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TAMENESS FROM LARGE CARDINAL AXIOMS
WILL BONEY

Abstract. We show that Shelah’s Eventual Categoricity Conjecture for successors follows from the
existence of class many strongly compact cardinals. This is the first time the consistency of this conjecture
has been proven. We do so by showing that every AEC with LS(K) below a strongly compact cardinal
K is < k-tame and applying the categoricity transfer of Grossberg and VanDieren [11]. These techniques
also apply to measurable and weakly compact cardinals and we prove similar tameness results under those
hypotheses. We isolate a dual property to tameness, called type shortness, and show that it follows similarly
from large cardinals.

§1. Introduction. The study of Abstract Elementary Classes (AECs) began with
Shelah’s work in [28] as a semantic generalization of the model theory of L;+ ,,(Q).
One of the main test questions for AECs is an attempt to prove an analogue of
Morley’s and Shelah’s Categoricity Theorems [24] [27] from first order logic to
the AEC context. This is typically referred to as Shelah’s Categoricity Conjecture.
We state one of the more general versions, Shelah’s Eventual Categoricity Conjecture
that appears in the list of open problems from [25] as D.(3a).

CoNJECTURE 1.1 (Shelah). For every A. there is some u; so that if K is an AEC
with LS(K) = A and is categorical in a cardinal greater than or equal to u;. then it is
categorical in every cardinal greater than or equal to u,,.

Note that this is still open for countable fragments of L, ., where it is also
conjectured that uy, = J,, . Shelah and others have made progress on this. Some of
this work also uses additional axioms of set theory, especially the work on frames
contained in Shelah’s recent book [26] which uses many instances of the weak
continuum hypothesis and nonsaturation of the weak diamond ideals. This work,
using good ZA-frames, is notable in that it focuses on transferring nice properties in
small cardinals upwards with no global assumptions on the class. Some work on
the eventual categoricity problem has also been done from large cardinal axioms.
[31] proves a downward categoricity transfer for inifinitary logics from the existence
of a measureable cardinal and [22] proves Shelah’s Categoricity Conjecture for
L, with & strongly compact.

Grossberg and VanDieren [11] have recently approached this problem from an
exciting new approach. They isolated a model theoretic property called tameness.
This is defined in Definition 3.1, but briefly says that different types are different
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over small models. Building on the results of [30], they showed that an upward
version of Shelah’s Categoricity Conjecture holds for tame AECs.

THeoOREM 1.2 ([11]). Suppose K is an AEC with amalgamation. joint embedding.
and no maximal models. If K is y-tame and . categorical for some . > LS(K)" +y.
then K is u categorical for all u > A.

An astute reader will notice the requirement that the categoricity cardinal be a
successor cardinal that is not present in Morley’s original theorem; this is a feature
of most known cases of Shelah’s Categoricity Conjecture and it is asked by Shelah
in [34].6.14 if the successor requirement can be removed. The results without the
successor are Hytinnen and Keséld’s [17] and [18], where they work with a strong
assumptions of simplicity and finitarity.

This is the approach we use to prove the result stated in the introduction.
Briefly, the main theorem of this paper (Theorem 4.5) states

TueoreM 1.3. If K is an AEC with LS(K) < &k and k is strongly compact,
then K is k-tame.

This is combined with the result of Grossberg and VanDieren to give us the
consistency of Shelah’s Categoricity Conjecture. Section 7 provides more details,
including the derivation of amalgamation. This result also improves [22] by showing
that their categoricity result holds even for AECs that are not axiomatized by an
infinitary theory.

The above result is part of a larger investigation of tame AECs that began with
Grossberg and VanDieren’s introduction of tameness in [12], which came from the
latter’s Ph.D. thesis. In first-order model theory, types are trivially tame because
different types necessarily contain different formulas with finitely many parameters,
but, in an AEC, a type is not determined by formulas and instead have a semantic
characterization (see Section 2 below), so the question of tameness is not straightfor-
ward. In the introduction of [11], Grossberg and VanDieren list several previously
studied nonelementary classes that turn out to be tame. This list includes previ-
ous AECs for which a classification theory exists. This lead them to the following
conjecture about categoricity and tameness.

CoNJECTURE 1.4 (Grossberg-VanDieren). Suppose K is an AEC. If K is categor-
ical in some 4. > Hanf(LS(K)) (or some other value depending only on LS (K)). then
there exists y < Hanf(LS(K)) so that K is y-tame.

Our main theorem can be seen as proving a stronger version of this from the
existence of a strongly compact cardinal instead of the categoricity assumption.

Some assumption (categoricity, large cardinals, etc.) is known to be necessary for
any theorem that concludes tameness for many AECs. This follows from the exis-
tence of nontame AECs. Hart and Shelah [15] implicitly provided the first example
of a nontame AEC by constructing an infinitary sentence ¢y € L, », for k < w that
is categorical at and before R 5. but nowhere above X;._,. Baldwin and Kolesnikov
[2] later clarified this example by examining it specifically with tameness in mind
and were able to show the exact failure of tameness. Baldwin and Shelah [3] created
a more algebraic counterexample from short exact sequences of almost free, non-
Whitehead groups of size . Combining this with our result, this gives a new proof
of the nonexistence of almost free, nonWhitehead groups above a strongly compact
cardinal. See Section 8 for further discussion of these ideas.
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In addition to tameness, we introduce and consider a dual locality property that
we call zype shortness. This property is defined explicitly in Section 3, but briefly says
that if two types of long, infinite sequences indexed by the same set differ, then there
is a short subsequence where they already differ. Comparing this with tameness,
we are replacing the condition on the domain of the type with a condition on the
index of the type realizers. Type shortness and tameness together give a strong
locality condition for whether a mapping can be extended to a K-embedding or
an automorphism of the monster model. We discuss this in depth in Section 3.
Additionally, the combination of these properties can be used to obtain a new
notion of nonforking that can be seen as an AEC analogue of coheir. This is done
in [5].

We now outline the paper. Section 2 provides the AEC definitions and pre-
liminaries that are necessary for this paper. The only nonstandard item is that
Galois types are allowed to be infinite in length (Definition 2.4) and Definition 2.10
of “essentially below,” which captures exactly which AECs our results holds for.
Section 3 gives the various definitions of tameness and type shortness. The main
results of this paper are in Sections 4, 5, and 6. Each of these sections assumes a
different large cardinal axiom and uses a different technique to prove various levels
of type shortness and tameness: Section 4 uses the ultrafilter definition of a strongly
compact cardinal, Section 5 uses the elementary embedding definition of a measur-
able cardinal, and Section 6 uses the indescribability definition of a weakly compact
cardinal. Section 7 combines the results from this paper with the papers men-
tioned in the introduction. This contains Theorem 7.5, the consistency of Shelah’s
Categoricity Conjecture. Finally, Section 8 poses some new questions, especially in
the area of the large cardinal strength of different universal tameness properties.

This paper was written while working on a Ph.D. under the direction 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
specifically. I would also like to thank James Cummings, Ernest Schimmerling, and
Spencer Unger for their discussions about the set theory and algebra involved in
this paper; John Baldwin for reading an early version of this paper and pointing out
an omission in Theorem 7.4; the referee for many helpful comments; and my wife
Emily Boney for her support. After circulating a preprint, Shelah pointed us to his
preprint [35], which contains similar ideas and proves some results independently.

§2. Preliminaries. The definition for an Abstract Elementary Class was first
given by Shelah in [28]. The definitions and concepts in the section are all part of
the literature: in particular, see the books by Baldwin [1] and Shelah [26], the survey
article by Grossberg [9]. or the forthcoming book by Grossberg [10] for general
information

DEFINITION 2.1. We say that (K, <x ) is an Abstract Elementary Class iff

(1) There is some language L = L(K) so that every element of K is an L-
structure;

(2) =g is a partial order on K;

(3) forevery M.N € K.if M <g N,then M C N;
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(4) (K. <) respects Lisomorphisms; thatis.if / : N — N’isan L isomorphism
and N € K, then N’ € K and if we also have M € K with M <x N,
then /(M) € K and f(M) <x N';

(5) (Coherence) if My, My, M, € K with My <g M>, M\ <g M>,and My C M,
then My < M;;

(6) (Tarski-Vaught axioms) suppose (M; € K : i < a) is a <g-increasing
continuous chain, then
(a) UicaM; € K and, for all i < o, we have M; <g Ujcq M;:; and
(b) if there is some N € K so that, for all i < o, we have M; <x N, then we

also have U,., M; < N.;and

(7) (Lowenheim-Skolem number) LS (K ) is the minimal cardinal A > |L(K)|+Xo
such that for any M € K and 4 C |M|, there is some N <x M such that
A C|N]and |[N]| < |4] + 4.

REMARK 2.2. As is typical, we drop the subscript on <x when it is clear from
context and we abuse notation by calling K an AEC when we mean (K, <x) is an
AEC. Also. we follow the convention of Shelah that, for M € K. we differentiate
between the model M, its universe |M |, and the cardinality of its universe || M ||.
In this paper, K is always an AEC and that has no models of size smaller than the
Lowenheim-Skolem number.

The class of AECs is strong enough to encompass commonly studied logical
frameworks, including classes of models of theories in first-order logic, infinitary
logics, logics with added quantifiers, and more.

After seeing a preliminary version of this work, Jose lovino pointed us to the work
on Metric Abstract Elementary Classes (MAECs) by Hirvonen and Hyttinen [16]
and others. This is a more general framework that extends AECs as continuous
first-order logic extends first-order logic and is more suited for dealing with analytic
concepts like being a complete metric space. Although there is a slightly different
notion of ultraproducts, the theorems of this paper still hold in that context.

We will briefly summarize some of the basic notations, definitions, and results
for AECs; as above, see [10] for a more detailed description and development.

DEFINITION 2.3.
(1) A K embedding from M to N isaninjectivemap f : M — Nso f(M) <x N.
(2)
K, = (M cK:|M|=21)
Kep={M cK:|M| <)

(3) K has the A-amalgamation property (A-AP) iff for any M < Ny. N, € K;,
there is some N* € K and f; : M — N; so that

N L N

7

M —— N,

commutes.
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(4) K has the A-joint embedding property (/-JP) iff for any My, M| € K. there is
some M* € K and f; : M; — M*. This is also called the joint embedding
property.

(5) K has no maximal models iff for every M € K. there is some N € K so
M ZN.

(6) Fix A. Set

Hanf(A) = {u" : there is an AEC with LS(K) that has a model of size u
but not arbitrarily large models }

We sometimes write Hanf(K ) for Hanf{LS(K)).

In AEC:s, types as sets of formulas do not behave as nicely as they do in first-order
model theory; any of the examples of nontameness is an example of this and it is
made explicit in [2]. However, Shelah isolated a semantic notion of type in [29]
that Grossberg named Galois type in [9] this can replace the first-order notion.

We differ from the standard treatment of types in that we allow the length of
our types to be possibly infinite. This is useful because it is sometimes natural,
as in [22]. [26].V. or [4], and because it allows us to show the full power of our
results in the following sections. For early results in the stability theory of a-types,
see [12].

DEFINITION 2.4. Let K be an AEC, /. > LS(K). and (1. <;) an ordered set.

(1) Set K}' = {({(ay : i € I).\M.N) : M € K;, M < N € K,,yy. and
{a; :i € I'} C |N|}. The elements of this set are called pretypes.

(2) Given two pretypes, ((a; :i € I}, M,N) and ({(b; :i € I),M'.N') € Kf",
we say that ((¢; : i € I).M,N) ~u7 ((b; : i € I),M',N") iff M = M’
and thereis N* € Kand f : N — N*and g : N' — N* so that f(a;) =
g(b;) for alli € I and the following diagram commutes:

N — 5o N~

]

M ——N

(3) Let ~ be the transitive closure of ~ 47.
(4) For M € K, set tp({a; : i € I)/M,N) = [({a; : i € I),M.N)]. and
SI M) ={wp(a; i €el)/M,N):((a;:i € I)/JM,N) € KIT}\IM}‘
(5) Suppose p = tp({a; : i € I)/M.N) € S'(M) and M’ < M and I’ C I.
Then,
ep | M e SI(M')is tp({a; : i € I)/M',N') for some (any) N’ €
KHM'||+|1| withM’-<N’-<Nand<a,-:i61>C|N’
e and p’' € S (M)istp((a; :i € I')JM.N).

s

REMARK 2.5.

(1) If K has the 4 + |I|-amalgamation property, then ~ 47 is a transitive rela-
tion and, thus, an equivalence relation on Kf‘l ; note that ‘47’ stands
for “atomic.”
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(2) Some authors place a g denoting “Galois” in front of the above notions to dif-
ferentiate them from the first-order versions (ie, gtp(a/M, N) and gS(M));
however, since we almost exclusive use Galois types and only reference
syntactic types in this section, we omit this.

In the presence of sufficiently strong AP and JP and if K has no maximal models,
there exists a monster model, which greatly simplifies the notion of type.

DEFINITION 2.6 (Half definition/half remark). Suppose K is an AEC with amal-
gamation, joint embedding, and no maximal models. There is a monster model ¢;
that is, a model from K of large size of high cofinality that is universal and model
homogeneous for all models that we will consider; thatisall N € K can be embedded
into € and if M < €and M < N, then there is some f : N > ¢.

See [10].4.4 for a more detailed discussion of monster models.

DEFINITION 2.7, If K has a monster model €, then #p(a/M ) is the orbit of  under
the action of automorphism of € fixing M . That is, « and b realize the same type over
M (equivalently, tp(a/M) = tp(b/M)) iff there is some [ € Auty€so f(a)=b.

These two notions of type are equivalent. Note that this definition explains the
name, as the orbits of automorphisms fixing smaller structures recalls certain aspects
of Galois Theory.

Finally, we state Shelah’s Presentation Theorem from [28] that characterizes AECs
as pseudoelementary classes and extends Chang’s Presentation Theorem from [7].
This will be important for technical results later.

DermNiTION 2.8, Let 77 be a first-order theory, I' a set of finitary, syntactic
T)-types, and L C L(T) a language. The pseudoelementary class PC (T, T, L) =
{M | L: M E T, and omits each p € T'} for a theory 77, a set of L(T}) types I,
and L C L(Ty). To say that K is a PC,, class means that K = PC(T,.I,L)
for |T1] < Aand |T'] < k.

THEOREM 2.9 (Shelah’s Presentation Theorem). Suppose K is an AEC with
LS(K) = k. Thereis some L1 O L(K) of size k., a first-order theory T} in L1 of size k.
and a set of Ly-types T over the empty set (so |T'| < 2%) so that K = PC (T, T, L(K))
and for any My = Ty and Ny C My, if My omits T, then Ny | L(K) <x M; | L(K).
Moreover, every M € K has an expansion to an L(K) structure M, € EC(T;,T)
so that, for all N that is an L(K) structure,

N <x M <= thereissome N| C M;soN = N | L(K)

We end the model theoretic preliminaries with a definition that will allow us to
easily state which AECs are conclusions are valid for:

DEerFNITION 2.10. For a cardinal «, we say that an AEC is essentially below k iff
a) LS(K) <korb) K =(ModT.<x)for T a L,,, theory.

We use heavily the standard ultraproduct construction. Recall that, if U is an
ultrafilter on 7, then

NM; /U ={[flv: f € MiesM;. }
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where [-]y denotes the equivalence class of a function under equality on a
U-large set.

Finally, we recall some set-theoretic definitions used in applications of large
cardinals that will be needed later. For more detail, consult [20].1.5.

DEFINITION 2.11.

e If j : V — M is elementary with M # V transitive, then crit j = min{a €
ON : a # j(a)}: in fact, this is well-defined.

e An ultrafilter U on [ is k-complete iff, for any o < x and X € U for f < a,
we have Npco Xp € U.

e An ultrafilter U on P, (or a subset of it) is called fine iff, for all i € I. the set
[l:={lePI:icl}ecl.

e Given a well-founded set (X, E), the Mostowski collapse is unique function
ny with domain X so that (7’ X, €) is transitive and, for all y € X, n(y) =

{n(x): xEy}.

§3. Tameness and type shortness. Tameness is a property first isolated by Rami
Grossberg and Monica VanDieren in their papers [12], [13]. and [11]; [13] came
from VanDieren’s thesis. The property is similar to one used by Shelah in [30],
where he derived this property for types with saturated domains from categoricity

in a successor cardinal above the second Hanf number, 3 (st ) this property

is now called weak tameness (see [3]). In their papers, Grossberg and VanDieren
defined only y-tameness; the two cardinal parameterization of it appeared later
in [1].

We begin with a minor notational definition and then define several levels of
tameness:

DEerINITION 3.1. Suppose K is an AEC with LS(K) < k < / and [ is a linear
order.

(1) Forany M € K>, we write
P:M ={N <M :||N| < «&}.

(2) K is (< k. A)-tame for I-length typesiff forany M € K; and p # q € ST(M),
thereissome N € PiM and p [ N #¢q [ N.

(3) K is < k-tame for I-length typesiff K is (< k, ) tame for I-length types for
all u > k.

(4) K is fully < k-tame iff K is < k-tame for /-length types for all 1.

(5) Writing “&” for “< k” means “< k*.”

If we omit the /. wemean I = 1. P;; M is reminiscent of the set theoretic notation
P,A={X CA:|X| <k}

Note that we gave the above definitions as different types are different over a small
model; this is clearly equivalent to saying that any two types which are the same
over all small models are the same. For instance,

Fact3.2. Kis< k-tameiff foranyM € K>, andp,q € S(M).ifp | N=q | N
forall N € P M, then p = q.
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Recall that. by definition, if the restrictions of two types to a smaller model are
different, then the original types are different. Tameness is a way of saying that the
converse holds as well. Obviously, if K = (Mod 7. <y, ). then LS(K) = |L(T)|+Xo
and K is LS(K) tame; in fact, given p # ¢ € S(M), there is a finite tuple that
witnesses their difference.

The power of tameness is shown through the categoricity transfer theorem of
Grossberg and VanDieren from the introduction, Theorem 1.2.

In this paper, we introduce a dual notion to tameness: type shortness. If we think
of tameness as a locality property for the domains of types, then type shortness is
a locality property for the length of types. Below we make this precise:

DEFINITION 3.3. Suppose K is an AEC with LS(K) < pand k < /.

(1) K is (< k. A)-type short over p-sized models iff forany M € K, and p # g €
S*(M). there is some I’ C I of size <  so that p!" # ¢”'.

(2) K is < k-type short over u-sized models iff K is (< k., 1)-type short over
u-sized models for all 1 > «.

(3) K is fully < k-type shortiff K is < k-type short over u-sized models for all u.

(4) Writing “k” for “< k” means “< k*.”

The reason for isolating type shortness is a bit more artificial than tameness: at the
advice of Grossberg, we attempted to investigate an independence relation on tame
classes following [22]. In the course of doing so, this notion came to light. Then, in
revisiting the constructions in this paper, it was clear that they would provide large
amounts of type shortness as well as tameness. The results on the independence are
described in Boney and Grossberg [5].

The connection between tameness and type shortness is more than just a vague
statement of duality. Given varying strengths of one, we are able to get the other,
as outlined in the two following theorems:

THEOREM 3.4. Suppose K is an AEC with amalgamation, joint embedding, and no
maximal models. If K is categorical in u and (< k. p)-tame for J-length types, then
K is (< &, u)-type short for types of models over -sized domains.

PrOOF. Let M. M’ € K, and N € K; so that i(p(M/N) # t(p(M'/N). By u
categoricity, there is some f : M = M'; WLOG [ € AutC.
Claim: p(f (N)/M") # tp(N/M')
If not, then there is some & € Auty€soho f(N)=N.Thenho f € Auty¢ and
ho f(M)=h(M'") = M’, which means ip(M/N) = tp(M'/N), a contradiction.
TClaim
Now, by tameness, there is some M~ € P M’ so tp(f(N)/M~) # tp(N/M ™).
Then, by the same argument as in the claim, we get that tp(f~'(M~)/N) #
tp(M~/N), which is what we want because f ~'(M~) € P} M. .

THEOREM 3.5. Suppose K is an AEC with amalgamation, joint embedding, and no
maximal models. If K is (< k., u)-type short over the empty set, then it is (< &, u)-tame
for < u-length types.

PrOOF. Suppose tp(a/M) # tp(b/M) for M € K, and £(a) = £(b) < u.
Then we have tp(aM/0) # tp(bM/D). By our type shortness, there is some a’ C a,
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b" C b, and Xy C M all of cardinality < « so that tp(a’Xo/0) # tp(b’'Xo/0).
Then find My < M of size < k that contains X. Then

tp(a’Xo/0) # tp(b' Xo/0)
tpaMy/0) # tp(bMo/0)
tp(a/My) # tp(b/My)

as desired. .

The hypothesis that an AEC is both < k tame and < & type short, as in the
conclusion of Theorem 4.5, gives a locality condition for testing whether a function
f that fixes a model M is or can be extended to a K embedding. If there is
no K embedding that fixes M and sends dom f to im f', then tp(dom f/M) #
tp(im f/M). Then, by tameness and type shortness, there is some My € P;M
and Xy € P,dom f so we have tp(Xo/My) # tp(f(Xo)/My). Thus, in a < k tame
and type short AEC, f can be extended to a K embedding iff every subset of f of
size < k can be extended to a K embedding. We explore these AECs more in [5].

There are other properties of AECs that assert different locality properties of
types. [3] contains some of these. The arguments in the following sections are also
useful in deriving those properties.

§4. Strongly Compact. We begin with a study of AECs under the assumption
that there is a strongly compact cardinal x and a given AEC is essentially below x
(see Definition 2.10). but has a model above . Since « is strongly inaccessible, this
is equivalent to the AEC having a model above its Hanf number.

DerINITION 4.1 ([19, 20]).  An uncountable cardinal  is strongly compact iff every
k-complete filter can be extended to a k-complete ultrafilter.
Equivalently, L, and L, satisfy the compactness theorem.
Equivalently, for every 4 > k. there is some elementary (in the first-order sense)
embedding j : ¥ — M with critical point x so j (k) > A and there is some ¥ € M
of size Aso j/A C Y.
Equivalently, for every 4 > k&, there is a fine, k complete ultrafilter U on P, A; thatis,
a k complete ultrafilter so, forevery a < x, wehave[a] = {X € Pil:a € X} € U.

In this section, we prefer to use the latter ultrafilter formulation because it is more
model-theoretic in nature. In the next section, on measurable cardinals, we discuss
the elementary embedding formulation of a large cardinal that is preferred by set
theorists.

The most basic and fundamental model-theoretic fact about ultraproducts is £.0§’
Theorem, which tells us that Mod T is closed under ultraproducts. We wish to prove
a version of Lo$’ Theorem for AECs. This will generalize the version for L, ,, when
K 1s measureable.

THEOREM 4.2 (Lo$§’ Theorem for L, ). Let U be a k-complete ultrafilter over I,
L be a language, and (M; : i € I) be L structures. Then, for any [f1lu....[fnlu €
MM, /U and ¢(xi,...,x,) € Ly, we have

OM; /U = ¢([f1lu.....[falu) iff {i € T : M; = ¢(f1(i)..... fuli))} € U.
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This is proved similarly to the first-order version. Our version for AECs is nec-
essarily more complex since we do not have any syntax. Thus, the characterization
must be done semantically. However, the following theorem aims to obtain the same
results as the first-order version. Of particular interest are parts (5) and (6): (5) says
that if M = U;, M; for (M; : i < k) increasing, then we can cannonically embed
M into ITM; /U and (6) says the same thing for (M; : i < k) a directed set.

THEOREM 4.3 (Lo§” Theorem for AECs). Suppose K is an AEC essentially below
k and U is a k-complete ultrafilter on I. Then K and the class of K-embeddings is
closed under k complete ultrapowers and the ultrapower embedding. In particular,
(1) if (M; e K :i €1), thenTIM; /U € K:
(2) if (M e K:i€l).(N; €K :i€cl)and, foreveryi € I, M; <g Nj;, then
IM;/U <k TIN;/U;
(3) if M; € K :i €).(N; € K:i€l)and for every i € I, there is some
hi @ M; 2 N;, then Ilh; : TIM; /U = IIN; /U, where I1h; is defined by taking
i = f (D)o € IM, /U t0[i v hy(f (i)]v € TN,/ U:
(5) if (M; € K :i €I),(N; € K:ié€l)and. forevery i € I. there is some
hi : M; — N;., thenT1h; : TIM; /U — TIN; /U, where I1h; is defined by taking
i = f()]v € IM; /U to[i = hi(f(i))]u € TIN;/ U:
(5) if I =Kk and (M; € K : i < k) is an increasing sequence, then the ultrapower
embedding h :\J,__ M; — TIM; /U defined as h(m) = [ fn]v. where

Fmli) = {m yim € |Mj

arbitrary  otherwise

<K

is a K-embedding:; and

(6) if (M; € K :i €1) is adirected set. so in particular M :=\J;.; M; € K and.
Jorallm € |M|, we have [m] = {i € I : m € M;} € U, then the ultrapower
embedding h - M — TIM; /U is a K -embedding, where h(m) = [ f v and

fm(i)_{m ifmelMi|

arbitrary  otherwise

Proor. If K is an AEC essentially below k. then either it is a model of an L,
theory or LS(K) < k. In the first case. this follows from £.0§” Theorem for L, ,.

If LS(K) < k. then Shelah’s Presentation Theorem above says that K =
PC(Ty.T,L(K)) for |T\| = LS(K) < k. During the following proofs, we use
the fact observed at [25].VI.0.2 that an ultraproduct of reducts is the reduct of the
ultraproducts.

(1) Bach M; € K = PC(T,.I'.L(K)). so there is some L(7T;) structure
My € EC(T\.T) so M; = M} | L(K). Then IIM;/U = TI(M} |

L(K))/U = TIM}/U | L(K), so IIM;/U is the restriction to L(K) of
a L(Ty) structure. Furthermore, there is an L, , sentence v st, for any L(7T})
structure M, M = y iff M € EC(T).T). Thus, foralli € I, M} = y.
So by Lo$” Theorem for Ly, [IM}/U = w. Thus, [IM7/U € EC(T,.T)
and IM; /U =TIM; /U | L(K) € PC(T,.T. L(K)) = K.

(2) From Shelah’s Presentation Theorem, for each N;, there are MF. NP €
EC(Ty.T) so that M} | L(K) = M;, N} | L(K) = N;. and M C N;.
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By the above part, ITM;*/U,TIN; /U € EC(T;,T’) and, by the definition of
an ultraproduct, [TM; /U C TIN;/U. Again applying Shelah’s Presentation
Theorem, we get that

(IIM;/U) | L(K) =TIM; /U <x TIN; /U = (1IN /U) | L(K)

(3) First we note that Ilh; is a bijection. If [f]y € TIN;/U, then [i
' (f())le € TIM;/U and Th([i = b (f())]v) = [f]o- I [f]o #
gl € IM; /U, then {i € I : f(i) = g(i)} ¢ U. But this left hand side is
{i € I:hi(f(i)) = hi(g(@))}. so Ty ([ f1v) # Thi([gu)-

Now we must show that it respects L(K ). Suppose that R € L(K) is an n-ary
relation. Then

0OM; /U = R([f1]u. ... [falv)

{iel: M ER(fi1(i).....fai))} €U
{iel:NiE=RMh(f1(0)).....0(fn(i)} e U
IN; /U = Rk /U([f1ly). ... Tk JU([falv))

as desired. The same proof works for functions, or assume L(K) is relational
by replacing functions with their graph.

(4) For each i € I, we have a h; : M; = h;(M;) with h;(M;) <x Nj: see the
definition of a K-embedding. From above, we know that I1/;(M;)/U <
IIN;/U and Mh; : TIM;/U = T1h;(M;)/U. So by the definition of a K
embedding, we have our conclusion.

(5) This follows from the next one. Note that, by x completeness, [m] = {a <
k1o > f} e U, where f =min{y <k :m € |M,|}.

(6) Since we modulus by U. the definition of f,, only matters on a measure
one set, namely [m]. We proceed as in (1) and (2). We can extend each M;
to M¥ € EC(T,.T). Then TIM; /U = TI(M; | L)/U = (IIM}/U) | L.
Then this induces an L(7}) expansion of (M) called h(M)* C TIM; |
L/U.Soh:M —1IM;/U. =

Note, in particular, that in (3) and (4), we have defined the “ultraproduct’ of
a series of embeddings. We will generally refer to this as the average of those
embeddings and will later use this fact in particular when N € K and we have many
fi € AutN; then we know that I1f; € AutTIN/U.

In our definition of essentially below, we hoped to capture all AECs that are closed
under complete enough ultraproducts in the sense above. However, this is not the
case: we could take an AEC K which is essentially below x and form the AEC
K' = (K. )" (see[32].1.23) by taking out all models of size x or smaller. Then K’
is not essentially below «, but is still closed under k-complete ultraproducts.

However, the hypothesis of an AEC which is essentially below « is natural and
somewhat tight, in the sense that there are simple examples of AECs that just
fail to be essentially below x and are not closed under x-complete ultraproducts.
The following example mirrors the construction of nonstandard models of PA.

EXaMPLE4.4. Let L = {<,¢a}a<x and set y € L+, to be the sentence

“<is a linear order” A Vx(VacpX = o) A ( /\ Ca < Cp).

a<fi<k
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Let F be a k-sized fragment containing w. Then K = (Mod v, <) is an AEC with
LS(K) = k. so it “just fails” to be essentially below x. Any M € K is isomorphic
to (K. €. &)a<x. Thus, K is not closed under x-complete ultraproducts.

The results in this paper that have a hypothesis of “essentially below” will all
continue to hold in any AEC that is closed under sufficiently closed ultraproducts.

Now we are ready to establish the main theorem of this section, that AECs that are
essentially below a strongly compact cardinal are tame and type short. This allows
us to connect our large cardinal assumptions to known model theoretic properties.
Afterwards, we will continue our investigation of ultraproducts of AECs; these
results will make more sense in light of the fact that types are determined by their
< K restrictions.

In this theorem, we assume that K has a monster model. However, this is not
necessary and we do not even need to assume amalgamation for the conclusion.
We include the stronger assumptions to simplify the proof, but provide Theorem 5.4
as a “proof of concept” that this assumption can be removed.

THEOREM 4.5. Suppose K is essentially below k, k is strongly compact, and K has
amalgamation, joint embedding, and no maximal models. Then types are determined
by the restrictions of their domain to < (k + LS (K)")-sized models and their length
to < k-sized sets; that is, given M € K and p.q € ST(M),

if pP | Mo = q" | My for all Iy € P, I and My € P:+LS(K)+M, then p = q.

The inclusion of “4+LS(K)™*” is needed for the case that K is the class of models
of some theory in a fragment F of L, with LS(K) = |F| > &; in this case, it
would be impossible for K to be < k tame because there would be no models of
size < K.

First, we prove a technical lemma: in our proof, there is a place where we will want
to take an ultraproduct of our monster model. However, this would run counter to
our intuition of the monster model containing all models since the monster model
cannot contain its own ultraproduct. To avoid this, we introduce a smaller model
that functions as the monster model exactly as we need, but without any blanket
assumptions of containing all models or being model homogeneous. We call such a
model a local monster model.

LEmMMA 4.6 (Local Monster Model). Suppose we have some collection {M; €
Keyi<uyand{f; € Aut€ : i < u} so that each M; < €. Then there is some
N € K, so foreach i < u we have M; < N and f; | N € AutN.

PROOF. Let Ny < € of size u so that {J,_, [M;| C [Ny|. Then each M; < No.
For n < w, if we have N,. set N,.; < € to be of size u so that it contains
INu| UUie,o (filNa]1U £ [Na]). Then set N = UN,,. .

PROOF OF THEOREM 4.5. Let p.q € ST(M) as above. Find X = (x; :i € I) = p
and Y = (y; : i € I) = q. Then, by Lemma 4.6, we find a local monster model A/

so that, for all (fy, My) € P.I x P sx)- M. thereis some f(; yy,) € Autpy, N so

S (o) (xi) = yi forall i € Ip. Next. by the final equivalent definitions of strongly
compact cardinals from Definition 4.1, we find a fine, k complete ultrafilter U on
Pl X P, o) M: thatis, one so [(i,m)] = {({o, My) € P.I x P sy Miie
Ip.m e My} € Uforalli € I andm € M.
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Then, by Theorem 4.3.6, [IN/U € K and our average of these automorphism
f € AutlIN/U. Recall that f takes [(ly. My) — g(lo. Mo)lu to [(lo, My) —
S (o.a1) (& (To. My))]u. Now we must prove two claims
o [ fixes h(M)
Let m € |M|. Given any i € I, [(i,m)] € U and, if (Iy. My) € [(i,m)], then
m € My. so f, p,)(m) = m. Thus.

[(i,m)] C {(Ly, My) € P.I x P:+LS(K)+M fupmym) =m} e U

and f o h(m) = [(Io. Mo) = f (1.01,)(m)]u = [(To. M) — m]y = h(m).

o f(h(x;))=h(y;) foreveryi eI
Let i € I. Given any m € |M]|, [(i.m)] € U and, if (I, My) € [(i,m)], then
i€l so f(lo.,Mo)(xi) = y;. Thus,

[(lm)] C {(I(),MO) S P,il X P:-&—LS(K)*M . (f([oiMO)(xl') = y,} S U

and f o h(x;) = [(Lo. Mo) = f (1, ) (xi)1u = [(To. Mo) — yilu = h(yi).
Now we have the following commutative diagram

N 2w u

b

M——N
with f o h(x;) = h(y;) forall i € I. Thus. p =q. 4

The above theorem can be interpreted as saying that if we have two different
types. then they are different on a “formula,” if we take formula to mean a type
of < k length over a domain of size < x. With this definition of formula, we
can replace a large type by the set consisting of all of its small restrictions and
type equality will be preserved. In the rest of this section, we will see that, since
K 1is strongly compact, this notion of formulas as small types will be fruitful.
We now return to the development of our ultraproducts with a version of f.o§’
Theorem.

Also, we strengthen our hypothesis to LS(K) < k& instead of just K
essentially below k. This is because [22].2.10 has shown that, with a mon-
ster model, Galois types in models of a L, theory correspond to consistent
sets of formulas from a fragment of L, ., so the following results are already
known.

Note that the following theorem only requires a measurable cardinal.

THEOREM 4.7 (Lo$’ Theorem for AECs, part 2). Suppose that K is an AEC so
LS (K) < k measurable with amalgamation. joint embedding. and no maximal models.
Let N© <N € Kandp € S(N™) with |[N~|| +£(p) < k and U be a k-complete
ultrafilter on I. Then [gly € TIN/U realizes h(p) iff {i € I : g(i) F p} € U.
where h : N — TIN/ U is the canonical ultrapower embedding.

PROOF. < Suppose that [g]y € TIN/U with X := {i € I : g(i) F p} € U.
Let ¢ F p. By Lemma 4.6, there is a local monster model N such that, for each
i€ X, thereis f; € Auty-Nso fi(g(i)) = a.
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Define f+ : [IN /U — TIN/U to be the average of these maps. That is, f* of
[i — k(i)]yis[i — f:(k(i))]y:although these f;’s don’t exist everywhere, they exist
on a U-large set and this is enough. Then, by Lo$’ Theorem for AECs, [ €
Autyy—\TIN'/U. Note that A(N~) is A" N~ and not IIN ~ /U. Also, f; sends g (i)
to a on a large set, so /" ([g]lu) = h(a). So [g]y realizes tp(h(a)/h(N~)) = h(p)
as desired.

= Let [g]ly € TIN/U realize h(p) € S(h(N~)). For each ¢ € S(N~), set
X, = {i €I : g(i) realizes ¢ }. Since different ¢’s are mutually exclusive, these are
all disjoint and they partition 7. We easily have |S(N )| < 2I¥" Il < k. Since U
is k-complete, this means that, for some ¢o € S(N~). X,, € U. By the previous
direction, that means that [g]y realizes /(qo). But by assumption. the type of
[glu over h(N~) is h(p). so p = qo. Thus X, = {i € I : g(i) realizes p} € U,
as desired. .

Now that we have Los’ Theorem, we prove a companion result to Theorem 4.5.
This motivated our conception of types as sets of smaller types or “formulas.”
Here we show that, as with the first-order case, any consistent set of formulas can
be completed to a type, even when the set is incomplete.

We introduce some notation to make this as general as possible. Even with a
strongly compact cardinal, a key difference between small types and formulas is
that there is no negation of a type: given a type p, there is no type ¢ such that all
elements realize either p or ¢ and not both. To compensate for this, we want to allow
specification of both types to be realized and types to be avoided. In the following,
X represents the types to be realized and —X represents the types to be avoided.

DEFINITION 4.8. Fix M € K and I alinear order. Let X C {p € St(M~): L) €
P land M~ € PiM}and -X C {ge S"(M~): Iy e P.land M~ € P; M}.

e Wesay thata = (a; : i € I) realizes (X, X ), written a F (X, —X) iff, for every
peX.(a;:i€l(p))F pand, foreveryq € =X, (a; : i € £(q)) ¥ q. We say
that (X, —X) is consistent iff it has a realization.

e We say that (X.-X) is < s consistent iff (X, —Xj) is consistent for every
Xo € P, X and —-X) € P,—X.

THEOREM 4.9. Suppose K is an AEC so LS(K) < & strongly compact with
amalgamation, joint emebedding, and no maximal models. Let M € K and I be
a linear order. Given X C {p € SO(M~) : Iy € Piland M~ € P:M} and
X Cc{qgeSh(M~):Iye Pdand M~ € P:M}. (X,—X) is consistent iff it is
< K consistent.

Proor. One direction is obvious, so suppose that (X, —X) is < x consistent. For
every N € PXM. let Xy ={p € X :dom p < N}and Xy = {g € =X :dom g <
N}. Then, by assumption (Xy, —~Xy) is consistent, so there is ay = (a : i € I)
that realizes (Xy.—Xy): if Xy = =Xy = 0, then pick ay arbitrarily. Let M ™ = M
contain all ay and let U be a x complete, fine ultrafilter on P M. Recall that
h:M?*T —TIM*/U is the canonical embedding.

Foreach i € I, set a; := [N — a]y fori € I and seta := (a; : i € I). We
claim thata F 2(X,—-X) = ({h(p) : p € X}.{h(q) : ¢ € =X }). Suppose p € X
and M~ <M and Iy C I so p € S©(M~). Then

IMT]={NeP:M: M~ <M}C{NecPM:{(a\:ich)Fp}
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by construction. Since this first set is in U by fineness, (a; : i € Ip) F h(p) by the
previous theorem. Now supposeq € =X and M~ < M andly C Isoq € S°(M™).
For contradiction, suppose that (a; : i € Iy) F h(q). Then, by the previous theorem,
(NePM:(a¥:icelh)Fq}eU.Thenlet N' € {N € P;M :{(al :i € L) F
g} N [M ] this intersection is nonempty because it is in U. Then (a}¥ "iiel)
both realizes and does not realize ¢. a contradiction. Thus, (a; : i € Iy) does not
realize ¢ and we have shown a = (X, =X ). as desired.

Let A"t be an L(K) isomorphism that extends 4 and has image [IM*/U.

Then (h*)~!(a) witnesses the consistency of (X, —X). -
We can use a similar argument to transfer saturation from M to [1M/U.

THEOREM 4.10. Suppose K is an AEC so LS(K) < & strongly compact with
amalgamation, joint emebedding, and no maximal models. For all M € K and linear
order I, there is some k complete U so that, for any p € ST(M) that has all < k
restrictions realized in M, TIM/U = h(p).

PRrROOF. Let U be a k complete, fine ultrafilter on P,/ x P} M and, for each small

approximation p® | M~ pick some ato-¥") .= <ai(’°’M7) EM:ic€l)kF phy

M ~. Now consider the sequence ([(1y, Mp) ai(l"’M_)]U :1 € I). This sequence is
in TTM/ U since each ai(""MO) € M. By the same argument as the previous theorem,

this sequence realizes /4 (p). =

CorROLLARY 4.11. If M € K is < k saturated, then there is some k complete U so
MIM/ U realizes all types over M.

85. Measurable. We now turn our attention to what happens if our large cardinal
is only measurable.

DEerFINITION 5.1 ([19].17). An uncountable cardinal & is measurable iff there is
a normal, k-complete ultrafilter on .
Equivalently, there is some elementary embedding j : V' — M with critical point
K so "M C M.

Unsurprisingly, we don’t get as strong results here. Instead, we just get results of
(< Z.J)-tameness and type shortness whenever cf 4 = k. Reexamining the above
proof, an argument readily presents itself by using the k-complete ultrafilter on &
and redoing the above arguments. Instead of repeating the above proof, we prove
this theorem in two different ways: once with a monster model and using the
ultrapower definition, and the second time using ultrafilters but no assumption
of amalgamation at all. We do these proofs in order to showcase different large
cardinal techniques on AECs. The use of the elementary embedding is of particular
interest, because this is the formulation of large cardinals most studied by modern
set theorists and will hopefully shed light on future work in this direction, while the
proof without amalgamation shows the we get the results from just large cardinals
and do not need additional, structural assumptions on K, like amalgamation.

THEOREM 5.2. Suppose K is an AEC essentially below k measurable with amal-
gamation. joint emebedding. and no maximal models. Let M = |J,,_, Mo and I =
Uper Lo and p # q € ST(M). Then, there is some agy < k50 p'o | Mo, # g™ | My,.
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PrOOF. Let M = J,_,. M; and p # g € S(M), as above. Let X = (x; : i € I)
and Y = (y; : i € I) realize p and ¢, respectively. Since  is measurable, there is
some normal, k-complete ultrafilter U on & so that we get the following commuting

and elementary diagram

nv/u

where i is the ultrapower embedding, 7 is the Mostowski collapse, critj = k., and
"M C M. Since V is the set-theoretic universe, we also have M, I[1V/U C V.
Similarly, j(7) = Uy< e o and I} = Uye, j(Ia). Set X, = (x; : i € I) and
Yo=(yi:i€ll)

By elementarity, we have that j(p) # j(g) € (S/(j(M))M and j(M) =
Ua<j(x) Ma» Where (Mg, : o < j(k)) = j((Ma 1 @ < k)) and, for a < &,
M = j(M,). (M} : a < j(k)) is continuous, so M, = J,_, M, = U,<, ] (Ma).
A priori, all that is known is that j(M) € j(K). which M thinks is an AEC.
In fact, j(K) = K™; this follows from Theorem 4.3 since, for any N € K,
i(N) =TIN/U € K. Since n is an isomorphism, 7 0 i(N) = j(N) € K.

For any N € K, we note that i“N € K is isomorphic to N and has universe
{[ = nly :n € |N|}.s0oi“N < i(N) = IIN/U by the above. So i“M,, < i(M,)
for every @ < k. Thus i“M, < i(Mp) for every f > a and. taking a union
over the f < k., i“M, < Up<~i(Mﬂ)- Now taking a union over a < k.
Uaer 1Mo ="M < Up,, i(My). Applying 7 to both sides yields

J'M = (moi)M <a(( Ji(Mp) < | Jmoi(My) =M,
P<r P<r
Since M/ < j(M ), which is the domain for j(p) and j(¢q), we have that j(p) | j”'M
and j(q) | j”M are defined. Similarly, ;I C I/ so j”X C X/ and j”Y C Y.
We wish to show j(p)% | M/ and j(g)* | M/ are different. So we compute

i(p)=tp(i(X)/i(M)
= ip((1X/U)/(IM/U))
and i(¢q) = tp((ITY/U)/(IIM/ U)). However, we know that tp(X/M) # tp(Y/M).
So p(i“X/i“M) # tp(i“Y/i“M). Since i“M < TIM/U. i“I  TI/U and
nonequality of types goes up. we have thati (p)"™! [ i“M +#i(q)"" | i“M. Applying
our isomorphism 7, we get
n(i(p)™" 1i“M) # n(i(q)™" [ i“M)

moi(p) ™ | (moi) M #moi(g) ) | (woi) M
JeY ™M £ gV T M
as desired. Since j”M < M/ and j”I C I!. we have that j(p)% | M/ # j(q)% |
M.
So far, we have argued completely in V. However, since equality of types is existen-
tially witnessed and a witness in M would also be a witness in V', this holds true in
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M as well. So, we get the following

M j(p)% 1 M) # @) T M

M E Ja < j(k) so for N = the ath member of j((My : f < k)) and J = the ath
member of j((Iy : f < &)).j(p)" I N # j(¢) I N

V' = Ja < k so for N = the ath member of (M : f < k) and J = the ath
member of (I : f< k). p’ | N #¢q’ | N

V=3a < ksopl | My #q% | M,

Since V is the universe, there is some ap < & 50 plo | My, # g0 | M,. =

COROLLARY 5.3. K is fully (< A, A)-tame and fully (< 1, 1)-type short whenever
cfi=randl > LS(K).

Finally, we wish to weaken the assumptions on the theorems above to remove the
use of the monster model. Note that, because. in these contexts, we can always take
an ultrapower and M 3 IIM/ U for any M € K atleast the size of the completeness
of the ultrafilter, we already have no maximal models. So. in particular, we remove
the assumptions of amalgamation and joint embedding. The loss of amalgamation
is particularly worrisome because it is used to prove that ~ 47 is an equivalence
relation and we only have that ~ is a non-trivial transitive closure of ~ 47. Also, we
now use the complete strength of the closure theorem for ultraproducts of AECs.

THEOREM 5.4. Suppose K is an AEC essentially below k measurable. K is fully
(< 2. 4) tame and fully (< A, X) type short for /. > LS(K) with cf 1 = k.

Proor. For ease, we only show tameness. Type shortness follows similarly,
but would add extra notation to an already notation heavy proof. Let M € K,
and let p.q € S(M)sop | N =g¢q | N forall N € P;M. Find a.b, N, N!
so p = tpla/M,N°) and ¢ = tp(b/M,N'). Then we can find resolutions
(M;, N>, N} € K_; : i < k) of M, N°, and N', respectively so a € |NJ| and
b € |N}|. Then we know that, for all i < &, (a. M;, N?) ~ (b, M;. N}'). Since ~ is
the transitive closure of ~ 47, for every i < &, there is some #n; < w such that, for all

L L

¢ < n;. wehave N;" and aj so that aj = a. a}, = b. every a; € |[N;"|. and

n—1

1 , :
(a, M;. N?) ~ar (al. My, N/ ) ~ar -+ ~ar (a1 Mi.N; " ) ~ar (b, M;, N})

Since there are only countably many choices for n; and cf K > w, there is some n
that occurs cofinally often; WLOG, we may thin our sequence and assume n; = n
for all i < k. In particular, note that Theorem 4.3.5 does not require continuity.

£+1

Now, by the definition of ~ 47, for all i < x and £ < n. there is some N/} - N; "

3
and fio: N = N}, so
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commutes and f¢(a}) = a,,,. Looking across all £ < n, we get the following
commuting diagram

so fiela)) =aj., foralli < kand ¢ < n.

Let U be some k-complete ultrafilter on x. Now we take the ultraproduct of the
above diagrams. Recall that we use I1f; to denote the average of maps f;; see the
discussion after the proof of Theorem 4.3.

HN*I/U e HNifn—Z/U
Tnfi.l T
—1 Hfln 1
0/U<—HN /U HN JU——=T1IN},_,/U

MN? /U <—TIM; /U N} /U

Also by our hypotheses, if we take the function & : M — TIM;/U given by
h(m) = [i — m]y. then this is a K embedding. Note that, although the function
i — mis not well-defined for all i, by U’s k completeness, it is defined on a measure
one set, so the 7 is still well-defined. We can similarly define /4 : Ny — l'INi0 /U and
hy : Ny — TIN! /U. Note that, forallm € M, h(m) = ho(m) = h;(m). These allow
us to construct the following commutative diagram

HN*I/U e HNifn—Z/U
. T
=1 Hfln 1
0/U<—HN /U HN JU——=T1IN},_,/U
Hf"-OT \ / T
N /U M; /U N} /U
x h]
NO h N]
M
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This is essentially the diagram that we want, but we have to do some renaming to get
it into the desired form. For each 1 < £ < n,seta, = [i — a}]y and N} < HN /U
of size A + £(a) containing a, and /(M ). Then find some L(K) 1somorphlsm fe
that contains 4 with range N, and N; so f¢ : Nj = N. Set a, = f, '(as) € |N/].
This gives us the diagram

HN*I/U HNiTn—Z/U
Tnfi.lofl Tfnl
fin_10fn-
HN,*O/U<—N1 N el

This witnesses that
(a. M.N®) ~47 (a1, M.N7) ~ar -+ ~ar (ay—1. M.N;_) ~a7 (b. M.N")
So (a.M.N°) ~ (b, M.N') and p = q. .

§6. Weakly Compact. In this section, we establish a number of downward reflec-
tion principles using indescribable cardinals. Tameness follows because it is a
downward reflection of type inequality. but these principles apply to many other
AEC properties as well.

DEFINITION 6.1 (Indescribable Cardinals, [20].1.6).

(1) For m,n < w, a cardinal s is I1"-indescribable iff for any R C V, and
IT7-statement ¢ in the language of {€, R}, if (V. €, R) F ¢, then there is
a<kso(Vy, €, RNV,)E P

(2) & is totally indescribable iff k is IT-indescribable for all n,m < w.

Although the indescribability definition is stated in terms of a single R C V.,
a simple coding argument shows that it is equivalent to allow finitely many
Ry..... R, C V, in the expanded language.

REMARK 6.2 ([20]). An uncountable cardinal x is weakly compact iff & is
I} indescribable. Another definition is that any & sized set of sentences from
L. . is consistent iff all of its < & sized subsets are. For context, if x is measur-
able then it is H% indescribable and, moreover, for any normal ultrafilter U on &,
{a < K : ais totally indescribeable} € U.

In the following lemma. we are going to code models of an AEC K with LS(K) <
x as a subset of V.. In order to do this, we use the fact that there are two definable
functions g and /4 so

e g: Kk — P,k isabijection so that, forall 4 < x, wehavethatg [ u: u — Pyu
is a bijection; and

o ik x ESK)) 5 Y, is an injection so that, for all 225K) < 1 < k. we have
that 1 | p: u x 5%K)2 — ¥, is an injection.
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LemMA 6.3 (Coding Lemma). Suppose K is an AEC so LS(K) < |kappa. There
is Cx C Vi and T1° formulas ¢(x), y(x.y).a(x.y).t(x.y.z). 7" (x,y.z) € L({€
. Cx}) such that fora < kand X, Y. f C Vy anda € V,, we have

o (Va.€.CxNVa)Ed(X) =
Ck decodes from X an L(K ) structure My and My € K|,

o (Vo.e.CkNV,y)Fyw(X.Y)
Cx decodes from X and Y L(K) structures My and My, My, My € K|y, and
My <x My

o (Vo.€.CkNV,)Ea(X a) —
Ck decodes from X L(K) structures My € Ko and a € My

o (Va.€.CxNVa)ET(X. Y. f) =
Ck decodes from X and Y L(K) structures My and My. My. My € K,,). and
f My — My

o (Vo.e.CkNV)ETr(X. Y. f) <
Ck decodes from X and Y L(K) structures My and My. My. My € K,,). and
f : MX = My

Proor. In the statement, we make reference to a “decoded structure,” which we
will explain. By Shelah’s Presentation Theorem, we know K = PC(T,.T", L(K)).
Additionally, we can code < as an AEC with Lowenheim-Skolem number LS (K ):
set Ko = {(M. |My|) : My <x M} and <x_= {((M.|Mo]). (N.[No|) € K< x K :
M <x N and My <x Np}. Then we have that K. = PC(T».T".L(K)').
WLOG. we can assume that these objects are in ¥,cstx))- and L(T\) = (R; :
i < |L(Ty)]) and L(T2) = (S; : i < |L(T,)) are relational. Set Cx =
((2LSK))+e [(K),T, Ty, T, T»). Define a I1% formula ¢ so that (V.. €, Ck N V,) =
¢(X) asserts all of the following

(1) Ck is an ordered sextuple whose first element is an ordinal; this guarantees
that and V, that models it is above 2.5(K) and, thus, can see the other
elements.

(2) X isin the range of 4 and (A~')" X is of the form {(i. f;) :i < a}. Set C; =
{ea:fil) =1}

(3) g”Cy should be a set of singletons; denote | J g”" Cy by |Mx]|.

(4) g"C; should be a set of tuples whose length match the arity of R;: denote

. My
this set R; *.
(5) My = (|My ,RlM;>,~<LS(K) models 77 and omits each p € T.
(6) Finally, My is the model My | L(K).

Thus, (V.. €. Cxk N V,) | ¢(X) iff My € K by Shelah’s Presentation Theorem.

For w (X, Y). we do a similar decoding process with 7> and I"'.

For o (X, a). we need to say that « is in the image of our decoding of Cy, which
requires a quantifier over an element of X.

For 1+ (X, Y, ). we use ¢ to determine that X and Y are codes for elements of
our PC class and then say that f is an isomorphism, which again just quantifies
over elements of our models and L, all of which we have given.

For (X, Y, ). we have a definable way to talk about the image of X under f and
combine w and 7" to say that f is an isomorphism between X and its image and
that X’s image is a <x submodel of Y. o
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Now we are ready to begin proving theorems from this coding.

THEOREM 6.4 (Tameness Down for I1}). Suppose K is an AEC so LS(K) < &
with k-AP and k being T1}-indescribable. Then K is (< k., k)-tame for < k-types.

PrOOF. Let Ck as in the Coding Lemma. Let M € K, and p # ¢ € S(M). Then
we have p = tp(a/M, Ny) and ¢ = tp(b/M, N,) for M < Ni, N, € K, and a € N,
and b € N,. WLOG, |N{| U |N;| C V. Then

):MNl,NQEK,g/\M<N1,N2/\a € Ni.b e Ny A\VYN* EKH,VfiZNl — N*
(Vm € M(f1(m) = f2(m)) — f1(a) # f2(b))

Let X, Y,.Y> C Vi code M, Ny, N,, respectively, according to Ck. Then we
rewrite the above as

(V. €.Ck. X. Y1, Y2, {a}. {b}) Ep(X)Ad(Y1) Ap(Y2) Aw(X, Y1) Ay (X, Ya) A
/\0’(X1,LZ) /\O'(Xz,b) /\VY*,f1,f2 C VK[(¢(Y*) /\T(Y], Y*,f1) /\T(Yz, Y*,fz) N
AVX € Viea(X.x) = (f1(x) = f2(x))]) — (f1(a) # f2(b))]

Since everything is first-order except for the single universal over subsets of V.,
this is a 1] statement. So it reflects down to some a < . Since for this to happen,
{a}NV,and {b} NV, must be nonempty, we musthave a, b < a.. Let X' = X NV,
Y/ = Y1 NV, and Y; = Y> N V,. Then we have that ip(a/Mx.N{) = p | My
and tp(b/My', N;) = q | My:.

Cram: p | My, # q | My

If not. then there is some N* € K|, and f; : N/ — N* that witnesses this with
f1(m) = f2(m) for allm € M and f(a) = f2(b). However, WLOG, |N*| C a.
sowe can code N*as Y* C V*accordingto Cx. Then f, f» C Voand Y*, f1. f>
serve as a counterexample for our downward reflection.

So we have our My, € K, so p and ¢ differ on their restriction to M. =

Above, we assumed amalgamation to simplify the exposition. However, we could
drop this assumption without difficulty by adding a (first-order) quantifier to see
how many steps it might take to show p and ¢ are equal.

A similar argument gives us a result for type shortness.

THEOREM 6.5 (Tameness Down for I1}). Suppose K is an AEC so LS(K) < &
with k-AP and k being 11} -indescribable. Then K is (< k. k)-type short over < k-sized
models.

This method is not just useful for tameness and type shortness. It can be used to
reflect many AEC properties down. Only the amount of indescribability required
changes from property to property. For instance,

THEOREM 6.6 (Unbounded Categoricity Down for I1}). Suppose K is an AEC
so LS(K) < & with k being I -indescribable. Then for every /. < k. there is some
A< u <k soK is u-categorical.

Proor. Let 4 < k. Code K by Cx. We want to find 4 < p < & so that K is
u-categorical. Since K is k categorical,

E=VM.N € K. 3f : M =~ N,
(Vi €. Cx . {2V EVX. Y C Ve3f CVa[p(X)A(Y) = (XY )] ATx(x € {AT)).
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Then this reflects down to some a < k. Since V, N {A"} is not empty, we get that
a> A" so|a] > A Set u = |af andlet M\ N € K,. WLOG. |[M|.|N| C a. so we
can code these by X and Y, respectively. Then

(Va.€.Cxk NVa) = ¢(X) A (Y).

Since our statement of categoricity reflects down to «. there is some [ € V, so that
f M = N.So K is u categorical. -

REMARK 6.7. Recalling what has been said about work on Shelah’s Categoricity
Conjecture. one may initially hope that this downward reflection might be massaged
to make the downward reflection hold at a successor cardinal. However, this is
unlikely. since successor (and singular limit) cardinals are necessarily first-order
describable, so all we could guarantee of u is that it is strongly inaccessible.

We have many other theorems of this type:

THEOREM 6.8 (Unbounded (Disjoint) Amalgamation Down for I1}). Suppose
K is an AEC so LS(K) < & with & (disjoint) amalgamation and k being
[i-indescribable. Then. for every A < k. there is some . < p < & so K has the
u (disjoint) amalgamation.

THEOREM 6.9 (Unbounded Uniqueness of Limit Models Down for I13).  Suppose
K isan AEC so LS(K) < k with k being TI3-indescribable. If K, has a unique limit
model, then, for every A < &k, there is some . < p < k so K, has a unique limit model.

The general heuristic for determining how much indescribability is required to
transfer a property of an AEC down is to look at the quantifiers needed to state
this property and translate quantifiers over elements to I1° quantifiers: over models
or embeddings to I1!' quantifiers; and over sequences of models or embeddings to
1> quantifiers. Following this. sequences of sequences of models would require
IT3 quantifiers, but there seem to be no useful AEC properties requiring a quantifier
of this sort.

87. Conclusion. In this section, we prove the consistency of Shelah’s Categoricity
Conjecture by combing our results with those of [11] and [30]. After doing so. we
apply our results to other results in the literature.

Before we can apply the results of [11] and [30], we must show that categoricity
implies their hypotheses of no maximal models, joint embedding, and amalgama-
tion. If K is the class of models of some L, sentence, then this is done in [22].51.
We generalize these arguments to an AEC K with LS(K) < & by introducing the
notion of universal closure as a generalization of existential closure.

DEerFINITION 7.1. M € K is called universally closed iff given any N < M and
N’ = N, both of size less than &, if there is M™ = M and g : N\ —y M™,
then thereis /' : N/ =y M.

We omit the parameter x from the name because it will always be fixed and clear
from context. Note that if there is an M ™ witnessing that M is not universally
closed, then there is one of size | M ||.

Recall that M is an amalgamation base when all M, and M, extending M can
be amalgamated over M.
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LemMA 7.2. Suppose K is an AEC so LS(K) < k strongly compact. Then any
universally closed M € K-, is an amalgamation base.

PrOOF. Let M be universally closed and M < M, M,. First, we show we can
amalgamation every small approximation of this system. Let N < M and N, < M,
so N < Ny forf =1,2with N, Ny, N> € K. Then M, is an extension of M such
that Ny can be embedded into it over N. Since M is universally closed, there is
fe: Ny =y M.Find N, < M of size < & so f1(N1), f2(N2) < N,. Then this is
an amalgamation of Ny and N; over N.

Now we will use our strongly compact cardinal. Set

X ={N=(NN NN NN e (K..)* : NN < M, NN < My, NN < NNfore =1.2}

Foreach N € X, the above paragraphs shows that there is an amalgam of this triple.
Fix /N : NN — NN to witness this fact. For each (4. B, C) € [M]<" x [M;]<* x
[M;>]<", define

[(4.B.C)]:=={NeX:A4c NNX.BcC NN.CcN)}.

These sets generate a k-complete filter on X, so it can be extended to a k-complete
ultrafilter U. By Lo$’ Theorem for AECs, since this ultrafilter is fine. we know that
the ultrapower map / is a K-embedding, so
h:M —TINY/U.
hy: My — TINN/U fort = 1,2.

Since these maps have a uniform definition, they agree on their common domain
M. Furthermore. we can average the /¥ maps to get

oY :TNY /U - TINN/U

and the maps agree on [INN/U since each of the individual function do. Then we
can put these maps together to get the following commutative diagram that witnesses
the amalgamation of M| and M, over M.

nnNyY/u ‘ nNN/u
1y
/12
M, sy
NN/ U NN/ U
/ Iy
M M,

_|

Now we use this result to derive the needed properties from categoricity. We focus
on the case where K is categorical in 4 of cofinality at least x because it is simpler
and suffices for our application. However, the methods of [22] can extend these
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results to categoricity in other cardinals. We use here the result of Solovay [36] that
cf u > k implies u=* = u when & is strongly compact.

PROPOSITION 7.3. Suppose K is an AEC so LS(K) < k strongly compact. If K
is categorical in / so c¢f 2 > k. then K>, has amalgamation, joint embedding, and no
maximal models.

PrOOF. K>, has no maximal models by £os§’ Theorem for AECs, since a model
can be strictly embedded into its ultraproduct. This doesn’t use categoricity and
only needs « to be measurable.

For joint mapping, we can use categoricity and no maximal models to get joint
mapping below and at the categoricity cardinal. Above the categoricity cardinal, we
use amalgamation and categoricity. This relies only on the other properties and not
directly on any large cardinals.

For amalgamation, we use the above result that universally closed models are
amalgamation bases.

First, we show that a universally closed model exists in any cardinal u of cofinal-
ity at least x, which includes the categoricity cardinal. Let M € K, and consider
all possible isomorphism types of N < N’ from K., with N < M. There are at
most 4<% - 2<F = u many such types. We enumerate them (N,, N/) for a < p.
Set M = M. Then for each o < g, if there is some M > M, of size u so
that there is g : N, —y, MJ butno f : N, —y, M, then set M, 1 = M.
Otherwise, M,.1 = M,. At limit «, we take limits of the increasing chain.
Set M* = Uqe, M, € K.

Now we iterate this process x many times: set M = M, M°*! = (M®)*, and
M®* = UjcgM' for limit @ < k. Then. M* is universally closed. By 4 categoricity.
this means that every model in K is universally closed.

Second, we show that every model in K- is a universally closed. Let M € K.;.
Suppose that there are N < N' € K., and M* = M = Nandg : N —y M.
Let M’ < M be of size A and contain N. Then, by the above, M’ is u.c. with
M* = M’ sothereis f : N’ =y M'. Then f : N' —y M. Since N and N’ were
arbitrary, M is universally closed.

Third, we show that all models in K>, are amalgamation bases and. thus, K>,
has the amalgamation property. Let M < M, M,. If M € K>,. then that M is
universally closed and, thus, an amalgamation base by Lemma 7.2. If not, then we
can find some x complete ultrafilter U and take an ultraproduct to get a proper

extension
M,/ U
/
M,
M/ U M, /U
/ /
M M,
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This is a larger triple of models that, if we could amalgamate it, would give us
an amalgamation of My, M, over M. Then, we can continue to take ultrapowers
of this triple, taking direct limits at unions, until the base model has size at least 4.
Then, by the above, it must be an amalgamation base, so we can amalgamate M,
and M, over M.

Thus. all models in K>, are amalgamation bases. so K>, has the amalgamation
property. —|

Now that we have amalgamation, joint embedding, and no maximal models,
we can generalize the result of [22] to all AECs essentially below a strongly compact.

THEOREM 7.4. Suppose k is a strongly compact cardinal and K is an AEC essentially
below k. If K is categorical in some successor A greater than k* + LS(K)™". then it
is categorical in all u > min{A*, Jpmunes)): }.

ProoF. By Theorem 4.5, K is < (k + LS(K)") tame, so it is & + LS(K)*
tame. Then, K>, is an AEC with LS(K>.) = & that is x-tame. Additionally. by
Proposition 7.3, K has amalgamation, joint embedding, and no maximal models.
Thus, by [11].5.2, we know that K is categorical for every u > A*. Then K is defi-
nitely categorical in a successor above Jiyuaunesix))+ - S0, by [30].9.5, it is categorical
everywhere down to JQHM,(LSM))V. -

Note that the downward categoricity transfer result from [30] does not use any
tameness assumption. This result shows that given an AEC with amalgamation
that is categorical in a successor cardinal A above :(2H«:;/(LS(1\')))+, this AEC is also
categorical in all cardinals in the interval [:l(zm,,l/us(m))ﬁ Al

Now we show that Shelah’s Eventual Categoricity Conjecture for Successors
follows from large cardinal assumptions:

THEOREM 7.5. If there are proper class many strongly compact cardinals, then
Shelah’s Eventual Categoricity Conjecture for Successors holds.

PRrOOF. Let 4 be a cardinal and pick x; = min{u™ : g > 1 is strongly compact}.
Note that Jpmuy: < u;. If K is categorical in some successor u above u;, then
Theorem 7.4 implies that K is categorical everywhere above ;. -

While the hypothesis of this theorem seems very strong, we do note that[19].20.22
and .24 show that the consistency of it follows from the existence of an extendible
cardinal 4: in fact, V; is a model of the hypothesis.

Beyond the categoricity result, [22] introduces a very well behaved independence
relation similar to the first-order notion of coheir. While we do not generalize that
here. Boney and Grossberg [5] develops a similar independence relation for AECs
and its uniqueness is established in Boney, Grossberg, Kolesnikov, and Vasey [6].
Of particular note is that no large cardinal hypothesis is need. only the conclusions
of Theorem 4.5 for a specific AEC.

Of particular interest in the proof of 7.5 is that we get, from the hypothesis of
a proper class of strongly compact cardinals, the conclusion that every AEC with
arbitrarily large models is eventually tame. Examining the ZFC counterexamples
of [15] [2]. the proven failure of tameness occurs at some small level bounded by
N,,. However, these classes have arbitrarily large models, so our results can apply. In
particular, if there is a strongly compact cardinal, these classes exhibit the strange
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behavior of being (Ny. N, )-tame very low, failing to be (R, N, )-tame, and then
becoming < k tame at the strongly compact cardinal.

Turning to measurable cardinals, [21] derive amalgamation from categoricity and
[31] proves a downward categoricity transfer in L, . However, the papers do not
use the specifics of L, beyond that it is closed under x complete ultralimits, see
[21].1.7.1. The methods of Theorem 4.3 can be used to show closure under these
ultralimits as well. Thus, we can extend their work to get the following results:

THEOREM 7.6. Suppose K isan AEC so LS(K ) < k measurable. If K is categorical
in some A > K, then

(1) Kizsx)yins) = {M € K : LS(K) + £ < ||M| < A} has the amalgamation
property; and
(2) if A is also a successor above :(2LS(K))+, then K is categorical in all u with
:<2LS(K)>+ S u S A
Beyond ultralimits, stronger large cardinals have more complicated constructions
that witness their existence, such as extenders for strong cardinals [19].20.28. Again,
arguments similar to Theorem 4.3 will show closure under these constructions as
well for AECs essentially below them.
In Theorem 6.9, we mention limit models. While not discussed more in this paper,
these are well-studied objects and the uniqueness of limit models seems to be an
important dividing line for AECs; see [14], [37] [38]. or [33] for more information.

§8. Further work. As always, new answers lead to new questions.
In this paper, we have shown that the following statements follow from different
large cardinals:

(%), Every AEC K with LS(K) < s is (< k, k)-tame.
(). Every AEC K with LS(K) < k is < k-tame.
(x) Every AEC K with arbitrarily large models is < A-tameinsome A > LS(K).

We proved the same results for type shortness, but we focus this discussion on
tameness because more is known.

A natural investigation is into these properties on their own. Can they hold at
small cardinal? If so, do they have large cardinal strength?

A basic first result is that none of these properties can hold at 8; for k¥ < w.
This follows from the Hart-Shelah examples [15] [2].

A second result is that (x), for s regular and not weakly compact implies V' # L.
To see this, first recall that Baldwin and Shelah [3] construct an AEC that is not
(< k.k) tame from an almost free. nonfree, nonWhitehead group of size . In
L, such a group is known to exists at precisely the nonweakly compact, regular
cardinals; see Ekloff and Mekler’s book [8]. Combining these two facts, we have our
proof. The construction in Ekloff and Mekler has two main steps:

e nonreflecting stationary sets are used to construct almost free, nonfree groups
of every cardinality; and

e weak diamond on every stationary set is used to inductively show that all
Whitehead groups are free.

The nonreflecting stationary sets suggest a natural tension with the compactness
of the cardinals used in this paper. However, also being nonWhitehead seems to be
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a crucial part of the Baldwin and Shelah construction. It is not currently known
if nontameness follows just from almost free, nonfreeness nor what the precise
conditions for the existence of an almost free, nonfree, non Whitehead group are.

A potential first step in achieving (x), and the other properties at small cardinals
is the work of Magidor and Shelah in [23]. Starting from @ many supercompact
cardinals, they construct

(1) a model where every R, |-free group is X,,»»-free; and
(2) amodel where every s-free group is free for kK = min{Z € CARD : . = N, }.

In the first model. there is no known candidate for a counterexample to (*)g | .
-+

and, in the second, there is no known candidate for a counterexample to (*)y, .
Further investigation will be needed to determine if these properties hold or if there
are more nontame AECs.

REFERENCES

[1] Jou~N BALDWIN, Categoricity, University Lecture Series, vol. 50, American Mathematical Society,
Providence, RI, 2009.

[2] JouN BaLpwiN and ALEXEI KOLESNIKOV, Categoricity, amalgamation, and tameness. Israel Journal
of Mathematics. vol. 170 (2009), no. 1, pp. 411-443.

[3] JouN BALDWIN and SAHARON SHELAH, Examples of non-locality, this JOURNAL, vol. 73 (2008).
pp. 765-782.

[4] WiLL BoNEY, Computing the number of types of infinite length, Accepted, Notre Dame Journal of
Formal Logic, arXiv: 1309.4485.

[5] WiLL BoNEY and RAMI GROSSBERG, Forking in short and tame AECs, Submitted, arXiv: 1306.6562.

[6] WILL BONEY, RAMI GROSSBERG. ALEXEI KOLESNIKOV, and SEBASTIEN VASEY. Canonical Forking in
AECs, Submitted, arXiv: 1404.1494.

[7] C. C. CHANG, Some remarks on the model theory of infinitary languages, The Syntax and Semantics
of Infinitary Languages (J. Barwise, editor), vol. 72, Springer-Verlag Lecture Notes in Mathematics.
1968. pp. 36-63.

[8] PAuL EKLOFF and ALAN MEKLER, Almost Free Modules: Set-Theoretic Methods, Elsevier,
Amsterdam, 2002.

[9] Rami GROSSBERG, Classification theory for Abstract Elementary Classes. Logic and Algebra
(Yi Zhang, editors), vol. 302, American Mathematical Society. Providence, RI. 2002, pp. 165-204.

[10] . A Course in Model Theory, In Preparation, 201X.

[11] Rami GROSSBERG and MoNICA VANDIEREN, Categoricity from one successor cardinal in tame
Abstract Elementary Classes. Journal of Mathematical Logic. vol. 6 (2006). no. 2, pp. 181-201.

[12] . Galois-stability for tame Abstract Elementary Classes. Journal of Mathematical Logic,
vol. 6 (2006). no. 1, pp. 25-49.

[13] . Shelal’s categoricity conjecture from a successor for tame Abstract Elementary Classes,
this JOURNAL. vol. 71 (2006). no. 2, pp. 553-568.

[14] Rami GROSSBERG, MoONICA VANDIEREN, and ANDRES VILLAVECES, Uniqueness of limit models in
Abstract Elementary Classes, Submitted. http://www.math.cmu.edu/~rami/GVV_1_12_2012.pdf.

[15] BRaD HART and SAHARON SHELAH, Categoricity over P for first order T or categoricity for
¢ € Lo can stop at Xy, while holding for Xg. - - - . Ry _1. Israel Journal of Mathematics. vol. 70 (1990).
pp. 219-235.

[16] Asa HirvoNEN and TapaNi HYTTINEN, Categoricity in homogeneous complete metric spaces.
Archive of Mathematical Logic, vol. 48 (2009), no. 3-4, pp. 269-322.

[17] Tapant HyYTTINEN and MEERT KESALA, Superstability in simple finitary AECs. Fundamenta
Mathematica. vol. 195 (2007). no. 3. pp. 221-268.

[18] . Categoricity transfer in simple finitary AECs. Notre Dame Journal of Formal Logic,
vol. 76 (2011), no. 3, pp. 759-806.

[19] THOMAS JECH, Set Theory, Third Edition, Springer, Berlin, 2006.

https://doi.org/10.1017/js1.2014.30 Published online by Cambridge University Press


https://doi.org/10.1017/jsl.2014.30

TAMENESS FROM LARGE CARDINAL AXIOMS 1119

[20] AKIHIRO KANAMORIL, The Higher Infinite: Large Cardinals in Set Theory from Their Beginnings,
Second Edition, Springer, Berlin 2008.

[21] OREN KOLMAN and SAHARON SHELAH, Categoricity of theories in Ly, when k is a measureable
cardinal, part 1. Fund ta Mathematica. vol. 151 (1996). pp. 209-240.

[22] SAHARON SHELAH and MICHAEL MAKKAI, Categoricity of theories in Ly, with k a compact
cardinal. Annals of Pure and Applied Logic. vol. 47 (1990). pp. 41-97.

[23] MENACHEM MAGIDOR and SAHARON SHELAH, When does almost free imply free? (for groups,
transversals, etc. ). Journal of the American Mathematical Society. vol. 7 (1994). pp. 769-830.

[24] M. MORLEY, Categoricity in power. Transactions of the American Mathematical Society, vol. 114
(1965). pp. 514-538.

[25] . Classification theory and the ber of noni. :phic models, Second Edition, vol. 92,
North-Holland Publishing Co., Amsterdam, xxxiv+705 pp, 1990.

[26] . Classification Theory for Abstract Elementary Classes, vol. 1 & 2, Mathematical Logic
and Foundations, no. 18 & 20, College Publications, London, 2009.

[27] SAHARON SHELAH, Categoricity of uncountable theories, Proceedings of the Tarski Symposium,
1971. 1974, pp. 187-203.

[28] . Classification of nonelementary classes, II. Abstract Elementary Classes. Classification
theory (John Baldwin, editor). 1987, pp. 419-497.

[29] . Universal classes. Classification theory (John Baldwin, editor). 1987, pp. 264—418.

[30] . Categoricity for abstract classes with amalgamation. Annals of Pure and Applied Logic.
vol. 98 (1990), pp. 261-294.

[31] . Categoricity of theories in Ly, when k is a measureable cardinal, part 2. Fundamenta
Mathematica. vol. 170 (2001). pp. 165-196.

[32] SAHARON SHELAH. Categoricity in Abstract Elementary Classes: Going up inductively,
math.LO/0011215.

[33] SAHARON SHELAH and ANDRES VILLAVECES, Toward categoricity for classes with no maximal
models. Annals of Pure and Applied Logic. vol. 97 (1999), pp. 1-25.

[34] . On What I Do Not Understand (And Have Something to Say), Model Theory.
Mathematica Japonica. vol. 51 (2000), pp. 329-377.

[35] . Maximal failures of sequence locality in A. E. C., Preprint.

[36] ROBERT SoLOvAY. Strongly compact cardinals and the GCH, Proceedings of the Tarski
Symposium, Proceedings of Symposia in Pure Mathematics 25 (AMS). pp. 365-372.

[37] MonicA VANDIEREN, Categoricity in Abstract Elementary Classes with no maximal models.
Annals of Pure and Applied Logic. vol. 141 (2006), pp. 108-147.

[38] . Erratum to “Categoricity in Abstract Elementary Classes with no maximal models”.
Annals of Pure and Applied Logic, vol. 164 (2013), pp. 131-133.

DEPARTMENT OF MATHEMATICAL SCIENCES
CARNEGIE MELLON UNIVERSITY
PITTSBURGH, PENNSYLVANIA, USA
E-mail: wboney@cmu.edu

https://doi.org/10.1017/js1.2014.30 Published online by Cambridge University Press


https://doi.org/10.1017/jsl.2014.30

