corollary[7.3.26}(1) and Corollary [7.3.26,(2)), but the two asser-

tions are equivalent. The backward direction follows from the fact that if A satisfies
cf(\) > wy and Vu < (™ < X), then AR = \.
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Remark 7.3.28. Tt follows from Corollary [7.3.22(2) that if 2% < X, then th has
a universal model. On the other hand, it follows from [KojSh95|, 3.7] that if X, < 2o,
then K 7 does not have a universal model. Hence the existence of a universal model
in K/ of cardinality N, is independent of ZFC. Similarly one can show that the
existence of a universal model in K* of cardinality R, is independent of ZFC for
every n > 1.

7.4 Limit models in classes of R-modules

In this section we will begin the study of limit models in classes of R-modules under
Hypothesis [7.3.90 The existence of limit models in KT for \'s satisfying A7l = A
follows directly from Theorem [7.3.16| and Fact [7.2.9|

Corollary 7.4.1. If A1 = X, then there is a (A, a)-limit model in K for every
a < AT limit ordinal.

We first show that any two limit models are elementarily equivalent. In order to
do that, we will use one more consequence of pp-quantifier elimination (Fact |7.2.14)).

Fact 7.4.2 ( [Pre88, 2.18]). Let M and N R-modules. M is elementary equivalent
to N if and only if Inv(M, ¢, 1) = Inv(N, ¢, 1) for every ¢, 1) pp-formulas in one free
variable such that Thg F ¢ — ¢.

Lemma 7.4.3. If M, N are limit models, then M and N are elementary equivalent.

Proof. Assume M is a (A, a)-limit model for « < AT and let {M; : i < a} C K}
be a witness for it. Similarly assume N is a (u, 3)-limit model for 5 < p* and let
{Ni i < B} C K] be a witness for it.

By Fact it is enough to show that for every ¢, , pp-formulas in one free
variable such that Thgr F v — ¢, and n € N: Inv(M,¢,¢) > n if and only if
Inv(N, ¢,9) > n. By the symmetry of this situation, we only need to prove one
implication. So consider such pp-formulas ¢, 1) and n € N such that Inv(M, ¢, 1) > n.
We show that Inv(N, ¢, 1) > n.

If n = 0, the result is clear. So assume that n > 1. Then since Inv(M, ¢,¢) > n
there are my, ..., m,_1 € M such that:

M):/\gbml /\/\ﬁw i —mgj).

i#]

Applying the downward Lowenheim-Skolem-Tarski axiom inside M to {m; : i <
n}, we get M* <, M such that M* € KES(K) and {m; : i <n} C M*. Then it is still
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the case that
M*):/\gzﬁmz /\/\—n/z m; —m;).
i
By joint embedding there is ¢ and M** € KZ such that g : M* — M** and
Ny <, M**. Then since N; is universal over Ny, there is h : M™** N—> N;i. Finally,
0

observe that:

N}z/\(b ho g(m;) /\/;A\—'w ho g(m;) —hog(m;)).
i#]

Hence Inv(N, ¢, ¢) > n. O

Remark 7.4.4. Observe that in the proof of the above lemma we only used that K”
is an AEC of modules with the joint embedding property.

Asin [Ch. 5l §4], limit models with chains of big cofinality are easier to understand
than those of small cofinalities. Due to this we begin by studying the former.

Theorem 7.4.5. Assume A\ > |T|" = LS(K™)". If M is a (), «)-limit model and
cf(a) > |T|*, then M is pure-injective.

Proof. Fix {M; : i < a} a witness to the fact that M is a (A, @)-limit model. We
show that M is pure-injective using the equivalence of Fact [7.2.17]

Let p(z) be an M-consistent pp-type over A C M and |A| < |R| + Xy = |T.
Then there is a module N and b € N with M < N € KfM” and b realizing p. Since
|A| < |T'| and cf(a) > |T'|*, there is i < « such that A C M.

Note that M; <, N. Then thereis f: N —> M., because M, is universal over

M;. Since A is fixed by the choice of M;, 1t is easy to see that f(b) € M1 <, M
realizes p(z). Therefore, M is pure-injective. ]

The following fact about pure-injective modules is a generalization of Bumby’s
result [Bum65]. A proof of it (and a discussion of the general setting) appears in
[GKS18|, 3.2]. We will use it to show uniqueness of limit models of big cofinalities.

Fact 7.4.6. Let M, N be pure-injective modules. If there is f : M — N a KThz-
embedding and ¢ : N — M a KTP#-embedding, then M = N.

Corollary 7.4.7. Assume A > |T|" = LS(KT)*. If M is a (A, )-limit model and N
is a (X, B)-limit model such that cf(«),cf(B) > |T|*, then M is isomorphic to N.

Proof. Tt is straightforward to check that M and N are universal models in K7}
(see Remark [7.2.12)). Since M and N are pure-injective by Theorem [7.4.5| then the
result follows from Fact [7.4.6| because K”-embeddings and KT™"®-embeddings are the
same. O]
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Dealing with limit models of small cofinality is complicated. We will only be able
to describe limit models of countable cofinality under the additional assumption that
K is closed under direct sums. All the examples of Example|7.3.10] except Example

7.3.10L(2), satisfy this additional hypothesis.

Lemma 7.4.8. Assume K is closed under direct sums. If M € K1 is pure-injective
and U € K% is a universal model in KL, then M & U is universal over M.

Proof. It is clear that M <, M @ U and that both modules have the same cardinality,
so take N € K1 such that M <, N. Since M is pure-injective we have that N =
M @ M’ for some M’. Using that U is universal in K%, there is f': M’ — U a pure
embedding. Let f: M @& M' — M @& U be given by f(a+b) = a+ f'(b). It is easy to
check that f is a KT-embedding that fixes M. O

Theorem 7.4.9. Assume A\ > |T|" = LS(K”)" and K* is closed under direct sums.
If M is a (\,w)-limit model and N is a (\, |T|")-limit model, then M = N®o),

Proof. For every i < w, let N; be given by i-many direct copies of N. Consider the
increasing chain {N; : i < w} C K1.

By Theorem N ¢ KT is pure-injective. Since pure-injective modules are
closed under finite direct sums, N; is pure-injective for every i < w . Moreover, for
each i« < w, N;11 = N; @& N is universal over N; because N is universal in Kf, N; is
pure-injective and by Lemma m Therefore, N, := |J,_, Vi is a (A, w)-limit model.

Since N, and M are limit models with chains of the same cofinality, a back-and-
forth argument shows that N, = M. Hence M = N®0), O

Lemma can also be used to characterize stability in classes closed under
direct sums.

Corollary 7.4.10. Assume K” is closed under direct sums and X\ > |T|* is an infinite
cardinal. KT is X-stable if and only if KL has a pure-injective universal model.

Proof. The forward direction follows from the fact that (A, |T|")-limit models are
pure-injective by Theorem So we sketch the backward direction. Let M € K%
and U € KT a pure-injective universal model. By universality of U we may assume
that M <, U. Then by minimality of the pure hull we have that M <, U, thus
M € KT. So by Lemma MEB U is universal over M. Therefore, every type over
M is realized in M @ U. Hence |gS(M)| < [|[M @ U|| = . O

Remark 7.4.11. Observe that by Corollary we know that for every cardinal A

the number of non-isomorphic limit models is bounded by [{« : @ < |T|, v is limit and cf(a) =
a}| + 1. So for example, when R is countable, we know that there are at most two
non-isomorphic limit models.
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We believe the following question is very interesting (see also Conjecture 2 of
[BoVan]):

Question 7.4.12. Let K as in Hypothesis m How does the spectrum of limit
models look like?

More precisely, given A\, how many non-isomorphic limit models are there of car-
dinality A for a given K?? Is it always possible to find 7' such that K” has the
maximum number of non-isomorphic limit models?

We will be able to answer Question when the ring is countable.
Theorem 7.4.13. Let R be a countable ring. Assume KT satisfies Hypothesis[7.3.9

1. If KT is superstableﬁ then there is p < :(2N0)+ such for every X > u there is a
unique limit model of cardinality .

2. If KT is not superstable, then KT does not have uniqueness of limit models in
any infinite cardinal A > LS(KT)* = X;. More precisely, if KT is \-stable there
are exactly two non-isomorphic limit models of cardinality .

Proof sketch. KT has joint embedding, amalgamation and no maximal models and by
Corollary [7.3.15| K7 is (< Ng)-tame. Due to this we can use the results of [GrVas17]
and [Vas18].

1. This follows on general grounds from [Vasl8| 4.24] and [GrVasl7, 5.5].

2. Let A > N; such that KT is A-stable. As in [Ch. 5, 4.19, 4.20, 4.21, 4.23] one
can show that the limit models of countable cofinality are not pure-injective.
Since we know that limit models of uncountable cofinality are pure-injective by
Theorem[7.4.5] we can conclude that the (A, w)-limit model and the (A, w; )-limit
model are not isomorphic. Moreover, given N a (A, a)-limit model, N is iso-
morphic to the (A, w)-limit model if ¢f(a) = w (by a back-and-forth argument)
or N is isomorphic to the (A, w;)-limit model if ¢f(a) > w (by Corollary [7.4.7).

O

6We say that K is superstable if there is pu < :(QLS(K))+ such that K is A-stable for every A > p.
Under the assumption of joint embedding, amalgamation, no maximal models and LS(K)-tameness
by [GrVasl7] and [Vasl8] the definition of the previous line is equivalent to any other definition of
superstability given in the context of AECs.
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7.4.1 Torsion-free abelian groups

In this section we will show how to apply the results we just obtained to answer
Question 4.25 of [Ch. 5].

Recall that a group G is algebraically compact if given E = { fi(z;,, ..., xln) =aqa;:
i < w} a set of linear equations over G, E is finitely solvable in G if and only if E
is solvable in G. It is well-known that an abelian group G is algebraically compact
if and only if G is pure-injective (see e.g. [Fuclhl 1.2, 1.3]). The following theorem
answers Question 4.25 of [Ch. 5].

— 3\ Ro)
Theorem 7.4.14. If G € K is a (\,w)-limit model, then G = QW @ (Hp Zgi))) v

Proof. The amalgamation property together with the existence of a limit model imply
that K'/ is A-stable. Then by Remark(7.3.23| A} = ), so by Corollary there is H

a (A, w;)-limit model. Since K* is closed under direct sums, we have that G = H®0)

by Theorem
In view of the fact that H is a (\,w;)-limit model, by Fact [7.2.20| H = QW &

I, ZE;\)) . Therefore we have:

—5 (R0) —5 (Ro)
~ ) N ~ N 0]
G—(@ @HZ(m) =Q 69(1_[2(,,)) :
p
O

In [Ch. 5l 4.22] it was shown that limit models of countable cofinality are not
pure-injective. The argument given there uses some deep facts about the theory of
AECs. Here we give a new argument that relies on some well-known properties of
abelian groups.

Corollary 7.4.15. If G € K is a (\,w)-limit model, then G is not pure-injective.

—0) (Ro)
Proof. By Theorem [7.4.14] we have that G = QW @ (Hp ZE;;) " For every p,

(A)( 0
one can show that Z(p)
that Z(p)( *) is not pure-injective (an argument for this is given in [Pre88, §2]). Then
using that a direct product is pure-injective if every component is pure-injective (see

[Fuclb, §6.1.9]), it follows that G is not pure-injective. O

is not pure-injective by a similar argument to the proof

Combining the results of this section with the ones of the previous section we
obtain:

Corollary 7.4.16. IfVu < A(u® < X), then for any G € Kgf pure-injective there is
a universal model over it.
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Proof. Let G € K' be pure-injective. Since X satisfies the hypothesis of Corollary
A J

7.3.22| there is U € K?f universal model in K&f . Then by Lemma GoUisa
universal model over G. O

By the above corollary, given G € Kt:{; pure-injective, for example G = QG<),
there is H € Kt:f; such that H is universal over G. Since 3% > 3, by Remark
we have that K/ is not J,-stable. This is the first example of an AEC with
joint embedding, amalgamation and no maximal models in which one can construct
universal extensions of cardinality A without the hypothesis of A-stability.



Chapter 8

Superstability, noetherian rings
and pure-semisimple rings

This chapter is based on [Ch. §].

Abstract

We uncover a connection between the model-theoretic notion of superstability and
that of noetherian rings and pure-semisimple rings.

We characterize noetherian rings via superstability of the class of left modules
with embeddings.

Theorem 8.0.1. For a ring R the following are equivalent.
1. R is left noetherian.
2. The class of left R-modules with embeddings is superstable.

3. For every X > |R| + N, there is x > X such that the class of left R-modules
with embeddings has uniqueness of limit models of cardinality .

4. FEvery limit model in the class of left R-modules with embeddings is >:-injective.

We characterize left pure-semisimple rings via superstability of the class of left
modules with pure embeddings.

151
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Theorem 8.0.2. For a ring R the following are equivalent.
1. R is left pure-semisimple.
2. The class of left R-modules with pure embeddings is superstable.

3. There exists X\ > (|R| + No)" such that the class of left R-modules with pure
embeddings has uniqueness of limit models of cardinality X.

4. Bvery limit model in the class of left R-modules with pure embeddings is Y-pure-
mjective.

Both equivalences provide evidence that the notion of superstability could shed
light in the understanding of algebraic concepts.

As this paper is aimed at model theorists and algebraists an effort was made to
provide the background for both.

8.1 Introduction

An abstract elementary class (AEC) is a pair K = (K, <k), where K is class of struc-
tures and <k is a strong substructure relation extending the substructure relation.
Among the requirements we have that an AEC is closed under directed colimits and
that every set is contained in a small model in the class (see Definition [8.2.1). These
were introduced by Shelah in [Sh88]. Natural examples in the context of algebra are
abelian groups with embeddings, torsion-free abelian groups with pure embeddings,
first-order axiomatizable classes of modules with pure embeddings and flat modules
with pure embeddings/f]

Dividing lines in complete first-order theories were introduced by Shelah in the
late sixties and early seventies. One of the best behaved classes is that of superstable
theories. Extensions of superstability in a non-elementary setting were first considered
in [GrSh86]. In the context of AECs, superstability was introduced in [Sh394] and
until recently it was believed to suffer from “schizophrenia” [Sh:hl p. 19]. In [GrVas17,
1.3] and [Vasl§|, it was shown (under additional hypothesis that are satisfied by
the classes studied in this papelﬂ) that superstability is a well-behaved concept and
many conditions that were believed to characterize superstability were found to be
equivalent. Based on this and the key role limit models play in this paper, we will say

1The first two classes were studied in [BCG+|, [BET07] and [Ch. 5], the next ones were studied
in [Ch. 7] and the last one was studied in [LRVTal] and [Ch. 9].
2The hypothesis are amalgamation, joint embedding, no maximal models and LS(K)-tameness.
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that an AEC is superstable if it has uniqueness of limit models in a tail of cardinals.ﬂ
This particular definition of superstability appears for the first time in [GrVasl7].
Intuitively the reader can think of limit models as universal models with some level
of homogeneity (see Definition . Further details on the development of the
notion of superstability can be consulted in the introduction of [GrVasl17].

In this paper, we show that the notion of superstability has algebraic substance if
one chooses the right context. More specifically, we characterize noetherian rings and
pure-semisimple rings via superstability in certain classes of modules with embeddings
and with pure embeddings respectively.

Noetherian rings are rings with the ascending chain condition for ideals. The
precise equivalence we obtain is the followingﬂ

Theorem [8.3.12 For a ring R the following are equivalent.

~

. R s left noetherian.
2. The class of left R-modules with embeddings is superstable.

3. For every X > |R| + N, there is x > X such that the class of left R-modules
with embeddings has uniqueness of limit models of cardinality x.

4. For every A > |R| 4+ N, the class of left R-modules with embeddings has unique-
ness of limit models of cardinality ).

5. For every A > (|R| + Wo)*, the class of left R-modules with embeddings has a
superlimit of cardinality .

6. For every A > |R| + Ny, the class of left R-modules with embeddings is stable.
7. Every limit model in the class of left R-modules with embeddings is Y-injective.
If R s left coherent, they are further equivalent to:

8. (Lemma The class of left absolutely pure modules with embeddings is
superstable.

A ring R is left pure-semisimple if every left R-module is pure-injective. It was
pointed out to us by Daniel Simson that pure-semisimple rings were introduced by
him in [Sim77]. There are many papers where several characterizations of pure-
semisimple rings are obtained, for example [Cha60)], [Aus74], [Aus76], [Z-H79], [Sim8&1]
and [Pre84]. For additional information on what is known about pure-semisimple
rings the reader can consult [Sim00], [Hui00] and [Pre09, §4.5.1].

3For a complete first-order theory T, (Mod(T), =) is superstable if and only if T is superstable
as a first-order theory, i.e., T is A-stable as for every A > 2I71.
4Conditions (4) through (6) of the theorem below were motivated by [GrVasl7, 1.3].
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In this paper, we give several new characterizations of left pure-semimple rings
via superstability. More precisely, we showﬂ.
Theorem [8.4.28] For a ring R the following are equivalent.

1. R is left pure-semisimple.
2. The class of left R-modules with pure embeddings is superstable.

3. There exists X\ > (|R| + No)™ such that the class of left R-modules with pure
embeddings has uniqueness of limit models of cardinality ).

4. For every A > |R| + Ny, the class of left R-modules with pure embeddings has
uniqueness of limit models of cardinality .

5. For every A > (|R|+ o)™, the class of left R-modules with pure embeddings has
a superlimit of cardinality .

6. For every X > |R| + Vg, the class of left R-modules with pure embeddings is
A-stable.

7. For every A\ > (|R| + No)™, an increasing chain of \-saturated models is -
saturated in the class of left R-modules with pure embeddings.

8. There exists X\ > (|R| + No)" such that the class of left R-modules with pure
embeddings has a X-pure-injective universal model of cardinality .

9. Every limit model in the class of left R-modules with pure embeddings is YX-pure-
mjective.

A key difference between our results and those of [GrVas17, 1.3] is that in [GrVas17]
the cardinal where the nice property starts to show up is eventual (bounded by
Jiairi+ngy+), while in our case the cardinal is exactly |R| + Ro or (|R| + ¥o)™. In
the introduction of |[GrVaslT] is asked if it was possible to lower these bounds (see
Theorem and the remark below it).

Although the results of Theorem [8.3.12| and Theorem [8.4.28| are similar, the tech-
niques used to prove the results differ significantly. The proof of Theorem [8.3.12] is
more rudimentary and depends heavily on the fact that we are working with the class
of all modules. On the other hand, Theorem is a corollary of the theory of su-
perstable classes of modules with pure embeddings closed under direct sums which is
developed in the fourth section of the paper. One could give a proof of Theorem [8.4.28
similar to that of Theorem [8.3.12] but we think that the theory of superstable classes
of modules with pure embeddings is an interesting theory that should be developed.

>Conditions (4) through (7) of the theorem below were motivated by [GrVasI7, 1.3].



155

Another result of the paper is a positive solution above LS(K)™ to Conjecture 2
of [BoVan| in the case of classes of modules axiomatizable in first-order with joint
embedding and amalgamation (see Theorem . This also provides a partial
solution to Question 4.12 of [Ch. 7].

Algebraically the key idea is to identify limit models with well-understood classes
of modules. First, we show that long limit models in the class of modules with
embeddings are injective modules (see Lemma and that long limit models in
the class of modules with pure embeddings are pure-injective modules (see Fact
for arbitrary rings. Then by assuming that the ring is noetherian or pure-semisimple
we show that all limit models are -injective (see Theorem [8.3.12}(7)) or X-pure-
injective (see Theorem [8.4.28(9)) respectively. From these characterizations one can
obtain the equivalence with superstability.

The paper is divided into four sections. Section 2 presents necessary background.
Section 3 provides a new characterization of noetherian rings. Section 4 characterizes
superstability with pure embeddings in classes of modules closed under direct sums
and provides a new characterization of pure-semisimple rings. Moreover, a positive
solution above LS(K)* to Conjecture 2 of [BoVan| is given for certain classes of
modules.

It was pointed out to us by Vasey that already in [Sh54] Shelah noticed some
connections between superstability of the theory of modules, noetherian rings and
pure-semisimple rings. Regarding noetherian rings, Shelah has a remark on page 299
immediately after an unproven theorem (Theorem 8.6) that indicates that he knew
that superstability of the theory of modules implies that the ring is left noetherian.
The precise equivalence he noticed is similar to that of (6) implies (1) of Theorem
B.3.12] but the equivalence of (1) and (6) in Theorem 3.12 is new. As for pure-
semisimple rings, Shelah claims in Theorem 8.7 that superstability of the theory of
modules is equivalent to the ring being pure-semisimple (without mentioning pure-
semisimple rings). Shelah fails to provide a proof that if a ring R is pure-semisimple
then the theory of R-modules is superstable ((2) to (1) of his Theorem 8.7). The
precise equivalence he noticed is similar to that of (1) and (6) of Theorem [8.4.28] As
the theory of modules is not a complete first-order theory, it is unclear the precise
notion of superstability that Shelah refers to in his paper, but he seems to be working
with syntactic superstability with respect to positive primitive formulas.

This paper was written while the author was working on a Ph.D. under the di-
rection of Rami Grossberg at Carnegie Mellon University and I would like to thank
Professor Grossberg for his guidance and assistance in my research in general and
in this work in particular. After reading a preliminary preprint, Sebastien Vasey in-
formed us that he independently discovered the equivalence between superstability
and noetherian rings (the equivalence between (1) and (2) of Theorem[8.3.12)), but has
not circulated it yet. His proof follows from [Vasl7d, 3.7], [EKI71, Proposition 3] and
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[Vas1g, 5.9]. I thank an anonymous referee for comments on another paper of mine
that prompted the development of Subsection 4.4. I would also like to thank John T.
Baldwin, Daniel Simson, Sebastien Vasey and a couple of referees for comments that
helped improve the paper. Finally, I would like to dedicate this work to Marquititos,
you will always be loved and remembered.

8.2 Preliminaries

We present the basic concepts of abstract elementary classes that are used in this pa-
per. These are further studied in [Bal09, §4 - 8] and [Gro2X, §2, §4.4]. An introduction
from an algebraic perspective is given in [Ch. 6l §2]. Regarding the background on
module theory, we give a brief survey of the concepts we will use in this paper. An
excellent resource for the module theory we will use in this paper are [Pre88] and
[Pre09].

8.2.1 Basic concepts

Abstract elementary classes (AECs) were introduced by Shelah in [Sh88| 1.2]. Among
the requirements we have that an AEC is closed under directed colimits and that every
set is contained in a small model in the class. Given a model M, we will write |M|
for its underlying set and ||[M || for its cardinality.

Definition 8.2.1. An abstract elementary class is a pair K = (K, <), where:

1. K is a class of T-structures, for some fixed language 7 = 7(K).
2. <k is a partial order on K.

3. (K, <k) respects isomorphisms:
If M <k N arein K and f: N 2 N’ then f[M] <x N’

In particular (taking M = N), K is closed under isomorphisms.
4 Tf M <g N, then M C N.

5. Coherence: If My, My, My € K satisty My <x My, My < M, and My C M;,
then M() SK Ml.

6. Tarski-Vaught axioms: Suppose ¢ is a limit ordinal and {M; € K :i < 0} is an
increasing chain. Then:
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(a) Ms:=J,.s M; € K and M; <x Mjs for every i < 4.

(b) Smoothness: If there is some N € K so that for all i < § we have M; <g N,
then we also have Ms <i N.

7. Lowenheim-Skolem-Tarski axiom: There exists a cardinal A > |7(K)| 4+ Yg such
that for any M € K and A C | M|, there is some My <k M such that A C | M,|
and || My < |A| + A. We write LS(K) for the minimal such cardinal.

Notation 8.2.2.
e If X is a cardinal and K is an AEC, then K, = {M € K : ||M|| = A}.

o Let M, N € K. If we write “f : M — N” we assume that f is a K-embedding,
ie, f: M= f[M] and f[M] <k N. In particular K-embeddings are always
monomorphisms.

o Let M,N € K and A C M. If we write “f : M ? N” we assume that f is a
K-embedding and that f [4=id 4.

In [Sh300] Shelah introduced a notion of semantic type. The original definition
was refined and extended by many authors who following [Gro02] call these semantic
types Galois-types (Shelah recently named them orbital types). We present here the
modern definition and call them Galois-types throughout the text. We follow the
notation of [Ch. 3| 2.5].

Definition 8.2.3. Let K be an AEC.

1. Let K3 be the set of triples of the form (b, A, N), where N € K, A C |N|, and
b is a sequence of elements from N.

2. For (bl,Al,Nl),(bQ,AQ,NQ) € K3, we say (bl,Al,Nl)Eat(bg,Ag,NQ) if A:=
Ay = Ay, and there exists f; : Ny = N for ¢ € {1,2} such that fi(by) = fa(b2).

3. Note that E, is a symmetric and reflexive relation on K®. We let E be the
transitive closure of ;.

4. For (b,A,N) € K3, let tpg(b/A; N) := [(b, A, N)|g. We call such an equiv-
alence class a Galois-type. Usually, K will be clear from context and we will
omit it.

5. For M € K, gSx(M) = {tpg(b/M;N) : M <xk N €e K and b € N}.
6. For tpg(b/A; N) and C C A, tpk(b/A; N) [c:=[(b,C,N)]g.
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Definition 8.2.4. An AEC is A-stable if for any M € K, |gSk(M)| < .

Remark 8.2.5. Recall that given T a complete first-order theory and A C M with
M a model of T, ST(A) is the set of complete first-order types with parameters in
A. For a complete first-order theory T and A > |T'|, (Mod(T), <) is A-stable (where

= is the elementary substructure relation) if and only if 7" is A-stable as a first-order
theory, i.e., [ST(A)| <\ for every A C M where |A| = X\ and M is a model of 7.

The following notion was isolated by Grossberg and VanDieren in [GrVan(6].

Definition 8.2.6. K is (< k)-tame if for any M € K and p # q € gS(M), there is
A C |M| such that |A| < x and p [47# q [a.

8.2.2 Limit models, saturated models and superlimits

Before introducing the concept of limit model we recall the concept of universal
extension.

Definition 8.2.7. M is universal over N if and only if N <g M, ||M]| = ||N|| = A
and for any N* € K, such that N <g N*, thereis f: N* 7 M.

With this we are ready to introduce limit models, they were originally introduced
in [KolSh96].

Definition 8.2.8. Let A be an infinite cardinal and a@ < A" be a limit ordinal. M is
a (A, a)-limit model over N if and only if there is {M; : i < a} C K, an increasing
continuous chain such that My := N, M, is universal over M; for each ¢+ < a and
M = U;., M;. We say that M is a (A, a)-limit model if there is N € K, such that
M is a (A, @)-limit model over N. We say that M is a limit model of cardinality A if
there exists a limit ordinal av < A" such that M is a (), a)-limit model.

Observe that if M is a (A, «)-limit model, then M has cardinality A.

Definition 8.2.9. Let K be an AEC and A be a cardinal. M € K is a universal model
i K if M € K, and if given any N € K, there is f : N — M a K-embedding.

The following is a simple exercise, a proof is given in |[Ch. 5l 2.10].

Fact 8.2.10. Let K be an AEC with joint embedding and amalgamation. If M is a
limit model of cardinality A, then M is a universal model in K.

The next fact gives conditions for the existence of limit models.



159

Fact 8.2.11 ([Sh:Ll §I1], [GrVan06, 2.9]). Let K be an AEC with joint embedding,
amalgamation and no maximal models. If K is A-stable, then for every N € K, and
a < AT limit ordinal there is M a (A, @)-limit model over N. Conversely, if K has a
limit model of cardinality A, then K is \-stable

The key question regarding limit models is the uniqueness of limit models of a given
cardinality but with chains of different lengths. This has been studied thoroughly
in the context of abstract elementary classes [ShVi99|, [Van06], [GVV16], [Bonl4],
[Van16], [BoVan| and [Vas19].

Definition 8.2.12. K has uniqueness of limit models of cardinality X if K has a limit
model of cardinality A and if any two limit models of cardinality A are isomorphic.

Since we will only deal with AECs with amalgamation, joint embedding, no max-
imal models and LS(K)-tame and it is known (by [GrVasl7, 1.3] and [VasI§]) that in
this context the definition below is equivalent to every other definition of supersta-
bility considered in the context of AECs, we introduce the following as the definition
of superstability.

Definition 8.2.13. K is superstable if and only if K has uniqueness of limit models
in a tail of cardinals.

Remark 8.2.14. For a complete first-order T', (Mod(T), <) is superstable if and only
if T is superstable as a first-order theory, i.e., T is A-stable for every \ > 2/71.

It is important to point out that to establish that K has uniqueness of limit models
of cardinality A, one needs to show first the existence of limit models. Due to Fact
8.2.11), this is equivalent to A-stability.

Another important class of models is that of saturated models.

Definition 8.2.15. M € K is A-saturated if for every N <k M and p € gS(N)
with ||N|| < A, there is a € M such that p = tp(a/N; M). M is saturated if M is
|| M ||-saturated.

A model M is A-model-homogeneous if for every N, N’ € K with N <x M,
N <kx N"and ||N'|| < A, thereis f : N’ - M. Recall that for A > LS(K), a model is
A-saturated if and only if it is A-model-homogeneous. A proof of it appears in [Sh:hl
§I1.1.4].

Superlimit models were introduced in [Sh88] 3.1.(1)] as another possible notion of
saturation on AECs.

Definition 8.2.16. Let K be an AEC. Let M € K and A > LS(K). M is a superlimit
in A if:
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1. M e K,.
2. For every N € K,, there is f : N — M such that f[N] # M.

3. If {M; : i < 6} C K, is an increasing chain, 6 < AT is an ordinal and M; =2 M
for all i < §, then |J,_s M; = M.

<o T

The following fact has some known connections between limit models, saturated
models and superlimits.

Fact 8.2.17 (|[GrVasl7, 2.8], [Drul3l 2.3.10]). Let K be an AEC with amalgamation,
joint embedding and no maximal models.

1. If A > LS(K) and M is a (A, «)-limit model for a € [LS(K)*,A] a regular

cardinal, then M is an a-saturated model.

2. Let A > LS(K) and K be A-stable. K has uniqueness of limit models in A if
and only if every limit model of cardinality A is saturated.

3. Let K be A-stable. If M is a superlimit of cardinality A, then M is a (A, a)-limit
model for every o < A limit ordinal.

4. Let A > LS(K), K be A-stable and assume there exists a saturated model of size
A. K has a superlimit of cardinality A if and only if the union of an increasing
chain (of length less than A1) of saturated models in K, is saturated.

8.2.3 Module theory

All rings considered in this paper are associative with an identity element. A module
M is injective if and only if for every module N, if M < N then M is a direct
summand of N. We say that M is S-injective if and only if M is injective for every
index set I. To consider only countable index sets one needs M to be injective.

Fact 8.2.18 ([Fai66, Proposition 3]). For M an injective module the following are
equivalent.

1. M is X-injective.
2. M®0) is injective.

Recall that a formula ¢ is a positive primitive formula (pp-formula for short), if ¢
is an existentially quantified system of linear equations. Given M and N R-modules,
M is a pure submodule of N, denoted by M <, N, if and only if M is a submodule
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of N and for every pp-formula ¢ it holds that ¢[N] N M = ¢[M]. Equivalently if for
every L right R-module L ® M — L ® N is a monomorphism.

(32-)Pure-injective modules generalize the notion of (3-)injective modules. A mod-
ule M is pure-injective if in the definition of injective module one substitutes “<”
by “<,”. A module M is X-pure-injective if in the definition of X-injective module
one substitutes “injective” for “pure-injective”. In the case of ¥-pure-injectivity it is
enough to consider countable index sets.

Fact 8.2.19 ([Zim77, 3.4]). M is S-pure-injective if and only if M) is pure-injective.

A module M is absolutely pure if every extension of M is pure. The next fact
relates X-injectivity and Y-pure-injectivity.

Fact 8.2.20 ([Pre09, 4.4.16]). For M an R-module the following are equivalent.
1. M is X-injective.
2. M is absolutely pure and Y-pure-injective.

Using the equivalence between Y-pure-injectivity and the descending chain con-
dition on pp-definable subgroups one can show the following (see for example [Pre88|
2.11]).

Fact 8.2.21.
e If NV is X-pure-injective and M <, N, then M is Y-pure-injective.

e If N is Y-pure-injective and M is elementary equivalent to N, then M is -
pure-injective.

We will also use that >-pure-injective modules are totally transcendental.

Fact 8.2.22 ([Pre88| 3.2]). If M is X-pure-injective, then (Mod(Th(M)), <) is A-
stable for every A > |T"h(M)|.

A ring R is left noetherian if every increasing chain of left ideals is stationary.
These were introduced by Noether in [Noe2l|. Following [EXI71], denote by g the
smallest cardinal such that every left ideal of R is generated by less than v elements.
Observe that vz < |R|". We will use the following equivalence later in the paper.
The equivalence between one and four is due to Cartan-Eilenberg-Bass-Papp and the
equivalence between one and two is trivial

Fact 8.2.23 ([Pre09, 4.4.17]). For a ring R the following are equivalent.

1. R is left noetherian.
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2. 7r <N

3. Every injective left R-module is >-injective.

4. Every direct sum of injective left R-modules is injective.
5. Every absolutely pure left R-module is injective.

Recall the notion of a left pure-semisimple ring.

Definition 8.2.24. A ring R is left pure-semisimple if and only if every left R-module
M is pure-injective.

Many equivalent conditions have been found for the notion of a pure-semisimple
ring, see for example [Cha60], [Aus74], [Aus76], [Z-H79], [Sim&81] and [Pre84]. A more
updated set of equivalences is given in [Sim00] and [Pre09, §4.5.1]. Below we give
some of the equivalent conditions for a ring to be left pure-semisimple.

Fact 8.2.25 ([Pre88| 11.3]). For a ring R the following are equivalent.
1. R is left pure-semisimple.
2. Every left R-module M is Y-pure-injective.
3. Every left R-module is the direct sum of indecomposable submodules.

Recall Bumby’s result [Bum65|] and its generalization to pure-injective modules.
A proof of both results (and a discussion of the general setting) appears in [GKSIS,
2.5].

Fact 8.2.26.

e Let M, N be injective modules. If there are f : M — N an embedding and
g : N — M an embedding, then M is isomorphic to N.

e Let M, N be pure-injective modules. If there are f : M — N a pure embedding
and g : N = M a pure embedding, then M is isomorphic to N.

8.2.4 Notation

We will use the following notation which was introduced in [Ch. 7, 3.1].

Notation 8.2.27. Given R a ring, we denote by Thpg the theory of left R-modules.
A (not necessarily complete) first-order theory T' is a theory of modules if it extends
Thpg. For T a theory of modules, let KT = (Mod(T), <,) and |T| = |R| + R,.
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Since we will also work with embeddings we introduce the following notation.

Notation 8.2.28. Given R a ring, we will use the standard notation (R-Mod, Cg)
instead of the model-theoretic notation (Mod(Thg), <) to denote the AEC of left
R-modules with embeddings.

8.3 A new characterization of noetherian rings

In this section we will work in the class of modules with embeddings. Since complete
theories of modules only have pp-quantifier elimination, we do not think that in the
case of classes of modules with embeddings there is a deep theory as the one we
will develop in the next section for pure embeddings. Instead, using some more
rudimentary methods, we will study the class of modules with embeddings.

Remark 8.3.1. It is well-known that (R-Mod, Cg) is an AEC that has amalgama-
tion, joint embedding and no maximal models.

The next assertion describes Galois-types in this context.

Lemma 8.3.2. Let M,N;, Ny € R-Mod, M Cr Ny, Ny, by € N7 and by € N5,
Then:

tp(R-Mod,gR)(Bl/M; Ny) = tp(R-Mod,gR)(BQ/M; Ny) if and only if qf-tp(by /M, Ny) = qf-tp(by/M, Ny)

Proof sketch. The forward direction is trivial, so let us sketch the backward direction.
By the amalgamation property we may assume that Ny = Ny = N. Define f :
<51M> — <[_)2M> as f(E?Zl'r’ibl,i -+ Elesimi) = E?:lribli + Ef;lsimi where <I_75M> is
the submodule generated by b,M inside N for ¢ € {1,2}, r;,s; € R for all i and
m; € M for all . Using that the quantifier free types are equal, it follows that f
is an isomorphism. Then the result follows by applying amalgamation a couple of
times. O

Since we can witness that two Galois-types are different by a quantifier free for-
mula, we obtain.

Corollary 8.3.3. (R-Mod, CR) is (< Ng)-tame.

The above corollary also follows from the general theory of AECs [Vasl7d, 3.7],
since (R-Mod, Cg) is a universal class in the sense of [Tar54] (see [Ch. 3| 2.1] for the
definition).

An analogous argument to the one given in [Ch. 7, 4.8] can be used to show the
following.
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Proposition 8.3.4. Let A be an infinite cardinal. If E € (R-Mod, Cg)x is injective
and U € R-Mod is universal in (R-Mod, Cg)y, then E ® U is universal over E.

The next fact from [EkI71] will be useful.

Fact 8.3.5 ( [EKI71, Proposition 3]). Let A be an infinite cardinal with A > |R| 4+ .
A<7E = X if and only if there is an injective universal model in (R-Mod, Cg),.

With it we will be able to show that (R-Mod, Cg) is stable.

Lemma 8.3.6. Let R be a ring and X be an infinite cardinal with X > |R| + No. If
ASTE =\, then (R-Mod, Cg) is A-stable.

Proof. By Fact there is U an injective universal model in (R-Mod, Cg),. Build
{N; : i < w} by induction such that N; is equal to (7 + 1)-many direct copies of U.
Since U is injective and injective objects are closed under finite direct sums, it
follows that N; is injective for every i < w. Moreover, by Proposition [8.3.4] it follows
that N;, is universal over N; for every i < w. Let N = UKM N;. Observe that N is
a (A, w)-limit model, so by Fact it follows that (R-Mod, Cp) is A-stable. [

From the above theorem and Fact [8.2.11] it follows that there is a (A, )-limit
model for every o < A" limit ordinal and cardinal X\ such that A<7® = X\. The next
lemma characterizes limit models in (R-Mod, Cg).

Lemma 8.3.7. Let R be a ring, A be an infinite cardinal with A > vy + |R| + RN
and o < AT be a limit ordinal. If M is a (N «)-limit model in (R-Mod, Cr) and
cf(a) > g, then M is injective.

Proof. By [EKITI, Lemma 2] it is enough to show that if E = {rsx = as: § < f} is a
system of equations in one free variable x with § < vz and r5 € R, as € M for every
0 < [ and E has a solution in an extension of M, then E has a solution in M.

Let E be a system of equations as in the previous paragraph, M’ € (R-Mod, Cg)»
be an extension of M with b € M’ realizing E and {M; : i < a} be a witness to the
fact that M is a (A, «)-limit model. Since § < yg and cf(a) > g, there is i < o such
that {as : 0 < 8} C M;. Since M, is universal over M; there is f : M’ - M. Tt is

clear that f(b) € M realizes E. O
Using the above lemma, we can obtain an equivalence in Lemma [8.3.6

Corollary 8.3.8. Let R be a ring and A be an infinite cardinal with X > (|R| 4+ Ng)*.
AR = X if and only if (R-Mod, Cg) is A-stable.

Proof. The forward direction is Lemma and the backward direction follows from
the existence of limit models, Lemma [8.3.7] and Fact O
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Doing a similar proof to that of Lemma [8.3.7 and using the equivalence between
saturation and model-homogeneity one can obtain the next result.

Lemma 8.3.9. Let A > (|R|+No)". If M is A\-saturated in (R-Mod, Cg), then M is
mjective.

Since a ring R is noetherian if and only if v < Xy (by Fact|8.2.23)), the next result
follows from the results we just obtained in this section.

Corollary 8.3.10. If R is a left noetherian ring, then:
1. (R-Mod, Cg) is A-stable for every A > |R| + V.

2. There is a (A, )-limit model in (R-Mod, Cg) for every A > |R|+Xy and o < At
limit ordinal.

3. Every limit model in (R-Mod, Cg) is injective.

Moreover, the analogous of [Ch. 7, 4.9] can also be carried out in this context.
Since the proof of the proposition is basically the same as that of [Ch. 7, 4.9] we omit
it.

Proposition 8.3.11. Assume A > (|R| + No)T. If M is a (\,w)-limit model in
(R-Mod, Cr) and N is a (A, (|R| + Ro)1)-limit model in (R-Mod, Cg), then M is

isomorphic to N®o),

With this we obtain a new characterization of left noetherian rings via supersta-
bility[]
Theorem 8.3.12. For a ring R the following are equivalent.

1. R s left noetherian.

2. The class of left R-modules with embeddings is superstable.

3. For every A > |R| + N, there is x > X such that the class of left R-modules
with embeddings has uniqueness of limit models of cardinality x.

4. For every A > |R|+ RN, the class of left R-modules with embeddings has unique-
ness of limit models of cardinality \.

5. For every X > (|R| + Vo)™, the class of left R-modules with embeddings has a
superlimit of cardinality .

6Conditions (4) through (6) of the theorem below were motivated by [GrVas17, 1.3].
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6. For every A > |R| 4+ o, the class of left R-modules with embeddings is \-stable.
7. Every limit model in the class of left R-modules with embeddings is Y-injective.

Proof. (1) = (4) Let A > |R|+X,. By Corollary[8.3.10](2) there is (), a)-limit models
for every av < AT limit ordinal. So we only need to show uniqueness of limit models.
Let M and N be two limit models of cardinality A. By Corollary [8.3.10](3) M and
N are injective and since M embeds into N and vice versa by Fact [8.2.10] it follows
from Fact that M is isomorphic to N.

(4) = (2) and (2) = (3) are clear.

(3) = (1) We will use the equivalence given in Fact [8.2.23/(3), so let M be an
injective module. Since M is injective, it is absolutely pure so by Fact it is
enough to show that M is Y-pure-injective. Let x > (||M]| + |R| + Ro)* such that
(R-Mod, Cg) has uniqueness of limit models of cardinality x. Let N be a (x, (|R| +
No)T)-limit model such that M Cr N. By Proposition N®0) s a (y,w)-limit
model, then by uniqueness of limit models and Lemma[8.3.7] (using that (| R|+Rg)" >
vr) N®) is injective. Then N is Y-pure-injective. Since M is injective, it follows
that M is X-pure-injective by Fact

(1) = (5) Let A > (|R| + Ro)*". By Corollary [8.3.10/(1) (R-Mod, Cp) is A-stable,
so let M be a (A, (|R] + Ng)T)-limit model. Then by condition (4) together with
Fact [8.2.17(2) M is saturated. So by Fact [8.2.17(4) it is enough to show that an
increasing chain of saturated models in (R-Mod, Cg), is saturated. Let {M; :i < 0}
be an increasing chain of saturated models in (R-Mod, Cg), and 6 < A" be a limit
ordinal.

Using that vz < Ny and that M; is injective for every i < § (by Lemma ,
one can show that J,_s M; is an injective module. Moreover, (J,_s M; embeds into
My, because M, saturated, and M, embeds into UK(; M;. Then by Fact My is
isomorphic to | J, s M;. Hence, J,_5 M; is saturated.

(5) = (2) Let A > |R| + Ry and x = (A")"". By Lemma [8.3.6] (R-Mod, Cg)
is y-stable. Therefore there are (y, «)-limit models for every a < x* limit ordinal.
So we only need to show uniqueness of limit models. Let M and N be two limit
models of cardinality x. Let L be a superlimit of size y, then by Fact (3) M is
isomorphic to L and N is isomorphic to L. Hence M is isomorphic to V.

(1) = (6) By Corollary 8.3.10}(1).

(6) = (1) Assume for the sake of contradiction that R is not noetherian, then it
follows that yg > Ny. Let A = 3,(|R| + Ng). Since cf(\) = w, we have by Konigs
lemma that A<7® > X. Then by Corollary it follows that (R-Mod, Cg) is not
A-stable. A contradiction to the hypothesis.

(1) = (7) Let M be a (A, «)-limit model for & < AT limit ordinal. Let u >
(|IM|| + |R| +Xg)" and N be a (p, (|R| + Xo)T)-limit model such that M Cg N, it
exists by Corollary (2) By Proposition N®0) is a (u,w)-limit model,
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then by Corollary (3) N®0) is injective. So N is M-pure-injective. Therefore,
since M is injective by Corollary [8.3.10](3), it follows that M is E-pure-injective by
Fact [8.2.21] Hence M is X-injective by Fact [8.2.20]

(7) = (3) Let A > |R| + Ny and let x > A such that (R-Mod, Cg) is x-stable,
this exist by Corollary There are clearly limit models of cardinality y, so we
only need to show uniqueness of limit models. Let M and N be two limit models of
cardinality x. By hypothesis M and N are injective and since M embeds into N and
vice versa by Fact [8.2.10] it follows from Fact that M is isomorphic to N. [

This is not the first result where noetherian rings and superstability have been
related. As it was mentioned in the introduction, Shelah noticed that superstability of
the theory of modules implies that the ring is left noetherian in [Sh54! §8]. The precise
equivalence he noticed is similar to that of (6) implies (1) of the above theorem. For
a countable w-stable ring a proof is given in [BaMc82, 9.1]. The equivalence between
(1) and (6) is new. Another paper that relates both notions is [GrSh86]. In it, it is
shown (for integral domains) that superstability (in the sense of [GrSh86, 1.2]) of the
class of torsion divisible modules implies that the ring is noetherian.

Remark 8.3.13. Compared to [GrVasl7, 1.3], the above theorem improves the
bounds where the nice propertis show up from Jyirirxg)+ to [R[ +Ng or (|R] + Ro)*
in the class of modules with embeddings. In the introduction of [GrVasl7] is asked if
this bounds can be improved.

Remark 8.3.14. Since (R-Mod, Cg) has amalgamation, joint embedding, no maxi-
mal models and is (< Np)-tame (by Corollary[8.3.3)) . Therefore, we could have simply
quoted the main theorem of [GrVasl7] and [Vasl8| to obtain (5),(6) imply (2) of the
above theorem. We decided to provide the proofs for those directions to make the
paper more transparent and since the proofs in our case are easier than in the general
case.

8.4 A new characterization of pure-semisimple rings

It is possible to obtain a similar proof for Theorem (without conditions (7) and
(8)) as the one presented for Theorem The reason we do not do this is because
there is a deep theory when one considers theories of modules with pure embeddings.
What we will do is to study superstability for any first-order theory of modules with
pure embeddings and as a simple corollary we will obtain Theorem [8.4.28]

Recall that for T a first-order theory of modules (not necessarily complete) K7 =
(Mod(T),<,). In [Ch. 7, 3.4], it is shown that if T is a theory of modules then K”
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is an AEC. Most interesting results do not hold for all AECs, so we will assume, as
in [Ch. 7], the next hypothesis throughout this section.

Hypothesis 8.4.1. Let R be a ring and T be a theory of modules with an infinite
model such that:

1. K7 has joint embedding.
2. K’ has amalgamation.

These may seem like adhoc hypothesis, but there are many natural theories sat-
isfying them. This is the case if T' is a complete theory, but many other examples
are given in [Ch. 7, 3.10]. For the proof of the main theorem, we will only use the
well-known result that K™# = (R-Mod, <,,) satisfies the above hypothesis.

Since the theory of modules has pp-quantifier elimination (see for example [Zie84,
1.1]), one can show the following.

Fact 8.4.2 ([Ch. 7, 3.14]). Let M,N;,N, € K', M <, Ni,N,, by € N7 and
by € Ny, Then:

tp(b1/M; N1) = tp(by/M; No) if and only if pp(bi /M, Ni) = pp(ba/M, N»).

Moreover, if Ny = N, one can substitute the pp-types by the first-order types
([Ch. 7, 3.13)).

8.4.1 The theory T

In [Ch.7, 3.16] it is shown that K7 is A-stable if A7l = X. Then it follows from
Fact that there exist limit models of cardinality A in K? for every cardinal \
such that A7l = \. More importantly and key to the naturality of the theory we will
introduce in this section is the following result.

Fact 8.4.3 ([Ch._7, 4.3]). If M and N are limit models in K”, then M and N are
elementary equivalent.

Let us introduce the main notion of this subsection.

Notation 8.4.4. For T a theory of modules, let My be the (271 w)-limit model of
K” and T = Th(Mry).

It is natural to ask which structures of K7 satisfy the complete first-order theory
T. It follows from Fact|8.4.3|that limit models do, we record this for future reference.

Corollary 8.4.5. If M is a limit model in KT, then M is a model of T.
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The next lemma gives another class of structures satisfying 7.

Lemma 8.4.6. Let A > |T|*. If M is a A-saturated model in K, then M is a model
of T.

Proof sketch. The proof is similar to that of [Ch. 7, 4.3], by using the equivalence
between A-saturation and A-model-homogeneity. O]

Moreover, T' is closed upward under pure extensions.

Lemma 8.4.7. If M is a model of T, N € K" and M <, N, then M < N. In
particular, N is a model of T'.

Proof. Let A = ||N||I"I, then by [Ch."7, 3.16] K is A-stable. Solet N* € K¥ such that
N <, N*and N* is a (A, w)-limit model. By Fact]\I* =M. Then M < N < N*
by [Pre88| 2.25]. Whence M < N and N is a model of T'. O

The next result shows the naturality of T, the proof is similar to that of the above
lemma so we omit it.

Corollary 8.4.8. If M € KT, then there is N a model of T such that M <, N.
Moreover, if T" is a complete first-order theory with this property, then T = T".

The following lemmas show that there is a close relationship between the class
K7 and the first-order theory T'. This is useful since complete first-order theories of
modules are very well understood (see for instance [Pre8§]).

Lemma 8.4.9. For T a theory of modules and A > |T|, the following are equivalent.
1. T is \-stable.
2. KT is \-stable.

Proof. =: Let M € K% and {p; : i < a} be an enumeration without repetitions of
gS(M). Fix p = Ml and N ¢ K a (p,w)-limit model such that M <, N. Then
there is {a; : i < a} C N such that p; = tp(a;/M; N) for every i < a.

Let ® : gS(M) — STMN)(M) be defined by ¢(tp(a;/M;N)) = tp(a;/M,N).
By Fact it follows that @ is a well-defined injective function, so |gS(M)| <
|STRN)(M)]. Finally, since N is a model of T' by Corollary and T is A-stable by
hypothesis, it follows that [ST"™)(M)| < ||M]||. Hence |gS(M)| < || M]|.

<: Let A C N of size A with N =T and N is A-saturated in 7. Let {p; : i < a}
be an enumeration without repetitions of S7(A). Let {a; : i < a} C N such that
pi = tp(a;/A, N) for every i < a.

Let M be the structure obtained by applying downward Lowenheim-Skolem-Tarski
to A in N, observe that |[M]|| = X because A > |T'|. Let ¥ : ST(A) — gS(M) be
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defined by ¢(tp(a;/A, N)) = tp(a;/M; N). By Fact it follows that ® is a well-
defined injective function and doing a similar argument to the one above it follows
that [ST(A)| < | M| = |A]. =

Lemma 8.4.10. For T a theory of modules and A > |T'|", the following are equivalent.
1. M is a model of T and M is A-saturated in T.

2. M is \-saturated in K”.

Proof. =: Let L € K¥, L <, M, ||L|| < X\ and p € gS(L). Let L* be a (||L||"], w)-
limit model such that L <, L* and a € L* with p = tp(a/L; L*).

Realize that L* is a model of T' by Fact , so tp(a/L, L*) € ST(L). Then since
M is M-saturated in T there is b € M such that tp(a/L, L*) = tp(b/L, M). Therefore,
since L* = M and Fact [8.4.2) we conclude that tp(a/L; L*) = tp(b/L; M).

«: By Lemma amodel of T. Let A C M and p € ST(A) with |A] < \.
Let N be an elementary extension of M and a € N such that p = tp(a/A, N). Let
M* be the structure obtained by applying downward Lowenheim-Skolem-Tarski to A
in M, observe that ||[M*|| < A because A > |T|*.

Realize that M* <, M <, N, so tp(a/M*; N) € gS(M*). Then since M is A\
saturated in K7, there is b € M such that tp(a/M*; N) = tp(b/M*; M). Therefore,
since M = N and Fact [8.4.2] we conclude that tp(a/M*, N) = tp(b/M*, M). Hence
b € M realizes p. O

The following result was pointed out to us by an anonymous referee.

Lemma 8.4.11. For T a theory of modules, A > |T'| and o« < \* a limit ordinal, the
following are equivalent.

1. M is a (N «)-limit model in (Mod(T), =<).
2. M is a (N, a)-limit model in KT.

Proof. =: Let {M; : i < a} be a witness to the fact that M is a (), a)-limit model in
(Mod(T),=). Observe that {M; : i < a} is chain of models in K7, so it is enough to
show that M, ; is universal over M; for every i < o in K?. This follows easily from
Lemma B.4.7

<: Let {M; : i < a} be a witness to the fact that M is a (A, «)-limit model in
K”. KT is A-stable, by Fact so let N be a (), w)-limit model over M. Since
M; is universal over M, there is f: N ? M. Then by Lemma[8.4.7|it follows that

0

{M; : 0 < i < a} is an elementary chain of models of T. Using Lemma w once
again, one can show that M;, is universal over M; for every i < ain (Mod(T), =<).
Hence {M; : 0 < i < a} is a witness to the fact that M is a (A, @)-limit model in
(Mod(T), =). O
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Given ¢, v pp-formulas in one free variable such that Thg - ¢ — ¢ and a module
M, Inv(M,¢,v) is the size of ¢(M)/p(M) if |¢(M)/1(M)| is finite and infinity

otherwise.

Lemma 8.4.12. Let T be a theory of modules. If KT is closed under direct sums,
then T is closed under direct sums.

Proof. Recall that My is the (271, w)-limit model of K7 .

I nv(MT,gb, 1) = 1 or oo for every ¢,1) pp-formulas in one free variable
such that Thy F ¢ — ¢.

Proof of Claim: Let ¢, pp-formulas such that Thg I 1 — ¢ and assume for the
sake of contradiction that [ nv(MT, ¢,9) =k > 1for k € N. Since K is closed under
direct sums, My ® My € K7 and by Fact [8.2.10| there is f : My & My — My pure
embedding. Then:

k2 = ]m)(MT @ My, ¢, V) = Im;(f[MT S5 MT]a ¢,1) < I”U(MTa b, ) =k

The first equality and last inequality follow from [Pre88, 2.23]. Clearly the above

inequality gives us a contradiction. {cpaim
Let Ny, N, be models of 7. To show that N; & N, is a model of T, by [Pre88,
2.18] it is enough to show that Inv(Ny @ Ny, ¢,¢) = Inv(Myp, $,v) for every ¢,
pp-formulas in one free variable such that Thg F ¢ — ¢. Since Inv(Ny @ Ny, ¢, 1)) =
Inv(Ny, ¢, 1) Inv(Na, ¢, 1) (by [Pre88| 2.23]), the result follows from the above claim.
[

8.4.2 Superstability in classes closed under direct sums

In this section we will characterize superstability in classes of modules with pure
embeddings closed under direct sums. Several examples of classes satisfying this
hypothesis are given in |[Ch. 7, 3.10].

Remark 8.4.13. Given T a theory of modules, if K' is closed under direct sums
then K7 satisfies Hypothesis by [Ch._7, 3.8]. Nevertheless, we keep Hypothesis
8.4.1| as an assumption to make the presentation smoother.

In [Ch."7, §4] limit models on classes of the form K” were studied. Below we
record the two assertions we will use in this paper.

Fact 8.4.14 ([Ch. 7, 4.5]). Assume A > |T|T. If M is a (), @)-limit model in K”
and cf(«) > |T|*, then M is pure-injective.
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Fact 8.4.15 ([Ch. 7, 4.9]). Assume \ > |T|*" and K is closed under direct sums. If
M is a (A, w)-limit model and N is a (A, |T|*)-limit model, then M is isomorphic to
N ®o)

With this we are ready to obtain the next result.

Lemma 8.4.16. Assume K is closed under direct sums. If there exists p > |T|"
such that KT has uniqueness of limit models of cardinality u, then every (X, a)-limit
model is S-pure-injective for every X > |T| and o < AT limit ordinal.

Proof. Let M € KJ be a (A, a)-limit model. Fix N € K] be a (4, w)-limit model
and N* € KT be a (u, |T|")-limit model. By Fact We have that N = (N*)),
Then by uniqueness of limit models of size u we have that N = N*. Hence
(N*)@) = N*  Moreover, N* is pure-injective by Fact [8.4.14, Therefore, N* is
Y -pure-injective.
Finally, observe that by Fact N* is elementary equivalent to M, hence M is
Y-pure-injective by Fact [8.2.21] O

Observe that in the above proof we did not use the full-strength of uniqueness of
limit models of size p, but the weaker statement that the (u,w)-limit model is iso-
morphic to the (p, |T|T)-limit model. We record it as a corollary for future reference.

Corollary 8.4.17. Assume K is closed under direct sums. If there exists pn > |T|"
such that the (p,w)-limit model is isomorphic to the (u, |T|T)-limit model, then every
(A, a)-limit model is ¥-pure-injective for every A > |T'| and o < A\ limit ordinal.

Lemma 8.4.18. Assume KT is closed under direct sums. If there exists p > |T|"
such that KT has uniqueness of limit models of cardinality ., then K is X-stable for
every A > |T'.

Proof. Since K7 has uniqueness of limit models of size y, by Lemma [8.4.16| My is

Y-pure-injective. Then by Fact [8.2.22) Th(My) = T is A-stable for every A > |T7.
Therefore, it follows from Lemma that K7 is A-stable for every A > |T|. O

The next result is easy to prove, but due to its importance we record it.

Corollary 8.4.19. If M, N are limit models and M, N are pure-injective, then M is
1somorphic to N.

Proof. Since M ,N are limit models, it follows from Fact [8.2.10| that there are f :
M — N and g : N — M pure embeddings. Then by Fact [8.2.26| and the hypothesis
that M, N are pure-injective, we conclude that M is isomorphic to N. O

The next lemma is one of the key assertions of the section. In it we show that
if the class is closed under direct sums, uniqueness of limit models in one cardinal
implies uniqueness of limit models in all cardinals.
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Lemma 8.4.20. Assume K7 is closed under direct sums. The following are equiva-
lent.

1. For every A > |T|, KT has uniqueness of limit models of cardinality .
2. KT is superstable.

3. There exists X > |T|" such that KT has uniqueness of limit models of cardinality
A

Proof. (1) implies (2) and (2) implies (3) are clear, so we show (3) implies (1).

Let A > |T|. By Lemma it follows that K7 is A-stable. Hence for every
a < AT limit ordinal there is a (A, a)-limit model by Fact . So we only need to
show uniqueness of limit models. Let M and N two limit models of cardinality A. By
Lemma we have that M and N are both pure-injective modules. Therefore, it
follows from the above corollary that M is isomorphic to V. O]

We will give several additional equivalent conditions to the ones of Lemma [8.4.20],
but before we do that let us characterize superlimits in classes of modules.

Lemma 8.4.21. Assume K is A\-stable and X\ > |T|". If M is a superlimit of size
A, then M is pure-injective. Moreover, if KT is closed under direct sums, then M is
Y. -pure-injective.

Proof sketch. By Fact 8.2.17(3) M is isomorphic to every (), a)-limit model for
a < A" limit ordinal. Then by Fact M is pure-injective. For the moreover
part, observe that the existence of a superlimit and the stability assumption imply
uniqueness of limit models. Therefore, by Lemma [8.4.16, M is X-pure-injective. [

The following lemma can be proven using a similar technique to Fact [8.2.17}(2)
and using [Ch. 7, 4.5].

Lemma 8.4.22. If M is a (\, |T|")-limit model in KT, then M is saturated in KT .

The following theorem characterizes superstability in classes of modules closed
under direct sums/[]

Theorem 8.4.23. Assume KT is closed under direct sums. The following are equiv-
alent.

1. KT is superstable.

2. There exists X > |T|" such that KT has uniqueness of limit models of cardinality
A.

"Conditions (3) through (6) of the theorem below were motivated by [GrVas17, 1.3].
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For every A > |T|, KT has uniqueness of limit models of cardinality \.
For every A > |T|*, KT has a superlimit of cardinality .

For every A > |T|, KT is \-stable.

S S e

For every X\ > |T|", an increasing chain of \-saturated models in KT is \-
saturated in K7

Proof. (1) < (2) < (3) By Lemma[8.4.20]

(2) = (5) By Lemma [8.4.18]

(5) = (2) By Lemma [8.4.9] T is A-stable for every X\ > |T'|. Then by [Pre88, 3.1
every model of T is Y-pure-injective. Let A = |T|*. By A-stability and Fact
there are (A, a)-limit models for every a < A* limit ordinal. The uniqueness of limit
models of cardinality A follows from the fact that limit models are pure-injective,
since they are models of T' by Corollary , and by Corollary .

(5) = (6) Let {M; : i < 6} C K* be an increasing chain of A\-saturated models.
By Lemma every M; is a model of T and A-saturated in T. Moreover, by
Lemma , for every ¢ < j we have that M; < M;. Therefore, {M, : i < §} is an
increasing chain of A-saturated models in 7.

Then by hypothesis and Lemma m T is superstable as a first-order theory.
Hence, by [Har75), lJ,_; M; is a A-saturated model of 7. Therefore, by Lemma
U,<s M; is A-saturated in K*.

(6) = (2) Let A = 217l and M be a (271, |T|*)-limit model. By Fact [8.4.14] M
is pure-injective and by Lemma M is saturated. Consider {M™ : 0 < n < w}
an increasing chain in K,z where M"™ denotes n-many direct copies of M. Observe
that each M™ is pure-injective (because pure-injective modules are closed under finite
direct sums) and that there are pure embeddings between M"™ and M and vice versa
by Fact[8.2.10] Therefore, by Fact [8.2.26] M = M™ for every n > 0. So in particular,
M™ is | M ||-saturated for every n > 0.

Then by hypothesis M ®0) is || M||-saturated, so M ®0) is saturated. Since saturated
models of the same cardinality are isomorphic, M®0) 22 M. On the other hand, by
Fact [8.4.15] M®) is the (2/71, w)-limit model. Then by Corollary every limit
model is Y-pure-injective. Therefore, by Corollary , K7 has uniqueness of limit
models of size 271,

(4) = (2) Similar to (5) implies (2) of Theorem [8.3.12

(3) = (4) Let A > |T|T. By condition (5) KT is A-stable, so let M be a (X, |T|")-
limit model. By Lemma M is ||M]||-saturated. Moreover, by condition (6)
any increasing chain of || M ||-saturated models is || M ||-saturated. Therefore it follows
from Fact [8.2.17](3) that there is a superlimit of cardinality A.

U

]
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Remark 8.4.24. In [GrVasi7, 1.3] cardinals p, for ¢ € {1,..., 7} were introduced. In
the introduction of [GrVas17] it is asked if it is possible to calculate the values of the
we’s for certain AECs. The above lemma shows that in classes of modules satisfying
Hypothesis and closed under direct sums pz = py = |T| and py, us < |T|*. We
did not calculate the values of pq, us and pg since they measure properties that are
more technical than the ones presented above and which we have not introduced. We
hope to study those properties in future work.

Remark 8.4.25. Let T be a theory of modules such that Hypothesis [8.4.1] holds.
Then by Fact KT is (< Ng)-tame and by hypothesis K? has amalgamation,
joint embedding and no maximal models. Therefore, we could have simply quoted
[GrVasl17, 1.3] to obtain (4),(5),(6) imply (2) of the above theorem. We decided to
provide the proofs for those directions to make the paper more transparent and since
the proofs in our case are easier than in the general case. An important difference
between our methods and those of [GrVasl7] and [Vasl§] is that the results of Gross-
berg and Vasey do not use the hypothesis that the class is closed under direct sums,

but only Hypothesis [8.4.1. We will come back to this in Subsection 4.4.

8.4.3 Algebraic characterizations of superstability and pure-
semisimple rings

We begin by giving algebraic characterizations of superstability in classes of modules
closed under direct sums.

Theorem 8.4.26. Assume K7 is closed under direct sums. The following are equiv-
alent.

1. KT is superstable.

2. There exists X > |T|" such that KT has uniqueness of limit models of cardinality
A.

7. Every M € KT is pure-injective.

8. There exists X > |T|* such that KT has a S-pure-injective universal model in
K.

9. Every limit model in KT is Y-pure-injective.

Proof. (1) = (2) By Theorem [8.4.23
(2) = (9) By Lemma [8.4.16]
(9) = (7) Let M be an R-module and let p = || M ||+,
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By [Ch. 7, 3.16] K7 is p-stable, so let N be a (u, w)-limit model such that M <, N.
Then by hypothesis N is ¥-pure-injective. As M <, N, by Fact it follows that
M is Y-pure-injective. Hence M is pure-injective.

(7) = (8) Let A = 271 then by [Ch. 7, 3.16] K" is A-stable. Let M be a (A, w)-
limit model. M is universal in K% by Fact and M is Y-pure-injective by
condition (7) and closure under direct sums.

(8) = (2) Let A > |T|" and M be a Y-pure-injective universal model in KI. As
n (6) to (2) of Theorem [3.4.23] consider {M™ : 0 < n < w} an increasing chain in
KZ%. Observe that M™! is universal over M™ for every n > 0 by [Ch._7, 4.8]. Hence
the chain witnesses that M®0) is a (\,w)-limit model in K”. So K’ is A-stable by
Fact We are left to show uniqueness of limit models of size A\. Let N; and
N, be two limit models of cardinality A. Since M®0) N; and N, are elementary
equivalent by Fact and M is Y-pure-injective by hypothesis, then N; and Ny
are pure-injective by Fact [8.2.21] So from Corollary we conclude that N is
isomorphic to Ny. Therefore, KT has uniqueness of limit models of cardinality ).

O

Remark 8.4.27. In [Ch. 7, 4.10], stability is characterized by the existence of a pure-
injetive universal model. The equivalence between (1) and (8) is another instance of
how the existence of a universal model can be used to characterize an stability-like

property.

The next theorem gives many equivalent conditions to the notion of pure-semisimple
ring and relates it to superstability. It follows directly from Theorem [8.4.23] and
Theorem [8.4.26 as a ring R is pure-semisimple if and only if every M € KTPr is

pure-injective (Definition ﬂ

Theorem 8.4.28. For a ring R the following are equivalent.
1. R is left pure-semisimple.
2. KThe s superstable.

3. There exists X > (|R| + Vo)™ such that K™ has uniqueness of limit models of
cardinality \.

4. For every A > |R| + No, KTh% has uniqueness of limit models of cardinality .
5. For every X > (|R| +No)*, K™= has a superlimit of cardinality .

6. For every A > |R| + Ry, KT is \-stable.

8Conditions (4) through (7) of the theorem below were motivated by [GrVasI7, 1.3].
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7. For every A > (|R| + Ro)T, an increasing chain of \-saturated models in KTh=
is A\-saturated in KThe |

8. There exists A > (|R| + No)T such that KTh® has a S-pure-injective universal
model in thR.

9. Every limit model in K™ is S -pure-injective.

As it was mentioned in the introduction, Shelah noticed that superstability of the
class of modules and pure-semisimple rings are equivalent in Theorem 8.7 of [Sh54]
(without mentioning pure-semisimple rings). The precise equivalence Shelah noticed
is similar to the equivalence between (1) and (6) of the above theorem. Shelah does
not prove that pure-semisimplicty implies superstability of the theory of modules
((2) to (1) of his Theorem 8.7). The notion of superstability studied in [Sh54, §8]
is not first-order superstability, but superstability with respect to positive primitive
formulas. This is equivalent to our notion of superstability in the class of modules by
Fact [8.4.2] For the direction that Shelah provides a proof ((1) to (5) of his Theorem
8.7), his technique is different from ours as he proceeds by contradiction and builds
a tree of formulas.

One can add one more equivalent condition to the above theorem.

Lemma 8.4.29. For a ring R the following are equivalent.
1. R is left pure-semisimple.

3. There exists X > (|R| + Ro)T such that KT™"® has uniqueness of limit models of
cardinality .

10. For all theories of modules T and for all X > |R|+ o, if KT satisfies Hypothesis
and it is closed under direct sums, then K* has uniqueness of limit models
of cardinality .

Proof. (1) implies (10) follows from condition (7) of Theorem [8.4.26 Moreover, it is
clear that (10) implies (3). O

Assuming that the ring is left coherent, Theorem [8.4.26] can further be used to

obtain a new characterization of left noetherian rings.

Lemma 8.4.30. Let R be a left coherent ring and K 45 be the class of absolutely pure
left R-modules. R is left noetherian if and only if Ky = (K s, <) is superstable.

Proof. Since R is left coherent, by [Pre(9, 3.4.24], there is T a first-order theory such
that Mod(T) = Kaps. Observe that for absolutely pure modules embeddings are the
same as pure embeddings. Moreover, absolutely pure modules are closed under direct
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sums and because of it have joint embedding and amalgamation with respect to pure
embeddings by [Ch. 7, 3.8]. Therefore, we can use the results of Theorem [8.4.26]
More precisely, we will show the equivalence with condition (7) of Theorem [8.4.26]
i.e., we will show that R is left noetherian if and only if every absolutely pure module
is pure-injective.

If R is left noetherian, then every absolutely pure module is injective by Fact
(5) Hence every absolutely pure module is pure-injective.

If every absolutely pure module is pure-injective, then it is clearly injective. Thus

R is left noetherian by Fact [8.2.23/(5). O

Remark 8.4.31. The above assertion is still true without the assumption that R is
left coherent. That case lies outside of the scope of the present paper as in that case
the class of absolutely pure modules is not first-order axiomatizable. That result is
presented in [Ch. 11] .

Remark 8.4.32. Assuming that the ring is right coherent, Theorem [8.4.26| can also
be used to characterize left perfect rings. The proof is similar to that of Lemma[8.4.30]
but we do not present it as we have not introduced many of the notions needed to
setup the proof. Moreover, a proof without the assumption that the ring is right
coherent is given in [Ch. 9| 3.15]. That case is significantly more intricate as the class
of flat modules is not first-order axiomatizable and is not closed under pure-injective
envelopes.

We think that Theorem [8.3.12 Theorem and Lemma hint to the
the fact that limit models and superstability could shed light in the understanding of
algebraic concepts. They also provide further evidence of the naturality of the notion
of superstability.

8.4.4 Superstable classes

In this section we will characterize superstability in classes of modules without as-
suming that the class is closed under direct sums. As in previous subsections we
assume Hypothesis [8.4.T] In this section we assume the reader has some familiarity
with first-order model theory.

Recall that given 7" a complete first-order theory, x(7") is the least cardinal such
that every type of 7" does not fork over a set of size less than x(7”). In this case,
nonforking refers to first-order nonforking. Since it is well-known that «(7") < |T"|*
for stable theories, the following improves [Ch. 7, 4.7].

Lemma 8.4.33. Let A > |T| and o, B < A* be limit ordinals. If M is a (A, )-limit
model in KT, N is a (X, 8)-limit model in KT and cf(a),cf(B) > w(T), then M is

isomorphic to N.
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Proof. By Lemma M is a (X, @)-limit model in (Mod(T), <) and N is a (), §)-
limit model in (Mod(T'),<). Then it follows from [GVV16, 1.6] that M and N
are both saturated models of cardinality A in T. Therefore, we conclude that M is
isomorphic to N. O

Recall the following notions introduced in [Vasl8, §2]. Given an AEC K and
p a cardinal, Stab(K) = {p : K is p-stable} and x(K,, <) is the set of regular
cardinals x such that whenever {M; : ¢ < x} is an increasing chain in K, with M,
is universal over M; for every i < y and p € gS(UKX M;), then there is i < x such
that p does not split over M;. Since we will not use the notion of splitting, we will not
introduce it. It is somehow similar to first-order splitting, the definition is presented
in [Vas1g 2.3].

In |[Ch. 7, 4.12] it is asked to describe the spectrum of limit models for classes of
the form K? where T is a theory of modules. The case when the ring is countable is
studied in [Ch. 7, 4.12]. The next result provides a partial solution to that question.

Theorem 8.4.34. Let A > |T|* be a reqular cardinal. Let M be a (A, &)-limit model
in KT, then:

1. If cf(a) > k(T), then M is isomorphic to the (X, \)-limit model.
2. If cf(a) < K(T), then M is not isomorphic to the (\, \)-limit model.

Proof. (1) follows from Lemma [8.4.33 and the fact that (7)) < |T|*. So we prove
(2). Assume for the sake of contradiction that M is isomorphic to the (A, A)-limit
model in K” and let K := (Mod(T), X). i i

Since cf () < w(T), by [VasI8, 4.8] cf(a) ¢ x(K) = U, ,esian@) £Ku, <p'). Si~nce
M is a limit model in K7, by Fact [8.2.11] K” is A-stable so by Lemma K is

A-stable. Hence cf(a) ¢ £(Kx, <F"). Then by definition of s thereis {L; : i < cf(a)}

an increasing chain in K, with L, universal over L; and p € gS(U; <ef(a) L;) such
that p splits over L; in K for every i < cf ().

Observe that L = ;s Li is @ (A, cf(a))-limit model in K” by Lemma .
Then doing a back-and-forth argument L = M. And since by hypothesis M is
isomorphic to the (A, A)-limit model, L is isomorphic to it. By Fact [8.2.17(1) it
follows that L is a A-saturated model in K”. So by Lemma [8.4.10| L is A-saturated
in K. Then by [Vas18, 4.12] there is ¢ < cf(«) such that p does not split over L; in

K. This contradicts the choice of the L.s. O

Moreover, the result of the above theorem gives a positive solution above |T|*
to Conjecture 2 of [BoVan| in the case when T is a theory of modules satisfying
Hypothesis [8.4.1}
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Corollary 8.4.35. Let T be a theory of modules such that KT satisfies Hypothesis
8.4.1. Assume that X > |T|* is a reqular cardinal such that KT is X-stable. Then

Ay = {a < X\ :cf(a) = a and the (A, «)-limit model is isomorphic to the (X, \)-limit model}
15 an end segment of reqular cardinals.

We finish this section by presenting a similar result to Theorem [8.4.23] but without
the assumption that 7" is closed under direct sums.

Theorem 8.4.36. Assume K' satisfies Hypothesis . The following are equiva-
lent.

1. K7 is superstable.
For every A > 2171, KT has uniqueness of limit models of cardinality \.
For every A > 2171 K" has a superlimit of cardinality \.

For every A > 2171 KT is \-stable.

For every N > 271, an increasing chain of A-saturated models in KT is \-
saturated in KT

Proof sketch. (1) = (4) By (1) and Lemma m 8.4.11| odi ) has uniqueness of
8.2.11]

limit models in a tail of cardinals. Then by Fact |8 T is stable in a tail of
cardinals. Since T is a first-order theory, the tail has to begin at most in 2/7!.

(4) = (2) By LemmaMT is superstable, then by [Sh:a] (see [GrVasi7, 1.1.(3)])
#(T) = Ry. The result follows from Fact and Lemma

(2) = (1) Clear.

(4) = (5) Similar to (5) implies (6) of Theorem

(5) = (4) The idea is to prove that 7' is superstable and then by Lemma|8.4.9| the
result would follow. To prove that T is superstable, by [Shua] (see [GrVasI7, 1. 1 (2)])
it is enough to show that an elementary increasing chain of A-saturated models in
T is A-saturated. The proof is similar to (5) implies (6) of Theorem m 8.4.28 by using
Lemma 8.4.101

(2) = (3) Similar to (3) implies (4) of Theorem [8.4.23]

3) = (4) Assume for the sake of contradiction that (4) fails, then by Lemma
8.4.9| T is not superstable. Then by [Shia] (see [GrVasI7, 1.1.(3)]) x(T) > Ry. Let
A = (2ITH*. Observe that K7 is A-stable since A7l = X, so by Fact (3) and (3)
K has uniqueness of limit models in A\. Now, by Theorem .(2), we know that
the (A, w)-limit model is not isomorphic to the (A, A)-limit model, which clearly gives
us a contradiction. O
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Remark 8.4.37. Compared to [GrVasl7, 1.3], the above theorem improves the
bounds where the nice properties show up from :(2\T|)+ to 2Tl in the case of classes
of modules satisfying Hypothesis It is worth pointing out that to obtain (3),
(5) imply (1) we could have simply quoted [GrVasl7, 1.3]. We decided to provide the
proofs for those direction to make the paper more transparent and to show the deep
connection between K7 and 7.

Besides the difference in the bounds between Theorem [8.4.23] and Theorem [8.4.36]
The techniques are also quite different, while the proof of the first theorem relies more
on algebraic notions, the proof of the second theorem relies heavily on model theoretic
methods.



Chapter 9

On superstability in the class of
flat modules and perfect rings

This chapter is based on [Ch. 9].

Abstract

We obtain a characterization of left perfect rings via superstability of the class of flat
left modules with pure embeddings.

Theorem 9.0.1. For a ring R the following are equivalent.
1. R is left perfect.
2. The class of flat left R-modules with pure embeddings is superstable.

3. There exists a A > (|R| + No)T such that the class of flat left R-modules with
pure embeddings has uniqueness of limit models of cardinality ).

4. Bvery limit model in the class of flat left R-modules with pure embeddings is
Y-cotorsion.

A key step in our argument is the study of limit models in the class of flat modules.
We show that limit models with chains of long cofinality are cotorsion and that limit
models are elementarily equivalent.

182
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We obtain a new characterization via limit models of the rings characterized in
[Roth02]. We show that in these rings the equivalence between left perfect rings and
superstability can be refined. We show that the results for these rings can be applied
to extend [Sh820L, 1.2] to classes of flat modules not axiomatizable in first-order logic.

9.1 Introduction

An abstract elementary class (AEC for short) is a pair K = (K, <gk), where K
is class of structures and <k is a partial order on K extending the substructure
relation. AECs are closed under directed limits and every subset of a model in
the class is contained in a small model in the class. Shelah introduced them in
[Sh88] to capture the semantic structure of non-first-order theories. Some interesting
algebraic examples are: abelian groups with embeddings, torsion-free groups with
pure embeddings, R-modules with embeddings, R-modules with pure embeddings and
first-order axiomatizable classes of modules with pure embeddings. In this paper, we
focus on the class of flat modules with pure embeddings. This is an AEC because
flat modules are closed under pure submodules and directed limits. This class was
already considered in [LRV1al §6].

Superstable theories were introduced by Shelah in [Shl] as part of his project
to find dividing lines on the class of complete first-order theories. This project is
still central in current research in model theory. Extensions of superstability for
non-first-order theories were first studied in Grossberg’s PhD thesis and published in
[GrSh86]. In the context of AECs, superstability was first considered in [Sh394], but
it was not until the work of Grossberg and Vasey ([GrVas17], [Vas18]) that it was fully
grasped. In [GrVas17, 1.3] and [Vas1§|, it was shown (under extra hypotheses that are
satisfied by the class of flat modulesED that superstability is a well-behaved concept
and many conditions that were believed to characterize superstability were found to
be equivalent. Grosberg’s and Vasey’s work builds on significant results of Boney,
Shelah, Villaveces, and VanDierenE] Due to this and the important role that limit
models play in this paper, we say that an AEC is superstable if it has uniqueness
of limit models on a tail of cardinalsﬁ This particular definition of superstability
appears for the first time in |[GrVas1T].

A ring R is left perfect if every flat left R-module is a projective module. Left

'The hypothesis are amalgamation, joint embedding, no maximal models and tameness.

2A more detailed account of the development of the notion of superstability in AECs can be
consulted in the introduction of [GrVaslT].

3For a complete first-order T', (Mod(T), =) is superstable if and only if T is superstable as a
first-order theory, i.e., T'is A-stable for every X\ > 271
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perfect rings were introduced by Bass in [Bas60]. They play a significant role in
homological algebra (see [Lam91, §8]). Xu was the first to notice a relation between
perfect rings and cotorsion modules in [Xu96, 3.3.1].

In this paper, we provide further evidence that the concept of superstability has
algebraic significance. In the context of AECs this was first noticed in [Ch. §|. Prior
to it, there were a few papers [ShH4|, [BaMc82] and |GrSh86] where notherian rings,
artinian rings and superstability were related.

More precisely, we characterize left perfect rings via superstability of the class
of flat left modules with pure embeddings. The main theorem of the paper is the
following.

Theorem [9.3.15]  For a ring R the following are equivalent.

1. R is left perfect.
2. The class of flat left R-modules with pure embeddings is superstable.

3. There exists a A > (|R| + No)T such that the class of flat left R-modules with
pure embeddings has uniqueness of limit models of cardinality X.

4. Bvery limit model in the class of flat left R-modules with pure embeddings is
Y:-cotorsion.

In order to obtain the above equivalence, we study the limit models in the class of
flat modules. We show that limit models with chains of long cofinality are cotorsion
(Theorem [9.3.5), show that limit models are elementarily equivalent (Lemma
and characterize limit models with chains of countable cofinality (Lemma [9.3.13)).

Merging the main theorem of this paper together with the characterization of
noetherian rings via superstability obtained in [Ch. 8 3.12]; we obtain a characteri-
zation of artinian rings via superstability (Corollary [9.3.17).

In contrast to previous results on limit models with chains of long cofinality [Ch. 5,
4.10], [Ch._7, 4.5], limit models with chains of long cofinalities in this case might not
be pure-injective. This happens precisely because the class of flat modules is not
necessarily closed under pure-injective envelopes. We obtain the following.

Theorem [9.4.10L.  For a ring R the following are equivalent.

1. Every (A, a)-limit model in the class of flat modules (with pure embeddings) with
A> (|Rl 4+ Ng)™ and cf(a) > (|R| + o)™ is pure-injective.

2. The pure-injective envelope of every flat left R-module is flat.

Since the rings characterized in [Roth(02] are precisely those that satisfy the sec-
ond condition of the above theorem, the result gives a new characterization of such
rings. In these rings we characterize the Galois-types and the stability cardinals of
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the class of flat modules with pure embeddings. As a simple corollary we obtain a
result of Shelah regarding universal torsion-free abelian groups with respect to pure
embeddings [Sh820) 1.2] (see Lemma and the remark below it). Moreover, by
using that flat cotorsion modules are the same as pure-injective modules in this spe-
cial case, we are able to lower the bound in Theorem [9.3.15| where the tail of cardinals
where uniqueness of limit models begins to |R| + Xy (Theorem [9.4.12).

The class of flat modules is not first-order order axiomatizable [SaEKT1, Theo. 4],
but it is axiomatizable in L, [HeRo09, §2]. Due to this, the results of this paper
lie outside of the scope of first-order model theory and hint to the importance of the
development of non-first-order methods.

The paper is divided into four sections. Section 2 presents necessary background.
Section 3 studies limit models in the class of flat modules with pure embeddings and
provides a new characterization of left perfect rings via superstability of the class of
flat modules. Section 4 studies limit models in the class of flat modules under an
additional assumption, characterizes this assumption via limit models and provides a
refinement of the main theorem under the additional hypothesis.

This paper was written while the author was working on a Ph.D. under the di-
rection of Rami Grossberg at Carnegie Mellon University and I would like to thank
Professor Grossberg for his guidance and assistance in my research in general and in
this work in particular. I would like to thank Thomas G. Kucera for sharing his mod-
ule theoretic knowledge. I would like to thank John T. Baldwin, Philipp Rothmaler
and the referee for many valuable comments that significantly improved the paper.

9.2 Preliminaries

We present the basic concepts of abstract elementary classes that are used in this
paper. These are further studied in [Bal09, §4 - 8] and [Gro2Xl §2, §4.4]. An in-
troduction from an algebraic point of view is given in [Ch. 6 §2]. Regarding the
background on module theory, we give a brief survey of the concepts we will use
in this paper and present a few concepts throughout the text. The main module
theoretic ideas used in this paper are studied in detail in [Xu96].

9.2.1 Abstract elementary classes

Abstract elementary classes (AECs) were introduced by Shelah in [Sh88| 1.2]. Among
the requirements we have that an AEC is closed under directed limits and that every
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set is contained in a small model in the class. The reader can consult the definition
in [Bal09] 4.1].

Notation 9.2.1.

e Given a model M, we will write |M| for its underlying set and ||M|| for its

cardinality.

e If )\ is a cardinal and K is an AEC, then K, = {M € K : | M| = A\}.

o Let M, N € K. If we write “f : M — N”, we assume that f is a K-embedding,

e, f: M= fI[M] and f[M] <k N. In particular, K-embeddings are always
monomorphisms.

In [Sh300] Shelah introduced a notion of semantic type. The original definition
was refined and extended by many authors who following [Gro02] call these semantic
types Galois-types (Shelah recently named them orbital types). We present here the
modern definition and call them Galois-types throughout the text. We follow the
notation of [Ch. 3| 2.5].

Definition 9.2.2. Let K be an AEC.

1.

D.
6.

Let K? be the set of triples of the form (b, A, N), where N € K, A C |N|, and
b is a sequence of elements from N.

For (bl,Al,Nl), (bQ,AQ,Ng) € K3, we say (bl,Al,Nl)Eg(bz,Ag,Ng) if A=
Ay = Ay, and there exist K-embeddings f, : N, 7 N for ¢ € {1,2} such that
fl(bl) = fg(bg) and N € K.

Note that FX is a symmetric and reflexive relation on K3. We let E¥ be the
transitive closure of EX.

. For (b, A, N) € K3, let tpg(b/A; N) := [(b, A, N)]zx. We call such an equiva-

lence class a Galois-type. Usually, K will be clear from the context and we will
omit it.

For M € K, gSx(M) = {tpg(b/M;N) : M <xk N € K and b € N}.
For tpg(b/A; N) and C C A, tpx(b/A; N) [¢:=[(b,C,N)|g.

Definition 9.2.3. An AEC K is A-stable if for any M € K, [gSg(M)| < A.

Recall the following notion that was isolated by Grossberg and VanDieren in
|GrVan06].
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Definition 9.2.4. K is (< k)-tame if for any M € K and p # q € gS(M), there is
A C |M| such that |A| < k and p [47# q [a.

Before introducing the concept of limit model we recall the concept of universal
extension.

Definition 9.2.5. M is A-universal over N if and only if N < M and for any
N* € K<) such that N <x N*, thereis f: N* 7 M. M is universal over N if and

only if || N|| = || M| and M is ||M ||-universal over N.

With this we are ready to introduce limit models, they were originally introduced
in [KolSho6].

Definition 9.2.6. Let A be an infinite cardinal and a@ < A™ be a limit ordinal. M is
a (A, a)-limit model over N if and only if there is {M; : i < a} C K, an increasing
continuous chain such that My := N, M;,, is universal over M; for each i < o and
M =U,., M.

M is a (A, «)-limit model if there is N € K, such that M is a (), «)-limit model
over N. M is a Mlimit model if there is a limit ordinal o < A* such that M is a
(A, @)-limit model. We say that M is a limit model if there is an infinite cardinal A
such that M is a A-limit model.

Observe that if M is a A-limit model, then M has cardinality A\. The next fact
gives conditions for the existence of limit models.

Fact 9.2.7 ([Sh:h, §II], [GrVan06, 2.9]). Let K be an AEC with joint embedding,
amalgamation and no maximal models. If K is A-stable, then for every N € K, and
limit ordinal v < AT there is M a (A, @)-limit model over N. Conversely, if K has a
A-limit model, then K is A-stable

The key question regarding limit models is the uniqueness of A-limit models for
a fixed cardinal \. When the lengths of the cofinalities of the chains of the limit
models are equal, one can show that the limit models are isomorphic by a back-and-
forth argument.ﬁ Therefore, the question is what happens when the cofinalities of
the chains of the limit models are different. This has been studied thoroughly in the
context of abstract elementary classes [ShVi99], [Van06], [GVV16], [Bon14], [Van16l,
[BoVan| and [Vas19].

Definition 9.2.8. K has uniqueness of limit models of cardinality X if K has A-limit
models and if given M, N A-limit models, M and N are isomorphic.

4Hence, for a fixed cardinal A and a fixed limit ordinal o < AT, there is a unique (), a)-limit
model.
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In [GrVasl7, 1.3] and [Vas18| it was shown that for AECs that have amalgamation,
joint embedding, no maximal models and are tame, the definition below is equivalent
to every other definition of superstability considered in the context of AECs. Since

the class of flat modules with pure embeddings satisfies these properties (see Fact
9.3.1)), we introduce the following as the definition of superstability.

Definition 9.2.9. K is a superstable AEC if and only if K has uniqueness of limit
models on a tail of cardinals.

Remark 9.2.10. For a complete first-order theory T, (Mod(T'), <) is superstable
if and only if T is superstable as a first-order theory, i.e., T is A-stable for every
A > 2I71 The forward direction follows from Fact and the backward direction
from [GVV16] 1.6].

Finally, recall the standard notion of a universal model.

Definition 9.2.11. Let K be an AEC and A be a cardinal. M € K is a universal
model in Ky if M € K, and if given any N € K, there is a K-embedding f : N — M.

The following fact will be useful.

Fact 9.2.12 (|Ch. 5l 2.10]). Let K be an AEC with the joint embedding property.
If M is a A-limit model, then M is a universal model in K.

9.2.2 Module Theory

All rings considered in this paper are associative with an identity element. Recall that
a left R-module F'is flat if (—) ® F' is an exact functor. M is a pure submodule of N,
denoted by <, if for every L right R-module L ® M — L ® N is a monomorphism.

Notation 9.2.13. Given a ring R, let K¥ = (K4, <) where Ky is the class of
flat left R-modules and <, denotes the pure submodule relation.

We assume the reader is familiar with pure-injective modules (see for example
[Pre88|, §2]) and focus on cotorsion modules. Cotorsion modules were introduced by
Harrison in [Har59].

Definition 9.2.14. A left R-module M is cotorsion if and only if Ext!'(F, M) = 0
for every flat module F', or equivalently, every short exact sequence 0 - M — N —
F — 0 with F a flat module splits.

It is easy to check that a pure-injective module is a cotorsion module. The fol-
lowing generalization of Bumby’s result [Bum65] will be useful.
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Fact 9.2.15 ( [GKSIS8, 2.5]). Let M, N be flat cotorsion modules. If there are f :
M — N a pure embedding and g : N — M a pure embedding, then M and N are
isomorphic.

Similar to the notion of pure-injective envelope there is the notion of cotorsion
envelope. These are thoroughly studied by Xu in [Xu96, §1, 3.4].

Definition 9.2.16. Let M be a module, M —; C(M) is the cotorsion envelope of
M if and only if

1. If ¢ : M — C and C' is a cotorsion module, then there is f : C(M) — C such
that ¢ = f o1.

2. If an endomorphism f : C(M) — C(M) is such that ¢ = f o4, then f is an
automorphism.

The existence of a cotorsion envelope for every module is a deep result that is
equivalent to the Flat Cover Conjecture. The Flat Cover Conjecture was asserted by
Enoch in [Eno81] and proved twenty years later by Bican, El Bashir and Enochs in
[BEEO1]. We will use that there are cotorsion envelopes a few times in the text.

An easy assertion that we will use is the following.

Fact 9.2.17 ([Xu96| 3.4.2]). If M <—; C(M) is a cotorsion envelope, then C(M)/M
is flat and M <, C(M). Moreover, if M is flat, then C(M) is flat.

We will also work with the following class of modules.

Definition 9.2.18. A left R-module M is ¥-cotorsion if and only if M) is a cotorsion
module for every index set I.

Left perfect rings were introduced by Bass in [Bas60]. They play a significant role
in homological algebra and have been thoroughly studied, see for example [Lam91]

§8].

Definition 9.2.19. A ring R is left perfect if every flat left R-module is a projective
module.

Below we give some equivalent conditions that characterize left perfect rings. Fur-
ther equivalent conditions that mention cotorsion modules are given in [GuHe05].

Fact 9.2.20 ([Xu96, 3.3.1]). For a ring R the following are equivalent.
1. R is left perfect.
2. Every flat left R-modules is cotorsion.

3. Every left R-module is cotorsion.
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9.3 The main case

In this section, we will work with the class of flat modules with pure embeddings. We
obtain a characterization of left perfect rings via superstability of the class of flat left
modules with pure embeddings (Theorem [0.3.15). This is obtained by understanding
the limit models of the class.

The next result follows from [LRV1al, §6].

Fact 9.3.1. Let R be ring and K7 = (Kjjq, <) where K is the class of flat left
R-modules.

1. K7 is an AEC with LS(K”) = |R| + N,.
2. K7 has joint embedding, amalgamation and no maximal models.
3. There is a cardinal 6y > |R| + Ny such that if A% = X\, then K7 is \-stable.

4. There is a cardinal 6; > |R| + RNy such that K7 is 6;-tame for Galois-types of
finite length.

Proof. Observe that in the class of flat modules, N/M is flat if and only if M is a
pure submodule of N (see for example [Ste75l 11.1]). Therefore we can use the results
obtained in [LRVT1al, §6]. Since K” is a flat-like category in the sense of [LRVT1al, 6.11]
and K7 is closed under pure submodules, then by [LRV1al 6.20, 6.21] it follows that
K7 is an AEC with amalgamation and moreover it has a stable independence notion.
Then by [LRV19, 8.16] it follows that (3) and (4) hold. That joint embedding and no
maximal models hold, follows from the fact that flat modules are closed under direct
sums. [

Notation 9.3.2. Fix 6, and 6; as the least cardinals such that (3) and (4) of Fact
9.3.1 hold.

A natural question to ask is the value of 6y and 6;. We say more about this in
the next section under additional assumptions, but for now we focus on proving the
main theorem of the paper (Theorem [9.3.15)).

Since K7 has joint embedding, amalgamation and no maximal models, from Fact
and Fact [9.2.7] it follows that K7 has a (), @)-limit model if A% = X and @@ < A*
is a limit ordinal. As hinted by previous results [Ch. 5], [Ch. 7], limit models with
chains of long cofinality are easier to understand than limit models with chains of
small cofinality so we study these first.

Before we characterize these limit models, we need to carefully work with some of
the ideas of [GuHe06] and |[GuHe0T7]. Recall the following definition.
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Definition 9.3.3 ([GuHe06, Def. 1]). Let I be a directed system, (n;)ie; € N,
A = (Ajj)ic; with A;; a n; x n; matrix with coefficients in R and (Z;);er with Z;
an n;-tuple of variables. Given M a left R-module and b = (b;;)i<; € IL;<;M™, we
associate the system:

O (F)ier == {7 — AyT; = bij}iey.

We call a system of linear equations divisible of size X if it is of the form Qé(:ﬁi)ie I
for every ¢ < j < k it holds that A;;A;; = Ay, for every ¢ € I it holds that A;; = id
and 1| = .

The next assertion is a minor improvement of [GuHe06l Cor. 3].

Fact 9.3.4. A left R-module M is cotorsion if and only if every finitely solvable
divisible system of linear equations in M of size at most |R| 4+ X, is solvable in M.

Proof. The forward direction is [GuHe06, Cor. 3]. For the backward direction, recall
that to show that M is cotorsion it is enough to show, by [BEEOI, Prop. 2|, that
Ezt'(F,M) = 0 for every flat module F of cardinality at most |R| + Ry. Then
remember that in Lazard’s Theorem the index set I to get a flat module F as a
direct limit of finitely generated free R-modules is contained in {(J,N) : J Cg,
F x7Z and N < R¥>?) finitely generated} (see for example [Osb00, 8.16]). This set
has size at most |R| + R if |F| < |R| 4 No. Then by repeating the argument given in
[GuHe06l p. 3,4] one can obtain the result. ]

With this we are able to characterize limit models of big cofinality.

Theorem 9.3.5. Assume A > (|R| + Ro)™. If M is a (), «)-limit model in K* and
cf(a) > (|R| + Ro)™*, then M is a cotorsion module.

Proof. Fix {Mp : f < a} a witness to the fact that M is a (A, @)-limit model. By
Fact it is enough to show that every finitely solvable divisible system of linear
equations in M of size at most |R| + Xy is solvable in M. Let Qi (Z;)ier be a divisible
system of linear equations satisfying these hypotheses. i

Consider C'(M) the cotorsion envelope of M, observe that Q{1(z;)sc; is finitely
solvable in C(M) because M <, C(M). Since C(M) is cotorsion, by Fact
Q2 (Z:)ier is solvable in C(M). Let (¢)ie; € I;C(M)™ be a solution.

Since cf(a) > (|R| + No)" and |I| < |R| + Ry, there is an ordinal 8 < « such that
{b;; : i < j} C Ms. Observe that C(M) € K and Mg <, C(M) by Fact .
Then applying the downward Léwenheim-Skolem-Tarski axiom to Mg U {¢; : i € I}
in C(M) we obtain M* € K{ such that Mz <, M* and {¢; : i € [} C M*. Then
there is f : M* g Mg.1, because Mg,y is universal over Mg. Since {b;; : i < j} is

8

fixed by the choice of Mg, it is easy to see that {f(¢;) : i € I} C Mgy <, M is a
solution to Q{}(;);e; in M. Therefore, M is cotorsion. O
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Remark 9.3.6. The reader might wonder if the limit model above is pure-injective
instead of just cotorsion. This is not the case as the class of flat modules is not
necessarily closed under pure-injective envelopes. We will study this with more detail
in the next section.

Since limit models are universal models by Fact [9.2.12] the following follows from
Fact [9.2.15]

Corollary 9.3.7. Let X be a cardinal. If M, N are \-limit models in K7 and cotorsion
modules, then M and N are isomorphic.

Putting together the last two assertions we obtain.

Corollary 9.3.8. Assume A > (|R| + No)". If M € K7 is a (\, a)-limit model and
N € K7 is a (N, B)-limit model such that cf(a),cf(B) > (|R| 4+ Ro)T, then M and N
are 1somorphic.

Remark 9.3.9. Conjecture 2 of [BoVan| asserts that for an AEC K and A > LS(K)
a regular cardinal such that K is A-stable, the regular ordinals « less than At such
that the (A, @)-limit model is isomorphic to the (A, A)-limit model is an end segment
of regular cardinals. Observe that the above corollary shows that the conjecture is
true for K7 if R is a countable ring.

Recall that two models are elementarily equivalent if they satisfy the same first-
order sentences. Surprisingly, one can still obtain that every two limit models in K
are elementarily equivalent. The proof is basically the same as that of [Ch. 7, 4.3] so
we omit it.

Lemma 9.3.10. If M, N are limit models in K, then M and N are elementarily
equivalent.

We do not think that the previous result is as fundamental as the same result for
classes axiomatizable in first-order logic, see [Ch. 8| §4.1], but anyhow this will be
useful when characterizing left perfect rings.

The next step will be to characterize limit models with chains of countable cofi-
nality. In order to do that we will need the following remark.

Remark 9.3.11. If M, N are flat modules, M is a cotorsion module and M <, N,
then M is a direct summand of N. This follows from the fact that N/M is a flat
module and the definition of cotorsion module.

Using the above remark together with the fact that flat modules are closed under
pure submodules and that cotorsion modules are closed under finite direct sums,
we can construct universal extensions and characterize limit models of countable

cofinality as in |Ch. 7, 4.8, 4.9].
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Lemma 9.3.12. Let A be a cardinal. If M € K is cotorsion and U € K is a
universal model in K{, then M @ U is universal over M.

Proof. Let N € K{ with M <, N. By Remark [9.3.11| there is an M’ such that N =
M @& M'. Since K7 is closed under pure submodules M’ € KZ, and by universality

of U there is f : M’ — U. Then observe that g : M & M' — M & U given by
g(m+m') =m+ f(m') is as required. O

Lemma 9.3.13. Assume A > (|R| + Ro)T. If M € K is a (\,w)-limit model and
N € K% is a (A, (|R| + No))-limit model, then M and N™) are isomorphic.

Proof. Let N be a (A, (|R| + Rg)™)-limit model. By Theorem N is a cotorsion
module. Then using the above lemma {N’: 0 < i < w} is a witness to the fact that
N®0) is a (), w)-limit model. Therefore, M is isomorphic to N®) . O

Let us recall the following results from [SaSt20]. They extended to uncountable
rings the results of [GuHe07].

Fact 9.3.14. Let R be a ring.
1. If N is ¥-cotorsion and M <, N, then M is ¥-cotorsion.

2. If N is Y-cotorsion and M is elementarily equivalent to N, then M is X-
cotorsion.

3. (]SaSt20, 3.8]) M is ¥-cotorsion if and only if MUFI+R0) is a cotorsion module.

Proof. (1) and (2) follow from [SaSt20, 3.3] and using that the definable subcategory
generated by a module is closed under pure submodules and elementarily equivalent
modules. O

The next theorem is the main theorem of the paper.
Theorem 9.3.15. For a ring R the following are equivalent.
1. R s left perfect.
2. The class of flat left R-modules with pure embeddings is superstable.

3. There exists a A > (|R| + No)" such that the class of flat left R-modules with
pure embeddings has uniqueness of limit models of cardinality .

4. Fvery limit model in the class of flat left R-modules with pure embeddings is
Y-cotorsion.
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Proof. (1) = (2) By Fact[0.3.1}(3) there is a 6y > |R| + Ry such that K” is A-stable
if A% = X\. Let Ay be the least A such that K7 is \g-stable, we claim that for every
A > )\o, K7 has uniqueness of limit models of size \.

By Fact every flat module is a cotorsion module. Then by Corollary
there is at most one A-limit model for each A up to isomorphisms. To finish the proof,
we show by induction that for every A > )y, K7 is A-stable.

The base step follows from the choice of Ay, so we do the induction step.

Suppose A is an infinite cardinal and that K7 is p-stable for every u € [Ao, A). Let
cf(A\) = k and {\; : ¢ < K} be a continuous increasing sequence of cardinals such that
A < A for each i < k and sup;<.\; = )\_E| Using the hypothesis that K7 is p-stable
for every pu € [Ao, A), one can build {M; : i < k} strictly increasing and continuous
chain such that:

1. My is || My 1||-universal over M;.

2. M; e K.
Let M = J,_,, M;. By construction M is universal in K{ ﬂ Since R is left perfect,

M is a cotorsion module. Then using Lemma [9.3.12| as in Lemma [9.3.13, one can
show that {M' : 0 < i < w} witnesses that M®0) is a (), w)-limit model in K”.
Hence K7 is A-stable by Fact [9.2.7}

(2) = (3) Clear.

(3) = (4) We show that if N is the (A, (|R| + Ro)™)-limit model, then N is X-
cotorsion. This is enough by Lemma [9.3.10| and Fact [9.3.14](2).

Consider {N® : 0 < v < |R| + R} C K{, we show by induction on 0 < v <
|R| + W that:

1. NO is cotorsion.

2. N0+ ig universal over N0,

Before we do the proof, observe that this is enough since by taking v = |R| + Rg
we have that NUFI#R0) ig cotorsion. Then by Fact N is Y-cotorsion.

Base: N is cotorsion by Theorem , so (1) holds. Moreover, N @ N is universal
over N by Lemma[9.3.12

Induction step: If ¥ = B + 1, then N®*D is cotorsion because N#) is cotorsion
by induction hypothesis, N is cotorsion and cotorsion modules are closed under finite
direct sums. As for (2), this follows from Lemma [9.3.12]

If v is a limit ordinal, then consider {N® : 0 < 8 < ~}. It is clear that it is
an increasing and continuous chain in K¥{ such that |J sy NV ) = N, Moreover,

5For § a cardinal, we define 8~ = p if & = u+ and 6~ = 0 otherwise.
6A similar construction is presented in [Ch. 7, 3.18]
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by induction hypothesis N®*+1) is universal over N¥) for 3 < ~. Therefore, { N :
0 < 8 < v} witnesses that N is a (), 7)-limit model. Then by uniqueness of limit
models of size A\, N is isomorphic to N. We know that N is cotorsion by Theorem
, hence N is a cotorsion module. That NO*Y is universal over N then
follows from Lemma [9.3.12

(4) = (1) Let M € K*, by Fact it is enough to show that M is cotorsion.
Let u > || M| + (|R| + Ro)™ such that K7 is u-stable, which exists by Fact [9.3.1}(3).
Then fix P € K7 a (u, (|R| +Ng)1)-limit model. Observe that by Fact there is
f: M — P apure embedding. Since P is »-cotorsion by hypothesis and Y-cotorsion
modules are closed under pure submodules by Fact we conclude that M is a
cotorsion module. O

Remark 9.3.16. It was pointed out to us by Baldwin that in [Gar80, p. 159] the
following is shown for right coherent rings: if R is a left perfect ring, then every
projective left R-module is totally transcendental. This can be used to show (1)
implies (2) of the above theorem in the particular case when the ring is right coherent.
This case is even more special than the one we consider in the next section (see
Hypothesis since if a ring R is right coherent, then the class of flat left R-
modules is first-order axiomatizable by [SaEk71, Theo. 4].

As a simple corollary we obtain a characterization of artinian rings via supersta-
bility.

Corollary 9.3.17. For a ring R the following are equivalent.
1. R s right artinian.

2. K7 is superstable and the class of right R-modules with embeddings is super-
stable.

Proof. Tt is known that a ring is right artinian if and only if it is left perfect and right
noetherian (see for example [SaEk71, Prop. 3]). Moreover, R is left perfect if and
only if K7 is superstable by the theorem above. And R is right noetherian if and only
if the class of right R-modules with embeddings is superstable by [Ch. §, 3.12]. [

9.4 A special case

In this section we study K7 under Hypothesis (see below). This allows us to
characterize Galois-types, bound the values of 6y, 6; and lower the bound in Theorem
9.3.15 where the tail of cardinals where uniqueness of limit models begins to | R| + R,.

We assume the next hypothesis throughout this section.
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Hypothesis 9.4.1. The pure-injective envelope of every flat left R-module is flat.

These rings were characterized by Rothmaler in [Roth02]. Every first-order ax-
iomatizable class of flat modules satisfies this hypothesis since M is an elementary
substructure of its pure-injective envelope. Example 3.3 of [Roth02] shows that there
are rings satisfying Hypothesis such that K7 is not first-order axiomatizable.
This shows that the results in this section extend those obtained in [Ch. 7] for the
class of flat modules.

One of the characterizations obtained in [Roth02] that will be useful in this section
is the following.

Fact 9.4.2 ([Roth02]). For a ring R the following are equivalent.

1. Hypothesis [9.4.1} i.e., the pure-injective envelope of every flat left R-module is
flat.

2. All flat cotorsion left R-modules are pure-injective.

Recall that ¢ is a positive primitive formula (pp-formula for short), if ¢ is an
existentially quantified system of linear equations. For M a module, a € M<“ and
B C M we define the pp-type of @ over B in M, denoted by pp(a/B, M), to be the set
of pp-formulas ¢(z,b) such that b € B and M satisfies ¢(a,b). Recall the following
result.

Fact 9.4.3 (|Zie84) 3.6]). Let M, N be pure-injective left R-modules, A C M and
B C M. If there is f : A — B a partial isomorphismﬂ, then there is g : HM(A) =
HY(B) such that g extends f.

One of the missing pieces in the previous section is that we did not characterize
Galois-types. The next lemma characterizes them under Hypothesis[9.4.1, We obtain
the same characterization as that of [Ch. 7, 3.14], but with a conceptually different
proof. The argument of [Ch. 7], 3.14] can not be applied in this setting and vice versa.

Lemma 9.4.4. Let M, Ny, N, € K7, M <, Ny, No, b; € N and by € N5“. Then:
tp(b1/M; N1) = tp(ba/M; Ns) if and only if pp(bi/M, Ny) = pp(bs/M, N).

Proof. The forward direction is clear, so we only prove the backward direction.
Assume pp(b; /M, N1) = pp(ba/M, N,), then by amalgamation there is N € K*
and f: Ny 7 N with N <, N. Since K7 is closed under pure-injective envelopes by

7 f is a bijection between A and B and f preserves pp-formulas.
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Hypothesis|9.4.1, PE(N) € K”. Moreover, N <, PE(N) so pp(f(b1)/M,PE(N)) =
pp(ba/M, PE(N)). Then by Fact there is

g HPEN (M U{f(b1)}) = HPPM (M U {b,})

Since flat modules are closed under pure submodules, we have that H”#™) (M U
{f(b))}) and HPEN)(M U {by}) are flat. Then applying amalgamation a couple of
times we get the desired result. O]

As a corollary we obtain that 6y = Ny, this improves the results of [LRV1al, §6]
(Fact [9.3.1,.(4)) for classes of flat modules with pure embeddings under Hypothesis
0.41

Corollary 9.4.5. K* is (< Rg)-tame.

As in [Ch. 7], 3.16-3.19] one can obtain the following results.
Lemma 9.4.6.

1. If NEHRo = X\ then K7 is \-stable.

2. If NEIHNo = X\ or Yy < AR < \), then K has a universal model
Proof sketch.

1. Let M € K{ and {tp(a;/M;N) : i < a} be an enumeration without repeti-
tions of gS(M). Then define ® : gS(M) — Ser™ (M) by ¢(tp(a;/M; N)) =
pp(a;/M, N). Using that A% = X\ and pp-quantifier elimination the result
follows.

2. If AMEI+R0 — X then there are limit models of cardinality A and limit models
are universal models. If Vi < A(ulfl#% < X)| the argument is similar to the

induction step of (1) implies (2) of Theorem [9.3.15|
[

Remark 9.4.7. Recall that [Sh820, 1.2] asserts that there is a universal group of
size A in the class of torsion-free abelian groups with pure embeddings if A = )\
or Vu < A(pP < X). Observe that the class of torsion-free abelian groups is the
class of flat Z-modules and it satisfies Hypothesis [9.4.1} Therefore, the above lemma
generalizes [Sh820, 1.2] to classes of flat modules not axiomatizable in first-order logic.

Remark 9.4.8. Observe that the above lemma bounds 6; by |R| + X,.
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In this case we get that long limit models are not only cotorsion modules, but
they are pure-injective modules.

Lemma 9.4.9. Assume A > (|R| + No)". If M is a (\, «)-limit model in K7 and
cf(a) > (|R| + Ro)T, then M is pure-injective.

Proof. By Theorem M is a cotorsion module. Then by Hypothesis and
Fact it follows that M is pure-injective. O

It is not a coincidence that we had to use Hypothesis to obtain the above
result. The next result shows that both notions are equivalent.

Theorem 9.4.10. For a ring R the following are equivalent.

1. BEvery (\, a)-limit model in K” with A > (|R| + Ro)T and cf(a) > (|R| + Vo)™
18 pure-injective.

2. Hypothesis i.e., the pure-injective envelope of every flat left R-module is
flat.

Proof. The backward direction is Lemma[9.4.9] so we show the forward direction. Let
M € KF. Pick A > ||M|| + (|R| + R¢)" such that K* is A-stable, this is possible by
Fact [9.3.1(3). Then by Fact there is N a (A, (|R| + Xg)T)-limit model. From
the assumption we have that N is pure-injective and since there is f : M — N a pure

embedding, it follows that PE(M) = PE(f[M]) <, N. Since K* is closed under
pure submodules, we conclude that PE(M) € K”. O

Remark 9.4.11. Since Hypothesis is one of the equivalent assertions of the
main theorem of [Roth02) 2.3|, the above theorem gives a new characterization of the
rings studied in [Roth02].

To finish this section we show that under Hypothesis [9.4.1] one can lower the
bound where the tail of uniqueness of limit cardinals begins to |R| 4+ No.

Theorem 9.4.12. For a ring R satisfying Hypothesis[9.4.1] the following are equiva-
lent.

1. R is left perfect.
2. The class of flat left R-modules with pure embeddings is superstable.

3. There is a A > (|R| 4+ No)T such that the class of flat left R-modules with pure
embeddings has uniqueness of limit models of cardinality \.

4. Bvery limit model in the class of flat left R-modules with pure embeddings is
Y -pure-injective.
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5. For every A > |R| + Wo, the class of flat left R-modules with pure embeddings
has uniqueness of limit models of cardinality X.

Proof. (1) < (2) & (3) < (4) Follow from Theorem and Fact [9.4.2]

(5) = (2) Clear.

(1) = (5) Since every limit model is a cotorsion module. Then by Corollary
there is at most one A-limit model for each A up to isomorphisms. Hence to finish
the proof, it is enough to show that for every A > |R| + Xy, K7 is A-stable.

Let A > |R| + Ny and M € K{. Let {tp(a;/M;N) : i < a} be an enu-
meration without repetitions of gS(M). We can assume that they are all realized
in a fixed N by amalgamation. Now, consider ® : ¢gS(M) — SZZL(N)(M ) given
by ®(tp(a;/M;N)) = pp(a;/M,N). By Lemma it follows that ® is a well-
defined injective function. Since N is X-pure-injective by (1) and Hypothesis ,
Th(N) is totally transcendental (see for example [Pre88, 3.2]). In particular, since
complete theories of modules have pp-quantifier elimination we can conclude that
|SEEV) (A1) = | STRO) (M| < A. Therefore, |gS(M)] < A.

O

Remark 9.4.13. Recall that Z is not a perfect ring. Then by condition five of
the above theorem we have that the class of torsion-free abelian groups with pure
embeddings does not have uniqueness of limit models in any uncountable cardinal.
This was shown in |Ch. 5l 4.26] using AEC methods and in [Ch. 7, 4.15] using group
theoretic methods. The results of those papers show more in the case of torsion-free
groups as a group theoretic description of limit models is provided and it is shown
that the class does not have uniqueness of limit models in Ng.



Chapter 10

A note on torsion modules with
pure embeddings

This chapter is based on [Ch. 10].

Abstract

We study Martsinkovsky-Russell torsion modules [MaRu20] with pure embeddings as
an abstract elementary class. We give a model-theoretic characterization of the pure-
injective and the Y-pure-injective modules relative to the class of torsion modules
assuming that the ring is right semihereditary. Our characterization of relative -
pure-injective modules extends the classical charactetization of |GrJe76] and [Zim77,
3.6].

We study the limit models of the class and determine when the class is superstable
assuming that the ring is right semihereditary. As a corollary, we show that the class
of torsion abelian groups with pure embeddings is strictly stable, i.e., stable not
superstable.

200
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10.1 Introduction

Martsinkovsky-Russell torsion modules were introduced in [MaRu20] as a natural
generalization of torsion modules to rings that are not necessarily commutative do-
mains (Definition [10.2.3). We will denote them by s-torsion modules throughout this
paper. For a commutative domain, they are precisely the R-torsion modules, i.e.,
those modules such that every element of the module can be annihilate by a non-zero
element of the ring.

For most rings the class of s-torsion modules is not first-order axiomatizable in
the language of modules. For example, it is folklore that the class of torsion abelian
groups is not first-order axiomatizable. For this reason, we use non-elementary model-
theoretic methods to analyse the class. More precisely, we will study the class of
s-torsion modules with pure embedding as an abstract elementary class (AEC for
short).

An AEC K is a pair (K, <k) where K is a class of structures and <k is a partial
order on K. Additionally, the partial order on K extends the substructure relation, K
is closed under unions of chains, and every set can be closed to a small structure in the
class. The class of s-torsion modules with pure embedding is an abstract elementary
class with amalgamation, joint embedding, and no maximal models. Moreover, it was
shown in [Ch. 11], 4.16] that the class is stable. In this paper, assuming that the ring
is right semihereditary, we study its class of limit models and use them to determine
when the class is superstable. Recall that a limit model is a universal model with
some level of homogeneity (Definition [10.2.9)) and an AEC is superstable if there is a
unique limit model up to isomorphims on a tail of cardinals (Definition E|

A difficulty when trying to understand the class of s-torsion modules is that the
class might not be closed under pure-injective envelopes, see [Ch. 6l 3.1] for the case
of torsion abelian groups. Therefore, we begin by developing relative notions of pure-
injectivity and X-pure-injectivity. The following result extends the classical result
of [GrJeT6] and [Zim77, 3.6] where they characterize Y-pure-injective modules (see
Remark .

Lemma [10.3.19, Assume R is right semihereditary and M is s-torsion. M is
Y-K* T pure-injective if and only if M has the low-pp descending chain condition.

The study of limit models for the class of s-torsion modules and the characteriza-
tion of superstability we obtain parallels that of previous results, [Ch. §], [Ch. 9] and
[Ch. 11], with the added difficulty that we have to deal with relative pure-injective
modules instead of with pure-injective or cotorsion modules. More precisely, we ob-
tain the following result.

Theorem [10.4.14 Assume R is right semihereditary and Ry is not absolutely

LA detailed account of the development of the notion of superstability in AECs can be consulted
in the introductions of [GrVasl7] and [Ch. §].
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pure. The following are equivalent.

1. The class of s-torsion modules with pure embeddings is superstable.

2. There exists a A > (|R| + Ro)* such that the class of s-torsion modules with
pure embeddings has uniqueness of limit models of cardinality .

Every limit model is X-K*T°"-pure-injective.
Every s-torsion module is X-K* T°T-pure-injective.

Every s-torsion module is K* T°"-pure-injective.

S T e

For every A > |R|+ g, the class of s-torsion modules with pure embeddings has
uniqueness of limit models of cardinality .

7. For every A > |R| 4+ Ny, the class of s-torsion modules with pure embeddings is
A-stable.

An important question that is left open is to determine if there is a ring satisfying
any of the equivalent conditions of the above theorem (see Question and
Question . Nevertheless, the theorem is important as it allows us to show
that certain classes are not superstable.

In particular, we use our results to show that the class of torsion abelian groups
with pure embeddings is strictly stable, i.e., stable not superstable. Determining if
the class is superstable was the original objective of this paper.

Theorem [10.5.6| The class of torsion abelian groups with pure embeddings is
A-stable if and only if \*0 = X\. Hence, it is strictly stable.

This paper is part of a program to understand AECs of modules: [Ch. 5], [Ch. 7],
[Ch. §], [Ch. 9], [Ch. 6], [Ch. 11]. Other papers that have studied AECs of modules
include: [BCGH], [BETQ7], [SaTr12], [Sh820], [Bon20, §6][LRV1al §6], [LRVZ, §3].

The paper is divided into five sections. Section 2 has the preliminaries. Section
3 has new characterizations of relative pure-injective and X-pure-injective modules.
Section 4 analyses the class of s-torsion modules with pure embeddings as an abstract
elementary class. Section 5 shows how to use the previous results to show that the
class of torsion abelian groups with pure embeddings is strictly stable.

This paper was written while the author was working on a Ph.D. under the di-
rection of Rami Grossberg at Carnegie Mellon University and I would like to thank
Professor Grossberg for his guidance and assistance in my research in general and in
this work in particular. I would also like to thank John T. Baldwin for asking me
whether or not the class of torsion abelian groups with pure embeddings is super-
stable. I thank Ivo Herzog for helpful conversations. I thank Hanif Cheung, Samson
Leung, and Daniel Simson for many comments that helped improve the paper. I thank
Mike Prest for letting me include his example for Question [10.4.16|in this paper.
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10.2 Preliminaries

In this section we briefly present the basic notions of module theory and abstract
elementary classes that we will use in this paper. The module theoretic preliminaries
include the definition of the class of s-torsion modules and assert some of its basic
properties.

10.2.1 Module theory

All rings considered in this paper are associative with unity. We write g M to specify
that M is a left R-module and Mp to specify that M is a right R-module. If we
simply write M, we assume that M is a left R-module.

Given a ring R, Lg = {0,+,—} U {r- : r € R} is the language of left R-modules.
Recall that ¢ is a positive primitive formula, pp-formula for short, if ¢ is an existen-
tially quantified system of linear equations. M is a pure submodule of N if pp-formulas
are preserved between M and N and we denote it by M <, N. The next family of
pp-formulas was introduced in [Roth2].

Definition 10.2.1. A pp-formula ¢ (z) is low if and only if ¥[grR] = 0.

Remark 10.2.2. It is easy to show that if ¢ (z), ¥s(x) are low formulas and r € R,

then vy + s (x) = FyF=(th1(y) Aa(2) A = y + 2) and ripy(z) = Fy(e(y) Az = ry)
are low formulas.

Given b € M<¥ and A C M, the pp-type of b over A in M, denoted by
pp(b/A, M), is the set of all pp-formulas that hold for b in M with parameters in A.
As mentioned in the introduction, in this paper we will study the class of s-torsion
modules. These were introduced in [MaRu20] and studied from a model-theoretic
perspective in [MaRo| and [Rothl]. Below we present their model-theoretic definition.

Definition 10.2.3. We say that M is an s-torsion module if and only if for every
m € M there is a low formula ¢ (z) such that M E ¢[m]. We denote the class of
s-torsion modules by K*Tor,

Remark 10.2.4. Let R be a commutative domain. Recall that a module M is an
R-torsion module if for every m € M there is an r # 0 € R such that rm = 0.
Denote the class of R-torsion modules by K" Tt was shown in [MaRu20, 2.2] that
Ke&Tor = I-Tor Ty particular, the class of of s-torsion abelian groups is precisely the
class of torsion abelian groups.

The following was introduced in [MaRu2(), 2.1]. The description we present will
appear in the forthcoming paper [MaRo].
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Definition 10.2.5. For a left R-module M, let
s(M)={m e M : M E ¢[m] for some low formula v}.
Remark 10.2.6.
o M € K*™ if and only if s(M) = M.
o K*Tr js closed under pure submodules and direct sums.

o ([MaRu20, 2.19]) s is a radical, i.e., for every M, N: s(M) is a submodule of
M, if f: M — N then f(s(M)) <s(N), and s(M/s(M)) = 0.

Remark 10.2.7. It is important to notice that in general s(s(M)) might be different
from s(M), see [MaRu20, p. 69]. For this reason, for arbitrary rings it might be the
case that s(M) is not an s-torsion module.

10.2.2 Abstract elementary classes

We summarize the notions of abstract elementary classes that are used in this paper.
A more detailed introduction to abstract elementary classes from an algebraic point of
view is given in [Ch. 6, §2]. Abstract elementary classes were introduced by Shelah in
[Sh&8] to study those classes of structures that are axiomatizable in infinitary logics.
An abstract elementary class K is a pair (K, <k) where K is a class of structures
and <k is a partial order on K. Additionally, the partial order on K extends the
substructure relation, K is closed under unions of chains, and every set can be closed
to a small structure in the class.

Given a model M, we write | M| for its underlying set and || M || for its cardinality.
For an infinite cardinal A, we denote by K, the models in K of cardinality . If we
write f : M — N for M, N € K, we assume that f is a K-embedding unless specified
otherwise. Recall that f is a K-embedding if f : M = f[M] <k N. Finally, for
M,N € K and A C M, we write f : M = N if f is a K-embedding from M to N

that fixes A point-wise.

We say that K has the amalgamation property if every span of models can be
completed to a commutative square, K has the joint embedding property if every two
models can be K-embedded into a single model, and K has no maximal models if
every model can be properly extended.

Shelah introduced a semantic notion of type in [Sh300], we call them Galois-types
following [Gro02]. Intuitively, a Galois-type over a model M can be identified with an
orbit of the group of automorphisms of the monster model which fixes M point-wise.
The full definition can be consulted in |[Ch. 6, 2.6]. We denote by gS(M) the set of
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all Galois-types over M and we say that K is (< Ng)-tame if for every M € K and
p # q € gS(M), there is a finite subset A of M such that p [4# q [ .

Definition 10.2.8. K is A-stable if |gS(M)| < A for every M € K,. We say that K
is stable if K is A-stable for some A > LS(K).

A model M is universal over N if and only if |[N| = |[|[M]| = X and for every
N* € K, such that N <x N*, thereis f: N* ? M.

Definition 10.2.9. Let A\ be an infinite cardinal and o« < AT be a limit ordinal. M
is a (A, «)-limit model over N if and only if there is {M; : ¢ < a} C K, an increasing
continuous chain such that:

1. MO — N
2. M = Ui<a Mz
3. M, is universal over M; for each 7 < a.

M is a (A, «)-limit model if there is N € K, such that M is a (), «)-limit model
over N. M is a A-limit model if there is a limit ordinal o < A* such that M is a
(A, a)-limit model.

Fact 10.2.10 ([Sh:hl §I1], [GrVan06l, 2.9]). Let K be an AEC with joint embedding,
amalgamation, and no maximal models. K is A-stable if an only if K has a A-limit
model.

A model is universal in K, if it has cardinality A and if every model in K of size
A can be K-embedded into it. It is known that every A-limit model is universal in
K, if K has the joint embedding property [Ch. 5l 2.10].

We will also be interested in saturated models. Given A > LS(K) we say that M
is A\-saturated if every Galois-type over a K-substructure of size strictly less than A
is realized in M. We have the following relation between saturated models and limit
models.

Fact 10.2.11. Let K be an AEC with joint embedding, amalgamation, and no max-
imal models. If M is a (A, a)-limit model and cf(a) > LS(K), then M is cf(«)-
saturated.

We say that K has uniqueness of limit models of cardinality A if K has A\-limit
models and if any two A-limit models are isomorphic.

Definition 10.2.12. K is superstable if and only if K has uniqueness of limit models
on a tail of cardinals.
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Superstability was first introduced in [Sh394] and further developed in [GrVaslT7]
and [Vasl8]. There it is shown that for AECs that have amalgamation, joint embed-
ding, no maximal models, and LS(K)-tameness, the definition above is equivalent to
any other definition of superstability introduced for AECs. In particular, for a com-
plete first-order theory T', (Mod(T'), <) is superstable if and only if 7" is superstable
as a first-order theoryf]

Finally, we say that K is strictly stable if K is stable and not superstable.

10.3 Relative pure-injective and X-pure-injective
modules

In this section we extend classical results of pure-injective and Y-pure-injective mod-
ules to our setting. The arguments are similar to the standard arguments, but we
provide them to show that they come through in this non-first-order setting.

We assume the following hypothesis throughout the paper.

Hypothesis 10.3.1. K™ is non-trivial, i.e., there is a non-zero module in K*°r,
The following fact gives an algebraic condition that implies our hypothesis.

Fact 10.3.2 ([MaRu20, 2.32]). Assume s is idempotent, i.e., s(s(M)) = s(M). Rgr
is absolutely purd’if and only if K*T" is trivial.

Remark 10.3.3. Since we will soon assume that R is right semihereditary (Hypoth-

esis [10.3.4) and in that case s is idempotent (Proposition [10.3.7)) for our purposes we
could have simply assumed that Rp is not absolutely pure.

If R is a commutative domain, then K*1°F is trivial if and only if R is a field.
We will assume the following hypothesis for the rest of this section.

Hypothesis 10.3.4. R is right semihereditary, i.e., finitely generated right submod-
ules of projective modules are projective.

The only reason we assume that R is right semihereditary is because of the fol-
lowing fact.

Fact 10.3.5 ([MaRu20, 2.17]). If R is right semihereditary, then s(M) <, M for
every left R-module M.

2T is superstable if and only if T is A-stable for every A\ > 2T,
3Mp, is absolutely pure if for every Npg, if Mp Cgr N then Mp <, Ng
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Remark 10.3.6. Instead of assuming that R is right semihereditary our hypothesis
could have been that s(M) <, M for every left R-module M as this is all we will
use. We decided to assume that R is right semihereditary as it is a more natural
hypothesis. An interesting question is to determine if both statements are equivalent.
In the case of commutative domains, it is well-known that a commutative domain is
semihereditary if and only if it is a a Priifer domain. In that case, it is known that
both assertions are equivalent [Lam07, p. 117].

The next proposition follows directly from Fact [10.3.5, but we record it due to its
importance.

Proposition 10.3.7.
1. s is idempotent, i.e., 5(s(M)) = s(M) for every left R-module M.
2. 5(M) € K> for every left R-module M.

Recall that a module M is pure-injective if for every Ny, No, if Ny <, Ny and f:
N; — M is a homomorphism then there is a homomorphism ¢ : N — M extending
f. Given a module M, the pure-injective envelope of M, denoted by PE(M), is a
pure-injective module with M <, PE(M) and it is minimum with respect to these
properties, i.e., if N is pure-injective and there is f : M — N pure embedding then
there is g : PE(M) — N pure embeddings extending f.

Let us recall the following notion and assertion.

Definition 10.3.8 ([Pre09) p. 145]). Let M <, N. M is a pure-essential submodule
of N, denoted by M <€ N, if and only if for every homomorphism f : N — N’ if foi
is a pure embedding where ¢ : M < N is the inclusion, then f is a pure embedding.

Fact 10.3.9 ([Pre09, 4.3.15, 4.3.16]).

1. If M <, Ny <, Ny and M <° Ny, then M <° Nj.

2. M <¢ PE(M).

We now introduce a relative notion of pure injectivity and saturation.
Definition 10.3.10. Let M be an s-torsion module.

o M is K=" pure-injective if and only if for every Ny, Ny € K=" if Ny <, N,
and f : Ny — M is a homomorphism then there is a homomorphism g : No — M
extending f.

o M is relatively pp-saturated in N if and only if M <, N and if every pp-type
over M which is realized in N is realized in M.
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The following notion of partial homomorphism will also be useful.

Definition 10.3.11. For two modules M, N, A C |M| and B C |N|. A function
f:A— Bisa pp-(M,N)-homomorphism if and only if for every a € A and ¢(7)
pp-formula:

M F ¢la] = N ¢[f(a)].

Observe that if f : M — N is a homomorphism then f is a pp-(M, N)-homomorphism
as pp-formulas are preserved under homomorphism.

We now prove several equivalences of K*T-pure-injectivity. These extend classi-
cal characterizations of pure-injectivity, see Remark and the detailed history
presented right before Theorem 2.8 of [Pre8§].

Lemma 10.3.12. Assume M € K*". The following are equivalent.
1. M s relatively pp-saturated in N for every N € K% Tor,

M is K T°"_pure-injective.

M =s(PE(M))

M =s(N) for some pure-injective module N.

If M <, M* and M* € K=", then M is a direct summand of M*.
Proof. (1) = (2): Let Ny <, Ny and f: Ny — M be a homomorphism. Let
P={g:fCg, gisapp-(Nay, M)-homomorphism, and dom(g) = A}.

It is clear that one can apply Zorn’s lemma to P, so let g : A — M be a maximal
pp-(Na, M')-homomorphism extending f. We show that A = N,. Let b € Ny and
p = pp(b/A, Ns). Consider q(z) = {¢(z,g(a)) : ¢(z,a) € p}. Clearly ¢(x) is a
Th(M)-type so there is M* elementary extension of M and m* € M* such that
q(x) C pp(m* /M, M*).

Since Ny € K*™r there is 1 low such that Ny F (b). Hence ¢ € g(z) and
m* € s(M*). Let ¢'(x) = pp(m*/M,s(M*)). Then by (1), there is m € M realizing
¢'(z) and it is clear that gU{(b,m)} is a pp-(Na, M )-homomorphism extending f. So
by maximality of g we have that b € A.

(2) = (3): Let Ny = M, Ny = s(PE(M)) and f = idy;. Then by (2) there is a
g : s(PE(M)) — M extending f. Observe that by Fact M <¢s(PE(M)) as
M <, s(PE(M)) <, PE(M) and M <° PE(M). Then it follows that g is a pure
embedding, so s(PE(M)) = M.

(3) = (4): Clear.
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(4) = (5): Let M <, M* and M* € K*'™". Then by (4) we have that M =
s§(N) <, N for N a pure-injective module. Since N is pure-injective, there is a
homomorphism ¢ : M* — N with g [3=idy;. One can check that M* = M @ ker(g)
using that g[M*] C s(N) = M.

(5) = (1): Let M <, M* € K=" and p = pp(a/M, M*) for some a € M*. Then
by (5) there is L such that M* = M @& L. Let my : M* = M & L — M be the
projection onto the first coordinate. One can check that 7 (a) € M realizes p. O

Recall the following notion introduced in [FuSa01l XIII.§6].

Definition 10.3.13. Assume R is a Priifer domain. M is torsion-ultracomplete if
for every module N, if M <, N and N/M € K= then M is a direct summand of
N.

The next lemma together with Lemma [10.3.12] show that torsion-ultracomplete
modules can be described model theoretically for Priifer domains.

Lemma 10.3.14. Assume R is a Prifer domain. Let M be an s-torsion module.
The following are equivalent.

o M is K¥ T _pure-injective.
o M s torsion-ultracomplete.

Proof. The forward direction follows from the fact that if M, N/M € KT then N €
K*Tr The backward direction is clear as quotient of torsion modules is torsion. [

The standard argument can be used to show the following proposition.

Proposition 10.3.15. Assume M and N are s-torsion modules. If M and N are
K3 T _pure-injective, then M & N is K* T°"-pure-injective

We turn our attention to ¥-K*T°"-pure-injective modules.

Definition 10.3.16. Let M be an s-torsion module. M is X-K* T -pure-injective if
and only if M) is K¥T"_pure-injective for every index set I where M) denotes the
direct sum of M indexed by I.

Let us now consider the following notion.

Definition 10.3.17. Let M be an s-torsion module. M has the low-pp descending
chain condition if and only if for every {¢,(x)}ne, such that ¢o(z) is low and ¢, (x)
is a pp-formula for every n € w, if {¢,[M]},c, is a descending chain in M, then there
exists ng € w such that ¢,,[M] = ¢x[M] for every k > ny.
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We will soon see that the previous notion is actually equivalent to being Y- K* T°r-
pure-injective
The next result will be useful to characterize Y- K* T -pure-injective modules.

Lemma 10.3.18. Let M be an s-torsion module. If M has the low-pp descending
chain condition, then M is K*T"-pure-injective.

Proof. Let p = pp(b/M, N) for some N € K¥T'. Tt is enough to show that there is a
¢ € p such that for every ¢ € pand ¢ € M, M E ¢(c) — 1(c). Such a ¢ exists by the
hypothesis on M and the fact that there is a low formula # € p as N is an s-torsion
module. [

The next result extends a classic characterization of Y-pure-injectivity, see [Pre88|

2.11] and Remark [10.3.21

Lemma 10.3.19. Let M be an s-torsion module. The following are equivalent.
1. M is ¥-K* T _pure-injective.
2. M®0) s KT pure-injective.
3. M has the low-pp descending chain condition.

Proof. (1) = (2): Clear.

(2) = (3): Assume for the sake of contradiction that there is a family of pp-
formulas {¢,, () }new such that ¢o(z) is low and ¢, [M] D ¢,,11[M] for every n € w. For
each n € w pick a, € ¢n[M]\¢,1[M] and set b, = (ag, a1, ,a,_1,0,---) € M®0),

Let p(x) = {én(x — b,) : n > 1} U {do(z)}. Realize that p(x) is a Th(M®))-type
so there is M* = M®) and ¢ € M* realizing p(x). Observe that ¢ € s(M*), then by
hypothesis and Lemma (1) there is d € M®0) realizing pp(c/M®0) 5(M*)).
Then one can show that M E ¢,,.1[a,] for some m € w, contradicting the choice of
.-

(3) = (1): It is known, see for example [Pre88, 2.10], that ¢[N)] = ¢[N]D
for every pp-formula ¢. Therefore, it follows from (3) that M) has the low-pp
descending chain condition and M e K*Tor by Remark [10.2.6, Hence MO is

K*™"_pure-injective by Lemma [10.3.18] O

The next corollary will be very useful.
Corollary 10.3.20. Let M and N be s-torsion modules .
o If N is X-K* T _pure-injective, then N is K* T -pure-injective.

o IfM <, N and N is ©-K* T -pure-injective, then M is X-K*T°"-pure-injective.
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o If M is elementarily equivalent to N and N is X-K* T -pure-injective, then M
is Y-K* T _pure-injective.

Remark 10.3.21. Let ® be a collection of pp-formulas. We say that M is a s¢-torsion
module if and only if M satisfies:

va(\/ ¢),
P

and given a module M, let s¢(M) = {m € M : M E ¢[m] for some ¢ € ®}.

If @ is such that for every M we have that s¢(M) <, M, then s4(-) is an idem-
potent radical and all the results we have proven so far hold for sg-torsion modules.
In particular, by taking ® := {z = z} it follows that the results in this section ex-
tend the classical characterizations of pure-injective and Y-pure-injective modules of
[Ste67], [Kie67], [War69], [GrJe76], and [Zim77]. Another example is given by taking
the ring of integers and letting ® = {p"x = 0: n < w} for a fixed prime number p, it
is clear that the sg-torsion modules are precisely the abelian p-groups. As we do not
know of any other interesting choice for ®, we do not explore this idea any further.

10.4 s-torsion modules as an AEC

In this section we study the class of s-torsion modules with pure embeddings as an
abstract elementary class. There are three reasons why we decided to study s-torsion
modules with respect to pure embeddings instead than with respect to embeddings.
Firstly, the class of s-torsion modules is defined with respect to all low pp-formulas and
not only those low quantifier-free formulas. Secondly, the class of s-torsion modules
is closed under pure submodules, but it is not necessarily closed under submodules.
Finally, the original objective of this paper was to understand the class of torsion
abelian groups with pure embeddings.

As in the previous section we are assuming Hypothesis [10.5.1] i.e., there is a
non-zero module in K*1°r,

10.4.1 Basic properties

We begin by recalling some basic properties of the AEC of s-torsion modules with
pure embeddings.

Fact 10.4.1. Let R be a ring and K¥T" = (K=Tor < ).
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1. K™ is an AEC with LS(K*™") = |R| + N,.
2. KT has amalgamation, joint embedding, and no maximal models.
3. If MEFRo = )\ then K¥T" is \-stable.
Proof. (1) and (2) follow from [Ch. 11} 4.2.(4), 4.8] and (3) from [Ch. 11} 4.16]. O

We show next that K™ = (K* 17 < ) is nicely generated in (R-Mod, <,) in the
sense of [Ch. 6, 4.1], i.e., if N1, Ny € K= and Ny, Ny <, N for some module N,
then there is L € K* ™ such that Nj, Ny <, L C N.

Lemma 10.4.2. K77 = (K*1°7 <)) is nicely generated in (R-Mod, <,).

Proof. If Ny, Ny € K¥™" and Ny, N, <, N for some module N, then L = N; + N, €
K=" and Ny, N, <, L C N. O

The next result follows directly from the previous lemma, [Ch. 6, 4.5], and [Ch. 7,
3.7).

Corollary 10.4.3. Let Ny, Ny € K=" M <, Ny, Na, by € N7 and by € N5,
then:

tP sz (b1 /M3 Ni) = tP gea-ror (bo/M; No) if and only if pp(by/M, Nr) = pp(ba/M, Ny).
In particular, KST°" is (< Wg)-tame.
The next result follows from the previous lemma and [Ch. 6l 4.6].

Corollary 10.4.4. Let A > |R| +No. If (R-Mod, <,) is A-stable, then (K17, <) is
A-stable.

We can not prove anything else without extra assumptions on the ring.

10.4.2 Limit models and superstability

We characterize limit models algebraically and use them to characterize superstability.
We assume Hypothesis for the rest of this section, i.e., we assume that R is
right semihereditary.
We begin by showing that saturated models are K*T*-pure-injective.

Lemma 10.4.5. If M is (|R| + No)"-saturated in K17, then M is K*T°T-pure-
mjective.
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Proof. We use Lemma . Let M <, N € K~™" and p = pp(b/M, N) for some
b € N. Given ¢(z,y) a pp-formula, let Ay = {m € M : ¢(x,m) € p} and let m,
be an element Ay if Ay # 0 and m, = 0 otherwise. Let B = |J sepp-formula T and
M* be the structure obtained by applying downward Lowenheim-Skolem to B in M.
Observe that ||[M*|| = |R| + Ro.

Let ¢ = tp(b/M*; N). Since M is (|R| 4+ Rg)T-saturated there is ¢ € M such that
q = tp(c/M*; M). Then pp(c/M*, M) = pp(b/M*, N) by Lemma [10.4.3] Using that
pp-formulas determine cosets [Pre88, 2.2] and the choices of the my’s, it follows that
c realizes p. O]

It follows directly from the above result and Fact [10.2.11] that long limit models
are K*"_pure-injective.

Corollary 10.4.6. If M is a (\, «)-limit model in K&T°" and cf (o) > (|R| + Ro) ™,
then M is K*T°"-pure-injective.

We would like to show that limit models with long chains are isomorphic. In order
to do that, we obtain a couple of algebraic results regarding pure-injective modules.
We begin by recalling the following fact.

Fact 10.4.7 (|[GKSIS8, 2.5]). Let M, N be pure-injective modules. If there are f :
M — N a pure embedding and g : N — M a pure embedding, then M and N are
isomorphic.

Lemma 10.4.8. Let M, N be any two modules. If there are f : M — N a pure em-
bedding and g : N — M a pure embedding, then PE(M) and PE(N) are isomorphic.

Proof. Tt is enough to show that there are f' : PE(M) — PE(N) and ¢’ : PE(N) —
PE(M) pure embeddings, as then the result follows directly from Fact [10.4.7, The
existence of f’ and ¢’ follow from the minimality of PE(M) and PE(N) respectively.

O

The next corollary follows directly from the previous result and Lemma [10.3.12]

Corollary 10.4.9. Let M, N be s-torsion and KT -pure-injective modules. If there
are f: M — N a pure embedding and g : N — M a pure embedding, then M and N
are 1somorphic.

Since A-limit models are universal in (K*™T),, we obtain the following result.

Corollary 10.4.10. Assume A\ > |R|+Rq. If M, N are \-limit models in K=" and
K Tor_pure-injective, then M and N are isomorphic.

Putting together the above assertion with Lemma [10.4.6 we obtain the promised
result that limit models with long chains are isomorphic.
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Corollary 10.4.11. Assume A > (|R| +No)*. If M is a (X, «)-limit model in KT
and N is a (X, B)-limit model in K=" such that cf(«), cf(B8) > (|R| + No)T, then M

and N are isomorphic.

Regarding limit models with lengths of countable cofinality, the standard argu-
ment can be used to obtain the following assertion by Lemma [10.3.12}(5) and Propo-

sition [10.3.15 See for example |[Ch. 7, 4.5, 4.6].

Lemma 10.4.12. Assume A > (|R| + No)". If M is a (\,w)-limit model in K=o
and N is a (\, (|R| + No)T)-limit model in K=", then M and N®) are isomorphic.

We also have that limit models are elementarily equivalent. The argument of
[Ch. 7, 4.2] can be used in this setting as the class has the joint embedding property.

Lemma 10.4.13. If M and N are limit model in K*7°", then M and N are elemen-
tarily equivalent.

This is all we need to characterize superstability in K= °r.

Theorem 10.4.14. Assume R is right semihereditary and Rg is not absolutely pure.
The following are equivalent.

1. K=" is superstable.

2. There exists a X > (|R| + No)* such that K*T°" has uniqueness of limit models
of cardinality .

Every limit model in K107 js - K> T°"_pure-injective.
Every M € K=o js X-K* 1" _pure-injective.
Every M € K*To js K*T°"_pure-injective.

For every X > |R| + Ro, K= 1" has uniqueness of limit models of cardinality .

NS G e

For every A > |R| + Rg, KT s \-stable.

Proof. (1) = (2): Clear.

(2) = (3): The proof is similar to that of (2) to (3) of [Ch. 11l 3.15]. The reason
that argument goes through in K¥™" is because of Lemma [10.4.12 Lemma [10.4.6]
Lemma Lemma [10.4.13] and Corollary

(3) = (4): Follows from Corollary and the fact that limit models are
universal.

(4) = (5): Follows from Corollary [10.3.20]

(5) = (6): By Corollary for every cardinal A > |R| 4+ X, there is at most

one A-limit model up to isomorphisms, so we only need to show existence. We show
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that K1 is \-stable for every A > |R| + Ny, this is enough by Fact [10.2.10l Let
A > [R|+ X and M € KT,

Let N € K*™ and {a; : i« < k} C N such that {tp(a;/M;N) : i < k} is an
enumeration without repetitions of gS(M). Let A := {pp(a;/M,N) : i < s} and
observe that |gS(M)| < |A| since ® : gS(M) — A given by ®(tp(a;/M;N)) =
pp(a;/M, N) is injective by Lemma [10.4.3]

Since N is X-K* T _pure-injective by (5), it follows from Lemma that N
has the low-pp descending chain condition. Then it follows, as in Lemma [10.3.18]
that for every p € A there is ¢, € p such that for every 6 € p and ¢ € N,
N E ¢,(c) = 0(c). Let ¥ : A — {¢(x,m) : ¢(x,y) is a pp-formula and m € M}
be given by W(p) = 1,. It is easy to show that U is injective and as |{¢(x,m) :
o(z,y) is a pp-formula and m € M} = (|R| + Ng)A = A, we can conclude that
|A| < A. Therefore, |gS(M)| < A.

(6) = (1): Clear.

(6) = (7): Clear.

(7) = (4): Assume for the sake of contradiction that there is M € K* ™ which
is not X-K*Tpure-injective. It follows from Lemma that there is a set of
formulas {¢, () }new such that ¢o(z) is low and ¢, (x) is a pp-formula for every n € w
such that ¢,[M] D ¢,1[M] for every n € w.

Let A = 3,(|R| + Ng). Observe that since [¢,[M] : ¢n1[M]] > 2, it follows that
[ [MV] & ¢ 1 [MNV]] = X for each n € w and MY € K*Tr by Remark [10.2.6,
For every n € w pick {ana : @ < A} € MW a complete set of representatives of
Gu[ MV /Gyt [MNV].

Let A =, {anq : @ <A} and N be a structure obtained by applying downward
Lowenheim-Skolem to A in MM, Tt is clear that N € K5, For every n € A, let
D, = {pni1(r — Toainm) 1 n < whU{do(x)}. @, is a Th(MW)-type, so pick
M, = MW and ¢, € M, realizing ®,. It is clear that ¢, € s(M,) so consider
Gy = tp(cy/N;s(My)).

Using Lemma and that s(M,) <, M, for every n € A, it can be shown
that if 7y # 12 € A then g,, # gy,. Hence |gS(N)| > A% > X by the choice of A and
Konig’s lemma. This contradicts our assumption that K*1° was M-stable. O]

Remark 10.4.15. The equivalence between (4) and (7) of the above theorem is a
natural extension of a result of Garavaglia and Macintyre [Gar80, Theo 1].

Previous results that characterised superstability in classes of modules always
corresponded to classical rings [Ch. 8], [Ch. 9], [Ch. 11]. In this case we do not know
if that is the case. Moreover, we do not even know if there exists a ring such that the
class of s-torsion modules is superstable. So we ask the following question.

Question 10.4.16. Is there a right semihereditary ring R such that Rp is not abso-
lutely pure and R satisfies any of the equivalent conditions given in Theorem [10.4.14];
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Remark 10.4.17. If there is R left pure-semsimple ring such that R is right semi-
hereditary and Rpg is not absolutely pure, then the above question would have a
positive solution by Theorem (5)@ For this reason, we think of a ring sat-
isfying any of the conditions given in Theorem as a weak pure-semisimple
ring.

As foreshadow by the remark, we think that the above question has a positive
solution. Nevertheless, even if the above question has a negative solution Theorem
is still interesting as it can be used to show that certain classes are not
superstable. An example of this is given in the next section.

A finer question would be to determine if there is a commutative domain satisfying
any of the equivalent conditions given in Theorem [10.4.14 We ask the question in
algebraic terms.

Question 10.4.18. Is there a Priifer domain such that R is not a field, but every
torsion module is torsion-ultracomplete?

Finally, a natural question is if any of the results presented in this section can
be extended to rings that are not necessarily right semihereditary. We think it is
unlikely. However, we think that if one studies the class of s-torsion modules with
respect to other embeddings it is possible to obtain analogous results to the ones
presented here for rings that are not necessarily right semihereditary.

10.5 Torsion abelian groups

In this section we apply our general results to the class of torsion abelian groups with
pure embeddings. We show it is strictly stable, characterize its stability cardinals,
and describe its limit models. We will denote the class of torsion abelian groups with
pure embeddings by Ko,

Remark 10.5.1. Recall that the class of s-torsion abelian groups is precisely the
class of torsion abelian groups, i.e., those groups such that every element has finite
order. Moreover, Z is semihereditary since it is a Priifer domain. Therefore, we can
use the results obtained in the previous section to study the class of torsion abelian
groups.

4A few days before submitting this thesis Mike Prest informed us that the path algebra of a linear
quiver A, for every n > 2 is such an example. These rings are left and right hereditary and left and
right pure-semisimple [Pre09, 4.5.18]. Moreover, they are not (right) absolutely pure as that would
imply that they are semisimple rings which is not the case for these rings.
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The following fact collects what is known of the class of torsion abelian groups
with pure embeddings. They were first obtained in [Ch. 6, §4], but they also follow
from the results of the previous section.

Fact 10.5.2. Let K7 = (K™ <),

o K™ is an AEC with LS(K”°") = X, that has amalgamation, joint embedding,
and no maximal models.

o If \*o = )\, then K”" is \-stable.
o K7 is (< Rg)-tame.

We will use the following algebraic result to show that the class is not superstable.
Given an abelian group G, we will denote its torsion part by the standard ¢(G) instead

of 5(G).

Remark 10.5.3 ([Fucl®, §10.3]). Let B, = Z(p™)™ and B = @, B,,. The following
holds:

g = (bp)new € t(PE(B)) <11,B, if and only if the orders of {b,},c. are bounded.

Using the above characterization of t(PE(B)), it is easy to show that ||[{(PE(B))|| =
N as |B,[p]| = |{b € B, : pb =0} = X for every n € w.

Lemma 10.5.4. K7 is not superstable. Hence, KT is strictly stable.

Proof. Assume for the sake of contradiction that K7 is superstable. Let A = 2,
and B = @, B, where B,, = Z(p")™ for every n < w as in Remark [10.5.3] Then by

Theorem [10.4.14}(5) and Lemma [10.3.12|(3), it follows that B = t(PE(B)). This is
a contradiction as |[t(PE(B))|| = A™ > X\ by Kénig’s lemma. O

Remark 10.5.5. The previous result contrasts with the fact that the class of torsion
abelian groups with embedding is superstable [Ch. 6l 4.8].

We are actually able to obtain a complete characterization of the stability cardi-
nals.

Theorem 10.5.6. K™ is \-stable if and only if \¥ = \.

Proof. The backward direction follows from Fact so we show the forward di-
rection. We divide the proof into two cases:

Case 1: A > Ng. Assume that K7 is A-stable. Let M be a (\,w;)-limit model
and B = @, B, where B, = Z(p")™ for every n < w as in Remark . Since
M is a A-limit model and B has size A there is a pure embedding f : B — M. Then
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there is g : PE(B) — PE(M) pure embedding extending f by the minimality of
PE(B).

In particular, g [ypr)): t(PE(B)) = t(PE(M)) is injective. So ||t(PE( ))|| <
|t(PE(M))]||. Since t(PE(M)) = M by Corollary [10.4.6| and Lemma 2| and
[t(PE(B))| = A* by Remark [10.5.3] it follows that A = A%

Case 2: A = N,. Assume for the sake of contradiction that K7 is w-stable.
Since K" is (< Rg)-tame by Fact [10.5.2] it follows from [BKV06, 3.6] that K" is
J.-stable. This contradicts the previous case as 3% > J, by Konig’s lemma. O

From the above results we can precisely describe the spectrum function for limit
models.

Corollary 10.5.7. If \* = X, then KT has two non-isomorphic A-limit models.
Moreover, for every other A, K" has no \-limit models.

Proof. The first part follows from Corollary 10.4.11 and Theorem [10.4.14(2). The
moreover part follows from Theorem [10.5.6) and Fact [10.2.10} O

We go one step further and give an algebraic description of the limit models.
Recall that given n € N and G an abelian group, G[n| denotes the elements of order
n in G and nG denotes the elements of the form ng for some g in G.

Lemma 10.5.8. Let \ be an infinite cardinal such that \* = X\ and o < AT be a
limit ordinal. If M is a (\, «)-limit model in K*°", then:

1. If ef(a) > wy, then M 2 t(IL,PE(D, Z(p™)WV)) & @pZ(poo)()‘)
2. If ef(a) = w, then M = (T, PE(@, Z(") )0 & @), Z()™

Proof. (2) follows directly from (1) and Lemma |10.4.12} so we show (1). By Lemma
10.3.12| we have that M = ¢(G) for some pure-injective group G. Since G is pure-
injective, it follows from [EKFi72, §1], that:

G:HpPE(@Z(p” )rn) @ 7)) o QY @ ( @Z Yoy,
p

for some specific a,,,, B, 9, 7, described in [EkFi72, §1] for p a prime number
and n < w.
Since

t(HpPE(@Z(p” ) (@) DL ) Q@ @Z )0#))) = (11, PE( @Z ") ap,n)))@(ea Z(p™®)»))

p

we only need to determine «,,, and ~, for p a prime number and n < w.
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By [EKFi72, 1.9] for every prime number p we have that v, = dimg,(D(G)[p])
where D(G) is the divisible part of G. Let p be a prime number. Since Z(p>)™ can
be purely embedded in M, because M is universal in K1°" it can be purely embedded
in G. Hence, 7, = \.

By [EkFi72, 1.5] for every prime number p and n < w we have that oy, =
dimg, ((p"'G)[p]/(p"G)[p]). Let p be a prime number and n < w. Since Z(p")™ can
be purely embedded in M, because M is universal in K17, it can be purely embedded
in G. Hence a,, = A

Therefore, we can conclude that M = t(IL,PE(@,, Z(p™")M)) & D, Z(p>=)N. O

We finish by recording the following results for the class of abelian p-groups with
pure embeddings. The proofs are similar to those for torsion abelian groups so we
omit them. Recall that GG is an abelian p-group if every element of G has order p"
for some n € N.

Lemma 10.5.9. Let p be a fixed prime number and denote by KP9P the class of
abelian p-groups with pure embeddings.

1. KP9P s strictly stable.
2. KP9? 4s \-stable if and only if \¥° = \.

3. Let \ be an infinite cardinal such that XX = X\ and o < At be a limit ordinal.
If M is a (A, «)-limit model in KP9P then:

o Ifcf(a) 2w, then M = t(PE(@, Z(p")™)) & Z(p) .
o Ifcf(a) =w, then M = ((PE(@, Z(p")™))™ @ Z(p=) ™.



Chapter 11

Some stable non-elementary classes
of modules

This chapter is based on [Ch. 11].

Abstract

Fisher [Fis75] and Baur [Bau75] showed independently in the seventies that if 7" is a
complete first-order theory extending the theory of modules, then the class of models
of T" with pure embeddings is stable. In [Ch. 6l 2.12], it is asked if the same is true
for any abstract elementary class (K, <,) such that K is a class of modules and <, is
the pure submodule relation. In this paper we give some instances where this is true:

Theorem 11.0.1. Assume R is an associative ring with unity. Let (K, <,) be an
AFEC such that K C R-Mod and K 1is closed under finite direct sums, then:

o If K is closed under direct summands and pure-injective envelopes, then K is
A-stable for every A > LS(K) such that A+ = ).

o [If K is closed under pure submodules and pure epimorphic images, then K is
\-stable for every X such that A\FIHRo = )

o Assume R is Von Neumann reqular. If K is closed under submodules and has
arbitrarily large models, then K is \-stable for every X such that NFITRo = ).

220
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As an application of these results we give new characterizations of noetherian rings,
pure-semisimple rings, dedekind domains, and fields via superstability. Moreover, we
show how these results can be used to show a link between being good in the stability
hierarchy and being good in the axiomatizability hierarchy.

Another application is the existence of universal models with respect to pure
embeddings in several classes of modules. Among them, the class of flat modules and
the class of s-torsion modules.

11.1 Introduction

An abstract elementary class K (AEC for short) is a pair K = (K <k) where K
is a class of structures and <k is a partial order on K extending the substructure
relation. Additionaly, an AEC K is closed under directed colimits and satisfies an
instance of the Downward Lowenheim-Skolem theorem. These were introduced by
Shelah in [Sh88]. In this paper, we will study AECs of modules with respect to pure
embeddings, i.e., classes of the form (K, <,) where K is a class of R-modules for a
fixed ring R and <, is the pure submodule relation.

Fisher [Fis75] and Baur [Bau75h, Theo 1] showed independently in the seventies
that if T is a complete first-order theory extending the theory of modules, then
(Mod(T),<,) is A-stable for every A such that AE*®0 = X\ A modern proof can
be consulted in [Pre88, 3.1]. After realizing that many other classes of modules with
pure embeddings were stable such as abelian groups [Ch. 7, 3.16], torsion-free abelian
groups [BETO07, 0.3], torsion abelian groups [Ch. 6, 4.8], reduced torsion-free abelian
groups [Sh820L 1.2], definable subclasses of modules [Ch. 7, 3.16] and flat R-modules
[ILRV1D, 4.3]. It was asked in [Ch. 6], 2.12] the following question.

Question 11.1.1. Let R be an associative ring with unity. If (K, <,) is an abstract
elementary class such that X' C R-Mod, is (K, <,) stable? Is this true if R = Z7
Under what conditions on R is this true?

In this paper, we show that many classes of modules are stable. The way we
approach the problem is by showing that if the class has some nice algebraic properties
then it has to be stable. This approach is new, covers most of the examples known
to be stabld'] and can be used to give new examples.

Firstly, we study classes closed under direct sums, direct summands and pure-
injective envelopes. These include absolutely pure modules, locally injective modules,

IThe only set of examples that this approach does not cover is that of classes axiomatizable by
complete first-order theories.
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locally pure-injective modules, reduced torsion-free groups and definable subclasses
of modules (see Example [I1.3.2).

Theorem [11.3.7, Assume K = (K, <,) is an AEC with K C R-Mod for R an
associative ring with unity such that K is closed under direct sums, directed summands
and pure-injective envelopes. If NFITRo = X\ and X > LS(K), then K is A-stable.

By characterizing the limit models in these classes (Lemma and Lemma
11.3.10), we are able to obtain new characterizations of noetherian rings, pure-
semisimple rings, dedekind domains and fields via superstability. An example of
such a result is the next assertion which extends [Ch. 8, 4.30].

Theorem Let R be an associative ring with unity. R is left noetherian
if and only if the class of absolutely pure left R-modules with pure embeddings is
superstable.

Moreover, the above result can be used to show a link between being good in the
stability hierarchy and being good in the axiomatizability hierarchy. More precisely,
if the class of absolutely pure modules with pure embeddings is superstable, then it
is first-order axiomatizable (see Corollary [11.3.20)).

The results for these classes of modules can also be used to partially solve Question
11.1.1}if one substitutes stable for superstable.

Lemma Let R be an associative ring with unity. The following are
equivalent.

1. R s left pure-semisimple.

2. Bvery AECK = (K, <,) with K C R-Mod, such that K is closed under direct
sums and direct summands, is superstable.

Secondly, we study classes closed under direct sums, pure submodules and pure
epimorphic images. These include flat modules, torsion abelian groups, s-torsion
modules and any class axiomatized by an F-sentence (see Example .

Theorem Assume K = (K, <,) is an AEC with K C R-Mod for R an
associative ring with unity such that K 1is closed under direct sums, pure submodules
and pure epimorphic images. If NE+R0 = X then K is \-stable.

This result can be used to construct universal models with respect to pure em-
beddings. In particular, we obtain the next result which extends [Sh820, 1.2], [Ch. 9|
4.6] and [Ch. 6], 3.7].

Corollary Let R be an associative ring with unity. If NE+N = X\ or
Vi < MulB+Ro < X, then there is a universal model in the class of flat R-modules
with pure embeddings and in the class of s-torsion R-modules with pure embeddings
of cardinality ).

Finally, we study classes of modules that are closed under pure submodules and
that are contained in a well-understood class of modules which is closed under pure
submodules and that admits intersections. The main examples for this case are
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subclasses of the class of torsion-free groups such as N;-free-groups and finitely Butler

groups (see Example [11.5.2]).

We use the results obtained for these classes of modules to provide a partial
solution to Question

Lemma Assume R is a Von Neumann reqular ring. If K is closed
under submodules and has arbitrarily large models, then K = (K, <,) is A-stable if
ABI+R0 —

The paper is organized as follows. Section 2 presents necessary background. Sec-
tion 3 studies classes closed under direct sums, direct summands and pure-injective
envelopes. Section 4 studies classes closed under direct sums, pure submodules and
pure epimorphic images. Section 5 studies classes of modules that are closed under
pure submodules and that are contained in a well-understood class of modules which
is closed under pure submodules and that admits intersection.

This paper was written while the author was working on a Ph.D. under the di-
rection of Rami Grossberg at Carnegie Mellon University and I would like to thank
Professor Grossberg for his guidance and assistance in my research in general and
in this work in particular. I would like to thank Thomas G. Kucera for letting me
include Lemma in this paper. I would like to thank John T. Baldwin, Ivo

Herzog, Samson Leung and Philip Rothmaler for comments that help improve the
paper.

11.2 Preliminaries

In this section, we recall the necessary notions from abstract elementary classes,
independence relations and module theory that are used in this paper.

11.2.1 Abstract elementary classes

We briefly present the notions of abstract elementary classes that are used in this
paper. These are further studied in [Bal09, §4 - 8] and [Gro2Xl, §2, §4.4]. An intro-
duction from an algebraic perspective is given in [Ch. 6l §2].

Abstract elementary classes (AECs for short) were introduced by Shelah in [Sh8§]
to study those classes of structures axiomatized in L, ,(Q). An AEC K is a pair
(K, <k) where K is a class of structures and <k is a binary relation on K. Addition-
ally, an AEC is closed under unions of chains and every set is contained in a small
structure in the class. The reader can consult the definition in [Ch. 6l 2.2].
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Given a model M, we will write |M| for its underlying set and ||M]|| for its car-
dinality. Given A\ a cardinal and K an AEC, we denote by K, the models in K
of cardinality A\. Moreover, if we write “f : M — N7, we assume that f is a K-
embedding, i.e., f: M = f[M] and f[M] <k N. In particular, K-embeddings are
always monomorphisms.

Shelah introduced a notion of semantic type in [Sh300]. Following |Gro02], we
call these semantic types Galois-types. Given (b, A, N), where N € K, A C |N|, and
b is a sequence in N, the Galois-type of b over A in N, denoted by tpg(b/A; N),
is the equivalence class of (b, A, N) module E¥; E¥ is the transitive closure of EX
where (by, Ay, N1)EX(by, Ay, No) if A := A} = A, and there exist K-embeddings
fe: N, - N for ¢ € {1,2} such that f1(b;) = fa(bs) and N € K.

If M € K and « is an ordinal, let gSk(M) = {tpx(b/M;N) : M <x N €
Kandb € N®}. When a = 1, we write gSg (M) instead of gSi(M). We let
85 (M) = Uycon 8Si(M).

Since Galois-types are equivalence classes, they might not be determined by their
finite restrictions. We say that K is fully (< Ng)-tame if for any M € K and p # q €
gS<>*(M), there is A C |M| such that |A| < Ry and p [a# g [a. This notion was
isolated by Grossberg and VanDieren in [GrVan06].

We now introduce the main notion of this paper.

Definition 11.2.1. An AEC K is A-stable if for any M € K, [gSg(M)]| < A

Recall that a model M is universal over N if and only if || N|| = [|[M|| = X and for
every N* € K, such that N <g N*, thereis f: N* 7 M. Let us recall the notion
of limit model.

Definition 11.2.2. Let A be an infinite cardinal and @ < A* be a limit ordinal. M

is a (A, @)-limit model over N if and only if there is {M; : i < a} C K, an increasing
continuous chain such that:

1. My=N.
2. M =,_, M.
3. M, is universal over M; for each ¢ < a.

M is a (A, a)-limit model if there is N € K, such that M is a (A, «)-limit model
over N. M is a A-limit model if there is a limit ordinal o < A" such that M is a
(A, @)-limit model.

We say that K has uniqueness of limit models of cardinality \ if K has A-limit
models and if any two A-limit models are isomorphic. We introduce the notion of
superstability for AECs.
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Definition 11.2.3. K is a superstable AEC if and only if K has uniqueness of limit
models on a tail of cardinals.

Remark 11.2.4. In [GrVasl7, 1.3] and [Vasl§| was shown that for AECs that have
amalgamation, joint embedding, no maximal models and are tame, the definition
above is equivalent to every other definition of superstability considered in the context
of AECs. In particular for a complete first-order theory T', (Mod(T'), <) is superstable
if and only if T is A-stable for every A > 2/71.

Finally, recall that a model M € K is a universal model in K, if M € K, and
if given any N € K,, there is a K-embedding f : N — M. We say that K has a
universal model of cardinality A if there is a universal model in K. In |[Ch. 5l 2.10],
it is shown that if K is an AEC with the joint embedding property and M is a A-limit
model, then M is universal in K.

11.2.2 Independence relations

We recall the basic properties of independence relations on arbitrary categories. These
were introduced and studied in detail in [LRV19).

Definition 11.2.5 ( [LRV19, 3.4]). An independence relation on a category C is a
set L of commutative squares such that for any commutative diagram:

FE
hi /
t
g1
B D b
f g2
A % C

we have that <f17 f2,gl,92) e L if and only if (fl, f2, hl, hg) e L.

We will be particularly interested in weakly stable independence relations. Recall
that an independence relation L is weakly stable if it satisfies: symmetry [LRVI19] 3.9],
existence [LRV19, 3.10], uniqueness [LRV19, 3.13], and transitivity [LRV19, 3.15].

They also introduced the notion of a stable independence relation for any category
C in [LRV19, 3.24]. As the definition is long and we will only study independence
relations on AECs, we introduce the definition for AECs instead. For an AEC K,
an indepedence relation L is stable if it is weakly stable and satisfies local character
[LRV19, 8.6] and the witness property [LRV19, 8.7].



226

11.2.3 Module Theory

We succinctly introduce the notions from module theory that are used in this paper.
These are further studied in [Pre8§].

All rings considered in this paper are associative with unity. A formula ¢ is a
positive primitive formula (pp-formula for short), if ¢ is an existentially quantified
finite system of linear equations. Given b € M <> and M C N, the pp-type of b over
M in N, denoted by pp(b/M, N), is the set of pp-formulas with parameters in M that
hold for b in N.

Given M and N R-modules, M is a pure submodule of N, denoted by M <, N, if
and only if M is a submodule of N and for every a € M= pp(a/0, M) = pp(a/d, N).
Moreover, f : M — N is a pure epimorphism if f is an epimorphism and ker(f) <,
M.

Recall that a module M is pure-injective if for every N, if M is a pure submodule of
N, then M is a direct summand of N. Given a module M, the pure-injective envelope
of M, denoted by PE(M), is a pure-injective module such that M <, PE(M) and it
is minimum with respect to this property. Its existence follows from [Zie84l 3.6] and
the fact that every module can be embedded into a pure-injective module.

The following property of pure-injective modules will be useful.

Fact 11.2.6 (|[GKSIS8, 2.5]). Let M, N be pure-injective modules. If there are f :
M — N a pure embedding and g : N — M a pure embedding, then M and N are
isomorphic.

M is S-pure-injective if M®0) is pure-injective. The next three properties of
Y -pure-injective modules will be useful.

Fact 11.2.7.
o If NV is X-pure-injective and M <, N, then M is Y-pure-injective.

e If N is Y-pure-injective and M is elementary equivalent to N, then M is -
pure-injective.

o ([Pre88l 3.2]) If M is ¥-pure-injective, then (Mod(Th(M)),<,) is A-stable for
every A > |Th(M)|.

11.3 Classes closed under pure-injective envelopes

In this section we study classes closed under direct sums, direct summands and pure-
injective envelopes. We show that they are always stable and we give an algebraic
characterization of when they are superstable.
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Hypothesis 11.3.1. Let K = (K, <,) be an AEC with K C R-Mod for a fixed ring
R such that:

1.
2.
3.

K 1is closed under direct sums.
K is closed under direct summands.

K is closed under pure-injective envelopes, i.e., if M € K, then PE(M) € K.

Below we give some examples of classes of modules satisfying Hypothesis [11.3.1}

Example 11.3.2.

1.

(R-AbsP, <,) where R-AbsP is the class of absolutely pure R-modules. A mod-
ule M is absolutely pure if it is pure in every module containing it. Closure
under direct sums and direct summands follows from [PreQ9, 2.3.2, 2.3.5], while
closure under pure-injective envelopes follows from [Pre09, 4.3.12].

(R-l-inj, <,) where R-l-inj is the class of locally injective R-modules (also called
finitely injective modules). A module M is locally injective if given a € M<¥
there is an injective submodule of M containing a. Closure under direct sums
is clear while closure under direct summands follows from [RaRa73, 3.1]; and

closure under pure-injective envelopes follows from the fact that locally injective
modules are absolutely pure [RaRa73| 3.1] and [Pre09, 4.3.12].

(R-1-pi, <,) where R-l-pi is the class of locally pure-injective R-modules. A
module M is locally pure-injective if given a € M<“ there is a pure-injective
pure submodule of M containing a. Closure under direct sums, direct summands
and pure-injective envelopes follow from [Zim02] 2.4].

(RTF, <,) where RTF is the class of reduced torsion-free abelian groups. A
group G is reduced if it does not have non-trivial divisible subgroups. Closure
under direct sums and direct summands are easy to check, while closure under
pure-injective envelopes follows from [Fucl5l, 6.4.3].

. (R-Flat, <,) where R-Flat is the class of flat R-modules under the additional as-

sumption that the pure-injective envelope of every flat modules is flat /| Closure
under direct sums and direct summands are easy to check and we are assuming
closure under pure-injective envelopes.

(x, <p) where y is a definable category of modules in the sense of [Pre09, §3.4]. A
class of modules is definable if it is closed under direct products, direct limits and
pure submodules. Closure under pure-injective envelopes follows from [Pre09,
4.3.21].

2These rings were introduced in [Roth02] and this class was studied in detail in [Ch._9] §3].
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Remark 11.3.3. It is worth mentioning that none of the above examples are first-
order axiomatizable with the exception of the last one.

11.3.1 Stability

We begin by showing some structural properties of the classes satisfying Hypothesis
11.3.1} The argument for the amalgamation property is due to T.G. Kucera.

Lemma 11.3.4. If K satisfies Hypothesis|11.3.1], then K has joint embedding, amal-
gamation, no mazimal models and |R| + Xy < LS(K).

Proof. Joint embedding and no maximal models follow directly from closure under
direct sums. So we show the amalgamation property.

Let M <, Ny, Ny be models of K. By minimality of the pure-injective envelope
we obtain that PE(M) <, PE(N;), PE(N,) and observe that all of these models are
in K by closure under pure-injective envelopes.

Let L := PE(N;) ® PE(N,) which is in K by closure under direct sums. Now,
as PE(M) is pure-injective, there are Nj and N such that PE(N;) = PE(M) & N]
for i € {1,2}. Hence, L = (PE(M) & N;) ® (PE(M) @& Nj). Define f : Ny — L
by f(m + ni) = (m,ny,m,0) for m € PE(M) and ny € N and g : Ny — L by
g(m +ng) = (m,0,m,ny) for m € PE(M) and ny € Nj. One can show that f, g are
pure embeddings such that f [y= g [um. O

We characterize the Galois-types in term of the pp-types. The result is similar to
[Ch. 7, 3.14], but the argument given there cannot be applied in this setting. As the
argument given in [Ch. 9, 4.4] works in the more general setting of classes satisfying
Hypothesis we only sketch the proof.

Lemma 11.3.5. Assume K satisfies Hypothesis [11.3.1. Let M, N1, Ny € K, M <,
N1, Ny, by € N and by € N5*°. Then:

tp(b1/M; N1) = tp(ba/M; No) if and only if pp(bi/M, Ny) = pp(bs/M, Ns).

Proof. The forward direction is trivial so we show the backward direction. As K
has the amalgamation property we may assume that N; = N, and since K is closed
under pure-injective envelopes we may assume that N; = N, is pure-injective. Let
N = Ny = N,. Then by [Zie84], 3.6] there is

fHY(MU{b}) =y HY(M U {by})
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 As K is closed under direct summands, it follows that H™ (M U {by}), HY (M U
{b2}) € K, so applying the amalgamation property a few times the result follows. [

An immediate corollary is that the classes satisfying Hypthesis [I1.3.1] are tame.
Corollary 11.3.6. If K satisfies Hypothesis|11.3.1], then K is fully (< Rg)-tame.
Our first theorem also follows from the above lemma.

Theorem 11.3.7. Assume K satisfies Hypothesis|11.3.1 and X > LS(K). If AR =
A, then K is \-stable.

Proof. Let M € K, and {p; : ¢ < a} be an enumeration without repetitions of
gS(M). Fix N € K an extension of M such that there is {a; : i < a} C N with
pi = tp(a;/M; N) for every i < a. This can be done by amalgamation.

Let ® : gS(M) — So™ (M) be such that ¢(tp(a;/M; N)) = ppla;/M, N). By
Lemma we have that ® is a well-defined injective function, so |gS(M)| <

|SEEM (ALY Then |Spr™ (M) = |ST™(M)| by pp-quantifier elimination (see
[Pre88|, §2.4]). Hence |gS(M)| = |ST™M(M)| < X by the fact that every complete
first-order theory of modules is A-stable if A% = X by [Pre88, 3.1]. O

Then from [Ch. 7, 3.20] we can conclude the existence of universal models.

Corollary 11.3.8. Assume K satisfies Hypothesis|11.3.1 and X > LS(K). If \IFl+Ro —
AorVu < A(u'RHNO < A), then K has a universal model of cardinality \.

11.3.2 Limit models and superstability

Since K has joint embedding, amalgamation and no maximal models, it follows from
[Sh:hl, §11.1.16] that K has a (), a)-limit model if A#+%0 = A/ X > LS(K) and o < A+
is a limit ordinal. We characterize limit models with chains of big cofinality. This
extends [Ch. 7, 4.5] and [Ch. 9, 4.9] to any class satisfying Hypothesis [11.3.1]

Lemma 11.3.9. Assume K satisfies Hypothesis|11.5.1) and X > LS(K)™. If M is a
(A, @)-limit model and cf(a) > (|R| 4+ No) ™, then M is pure-injective.

Proof. Fix {M; : i < a} a witness to the fact that M is a (A, «)-limit model. We show
that every p(z) M-consistent pp-type over A C M with |A| < |R| + g is realized in
M. This enough to show that M is pure-injective by [Pre88, 2.8].

Observe that p is a PE(M)-consistent pp-type as M < PE(M). Since PE(M) is
pure-injective, there is a € PE(M) realizing p. As cf(a) > (|R|+Rg)™, there is i < «
such that A C M;. Applying Downward Lowenheim-Skolem to M; U {a} in PE(M)
we obtain N € K, with M; <, N and a € N. Then thereis f : N 7 M because

M, 1 is universal over M;. Hence f(a) € M realizes p. O
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Since K is closed under direct sums, the usual argument [Ch. 7, 4.9] can be use
to characterize limit models of countable cofinality.

Lemma 11.3.10. Assume K satisfies Hypothesis|11.5.1| and X > LS(K)™. If M is a
(A, w)-limit model and N is a (A, (|R| 4+ Ro)")-limit model, then M is isomorphic to
N o)

Moreover, any two limit models of K are elementarily equivalent. The proof is
similar to that of [Ch. 7, 4.3] so we omit it.

Lemma 11.3.11. Assume K satisfies Hypothesis |11.5.1. If M, N are limit models
of K, then M and N are elementary equivalent.

Therefore, it makes sense to introduce the following first-order theory:

Notation 11.3.12. For K satisfying Hypothesis [11.3.1} let Mg be the (2M5) ))-
limit model of K and Tx = Th(Mry).

In [Ch. 8| §4.1] a similar theory, called T there, was introduced. There it was
shown that there was a very close relation between the AEC K and Tx. We do not
think that this is the case when K satisfies Hypothesis and is not first-order
axiomatizable. We think that this is the case because there can be models of TK that
are not in K. Nevertheless, stability transfers from Tk to K. As the proof is similar
to that of [Ch. 8| 4.9] we omit it.

Lemma 11.3.13. Assume K satisfies Hypothesis|11.5.1 and let X > LS(K). If Tk
18 A-stable, then K is \-stable.

Remark 11.3.14. In [Ch. &, 4.9], it is shown that the converse is true if K is first-
order axiomatizable. We do not think that the converse is true in this more general
setting, but we do not have a counterexample.

We characterize superstability for classes satisfying Hypothesis [11.3.1] The next
result extends [Ch. 8, 4.26] to classes not necessarily axiomatizable by a first-order
theory and [Ch. 9, 4.12] to a different class than that of Example 3.2.(5).

Theorem 11.3.15. Assume K satisfies Hypothesis|11.5.1. The following are equiv-
alent.

1. K s superstable.

2. Thereis a A\ > LS(K)™ such that K has uniqueness of limit models of cardinality
A

3. Fvery limit model in K s X-pure-injective.
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4. Fvery model in K is pure-injective.
5. For every A > LS(K), K has uniqueness of limit models of cardinality \.

Proof. (1) = (2) Clear.

(2) = (3) Let A > LS(K)™ such that K has uniqueness of limit models of size
A. Let M be a (A, (|R| + Ng)™)-limit model in K. It follows from Lemma
that M®0) is the (\,w)-limit model. As K has uniqueness of limit models of size
A\, we have that M is isomorphic to M®0) . Since M is pure-injective by Lemma
11.3.9| it follows that M®0) is pure-injective. Hence M is Y-pure-injective. Since
limit models are elementarily equivalent by Lemma [11.3.11] and ¥-pure-injectivity is
preserved under elementarily equivalence by Fact [[1.2.7] it follows that every limit
model is X-pure-injective.

(3) = (4) Let N € K and N’ be a (|| N|[IF+% )-limit model, this exist by
Theorem [11.3.7} Then there is f : N = N’ a pure embedding by [CL. 5, 2.10]. Since
N' is ¥-pure-injective and f is a pure embedding, it follows from Fact that N
is X-pure-injective. Hence every model in K is pure-injective.

(4) = (5) Let M be a (2"5¥) u)-limit model. By (4) and closure under direct
sums we have that M is X-pure-injective, so Th(M) is A-stable for every A > |R|+ R
by Fact [11.2.7. As Th(M) = Tk by definition, it follows from Lemma |11.3.13|that K
is A-stable for every A > LS(K). Therefore, by [Sh:hl, §II.1.16] there exist a A-limit
model for every A > LS(K).

Regarding uniqueness, observe that given M and N A-limit models, there are
f:M — N and g: N — M pure embeddings by [Ch. 5, 2.10]. Since we have that M
and N are pure-injective, it follows from Fact that M and N are isomorphic.

(5) = (1) Clear. O

Remark 11.3.16. It can also be shown as in [Ch. 8, 4.26] that K is superstable if
and only if there exists A > LS(K)" such that K has a Y-pure-injective universal
model of cardinality .

11.3.3 Characterizing several classes of rings

We will use the results of the preceding subsection to characterize noetherian rings,
pure-semimple rings, dedekind domains and fields via superstability.

Recall that a module M is injective if it is a direct summand of every module
containing it. The next result will be useful.

Fact 11.3.17 (|[Pre(9, 4.4.17]). Let R be a ring. The following are equivalent.

1. R is left noetherian.
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2. The class of absolutely pure left R-modules is the same as the class of injective
left R-modules.

3. Every direct sum of injective left R-modules is injective.

We begin by giving two new characterizations of noetherian rings. The equiva-
lence between (1) and (2) extends [Ch. 8| 4.30]. Recall that R-AbsP is the class of
absolutely pure R-modules and that R-1-inj is the class of locally injective R-modules,
these were introduced in Example [11.3.2]

Theorem 11.3.18. Let R be a ring. The following are equivalent.
1. R s left noetherian.
2. (R-AbsP, <,) is superstable.
3. (R-l-ing, <,) is superstable.

Proof. Recall that absolutely pure modules and locally injective modules satisfy Hy-
pothesis|11.3.1] so we can use the results from the previous subsection. More precisely,
we use Theorem [11.3.15](4) to show the equivalences.

(1) = (2) If R is noetherian, then every absolutely pure modules is injective by
Fact Hence, every absolutely pure module is pure-injective. So the result
follows from Theorem [I1.3.15

(2) = (3) Every locally injective module is absolutely pure by [RaRa73, 3.1]. Then
it follows that every locally injective module is pure-injective by (2). Hence, the class
of locally injective R-modules is superstable.

(3) = (1) We show that the direct sum of injective modules is injective, this is
enough by Fact . Let {M; : 1 € I} be a family of injective modules. As they are
all locally injective, we have that @;c; M, is locally injective. Moreover, as (R-l-inj, <,)
is superstable, we have that @;c;M; is also pure-injective by Theorem [11.3.15 Recall
that locally injective modules are absolutely pure, so &;c;M; is absolutely pure and
pure-injective. Therefore, @;c;M; is injective. Hence R is noetherian. O

We use the above result to study the class of injective R-modules with pure em-
beddings, we will denote it by (R-Inj, <,).

Corollary 11.3.19. Let R be a ring. If (R-Inj, <,) is an AEC, then (R-Inj, <,) is
superstable.

Proof. If (R-Inj, <,) is an AEC then the direct sum of injective modules is an injective
module because injective modules are closed under finite direct sums. Hence R is left
noetherian. Then (R-Inj, <,) is superstable by Theorem and using that in
noetherian rings injective modules are the same as absolutely pure modules by Fact

IL3.17 O
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The next corollary shows a connection between being good in the stability hierachy
and being good in the axiomatizability hierachy.

Corollary 11.3.20. Let R be a ring.

1. If (R-AbsP, <,) is superstable, then the class of absolutely pure left R-modules
18 first-order axiomatizable.

2. If (R-l-inj, <,) is superstable, then the class of locally injective left R-modules
18 first-order axiomatizable.

Proof.

1. Since (R-AbsP, <) is superstable, then by Theorem|11.3.18| R is left noetherian.
Then R is left coherent, so it follows from [Pre09) 3.4.24] that absolutely pure
modules are first-order axiomatizable

2. The proof is similar to that of (1), using that if R is noetherian then the class
of absolutely pure modules is the same as the class of locally injective modules.

]

We turn our attention to pure-semisimple rings. A ring is pure-semisimple if
and only if every R-module is pure-injective. These have been thoroughly studied
[Cha60], [Aus74], [Aus76], [Sim77], [Z-H79], [Sim&81], [Pre84], [Sim00], [Pre09, §4.5.1]
and [Ch. §]. Recall that R-1-pi is the class of locally pure-injective R-modules, these
were introduced in Example [I1.3.2] The equivalence between (1) and (2) of the next
assertion was obtained in [Ch. 8| 4.28].

Theorem 11.3.21. Let R be a ring. The following are equivalent.
1. R is left pure-semisimple.
2. (R-Mod, <,)) is superstable.
3. (R-l-pi, <,) is superstable.

Proof. Recall that R-modules and locally pure-injective R-modules satisfy Hypoth-

esis [11.3.1] We use Theorem [11.3.15(4) to show the equivalences. The equivalence
between (1) and (2) and the direction (2) to (3) are straightforward. We show (3) to
(1).

Let M be an R-module, then PE(M) is locally pure-injective and M <, PE(M).
Observe that PE(M)®) is locally pure-injective. Then PE(M)®) is pure-injective
by hypothesis (3), so PE(M) is X-pure-injective. Hence, M is pure-injective by Fact
11.2.7, Therefore, R is left pure-semisimple. O
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We can obtain an analogous result to Corollary [11.3.19] by substituting the class
of injective modules by that of pure-injective modules. We denote by R-pi the class
of pure-injective R-modules.

Corollary 11.3.22. Let R be a ring. If (R-pi,<p) is an AEC, then (R-pi, <,) is
superstable.

Proof. If (R-pi, <,) is an AEC, then every pure-injective module is ¥-pure-injective
because pure-injective modules are closed under finite direct sums. Then doing an ar-
gument similar to that of the previous result, one can show that R is pure-semisimple.

Thus, the class of pure-injective R-modules is the same as the class of R-modules.
Therefore, (R-pi, <,) is superstable by Theorem [11.3.21] O

We also get a relation between being good in the stability hierarchy and being
good in the axiomatizability hierarchy for locally pure-injective modules.

Corollary 11.3.23. Let R be ring. If (R-l-pi,<,) is superstable, then the class of
locally pure-injective left R-modules is first-order aziomatizable.

Proof. Since (R-1-pi, <,) is superstable, then by Theorem [11.3.21] R is left pure-
semisimple. Then the class of locally pure-injective R-modules is the same as the
class of R-modules. Therefore, it is clearly first-order axiomatizable. O

Corollaries [11.3.20] and [11.3.23] may suggest that given an AEC of modules sat-
isfying Hypothesis [11.3.1], it follows that if the class is superstable, then the class is
first-order axiomatizable. This is not the case as witnessed by the next example.

Example 11.3.24. It was shown in [Ch. 9, 3.15] that (R-Flat, <,) is superstable if
and only if R is left perfect. It is known that the class of flat left R-modules is first-

order axiomatizable if and only if R is right coherent. Therefore, the ring R described
in [Roth02, 3.3] is such that (R-Flat, <,) satisfies Hypothesis [11.3.1 (R-Flat, <,) is
superstable and R-Flat is not first-order axiomatizable.

As mentioned in the introduction, the main focus of the paper is Question [11.1.1]
The results of this section can be used to characterized those rings for which all AECs
closed under direct sums and direct summands are superstable.

Lemma 11.3.25. Let R be a ring. The following are equivalent.
1. R s left pure-semisimple.

2. Bvery AEC K = (K, <,) with K C R-Mod, such that K is closed under direct

sums and direct summands, is superstable.
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Proof. The backward direction follows from Theorem [11.3.21]as (R-Mod, <,) satisfies
(2). We show the forward direction.

Let K be a class satisfying (2), then K is closed under pure-injective envelopes
as every module is pure-injective by the hypothesis on the ring. Hence, K satisfies

Hypothesis [11.3.1} Therefore, K is superstable by Theorem [11.3.15](4). ]

The next well-known ring theoretic result follows from the above lemma, Theorem
11.3.18 and [Ch. 9, 3.15].

Corollary 11.3.26. Assume R is an associative ring with unity. If R is left pure-
semisimple, then R is left noetherian and left perfect.

We finish this subsection by applying the technology developed in this section to
integral domains. Given an integral domain R, we study the class of divisible R-
modules, denoted by R-Div, and the class torsion-free R-modules, denoted by R-TF.
A module M is a divisible R-module if for every m € M and r # 0 € R, there is
n € M such that rn = m. While a module M is a torsion-free R-module if for every
m # 0 € M and every r # 0 € R, rm # 0. It is easy to show that (R-Div, <,) and
(R-TF, <,) both satisfy Hypothesis , this is the case as they are both definable

classes in the sense of Example [11.3.2}(6).
Lemma 11.3.27. Let R be an integral domain.

1. R is a dedekind domain if and only if (R-Div, <)) is superstable.

2. R is a field if and only if (R-TF,<,) is superstable.
Proof.

1. =: Since R is a dedekind domain, every divisible R-module is injective by
[Rot09] 4.24]. As injective modules are pure-injective, (R-Div, <,) is superstable
by Theorem [11.3.15]

<: Recall that the class of h-divisible R-modules is contained in the class
of divisible R-modules. Then every h-divisible R-module is pure-injective by
Theorem [11.3.15, Therefore, R is a dedekind domain by [Sal07, 2.5].

2. =: If Ris a field, clearly R is a Priifer domain. So the class of flat modules is
the same as the class of torsion-free modules by [Rot09, 4.35]. Then (R-TF, <,)
is superstable since R is perfect and by [Ch. 9| 3.15].

<: It follows from Theorem and [Sal07, 2.3] that R is a Priifer domain.
So, as before, the class of flat modules is the same as the class of torsion-free
modules. Then R is left perfect by [Ch. 9, 3.15]. Therefore, R is a field by
[Sallll, 2.3].

O
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11.4 Classes closed under pure epimorphic images

In this section we study classes closed under direct sums, pure submodules and pure
epimorphic images. We show that they are always stable. The proof is different to that
of the previous section as we first show the existence of a weakly stable independence
relation with local character and from it we obtain the stability cardinals.

Let us introduce the hypothesis for this section.

Hypothesis 11.4.1. Let K = (K, <,) be an AEC with K C R-Mod for a fixed ring
R such that:

1. K is closed under direct sums.

2. K is closed under pure submodules.

3. K is closed under pure epimorphic images.

Below we give some examples of classes of modules satisfying Hypothesis [11.4.1}

Example 11.4.2. Our main source of examples are F'-classes. These were introduced
in [PRZ94] and studied in detail in [HeRo09]. Let us recall that an F-class is a class
of modules axiomatizable by formulas of the form:

vz(¢ — \/ 0.

Where ¢ is a pp-formula and ¥ is a collection of pp-formulas (possibly infinite)
such that U is closed under addition and [M] C ¢[M] for every ¢ € ¥ and M an
R-module.

It follows from [HeRo09, 2.3] that every F-class is closed under direct sums, pure
submodules and pure epimorphic images. Moreover, it is clear that F'-classes with
pure embeddings are AECs. Therefore, every F-class satisfies Hypothesis [I1.4.1]

Some interesting examples of F-classes ard’}

1. (R-Flat, <,) where R-Flat is the class of flat left R-modules. A module M is
flat if (—) ® M is an exact functor.

2. (p-grp, <,) where p-grp is the class of abelian p-groups for p a prime number.
A group G is a p-group if every element g # 0 has order p" for some n € N.

3. (Tor, <,) where Tor is the class of torsion abelian groups. A group G is a torsion
group if every element g # 0 has finite order.

3All of these examples are presented in [Rothl] and there it is explained why they are F-classes.
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4. (s-Tor, <,) where s-Tor is the class of s-torsion R-modules in the sense of
[MaRu20]. A module M is an s-torsion module if it satisfies:

V(e =x — \/ V)

Y (R)=0, Y €pp-formula
This model theoretic description is obtained in [Rothll 3.6].
5. (x, <,) where x is a definable category of modules in the sense of [Pre09, §3.4].

Remark 11.4.3. It is worth mentioning that none of the above examples are first-
order axiomatizable with the exception of the last one.

Remark 11.4.4. (R-AbsP, <,) and (RTF, <,) both satisfy Hypothesis but
do not satisfy Hypothesis [I1.4.1] If either class satisfied Hypothesis[I1.4.1] then they
would be first-order axiomatizable by [Pre09l 3.4.7], which we know is not the case.

On the other hand, (R-Flat,<,), (p-grp, <,) and (Tor, <,) satisfy Hypothesis
[11.4.1] but do not satisfy Hypothesis [I1.3.1] The case of flat modules is well-known
and for torsion groups see [Ch. 6 3.1].

Therefore, the classes of modules satisfying Hypothesis are not contained
in those satisfying Hypothesis and vice versa. Definable classes satisfy both of
the hypothesis, but there are non-definable classes as well (see Example [11.3.2(5)).

11.4.1 Stability

We begin by recalling some important properties of pushouts in the category of R-
modules with morphisms, we denote this category by R-Mod.

Remark 11.4.5.

e Given a pair of morphisms (f; : M — Ny, fo : M — N3) in R-Mod, a pushout
is a triple (P, g1, g2) with g1 o fi = go o f5 that is a solution to the universal
property that for every (Q, hy, hy) such that hy o fi = hy o fy, there is a unique
t: P — @ making the following diagram commute:
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Q
hy /
t
g1
Ny P h
fl] | g2
M % Ny

e The pushout of a pair of morphisms (f; : M — Ny, fo : M — N3) in R-Mod is
given by:

(P = Ni@®N2/{(fi(m), — fo(m)) :m € M}, g1 :ny > [(n1,0)], g2 : na = [(0,n2)]).
Moreover, for every (Q, hi, hs) such that hyo fi = hyo fo, we have that ¢t : P — @
is given by t([(n1,n2)]) = h1(n1) + ha(ns).

o ([Pre09l 2.1.13]) If (f1 : M — Ny, fo: M — Ns) are a pair of pure embeddings
in R-Mod and (P, g1, ¢2) is a pushout, then ¢g; and g, are pure embeddings.

The next result will be useful to study classes under Hypothesis [11.4.1].

Lemma 11.4.6. Let K C R-Mod be closed under finite direct sums, pure submodules
and isomorphisms, then the following are equivalent:

1. K is closed under pushouts of pure embeddings in R-Mod, i.e., if M, N1, Ny € K,
fi: M — Ny is a pure embedding, fo : M — Ny is a pure embeddings and P is
the pushout of (f1, f2) in R-Mod, then P € K.

2. K 1s closed under pure epimorphic images.

Proof. =: Assume that the following is a pure-exact sequence:

0—=A—">B- 20—+

with B € K. As A <, B and K is closed under pure submodules, it follows that
A € K. Then by hypothesis we have B & B/{(a,—a) : a € A} € K because this is
the pushout of (A — B, A — B).

Define f : B/A — B® B/{(a,—a) :a € A} by f(b+ A) = (b,—b) + {(a,—a) :
a € A}. Tt is easy to check that f is a pure embeddings. As K is closed under pure
submodules, this implies that B/A € K. Hence C € K.
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<: Let A <, B,C be a span with A, B,C' € K. Observe that B & C/{(a, —a) :
a € A} is the pushout of (A — B, A — (). Since K is closed under direct sums
B®C € K and it is straightforward to show that 7 : B&C — B&C/{(a,—a) :a € A}
is a pure epimorphism. Therefore, B ® C/{(a,—a):a € A} € K. O

Corollary 11.4.7. If K satisfies Hypothesis[11.].1], then K is closed under pushouts
of pure embeddings in R-Mod , i.e., if M, N,,Ny, € K, fi : M — Nj is a pure
embedding, fo : M — Ny is a pure embeddings and P is the pushout of (f1, f2) in
R-Mod, then P € K.

From the corollary above and closure under direct sums it is clear that if a class
satisfies Hypothesis [11.4.1], then it has joint embedding, amalgamation and no maxi-
mal models. We record this result for future reference.

Lemma 11.4.8. If K satisfies Hypothesis then K has joint embedding, amal-
gamation, no mazimal models and LS(K) = |R| + Ny.

Our proof that K is stable under Hypothesis is longer than that under
Hypothesis [11.3.1} This is the case as we do not know if Galois-types and pp-types
can be identified under Hypothesis The way we proceed is by defining an
independence relation in the sense of Subsection 2.2 and showing that it is a weakly
stable independence relation with local character.

Definition 11.4.9. Assume K is an AEC satisfying Hypothesis(11.4.1] (f1, f2, h1, h2) €
L if and only if all the arrows of the outer square are pure embeddings and the unique
map t : P — (@) is a pure embedding:

Q
h1 /
t
g1
Ny P b
fl] . g2
M—7— N

Remark 11.4.10. The definition given above is an instance of [LRVI1D, 2.2] where
their K is the category K with morphisms and M is the class of pure embeddings.
Observe that (K, M) might not be cellular in the sense of [LRV1b] as K might not
be cocomplete.

4For torsion groups and p-groups this can be done, see [Ch. 6, 3.4, 4.5].
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Even without the hypothesis that (IC, M) is cellular, one can show as in [LRV1Db]
that L is a weakly stable independence relation in K under Hypothesis [11.4.1, The

key result is Corollary
Fact 11.4.11 ([LRVIDb| 2.7]). If K satisfies Hypothesis [11.4.1} then L is a weakly

stable independence relation.

Notation 11.4.12. Given L an independence relation on an AEC, recall that one
N

writes Ml\l/Mg if M <k Ml,MQ <k N and (il,ig,jl,jg) € L where i1 - M —
M

Mi,ig: M — My, 51 : My — N, jo : My — N are the inclusion maps.

The next result will be essential to describe the stability cardinals.

Theorem 11.4.13. If K satisfies Hypothesis then L has local character.
More precisely, if My, My <, N, then there are M{, My € K such that M, <,

M{, My <, N, My <, My, || Mo < [[My]| +|R| + Ry and M{g,MQ.
0
Proof. Let My, My <, N. We build two increasing continuous chains {My; : i < w}
and {M]; : i < w} such that:
1. M, = M.
2. My; <p Ml,.1, My <, N.
3o [Moall 1My < [[My]l + [R] + Ro.

4. If a € My, ¢(%,y) is a pp-formula and there is m € M, such that N F ¢[a, m],

then there is [ € My, such that N F ¢[a, [].

| Construction | Base: Let Mj, = M. For each a € M, and ¢(Z,y) a pp-formula,
if there is m € Ms such that N E ¢[a,m] let m§ be such a witness in M, and 0
otherwise. Let My be the structure obtained by applying Downward Lowenheim-
Skolem to (J{m§ : @ € M, and ¢ is a pp-formula} in M,. It is easy to see that Mo
satisfies what is needed.

Induction step: Let Mj, ; be the structured obtained by applying Downward
Lowenheim-Skolem to Mj; in N. Construct Mj,;+; as we constructed Mg, but
replacing M; by Mj ;.

Let My = U, Mo; and M{ = U, M} ;. Observe that || Mol < || ]|+
N
|R| + Xy and we show that M] L M.
My
Recall that the pushout in R-Mod is given by:
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M| —— M| & My/{(m,—m) : m € My}

T 2

M M,

Moreover, t : M{@ Ms/{(m,—m) : m € My} — N is given by t([(m,n)]) = m+n.
So we are left to show that t is a pure embedding.

We begin by proving that ¢ is an embedding, so assume that m; +n; = my + no
with m; € M| and n; € M, for i € {1,2}. Then N F z —y = z[mq, ma, ng — n4|, so by
condition (3) of the construction there is m € M, such that N F x—y = z[my, ma, m/].
Hence [(m1,n1)] = [(m2, ng)] in the pushout.

We show that ¢ is pure. Let 3T¢(T, y) be a pp-formula such that N E 3z¢(z, y)[m+
n] with m € M{ and n € Ms. So N F Jw3z(¢(z, w) Aw = z+ 2')[m,n]. Observe that
this is a pp-formula, m € M| and n € M,, then by condition (3) of the construction
there is p € My such that N F Jw3z(¢p(z, w)Aw = z+2")[m, p|. So N F 3z¢(Z, y)[m+
p|. Then as M| <, N there is m* € M| such that

N E ¢[m*,m + pl. (11.4.1)

As solutions to pp-formulas form a subgroup, it is easy to get that N F 3z¢(Z, y)[n—
p|. Then as My <, N there is n* € M, such that

N E ¢[n*,n —p]. (11.4.2)
So by adding equation (1) and (2) we obtain that:

N E ¢|m* + n*, m + n]. (11.4.3)
Therefore, t : M| & My/{(m,—m) :m € My} — N is a pure embedding. O

As presented in [LRV19, 8.2], it is possible to interpret an independence relation
L as a relation on Galois-types.

Definition 11.4.14. Given M <, N € K, a € N and B C N, we say that
tp(a/B; N) does not fork over M if and only if there are Ml,Mg,N € K such

thatCLeMl,BCMg,N< N/ M< MI,M2< N’ andMlJ,Mg

The next result has some of the properties that the independence relation defined
in Definition [11.4.9| has when seen as a relation on Galois-types.

Lemma 11.4.15. Assume K satisfies Hypothesis[11.4.1. Then:
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1. (Uniqueness) If M <, N, p,q € gS(N), p,q do not fork over M and p [y=
q [m, then p =q.

2. (Local character) If p € gS(M), then there is N <,, M such that p does not fork
over N and ||N|| < |R| + .

Proof. (1) follows from Fact [11.4.11] and [LRV19, 8.5]. As for (2), this follows from
Theorem [11.4.13| and [LRV19, 8.5]. O

With this we obtain the main result of this section.

Theorem 11.4.16. Assume K satisfies Hypothesis|11.4.1 If Nt = X\ then K is
A-stable.

Proof. Let M € K, with N#*®0 — X\ Assume for the sake of contradiction that
|gS(M)| > X and let {p; : i« < AT} be an enumerations without repetitions of types
in gS(M).

By Lemma , for every ¢ < AT, there is N; <, M such that p; does not
fork over N; and || V;|| = |R| + Rg. Then by the pigeon hole principle and using that
MEFRo — X we may assume that there is an N € K such that N; = N for every
i < AT. Therefore, by uniqueness, there are i # j < A" such that p; = p;. This is
clearly a contradiction. O]

The following improves the results of [LRV1b], where it is shown that the class of
flat modules with pure embeddings is stable, by giving a precise descriptions of the
cardinals where the class is stable. It also extends [Ch. 9 4.6] where the same result
is proved for those rings such that the pure-injective envelope of every flat module is
flat.

Corollary 11.4.17. If NEF® = X\ then (R-Flat, <,) is A-stable
Moreover, by Theorem [11.4.16| and [Ch. 7], 3.20] we can conclude the existence of

universal models.

Corollary 11.4.18. Assume K satisfies Hypothesis |[11.4.1 If NE+Ro = X\ or Vi <
Mpl B+ < XY then K has a universal model of cardinality .

Remark 11.4.19. The above result applied to the class of flat modules extends
[Ch. 9 4.6] which in turned extended [Sh820, 1.2]. On the other hand, the above
result applied to the class of s-torsion modules extends [Ch. 6l 4.6].

Another result that follows from having an independence relation is that classes
satisfying Hypothesis [11.4.1] are tame.

Lemma 11.4.20. If K satisfies Hypothesis|11.4.1, then K is (|R| 4+ Rg)-tame.
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Proof. Follows from Lemma |11.4.15|and [LRV19, 8.16]. O

Since K has joint embedding, amalgamation and no maximal models, it follows
from [Sh:hl §11.1.16] that K has a (A, a)-limit model if A+ = X\ and a < AT is
a limit ordinal. For classes satisfying Hypothesis [11.4.1] we do not know how limit
models look like in general or if there is even a general theory as the one under
Hypothesis [I1.3.1} For the specific class of flat modules, it was shown that long limit
models are cotorsion modules in [Ch. 9| 3.5].

Since we were not able to characterize limit models, we are not able to characterize
superstability for classes satisfying Hypothesis [[1.4.1] Again, for the class of flat
modules this was done in [Ch. 9]. There it was shown that the class of flat left
R-modules is superstable if and only if R is left perfect.

We are not sure if it is possible to obtain a result as Theorem for classes
satisfying Hypothesis [[1.4.1] but we think that characterizing superstability in the
class of s-torsion R-modules will have interesting algebraic consequences.

11.4.2 Classes satisfying Hypothesis [11.3.1

We briefly study those classes that satisfy Hypotheses [11.3.1] and [11.4.1] Recall
that definable classes and Example [11.3.2/(5) are examples of classes satisfying both
hypotheses.

Lemma 11.4.21. IfK satisfies Hypotheses|11.5.1 and|11.4.1}, then L has the (< Xy)-
witness property. Moreover, L is a stable independence relation.

Proof. By Corollary [11.3.6) we have K is fully (< Nj)-tame. Then it follows from
[LRV19, 8.8, 8.9] that L has the (< Ng)-witness property. The moreover part follows
from Fact [1.4.11] and Theorem [IT.4.13] O

A natural question to ask is if the above results follows from Hypothesis

Question 11.4.22. If K satisfy Hypothesis|[11.4.1] is . a stable independence rela-
tion?

Remark 11.4.23. In the case of p-groups and torsion groups this is the case by
[Ch. 6, 3.4, 4.5], Lemma [11.3.5] and doing a similar argument as that of Lemma
11421

The next assertion follows from the previous lemma and [LRV1Db, 3.1]. For the
notions not defined in this paper, the reader can consult [LRV1D].
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Corollary 11.4.24. Pure embeddings are cofibrantly generated in the class of R-
modules, i.e., they are generated from a set of morphisms by pushouts, transfinite
composition and retracts.

Proof. Observe that the class of left R-modules with pure embeddings satisfies Hy-
potheses [11.3.1] and [11.4.1 then by Lemma L is a stable independence re-
lation. Since R-Mod with pure embeddings is an accessible cellular category which
is retract-closed, coherent and Ny-continuous. Therefore, pure embeddings are cofi-
brantly generated by [LRV1b, 3.1]. O

Remark 11.4.25. The main result of [LPRV20] is that the above result holds in
locally finitely accessible additive categories. Their proof is very different from our
proof as they use categorical methods.

11.5 Classes that admit intersections

In this section we study classes that admit intersections and their subclasses. We use
the ideas of this section to provide a partial solution to Question [11.1.1] for AECs
of torsion-free abelian groups. Moreover, we give a condition that implies a positive

solution to Question [11.1.1

Definition 11.5.1. Let K = (K, <,) and K* = (K*, <,) be a pair of AECs with
K, K* C R-Mod for a fixed ring R. We say K* is closed below K if the following hold:

1. K* C K.
2. K and K* are closed under pure submodules.

3. K admits intersections, i.e., for every N € K and A C |N| we have that
R (A) ={M <, N: AC |M|} € K and cl{(A) <, N

Example 11.5.2. The following classes are all closed below the class of torsion-free
groups with pure embeddings:

1. (T'F,<,) where T'F is the class of torsion-free groups. A group G is torsion-free
if every element has infinite order.

2. (RTF,<,) where RTF is the class of reduced torsion-free abelian groups. A
group G is reduced if it does not have non-trivial divisible subgroups.

®Classes admitting intersections were introduced in [BaSh08, 1.2] and studied in detail in [VasI7c),

§2].
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3. (Ny-free, <,) where N;-free is the class of R;-free groups. A group G is Nj-free
if every countable subgroups is free.

4. (By, <,) where By is the class of finitely Butler groups. A group G is a finitely
Butler group if G is torsion-free and every pure subgroup of finite rank is a pure
subgroup of a finite rank completely decomposable group (see [Fucl?l, §14.4] for
more details).

5. (T'F-l-cyc, <, p) where TF-l-cyc is the class of torsion-free locally cyclic groups.
A group G is locally cyclic if every finitely generated subgroup is cyclic.

Remark 11.5.3. It is worth pointing out that the second, third and fifth example
are not first-order axiomatizable. While the fourth one is probably not first-order
axiomatizable.

Remark 11.5.4. The class of Ny-free groups is closed below the class of torsion-free
groups, but does not satisfy Hypothesis [11.3.1] or Hypothesis [I1.4.1] This is the case
as it does not have the amalgamation property. We showed that if a class satisfied
either of the hypotheses then it had the amalgamation property (Lemma and

Lemma [11.4.§)).
(R-Mod, <,) satisfies Hypothesis|11.3.1{and Hypothesis(11.4.1] but it is not closed

below any class of modules for most rings. For example, if R = Z, this is the case as
the class of abelian groups with pure embeddings does not admit intersections.

Therefore, there are classes studied in this section that do not satisfy Hypotheses
[11.3.1) or [11.4.1] and there are classes satisfying those hypotheses that can not be
handled with the methods of this section.

11.5.1 Stability

The proof of the next result is straightforward so we omit it.

Proposition 11.5.5. If K* is closed below K, then K* admits intersections. More-
over, for every N € K* and A C N we have that cli (A) = cl¥.(A).

With it we can show that there is a close relation between Galois-types in K and
K*.

Lemma 11.5.6. Assume K* is closed below K. Let A C Ny, N2 € K*, a € N and
b e Ny, then:

tpk(a/A; Np) = tpK(l_)/A; Ny) if and only if tpg.(a/A; N1) = tpk. (l_)/A; Ns)



246

Proof. The backward direction is obvious so we prove the forward direction. Since K
admits intersection, by [Vasi7d, 2.18], there is f : clg' (@ U A) =2y cli?(bU A) with
f(@) = b. Then using the proposition above we have that cli'(a U A) = clih(a U A)
and clg?(bU A) = clg2(bU A). So the result follows from the fact that K* admits
intersections and [Vas17d, 2.18]. O

From that characterization we obtain the following.
Corollary 11.5.7. Assume K* is closed below K.
1. Let A > LS(K*). If K is A-stable, then K* is A-stable.
2. Let X be an infinite cardinal. If K is (< X)-tame, then K* is (< \)-tame.

Using the above result we are able to answer Question [11.1.1]in the case of AECs
of torsion-free abelian groups closed under pure submodules and with arbitrary large
models.

Lemma 11.5.8. If K = (K, <,) is an AEC closed under pure submodules and with
arbitrary large models such that K C TF, then K is A-stable for every infinite cardinal
A such that \X = ).

Remark 11.5.9. The above result applies in particular to reduced torsion-free groups,
N;-free groups and finitely Butler groups. The result for reduced torsion-free groups
is in [Sh&20L 1.2], for N;-free groups is in [Ch. 6l 2.9] and for finitely Butler groups is
in [Ch.5, 5.9].

We see the next result as a first approximation to Question Recall that a
ring R is Von Neumann regular if and only if for every r» € R there is an s € R such
that r = rsr if and only if every left R-modules is absolutely pure (see for example
[Pre09, 2.3.22]).

Lemma 11.5.10. Assume R is a Von Neumann reqular ring. If K is closed under

submodules and has arbitrarily large models, then K = (K, <,) is A-stable for every
infinite cardinal X such that ANFIHR0 = X,

Proof. We show that K is closed below (R-Mod, <,). Observe that the only things
that need to be shown are that (R-Mod, <,) admits intersections and that K is closed
under pure submodules. This is the case as every module is absolutely pure by the
hypothesis on the ring. O
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