An Exposition of Shelah’s Proof of a Categoricity
Theorem for Uncountable Languages

Hanif Joey Cheung

April 30, 2018



Acknowledgements

The author would like to thank Professor Thomas Scanlon (Department of
Mathematics, University of California, Berkeley) for his guidance throughout
the writing process. Special thanks is also given to Professor James Freitag
(Department of Mathematics, UCLA), whose Model Theory course (given dur-
ing Fall 2014 at University of California, Berkeley) is the basis of most of chapter
one, and to Levon Haykazyan (Mathematical Institute, University of Oxford),
whose answer to the author’s question on mathoverflow.net was essential to the
completion of the proof of Theorem 2.6.2.

Introduction

We say that a first-order theory is categorical in a cardinal A if every model of
the theory with cardinality A is isomorphic. In [Mo 65] Morley proved that a
countable complete theory T" which is categorical in an uncountable \ is cate-
gorical in every uncountable cardinal. Shelah, in [Sh 74], proved the following
generalization: for a complete theory T of any infinite cardinality, if it is cate-
gorical in some A > |T'| then it is categorical in every x > |T|.

Briefly, the main idea behind the proof of Morley’s categoricity theorem is
that a countable theory that is categorical for some uncountable cardinal is to-
tally transcendental and therefore stable in all infinite cardinals. From then,
one can prove that there is a strongly minimal formula and a prime model over
a strongly minimal set, which can then be proved to be unique and therefore es-
tablish categoricity. None of these properties hold for an uncountable language,
although for each one there is a corresponding generalization which, while much
more difficult to prove, allows one to partially recover this line of attack.

This exposition follows Shelah’s originial proof in [Sh 74] for the main the-
orem of categoricity, and includes all the model-theoretic tools needed to prove
it. Shelah actually updated the proof in [Sh 90] as part of constructing the
entire spectrum of isomorphic classes for a given theory, and thus introduced
many tools in the process. Unfortunately, the updated proof depends heavily on
these tools, the exposition of which is not necessary for the original proof and
will require a much lengthier exposition. We have thus avoided the unnecessary
machinery of [Sh 90] if there is some weaker concept that is sufficient for the
current exposition.

Additionally, this exposition was written with the intent of being self-contained
with respect to model theory, and the intended audience is only assumed to be
familiar with the semantics of first order logic and elementary set theory (in
particular ordinal and cardinal arithmetic). Chapter one is thus devoted to
an introduction of elementary model theoretical concepts: signatures, models,
Skolem functions and types. The reader who is familiar with the Compactness
theorem, Lowenheim-Skolem theorems, saturated models, universal models and
ultrapowers may skip this chapter entirely. However, readers who have not en-
countered this subject before will likely find this chapter insufficient in providing



familiarity necessary for the results to follow. Readers who have not encoun-
tered model theory before are therefore advised to consult other introductory
texts (for example, [Ho 97]) in addition to this exposition.

Chapter two introduces most of the machinery which would be needed for the
proof of the main theorem: stability and stable formulas, A-prime models, in-
discernibles, definable types, two cardinal theorems and Ehrenfeucht-Mostowski
models. The concept of stability is the starting point to stability theory, but as
mentioned above we will be avoiding most of the powerful tools of stability the-
ory: this includes ranks, forking and dimensionality, since they are too general
for the task at hand and each require a lengthy exposition itself.

Chapter three begins the exposition proper of [Sh 74]: we first fix the nota-
tion that we will use for what is to follow (which we cannot do immediately as
pedagogically we have not yet introduced any model-theoretic concepts), then
follow step-by-step Shelah’s original proof. In particular, Shelah’s original paper
makes references to papers which only proved their respective results for count-
able languages, and the generalization of those results to uncountable languages
is not always straight forward. However, we have structured this exposition so
that the relevant generalizations are presented in chapter two.

During a first reading, the various concepts and results proved in chapter
one and two may seem unmotivated: the structure of this exposition is such
that each section contains most of the results corresponding to the theme of the
section, and the application of each result may not seem obvious immediately.
Thus it may be helpful to skip over the details of the proofs in chapter one and
two and only return to them when the exposition of Shelah’s proof in chapter
three requires a particular result.

The historical remarks are meant to be a reference to where the results first
arose in the literature, and also where the proofs given in this exposition are
from. The author has tried to trace these sources to the best of his ability, but
it is likely that some of these proofs are based on an idea which pre-dates the
cited source of the proof (especially the results in chapter one, which are now
considered classical results and found in a large number of introductory texts).
Additionally, there are a few lemmas that are unattributed, which are mostly
specific details that the original papers did not address explicitly but (in the
author’s opinion) should be made clearer. In any case, the author does not claim
any of these lemmas to be a novel result, as even those which are unattributed
are widely known in the field.

One should be aware that the proof given here is probably not the most
efficient method of proof, and the lemmas proved along the way are not the
most general ones possible. The interested reader should consult [Sh 90] for the
details, but there are some details that are worth mentioning: it is possible to
prove that a theory which is categorical in some A > |T| is unimodular and
superstable, and in particular p-stable for any g > |T'| (improving on Proposi-
tion 3.2.1). This simplifies the proof that every model of T is locally saturated
(Theorem 3.2.3), yields a different proof that D(x = x) < oo (Theorem 3.3.5)
and also gives a simpler proof of the existence of a weakly minimal formula
(Theorem 3.4.6). Furthermore, using techniques like forking and Morley se-



quences, one can show that if T is u-stable then there is a saturated model of T'
with cardinality u, giving a stronger result than Proposition 2.1.17 and making
Corollary 3.4.9 a trivial claim. Lastly, we proved Theorem 2.5.9 and Theorem
2.6.2 for the simplest cases, but in fact the same results can be proved for a
much larger range of cardinalities.



Chapter 1

Model Theoretic
Preliminaries

1.1 First Order Languages and Structures

Given a variety of algebraic structures, for examples groups, rings or lattices, we
may talk about constants, operations or relations of the structure. We generalize
and formalize this using formal languages:

Definition 1.1.1. A signature 7 consists of a set of constant symbols, a set of
function symbols and a set of relation symbols, all of which are pairwise disjoint.
A term in 7 is defined inductively by:

1.
2.
3.

4.

A constant symbol ¢ is a term
A variable x is a term

If to,...,th_1 are terms and f is a function symbol of arity n, then
flto, ... tn—1) is a term

There are no other terms

A closed term is a term which does not contain any variables.

The language L. has TU{(,),~, V, A, =, <>V, J}U{v; : i < w} as symbols, with
{vi 1 i < w} as variables, and is defined inductively by the following formation
clauses:

1.

If to,t1 are terms, then (to = t1) is a formula in L, (Read as “ty equals
tl 77)

If to,...,th—1 are terms and P is a relation symbol of arity m, then
(P(to, ... tn-1)) is a formula in L,

If ¢ is a formula in L., then (—¢) is a formula in L. (Read as “not ¢”)



10.

. If ¢,9 are formulas in L., then (¢ A1) is a formula in L, (Read as “¢p

and ¥”)

If ¢,v are formulas in L., then (¢ V ) is a formula in L, (Read as “¢
or¥”)

If ¢,¢ are formulas in L, then (¢ — 1) is a formula in L, (Read as “if
¢ then ¢¥”)

If ¢,¢ are formulas in L,, then (¢ <> 1) is a formula in L, (Read as “p
is equivalent to ")

If ¢ is a formula in L, and x is a variable, then (Vx¢) is a formula in L,
(Read as “for all x ¢(x)”)

If ¢ is a formula in L, and x is a variable, then (x¢) is a formula in L,
(Read as “there exists © ¢(x)”)

No other string of symbols is a formula in L,

An atomic formula is one which is of the forms as in clauses 1 or 2 above.
A literal formula is either atomic or one formed by clause 3 above from an
atomic ¢ i.e. the negation of an atomic formula.

A quantifier-free formula is one which is formed without using clauses 8 or
9 above i.e. the quantifiers ¥, 3 do not appear in the formula.

For a formula ¢, a variable x is free in ¢ if:

1. ¢ is of the form (t = s) or (P(to,...,tn—1)) and x occurs in ¢

2. ¢ is of the form (=) for a formula ¥ and x is free in 9

3. ¢ is of the form (2 A¥), (9 V), (g = ) or (¢ ¢ ¥) for formulas ¢, 4,

and x is free in either ¢ or Y

4. ¢ is of the form (Vy), (Jyv), x is free in ¢ and x is not y

For a formula ¢ € L, we write ¢(xo,...,xn_1) to emphasize that the variables

o, -

.., Tp_1 are either free in ¢ or do mot occur in ¢, though not necessarily

including ALL the free variables in ¢.
A closed formula is a formula with no free variables.

Remark. We will abbreviate the formula

3wo,- s wna(( N\ )N N\ @ # )

0<i<n 0<i<j<n

by 32"x¢(x). Similarly, we abbreviate the formula

Fz0, sz ((C\ S@) Ay N 2 #y) = =6(y)

0<i<n 0<i<n

by 3="z¢(x). We will abbreviate (32"x¢(z)) A (IS"z¢(x)) by I="x¢(z).



We will omit parentheses surrounding formulas when there is no ambiguity.
We will omit 7 and write L when there is no ambiguity, and similarly we will
speak of constants symbols of L, function symbols of L, relation symbols of L
and terms of L without reference to 7.

Additionally, for any signature 7 in this exposition, if C is the set of constant
symbols, F' the set of function symbols and R the set of relations symbols, we
will assume that

Cl+|F| > |R]

While not necessary, this assumption will simplify certain proofs and results
about the cardinalities.

Proposition 1.1.2. For any signature 7, |L;| = |7| + Yo

Proof. Note that any formula in L, has finite length. The result then follows
by induction on formula length. O

For example, the signature of the language of groups (and in fact of monoids)
consists of the constant e and the binary operation -. The language of partial
orders consists only of the binary relation <, and note that the language of
simple graphs also consists only of the binary relation E (denoting the existence
of an edge). Since the actual choice of symbols is irrelevant to the language,
thus we see that the language itself is insufficient to determining what kind of
structures we are interested in. But before we can refine that, we need to first
define what a structure for an arbitrary signature is:

Definition 1.1.3. A 7-structure (or L-structure, or simply a structure
when L and T is clear from context) M consists of a nonempty set M and an
interpretation satisfying:

1. For every constant symbol ¢ in T, there is a ¢ € M

2. For every function symbol f in T of arity n, there is a function f% :
M" — M

3. For every relation symbol P in T of arity n, there is a P* C M"

The domain of A is M.
Let t be a term in 7, M a T-structure and @ € M. Then t7(a) is defined
inductively by:

1. Ift is a constant symbol c, then t% (a) is c”
2. If t is the variable x; for some i € w, then t7(a) is a(i)

3. If t is of the form f(to,...,tn—1) for terms to,...,tn—1 and f a function
symbol of arity n, then t*(a) is 7 (t7(a),...,t;% ,(a))

Forae M¥,i€w andbe M, afi — b = (ag,...,a;-1,b,ai41,-..)
For ¢ a formula in L and 4 an L-structure, we defined ¢(A) inductively:



1. If ¢ is of the form (t = s) for termst,s, then ¢(4) = {a € M* : t%(a) =
s (a)}

2. If ¢ is of the form (P(to, ... ,tn—1)) for termstg,...,tn—1 and P a relation
symbol of arity n, then ¢p(A) = {a € M¥ : (t{(a),...,t;” ,(a)) € P?}

)
If ¢ is of the form (=) for a formula ¢, then ¢( M) = M\ (M)

3.

4. If ¢ is of the form (@A) for formulas ,v, then ¢( M) = (M) NY( M)
5. If ¢ is of the form (p V) for formulas p,, then ¢(M) = (M) IY(A)
6. If ¢ is of the form (@ — ) for formulas p, 1, then ¢(A) = (M \o (A ))J

(p(A) Np(A))

7. If ¢ is of the form (p < ) for formulas v, v, then ¢(A) = ((A) N
Y(A)) U (MZ\p(A)) N (MN\G(A)))

8. If ¢ is of the form (Yvsh) for a formula, ¢(A) = {a € MY : for every b €
M, ali —b] € (A)}

9. If ¢ is of the form (Jv;b) for a formula, (M) = {a € MY : there is some b €
M,a[i = b] € ()}

We say that A satisfies ¢ or M is a model of ¢ and write M = ¢ when
(M) = M>.

ForT C L, # =T if for every formula ¢ € T, M4 = . We say T' implies ¢
and also write T' |= ¢ if for every L-structure # such that # =T, # E ¢.
We define the L-theory of # by Thy(#)={p € L: 4 = ¢}.

We will frequently make an abuse of notation and write M in place of .#
when there is no ambiguity in interpretation. For brevity, given a (possibly
infinite) tuple @ with elements from a set A we will also write as a € A.

Similarly, when the language in consideration is clear we will drop L from
subscripts. This also applies to many definitions in the upcoming sections.

Note that it is clear from the definitions that for any formula ¢ with n free
variables, ¢(M) is actually well-defined as a subset of M™, and we will identify
¢(M) as such. In particular, if ¢ has only one free variable then we will regard
¢(M) as a subset of M.

Lastly, it is an elementary fact of propositional logic that any formula using
the logical connectives {—, A, V, —, <>} is equivalent to a formula using only the
connectives {—, A}. Additionally:

Proposition 1.1.4. For any formula ¢ with x a free variable in ¢ and structure
M,

o M EVxg iff M = —Jz—¢
o M E3Jxg iff M = —Vz—¢



o M=o iff M =Vao

Thus when we need to proceed by induction over the structure of formulas,
it is sufficient to consider only the formation clauses 1, 2, 3, either one of 4 or
5 and either one of 8 or 9 (as given above in Definition 1.1.1).

Often when discussing a model, we may wish to describe elements in the
model even if the language does not explicitly allow us to do so: for example,
the language of rings has constant symbols 0, 1 and two binary functions +, -, so
that in Q, every element of Z is the interpretationof aterm (n =1+ 14 --- + 1)

n
whereas any element of Q — Z is not an interpretation of any term. However,
would still like to make statements such as “EI:E% -x = 17 about Q. This
motivates:

Definition 1.1.5. If A4 is a T-structure and A C M, we define T4 = TU A
with A as new constant symbols. We denote the language of T4 by La, and
by M4 we refer to the T4-structure formed by interpreting the symbols in A as
themselves in M. We refer to the La-theory of M by Tha(A).

For any formula ¢(zo,...,xn—1) € L and a € M™, ¢(a) is the formula in Ly
formed by replacing all occurrences of x; by a(i) for every 0 <i<n. Ifa € A,
we say that ¢(a) is a formula in L with parameters in A.

We write 4 = ¢(a) if s = 6(a).

Proposition 1.1.6. If 71 is a signature, 75 2 7 and 4" is a 71 -structure,
then there is a T-structure .# with the same domain as #+ and such that:

. +
1. For every constant symbol ¢ in 7, ¢ = c®

2. For every function symbol f in 7, f# = f4*

3. For every relation symbol P in 7, P = pat

Definition 1.1.7. We call .# from above the T-reduct of .#* and denote such
a reduct by A V.. If L = L., we may also call it a L-reduct and denote it by
ML

Conversely, we call .M T from above the T+ -expansion or, if LT = L.+, the
L+ -expansion of A .

1.2 Elementary Substructures

One often talks about subgroups, subrings or sublattices. This naturally gener-
alizes to any structure:

Proposition 1.2.1. If 4 is a structure, N C M and N satisfies:
1. For every constant symbol ¢, ¢ € N

2. For every function symbol f of arity n and for every a € N™, f*(a) € N



Then there is a structure A with domain N such that:

1. For every constant symbol c, ¢ = c#

2. For every function symbol f, ¥ = f#|n
3. For every relation symbol P of arity n, P"¥ = P# N N"

Definition 1.2.2. For L-structures A4, N, A is a substructure of .4 if it
satisfies the conditions above.
For a A C M, we denote the substructure generated by A by (A)},, with

(A)p = ﬂ{N CM:ACN,N a substructure of M}

In model theory, the cardinality of a model is often an important property,
so it will be useful to establish the cardinality of substructures:

Lemma 1.2.3. For any 7-structure M and A C M, [(A)| = |A| + |7] + No

Proof. We will show this by constructing (A4) explicitly. Let C, F' be the set of
constant symbols and function symbols of 7 respectively, and let Ag = AU{cM €
M : ¢ € C}. Then inductively, if A; is defined, let

A=A U{fM@ eM: feFacA}
Then let A, =UJ,__, A;

<w L
Claim. A, = (A)
It is clear by induction that for any N C M a substructure of M with A C N,
for every A;, A; C N. Thus it suffices to show that A, is a substructure. But by

constuction, A, satisfies the conditions of Proposition 1.2.1, and we are done.

Now, |Ag| = |A] + |C|, and for every i < w, by construction

|Aiga] = > A7 x |{f € F : f has arity n}|

n<w
Thus |Ay| = |A| + |C| + |F| + Ro = |A| + |7] + Ro O

Corollary 1.2.4. For every b € (A), there is some term t(Z) in L and some
a € A such that (A) =b=t(a).

Proof. True by induction due to the construction of A, above. O

In algebra, we often identify an algebraic structure £ with an isomorphic
copy which is a substructure of some other structure ./ and say that % is a
substructure of &7: for example, we may consider Z as a subring of the ring of
functions R — R. For an arbitrary signature, we can generalize this concept
and justify it by the following:

Proposition 1.2.5. Let M,N be L-structures, and suppose h : M — N
satisfies:



1. For every constant symbol c, h(cM) = N

2. For every function symbol f of arity n and m € M", h(fM(m)) =
N (h(mo), ..., h(m,_1))

3. For every relation symbol P of arity n and m € M", m € PM iff
(h(mg), ..., h(mu_1)) € PN.

Then h(M) is a substructure of N with the following interpretations:
1. For constant symbol ¢, ") = h(cM)
2. For a function symbol f of arityn and m € M™, R (h(m)) = h(fM(m))
3. For a relation symbol P, P"M) = p(pM)

Proof. Note that h(M) satisfies the conditions of Proposition 1.2.1, and addi-
tionally all the interpretations coincide with the ones given in 1.2.1. O

Definition 1.2.6. An injective h : M — N satisfying the above conditions
is called a L-embedding. By identifying M with the substructure which is the
image of M under h, we also say that M is a substructure of N.

Corollary 1.2.7. If M is a substructure of N, then the inclusion map i : M —
N is an embedding.

Proof. 1t is straightforward to check that the conditions of the above proposition
are satisfied by 1. O

Proposition 1.2.8. Ifh: M — N is an embedding and ¢(T) € L is quantifier-
free, then for m € M, M = ¢(m) iff N = ¢(h(m)).

Proof. We proceed by induction on ¢ € L to show that M = ¢(a) iff N = ¢(a):

1. If ¢(a) is t(Z,a) = s(Z,a) with all free variables in Z, then for every choice
of b of the same length as 7 in N, N |= t(b,a) = s(b,a). Thus for every
choice of ¢ in M, since ¢ € N, M [ t(¢,a) = s(c,a). Conversely, if
N ¥ ¢(a), then N = 3z-t(z,a) = s(Z,a). By induction on the length of
7 and the assumption,there is a b € M such that M = —t(7,a) = s(z, a).

2. If ¢(a) is P(z,a) with all free variables in z and N |= ¢(a), then as above
for every choice of b of the same length as # in N, N |= P(b,a). Thus
for every choice of ¢ in M, since ¢ € N, M |= P(¢,a). Conversely, if
N ¥ ¢(a), then N = Iz-P(z,a). By induction on the length of Z and the
assumption,there is a b € M such that M = —P(b,a).

3. If ¢ is =), 9 satisfying the induction hypothesis, then N | ¢(a) iff N ¥
Y(a) iff M E (@) iff M E ¢(a).

4. If ¢ is p A, @, both satisfying the induction hypothesis, then N |= ¢(a)
iff N p(a) and N =¢(a) iff M = p(a) and M E ¢(a) if M E ¢(a).

10
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Definition 1.2.9. M, N are isomorphic as L-structures if there is a sur-
jective embedding between them and we write M =, N. Such an embedding is
called an L-isomorphism.

Proposition 1.2.10. If M, N are isomorphic, then Th(M) = Th(N).

Proof. We can interpret N as a Ljs-structure by m~ = h(m), where h : M —
N is an isomorphism. Then proceed by induction on formula complexity for
formulas in L. O

On the other hand, we should note that being a substructure does not pre-
serve the L-theory of the structures: for example, Z is a subring of Z[/2], but
Z = —3xx-x =1+ 1 while Z[v2] = 3zz -2 = 14 1. So if we want to ensure
that a substructure has the same L-theory as it’s superstructure, we will need
a stronger condition:

Definition 1.2.11. Ifh: M — N is an embedding such that for every m € M
and ¢ € L, M |= ¢(m) iff N |= ¢(h(m)), then we say h is an elementary
embedding.

If A is a substructure of A and the inclusion may i : M — N is an L-
embedding, then .# is an elementary substructure of A. We also call NV
an elementary extension of #. We write M < N, or # < N when we
wish to emphasize M is an elementary substructure as an L-structure.

If M, N are L-structures, we say that M and N are elementarily equivalent
and write M = N if Th(M) = Th(N).

Proposition 1.2.12. If M < N, then M = N

Proof. Since the inclusion map preserves the truth value of each formula ¢(m)
with parameters in M, in particular it preserves all formulas in L without pa-
rameters. That is Th(M) = Th(N). O

Here is a simple example of a proper elementary substructure: the algebraic
closure Q of Q in C is a proper elementary substructure of C. This can be
proven by the method of quantifier elimination, which shows that the recur-
sively axiomatizable theory of algebraically closed fields of characteristic 0 is a
complete theory in the language of rings. This is however a special case, and
in general we will use the following criteria for determining whether or not a
substructure is an elementary substructure.

Theorem 1.2.13 (Tarski-Vaught Test). For structures M, N with M a sub-
structure of N, M < N iff for every ¢(x,§) € L and a € M, if N = Jx¢(x,a)
then there is a b € M such that M = ¢(b,a).

Proof. The forward direction is straightforward, as N | Jzé(z,a) if M E
Jz¢(x, a) since the inclusion map is an elementary embedding.

11



For the reverse direction, Corollary 1.2.7 shows that the inclusion map is
an embedding. Now, additionally, for any @ € M and ¢ € L, N = 3(x,a)
ifft M = 3(x,a), so in fact the induction in Proposition 1.2.8 can be extended
to include all formulas in L. This shows that the inclusion map is actually an
elementary embedding. O

The following lemma (actually the corollary which follows) that was intro-
duced also by Tarski and Vaught is used in the construction of elementary
extensions:

Lemma 1.2.14. Suppose (M; : i € w) is a sequence of structures such that for
each i € w, M; X M;11. Then M = UKW M; is a structure and My < M.

Remark. Note that M has a natural interpretation as an L-structure:

e For constant symbol ¢, ¢M = M

e For function symbol f, fM =J,_, f™
e For relation symbol P, PM =], P

Proof. 1t is clear by induction that for every 0 < i < w, My =< M;. Now, for
¢ € L and a € My, assume M = Jx¢(x,a). Then there is some b € M such
that M |= ¢(b,a). So there is some i < w such that b € M; i.e. M; = Jxg(x,a).
But My =< M;, and so there is some ¢ € M such that My = ¢(c,a). Then by
the Tarski-Vaught test, My < M. O

Corollary 1.2.15. Suppose « is an limit ordinal and (M; : i < «) is a sequence
of structures such that for each i < j, M; = M;. Then for each i < o, M; =
My =U,;cq M;.

Proof. The interpretation of M, is as in the lemma above with « replacing w.
The proof the Tarski-Vaught test is also as above. 0

Definition 1.2.16. A chain (M, : i < a) of structures such that
o For each successor B+ 1, Mg =X Mg41
e For each limit §, Ms = U, 5 M;

18 called an elementary chain.

As in the case of substructures, we often wish to identify a structure with an
elementary substructure of another structure. Again, this can be easily justified:

Proposition 1.2.17. If h : M — N is an embedding such that for every
meM and ¢ € L, M = ¢(m) iff N E ¢(h(m)), then h(M) X N.

Proof. Note that M = h(M). By the assumption, for ¢(x,y) € L and m €
M, N E 3zé(x,h(m)) ff M = Jzp(x,m) iff there is a b € M such that
M = ¢(b,m) iff h(M) = ¢(h(b), h(m)). Thus h(M) < N by the Tarski-Vaught
test. O

12



In light of this proposition, we extend our notation slightly:

Definition 1.2.18. If an elementary embedding from M to N exists, then we
say M is elementarily embeddable in N and also write M < N

1.3 Skolem Functions

While the Tarski-Vaught test allows us to identify whether or not a substructure
is an elementary substructure, it does not help us in constructing one. For this
task, we need the following process called Skolemization.

Definition 1.3.1. We say that a T C L has Skolem functions if for ev-
ery ¢(z,y) € L with T nonempty, there is a function symbol f such that

vz (Jye(z,y) — (T, f(2)) € T.

Lemma 1.3.2. If T C L., then thereisam™ D7 withaT' C L., T' O T such
that |7'| = |7| + Ro and T has Skolem functions.

Proof. For every ¢(Z,y) € L, let fy be a new function symbol of arity |Z| and
define 1 = TU{fy : #(Z,y) € L}. Note then that |71| = |7|+ |L.| = |7| +No by
Proposition 1.1.2. Then let

Ty =T U{Vz(3yo(z,y) = &(, fo(T))) : 0(Z,y) € L}
We can repeat the construction to get (7; : ¢ < w) and (T} : ¢ < w) with 79 = 7
and To = T. Thus let 7/ = J,_, 7 and T" = |J,_, T;. Since any ¢ € L. is

contained in some L., , the corresponding Skolem function is included in Tj,41.
The cardinality requirement is satisfied by induction. O

Definition 1.3.3. For a T C L, we call T" above the Skolemization of T and
denote it by Tsy. The language of Tsy is denoted by Lgy.

Lemma 1.3.4. If # =T, then there is an Lgy-expansion Msy = Ts.
Proof. For a ¢(z,y) € L with f,; the corresponding Skolem function, we define
ffls’“: form € M, if # |= Jygp(m,y), then let ff’s’“(m) € ¢(m, M). Otherwise
choose ffs’“ (m) arbitrarily in M. Thus sy, = Tsy. O
The idea of Skolemization is that we ensure that every substructure in the

Skolemized language is in fact an elementary substructure. This is shown in the
following:

Definition 1.3.5. If M =T and A C M, then the Skolem Hull of A is the
substructure generated by A under the language Lgy. We denote it by (A)gsy.

Theorem 1.3.6 (Downward Léwenheim-Skolem Theorem). Suppose T' C
L, M =T with |M| > |L|, and A C M. Then thereis a B O A such that B < M
and |B| = |A| + |L]
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Proof. We will show that the Skolem hull (A)gy is the desired B.

Claim. <A>Sk jL M

Suppose ¢(z,y) € L, a € (A)sr and M = Jxp(x,a). Then let fy be the
corresponding Skolem function in Lgg, and thus Mg, = ¢(fs(a),a). But by
definition fgISk (@) € (A)sk, and so by the Tarski-Vaught test (A)sk <rq, M.
Thus in particular (A)gr <1, M.

By Lemma 1.3.2 and Lemma 1.1.2, |Lgi| = |L|. Therefore by Lemma 1.2.3,
[(A)sk| = [A] + | L] O

In addition to constructing elementary substructures, another useful prop-
erty of Skolemization comes from the following property:

Proposition 1.3.7. Suppose T C L has Skolem functions. Then for every
formula ¢ € L, there is a quantifier-free ¢ € L such that T }= ¢ < 1.

Proof. By induction, it suffices to show that if ¢(y, ) is such that there exists
a quantifier-free ¢¥(g,2) € L with T | ¢ + 1, then Jx¢ also satisfies the
condition. But since T has Skolem functions, there is some function symbol

such that T' |= Jzé(y,x) < ¢(7, f(§)) <> (@, f()). Then ¥(y, f(y)) is the
desired quantifier-free formula. O

1.4 The Compactness Theorem

Compactness is one of the most important tools in classical model theory, guar-
anteeing that models of a theory actually exists. We will divide up the proof
using the next few lemmas.

Definition 1.4.1. Let T C L.

e T is satisfiable if there is an M =T. We call a satisfiable set of formulas
a theory.

o T is finitely satisfiable if for every finite subset A C T, A is satisfiable

e T has the witness property if for every ¢(x) € L with one free variable,
there is a constant symbol ¢ such that T = ¢(c) + Jxp(x)

e T is complete over L (or simply complete when L is clear from context)
if for every ¢ € L, either g €T or ~¢p € T.

Lemma 1.4.2. Suppose T € L, is finitely satisfiable. Then there is a 7 O T
and a T* C L+ such that:

1. TCT*
2. T is finitely satisfiable

3. |7 = |7| + Ro

14



4. If T is such that T* CT' C L, then I has the witness property

Proof. For every ¢(x) € L, in one free variable, let ¢4 be a new constant symbol
and define 4 = 7 U {cy : ¢ € L, has one free variable}. Then define 6, € L,
to be (¢(cy) <> Jzp(z)), and let

T, =TU{0y € L;, : ¢ € L, has one free variable}

Claim. T is finitely satisfiable.

For any finite Ay C Ty, if Ay = AU {by,,...,0p,}, A C T, then as T is
finitely satisfiable there is an M = A. We will define, for 1 < i < n, c% s if
M = 3uo¢i(vo), then interpret ¢hf = b € ¢;(M). Else if M ¥ Juggi(vo), then
interpret arbitrarily cg{ =be M= M\¢;(M). Thus M E A;.

Repeat the above construction to form (7; : ¢ < w) and (7T} : @ < w) (with
70 =7, To = T), and define 7* = J,_, 7, T* = U, ., Ti. Since every finite
A C T* is contained in some T, which is finitely satisfiable by induction, T*
is finitely satisfiable. Further, note that at every stage, |7iy1| = |7| + |Lr,| =
|7:] + o (by Proposition 1.1.2). Therefore |7*| = |7| + Rq.

Finally, let ¢ € L.+ be a formula in one variable. Since ¢ is finite, there is
some ¢ < w such that ¢ € L;,. Then there is a ¢4 in 7,41 such that (¢(cy) <
Jxg(x)) € Ti41 C T*. Thus T* satisfies the witness property, and further any
extension of T over 7" must also satisfy the witness property. O

Lemma 1.4.3. If T is finitely satisfiable and ¢ is a formula, then either TU{¢}
or T U{—¢} is finitely satisfiable.

Proof. Let A C T be finite, and satisfied by M. Then either M = ¢ or M =
- O

Lemma 1.4.4. If T C L is finitely satisfiable then there is a finitely satisfiable
T' D T which is complete over L.

Proof. Consider {I' C L : I" O T,T finitely satisfiable} under ordering by in-
clusion. If € is a chain, then |J € is finitely satisfiable (as any finite subset is
contained in some I" € €) and contains 7. Thus Zorn’s lemma applies and there
is some maximal element T”.

We claim that 7" is complete. For if not then there is a ¢ such that ¢, —¢ ¢
T’. But then by the above lemma 7" is not maximal, a contradiction. O

Lemma 1.4.5. If T is complete and finitely satisfiable, A C T is finite and
AE ¢, thenpeT.

Proof. If ¢ ¢ T, then as T is complete —¢ € T and thus A U {—¢} is finitely
satisfiable, contradicting A = ¢. O

Lemma 1.4.6. IfT is finitely satisfiable, complete and has the witness property,
then T is satisfiable.
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Proof. Let C be the constants in the language L. Let ~ be the equivalence
relation on C' defined by ¢ ~ d iff (¢ = d) € T. We note:

Claim. For a function symbol f of arity n and ¢ € C", there is a d € C such
that (f(¢) =d) € T.

Since T |= Jx(f(¢) = x) and T has the witness property, there is a d as
required.

Claim. For a relation symbol P of arity n and ¢,d € C™ such that (¢c; = d;) € T

for every 0 <i < mn, R(¢c) e T iff R(d) € T.

Let Ag = {R(¢),co = do}, which is finite and thus satisfiable. But Ag |=
R(dg,c1,...,¢cn-1), and so by the above lemma R(dy,c1,...,cp—1) € T. Then
by induction R(d) € T.

Let M be the equivalence classes of C', and we interpret M as an L-structure
by the following;:

e For a constant symbol c, let ¢™ = c..
e For a function symbol f, define fM by fM(¢.) = d. where (f(¢c) =d) € T.
e For a relation symbol P of arity n, let PM = {¢. € M™: P(¢) € T}.

These are all well-defined by the above claims.

Claim. If t is a term with variables in vg,...,vn_1, Co,...,¢n_1,d € C, then
(t(co,. . en-1) =d) € T tM(com, ..., Ctn1)n) = dn.
We proceed by induction on term complexity:

1. If t is a constant ¢, then (¢ =d) € T iff ¢.. = d.. by definition of ~

2. If ¢ is the variable v;, then (¢; = d) € T iff tM (com, ..., C(n-1)~) = Cin =

d-.

3. If ¢ is of the form f(¢o,...,tm), and the induction hypothesis holds for
each term in tg,...,t,, then by the witness property of T since T |
Jyt;(co, - - ., Ccn_1) =y, there are constants dy, . . . , d,, such that (¢;(co,...,cn_1) =

d;) € T. But note that

f(t(CO, . .,Cn_l)) = d,to(CQ,. .- ;Cn—l) = do,. .. ,tm(CO, .. .,Cn_l) = dm ’: f(do, ce.

Thus by the completeness of T, f(do,...,dm) € T. By the induction hy-
pothesis, tM (con, . . . , C(n—1)~) = di~ and by definition fM(dom,y ..y dpe) =
d~. Therefore

tM(co,. .. eno1) = MM (con, ..., Cn—1)~)) = dn

Conversely, if tM(CON,...,C(n_l)N) = d~, then by completeness of T,
(3xt(coy...,cn—1) = ) € T and so by the witness property, there is a
e € C such that (¢(co,...,cn—1) = €) € T. But as shown above this im-
plies that tM (co, .. ., C(n—1)~) = €~, and so e~ = d... Thus by definition
of ~ (e =d) € T, and again by completeness (¢;(co,...,cn-1) =d;) € T.
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By a further induction on the second term, we see that for any terms ¢, s
and ¢ € C¥, (t(e) = s(e)) € T iff tM(c.) = sM(en)
Claim. For any closed formula ¢, M = ¢ iff p € T.

1. If ¢ is t = s for closed terms, then M = ¢ iff M =t = s iff tM = sM iff
(t =s) € T by the above observation.

2. If ¢ is P(t) with P a relation symbol and ¢ a sequence of closed terms,
then M = ¢ iff t™ € PM. Now for any ¢ € C, since (Jzt(¢) =z) € T as T
is complete, by the witness property there are constants € € C' such that
(e =1%) € T. Thus tM™ € PM iff eM ¢ PM which is true iff (P(e)) € T.
Finally, the completeness of T ensures that this is equivalent to (P(¢)) € T

3. Ifpis —p, then M = ¢ iff M E ¢ iff o ¢ T. As T is complete, this is true
iff ¢ €T.

4. IfpispAp,then M Eodpifft MEpand M v if pe T and v € T.
By completeness, this is equivalent to ¢ € T'.

5. If ¢ is Jxyp(x), then M |= ¢ iff there is a c.. € M such that M = ¢(c).
But as M Ec=c, M = ¢(co) iff M = (c) iff ¢(c) € T. This implies
¢ € T. Conversely, if ¢ € T, then by the witness property there is a
constant d such that ¢ (d) € T. Thus M = ¢(d), and so M = ¢.

Therefore M =T i.e. T is satisfiable. O

Theorem 1.4.7 (Compactness Theorem). For T C L, T is satisfiable iff T
1s finitely satisfiable.

Proof. The forward direction is trivial. For the reverse direction, by Lemma
1.4.2 there is an expansion in the language into L* D Land aT* C L*, T* 2O T
such that T™ is finitely satisfiable and any expansion of T* in L* has the witness
property. Then by Lemma 1.4.4 there is a finitely satisfiable T" extending T*
which is complete over L*, and has the witness property. Finally, by Lemma
1.4.6 there is a M = T, and therefore M| = T. O

As mentioned before, the cardinality of models is an important property.
One of the most important result of the Compactness theorem is that there are
arbitrarily large models.

Definition 1.4.8. The elementary diagram of a L-structure M is defined to
be Thy(M)={¢ € Lpr : M | ¢}.

Lemma 1.4.9. If N is an L-structure and there is an Ly; interpretation of N
such that N = Thy (M), then M <;, N.

Proof. Consider the map f : M — N with f(m) = M?Y. Since for any
mo,m1 € M, if mg # my then M | mg # my (with mg # m; a formula in
Ly), thus N | mg # my. Therefore f is injective, and as N |= Thys (M),
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f is in fact an elementary embedding. Further, since Thy (M) = Thy(M)|L,
therefore Thy (M) C Thr(N). Since Thr,(M) is complete, therefore Thy (N) =
Thr(M). O

Theorem 1.4.10 (Upward Lowenheim-Skolem Theorem). Suppose M is
an infinite L-structure, k an infinite cardinal with k > |M|+ |L|. Then there is
a L-structure N such that |N| = k and M < N.

Proof. Let 7" = 17U {c¢; : i < k} UM with the new symbols as constant symbols,
and consider the T' = Thy (M) U{¢; # ¢; : i # j,i,j < k}. Note that T is
finitely satisfiable: given a finite A C {¢; # ¢; : @ # j,1,j < K}, for every
distinct ¢; which occurs in A, interpret ¢; as a distinct member of M. Then
M = Thy (M) U A. Therefore by compactness T is satisfiable, say by the
model N’. Further, by the above lemma M =< N’. Finally, by the Downward
Léwenheim-Skolem theorem (Theorem 1.3.6), (M U{¢; : i < k})gy, is the desired
N. O

1.5 Types and Saturation

When we wish to identify a particular element of a model or describe some
particular property, sometimes a single formula is insufficient. For example,
consider C as a field: every element o of Q can be identified as the solution to
it’s minimal polynomial p(z) (not necessarily uniquely, but there are at most
finitely many solutions). On the other hand, there is no single formula which
determines whether or not an element of C is transcendental. This motivates
the following definition:

Definition 1.5.1. Let M be a L-structure, A C M, and A C L. We define
Ag={p(a)eLa:pe A ac A}

Forn <w, a A-n-type of M over A is a set of formulas with n free variables
such that:

e For each ¢ € p, either ¢ € Ay or ¢ € A4, where we identify =—¢ with
0.

o Thy(M)U{p(xg,...,Tn-1): ¢ € p}, where xg,...,Tn_1 are new constant
symbols, is satisfiable.

A A-n-type p is complete if it is mazrimal i.e. for every ¢ € Ay with n free
variables, either ¢ € p or —¢ € p.

We define Sg{n(A) ={p:p is a complete A-n-type of M over A}.

For a b € M, the A-type of b over A in M is defined by tpX (b/A) = {6 :
M= ¢(b),¢ € Ag or = € Ay} B

For any A-n-type p, p(M) = {b € M™ : For every ¢ € p, M = ¢(b)}. We say
that M realizes p if p(M) is nonempty i.e. there is some m € M™ such that
M = p(m). If M does not realize p, then we say that M omits p.

For the above terms, if A = L we will drop A from the description e.g. n-types,
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SM(A). Similarly, if A = {¢}, then we write ¢ instead of {¢} e.g.¢-n-types,
Sé)vfn(A). We may drop the M in supscripts if it is clear from context.

Proposition 1.5.2. Suppose p is a n-type of M over A, A C M. Then there
isa N =M and an € N such that N |=p(n). Conversely, if M < N, AC M
and i € N, then tp™ (n/A) is a type of M over A.

Proof. By definition of a type, since Thys (M) Up(Z) is satisfiable (where Z are
n new constant symbols) there is a N which models it. Thus zV is the desired
n. Further, by Lemma 1.4.9, M-<NasN|:ThM( )-
The converse is true by definition as N and zV = 7 satisfies Thy (M) U
pN(n/A). O

Using the idea of types, we can generalize the idea of elementary embeddings
and relax the requirement that the domain of the function is the entire model.

Definition 1.5.3. A f: A — N is an elementary map if for every a € A,

M(a/0) = tp™ (f(a)/0).

Proposition 1.5.4. f: M — N is an elementary map iff it is an elementary
embedding.

Proof. f is an elementary map iff tp™ (m/0) = tp™ (h(m) /) for every m € M iff
for every m € M and ¢ € L, M = ¢(m) < N |= ¢(h(m)) iff f is an elementary
embedding. O

Note that the type tpM(a/0) is simply a set of formulas in L. In this case,
we define:

Definition 1.5.5. Let T be a theory. A A-n-type of T is a set of formulas p
with n free variables such that:

e For each ¢ € p, either ¢ € A or —¢ € A, where we identify =—¢ with ¢.

o TU{p(xo,...,Tn-1): ¢ € p}, where xq,...,Tn_1 are new constant sym-
bols, is satisfiable.

Proposition 1.5.6. Let T be a complete theory, and suppose M =T. Ifp is a
type of T, then p is a type of M over (). Conversely, for any m € M, tp™ (m/0)
s a type of T.

Proof. The reverse direction is clear by definition. For the forward direction, let
Ag C p be finite, and define ¢ = Jxg, ..., 2,1 /\¢€Ao d(xg,...,Tn_1). Since
T Up(Z) is satisfiable, T = 1. Then M =T and M | ¢ i.e. Thy (M) U Ao(Z)
is satisfiable. By compactness, Thys (M) U p(Z) is satisfiable, and so p is a type
of M. O

The idea of types is an essential tool to many parts of model theory, and in
particular to this exposition. For now, let us define some properties which uses
types to differentiate between elementarily equivalent models.
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Definition 1.5.7. Let M be a L-structure, k an infinite cardinal with x < |M]|.
M is k-saturated if for every A C M with |A| < k and p € S1(A), M realizes
D.

M is k-universal if for every L-structure N with |N| < k such that N = M,
N is elementarily embeddable in M.

If M is |M|-saturated or |M|T-universal, then we simply say M is saturated
or universal, respectively.

To see the difference between saturated and unsaturated models, consider
Q, the algebraic closure of Q in C, and F, an algebraically closed field of charac-
teristic 0 with transcendence degree Xg. Again, since the theory of algebraically
closed fields of characteristic 0 is a complete theory, Q = F. However, consider
the 1-type {p(x) # 0 : p € Q[z]}: this is a type omitted by Q but realized by
any transcendental element of F'. Moreover, F' is in fact a saturated model:
since F' has transcendence degree Ng, |F| = Ny. Now, for any set A C F with
|A] < g, the only 1 types over A are either the type which says that x is a
solution to p(x) € F(A)[z], or the type which says that x is transcendental over
F(A). That types of the former kind are realized by F' is by virtue of F' being
algebraically closed, and as A is finite the transcendental degree of F' guarantees
that the nonalgebraic type is also realized in F'.

As in previous cases, this example depends essentially on properties of fields,
and in general there may not be saturated models of a theory. However, we can
get the following:

Proposition 1.5.8. Let T be a complete theory, k an infinite cardinal with
k > |T|. Then there is a M =T such that |M| = 2% and M is k™ -saturated.

Remark. We recall that for any infinite cardinal x, kT is a regular cardinal i.e.
if (o; 1 i < k) is any sequence of ordinals with each a; < T, then there is a
B < kT such that for every i < k, a; < k.

Proof. By the Upward Lowenheim-Skolem theorem, there is a model M = T
with | M| = 2%.

Claim. If M |= T and |M| = 2%, then there is a N > M such that for every
A C M with |A] =k and p € S1(A), N realizes p.

Since |A| + |T| = &, |La| = & and so |S1(A) < 2%|. Now, [{AC M : |A| =
K} = |M|" = (2%)" = 2%, s0 P = |J{S1(A) : A C M,|A| = k}, then |P| = 2~.
Let (p; : © < 2") enumerate P, and let {¢; : i < 2"} be new constant symbols.
Since T U |{pi(c;) : i < 2"} is satisfiable by compactness, by the Léwenheim-
Skolem theorems there is a model N of cardinality 2% which satisfies this theory.
The reduction of N to the original language gives the desired model.

We construct the desired model by induction on x*. Let My = M, and for
i < kt, if M; is defined let M;,; be a model of size 2¥ which realizes every
1-type over a A C M; with |A| = &, as constructed in the claim above. For a
limit 6, let Ms = |J,; .5 M, which by Corollary 1.2.15 is an elementary extension
of M; for i < 6. Therefore (M; : i < k7) is an elementary chain and so we let
N =M+ =U,;c.r M.
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We claim that N is k*-saturated: for any A C N with |A| < kT, since 7 is
regular there must be some o < kT such that A C M,. Then any 1-type over
A is realized in My41, and thus in N. O

Proposition 1.5.9. If M is k-saturated, then it is k™ -universal.

Proof. Suppose N = M and |N| < k. List the elements of N by i = (n; : i < k),
possibly with repetition if |[N| < k. Let ¢ = (¢; : © < k) be new constant symbols,
with ¢V = n;. Then let L; be the language with the new constants {c; : j < i}
and let T; = Thy,(N), so that Lo = L and Ty = Thr,(N) = Thi(M).

Claim. If there is a L; interpretation of M such that Thy,(M) = T;, then there
is an interpretation of ¢} such that Thy,, (M) =T;1.

Let A; = dom nl;, and B; = {¢} € M : j < i}. Consider the 1-type
pi = tpN(n;/A;) as a type over A; in the language L. For every ¢ € p;, let ¢’ be
the L; formula obtained from ¢ by replacing every occurrence of n; by ¢;, and
let pi = {¢' € L; : ¢ € p}. Thus p} is a 1-type over ) in N, and by Proposition
1.5.6 it is a 1-type of T;. By assumption M = T;, and so again by 1.5.6 p} is a
1-type of M.

Now, again for every ¢’ € p/, let ¢* be the formula in L, formed by replacing
every occurrence of ¢; by cjw, and let pi = {¢* € Lp, : ¢’ € p}}. Since p} is a
1-type in M, p} is a 1-type of M over B; in the language L. But |B;| < s, and
so by the r-saturation of M, p} is realized by some m € M. Define cM = m;
that Thy, (M) = T4 is thus true by construction.

Claim. If § is a limit ordinal < x and there is an interpretation of ¢|s in M such
that for each ¢ < 8, T; = Thy,(M), then Thy,(M) = Ts.

This is true by virtue of the fact that any formula is finite, and is thus
contained in T; for some i < 4.

The above claims gives an interpretation of ¢ such that Thy(N) = Thy, (N)
and M = Thg (N),so N < M. O

An important consequence of this result is that it allows us to work within
what are called universal models: Consider a complete theory 7" and suppose
that all the sets which we are interested in are of cardinality < k. Using Propo-
sition 1.5.8 we can constructed a model M of size 2% which is #1-saturated, and
thus by Proposition 1.5.9 is £t T-universal. Thus every model of T' which we
are interested in is elementary embeddable in M, and therefore we need only to
consider elementary submodels of M. In this case, for this exposition we will
loosely refer to submodels and subsets of M as being “small” if it has cardinality
A, where J,(A) < & with g = Joay+ (). This is sufficient for the proofs we
need for this exposition. For a more general treatment, it is common to define &
to be an inaccessible cardinal, so that there is no worry of a construction going
“out-of-bounds” with respect to .

However, for our purposes the most important use of saturation is the fol-
lowing result:
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Lemma 1.5.10. Suppose N = M, |N| = |M|. If N, M are both infinite and
saturated, then N = M.

Proof. Suppose |N| = |[M| = X and list their elements by m = (m; : i < A)
and . = (n; : i < A) respectively. Using a back-and-forth argument, we will
construct an isomorphism h: M — N. Let hg = (), and let ¢ = (¢; : 1 < \) be
new constant symbols.

For i < A, let A; D m|; and suppose h; : A — N is an elementary map,
|A;| < A. Then for each m; € A; we can interpret the constant symbols by
cé-\/[ =my,c = h;(m;) for j <i. Let L; be the language L with new constant
symbols {¢; : m; € A;}, and so M =y, N since h is an elementary map.
Therefore, as in the proof of Proposition 1.5.9, the type tp™ (m;/A;) is also a
type of N over h(A;) by replacing the occurrences of each m; € A; by h(m;).
But as N is saturated and |h(A;)| < A, this type is satisfied by some n € N.
So extend h; to h} : A; U{m;} — N by hl(m;) = n; this ensures h/ is also an
elementary map with domain |A; U {m;}| < A.

Conversely, suppose A C M, |A| < Aand h; : A — N is an elementary map.
Let B; = Rang h/, and consider the type tp" (n;/B;). By the same reasoning
as above, this is a type of M over A by replacing each n; € B; with h;fl(nj).
Then the saturation of M guarantees this type is realized by some m € M. If
n; ¢ B, then necessarily m ¢ A and so extend hj; to hip1 : AU{m} — N
by hi+1(m) = n;. Otherwise simply let h;y1 = h}. This guarantees that h;4; is
an elementary map with domain |[AU {m}| < A, and n; € Rang h;;.

Therefore, if h; : A; — N is an elementary map with |4;] < A, m|; C A;
and n; C Rang h;, there is an elementary map h;y1 : A;41 — N which extends
h; with |A;11] < A, m; € 4,11 and n; € Rang h;41.

So for a limit ordinal § < A, suppose (h; : i < d) is a sequence of elementary
maps into N such that for each i < §:

° |dom hl‘ <A
o If j < i then h; extends h;
e m|; € dom h; and 7|; € Rang h;.

Then clearly hs = |
ditions.

Finally, let h = (J;.\ k. Then h : M — N is an elementary map, and
by Proposition 1.5.4 an elementary embedding which is also surjective i.e. an
isomorphism. O

<5 i is an elementary map which satisfies the same con-

1.6 Ultraproducts

Ultraproduct is another widely used tool in model theory, although for this
exposition we will only need it for a particular result.

Definition 1.6.1. Given a partially ordered set (P, <), &# C P is a filter if:
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« 740
e For every x,y € F, there is a z € F such that z < x,z <y
e Ifx e F andx <y, theny € F

A filter F is proper if # # P.

For our purposes, we are only interested in filters which are subfamilies of a
powerset. This motivates the following definition:

Definition 1.6.2. Given any set X, a filter & C P(X) is an ultrafilter if
for every A C X, either Ac F or X —Ae F.

Lemma 1.6.3. Given . C P (X), if for every finite choice of Ay, ..., A, € .7,
Ni<n Ai # 0, then there is a proper filter 7 C P(X) with 7 2 7.

Proof. Defining # = {A € #(X) : 3By,...,B, € .7, ﬂign B; C A} fulfils the

requirements. O

Lemma 1.6.4. For a filter & C P(X) for some set X, F is improper iff
DesF

Proof. Trivial. O
-

Proposition 1.6.5 (Ultrafilter lemma). Given any set X and a filter &
P(X), there is an ultrafilter % O F

Proof. Note that if € is a chain of proper filters containing .# and ordered by
inclusion, then | J % is also a proper filter containing .%. Thus by Zorn’s lemma,
a maximal element % exists in the lattice of filters containing .%#. Now, if there
isan A C X such that A, X —A ¢ %, then % U{ A} satisfies the conditions of the
above lemma, so there is a proper filter %’ 2 %, contradicting the maximality
of . O

Remark. Although the above proof uses Zorn’s lemma, it is known that the
Ultrafilter lemma itself if independent of ZF but strictly weaker than the Axiom
of Choice.

Definition 1.6.6. Suppose I is a set, and M; an L-structure for each i €
1. Given an ultrafilter & C P2(I), we define the equivalence relation ~g on
HiEIMi" (ai:Z’GI)NQ (b7261) Zf{’LGIM, }:ai:bi}eﬁ
Abbreviating ~g with ~, we define the ultraproduct [[;.; M;/.F to be an L-
structure with:

o The domain is [[,c; M;/ ~

e For a constant symbol ¢, cllict Mi/F = (Mi i€ T)/ ~

o For a function symbol f with arity n, fllicr ag/ ~y ..o ln_1/ ~) =

(fM"(ao,i, - ,an_l,i) RS I)/ ~
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e For a relation symbol P with arity n, (@o/ ~,...,@n_1/) ~) € Pllict Mi/F
if {fiel:M; = Plags,---,an-1,)} € F

If My = M for each i € I, then we call [[,c; M/# an ultrapower and denote
it by M1 ).F

An important use of ultrapowers is in nonstandard analysis: let # C & (w)
be an ultrafilter containing the cofinite subsets of w, and let Z = R¥/.% where R
is the real numbers as an ordered field. To see why we can use Z for nonstandard
analysis, we need the following results:

Lemma 1.6.7. Given an ultraproduct [],.; M;/.F, for any two terms s,t of L
and ag,...,an € [[;c; Mi/F, [lic; Mi/F = s(ao,...,a,) = t(ao,...,an) iff
{Z cl: Mz ): 8(0,0)1‘, .. .,an_l,i) = t(aw, .. .,an_17i)} c F

Proof. This is trivial by induction on complexity of terms. O

Theorem 1.6.8 (Lo$’ Theorem). For any L-formula ¢, and ag,...,a, €

[Lic: Mi/ 7, [1ic; Mi/Z | d(ao, ..., an) iff{i € I : M; = ¢ao,. .. an-1,)} €
F

Proof. For any formula ¢, we define ||¢(aq, ..., a,)|| ={i € [ : M; = ¢(aog, ..., an)}-
We then proceed by induction on formula complexity:

o If ¢ is s(xo,...,z,) = t(xo,...,x,) for some term s,¢, then this is just
the case as in the above lemma.

o Ifpis P(to(zo, .- Tn)s -, tm(To, ..., T5)), then let bo, ..., bm € [Lic: Mi)F
be such that [[,.; M;/.# | t;(ao,...,a,) = b;. Then

[[M:/7 = P(to(ao, ..., an), ..., tm(ao, ... ,an))
i€l
& [[Mi/F = P(bo,....,bw) < ||P(bo,....bw)|| = D' € F
el

For j < m, let D; = ||t;(Go,...,an) = l_)j|| € .%. By definition of a filter,
D=D'nN,.,, Dm € %, and so

j<m

{ZGIM1 ':P(boyi,...,bm’i)/\ /\ tj(aovi,...,anﬂ-) = j,i}:DGﬁ

j<m
This is equivalent to

{Z cl: Mi ': P(to(ao,h. .. ,CL.,L71‘), . ,tm(aoﬂ', .. .,an,i)} cZ

Thus proving the claim.
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o If ¢ is =9, then

HMz/j ':_'1/}(&03"'76%) @HMZ'/E%IZJ(&(),...,C_L”)
el i€l

@{ZEIMZ ):w(aoyi,...,ami)}:D%f
As . is an ultrafilter, D ¢ .Z it | — D € Z, and this is true iff

{iEI:Mil’fi/)(ao,i,...,an’i)}:I—Def
@{ZEIMZ |:—|1/1(a07i,...,an7¢)}€9

o If ¢ is ¥ A ¢, then

HMZ/‘%\ ): w(&0a7&n) /\%0(&0776‘1'7,) <~

i€l
[[M:/7 = (@, ....an), [ Mi/F = ¢(ao, ... ,an)
icl el
& |[¥(ao, ..., an)ll € Z,le(do, ..., an)|| € F

Since .# is a filter, this is true iff |[¢(ao,...,an)|| N |le(Go, ..., an)|| €
F, and we see that ||¢(ao,...,an) A @(ag,...,a,)| = ||¥(@o,...,a,)|| N
[le(@o, - - ., an)||, proving the claim.

o If ¢ is 39y, then [[;c; M;/F = Fvp(w,ao,...,a,) iff there is a b e
[Lic; Mi/F such that [[,.; M;/# = (b, ao,...,a,) which is true iff
there are (b; € M; : i € I) such that {i € I : M; = ¢(b;,a04,-..,an,i)} €
F it ||Fzy(z, ag, ... an)|| € F

This completes the proof. O

Corollary 1.6.9. For any set I, a ultrafilter & C (1) and M an L-structure,
the diagonal map M — M'/F m s (m:i € 1)/ ~ is an elementary embed-
ding.

Proof. This is trivial by the above theorem. O

To finish our remark regarding nonstandard analysis, let @ = (a, : n < w) be
a sequence of positive reals such that lim,,_, o, a, = 0. Then for every positive
real r € R, if we consider R as a elementary substructure of # by identifying r
with (r:n <w)., Z =0 < (a.) <r. Thus a is an infinitesimal element of Z.
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Chapter 2

Stability Results

Note. From this point on, by a theory we will always mean a complete theory
with infinite models. For every theory, we will work within some universal
model, and unless otherwise stated by a set we will always refer to a subset of
the universal model. In particular, for a given set, S, (A) will simply refer to
the set of n-types over A relative to the universal model, and similarly ¢p(b/A).
Moreover, we will simply write |= ¢(c) as an abbreviation of M |= ¢(c), where
M is the universal model. Similarly, Also:

Definition 2.0.1. Let X be a linearly ordered set. Then for any ordinal a, [X]*
denotes the set of increasing a-sequences from X, and [X]<* = U0<5<Q[X]B

2.1 Stability

The concept of stability is central to many recent developments in model theory,
and is indispensable for this exposition.

Definition 2.1.1. For an infinite cardinal A, a complete theory T is \-stable
if for every M =T and A C M with |A| < A, |S1(4)] < A.
T is stable if it is \-stable for some infinite \.

As an example, the theory of algebraically closed fields with characteristic
zero is Ng-stable, whereas the theory of dense linear orders with endpoints is
unstable, although it will take quite a lot of work for us to prove these claims.

Stable theories are in many sense “well-behaved”, and in particular in the
sense that there cannot be too many nonisomorphic models of a stable theory.
Making these claims precise is beyond the scope of this exposition, but let us
begin by some basic properties.

Lemma 2.1.2. If T is A-stable, then for everyn < w, M =T and A C M
with [A] <A, |SM(A)| < A

Proof. By induction on n: if n = 1, the claim is trivial. Inductively, assume
for a contradiction that [S2 | (A4)] > AT, [SM(A)| < A. Thus in a A*-saturated
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elementary extension N = M (see Proposition 1.5.8), there is (a; : i < A™)
such that each a; realizes a distinct type over A. Partitioning (a; : ¢ < AT) by
tp™ (@i|/A), since |SM(A)| < X this partitions (@; : i < AT) into at most A
equivalence classes, and as AT is regular there is some I C A", |I| = AT such
that for i € I, tp™(a;|,/A) is constant over I. So let @ € N be such that for
any i € I, tp™ (a/A) = tpN (a;|n/A). As each @, realizes a distinct type over A,
there exists (b; : i < A) such that each tp™ (@ ~ b;/A) is distinct. This implies
each tpV (b;/A U {a}) is distinct, with [A U {a}| < A. Thus |SN (AU {a})| > A,
contradicting that T" is A-stable. O

In the literature, different authors often use different but equivalent defini-
tions for the term “stable”, often referring to the existence of some formula in
T which satisfies some properties. Following [Sh 90], we will first prove a few
lemmas, then proceed to demonstrate the equivalence of stability with some
other properties.

Proposition 2.1.3. Given a theory T in L, for a ¢(x,y) € L the following are
equivalent:

1. For every infinite X, there is a M =T with a A C M such that |A] < A <
S5 (A)]

2. There is some infinite X with a M =T and a A C M such that |A] < A <
|Sgh(A)]

3. There is a M =T with sequences (¢; 1 i < w), (@ : j <w) € M such that
either M = ¢(ci,a;) iff t < j or M = (e, a;) iff i <j

4. ¢ has the order property: there is a sequence (a; : 1 < w) from some model
M such that for every n < w, {¢(z,a;) : i < n}U{-¢(z,a;):i>n} is a
type of M.

We will prove these equivalences in the following lemmas.

Definition 2.1.4. For any type p over A and B C A, we define p|p = {¢(Z,b) €
p:be B}

For any Ag-type p and Ay C Ag, we define p|a, = {d(Z,a) €Ep: ¢ € Ay}

We say that a type p (Ao, A1)-splits over A if there are b, such that tpa, (b/A) =
tpa, (¢/A) but there is a ¢(Z,7) € Ay such that ¢(Z,b), ~¢(Z,¢) € p.

If Ag = A1 = L, then we simply say that p splits over A.

Lemma 2.1.5. (1) = (2)
Proof. This is trivially true. O
Lemma 2.1.6. (2) = (3)

Proof. WLOG, we can assume that M realizes enough types such that there is
a sequence (¢; : i < |A|T) € M with each tpé‘)/f(ci/A) distinct. Let | = |g|, define
Y(y, ) = ¢(x,7), and for j < w, define inductively A;:
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1. Ay =A

2. If A; is defined, let A;4;1 be such that for every p € Sq% (Aj)U S%Z(Aj)
and B C A; with |B| < Rg, p|p is realized by some tuple in A;,;. Note
that we can achieve this while ensuring |A;41| = |A;| as B is finite, and
so there are only |A| choices of B

3. Aw=U, - 4

Claim. There is an i < |A|T such that for every n < w and B C A, with
|B| < Ny, tpf(ci/AnH) (1, ¢)-splits over B.

Suppose not, so for every i < |A|T there are n;, < w and B; C A, such
that there are no tuples a;,b; € Al |, with tpf}f((ii/Bi) = tpf}f(b_i/Bl-) and
M = ¢(ci,a;) A —¢(ci, b;). Note that since |A|* > Ry, there is some ¢’ C |A|*
with [C’| = |A]" and some n’ < w such that for every i € C’, n; = n’ i.e. the
indices i < |A|T such that n; = n’ is cofinal in |A|T. Now, there are |A,,| = |A|
many choices of B C A, with |B| < Ry, so again by restricting to a cofinal
C" C C' (with |C”] = |C']) there is a finite B” C A,, such that for every
i€ C", B; = B"”. By construction of A,/,1, thereisa D C A, 1 with B” C D
and |D| < (I + 1)2/5"l such that every p € S}, (B") is realized by some tuple
in D. We note that |S}’,(D)| < 2IPl < |A|*, so once again we can restrict to
a cofinal C®) C 0" |C®)| = |C”| with a type p such that for all i € C®),
tpé\;[(ci/D) =p.

Assume WLOG that 0,1 € C® and recall that tpé/[(co/A) # tpf;[(cl/A).
Thus there is some a € Al with M = ¢(co,a) < —d(c1,a). By definition
of D above, we can find a @ € D' such that tpf)f[(d/B”) = tp{‘f(a’/B”). By
assumption, tpg(co/An/+1), tpy(c1/An 41) does not (¢, ¢)-split over B”, so M =
d(co,a) < &d(co,a’) and M = ¢(c1,a) < ¢(c1,a’). This implies that M =
@(co,a’) <> —¢(cy,a’), thus contradicting that tpf(cO,D) =p= tp%(cl/D).
This proves the above claim.

Let ig < |A|T be such that it satisfies the above claim. For j < w, define
dj, b;, cj inductively: If ay, by, c is defined for k < j, let B; = Uk<j apUbU{ck}.
By the above claim, tpf(cio/Agj_H) (1, ¢)-splits over B;, so there is d;,b; €
Al2j+1 such that tpi‘)/[(dj/Bj) = tpfz\ff(bj/Bj) and M = ¢(ci,, @;) N d(ciy, bj).
Then let ¢; € Agjyo be such that tpé\f(cj/Bj Ud; Ub;) = tpé/[(cio/Bj Ud; Ub;)
(such a ¢; exists by definition of Ag;i2).

Note that by construction, for any i < j < w, M = ¢(ci,, @) A =d(ciy, bj).
However, since tpg/[(cj/Bj Uda;Ub;) = tpg/[(cio/BjUdeb_j) and a;,b; € BjUd;U
bj, this implies that M = ¢(c;y, a;) > ¢(c;,a;) and M = ¢(ciy, by) < d(cj, b;).
Therefore M = ¢(cj,a;) A =d(cj,b;). On the other hand, if j < i < w, since
tpf(di/Bi) = tpa"(l;i/Bi) and ¢; € B;, M | ¥(aj, c;) <> ¢(bi,c;) and thus
M ‘: ¢(Cj7 di) > (/j)(Cj, bl)

Let us define the function f : [w]> — 2 by f(i,j) if M E ¢(ci,d;), and
f(i,j) = 1 otherwise. By Ramsey’s theorem (see Appendix A, Theorem A.0.1)
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there is a W C w such that f is constant on [W]? with |[W| = Ry, and by renam-
ing the elements we can WLOG identify W with w. Now, if M E —¢(co,d1),
then f(0,1) =1, and so for i < j < w, M = =¢(c;, d;). But as shown above
for j <i<w, M = ¢(ci,a;), and so M = ¢(c;,a;) iff j < i. Conversely, if
M = ¢(co,a1), then f(0,1) = 0 and so for ¢ < jw, M = ¢(c;,d;). But from
above, this implies that M = ¢(c;, b;). On the other hand, if j < i < w, then
M | —¢(c;,bj), and so M = ¢(c;, b;) iff i < j. This proves (3). O
Lemma 2.1.7. (3) = (4)

Proof. Suppose (¢; : ¢ < w),(d; : j < w) € M are such that either M =
o(ci,a5) = i<jor M E-¢(e,d;) <i<j. Forn<w,let p,(z) = {¢(z,a;) :
j<ntU{-¢(z,a;):j>n}. If M= -d(c,a;) i< j, then M = ppcp),
and thus p,(z) is a type of M i.e. ¢ has the order property.

On the other hand, if M = ¢(c;,d;) < ¢ < j, then we proceed by the
compactness theorem: let (d; : j < w) be new constants, and for n < w,
consider Thp (M) U {¢(z,d;) : j < n} U {=¢(z,d;) : j > n}. Then for any
k > n, by interpreting ™ = ¢, 41, cg-\/f = Q—n+1+5 for j <n and cfé‘/[ =a;_p
forn < j <k, ME Thy(M)U{¢(x,d;):j < n}U{=d(z,d;) :n<j<

k}. Therefore by compactness there is some N = M with d;v € N such that
an(z) = {¢(z,d;) : § < n}U{=d(z,d;) : j > n}is a type of N ie. ¢ has the
order property. O

Definition 2.1.8. For a formula ¢, we use ¢° to denote ¢ and ¢' to denote
.

Lemma 2.1.9. (4) = (1)

Proof. Suppose ¢ has the order property. For an ordinal «, let us define

Ty() = {d(2r, Gy, )" i € 2%, 8 < a}

where for each n and 3, z,), ¥, are new constants.

Claim. T'4(n) is satisfiable for each n < w.
Let us define the order < on 2<% by:

o If n|p =v|k, n(k) =0and v(k) =1, then n < v
o Ifl(n) =k, n=v|; and v(k) =1, then n < v
o IfI(n) =k, n=v|; and v(k) =0, then v <17

Obviously < is a linear order. Now, as ¢ has the order property, by interpreting
the new constants suitably we see that for every n < w,

TU{d(xn,40) : L) <IU(n) =n,n <v}U{=g(2y,50) < 1(v) <I(n) =n,v <n}

is satisfiable, and thus by compactness I'y(n) is satisfiable.
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Note that for any ordinal «, every finite subset of I'4(c) is a finite subset
of T'y(n) for some large enough n < w (after renaming the new constants), and
thus by compactness every I'y(«) is satisfiable.

To show (1), let A be any infinite cardinal. Let Ay be the least ordinal such
that 2% > X (so Ag < ), and let M |= T4(X) with a, = g}’ and ¢, = z)! for
v € 2<% and 5 € 2%, Let A = J{a, : v € 2<*}, so

[Al <Ro( D [2°) <Ng-A-Xo <A
a<o
Now, for n € 2%, let p, = tpf(cn/A). Note for n,¢ € 2%, if n # ¢ and
B < Ao is the least ordinal such that n(8) # {(5), then gb(x,dmﬁ)"(ﬁ) € p, and
¢(x,dg|ﬁ)4('@) = ﬁgb(x,dmﬁ)"(ﬁ) € p¢ i.e. n # ¢ implies p,, # p¢c. Therefore:

1S35(A) > [{py : m € 20} = |22 > A > |A]
which proves (1). This completes the proof of Proposition 2.1.3. O

Definition 2.1.10. An unstable formula relative to T is a formula satis-
fying the conditions of Proposition 2.1.3.

Note. Using Lemma 2.1.2, we see that we can state and prove Proposition 2.1.3
for ¢(z,7), where I(Z) is not necessarily 1. In this case, we also consider ¢(Z, 3)
to be an unstable formula relative to T

Proposition 2.1.11. The following are equivalent:
1. T 1is unstable.
2. There is some infinite X such that X\ = NT| and T is not A-stable.
3. Some formula ¢(x,y) is unstable relative to T'.
4. Some formula ¢(T,7) is unstable relative to T.

Proof. (1) = (2) be definition. Assuming (2), then there is an M = T with
A C M such that |[A] < A= M7l < |SM(A)|. So consider the mapping:

g:5M(A) — [ SHA)90) = (plo)ser
é(2.9)EL

Note that this map is injective. Thus A < |[SM(A)| < [per Sg{l (A)]. Let
Ay = [5)%], and note that if Ay < A for all ¢ € L then |[T,ep Aol = ATT = A,
a contradiction. Thus there is some ¢(z,) € L such that [S} (A)] = A > .
By Proposition 2.1.3, this implies that ¢ is unstable and thus (3)

Finally, assuming (3), note that for any formula ¢(z,y), distinct types in
S}'(A) extend to distinct types in S{/(A), and thus [S}'(A)] > [S}(A)].
Therefore if there is some formula ¢ which is unstable relative to T, then by
Proposition 2.1.3 there is some infinite A with a M =T and A C M, |A] = A
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such that |S}’, (A)] > |A]. Thus [S¥(A)| > |A], and so T is unstable in A. This
implies (1).

For (4), by the previous note we see that Proposition 2.1.3 also holds for
o(Z, ), and so using Lemma 2.1.2, the proof for the equivalence between (1), (2), (4)
follows in exactly the same manner as for (3). O

Corollary 2.1.12. If there is a formula ¢(Z,7) and a sequence (ap, : n < w)
such that for every W C w, {¢(Z,a,) : n € W} U {=d(Z,a,) : n ¢ W} is
satisfiable, then T is unstable.

Proof. If such a ¢ and (@, : n < w) exists, then in particular the assumption is
true for any W = k < w, and so ¢ has the order property and is therefore an
unstable formula. O

A frequently given rationale for the unstable formula is that it is a kind of
“generalized ordering”. We can formalize this by:

Lemma 2.1.13. The following are equivalent:
1. There is an unstable formula relative to T'.

2. There is some model M =T, (& : i < w) C M' and a formula ¥(z,7)
such that for myn <w, M |E (€, ) iff m < n.

Proof. For the forward direction, suppose that ¢(z,§) is an unstable formula.
By Proposition 2.1.3, this implies that ¢ has the order property, and so there is
a (@; : i <w) C M such that for every n < w

pn(z) ={o(z,a;) 1 i < n}U{-¢(z,a;) : i >n}

is a satisfiable 1-type of M. Let b, realize p,(x), b, an element of some suf-
ficiently saturated elementary extension N of M, so that N = ¢(by,,ay,) iff
m < n. Define ¢, = b, ~ a,, and let ¥(zo,¥1,z1,%0) = d(x0,91) A o = 21.
Therefore N |= (G, &) iff m < n.

For the reverse direction, define @, = Cap+1. Then o, satisfies {¢(Z,a;) :
i <n}U{(z,a;) 4> n}, and so ¢(Z,y) has the order property i.e. 1 is
unstable. O

The definition of A-stability concerns the number of types over a fixed set,
which is sometimes insufficient for our purposes. The following lemma shows
how the number of types over different sets can still be bounded:

Lemma 2.1.14. For an infinite X, let Ao be the least cardinal such that 22 > X.
Suppose for every v € 2<% there exists a set D, and a type p, € Si(D,)
satisfying:

1. If o is an initial segment of v, then D, C D, and p, C p,

2. If l(v) is a limit ordinal, then D, = | D

Ve

a<l(v)
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8. For every v, Dy~g = Dy~1 and py~9 # Pu~1 1-€. Pp~0,Pv~1 are distinct
extensions of p, over the same set

Then T is not \-stable.

Proof. Note that for v € 2<?0_ there is a formula ¢, (z,a,) with parameters in
D, 41 such that ¢, (z,a,)" € pp~;. So for a < Ao, let A, = {a, : v € 2%} an
let Ba = Ugeq Aa- If B = By, then for each 1 € 2%, pylp = U, <, Pnl.|B. 19
a 1-type over B. Moreover:

e Since for each a < Ag, [2%] < A by definition of Ao, |B| = [U,<y, 4al <
Diacn Ro-[27] < Ao A=A

e For 1 # (, n,¢ € 2%, by definition of B we have p,|5 # pc|s
This implies that |S;(B)| > 2* > X\ > |B|, and therefore T is not A-stable. [

This result motivates the following definition:

Definition 2.1.15. For a stable theory T, u(T) is defined to be the least cardinal
such that there does not exist D, p, satisfying the conditions of the above lemma
for all v € 2<H(T),

Proposition 2.1.16. For any stable, complete theory T, u(T) < |T|T

Proof. By 2.1.11, if T is stable then it is 2/7l-stable, and as |T'|* is the least
cardinal X satisfying 2* > 2|71, thus by the above lemma it does not have D,, p,,
satisfying the conditions of the above lemma for all v € 2<ITI+. Therefore
u(T) < |T|*. O

Before introducing more tools that can be applied to stable theories, let us
give a justification of how a stable theory does not have “too many models”.

Proposition 2.1.17. Suppose T is A-stable for some A > |T|, and M =T with
M| < A

1. T has a saturated model N of size \™ with M < N.
2. If X\ is regular, then T has a saturated model N of size A with M < N

Proof. For (1), by the Lowenheim-Skolem theorems, let My be a model of T' of
size A with M < M. Then |S1(Mp)| < A, so by compactness and using new
constant symbols there is a model M; = M of size A which realizes every 1-
type of My over My. Repeating this process, let (M; : i < A1) be an elementary
chain where for each i < AT, |M;| = X\ and M, realizes every 1-type over M;.
If N =, c\+ M;, then as AT is regular, any A C N with |A| < AT is such that
A C M; for some i < AT i.e. N is a saturated model of size AT.

For (2), the prove is exactly the same except that if A is regular, then M)
is already saturated: any A C M), with |A| < A is contained in some M; by the
regularity of A, and thus any type over A is realized in M;;1. Therefore taking
N = M) gives the desired saturated model. O
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Remark. The above result can be considerably strengthened: in fact, for any
stable theory T, if T is A-stable then there is a saturated model of size A\. To
prove this, however, will require several techniques which are not required for
this exposition, and we will thus avoid doing so. The interested reader can
consult any textbook on stability theory, for example [Bu 96].

2.2 Prime Models

The concept of prime models stems from algebra, and in particular the idea
of the characteristic ring of a ring: it is a structure that is embeddable in any
other member of some class of structures. In particular, for a complete theory
a prime model is a model which is elementarily embeddable in any model of the
theory. This idea is an essential tool in proving Morley’s categoricity theorem
for countable languages, but for uncountable languages a prime model may not
exist. We are however interested in a weaker property:

Definition 2.2.1. For a complete theory T, A > |T|, a model M and a set C C
M, M is A-prime over C if for every A\-saturated model N and an elementary
map [ :C — N, f extends to an elementary embedding f : M — N.

The construction of a A-prime model is not trivial, and one way of doing so
is by defining a construction sequence:

Definition 2.2.2. Given a set C, a type p € S,,(C) is A-isolated if there is a
I'(Z) Cp, IT(ZT)| < A such that p is the only type in S, (C) extending T'(T).

A set D 2 C' is A-constructible over C if there is an enumeration (possibly
with repetition) {do : @ < v} = D — C such that for every a, tp(d,/C U {dg :
B < a}) is A-isolated. In this case, we call {dy : @ <y} a A-construction of
D over C.

Proposition 2.2.3. If D is A-constructible over C and E is A-constructible over
D, then E is A-constructible over C. If (D; : i < ) is an increasing sequence
such that each D11 is A-constructible over D;, then Ui<6 D; is A-constructible
over C.

Proof. Let D — C = {dy : & < k},E — D{eg : B < pu} be A-constructions over
C, D respectively. Then trivially (dy, : o < k) ~ (eg : 8 < p) is a A-construction
over C. This also holds for the limit case. O

Lemma 2.2.4. If M is a A-saturated model, then every (possible partial) type
q over M with |q| < X is realized in M. Further, every A-isolated type over M
1s realized in M.

Proof. If ¢ is a type over M with |g| < A, then let C C M be the set of
parameters which appears in the formulas of ¢, so necessarily |C| < A. So ¢ has
a completion over C' which is realized in M as M is A-saturated.

If p is a M-isolated type over M, let ¢ C p be such that |g| < A and p is the
unique completion of ¢ over M. Thus q is realized in M, say by m € M. But
as p is the unique completion of ¢ over M O C, thus m realizes p. O
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Proposition 2.2.5. If M is a A-saturated model which is A-constructible over
C, then it is A-prime over C.

Proof. Let {d, : a < v} be a A-construction of M over C. For any A-saturated
N and an elementary map f : C — N, we will define inductively elementary
maps fo: CU{dg: 8 <a} — N:

o fo=1rf
e For limit § < =, let fs = Ua<5 Jfa

e If f, is defined, note that as p, = tp™ (d,/C U{dg : B < a}) is A-isolated
by assumption, there is a g, C p, such that |g.] < A and for every

¢(x,d) € pa, qa = ¢(x,d). Solet go = {d(z, fa(d)) : (2, d) € qa}. ¢a is
a type over N as f, is an elementary map, and as N is A-saturated, by the
above lemma ¢, is realized by some n € N. Then for every ¢(z,d) € pa,

N E ¢(n, fo(d)) and so extending f, by fa+1(da) = n ensures that fu41
is an elementary map.

Taking f= Ua< . fa then gives the desired elementary embedding from M into
N. O

Lemma 2.2.6. If T is stable, A > |T|*, M = T and C C M then every
(possibly partial) 1-type X(x) over C with |E(x)| < A is contained in a A-isolated
pe SM(C).

Proof. Suppose for a contradiction X(z) is a 1-type over C which is not contained
in any A-isolated type over C with |X(z)| < A. Let p«~ = X(z), and let D~ be
the set of elements in C which appear as parameters in 3(z). Then for v € 2<%,
we will define D, and a 1-type p, over D, with |p,| < A:

e If D,, p, are defined, as p, O 3(z), p, is not contained in any A-isolated
type, and in particular p, does not isolate a type over C. Thus there is
¢u(z,7) € L and a ¢ € C such that both p, U{¢(z, &)}, p, U{—-¢(z,¢)} are
satisfiable. So let D, g = Dy,~1 = D, U {¢}, pu~o = p» U {¢(z,¢)} and
Po~1 = pp U {2¢(x,€)}. Soif |p,| < A, then |p,~;| < A.

e If v is of limit length, let D, = Ua<l(u) D, and p, = Ua<l(y) Py|..- Note
as py = p<>YUUaciv) Prlass — Pola> @0d [Py, — Py, | = 1, this implies
py| < [E(2)] + Ro[l(v)] < .

Then D,, p, for v € 2<* satisfies the conditions for Lemma 2.1.14, contradicting
that T is stable (since by Proposition 2.1.16, u(T) < |T|1). O

Theorem 2.2.7. If T is stable, A\ > |T|* and C is a set (in the universal
model), then there is a A-prime model over C.
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Proof. The idea is to use a long A-construction over C' which realizes enough
types to be A-saturated, which is then A-prime by Proposition 2.2.5. Note that
if D is a set such that every type p over D with |p| < A is realized in D, then D
is a model of T" by the Tarski-Vaught test and in fact a A-saturated model.

So let (p; : i < k) enumerate {p C Lo : p € S1(A),A C C,|A| < A}. We
will define ¢; inductively to realize p; and so that (¢; : ¢ < k) is a A-construction
over C: suppose c¢; has been defined for j < 7. Since p; is a type over some A
with [A] < A, |pi| < A, by the above lemma there is a p’ € S1(CU{c; : j < i})
which contains p; and is A-isolated. So define ¢; to realize p’.

This construction gives a C; = Cy U {¢; : @ < k} which is A-constructible
over Cp = C. Repeating this process, we can define C, for a < A*: Cuyq is
A-constructible over C,, and for a limit § < At, Cs = Ua <5 Ca- By Proposition
2.2.3, C'y+ is thus A-constructible over C. Moreover, if p is a type over Cy+ with
|p| < A, then p is a type over some C; and so is realized in C;11. Therefore Cy+
is a A-saturated A-constructible model over C, as desired. O

Corollary 2.2.8. Moreover, if X is reqular, T is A-stable and |C| = X, then
there is a A-prime model over C with cardinality \.

Proof. The construction is almost the same as above, except that given C, we
can let (p; : 4 < A) enumerate {p C L¢ : p € S1(C), p is A-isolated}. A-stability
of T' guarantees that there is at most A such types. Then if ¢; has been defined
to satisfy p;, let ¢; C p; be such that |g;| < A and ¢ isolates p. Then again by
the above lemma there is a p’ € S1(C U {¢; : i < j}) which is A-isolated and
contains ¢;, and as ¢; isolates p;, p'|c = p;. So defining ¢; to satisfy p’ satisfies
the requirements of the construction.

So given C' with |C| = X\, we can construct a C; 2 C with |C| < A which
is A-constructible over C. Again, we repeat this process inductively for a < A;
the same justification shows that C' is then A-constructible over C'. Moreover,
for any type p over C with |p| < A, as A is regular there is some C; such that
p is a type over C;, and therefore by the previous lemma contained in some
A-isolated type in S1(C). Thus p is realized in C;;1, and therefore again C) is
a A-saturated A-constructible model over C. O

2.3 Indiscernibles

Definition 2.3.1. For a L-structure M, A C M a linearly ordered set and
d(xg,...,xn_1) € L, A is a ¢-indiscernible sequence in M if for every
a,be [Al", M E 6(a)  6(b).

For a A C L, A is a A-indiscernible sequence in M if for every ¢ € A, A
18 ¢-indiscernible. If A = L, we simply say A is an indiscernible sequence
n M.

Given a set C C M, A is a A-indiscernible sequence over C in M if it is
Ac-indiscernible (see Definition 1.5.1) i.e. for every ¢(Z,y) € A, ¢ € C and
a,bec [A]", M |= ¢(a,c) < ¢(b,c).

For a set A of formulas, A is a A-n-indiscernible sequence in M over C
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if it is Ay -indiscernible in M over C, where A, = {é(zo,...,Tn—1,7) : ¢ € A}
i.e. we consider only the formulas in A which (besides parameters) has n free
variables.

Note that by definition, A is A-indiscernible iff it is A-n-indiscernible for every
n<w.

If A is a set which is a ¢-indiscernible sequence under ANY linear ordering
on A, then we say that A is a ¢-indiscernible set in M i.e. for any finite
a € A of distinct elements, M = ¢(a). A-indiscernible sets over C in M
are defined similarly.

If A={a;:i €n,a; € M*} for some linear order n and some n € w i.e. A is a
ordered set of finite tuples from M, then the definition for ¢-indiscernibility is
given correspondingly for ¢(Lo, ..., Tn_1) with |T;| = k.

We omit “in M” when the model is clear from context.

Remark. Unless otherwise specified, we will adopt the convention where if A
comes with some linear order then by “A is indiscernible” we mean that “A is
an indiscernible sequence” under that order. Conversely, if A does not come
with a linear order then we mean that “A is an indiscernible set”.

The existence of indiscernible sequences is easily proved by:

Lemma 2.3.2. Let M be a model, I C M™ infinite but AC M, n <w and A C
L are all finite. Then there is an infinite and linearly ordered (a; : i < w) C I
which is a A-n-indiscernible sequence over A. In particular, for any formula ¢
there is an infinite ¢p-indiscernible sequence over A in I.

Proof. Arbitrarily linearly order I, and assume |I| = Xy (say by taking only
a countably infinite subset). Note by assumption, A4, (see the above def-
inition) is finite and thus 224 is finite. Defining f : [[]* — 2%4n by
M ): gb((_lo, ey Qp—1, C_l) iff (]5(3'_;0, e ,fn_l,d) € f(a,o, ey C_Ln_l)7 Ramsey’s theo-
rem (Theorem A.0.1) guarantees that there is an infinite subset of J C I such

that f is constant on J. J is then the desired A-n-indiscernible sequence over
A. O

The following property, first exposited by Ehrenfeucht in [Eh 57], is useful
for studying stable theories, and makes heavy use of indiscernibility:

Definition 2.3.3. Let I C M! be an infinite set of I-tuples of M. ¢(Zq, ..., Tpn_1)
is connected over I if for every choice of ag,...,...an_1 € I of distinct tu-
ples, there is a 0 € S,, (where S, is the permutation group of n elements) such
that M ': (;5(5,0(0), ey dg(n_l)).

o(Zg, ..., Tn_1) is asymmetric over I if for every choice of ag,...,...an—1 €
I of distinct tuples, there is a o € S, (where Sy, is the permutation group of n
elements) such that M = =¢(aq(0y; - - -, Ag(n-1))-

Lemma 2.3.4. If ¢(To,...,Tn_1) s connected and asymmetric over I, then
there is a o,7 € S, and an infinite J = (b; : i < w) C I such that for every
¢l _ _

M E ¢(b¢(o(0))s - - -+ O¢(o(n—1)))
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M = = (ber (o)), -+ -+ be(rn-1))
In this case, we say that ¢ is connected by o over I and asymmetric by T over

1.

Proof. Let I = (a; : i < w) , and consider the map f : [w]* — S, x S, with
f(¢) = (o¢, 7¢) such that

M = ¢(a¢(oc(0))s - - -+ Ac(oc(n—1)))

M E =(a¢(re ) - > Qe (re(n—1))
Note o¢, 7¢ exists as ¢ is connected and asymmetric over I. Since S, x S, is
finite, by Ramsey’s theorem (Theorem A.0.1), there is an infinite W C w such
that f is constant on [W]". Letting J = (G; : ¢ € W) and 0 = o¢,7 = 7¢ for
¢ € [W]™ gives the desired result. O

Lemma 2.3.5. If there is a M = T with an infinite I C M', a m € M and
a formula ¢(Zo, ..., Tn_1,Mm) which is asymmetric and connected over I, then
there is an infinite indiscernible sequence J over m and a o,7 € S, such that ¢
is connected by o and asymmetric by T over J.

Proof. We will in fact take M to be an universal model here, so that any type
is realized in M. For simplicity, we may assume WLOG that I = (@; : i < w),
and by the above lemma we may assume that there is 0,7 € S, such that for
every ¢ € [w]™, I is connected by o and I is asymmetric by 7.

List L by (¢, : i < |L|), and define A; = {¢; : j < i}. We will construct
inductively sequences I; for ¢ < |L|, which satisfies:

1. I; is infinite
2. I, is A;-indiscernible over m
3. 1 is connected by ¢ and asymmetric by 7 over I;

4. For j < i, if I; = (ar : k < w) and [; = (b : k < w), for ev-
ery I < j, M = i(acoy---»cn-1),m) for every ¢ € [w]" iff M |=

Yi(be(oy, - - - > be(no1), M)

For the base case, as Ag = 0, let Iy = I; for the successor case, if I; satisfies
the inductive hypothesis, by Lemma 2.3.2 let I;;; C I; be an infinite 1;,1-
indiscernible subsequence over m. Note then ¢ is naturally connected by o
and asymmetric by 7 over I;;q, and (4) is satisfied as Ij41 C I;, and I; is
1-indiscernible over m for [ < j.

For the limit case 6 < |L|, let (¢; : i < w) be new constants and consider the
set

{05 (Cc(0)s- - > Cen(y—1),m)" 1§ < 8,¢ € W], M |=;(ao, ..., angjy—1,m)’
where I; 11 = (a : k < w)}
U{o(Cc(o(0))s - - -+ Ce(o(n—1)), ™) : € € [w]"}
UA{=9(Ce(r(0))s - - - 5 Ce(r(n—1)), ™) : € € [w]"}
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Any finite subset is satisfiable by interpreting (¢; : ¢ < w) as a suitable I; for

some j < J, and so by compactness this set of formulae is satisfiable in M by a
Is = (éM : i < w). By construction, this satisfies all the conditions (1) — (4).

Since A|z| = L, taking J = Iz then gives the desired indiscernible sequence.

O

Proposition 2.3.6. If there is a M = T with an infinite I C M', a m € M
and a formula ¢(Zg,...,Tn_1,m) which is asymmetric and connected over I,
then T s not stable.

Proof. Again, we will assume M is the universal model so that all types are
realized in M. Using the above lemma, we may assume WLOG that I = (a; :
i < w) is countable, indiscernible over m and there is 0,7 € S,, such that ¢ is
connected by ¢ and asymmetric by 7 over I.

So assume that 7' is stable. Let A = 2/TI let Ay be the least such that
2% > X and consider the set J; = 2*0 — {0,1} (where 0 is the constant string
of 0’s and 1 the constant string of 1’s) with the following ordering: if o < Ao is
the least such that v(«) # ((a),v(a) = 0, then v < . Note that as A\g < A is
the least such that 2% > A, then 2<* < . \g < . Thus, defining .J to be the
strings which are eventually constant, we see that:

L | > A=
2. Neither J; nor J has endpoints
3. Forevery 0,7 € Ji—J, thereexists v,(,£ € Jsuchthat v <o < { <7 < ¢

Since I is an infinite indiscernible sequence over m, by compactness we can
define (bs : s € Jy) such that for every (si,...,s,) € [J1]", bs, ~ == ~ bs,
realizes the same type over m as ag ~ +++ ™ Q1.

Define B = mUJ{bs : s € J}, and for s € J; — J let p, = tp(bs/B). Note as
|B| < A, the stability of T' (by Proposition 2.1.11, as A7l = \) implies that T
is A-stable, and so as |J; — J| > A there exists s < ¢t € J; — J such that p; = p;.

WLOG, assume that M E ¢(ao, .. .,a,—1,m) (otherwise replace ¢ by —¢).
As ¢ is asymmetric (or connected, if —¢ is used) over I, there is a 0 € S,
such that M = —=¢(ag (o), - - -, @g(n—1),m). So let 6 be such that () = min{k :
O(k) # k} is maximal with M = —=é(ag (o), - - -, @gn—1), M), which implies that
if r = r(6) then

M ': _‘qb(&Oa ceey Op1, a@(’l‘)) s 7a0(n71)7m)

By property (3) above of J; and J, we can find s < -+ < s,-1 € J such that
Sr—1 < 8 < 8y and sg()—1 <t < Sg(yy, and as bs, ~ -+ ~ by, _, realize the same
type over m as ag ~ -+ ~ Gp_1, We see that

M E =¢(bsgs - bs,_y Dy s sy 1)+ 1T0)

So by the indiscernibility of (bs : s € Ji),

M = =(bsy, -+ bs, 13 bty bsgrigyr o - o3 Gsgn_yy> M)
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But as ps = p¢,

M ': _'gb(l_)Sov ey l_)sr71 ) BS? l_)se(,,drl)a ey aSQ(n,D ) ﬁ’L)
So again by indiscernibility
M ': _'¢(l_)soa ceey EST—1’BST7 l_)Se(rr+1) yeeey C_Lse(n—l) ) ﬁl)
Which contradicts that » = r(6) is maximal. Therefore T" is not stable. O

In fact, one can show that for a complete theory, having a formula which
is asymmetric and connected over an infinite set is equivalent to having an
unstable formula, hence T is unstable iff there is an infinite set and a formula
which is asymmetric and connected over it (see [Sh 90] for details).

For our purposes, one of the main goals of introducing the notion of asym-
metric and connected is the following result:

Proposition 2.3.7. If T has a model M with an infinite I C M that is an
indiscernible sequence over some A C M but not an indiscernible set over A,
then T is unstable.

Proof. Since I is not an indiscernible set over A, there is a formula ¢(Zg, . .., Tpn_1,%),
aa€ A ay<- - <ap_1 €1 and a o € 5, such that

M ): qj)(dO’ ) &nfba) A jQﬁ(aa(oﬁ s Qo(n—1)s a)
So let
Y(To, .. Tp-1,0) = ¢(Zo, .-+, Tn—1,0) N 2G(To(0), - - > To(n-1), @)

But as I is an indiscernible sequence over A, M | ¢(() for any ¢ € [I]™.
Therefore ¢ is connected and asymmetric over I. By the above proposition, T'
is thus unstable. O

Corollary 2.3.8. We can weaken the above proposition by requiring only that I
1s a A-indiscernible sequence over A but not a A-indiscernible set over A, where
A is closed under permutation of variables i.e. for every ¢(Zo,...,Tn—1,7) € A
and o € Sy, d)(:fo(o), . ,ig(n_l),gj) € A.

Proof. Again, if the assumption is true then there is a is a formula ¢(Zo, . . . , Tr—1,7),
aa€ A ay<--<an_1 €1 andaoc €S, such that

M E ¢(ag,...,an-1,a) A ﬁgﬁ(@g(o), <3 Og(n—1); a)
Since A is closed under permutation of variables, the formula
w(f()a coy T, g) = ¢(aa(0)7 EER Elo’(n—l)a g)

is also in A, and therefore as I is a A-indiscernible sequence, M = &(¢),¥(¢)
for any ¢ € [I]™. Therefore ¢ is connected an asymmetric over I, as in the proof
above. O
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This proposition gives a taste of how indiscernible sequences are used when
T is stable. An application is:

Proposition 2.3.9. For a complete theory T and a model M = T, suppose
CCMisasetand D={dy:a<|D|} C M a sequence. Let ps = tp(d,/C U
{ds : B < a}) and suppose for § < a, pg C po. Moreover suppose p, does not
split over C. Then {d, : o < K} is an indiscernible sequence over C.

Proof. By induction on the length of the tuple d € [D]<“: for the base case,
suppose tp(da/C) # tp(dg/C), B < a. So there is a ¢(z) € Lo such that
E é(da) A é(dg). But ps C p, implies pg|c = palc, a contradiction.

For the inductive case, suppose every d € [D]" has the same type over C.
Assume for a contradiction that there are (do,d}), (d1,d}) € [D]"*! such that
tp(do ~ d}y/C) # tp(dy ~ d;/C). Supposing WLOG that d; = d,, and d}) = dp,
B < a, thus there is a ¢(yo,...,Yn-1,2) € L such that M = ¢(do,d}) A
—¢(dy,d}). Now by the inductive hypothesis tp(dy/C) = tp(d1/C), so as pa
does not split over C, —¢(dy,x) € p, implies ~¢(dp, ¥) € po. But as pg C pa,
therefore M |= —¢(do,d}), a contradiction. Thus every d € [D]"*! realizes
the same type over C', completing the induction. Thus D is an indiscernible
sequence over C. O

Corollary 2.3.10. IfT is stable, then D is in fact an indiscernible set over C
Proof. Follows directly from Proposition 2.3.7. O

The following technical lemma will be used later to prove a useful result, but
since we have all the concepts needed to prove the lemma we will do so here.

Lemma 2.3.11. For an,w, let Aq,...,A,_1 be sets of formulas, each of which
are closed under permutation of variables (i.e. if ¢(xo,...,Tn—1) € Ag, then
for every o € Sy, ¢(To),-- -, Ton-1)) € A). Given a model M = T, if
I=(a;:i<a)C M isa sequence of tuples from M, A C M a set and defining
A; =AU Uj<iAj’ assume that for every i < a, 2 < k+1 <mn, p; = tp(a;/A;)
does not (A, Agy1)-split over A. If in addition p;|a, C pila, forj <i< a
and 1 < k < n, then for every 1 < k < n, I is a Ayx-k-indiscernible sequence
over A.

Proof. Suppose ¢, ¢ € [a]*, ¢(Zo, ..., Tr_1,7) € Ag and € € A, so that it suffices
to show

Claim. M |= ¢(a{(0)7 sy Qe(k—1)s 5) iff M |= ¢(d§(0)7 sy Qe (k—1)) E)

We will proceed by induction on k: For k = 1, since po|a, = pe0yla,a, =
Pe(0y|a,a,, thus the claim is true. Inductively, if the claim is true for & with k4
1 < n,let B = max(¢(k),&(k)) where ¢, € € [a]"F!. By the inductive hypothesis
tpa, (&4(0) e A dc(k:fl)/A) =tpa, (@5(0) SRR @5(]@,1)/14), and in addition
pp does not (Ay, Agtq)-split over A. So for ¢(Zo,...,Tx—1,%,7) € Ag+1, since
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ce A, ¢(@<(0) S A¢(k—1), T E) € pgs iff qf)(@am, sy Qg(k—1), f,é) € pg. Finally,
as P¢(k) |Ak+1 yPe(k |Ak+1 - pﬁ|Ak+1

( ) € pC(k)|Ak+1
P(ac(oys -+ A¢(k—1): T5 C) € Pglag,,

& G(ag(0ys - - -5 e(k—1), T, C) € Pplay,
& (;5(@5(0 NEEE ,ag(k,l), x, E) S pg(k)|Ak+1
& M = ¢(ag(0); - - Ag(k—1), Te (), )

M |: ¢(@§(0)7 ¢(k)> € ) a{(k*l)wffaé

This completes the inductive proof. O
Indiscernible sets are a versatile tool, as illustrated by the following lemmas:

Lemma 2.3.12. Suppose T is A-stable, M =T, C C M and X C M is an
indiscernible set over C in M. If Ny is the least such that 220 > \, then for any
m € M, there exists X' C X, |X'| < Ao such that X — X' is an indiscernible
set over C'U{m} in M.

Proof. WLOG we may replace M by a k-saturated elementary extension for
some large x so that all types over the sets we are interested in are realized in
M (e.g. take M to be the universal model). Suppose there exists C, X, m con-
tradicting the claim. We will construct a tree of types satisfying the assumptions
of Lemma 2.1.14, thus contradicting that 7" is A-stable.

For v € 2<% we will construct an elementary map f, with domain D/, C
C U X, D!, O C inductively by the length of v, requiring that | D!, N X| < Ay,
f» has range in M and that if o is an initial segment of v, then D! C D! and
fo = fulp,. Let D = C, f<s = idc, and note that as X is an indiscernible
set over C, unless | X| = 1 then CN X =, and so in any case |C' N X| < Ao,
satisfying the inductive hypothesis. Also, for any v with length a limit ordinal
d,let D), =Uyes Dy and fu = Uycs ful-

So assume that D!, f, has been constructed. Since we assume that C, X, m
contradicts the claim of the lemma, as | D] NX| < Ao, X — D), is not indiscernible
over C'U {m} and so there exists tuples dy,d; € X — D!, and a é(z,7) € Lc
such that M | ¢(m,dog) A —¢(m,d;). Let D!,_, = D, Ud;, and we note:
Claim. tpM(dy/D’)) = tp™(d,/D.)

For every ¢(z,7,2) € L, ¢ € C and d € D! — C, note as X is indiscernible
over C and d',dy,d1 € X, tpM(dy ~ d’/C’) tpM(dy ~ d'/C) and therefore
M = ¢{do, &, ¢) iff M |= ¢(dy, @,¢) ice. tp™ (do/ D) = tp™ (dr/D})

Since f, has range in M, which we assume to be sufficiently saturated, the
following type:

¢ ={6(z, fu(d)) : ¢ € L,d € D), M |= ¢(d;, d')}

is realized in M by some tuple d, ‘and we define f,; to extend f, by having
fu~i(d;) = d. Moreover, as tpM(do/D,’j)iz tpM(d, /D.) we see that go = g1,

which implies that we can define f,o(do) = fu~1(di) = d. Since dy,d; are
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finite, if | D, NX| < Ag then |D!,_.NX| < Ag. Moreover, since D!, ,—D,, is always
finite, this guarantees that |D),| < Ng - [(r) and so the cardinality condition is
satisfied even at limit stages. This completes the inductive construction.

So define D, = f,(D!), and p, = {é(x, f,(d)) : d € D,,,M = ¢(m,d)}.
That f, is an elementary map guarantees that p, € SM(D,), and for every
v by construction there is dy € D!_, di € D!, and a ¢ € L¢ such that
M = ¢(m,do) A =¢(m,dy). Therefore tpM(m/D, o) # tp™ (m/D,~1), and so
Pu~o # Pu~1. Finally, that f,o(do) = f,~1(d;) guarantees by induction that
Dy, = D, 1, and thus D, p, for v € 2<* satisfies the conditions of Lemma
2.1.14, contradicting that T is A-stable. O

Corollary 2.3.13. In fact, we can have | X'| < pu(T).

Proof. The above proof is valid by replacing Ag with u(T), by definition of p(7T")
(see Definition 2.1.15). O

Corollary 2.3.14. If the assumptions of the above lemma hold, k > u(T) and
D C M is such that |D| < &, then there is a X' C X with |X'| < & such that
X — X' is an indiscernible set over C' U D. If u(T) is regular, then this applies
even for the case of k = pu(T).

Proof. List D = {d, : a < |D|}, and for @ < |D| define inductively X, with
|Xo| < & such that X — X, is indiscernible over C' U {ds : 8 < a}:

o Let Xg=0

o If X, is defined, let Y11 € X — X, be such that |Y,41| < u(T) and
(X — Xo) — Yo41 is indiscernible over C'U{dg : 8 < a+ 1} by the above
lemma. Then let X, 1 = X4 UY,41, which guarantees that X, C X411,
| Xot1] < | Xal + |Yat1] < £ and X — X441 is indiscernible over C'U {dg :

B <a+l1}.

e For a limit ordinal 0 < [D|, let X5 = [J,.5 Xo. Note that X; =
Ua<s Xat1—Xa, and by construction each |Xoq1—Xo| = [Yaq1| < u(T).
So if K > p(T) then |Xs| < |0] - w(T) < K, whereas if k = u(T) is
regular then [Xs| < Y7 _51Xay1 — Xo| < u(T) = K. Moreover since
X — X5 =\pes X — Xo, X — X is indiscernible over C' U {d, : o < §}.

Taking X' = Ua<‘D‘ X,, then gives the desired indiscernible set X — X'. O

2.4 Definability of types and Rank of formulas

The idea of definable types is due to Shelah, and has wide applications in sta-
bility theory, a few of which will be useful for us. For this section, we will work
with a fixed complete theory T and a universal model M of T, such that by a
set or a tuple (unless otherwise specified) we will mean a set or a tuple in M
(which is much smaller than the universal model).
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Definition 2.4.1. For p a set of formulas with parameters in m variables and
&(xo,y ..y Tm-1,7) a formula in L, the ¢-2-Rank of p Ré(p) 1s either —1,
an ordinal or oo (where we consider a < oo for any ordinal o) and defined
inductively by:

° Ri(p) >0 if p is a type i.e. p is satisfiable.
e For a limit ordinal ¢, Ri(p) >0 if for every a < 9, Ri(p) >«

° Ri(p) > a+ 1 if for every finite ¢ C p, there is a tuple a in the universal
model, such that R3(qU {6(,a)}), R5(qU{~¢(F,a)}) >

When ¢ is clear from context, we will simply write R(p) and call it the Rank
of p.

Note. In [Sh 90], Shelah gives a much more general treatment of ranks which
is too general for our purposes. In Shelah’s notation, the ¢-2-rank is denoted
R™ (77 ¢7 2)

Lemma 2.4.2. Let ¢(xg,...,Tm—1,7) be any formula.

1. If p1, p2 are sets of formulas with parameters in m variables such that
p1 = pa, then R3(p1) < R3(p2)

2. For any p a set of formulas with parameters in m wvariables, there is a
finite ¢ C p such that Ri(q) = R?j)(p)

3. th'fR;(p)O:la < 00, then there is no tuple a such that Ri(pu{gzﬁ(f, a)l) >«
ori =0,

4- If ¢ € p € Sym(A) is such that R3(q) = RZ(p), then p is the unique
extension of ¢ in Sg m(A).

Proof.

1. We will prove the claim by induction on ordinals: the claim is trivial
for « = 0 and « a limit ordinal; and if Ré(pl) > «a + 1, note that by
compactness if p; | py then for every finite g C po there is a finite
g1 C p1 such that ¢; = ¢go. Thus definition there is a tuple a such that
(¢ U{6(z,a)1}) > a for i = 0, 1. Since g, U{(z,a)'} = ¢2U{6(z.a)'}
by construction, by the inductive hypothesis R (g2 U {¢(7,a)'}) > o
Therefore R3(p2) > a + 1.

2. By (1), if ¢ € p then R3(p) < RZ(q). Thus if R3(p) = oo, then we can take
q C p arbitrarily in p to prove the claim. Otherwise, if Ri (p) = a < oo,
by definition there is some finite ¢ C p such that there is no tuple a with
R%(qU {¢(z,a)}) > a and R(qU {¢(F,a)}) > a. This implies that
Ri(q) # a+1, so again by (1) Ri(q) = Ri(p).
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3. If such a tuple a does exist, then for every finite ¢ C p, R3(qU{¢(Z,a)'}) >
a by (1), and therefore RZ(p) > a + 1, a contradiction.

4. If Ri(q) = Ri(p) = «, suppose that for an a € A, ¢(z,a) € p. Then
by (1), @ = Ri(p) < R3(qU{¢(z,a)}) < R3(g9) = o, and therefore
Ri(q U{¢(Z,a)}) = a. Conversely, suppose that —¢(Z,a) € p, so again
Ri(q U{—¢(Z,a)}) = a. But by (3), as Ri(q) = «, there is no a such
that R3(qU{¢(Z,a)}), RZ(qU{-¢(Z,a)}) > a, and so only one of the two
conditions hold. Therefore p = qU {¢(7,a) : R3(qU {¢(Z,a)}) = a}

O

Lemma 2.4.3. For every n < w, ¢(xo,...,Tm-1,Y) a formula and p a set of
formulas with parameters in m variables, then Ri(p) > n iff the set

Ty(p,n) = {¢(Zy,a) : ¥(7,a) € p,n € 2"} U{(Tn, Ty,,)"™ 1 € 27,k < n}
1s satisfiable.

Proof. For the forward direction, by compactness, it is sufficient to show that
for every finite ¢ C p, I'y(g,n) is satisfiable. So WLOG assume that p is finite.
Inductively, we will define a, for o € 2<™ such that if I(c) = k < n then
R(p,) > n — k where p, = pU {Z = T} U {o(Z, do‘j)"(j) 1j <k}

e For k = 0, the condition is simply R(p) > n, which is true by assumption.

e If G, has been defined for ¢ € 2%, k + 1 < n, then by the inductive
hypothesis R(p,) > n — k. Therefore (as p, is finite) there is a tuple a in
M such that R(p, U{¢(Z,a)'}) >n—k—1fori=0,1. Defining a,~; = a
thus satisfies the inductive hypothesis.

This construction implies that if n € 2", then R(p,) > 0 and thus p, is satisfi-
able. Let ¢, € M realize Py, interpret T, as ¢, and for k < n, interpret y,|, as
Q- This shows that I'y(p,n) is satisfiable.

For the backwards direction, we proceed by induction downwards from n:
for n =0, if Ty (p, 0) is satisfiable then p is satisfiable and thus R; (p) > 0. Then
for n > 0, if Ty (p, n) is satisfiable, then for any n € 2", pU{¢(z, gjn‘k)”(k) k<
n — 1} U{o(Z,7y)"} is satisfiable for i = 0,1, and therefore R3(p U {$(Z,7y),) :
k <n—1}) > 1. Repeating this step n times yields that R3(p) > n. O

Lemma 2.4.4. If Ri(f =ZI) > w, then ¢ is an unstable formula.

Proof. For every n < w, note that the set I'y(Z = Z,n) in the above lemma is
satisfiable iff the set

F¢(’]’L) = {gb(jnv?jnlk)n(k) i c 2",]€ < n}

is satisfiable. But this definition of I'4(n) coincides with the definition in the
proof of Lemma 2.1.9, and so by the same proof we see that ¢ is unstable. [
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Definition 2.4.5.

e Given a complete ¢(T, §)-m-type p over some set A, a tuple ¢ and a formula

U(5,2), p is (7, ¢)-defined if §(z,a) € p iff M |= ) (a,e)
e pis (Y(g, z),C)-definable if there is a ¢ € C such that p is (g, ¢)-defined.

e p is C-definable if there is some formula ¥(g,z) such that p is (¢,C)-
defined.

o If p is a complete A-m-type over some set A and C is a set, p is C-
definable if p|, is C-definable for every ¢ € A.

Lemma 2.4.6. For any formula ¢(Z,y) with I(T) =m, if Ri(a’c =17T) < w then
there is a (Y, Z) such that for every set A (with |A| > 1), every p € Sy m(A) is
(1, A)-definable. In particular, every ¢-type over A is A-definable.

Proof. Let A be a set (with |A| > 1), and p € Sg.m(A). Since (Z = Z) € p, by
Lemma 2.4.2(1), R(p) < R(Z = Z) < w. Then by Lemma 2.4.2(2), there is a
finite ¢ C p such that R(q) = R(p) = k < w. Since ¢ is a ¢-type over A, we may
assume ¢ = {¢(z,a;)"V : 1 < I(n)} for some n € 2<“. Now, for every a € A let
q(a) = qU{¢(z,a)}. Consider the cases:

o If $(Z,a) € p, then ¢(a) C p and thus by R(p) < R(q(a)) < R(q) = R(p) =
k, so R(g(a)) = k.

o If ~¢(Z,a) € p, then R(p) < R(qU {—¢(z,a)})
Lemma 2.4.2(3), if R(q(a)) > k then R(q) > k +
R(q(a)) < k.

We have thus shown that R(q(a)) > k iff ¢(Z,a) € p. But by Lemma 2.4.3,

R(g(a)) > k iff T'y(q(a), k) is satisfiable. So let 6(Z,¢) = A ¢ (so that ¢ € A),
and define

¢(?37 E) = 34:7€2<’€20' /\ (3‘@9(‘%7 E) A ¢(§j,y) A /\ (b(‘i" gn“)ﬂ(l))

ne2k 0<i<k

< R(q) = R(p) = k. By
1, a contradiction. Thus

Note that in this case I'y(q(a), k) is satisfiable iff M = v (a, ). Thus we have
shown that M = v(a, ) iff T (q(a), k) is satisfiable iff R(q(a)) > k iff ¢(z,a) € p
i.e. pis (¢, A)-definable.

To prove the lemma, we need to show that we can choose v such that it
is independent of p and A. Note that if we can show that there is some finite
A = {¢;(§,Z) : i <n} such that for every A (with |A| > 1) and p € Sy, 4(4), p
is (¢;, A)-definable for some i < n, then

w(yv EOa ey En—lv Z/? 265 sy Z;L—l) = /\ (Z/ 7& Zl/ — 11[}1(2?7 Zl))

0<i<n

is such that p is (¢, A)-definable.
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So suppose for a contradiction that such a finite A does not exist. If [(g) = n
in ¢(Z,7y), then let P be a new unary relation symbol, by, ...,b,_1 be new
constant symbols and for any A C L of formulae of the form (7, z,) with
1(g) = n, define

U(Zy)

Ta =T U{~3z1,..., 205, \ P(zi)A
=1

P(y;)) = (6(b,) < 9(5,2))))) : ¥ € A}

=

(vyla s 7yn((

j=1

i.e. if M |= T, then M |= T and for every m € PM | there is a m’ € PM such
that M ¥ ¢(b,m') < ¢ (m/,m). Now, if A is finite, then by assumption there is
aset Aand ap € Sy, (A) such that p is not (¢, A)-definable for any ¥ € A. So
if M =T with A C M and m € M realizes p, then defining PM = A and b = m
satisfies Ta. Thus T is satisfiable for any finite A. But then by compactness,
if Ag C L is the set of all formulae in the form (g, z) with I(§) = n, then T,
is also satisfiable.

Thus let N = Ta,, and consider the type p = tpf;'(EN/PN): since N =T,
we have shown above that there is some formula v which uses neither P nor b
and such that p is (¢, PV)-definable, which contradicts the construction of Th,
as ¥ € Ag. This completes the proof by contradiction, and thus the lemma is
proven. O

Corollary 2.4.7.

1. Given ¢(z,7) and k < w, for every 0(%,y) there is a formula (y) such
that for every tuple a, Ri(@(fc, a)) >k iff M = ¢(a)

2. Given ¢(z,7) and (T, Z), there is a Y¥(y,Z) such that for every ¢-type p,
if 0(z,¢) € p and Ri(p) = Ri(ﬁ(f, €)) < w then ply is (7, c)-definable.

Proof.

1. As in the above proof, consider the formula

w(ﬂ) = 30€2<k20 /\ (Hi'e(fﬁg) A /\ (b(i"zﬂl)n(l))

ne2k 0<I<k

Then by the same reasoning, M |= Y(b) iff Ty (0(z,b), k) is satisfiable iff
R(0(z,b)) > k (by Lemma 2.4.3).

2. Let k = R(p) = R(0(z,¢)), and let ¢(a) = {6(z,¢),¢(Z,a)}. Then by
the same reasoning as the proof of the above lemma, R(q(a)) > k iff
@¢(Z,a) € p. The rest of the proof that the (7, z) defined as above gives
Pl is ¥(7, €)-definable in exactly the same manner.

O
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Theorem 2.4.8. If there is some set A and a m-type p € Sy, (A) which is not
A-definable, then T is unstable.

Proof. Let p, A be as stated. We may assume |A| > 1, as any type over a
singleton set is trivially A-definable. So if p is not A-definable, then there is
some formula ¢(z,y) (with [(Z) = m) such that p|s is not A-definable. Then
by the above lemma, RZ(Z = Z) > w, and therefore by Lemma 2.4.4 ¢ is an
unstable formula. By Proposition 2.1.11, T is therefore unstable. O

Corollary 2.4.9. If T is stable, then every complete type is definable over its
set of parameters. Even more, for every formula ¢(Z,y), there is a formula
Yy (Y, Z) such that every ¢-type p over a set A is (Y4, A)-definable.

Proof. 1y is the formula constructed in the above lemma. O

We will see in the upcoming section an important use of definable types, but
for now we will prove one more useful result:

Lemma 2.4.10. Let T be stable and A C L be finite. Then there exists a finite
A* C L such that for any set A, if the sequence (ag : B < «) satisfies (where
pp = tpa-(ag/AU{ay : v < B})):

1. po S pp
2. For every ¢ € A*, Ri(pg|¢) = Ri(po|¢)
3. For every ¢ € A*, pgls is A-definable.
Then (ag : B < ) is a A-indiscernible sequence over A.

Proof. Note that as A is finite, there is an n < omega such that it suffices to
show that (ag : 8 < «) is A-m-indiscernible over A for all m < n. So define a
sequence of finite sets A,,,...,Aq by:

1. ACA;

2. A; is closed under permutation of variables i.e. if ¢(zo,...,Tn—1,7) € A;
and 0 € Sy, then ¢(z4(0),-..,Zen-1),¥) (We do not require this to be
applicable to g, which is understood to be reserved for parameters).

3. For every ¢ € A, there is a ¢ € Ai — 1 such that if p is a ¢-type with
R (p) = RZ(pla), then p is (1, A)-definable.

The construction is straightforward: start with A, = A, and for every ¢ € A
add in all the permutation of variables into A,,. So suppose A; has been defined
for ¢ > 0, and start with A;_; = A,;. Since T is stable, by the above corollary
for every phi € A; there is a 14 such that every ¢-type is definable by 1 over
its set of parameters, so add 1, into A;_;. Finally, add in all permutation of
variables into A; ;. Clearly each set is finite.

So let A* =J,<,, Ai. Since A C A, it suffices to show that if (ag : f < «)
satisfies the assumptions, then it is an A;-i-indiscernible sequence over A for
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i < n. Now by assumption, for v < f < a and ¢ € A", polg C pyls, P8l
and Ri(pﬂd,) = Ri(p0|¢,) = Ri(p/3|¢). By Lemma 2.4.2(4), pols has a unique
extension in Sy, ¢(A,) of equal rank (where ¢ has m free variables minus param-
eters), which is thus p,|s. Moreover, note that poly € pgle,.a, € psle, and so
R(pgle) = R(pole) = R(pslg,a,) > R(pslg). Therefore R(pglp,a,) = R(pyle),
and thus by uniqueness pg|g 4, = py|g. Since this holds for every ¢ € A*, in
particular this implies that tpa,(a,/Ay) C tpa,(ag/Ap) for every v < 8 < «
and 7 < n.

Now, for a fixed f < o« and i < n, suppose that b,é € A are such that
tpa, (b/A) = tpa,(¢/A). Then for every ¢ € A;11, note that ¢y € A;. Thus
there is a tuple d € A such that ¢(7,b) € tp(ag/A) it M = ¥4(b,d) iff
M = y(e,d) iff ¢(z,¢) € tp(ag/A) ie. tp(ag/A) does not (A, Ajiq)-split
over A. Therefore the sequence Ag,...,A,11, A and (Gg : 8 < «) satisfies
the assumptions of Lemma 2.3.11, which implies that (ag : 8 < @) is a A-i-
indiscernible sequence over A. This completes the proof. O

Proposition 2.4.11. If T is stable, A is finite, A is reqular, I = {Gq : @ < A}
with l(ag) = m and |A| < A, then there is a J C I, |J| = X, which is a
A-indiscernible set over A.

Proof. Assume WLOG that A is closed under permutation of variables (which
is possible while keeping A finite). Let A* be as constructed in the lemma
above, and enumerate A* = {¢; : i < n}. Note that as A* is finite, for any
set B with |B| < A, |Sa+m(B)| < A: otherwise as there is a single formula 6
which corresponds to the finite set A* (such that for every set B, Sax m(B) is
naturally bijective with Sp ., (B)), this implies that there is an unstable formula
(by Proposition 2.1.3), and thus contradicts that T is stable (by Proposition
2.1.11).

Now, consider all the complete A*-m-types p with parameters in a subset
of the universal model M and such that |p| < A\. Note that any p € Sa« ,,(4)
satisfies that |p| < A (by the above observation), and as A is regular there must
be some p € Sa» m(A) which is realized A many times in I. So of the types
which are realized A times in I, let po be a type such that (R}, (pole,) : i < n) is
minimal under the lexicographical ordering (which is a well-ordering since ranks
are either —1,00 or an ordinal and n is finite). Thus let A9 O A be such that
po is a type over Ag and |Ag| < A.

We will define (b, : @ < A\) C I inductively: suppose that (bg : 3 < a) has
been defined, and let A, = Ao U {bs : B < a}. So |A4| < A, which implies
that |Sax.m(Aa)| < A. Then by regularity of A, there is a type po € Sa+ m(Aq)
with po 2 po which is realized A many times in I. Note that |p,| < A, so for
i < n, since p, 2 po, by Lemma 2.4.2(1), Ri (Palg;) < Ri (pols,). But by
the minimality of (Ré (pol;) : i < n) amongst complete types with cardinality
< A, by induction along i < n we see that R} (polg,) < R, (Palg;)and therefore
R (polg;) = RZ,(Palg;). Then let bo € I — A™ realize p,.

This construction ensures that (b, : @ < \) and A satisfies the assumptions

of the above lemma, and thus (b, : o < A) is a A-indiscernible sequence over
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A. By Corollary 2.3.8, since A is closed under permutation of variables, the

stability of T ensures that the sequence is in fact a A-indiscernible set over
A. O

2.5 Two Cardinal Theorem for Nonalgebraic For-
mula

In general, a Two Cardinal theorem refers to a theorem which gives the condi-
tions under which a model M has two sets ¢(M) and (M) such that |¢(M)| #
[ (M)|. This is especially important when ¢ and v are nonalgebraic formulas,
since compactness guarantees that ¢(M), (M) can be arbitrarily large pro-
vided that M is sufficiently large. Readers interested can consult [Ho 97] for
the case when T is countable, or [Sh 90] for a very general (but difficult to prove)
version. For our purposes, we will prove a particular two cardinal theorem due
to Harnik, with the help of some lemmas:

Lemma 2.5.1. Suppose T is stable and p € S1(C) for a set C. Then there is
a D CC, |D| < u(T) such that p does not split over D (cf. Definition 2.1.4).
In particular if T is A-stable and Ao the least such that 20 > X, then there is a
D C C with |D| < Ag such that p does not split over D.

Proof. The proof is morally the same as Lemma 2.3.12. Suppose for a contra-
diction that p, C is a counter-example to the claim, so that for every D C C| if
|D| < u(T) then p splits over D. Then for v € 2<#T) | we will construct a set
D, CC (|D,| < u(T)) and an elementary map f,, with domain D!, inductively
on the length of v. For the base case, let Do~ = fo~ = 0; for v of limit length
let D/V = Uoc<l(1/) DV|a’ fz// = Ua<l(l/) fl’|a'

For successor stages, suppose D), f, is defined. Since |D)| < u(T) by
the inductive hypothesis, p splits over D/,. This implies that there exists
do,d; € C — D!, such that tp(dy/D!) = tp(di/D’) and a ¢(z,7) € L such
that ¢(z,dy), ~¢(x,d1) € p. So define D!, = D! U{d;}, and note that

Vi

¢ ={o(z, f(d)) : (7, d') € p|p, }

is a type (as f is an elementary map) and thus realized by some tuple d. Then by
defining f,~0(do) = fo~1(d1) = d, we can guarantee that f,~; is an elementary
map extending f, with domain D/ _,. Moreover, as d; is finite |D)| < pu(T)

implies that |D,~;| < u(T), and also implies that for v of length a limit ordinal,

|Dy| = |Ua<l(u) D, | = ‘Ua<l(1/) Dyjpiy = Dyl < No - U(v) < p(T). This
completes the inductive construction.
As in Lemma 2.3.12, let

Pv~i = {(b(xafl/f\z(cz)) : qj)(xag) S p‘D’

vi

}

which is a complete 1-type over f, ;(D,~;) by virtue of f, ~; being an elementary
map. Since by construction f,~o(Dy~0) = fu~1(Dy~1), taking D, = f,(D,) for
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v € 2<% implies that D, p, satisfies the assumptions of Lemma 2.1.14, which
contradicts the definition of u(T).

For the case of T being A-stable, note that the proof applies Mutatis mutan-
dis by replacing p(T") with Ao. O

The following is a generalization of A-saturation, which we will need for this
proof.

Definition 2.5.2. For a complete theory T, given a model M and a (possibly
partial) 1-type T'(x) over C C M with |T'(z)| < A, C is A-compact with re-
spect to T'(x) if for every A(x) which is a (possibly partial) 1-type over C' with
|[A(x)] < A and T'(z) C A(z), A(x) is realized by some c € C.

C is A-compact if for every T'(x) which is a (possibly partial) 1-type over C, if
IT(x)| < A then T'(x) is realized in C.

Note. For A > |T| and a model M, being A-compact is equivalent to being
A-saturated.

Lemma 2.5.3. For a stable theory T and a A > |T|, suppose (Cy, : o« < §) is an
increasing chain of sets in some model of T, T'(x) a 1-type over Cy with |T'(z)| <
A, and every Cy, is A-compact with respect to I'(x) with T'(Cy) = I'(Cy). Then
Cs = Upcs Ca is A-compact with respect to I'(x). Moreover, T'(Cs) = I'(Cp).

Proof. WLOG we assume that § is a regular limit cardinal: the lemma is trivially
true for ¢ a successor, and if cf(§) < § then we can simply consider (C,, : a; €
W) where W C § is a cofinal subset of length ¢f(9).

Note if § > X and regular, then any type A(z) D I'(x) over Cs with |A(z)| <
A is in fact a type over C, for some a < 4, and so is therefore realized by
assumption. Thus we may also assume that § < A.

So suppose A(x) is a type over Cs, I'(z) C A(z) and |A(z)| < A. It suffices
to show that this type is realized in Cs. Now, let ¢ € S1(Cp) be any complete
1-type such that ¢ U A(x) is consistent (i.e. ¢ is some completion of A(z) over
Cy), and so by the lemma above, there is a D C Cp, |D| < u(T) < |T|T7 < A
(by Proposition 2.1.16), such that ¢ does not split over D. Now, for a < ¢ let
An(z) = A(z)|c,, so that A(x) = J,.5 Aa(z). Note that this ensures that for
every a, I'(x) C A, (z) (since I'(x) is a type over Cy C C).

Now, for £ < A, inductively define az € Cy such that if (by the division
theorem for ordinals) £ = § - § + « for an a < §, then a¢ realizes the type
An(r) U gl pufa,m<ey: note this is a type over Cy, and as |D|, |[A(z)] < A,
A > |T| and I'(x) € A,(x), this type is realized in C, since C, is assumed to
be A-compact with respect to I'(z). But then Cy = I'(a¢), and by assumption
I'(Cy) =T'(Cy), which implies that ag € Cy as desired.

Note as ¢ is a complete type over Cy, if we define ps = tp(ag/DU{a, : n < £})
then pe = Q|DU{an:n<§}' But since by definition ¢ does not split over D, p¢ does
not split over D. In addition, if n < £ then p, C p¢, and so the conditions for
Proposition 2.3.9 and it’s corollary are satisfied. Therefore I = {a¢ : & < A} is
an indiscernible set over D. Moreover, if E C Cy is the set of elements which
appear as parameters in A(z), then as |A(z)] < A, |E|] < A as well. Now,
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as pu(T) < |T|t < A, either A > pu(T) or A = p(T) = |T|* is regular, so by
Corollary 2.3.14 there is an I’ C I, |I’| < A such that I — I’ is an indiscernible
set over DU E.

But by construction, for any o < ¢ the type A, (x) is realized A\ many times
in I, and so is realized by an element of I — I’. Indiscernibility of I — I’ over
D UE (as A(x) is a type over E) then implies that every element of I — I’
realizes A, (x). Since this holds for every a < §, therefore every a € I —I' C Cj
realizes A(x). Thus Cs is A-compact with respect to I'(z). Finally, I'(Cs) =
I'(Uacs Ca) = Uaes T'(Co) =T'(Cp) by assumption. O

Lemma 2.5.4. For a stable theory T, A > |T'|, C a set in some model that is A-
compact with respect to I'(z), T'(z) a type over C with |T'(x)| < A, and b realizes
a A-isolated type over C (see Definition 2.2.2), then C'U{b} is A-compact with
respect to T'(x) and T(C U {b}) =T(C).

Proof. Let () be a type over C such that |X(zg)] < A and X(z) isolates
tp(b/C).

So suppose A(zg) is a type over CU{b} with A(zg) 2 I'(xp) and |A(z)| < A.
To show that C' U {b} is A-compact with respect to I'(x¢), it suffices to show
that A(zo) is realized in C. Note that we can consider A(zg) = A’(zg,b), where
A(xg,21) is a 2-type over C. So define:

A"(zg) = {Fx19p(20,21) : Y(20, 1) is a finite conjunction of formulas from
A/(Z‘o, .Z‘l) U E(xl)}

Note by definition of A(zg) and A'(zg, z1), I'(z0) UA" () is satisfiable and thus
a type over C. Moreover, |A”(zg)] < A, and therefore by the A-compactness
of C' with respect to I'(xg), there is a ¢y € C which realizes T'(zg) U A(xg).
Then by definition of A”(xg), there is some model M O C with a ¢; € M
such that M |= A'(co, ¢1) UX(c1). But as 3(xg) isolates the type ¢tp(b/C), thus
tp(c1/C) = tp(b/C). But as M = A’(co,c1), in some larger model N with
be N, N[ A(c,b) and therefore N = A(cg). This implies that A(zg) is
realized in C, as desired.

Finally, suppose b realizes I'(z). So 3(z)UIl(x) is a type over C, and moreover
|2(x) UT'(z)| < A. Therefore by the A\-compactness of C, there is a ¢ € C' which
realizes this type and so tp(c/C) = tp(b/C). But as (z = ¢) € tp(c/C), this
implies that b € C. Thus I'(C' U {b}) =T'(C). O

Lemma 2.5.5. For a stable theory T, A > |T|, suppose C is a set in some model
that is A-compact with respect to T'(z), T'(z) a type over C with |T'(z)| < A, and
M is A-constructible over C' (see Definition 2.2.2). Then M is \-compact with
respect to I'(x), and T' (M) =T'(C).

Proof. Let {mq : a < Kk} be a A-construction of M over C, and let M, =
CU{mg : 8 < a}. By the above lemma we see that if M, is A\-compact with
respect to I'(z) and T'(M,,) = T'(C), then this also holds for M, 1. For limits,
we can use Lemma 2.5.3 to show that this holds similarly. Therefore this holds
for M = M,. ]
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Lemma 2.5.6. For a stable theory T, X\ > |T|, if there are \-saturated models
My 2 My, and T'(z) is a 1-type over My with |T'(x)| < A and T'(My) = T'(M),
then there is a A-saturated My = My with T'(My) = T'(My).

Proof. Fix a universal model M, and let ¢g € M; — My. As T is stable, by
Corollary 2.4.9, for every formula ¢(z, ), there is a defining formula ¢4 (g, 2)
and a @, € My such that for every b € My, My = ¢(co,b) iff My = 4(b, ag).
So define

q={¢(x,b): ¢ € L,b € My, My =4(b,ag)}
Thus q is a complete 1-type over My with tp(co/My) C q. Moreover, if tp(by/My) =
tp(by/My), ¢(x,bo) € q iff My = d),;g(bo,(_l(;g) ifft My E 1,/}¢(b1,5,¢) iff ¢(xz,b1) € q
i.e. ¢ does not split over M.

Let ¢; ¢ M, be an element of the universal model which realizes ¢. Since
co € My — My and by assumption I'(M;) = T'(My), thus My ¥ T'(cy). But as
I'(x) is a type over My and tp(co/My) C g, if ¢y realizes ¢ then ¢; does not
realize F(l‘) i.e. F(Ml U {Cl}) = F(Ml) = F(Mg)

Claim. My U {c1} is A-compact with respect to I'(x).

Let A(x) be a 1-type over M U {c;} with I'(x) C A(z) and |A(z)] < A
Thus every formula in A(z) is of the form ¢(cy,z,b) with b € M;. Now consider
A(x) = {¢g(z,b,a4) : ¢(c1,2,b) € A(x)}: since each b, with a4 defines ¢,
m € M satisfies A’(z) iff m satisfies A(z). Note that |A'(z)| < A, so as M is
A-saturated, it suffices to prove that A’(x) is a type with respect to M; to show
that A(x) is realized in My and thus M; U {c¢1} is A-compact with respect to
['(z).

So for a contradiction, assume that A’(z) is not a type with respect to M.
By compactness, there is a k < w and for i < k, ¢(c1,z,b;) € A(z) such that
M = =3z \; i Vg, (%,b;, g, ). But since A(z) is a type extending I'(z), if y(z) is
a finite conjunction of formulas in I'(x), then M |= 3z(A,;_;, #(c1, bi, ag,) Av(x))-
Denoting this formula by v*(c1,bo,...,bx—1), note that this is equivalent to
M =1y (bo, . .., bp—1).

So consider the set

(=30 A G, 56 86.)} ULy (or - Be1) : () is a finite
i<k
conjunction of formulas from I'(z)}

Which is a set of formulas with parameters in My and is satisfied by bg ~ -~
by—1 i.e. a type over My. Moreover, since |I'(z)| < A, clearly this set also has

cardinality < A, and so as My is A-saturated there are ag ~ -+ ~ ax—1 € My
satisfying:
My ': —3x /\ w@' (‘rvai?d@') (21)
i<k
MO |: w’y* (a()?"'?gk?—l) (22)
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The second equation implies that My = v*(co, @o, - .., ar—1) i.e.

My = 3z( \ di(co, z,a:) Avy())

i<k

As ¢ defines () relative to the type tp(co/Mp). But by compactness, this
implies that I'(z) U {A,;.;, ¢i(co,x,a;)} is a satisfiable 1-type. Again, the A-
saturation of M; gives us an m € M; which satisfies this type, and as m €
F(Ml) = F(MQ), in fact m € My. So My ': /\i<k: d)i(co,m,&i), and therefore
Mo = A<k g, (m, @i, ag,), contradicting (2.1). This proves that A’(x) is satis-
fiable, which completes the proof of the claim that My U{c;} is A-compact with
respect to I'(z).

To complete the proof of the lemma, let My be a A-constructible A-prime
model over M; U{c;} (which is constructed in Theorem 2.2.7). By the previous
lemma, I'(Ms) = T'(M; U{c1}) = T'(My), and as M is Ad-prime over M7 U {c; },
in particular My 2 Ms (as ¢1 ¢ My) and My is A-saturated. O

Corollary 2.5.7. If My 2 My are A-saturated models of a stable T (A >
IT|), T'(x) is a 1 type over My with |T'(x)] < A and T'(My) = T'(My), then for
any infinite cardinal k, there is a model M with cardinality > k elementarily
extending My with T'(M) =T'(M;) = T'(Mp).

Proof. Given any ordinal «, define inductively M, for ¢ < a such that M,y =
M; and T'(M;) = T'(My): My, My are given as in the claim, and if M; is defined,
let M; 1 be the model gotten by applying the above lemma to the pair My, M;.
For a limit 0 < o, let As = |J, .5 M;, which by Lemma 2.5.3 is A-compact with
respect to I'(x) with I'(Ag) = I'(Mp) by the inductive hypothesis. So taking
the A-constructible A-prime model over As (constructed in Theorem 2.2.7) to
be Mg, Lemma 2.5.5 shows that M;y satisfies the inductive hypothesis. This
allows us to construct arbitrarily large elementary extensions which satisfies the
claim. O

Lemma 2.5.8. For T a complete theory and ¢(x) a nonalgebraic formula in
T (i.e. for everyn < w, (IZ"x¢(x)) € T) and X\ > |T|, if there are models
M Z N of T with ¢(M) = ¢(N), then there are \*-saturated models A = B
with ¢(A) = ¢(B).

Proof. Let P be a new relation symbol of arity 1, and let L™ be the expanded
language with P. We form a L™ -expansion N* of N by interpreting PNT = .
Note that:

o Nt |=3z-P(x)
o N* V(o) > P(o)

e For every L-formula ¢(x, ) with g of length n,

Nt EvgEeg(e,g) A\ Py) = 32(0(2,9) A P(2))

0<i<n
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i.e. PN satisfies the Tarski-Vaught test with respect to L.
So let
T* =T U{(Fz~P(2)), (Vz(¢(z) — P(z)))}
U{vgCay(@, ) A\ Pui) = 32(0(2,9) A P(2)) : ¢(x,5) € L}

0<i<n

So that for every C' = T+, PY|, =1 C|z, and in particular PC|; |= T. Also,
by compactness, if (c; : i < 2}) are new constants, then T+ U {P(c;) : i < 2*}
is satisfiable. So by the Lowenheim-Skolem theorems let C' be a model of this
theory with |C| = |P¢| = 2*

Claim. If My = TT and |Mg| = |PMo| = 2] then there is a My =p+ My,
|M;| = |PMi] = 2* such that for every set A C My and B C PMo with

Al = |B| = A\, M, realizes every p € SMolt(A) and pM: 1, realizes every
1

q € Sf) Ml (B) i.e. M realizes every complete L-type of My with cardinality A
and PM1 realizes every complete L-type of PMo with cardinality .
We construct B in a similar fashion to Proposition 1.5.8: let (¢; : i <
M
2*),(d; : i < 2*) be new constant symbols, and for every ¢q € Sf 0‘L(B) with
B C PMo|B| =\, let ¢ = qU {P(x)} (recall that g is a type in the language
L). List U{S’{MO‘L(A) : A C My, |A| =k} by (pi(z) : i < 2%) (as in Proposition
1.5.8, since each [SM°7(4)| < 27 and [{A C My : |A] = A} = (2))* = 2, there
M,
are 2* many such types). Similarly, list U{ST "'*(B) : B C PMo |B| = A} by
(q;(z) : i < 2*). Then by compactness

Thag, (Mo) U U{pi(ci) i< 2M U U{q;(dz‘) i< 2}

is satisfiable, and therefore (again by the Lowenheim-Skolem theorems) is sat-
isfied by some L*-structure M; with |M;| = |[PMi| = 2% (|PM| = 2} as
PMo C pMy),

Let Cy = C, and for 1 < A1, if C; is defined let C;;1 be the model M;
constructed in the above claim with My = C;. For a limit § < AT, let C5 =
Ui<s Ci, and let D =, C;.

Claim. Both D|; and PP|; are A*-saturated models of 7', with |D| = |PP| =
22

Note that as D = TF, PP 2 D as well. The cardinality condition is clear
by construction (since PP = J,_,+ P"). For saturation, this is again similar
to the case in Proposition 1.5.8: For any A C D with |A] < A, since A7 is
regular A C C; for some ¢ < A*. Then any p € Slc"'lL(A) is realized in Cj,1.
Similarly, for any B C PP with |B| < A, B is contained in some P®. Since

Ci . . . . .
every g € S Iz (B) is realized in P +1|,, PP is also saturated.

Thus both D|; and PP|; are saturated models of T i.e there are models
A 2 B of T with |[A] = |B| = 2%, ¢(A) = ¢(B) and both M and N are
AT-saturated. O
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Theorem 2.5.9. IfT is a complete stable theory, ¢(x) is a nonalgebraic formula
in T and there are models M 2 N with ¢(M) = ¢(N), then there is a model A
such that |A| > |p(A4)].

Proof. By the above lemma, we may assume that M, N are |T|"-saturated.
Then Corollary 2.5.7 gives us a model A = M with |A| > |M| and such that
¢(A) = ¢(M), so that [A] > |p(A)]. O

2.6 Vaught’s Two Cardinal theorem for cardi-
nals far apart

The two cardinal theorem in the previous section applies for a single nonalge-
braic formula, but we will also need one for nonalgebraic types. The following
theorem is commonly attributed to Vaught, although our approach is based on
a type-omitting theorem by Morley. Again, we will be working with a fixed
universal model M of a complete theory T in the language L. We first need the
following lemma by Shelah:

Lemma 2.6.1. For any set A, if p = Jioiriy+(|A]) then for any linear order
I with |I| = w and (a; : i € I) C M, there is a A-indiscernible sequence
(bj 1 j < w) C M of distinct elements such that for every ¢ € [w]™, there is a
§ S [I]n with tp(bC(O) PN b((nfl)/A) = tp(ag(o) v ag(n,l)/A)

Proof. Note that for every n < w, |S,(A4)| < 2!T1+4l since |La| = |T| + |A].
So let A = sup{|S,(A4)| : n < w}. Also, since g = Jy(Tyr (JA4])), by Konig’s
theorem we have cf () > Joir (JA]) > 2!T1H141 > X\, Lastly, note that by the
Erdés-Rado theorem (Theorem A.0.2), for every x < g and n < w there is a
k' =J,(k+ AT < psuch that for any f : [/]"*!1 — A, there is a Y C x’ with
|Y| > k and f is constant on [Y]"T1.

We will construct a sequence of types pi(x1) € pa(x1,22) € ... with p, €
Sp(A) which satisfies: for every k < pu, there is a I’ C I with |I'| = & such that
for every iy < --- < i, € I', tp(ay, ...ai, /A) = p,. For simplicity, we can take
po="T.

So suppose that p, has been constructed to satisfy the inductive hypoth-
esis. Given a k < pu, choose k' as given above. Note that the inductive hy-
pothesis guarantees that there is a I' C I with |I’| = &’ such that for every
(i1, i) € [I']", tp(as, -..ai, /A) = pn. Then, as |S,(A4)] < A, the Erdos-
Rado theorem gives a I’ C I’ with |I”| = &k such that for all i1,... 4,41 € I”,
tp(ai, ...ai,.,/A) = pny1,x for some choice of pyi1,x € Spt1(A). Now, as
[Snt1(A)| < X < ef(p), there is a cofinal set W C p such that for all kg, k1 € W,
Dn+1,60 = Pn+1,s,- Lhus we choose this to be p,1, and the cofinality of W in
u guarantees that the inductive hypothesis is met.

Finally, let p = {,, ., Pn, and, letting (b, : n < w) be new constants, consider
the set

{dbnyy -3 bny) s (a1, ..o xk) €Epyng < - <ng < wU{by, # b 10 <m < w}
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This set is satisfiable by compactness, and the realizations (b, : n < w) is an
indiscernible sequence over A by construction. Moreover, by construction each
pn 1s the type of some subsequence of (a; : i € I) over A, and so the lemma is
proved. O

Theorem 2.6.2 (Vaught’s Two Cardinal theorem for cardinals far
apart). Suppose T is a complete theory, and ¥(x) is a 1-type of T. Denot-
ing u = (21TV*, if there is a A > |T| and a model M |= T with |M| > 3,()\),
|Z(M)| = A, then for every k > |T| there is a model N = T with |N| = k and
(X(M)] < [T].

Proof. Let P be a new unary relation symbol, and (¢; : i < A) new constant
symbols. Let L' = Lgr U{P} U {¢; : i < A} (where Lgj is the Skolemized
language of L), and expand M to a L’-structure by interpreting PM = %(M) =
{eM i < A} (so that {c; : i < A\} enumerates $(M)). Our strategy will be to
create a set p C L’ in w-many variables as in the lemma above, while ensuring
that the Skolem hull of a sequence which satisfies p does not realize 3(z) too
many times. We will ensure the latter clause by restricting the number of Skolem
terms which map into the set defined by P.

Let (aq : @ < |M|) be an enumeration of M, and so as in the proof of the
above lemma we can define py(x1) C pa(x1,22) C ... with p, € S} (P(M)).
Note that since we enumerate P(M) by the constants (¢; : i < A), p, can be
considered as a L'-type over (). Defining p, = U, o, Pn(21,...,%,), clearly by
compactness p,, is satisfiable.

Note that for every formula ¢(z) € X(z), M = VzP(z) — ¢(x) i.e. the
formula P(z) isolates the type X(x) U {P(z)}. Also, even if X(z) U {-P(z)} is
satisfiable, it is a 1-type that is omitted by M. So for now we will first assume
that X(z) U{—-P(z)} is indeed a 1-type of Thr (M).

Claim. For any term t(z1,...,%n,Y1,---,Ym) in Lgx and any j1,...,Jm € A,
P(t(x1,...,2n,¢jyy-.,¢5,)) € Pu(x1,...,xy) iff there is a jo < A such that
(t(T1, s Tns Cjys e e Gl ) = Cjo) € D1, -, Tn)-

If au,,- - -, aq, is such that p,(z1,...,2,) = tpl(aa, - . . aq, /P(M)), then

(P(t(:l?l,...,xn,le,...,ij))) Gpn(xla---vgjn)
& M= P(t(aays - 0ap:Cirs--->Cjr))
& for some jo < A\, M |=t(aay;s- -5 8a,,,Cys---5Ch) = Cjg

A (t(l’l,...,xn,le,... acjm) = Cjo) €pn($1,...,$n)
Now, let (d; : ¢ < k) be new constant symbols and define the set
P ={p(diy, ..., di) p(x1, ..., &n) € Pty < -+ <ip < K}

Note that the set p, UThy, (M) is satisfiable by compactness (since a finite
subset of p, is a finite subset of p,, by a change of variables). Let N model this
theory, so that (d¥ : i < k) is a L'-indiscernible sequence (as asserted by p.).
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Claim. There existsa I C A, |I| < |T| such that for every term t(z1, ..., Zn, Y1, -, Ym)
inLgg, i1 < <ip <wkandji,...,jm €1, if v ': t(d“, .,di",le,. ..,ij) =
Cjo then jo€l.
We will inductively construct I,, for n < w: let Iy = ), and given I,, with
|I,| < |T| define the set I,,+1 by

Iny1={j <X: Thereis a term t(x1,...,Zn,Y1,---,Ym) in Lsg
and j1,...,Jm € I, such that

(t(l‘l,...,J)n,le,...,ij) = Cj) Gpw}

Note that there are only |Lsi| = |L| = |T'| many terms in Lgg, and if |I,,| < |T|
then there are < |T'| many choices of ji,...,Jm, so that inductively indeed
|[Iny1| < |T|. Now, let I = J,.,, In, so that |I| < |T|. Moreover, given any
term t in Lgg, j1,--.,Jm € I and 41 < -+ < 4, < K, since m < w there
is some k < w such that ji,...,jm € Ix. Then as N | p,(diy,...,d;, ), if
N E=t(diy,...,di, . cjy,...,¢j,,) = cj, then by construction jo € Iy4q1 C I.

Combining the above claims, by reindexing I an initial segment of |T| < X we
may assume WLOG that if there is a term t(x1, ..., Zn, Y1, .-, Ym) in Lgg, i1 <
s <ip <kandji <o+ < g < Isuchthat N = P(t(d;y,...,di,, Cjry 5 Cj))s
then there is a jo < I such that for every ¢ € [k]"™,

N }: t(dC(O)7--~7dC(n—1)7Cj1a-~-7ij) = Cjy /\P(Cjo)

So now, consider the Lgj-structure A = ({dY : i < k} U{c} : j < I})sr,
where the Skolemization is only done relative to the original language L. Of
course, as A <, N, A =T as Thr (M) = T. Moreover:

Claim. For every a € A, tp(a/0) is realized in M.

Since a € A, by construction there is a term ¢ in Lgg, i1 < -+ < i, < K
and j1 < -+ < jm < I such that A = t(diy,...,di,,c05...,¢4,,) = a. So if
(@ays- -+ 0Qa,) € M is such that tpM(a,, ...aa, /0) = pa(x1,...,2,), then for
every formula ¢(z) € L/,

$(x) € tpg(a/0) & G(t(x1, .o 0, Cjrs- -1 5,)) € DL (A, - - da,, /0)
which implies that tp7, (a/0) = tpM (tM (aay, - - - Ga,,, c%, e ,c%/)/(]))

In particular, since M omits the type X(z) U {-~P(x)}, A also omits this
type. On the other hand, as P(x) isolates the type X(z) U {P(z)}, thus for
every a € A, A |=X(a) iff A = P(a). In particular, for every j < A, N = P(c;)
and we see that for every j < I, A |= ¥(¢;). But on the other hand, if a € A
is such that A |= P(a), then there is a term ¢ in Lgy, i1 < -+ < iy < Kk and
J1 < -+ < jm < I such that A |= t(d;,,...,di,,¢j,...,cj,) = a. So by the
first claim above, there is a jo € A such that N |= a = ¢;,. But then by the
construction of I, we have jo € I, and thus A |= X(a) iff there is a j < [
such that A = a = ¢;. Therefore we have A = T with |A| = £ > |T| and
S(A) = {cf' : j < I}, so that [S(A)| = [I] < |T]. O
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Remark. Although we refer to the above theorem as Vaught’s two cardinal
theorem for cardinals far apart, the reader should note that there is a significant
difference between what is stated here and Vaught’s original claim: Vaught
initially gave the proof in [Va 65] while restricting ¥(z) to a single formula ¢(x)
and where T is a countable theory, although his proof quickly generalizes to
uncountable theories. Moreover, his result showed that one could have the size
of ¢(M) be any cardinal x with k > x > |T|, which is a stronger result than
what we have proven here (although it is not difficult to change the above proof
so that this result could be achieved). Morley gave an alternative proof for
the countable case in [Mo 65a], which also generalized Vaught’s result to any
1-type X(z) of T, and he stated without proof that the result holds similarly
for uncountable theories (to be precise, he stated that his main result holds for
an uncountable theory, but his proof of Vaught’s theorem was almost identical
to the proof of his main result). It has since been pointed out to the author
that in [Sh 90], Shelah proved a even more general theorem from which the
full generalization of both Morley’s and Vaught’s result could be recovered. It
is however unnecessary for us to do so for this exposition, and we will omit
Shelah’s longer proof here.

2.7 Ehrenfeucht-Mostowski Models

The construction of what we now call Ehrenfeucht-Mostowski models was first
introduced in [E 56], where in contrast to saturated models, these models realize
very few types. Following [Ho 97], we will introduce them using a category-
theoretical setup:

Definition 2.7.1. For a linear order X and a Y C X, fori,j € X we say that
1=j modY ori=y jifforeveryk €Y, i<k iff j<k.

Definition 2.7.2. A Ehrenfeucht-Mostowski functor (EM functor) in
the language L is a functor from the category of linear orders (with order em-
beddings as morphisms) to the category of L-structures (with L-embeddings as
morphisms) satisfying the following conditions:

e For every linear ordering n, n C F(n) and (n)r = F(n)

e For every order embedding f : n — &, F(f) : F(n) — F(&) is an
L-embedding which extends f

For a theory T, a L-structure M is an Ehrenfeucht-Mostowski model (EM
model) of T if M =T and there is some linear ordering n and o EM functor
F such that F(n) = M.

Remark. We require n C F(n) as sets, but the ordering on 7 does not have to
be related to the interpretations on F'(n) in anyway.

Lemma 2.7.3. For any two linear orders n,& and a € [n]*, b € [€]*, there is
a linear ordering §& with order embeddings f : n — (, g : & — ( such that

fla(i)) = g(b(z)) fori <k.
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Proof. Consider the signature {<} where < is a relation symbol of arity 2.
Then any linear order is a structure of this language of orders which satisfies
the formula

Vre,y(r =yAx Lyhy£a)V(e<yhzZyAyLx)V(y<zAzFyAz Ly)

Then Thy,(n) UThe(&) U{a(i) =b(7) : i < k} is satisfiable by compactness, and
thus by some linear order (. The interpretations a¢,b¢ for each a € 1,b € £
gives the desired embeddings. O

Proposition 2.7.4. Suppose ¢(xo, ..., 2,—1) € L is quantifier-free, I is an EM
functor and n, € are linear orders. Then for every a € [n]™,b € [£]", F(n) |E ¢(a)

iff F(&) = (b).

Proof. By the above lemma, let ¢ be a linear ordering and f : n — (, g :

& — ( be order embeddings with f(a) = g(b). Note then that F(f), F(g) are
embeddings of the language. Since ¢ is quantifier-free, by Proposition 1.2.8,

F(n) E ¢(a) iff F(Q) = o(f(a) iff F(C) = ¢(g(b)) iff F(§) = ¢(b). 0
Corollary 2.7.5. For every quantifier-free ¢, n is ¢-indiscernible in F(n).

Proof. Let & =7 in the above proposition. O
This suggests the following definitions:

Definition 2.7.6. Given a L-structure M and n a linear ordering contained in

M, Thr(M,n) = {é¢(x0,...,2n_1) € L: for every a € [n]", M = ¢(a)}.

For a EM functor F in L, Th(F) = {¢(zo,...,2n-1) € L : for every linear order n,¢ €
Th(F(n),n)}-

Corollary 2.7.7. If F is a EM functor in L and for some linear order n,
Thi(F(n)) has Skolem functions, then Th(F) is a complete theory. Thus for
any linear order &, F(n) = F(§), with £ indiscernible in F(§) i.e. Th(F) =
Th(F(n),n)-

Proof. If Th(F(n)) has Skolem functions, then by Proposition 1.3.7 every for-
mula ¢(xo, ..., xn—1) € Lis equivalent (relative to Thr,(F(n)) to some quantifier-
free formula v(zg, ..., z,_1) € L. Now for any a € []™ and b € [¢]" for a linear
order ¢, by the above proposition F(n) = v (a) iff F(¢) = ¢(b), and so either
Y € Th(F) or —p € Th(F) i.e. Th(F) is complete. In particular this shows
that for any linear order &, F(n) = F(£), and again by Proposition 1.3.7 £ is
indiscernible in F(§). O

To prove the existence of EM functors, we will need some tools:

Definition 2.7.8. T C L is =-closed if it is a set of closed atomic formulas
satisfying:

e For every closed term t of L, (t =t) € T
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e For every atomic ¢(x) € L with one free variable, if (s = t) € T then

o(s)eT iff p(t) € T.

Lemma 2.7.9. Suppose T is a =-closed set of formulas. Then there is a L-
structure M such that:

e For every closed atomic ¢, M = ¢ iff €T
e For every m € M, there is a closed term t in L such that M |=m =t

Proof. Let X be the set of closed terms in L, and define the equivalence relation
~on X by s ~tiff (s=1t) €T (~ is both symmetric and transitive as T is
=-closed). Let M be the equivalence classes of X, and we interpret M into a
L-structure:

e For a constant symbol ¢, ¢ = ¢

e For a function symbol f, fM(t.) = [f(f)]~
e For a relation symbol P, PM(¢_) iff P(t) € T

We leave it to the reader to verify that f* and P are well-defined because
T is =-closed. Note by induction on term complexity, for every closed term t,
tM =t._. Thus for closed terms s,t, (s =t) € T iff M = s = t. This similarly
holds for all closed atomic formulas. Thus M satisfies the desired properties. [

Lemma 2.7.10. Suppose M is an L-structure with w C M, (w) = M and for
every atomic ¢ € L, w is ¢p-indiscernible in M. Then there exists an EM functor
F in L with F(w) = M.

Proof. First, for every linear order n we will construct a F(n). Let us define
T(n) C L, by the following: for every closed atomic ¢ € L,, note that there is
a Y(zg,...,2p—1) € L and an a € [n]™ such that ¢ = ¢ (a). Then ¢ € T(n) iff
for every b € [w]", M = (b).

Claim. For any linear ordering 1, T'(n) is =-closed.

Clearly, for a term t(zq, ..., z,_1) of L, for every b € [n]", M = t(b) = t(b)
and so (t(b) = t(b)) € T(n). Next, for any atomic ¢(z) € L, with one free
variable, let ¢(x,§) € L and ¢ € [n]<* be such that ¢(z) = ¢(x,¢). If s, ¢ are
terms in L with ¢ € n such that (s(¢) = t(¢)) € T'(n), then ¢(s(¢)) € T'(n) iff for
every d € [w]<¥,

M = ¢(s(d)) A (s(d) = ¢(d)) < M |= ¢(t(d)) A (s(d) = t(d)

iff ¢(¢t(c)) € T'(n). Thus T'(n) is =-closed.

Thus by the above lemma there is an N |= T'(n) such that for every n € N,
there is a closed term ¢ in L, such that N = n = t. Note that for any a < b,
a,b € n, since M ¥ a=0b,a =>¢ T(n) and thus as guaranteed by Lemma
2.7.9, N |= a # b. Therefore we can identify  with {a" : a € 5}, such that
7 C N and (n) = N.
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Now, if € is a linear order and f : n — & is an order embedding, note that
for every atomic ¢(zo, ..., 2,—1) € Land a € [n]", F(n) |= ¢(a) iff M = ¢(b) for
every b € [w]" iff F(€) = ¢(f(a)) (as f preserves strict ordering). In particular,
for any term ¢ in L and ¢(x) € L with one free variable, F(n) = ¢(t(a)) iff
F(€) = 6(t(/(a))). Then as (1) = F(), the map F(f) : t°C) (@) — t7©)(f(a)
is an L-embedding which extends f. Further, clearly if f : n — £and g : { —
¢ are order embeddings, then F(f og) = F(f)o F(g) i.e. F is a EM functor.

Finally, consider the map i : F(w) — M defined by i(t¥'“)(a)) = t(a)
for any term t(zg,...,2n—1) and @ € [w]™. We claim that this is well-defined:
F(w) [= t(€) = s(€) with ¢ an increasing sequence in w iff for every d an increasing
sequence of the same length, M |= t(d) = s(d), which, as w is ¢-indiscernible in
M, is equivalent to M = ¢(¢) = s(¢). Thus 4 is also a L-embedding, and as w is
a generates M, ¢ is also surjective i.e. an isomorphism. O

Theorem 2.7.11 (Ehrenfeucht-Mostowski Theorem). Let T' be a theory
in L with infinite models and Skolem functions. Then there is a EM functor F
in L with Th(F) 2 T.

Proof. Suppose M is a model of T with w C M (since M is infinite, we can
simply take any countably infinite subset of M and identify it as w). Let ¢ =
(¢ 14 < w) be new symbols, and define 77 C L; to contain:

1. T
2. For every ¢(z¢,...,7,_1) € L and a,b € [¢]", the formula ¢(a) <> ¢(b)
3. For every ¢(zo,...,2n—1) € Th(M,w), the formula ¢(co,...,cn-1)

Claim. T’ is satisfiable
We will show that T is finitely satisfiable. Let U C T” be finite, then let
G0(Zoy vy Th—1)s- s Pm—1(Z0,...,2x—1) € L and €|y be such that ¢o(clx), ..., Pr—1(¢lx)
are precisely the formulas in U\T (we may add redundant variables to each ¢; to
ensure they follow this form). We then define the following equivalence relation
on [w]k:
a ~ b iff for every i < k, M = ¢;(a) & M |= ¢;(b)

Note that there are only 2* equivalence classes of ~. Thus by Ramsey’s theorem
(see Appendix A, Theorem A.0.1) there is an infinite subset W = {w; : i <
w} € w C M such that every a € [IW]* belongs in the same equivalence class.
So interpret ¢! = w; for i < k, which guarantees that A = U. Thus by
compactness, T" is satisfiable.

Let N = T'. Note that as (vo # v1) € Th(M,w), for any i < j < w,
T' |= ¢; # ¢ and thus ¢ # ¢} ie. we can identify w with (¢}’ : i < w) such
that w C N. Take the L-reduct N|z, and define A = (w) C N|p (recall that as
T C T has Skolem functions, A < N|). The definition of 77 above guarantees
that w is indiscernible in NV and thus in A, so by the above lemma, there is a
EM functor F in L such that A & F(w).
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It remains to show that T C Th(F). Note that by definition T C T”, so
N|r E T and therefore F(w) = T. But since T has Skolem functions, by
Proposition 1.3.7, for every ¢ € L there is a quantifier-free ¢» € L such that
T = ¢ <> 1. By Lemma 2.7.5 we know that w is t-indiscernible in F(w) for
every quantifier-free 1, and thus w is in fact indiscernible in F(w). Therefore
for every ¢ € L, either ¢ € Th(F(w),w) or ¢ € Th(F(w),w). But by Lemma
2.7.7 every EM model from F is elementarily equivalent, and therefore Th(F')
is complete. Since F'(w) = Th(F), this implies that T C Th(F). O

Since the above theorem guarantees the existence of EM functors for a theory
with Skolem functions, in practice we will often say that “M is an EM model of
T” when we actually mean “M is an EM model of Ts;”. The most important
use of EM models is the following property:

Proposition 2.7.12. Suppose T is a theory in L with Skolem functions and for
some cardinal & and some EM functor F, F(k) E T. Then for every X C F(k),
F(k) realizes at most | X |+ |L| many complete 1-types over X.

Proof. Note that by definition of EM functors, for every a € F(x) there is a term
to(7) and a b, € [k]<“ such that F(k) = a = t,(b,). Let X C F(k), and let W =
U{Rang b, : a € X, so |[W| < |X|+Xg. However, the indiscernibility of « in F (k)
guarantees that for every term s(z) of L and ¢ € [k]<¢, tp™ ") (s7(®)(¢)/X) is
determined completely by s and the equivalence class under =y (see Definition
2.7.1) of each ¢;. Since there are < |W| + Ny many choices of a sequence of
equivalence classes of =y and |L| many terms, this gives an upper bound of
W]+ |L|+ R < |X|+ |L| many 1-types over X which are realized in F(k). O
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Chapter 3

Shelah’s Categoricity
theorem

3.1 Notation and premises

a, B,7,1, 7 will denote (von Neumann) ordinals, A, u, £ will denote infinite cardi-
nals (as initial ordinals). ¢ will denote a limit ordinal, and k,1, m,n will denote
natural numbers. o will denote the set of sequences of length 3 with value in
a, and <P = U, <5 o?. v,n will denote sequences in o, and I(v) denotes the
length of the sequence. ¢ will denote a permutation of a finite set.

For a linearly ordered set X, [X]? will denote strictly increasing sequences
in X°. [X]<F = U, <5[X]7, and ¢, € will denote sequences in [X]5.

Fix a signature such that the number of relation symbols is at most equal
to the number of constant and function symbols, and let L be the language of
this signature. ¢, s, 7 will denote terms of L, ¢,,0,&, p will denote formulas in
L, and z,y, z will denote variables in L. ¢° will denote ¢, and ¢! will denote
—¢. A,T', 3 will denote sets of formulas in L.

Definition 3.1.1. A theory T is A-categorical if there is only one model (up
to isomorphism) of T of cardinality .

Let T be a complete theory with infinite models which is A-categorical for
a A > |T| = |L|, and let Ts) denote the Skolemization of T in the language
Lg;, which exists by Lemma 1.3.2. Fix a universal model M of T that is &-
saturated. By models M, N we will mean elementary submodels of M much
smaller than &, and by sets A, B,C we will mean subsets of M much smaller
than k. We will also (by an abuse of notation) understand M, N to be subsets
of M. a,b,c,d,e will denote elements of M, and by = ¢(a) we mean M = ¢(a).
For any a € A<%, we will (by an abuse of notation) write a € A.

By a A-n-type we will mean a A-n-type over some set A with respect to M,
and for any a and set A, tpa(a/A) = tpX(a/A) and Sa ,(A) = S%n(A). An
A-n-indiscernible sequence (or set) over A will be a sequence(or set respectively)
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in M that is A-n-indiscernible over A with respect to M. As usual, we omit A
when A = L, and we replace {¢} by ¢. p,q will denote A-n-types.

3.2 Preliminaries

Proposition 3.2.1. If T is A-categorical for a X > |T|, then for every p <
A>T\, T is p-stable. In particular, T is stable.

Proof. By Theorem 2.7.11, there is a EM functor F in Lgy with Th(F) 2
Tsy, and by Proposition 2.7.12, F()) is a model of T such that for every C' C
F(X), F()) realizes |C| + |T'| many complete 1-types over C. So suppose for a
contradiction that T is not p-stable, and let A be a set such that |A] < p <
|S1(A)]. Then by applying the Downward Lowenheim-Skolem theorem on the
universal model, there is a model M with cardinality A which contains A and
realizes u™ < X many 1-types over A. But by A-categoricity M = F(\), so there
is a set B C F(\) with |B| < pu* such that F()\) realizes u™ many 1-types over
B, a contradiction. Thus T is u-stable, and therefore stable. O

Note. One can in fact show that T is p-stable for every p > |T| ie. T is
superstable (see [Sh 90], for example).

Definition 3.2.2. A model M is locally saturated if for every finite A and
p a A-m-type over M with |p| < |M]|, p is realized in M.

Proposition 3.2.3. If T is A-categorical for a A > |T|, then every model of T
18 locally saturated.

Proof. We first show that every model of cardinality A is locally saturated:
Given a finite A, note that for any set A and m < w, [Sy,a(A4)| = |A] + Ro. So
let My be a model with |My| = A, and let (M; : ¢ < \) be an elementary chain
where M, realizes all every Sy, a(M;) and |M;41] = A i.e. M4 is a model of
size A realizing (for new constants (¢; : i < A))

Thy (M) U U{pi(ci) :pi € Sma(M)}

So for any p < A, any A-m-type p over M, + with |p| = p is a type over M; for
some i < pt (since p' is regular), and therefore realized in M,+. Since T is
A-categorical and |M,,+| = A, this implies that for any model M with |[M]| = A
and any p a A-m-type over M with |p| = u, p is realized in M. But this holds
for every p < A, so in fact any model of cardinality A is locally saturated.

So now consider the more general case, and assume for a contradiction that
M is a model of T' which is not locally saturated: so let A, m is finite and p
a A-m-type with |p| < |M| such that p is not realized in M. We may assume
that A is in fact a singleton {¢}: if A = {¢:(Z, ;) : ¢ < |A}, then consider

¢(jay7y0,07"'7y\A|—l,0ay0,17"'7y|A|—1,lag07"'7y|A|—1) = /\ Y=VYij —>¢z(f7gl)]
i<|A],j<2
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So that every A-m-type corresponds naturally to an unique ¢-m-type, and a
A-m-type is realized in M iff the corresponding ¢-m-type is realized in M.

Now, if p = {¢(Z,a;) : i < |p|}, let A = Ui<\p\ a; so that p is a type over A.
Of course |A| < |p| - Ry < |M], so by Proposition 2.4.11, for any finite A’, and
n < w, there is a A’-n-indiscernible set over A of size |A|" < |[M| in M (since
T is stable by the previous proposition). Also, by the above proposition T is
stable, so by Corollary 2.4.9 there is a 14 such that any ¢-type over any set
B is (¢4, B)-definable. So let @4 be such that 14(7, ae) defines (possibly some
completion of) p.

Next, we wish to construct a |T|*-saturated model N with the following
properties:

e There are distinct (b; : i, |T|T) such that ¢ = {¢(Z,b;) : i < |[T|T} is a
type over N which is omitted by N

e N contains a sequence (c; : j < |T|*) which is indiscernible over B = {b; :
i <|TI"}

To construct N, let P be a new unary relation symbol, and let(b; : i < |T|*), (¢; :
j < |T|") be new constant symbols with |b;| = n. Then consider the set of
formulas which is the union of:

1. T

2. {ei#ciANbi#£bji<j<|T|T}

3. {to(bi,ap) A Njpeyy Plra) 11 < |TI}

4. {3z N\, 6(T,0;,,) :m < Wi, ... i < T[T}
AVEIyr, e Ajan Plyk) A2(0(Z, ) < ¥o(,a9))}

. {(p(c(((])a RN CC(mfl)a bio, .. agin) A 80(05(0)7 e Cg(m7.1)7 bioa v 7Bin) :
Qp(an ey Tm—1, §07 DRI yn) S L7 Cvf € [|T|+}ma107 sy tn < |T|+}

ot

=)

Suppose that Ny satisfies this set. Note that (2) ensures that the new constants
have distinct interpretations; (3) ensures that all the b; satisfies 14 (b;, @y) and
have b; € P(Ny); (4) ensures (by compactness) that q is a ¢-type of No|z; (5)
ensures that the ¢-type defined by v4(x, @) is omitted in No; and (6) ensures
that (c\° : i < |T|*) is an L-indiscernible set over B.

To show that such an Ny exists, note that by expanding the interpretation
of M by PM = A, for every finite subset of the formulas, we can interpret
the Bj’s as one of the a; € A and ¢;’s to be an element in a A’-indiscernible
sequence over A for an appropriate finite A’. This satisfies the finite subset,
and so by compactness the set of formulas is satisfiable. Then by the Upward
Lowenheim-Skolem theorem there is a model Ny of cardinality 2/7!, and by the
method of Proposition 1.5.8 there is a |T'|"-saturated extension N of Ny with
|N| = 2I7l. Note that the type {¢(Z,b;) : i < |T|T} can be omitted by ensuring
(5) is satisfied at every stage of the construction.
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Let B ={b; : i < |T|"}, p = Jiriy+ (|T|") and again let (¢; : |T|T <i < p)
be new symbols. Since

Thy(N)U{o(cc(0), - - .,cc(n_l),l_)) b€ B,n<w, (€ u", NI dlo,...,cn1,b)}

is satisfiable by compactness, there is an interpretation of (¢; : 4 < p) such that
it is an indiscernible sequence over B. Denoting this indiscernible sequence by
I, let N’ be a |T'|"-prime |T'|"-constructible model over B U I (which exists by
Theorem 2.2.7). Notice that since every finite sequence in I realizes the same
type as a sequence in (¢; : ¢ < |T|*) and N is |T|T-saturated but omits the type
{¢(x,b;) : i < |T|t}, N’ also omits this type (as N’ is |T|T-constructible over
BUI).

Finally, let L™ be the language consisting only of L, another new relation
symbol R and new constants identifying the tuple ay. Defining RN = B and
T+ = Thr+(N’), note that the 1-type {R(x)} is satisfied |B| = |T|* times in
N'|p+ but |[N'| = giry+(|T|*), and so by Theorem 2.6.2 there is a model M’
of TH with cardinality A\ and |[R(M’)| < |T|. But since N’ omits ¢, N'|p+ E
VZ3Y1, - Un Njgen BYR) A Ve(F,ap) A —¢(Z,7), and therefore M’ also omits
q. Therefore M'|;, is a model of T with cardinality A which omits the type
{¢(z,b;) : i < |T|*T}, and is thus not locally saturated. This contradicts the
first part of the proof, where we showed that every model of T" with cardinality
A is locally saturated. Thus there does not exist any model of T" which is not
locally saturated. U

Corollary 3.2.4. If T is A-categorical in a X > |T|, M 2 N are models of T,
a € M and ¢(x,q) is such that ¢(x,a) is nonalgebraic, then there is a c € N—M
such that = ¢(c,a). Additionally, |¢p(M,a)| = |M|.

Proof. Note that for any model M; with a € M7, by compactness

p=Ad(z,a) Nz #c:ce d(My,a)}

is a type over M7 which is not realized in M;. As M; is locally saturated by
the above proposition, |p| = |M;| which implies that |¢(M7,a)| = | M.

Now, assume for a contradiction that M, N, ¢(x,a) is a counterexample to
the corollary. Then by Theorem 2.5.9, there is a model A such that |A] > |¢p(A)],
a contradiction. O

3.3 Degree of a formula

The concept of Morley rank is used in the proof of Morley’s categoricity theorem:
any A-categorical theory is Ng-stable and therefore has a well-defined Morley
rank i.e. is totally transcendental, which implies the existence of a strongly
minimal formula. Unfortunately, for an uncountable language even if the theory
is A-categorical it is not necessarily totally transcendental. Shelah, however,
introduced the degree as a weaker measure of complexity:
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Definition 3.3.1. A set of formulas T' = {¢;(x,a;) : i < K} with parameters is
m-almost contradictory if for every ¥ C T' with |X| = m, F -3z \, oy, ¢i(2, a;).
I' is almost contradictory if it is m-almost contradictory for some m < w.

Definition 3.3.2. For every formula ¢(x, a) with parameters, the degree D(¢(x, a))
is defined to be either —1, an ordinal or oo (where we consider a < oo for every
ordinal «):

o D(¢(x,a)) > 0 if |- Fwd(x,a)
e For a limit ordinal 6, D(¢(x,a)) > § if for every a < 6, D(¢(z,a)) > «

e D(¢d(x,a)) > a+ 1 if there is a formula ¥(x,y) and sequences ¢; for
i < |T|* such that

1. For every i < |T|", D(¢(z,a) ANp(x,6)) > «
2. {i(x,¢;) i <|T|"} is almost contradictory

Note. Shelah generalizes both the concept of rank and degree in [Sh 90], and
the degree here corresponds to what is denoted D'(—, L, |T|*).

Lemma 3.3.3.
1. If = VYxo(x,a) — ¥(x,b), then D(¢(x,a)) < D(¢(x,b))
2. Iftp(a/0) = tp(b/0), then D(¢(x,a)) = D(¢(x,b))

3. There is an ordinal ag < (217Nt such that there is no ¢(x, a) with D(¢(z,a)) =
ag. Thus if D(¢(z,a)) > ag, then D(¢p(z,a)) > ag

Proof. For (1), we will prove the following claim: for every «, if = Vo¢(z,a) —
Y(z,b) and D(¢p(x,a)) > «, then D(¢(z,b)) > o

e For a =0, if D(¢(w,a)) > 0 then there is an ¢ such that |= ¢(z,a). Then
by assumption |= 9(c, b) and therefore D(¢(x,b)) > 0

e If the claim holds for all o < § for a limit §, then trivially it holds also for
0

e Suppose D(¢(z,a)) > « + 1, then there is a p(z,y) and sequences ¢;
for i < |T|* such that {(x,¢) : 4 < |T|"} is almost contradictory and
D(¢p(x,a) A ¢(x,¢;)) > a. Note that

= Ve, a) A p(x, &) — Pz, b) A oz, &)

and so by the inductive hypothesis, D (¢ (x,b) A ¢(x,&)) > a. By defini-
tion, thus D(¢(z,b)) > a+1

We will use a similar induction for (2): for every ordinal «, if tp(a/0) = tp(a/0)
then D(¢p(x,a)) > « iff D(é(z,a)) > a.
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1. If D(¢(z,a)) > 0, then (Jyo(y, 7)) € tp(a/0) = tp(b/0) and so = Jy¢(y, b)
ie. D(é(x, b)) >0

2. The claim is trivial by definition for limit cases

3. If D(¢(z,a)) > a + 1, then there exists ¢ (z, ) and ¢; for i < |T|" such
that D(¢(z,a) A(z,¢)) > a and {¢(z,¢) : 4 < |T|"} is n-almost con-
tradictory for some n < w. We will then define d; inductively for i < |T|*:
suppose that Jj has been defined for all 7 < i such that

tp(gj/{i)} U {Jk tk < ]}) = {¢(i‘,6,62k0,...,d7kn71) :

O(Z, 8, Crys - - -, Ch,—y) € tplej/{at U{en 1 k < j})}
(3.1)

ie. fi:awb, cj — Jj for j < i is an elementary map. Then this ensures
that

{¢(:Ea B» gko, sy Jkn—l) : ¢(‘,Ea Qs Chgy e v - s Ekn—l) € tp(él/{a} U {Ej g < Z})}

is a type over {b} U {d; : i < j}, and define d; to realize this type. This
construction implies that {¢(z,d;) : i < |T|*} is also n-almost contradic-
tory, and also that tp(a ~ & /0) = tp(b ~ d;/0). Then by the inductive
hypothesis, D(¢(z,a) A(z,d;)) > a, and therefore D(¢(x,b)) > a + 1

Finally, for (3), note that the number of complete n-types over (J is at most 2171
so there are at most |T| - 2! = 2IT1 choices of a formula ¢(z,§) and a complete
type over . By (2), the degree of ¢(x,a) is determined only by ¢(z, %) and
tp(@/0), and so the range of D has cardinality 2/”!. Therefore there is some
ap € (2T which is not in the range of D. O

For the next few results, let ag < (2171)* be a fixed ordinal not in the range
of D.

Lemma 3.3.4. If D(z = z) > a9 and p = |T|", then for v € u=“ there are
formaulas ¢, (x,a,) with parameters satisfying, for every v € u<%:

1. For every k <l(v), Voo, (x,a,) — ¢y, (2, 0y),)
2. D(¢y(z,a,)) >

3. {pv~i(z,ap~q) 1 1 < p} is almost contradictory

4. For every i < p, ¢pi = dvo

Proof. We will define ¢,(z,a,) inductively: let ¢~ (x,acs) = (x = x). If
¢u(x,a,) is defined satisfying the above conditions, then as D(¢,(x,a,)) > oo+
1, there is a ¢(x,y) and ¢; for i < |T|* = p such that D(¢,(z,a,) A(z,¢)) >
ag and {Y(z,¢) : i < p} is almost contradictory. Defining ¢, ;(x,Gp~i) =
v (z,a,) AN p(z,¢;) then satisfies all the above conditions. O
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Theorem 3.3.5. If T is A-categorical for a A > |T'|, then D(z = z) < oco. Thus
by Lemma 3.3.3(1), every formula has degree < co.

Proof. Consider Ts; which is the Skolemization of T in the language Lgg, so
by Theorem 2.7.11 let M* be the EM model of Ts; over the linearly ordered
set {y; : i < A}. Note by Corollary 2.7.7, {y; : ¢ < A} is an indiscernible
sequence. Moreover as M* is an EM model, by definition M* = (y; : i < A)gk.
Therefore for every a € M?*, there is a finite sequence of terms 7 € Lg and
i1 < -+ <ip<Asuchthat M* =a =7y, ¥i,)

So assume for a contradiction that D(z = z) = co. By the above lemma,
there are formulas ¢, (z,a,) for v € = (= |T|* as in the above lemma) which
satisfies those conditions. By appending unnecessary constants, we may assume
that for v # n,a, # a,. Now, for every limit § < p with ¢f(6) = w, choose a
N € [u]* with 6 = sup{ns(n) : n < w} i.e. 15 is an w-length strictly increasing
sequence in p which is a cofinal subset of §. Let W = {ns : 6 < p,cf(d) = w},
and note that |WW| = p as the limit ordinals 6 with cofinality w is a cofinal
subset of p. Then, for n € W, define p, = {¢,), (z,a,,) : n < w} (which is a
satisfiable 1-type by the previous lemma) and let ¢, realize p,. Finally, define
A=Ha, :vep~“}U{c,:ne W}

Since |W| = p, we see that |A| < pu = |T|" < A, and therefore by the
Léwenheim-Skolem theorems there is a model M with |M| = XA and A C M.
Since T is A-categorical, necessarily M = M*|r, and so we may assume WLOG
that A C M*. So for every a,, fix a particular finite sequence of terms 7, in
Lsy and a ¢, € [A]" such that M* = a, = 7,(ye,1)s- - - Y¢y(n))- Now, we
shall define, for n < w, sets X,, C A which satisfies the following:

1. Xo =0, and for all n < w, | X,| < |T|
2. For every n < w, there is an v € p<* such that a, € (X, 11)sk — (Xn)sk

3. For every n < w and v,0 € p<¥, if a,, € (X,,)sr and maxv > max o, then
ao S <Xn>5'k

4. If a, € (X,,)sk but there exists an ¢ < p such that a,~; ¢ (X,,)sk, then
there are infinitely many j < p, such that 7, ; = Ty~j, Coni(k) = Gnj(k)
mod X,, (see Definition 2.7.1) for each k < n,~; = n,~;, and such that
aw—\j S <X7L>Sk}

The construction is by induction on n < w: suppose that Xy, for £ < n, has
been constructed to satisfy the above conditions, with the sole exception that
we weaken (2) for the case of k = n and instead require that there is some
v € <% such that a, ¢ (X,)sr. We construct X,,;1 in several stages:

1. First, let X! = X,, U{¢,(1),...,¢( (ny)} so that @, € (X )sg. Of course,
[ X0 | = [Xn| 4+ < [Xn] +Ro < T

2. Next, consider A\/X,,, which is the set of equivalence classes of A mod X,,:
it is immediate that |A\/X,| < |X,| + Ro. So for every € € A/ X, let
€' = € if it is finite, or choose ¥’ C € with |¢’| = Rg. Then define
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xP = X, UU{¥ : € € \/X,}. Note as there are |X,| + RNy < |T
choices of ¥ € A\/X,, and each |€”| < R, |X7(12)| <|T).

3. We then use a supplementary induction. Let Yy = Xy(f), and for | < w,
we will construct Y;11 DY, with |V;| < |T|:

(a) IfY] is defined and I+1 is even, let § = sup{(maxv)+1:a, € (Yi)sk}.
Note that as |V;| < |T|, [(Y})sk| < |T| < |T|* = p, and therefore 8 <
w (since p is regular). So define Y11 = YU{(, (k) : 0 € 8<“, k < n,y}
which ensures that for every o with maxo < 8, a, € (Yi4+1)sk. Since
1B=%] = [B] +Ro, [Yiga| < [Yi] + (Ro - (|8 +Ro)) < [T

(b) If Y} is defined and I + 1 is odd, consider the all the pairs (v,i) €
1<“ x p such that:

LS <Yl>Sk
® Gy~i & (Yi)sk

e There are only finitely many j < p such that 7,~; = 7,~; and
for each k < ny i = ny~j, Guni(k) =x, Cony(k)

Then let Y; 1 contain Y; and ¢, (k) for every such pair (v, ), so that
ay~; € (Yi11)sk. Note that as |Lgg| = |T], given a particular v € u<%
there are only |T| choices for 7,.;, and at most |X,| + Ry < |T|
choices of each equivalence class (,~;(k)/X,. So consider the func-
tion @ = (Tymiy (Comi(1)/ Xy - ooy Comi(np~i)/Xp)): this function par-
titions p into |T'| many equivalence classes, and we are requiring Y741
to contain (,~;(1),..., p~i(ny~;) iff i belongs to a finite equivalence
class. Thus |Yj41| < |Yi| + |T| - Ro < |T|

4. Finally, let X, 41 = U, V1. Since each |Y;| < [T, | Xy 1] < |T|

Claim. X,41, constructed in this way, satisfies the conditions for the inductive
construction.

That condition (1) is satisfied has been shown along the way in the con-
struction. The first step guarantees that (2) is satisfied with respect to X,
and if @, € (Xn41)sk, then @, € (Y)gx for some | < w, so step 3a guaran-
tees that condition (3) is met. For condition (4), assume that a, € (X, 1) sk,
i < p is such that @,~; ¢ (X,+1)sk. If there does exists infinitely many j < p
with 7y~ = Tun~j, Cni(k) =x, (unj(k) for each k < ny~; = n,~;, then step 2
guarantees that at least countably infinitely many @, ~; is in (X, 11) sk as every
equivalence class of A/X,, is represented either completely or countably many
times in X, ;1. On the other hand, if ¢ < p is such that there does not exist
infinitely many such j < p, then as @, € (Y;)gx for some | < w, step 3b guar-
antees that a,~; € (Y;4+1)sk, which then trivially ensures that condition (4) is
satisfied. Finally, since | X,11| < |T|, [{(Xna1)sk| = |T) < |T|T = p, so there
must exist some v € p<% such that @, ¢ (X,,11)sk (since for v # o, @, # a,).

Solet X =, ., Xn, and define § = sup{v(n) : n < Il(v),a, € (X)si}. Note
that condition (2) and (3) of the above construction guarantees that for every
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n < w and v € p<¥ such that a, € (X, )k, there is a ¢ with maxv < maxo
such that @, € (X, +1)sk, which implies that § is a limit ordinal with cofinality
w (since X = J,,., Xn). Therefore, by the definition of W there is an n € W
with 7 a cofinal increasing sequence in . Then by definition of A, there is
ac; € A C M* which realizes the type p,. So let 7 be a term in Lgy and
i(1) <--- <i(n) < X be such that M* |= ¢, = 7(y;(1), - - -, Yi(n))-

Now, for I < n, let j(I) =inf{j € X : j > i(])}, and let ky < w be the least
such that j(1),...,j(n) € Xy, and a,|, € (Xi,)sr (a ko exists satisfying this
last condition by the definition of ¢ as the supremum of v with a, € (X)sg, 1
as a cofinal increasing sequence in § and by condition (3) of the construction of
Xy). Then let k£ < w be maximal such that a,, ¢ (Xg,4+1)sk: since sup{n(n) :
n < w,ay|, € (Xgo41)sk} < 0 by definition of § because of conditions (2) and
(3), and 7 is an increasing cofinal sequence in 4, it cannot be the case that
ap|, € (Xko+1)sk for all k& < w, and therefore such a maximal & exists.

Denote U\k =vandi= 77(]{3) Since a, € <Xk0+1>5k but a,~; ¢ <Xk0+1>Sk,
by condition (4) of the construction of Xy, 1, there exists infinitely many 5 < u
such that 7,3 = Tu~i, (g0 =x, Cuni for I < my.g =ny~; and @, €
(Xko+1)sk. Further, for each § as above and any ! < n,.;, (assuming WLOG
that (,~5(I) < (u~i(l)) suppose for a contradiction that there exists an m < n
such that (,g(1) <i(m) < (y~i(l): thenas j(m) =inf{j € X : j(m) > i(m)} €
Xk, by definition of ko, this implies that (,~5(l) #x,, C~i(l), contradicting
the definition of B. Similar reasoning shows that there is no m < n such
that ¢,~5(1) < i(m) < (,~;i(I). This shows that in fact (,p(l) = (o~i(l)
mod X, U{i(1),...,i(n)}.

But as M* is an EM model over {y; : i« < A}, the indiscernibility of {y; :
i < A} thus implies that for each 8, @,~; and G, ~p realize the same Lgj-
type over {y, : @« € X or @ = i(l),l < n}, and in particular the same type
over ¢,. Thus, since ¢, realizes p,), there are infinitely many § < p such that
M* = ¢y ~i(cy,av~p). By property (4) of the previous lemma, for every 8 < p,
Gv~i = Pu~p, so in fact for infinitely many 8 < p, M* = ¢,~g(cy, Gr~p). But
{dv~i(x,ap~;) : 1 < p} is almost contradictory by property (3) of the previous
lemma, a contradiction. This completes the proof by contradiction, from which
we conclude that D(z = z) < oo. O

3.4 Weakly Minimal formulas

In the proof of Morley’s categoricity theorem, one shows that 7" being categorical
in some uncountable cardinal implies that T is totally transcendental (i.e. the
Morley rank of (z = z) is less than oo), from which one then proves that T’
has a strongly minimal formula. Having proved that D(x = ) < co, we now
proceed to find a weakly minimal formula, which is a generalization of strongly
minimal formulas.

We will now use freely that T has these properties, which we proved in the
previous sections:

e T is \-categorical for some A > |T|
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e T is |T|-stable
e Every model of T is locally saturated

e For models M X N and a nonalgebraic formula 6(z,a) with parameters
aeM,0N,a) ¢ M

e D(zx=1z)<o0

Definition 3.4.1. Given a formula ¢(z,7), a formula with parameters ¢ (z, a)
is ¢p-minimal if there is no b such that [{c € M :=9(c,a) A ¢(c,b)}| > Rg and
|{C eM :': 1/’(07 (_1) A _‘(ZS(C, b)}| >Ry

Given a formula with parameters 0(x, a), ¥o(x,a1), ..., Yn(x, ay) is a p-partition

of 0(z,a) if:

1. EV20(z,a) < Vo, Yi(z, @)

2. Fori# j, = —Jxi(z,a:) N Yj(z,a;)

3. Each v;(z,a;) is satisfiable, nonalgebraic and ¢-minimal
Lemma 3.4.2.

1. If E 0(c,a) and ¥;(x,a;), i < n is a ¢-partition, then there is some i < n
such that |= 6(c,a) A ;(c,a)

2. If0(z,a) has a ¢-partition, then it has a ¢-partition of the form ¢ (z,a1), ..., ¥ (x, an)
Proof.
1. This is trivial by definition.

2. Suppose ¥;(z,a;), i < n is a ¢-partition of §(x,a). Then define

1/’(%@1’ e agnazazla .. .,Zn) = \/(Z =z — wl('r7gl))
i<n

Let by, ..., by, be distinct elements, and define a’; = @y ~ -+ ~ @p ~ by ~
by ~ -+~ by,. Then clearly ¥(x,a’;) is a ¢-partition of 8(z,a).

O

Remark. If O(x,a) has a ¢-partition, then we may refer to it as if it is unique
and denote the ¢-partition by 14 (x, ;).

Definition 3.4.3. The formula 6(z,a) is weakly minimal if for every formula
o(x,7), there is a ¢-partition of 0(x,a).

A set B partitions 6(x,a) if a € B and for every ¢, 6(x,a) has a ¢-partition
¢(£, Eli) with a; € B.

A type p is minimal if there is no ¢(x,a) such that both p U {¢(z,a)} and
pU{—¢(x,a)} are nonalgebraic types.
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Lemma 3.4.4.

1. If 6(x,a) is weakly minimal and @ € M for a model M, then there is some
AC M, |A| <|T| such that A partitions 6(x,a).

2. If A partitions 0(z,a) and p € S1(A) is such that 6(z,a) € p, then p is
minimal.

Proof.

1. Suppose 0(z,a) is weakly minimal, so in particular for every formula
¢(x,y), there are n < w, ly,...,l, € 2 and kq,...,k, < w such that

M =31, G0, @) <\ (x, 5:))

i<n

AN\ 32 (2,55) Az, 35))
i#£j
AN 352 (2, 0) A (2, 5:)")

i<n

Since this is a formula with parameters a € M, by the Tarski-Vaught test
this formula holds in M (as M 2 M). The choice of 71, ..., ¥, in M then
gives the desired ¢-partition of #(x,a). But since for each formula ¢, the
¢-partition 14 (z, @;) only requires finitely many elements a1, . .., a, in M,
taking the union of these parameters over all ¢ together with a gives a set
of cardinality at most |T|.

2. Since p is a type, let ¢ be such that = p(c). So = 6(c,a), and therefore
E Vi<, ¥s(c,a;), with a; € A as A partitions §(x,a). If i < n is such
that = 14(c,a;), then as p is a complete type over A, ¢y(z,a;) € p. So
for any b, there is an n < w such that either |= 35"a1),4(z,a;) A ¢(x,b) or
= 35wy (@, a:) A —p(x,b). But as pU {p(x,b)'} = vy(z,a:) A ¢(z,b)",
this implies that either p U {¢(x,b)} or pU {—¢(z,b)} is algebraic.

O

Theorem 3.4.5. If |My| > |T|, 6(z,a) is a nonalgebraic formula such that
D(0(x,a)) is minimal amongst nonalgebraic formulas and @ € My, then 0(x,a)
1s weakly minimal.

Proof. Given a fixed ¢, to show that there is a ¢-partition of (z,a), we will
try to define inductively a a, for every v € 2<“: suppose that a, is defined,
and there exists a b such that {0(z,a)} U {w(x,z__znh)"(l) < 1(n)}u{g(x,b)'} is
nonalgebraic for both ¢ = 0,1, then let @,~; = b. Otherwise a,~; is undefined.

Note that if we can only define a, for v € § C 2<% S a finite subset, then
a ¢-partition exists: enumerate S’ = {v; : i < n} where S’ are the leaves of S,
and define

Yi(z,a;) = 0(x,a) A /\ o(z, an\j)n(j)

J<l(vi)
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By construction, clearly each v;(x,a;) is ¢-minimal and nonalgebraic. Addi-
tionally, if ¢ # j, then v; # v} since they are both leaves in S and thus v;(z, a;)
and v,(x,a;) is contradictory by construction. Finally, if = (¢, @) then we can
always trace a path in S to a particular leaf v; € S’ such that = ¢;(c,a;) by
construction. Therefore ;(x, a;) partitions 6(x,a), and trivially if = ¥;(c,a;)
then |= 6(c,a). Thus there is a ¢-partition of 6(z, a).

So now, assume that we can define infinitely many a,. Hence by Konig’s
lemma, there is a n € 2% such that for every | < w, a,), is defined. WLOG
we may assume that for infinitely many [ < w, v(I) = 0, so for k < w let I
be the k-th [ such that n(l) = 0, and let ax = ay),, - Thus by construction,
for every n < w, {6(z,a)} U{o(x,a;) : i < n} U{~¢(x,a,)} is a nonalgebraic
type (since otherwise |, would not be defined). Let ¢, realize this type i.e.
E ¢(cn,a;) if i <n and = —¢(cp, ayn). Now, we define two equivalence classes
on [w]?: (n,m) ~ (0,1) iff = ¢(cn,@m) <> ¢(co,a1). Then by Ramsey’s theorem
(Appendix A, A.0.1), there is an infinite W C w such that either (n,m) ~ (0,1)
for every (n,m) € [W]? or (n,m) = (0,1) for every (n,m) € [W]?. In either
case, we may replace W by w by re-indexing, and note that there is some
n < m such that = ¢(cn, an) iff for every n < m, = ¢(cn, @m). But since by
definition we have = ¢(cp,, @) if m < n, if E —d(cy, @) for n < m then ¢ has
the order property and is thus an unstable formula (see Proposition 2.1.3), so
by Proposition 2.1.11 this contradicts that T is |T'|-stable. Therefore we have
E o(cn, @) iff m #n.

Suppose for a contradiction that for every m < w, there is a sequence
bo, - - ., bm_1 such that for every choice of w C m = {0,...,m — 1}, {¢(x,by) :
k € w}U{=¢(z,by) : k € m — w} is satisfiable. Then by compactness, if
(c;:i<29), (b : k < w) are new constants and (W : i < 2¥) enumerates the
subsets of w, the set

TUl J{{d(ci bi) : k € Wiy U{~6(ci,br) - k€ w— W} i <29}
U{Ci#Cin#j}U{i)k#Bl:k#l}

is satisfiable i.e. there is a sequence (b, : k < w) such that for every W C w,
{p(z,br) : k € W} U {¢(x,b) : k € w— W} is satisfiable. This contradicts
Corollary 2.1.12 as T is |T|-stable, and therefore there is some m’ < w such
that for every by, ...,b,/ 1, there is a w C m’ such that {¢(z,b;) : K € W} U
{=¢(x,by) : k € m' — W} is not satisfiable.

Now, fix a particular w C m’, and consider the following map [w}m/ — 2:
(1,0 yie) = 0 iff = (A, 0(2,84,)) A (Apem—w "0(2,@5,)). Again by
Ramsey’s theorem there is an infinite W C w such that the mapping is constant
on [W]™, so we may again re-index and assume W = w. But as there are only
finitely many w C m/, we can reiterate this process until we have, for every
wCm and i1 < -+ < iy < w, either:

): ELTJ( /\ ¢(x7alk)) A ( /\ —\(b(l', &ik)) (32)

kew kem’'—w
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or

=3\ swa ) A N —owa,) (33)

kew kem’'—w

If there exists some wy,we C m’ with |wy| = |ws| but such that (3.2) holds for
wy while (3.3) holds for ws, then the formula

3x( N\ dxa))n( N\ —dz,a,)

k€ewy kem’—wq

would be connected and asymmetric (see Definition 2.3.6) over (@, : n < w), and
therefore by Proposition 2.3.6 contradicting that T is |T|-stable. Thus whether
or not (3.2) holds depends solely on |w|. But we have defined m’ such that there
is some wg C m’ for which (3.2) fails, and therefore (3.3) holds for every w C m/
with |w| = |wp| i.e. there does not exist a b such that :

1. E ¢(b,ay) for at least |wg| many n < w; and
2. |E —¢(b,a,) for at least |m’ — wo| many n < w

So define the formula

Y(x,by) = 0(x,a) A ¢z, Gngm) A /\ o(x, ar)

k<m/’

and note that if there is a b such that |= (b, b,) for at least m’ many n < w,
then it there are m’ many n < w and m’ many n’ < w such that = ¢(b,a,) A
—¢(x, @y, ), which contradicts what we proved above. Thus the formulas ¥ (z, b,,)
are m’-almost contradictory, and in particular almost contradictory. However,
we have proven above that each {0(z,a)} U{o(z,a;) : i <n}U{-¢(x,a,)} is a
nonalgebraic type, and therefore each 1 (z,b,) is satisfiable and nonalgebraic.
Claim. There exists an n,, such that for every model M and & € M, if |(M, €)| >
ny then [6(M, )] > No

Assume for a contradiction that such an n,, does not exist, so that there is a
model M such that for every n < w, there is an €, € M with n < |[¢(M,b,)| <
Ng. By the upward Lowenheim-Skolem theorem, we may assume that |M| > 2%
(since the condition n < |[¢»(M, b,)| < Rq can be expressed by a formula in L ;).
Let 2 be an ultrafilter over w, and define N = M“/92,¢eé = (e, :n <w)/Z2. By
Theorem 1.6.8, note that N |= (b, e) iff there is a D € Z such that for every
n € D, M = 4(b(n),e,). Therefore there is some b’ € [],, ., ¥(M, &,) such that
0" =b|| = D, and so b € m(]],,c,, ¥ (M, €y)). But as each n < [¢)(M,e,)| < Ro,
so [W(N,e)| = |7([1,eo ¥(M,&,))] < 2% < |[M| < |N| (the last equality by
Corollary 1.6.9). This implies that {)(xz,€) Az # a : a € ¢p(N,€)} is a type
with cardinality < |N| and is thus realized in N as it is locally saturated (since
N ET), a contradiction.

Lastly, we shall define by induction a sequence (b, : @ < |Mp]|) such that
o = I aep(x, by)

()



e For every an < -+ < g < [Mol, = =32 Ny oy (2, bay,)

For o < w, we can take b, to be the sequence as defined previously. Then, given
o > w, suppose bg has been constructed satisfying these conditions for 5 < a.
So consider the set:

p(H) = {37 a (e, P U {=3ep(@, ) A N (@bs): i < < Bwor <a}

k<m/’

We claim that p(7) is satisfiable: for any finite subset ¢ C p, there is some n < w
such that b, does not appear in ¢, and therefore by the inductive hypothesis
satisfies ¢. Thus by compactness p(7) is satisfiable and therefore realized by some

be. This construction gives us (by : a < |Mp|), and as each = 32" x1p(x, by ),
by the definition of n,, each ¥(z, be) is a nonalgebraic formula.

To complete the proof, let § = D(6(z,a)), which is minimal amongst nonal-
gebraic formulas by assumption. So for every a < |Mg| > |T|, D(¢(w,b,)) > .
But by construction {1 (x,bs) : a < |Mp|} is m’-almost contradictory, and as
O(x,a) is a conjunct in each ¥ (x, ay), by the definition of the degree this implies

that D(6(x,a)) > B+ 1, a contradiction. O

Corollary 3.4.6. If T is A-categorical for some X > |T|, then there is a nonal-
gebraic weakly minimal formula 6(z,a)

Proof. We have proven previously that such a T satisfies all the conditions
listed at the beginning of this section. Now, since the degree of a nonalgebraic
formula is an ordinal, in particular the ordinals which are the degree of some
nonalgebraic formula ¢(x, b) is well-ordered. Therefore there is a minimal degree
B > 0 for nonalgebraic formulas, and by the above theorem any formula 0(z, a)
with D(6(z,a)) = B is weakly minimal (as @ is contained in some model M with
|M| > |T| by the upward Léwenheim-Skolem theorem). O

Lemma 3.4.7. Suppose A partitions the nonalgebraic weakly minimal formula
0(z,a), and for every formula ¢, V¥y(x,a;) is a ¢-partition with a; € A. If
B D A, satisfies:

1. For every ¢ and i, |{c € B :=v4(c,a;)} > |T|

2. For every formula 1, if b € B is such that = Jxip(x,b) A O(z,a), then
there is a ¢ € B such that |= (¢, b) A 0(c,a)

Then there is a model M O B with 6(M,a) C B

Proof. Consider 8 = {B’ : B’ O B, B’ satisfies (2),b € B’ — B =¥ 0(b,a)}: if
% C % is a chain (under inclusion), then clearly |J€ € . Thus by Zorn’s
lemma, there is a maximal B* € . We will show that B* is an elementary
substructure of M, which proves the claim as §(B*,a) = 0(B,a) C B.

We will proceed by the Tarski-Vaught test: for a by € B*, suppose |=
3¢y (z,b1). Pick a formula ¢(z,b) with b € B* such that D(¢(x,b)) > 0 is mini-
mal amongst formulas such that = Vzé(z,b) — ¢1(x,b1). Since D(¢(x,b)) > 0,
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é(x,b) is satisfiable and so let a realize ¢(z,b). If = 0(a,a), then = 3x6(x,a) A
#(,b), and therefore as @ € B C B* and B* satisfies (2), there is some a’ € B*
such that = ¢(a’,b) A 0(a’,a). This implies that = ¢1(a’,b;), and so by the
Tarski-Vaught test we are done. Otherwise, it suffices to show that B* U {a}
satisfies (2), for then the maximality of B* in & guarantees that a € B*, and
again we are done by Tarski-Vaught test.

So for a contradiction, assume that B* U {a} does not satisfy (2) i.e. there
is a formula p;(z, a,¢1) with & € B* such that = Jxp(z, a,¢) (where we define
p(x,a,¢) = p1(xz,a,é) A 0(x,a)) but there is no b € B* such that | p(b,aq,c).
Let d be such that = p(d,a,¢), and as |= 6(d,a), by Lemma 3.4.2(1) suppose
that = ,(d,a,). So p(z,a,¢) A6(x,a) is satisfiable (by d), and by definition
of ¥,(x,a,) as part of the p-partition of 6(x,a), either ¢,(z,a,) A p(z,a,c) is
algebraic or 1, (z,a,) A ~p(x,a,c) is algebraic.

Claim. v,(z,a,) A p(x,a,c) is algebraic.

Assuming for a contradiction that v, (x,a,) A—p(z, a, ¢) is algebraic, then all
but finitely many elements of ¢,(M,a,) are in p(M,a,¢). But by assumption
[Y,(B,a,)| > |T|, and therefore there must be some b € B C B* such that
= ¥,(b,a,) A p(b,a,¢), which contradicts the definition of p(z,a,¢). So it must
be the case that ¥, (z,a,) A p(z, a,c) is algebraic.

This implies that p(z,a,¢) is algebraic as |¢,(B,a,)| > |T| by assumption.
Thus there is some m < w such that = 3<™xp(z, a, ). Now, define

x(2,b,¢) = 3z (z,b) A p(z,2,¢) A (3="yp(y, z,¢))

Choosing = = a shows that = x(d,b,¢), and by its definition above d ¢ B*.
So if (again by Lemma 3.4.2(1)) = ¢, (d,a,), then let us define x1(z,a*) =
x(z,b,8) Ay (,ay), so that = x1(d,a*).
Claim. a* € B*

Note that we have defined @* = b ~ ¢ ~ @,, and by assumption a, € A C
B C B* since A partitions 0(x, A). Likewise, we defined ¢ = ¢, ~ a, with
¢1 € B* by definition and @ € A C B* by assumption as A partitions 0(z,a).
Finally, we defined b € B*, and so indeed a* € B*.
Claim. x1(z,a*) is a nonalgebraic formula

Note by definition of d, = p(d,a,é), and therefore by definition of p, =
0(d,a). Therefore = x1(d,a*) A 0(d,a), and thus = Ixi(x,a*) A 0(x,a). Since
a* € B* and B* satisfies (2), there is a dy € B* such that = x1(do, @*) A8(do, @).
Now, suppose for an n < w, dy, . ..,d, € B* has been defined such that for each
1 S n, ': Xl(di,a*) AN G(dl,(z) A /\j<idi 7& dj. Since d ¢ B*, ’: Xl(d,(_l*) AN
0(d,a) A \;<, d # d;, and therefore (again, as B* satisfies (2)) there is a d,41
such that = x1(dpi1,a*) AO0(dpi1,a) A Ni<cni1 @nt1 # di. So inductively there
are (d, : n < w) € B* such that for each n < w, = x1(d,,a*). Therefore
x1(z,@*) is a nonalgebraic formula.

Recalling that ¥, (z, @, ) is x-minimal, that x1(x,a*) = x(2,b,¢) Ay (2, ay)
is nonalgebraic implies that v, (z,a,) A =x(z, b, ¢) is algebraic. Then, as in the
previous case, as |t (B,ay)| > |T|, all but finitely many of the elements in
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Uy (B, ay) realize the formula x1(z,a*) i.e. [x(B,b,2)| > [T|*. Solet (b : k <
|T|*) be such that for each k < |T|*, = x(b, bk, €), so that the set

{6(,0) A p(br, b, 2) A (3="yp(y, @,€)) : k < |T*}

is a set of satisfiable formulas with parameters in B* but the set is m 4+ 1-almost
contradictory. Thus by the definition of degree,

D((b(l‘,BD > inf{D(¢(z, B) A p(bkva ) A (Hgmyp(yvxv 0))) k< |T‘+}

But each ¢(z,b) A p(br, b,¢) A (3="yp(y, z,¢)) = ¢(x,b) and ¢(z,b) = ¢1(z,b1),
thus contradicting that ¢(z,b) has minimal degree. This contradiction shows
that pi(x,a,é) cannot exist, and therefore B* U {a} satisfies (2). The maxi-
mality of B* in & thus implies that a € B*, and therefore by the Tarski-Vaught

test, B* is an elementary substructure of M. This completes the proof. O

Theorem 3.4.8. If 0(x,a) is a nonalgebraic weakly minimal formula, A parti-
tions 0(z,a) with |A| = |T'| and M is a model with |M| > |T| and M 2 A where
every nonalgebraic p € S1(A) with 0(x,a) € p is realized | M| times in M, then
M s a saturated model.

Proof. Note that for any formula ¢, if 4 (z, a;) is a ¢-partition of §(x,a) with
a; € A C M, then by definition for any m € M, if = ¥4(c, @;) then = 6(c, a).
But this implies that 6(z,a) € ¢p(c/A), and therefore by assumption tp(c/A)
is realized |M]| times in M. Since ¥4(z,a;) € tp(c/A) too, thus [{c € M :=
Ye(c,a;)}| = |M| > |T] i.e. M satisfies condition (1) of the above lemma.

So suppose for a contradiction that M is not saturated, and let p be a
complete type with |p| < |M| which is omitted by M, with B C M such that
p € S1(B). Since |p| < |M| > |T|, this implies that |B| < |M|. Choose a
formula ¢(z,b) with b € M — B such that p U {¢(x,b)} is satisfiable and that
#(x,b) has minimal degree amongst such formulas: such a choice always exists
as B C M.

Define p’ = pU {¢(z,b)}, and let a realize p’. By definition of p, necessarily
a ¢ M. Therefore, if M U{a} satisfies condition (2) of the previous lemma, then
by that lemma there is a N Z M with a € N such that (N, a) = (M U{a},a).
Of course, for any m € M with = 0(m,a), 6(z,a) € tp(m/A), and therefore
by assumption tp(m/A) is realized |M| times in M, and in particular 6(z,a)
is realized |M| times in M ie. 6(x,a) is a nonalgebraic formula. Thus by
Corollary 3.2.4, if N Z M then 0(N,a) 2 0(M,a). Therefore we conclude that
either M U{a} does not satisfy condition (2) of the previous lemma, or = 6(a, @)
so that 8(N,a) = (M U {a},a) 2 (M, a).

If M U {a} does not satisfy condition (2) of the above lemma, then there
exists a formula ¢(z,a,cy) with ¢ € M such that = Jzf(x,a) A ¢(z,a, &)
but no element of M satisfies this formula. In this case, define ¢(x,a,c) =
é(z,a,e) A O(x,a). Otherwise, if M U {a} satisfies condition (2) of the above
lemma, then as shown above = 6(a,a), so let ¥(z,a,¢) = 6(z,a) Az = a. Thus
in either case, ¥(z, a, ¢) is such that = Jz(x, a, ) but ¢ (z, a, ) is not satisfied
by any element of M. Let d be an element which satisfies this formula.
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Define B = BUAUGE, so that B C M but |T| < |B'| < |M]|, and let
q = tp(d/B’). q cannot be an algebraic type, since as B’ C M, any element
which realizes an algebraic type over B’ is an element of M, which contradicts
that d ¢ M. However, since 8(z,a) € g and A C B’ partitions 6(z,a), by Lemma
3.4.4(2), q| 4 is a minimal type. So for any formula x(z, €), either g|4 U{x(z,€)}
is algebraic or unsatisfiable, or g|4 U {—x(x,€)} is algebraic or unsatisfiable. In
particular, if x(x,&) € g, then as d satisfies the type ¢|a U {x(z,€)}, and so
by the same reasoning as above it is a nonalgebraic type. This implies that
qla U {—x(z,e)} is algebraic. Thus, if we define C = {c¢c € M :|= q|a(c)}, for
every formula x(z,€) € ¢, x(z,€) is realized by all but finitely many members
of C. Therefore q is realized by all but |¢| - Rg = |¢| = |B’| < |[M| members of
C.

As ¢ is a complete type over B’ D A, qla € S1(4), and as 6(z,a) € q|a
(since @ € A as A partition 6(x,a)), by assumption g|a is realized |M]| times
in M i.e. |C| = |M]|. By the above observation, ¢ is realized |M| — |B’| = |M]|
many times in M, and so as |M| > |T, let (dy : k < |T|t) € M be a sequence
of distinct elements in M which realize q.

Now, if g|a U {—%(x,a,c)} is an algebraic type, then all but finitely many
elements of C' would satisfy —w)(x,a,¢). But as |[M| = |C|, this contradicts
that for every m € M, | —¢(x,a,c). However, ¢|a U {—¢(x,a,c)} is indeed
satisfiable, namely by d. Thus necessarily ¢4 U {¢(z,a,c)} is an algebraic type
(since g|4 is a minimal type). Therefore there is some p(z,a*) € ¢|a such that
¥(x,a,8) A p(x,a*) is algebraic: if not, then (since ¢|4 is closed under finite
conjugation) the set (using new constants (¢, : n < w))

Ufdlaten) i n < w} U{(en,a,0) i n < w}U{em # cnin #m}

is satisfiable by compactness, and therefore the type is nonalgebraic. Defining
V'(z,a,¢) =(x,a,¢) A p(x,a*), this implies that there is an m < w such that
E 35m24¢)/(2,a,¢). Note that as & = ¢ ~ a* with a* € A and ¢ € B’ by
definition, ¢’ € B’.

Finally, define p” = p' U{¢'(d,x, &) AI="y3) (y, x,&)}. We have shown that
a satisfies p”, and additionally, since & € B’ and each dj, realizes ¢ = tp(d/B’),
a satisfies each type pr = p’ U {t)/ (dg,z,¢) AIS"yy)! (y, 2, &)} for k < |T|T. Of
course, each dy is distinct, and therefore the set

{&(2,b) AN/ (dy, 2, &) AT="y (y, 2, @)« k < |T|T}

is a m + 1-almost contradictory set of satisfiable sentences. By the definition of
degree, thus

D(¢(z,b)) > inf{D(¢(x,b) A’ (dy, 2w, &) NI="y' (y, 2, &)  k < |T|T}

Since each pU {¢(z,b) A (dy, z, &) /\_Elgmy@/;’(y, x,c)} is satisfiable (by a), this
contradicts the minimality of D(¢(z,b)). Thus the proof is completed. O

Corollary 3.4.9. For every A > |T|, T has a saturated model of cardinality \.
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Proof. By Corollary 3.4.6, there is a nonalgebraic weakly minimal formula
O(z,a), and so for any elementary substructure My of the universal model with
a € My, by Lemma 3.4.4(1) there is an A C My with |A| < |T'| which partitions
f(x,a), and we may in fact take A = |T| by adding in unnecessary elements
from the universal model. So by the upward Lowenheim-Skolem theorem, let
M be a model with A C M and |M| = X. Now, since T is |T|-stable (by Propo-
sition 3.2.1), |A| < |T'| implies that [S1(A)| < |T, so for every p € S1(A) with
p nonalgebraic, let (¢ : i < \) be new constants. Then the set

ThM(M)UU{p(cf)U{cf # i <j<A}:i<\p€ Si(A) anonalgebraic type}

is satisfiable by compactness. But since this set has cardinality A, by the down-
ward Lowenheim-Skolem theorem it has a model N of size A\. Clearly M <X N
and for each p € S1(A) which is nonalgebraic, p is realized A = |N| times in N.
Moreover, since the inclusion map A < N is an elementary map, and the prop-
erties of being weakly minimal formula and partition a weakly minimal formula
are expressible in the language, even in N 6(x,a) is a weakly minimal formula
partitioned by A. N thus satisfies the conditions of the above theorem, and is
therefore a saturated model of cardinality . O

3.5 Finale

Suppose T is a complete theory that is A-categorical for some A > |T|.

Lemma 3.5.1. Suppose M is a model with |T| < k < |M]|, 6(x,a) is nonal-
gebraic weakly minimal with A C M partitioning it, |A| = |T|, and M < N.
Define B= M U{c € N :}=0(c,a),tp(c/A) is realized > k times in M}. Then
B satisfies the conditions of Lemma 3.4.7

Proof. We first prove the following claim:

Claim. Suppose b realizes some algebraic p € S1(A4). Then there is a formula
¢(z,a) € p for every ¢, if = ¢(c,a) then tp(c/A) = tp(b/A) = p ie. ¢(x,a)
isolates the type p

By compactness, if p is algebraic then there is a finite ¢ C p which is al-
gebraic, and as p is closed under conjugation there is some ¢(z,a) € p which
is an algebraic formula. So suppose m < w is such that E 3="a¢(z,a), and
let by, ..., by be distinct elements which satisfy ¢(x,a), with b = by. Then, for
k < m, let ¢¥(x,ar) € p be such that = - (bg, ax) if such a formula exists,
and otherwise (if tp(by/A) = tp(b1/A) = p) let Yx(x,ar) = (x = x). Then the
formula ¢(z,a) A A\, <,, Yr(x,ar) isolates p.

For condition (1) of Lemma 3.4.7, note that if ¢4(x,a;) is part of the ¢-
partition of f(x, a), then by definition it is nonalgebraic, and thus by Corollary
3.24 |[Yy(M,a;)| = |M| > & > |T| since a; € A C M. Therefore condition (1)
is satisfied by B.

So suppose for a contradiction that B does not satisfy condition (2) of Lemma
3.4.7, so that there exists a formula ¢’ (z, b, ¢) with b € M and ¢ € B — M such
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that = Ja¢/(x,',¢) A 0(x,a) but for every b € B, = —(¢(b,b',¢) A 0(b,a). Let
d ¢ B be such that = ¢/(d, b, &) A(d,a), and by Lemma 3.4.2(1), suppose that
E 14 (d,a;). Define ¢(x,b,¢) = ¢'(x,b',¢) AO(x,a) Ay (z,a;), so that b € M.

If ¢(z,b,¢) is not algebraic, then as 1y (z,a;) is ¢'-minimal, ¥y (z,a;) A
—¢'(z,b',€) is either unsatisfiable or algebraic. In either case, all but finitely
many elements of ¥4 (x,a;) satisfy ¢'(z,b,¢). But as ¥y (z,a;) is nonalgebraic
by definition and a; € M, by Corollary 3.2.4 |¢y (M, a;)| = |M| > Ro, and thus
there is some m € M so that |= ¥y (m,a;) A ¢'(m,b',¢). But as | 1y (m,a;)
implies that = 6(m, a), therefore |= 6(m,a) A ¢'(m, b, ), contradicting the defi-
nition of ¢'(z,b’, ). Thus we conclude that ¢(z,b,€) is an algebraic formula.

Let A* = AUbU {m € M : tp(m/A) = p,0(x,a) € p,|p(M)| < k} C M, so
that |A*| < |A]+Ro+[S1(A4)| -k < & (since |A| = |T| < k and as T is |T'|-stable,
|S1(A)| = |T|), and let € = (co, ..., cn). We wish to define a & = (¢, ...,c,) €
M with tp(cg . ..cn/A*) =tp(c) . .. c,/A*), and we shall do so by induction with
the hypothesis that fora 0 < k < n, tp(co...cr—1/A*) =tp(cp . . . ¢f,_ /A*), thus
eliminating the need to treat the base case separately:

1. If tp(er JA* U {c; : i < k}) is an algebraic type, by the first claim in this
proof, there is a formula p(z,co,...,ck—1,€) € tp(cp/A* U{c; : i < k})
which isolates the type. Of course, since ¢ satisfies this sentence, =

Jzp(z, co, - .., ck—1, €), and so by the inductive hypothesis, |= Jzp(x, ¢, . .., 1, €)-

But this formula has parameters in M, and thus by the Tarski-Vaught
test (since M 2 M), there is a ¢}, € M with = p(c},cf, ..., C,_q,€). Now,
since p(z, ¢, ..., Cx—1,€) isolates tp(ck/A* U¢; i < k), for every formula
x(z,co,. .. ch—1,8) € tp(ex/A* U{c; i < k}),

= Vap(z,coy. .. cr1,€) — x(x,co,. .. Cr_1,€)

And so again by the inductive hypothesis,

EVrp(z,cyy .. chq1,€) = x(x,¢hy oy oy, €)

This implies that tp(co...cx/A*) = tp(c ...} /A*), completing the in-
ductive step.

2. If pr, = tplek/A* U{c : i < k}) is a nonalgebraic type, then for a
formula p(z,co,...,cx—1,€) € pi, note that as = O(ck,a), there is a
a* € A C A* such that |= ,(ck,a") i.e. ¥ (x,a*) € pr|a. Since ad-
ditionally 6(z,a) € prla € S1(A) and A partitions 6(x,a), by Lemma
3.4.4(2) pg|a must be a minimal type, so it cannot be that both pg|a U
{p(z,co,...,cx—1,€)} and pi|a U {-p(x,co,...,cr_1,€)} are nonalgebraic
types. Of course, p(x,cq,...,ck—1,€) € pr and pi is nonalgebraic by as-
sumption, so it must be the case that pila U {—p(x,co,...,cr-1,€)} is
either algebraic or unsatisfiable. By the inductive hypothesis, as pg|a =
tp(ck/A), so necessarily px|la U {—p(z,cp,...,c,_1,€)} is algebraic or un-
satisfiable. Thus all but finitely many elements which realize pi|4 sat-
isfy the formula p(z,cp,...,c,_,€). Now, as |[A*| < k > [T, |px| < &,
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and therefore there are at most s choice of p(z,co,...,ck—1,€) € Dg.
Thus there are at most x - g = & elements in M which realize pi|a
but not p(x,cp,. .., c,_q,€) for some p(x,co,...,cx—1,€). But as pgla =
tp(er/A) and ¢ € B — M, by definition of B, pg|la is realized > k
times in M, and so there is some c; € M which realizes pg|a and such
that for every p(z,co,...,ck—1,€) € pr = tp(cx/A* U {co,...,ch_1}),
E p(chsChys - Ch_q,€) Le. tp(co ... cp/A*) =tp(c) . .. ch./A").

Returning back to our main argument, note that = ¢(d,b,¢) and ¢(x,b,¢) is
an algebraic formula. Thus tp(d/A*¢) is an algebraic type, so using the same
argument as case 1 in the above induction, we can find a d’ € M such that
tp(¢ ~d/A*) =tp(¢ ~d'/A*). Noteif d’ € A, then (x =d') € tp(¢ ~d'/A*) =
tp(¢ ~d/A*), and so d = d' € A* C M, contradicting that d ¢ M by definition.
So d' € M — A*, and therefore by definition of A*, tp(d’'/A) = tp(d/A) is realized
> k times in M. Therefore by definition of B, {c € N : tp(¢/B) = tp(d/B)} C B
(as B2 M D A), but for any such ¢, = ¢/(c, b, &) A(c, a) as all these parameters
are in B, which contradicts the definition of ¢/ (x,’, ). This completes the proof
by contradiction, so B must satisfy condition (2) of Lemma 3.4.7. O

Theorem 3.5.2. If T is A-categorical for some XA > |T|, then T is u-categorical
for every p > |T|

Proof. By Corollary 3.4.9, for every p > |T|, T has a saturated model of car-
dinality |u|. By Lemma 1.5.10, saturated models of the same cardinality are
isomorphic, and so it suffices to show that there are no unsaturated models of
T with cardinality > |T.

So for a contradiction, assume that M is an unsaturated model with |M| >
|T|. By Theorem 3.4.6, there is a nonalgebraic weakly minimal formula 6(z, a),
and so by Lemma 3.4.4(1) there is a set A with |A| = |T'| which partitions 6(z, @).
Since M is not saturated, by Theorem 3.4.8 there must be some nonalgebraic
type po € S1(A) with 0(x,a) € pg which is realized < k many in M, where
Ng < k < |M|. Pick any A\; > |M], and by the proof of Corollary 3.4.9 there is
an N Z M with |[N| = A; such that N is a saturated model.

As in the previous lemma, define B = M U {c € N := 0(z,a),tp(c/A) =
p.Ip(M)]| > ).

Claim. |B| =\

We first show that there is some p € Si(A) with 0(x,a) € p such that

|[p(M)| > k: for otherwise we would have

0(M,a)| < > [{c € M :=p(o)} < k- [S1(A)] < |M]
peS1(A),0(x,a)€p

with the last inequality holding because T is |T'|-stable (by Proposition 3.2.1)
and |A| = |T| < |M|. But 6(x,a) is a nonalgebraic formula, so this contradicts
Corollary 3.2.4.

Next, we shall define inductively (¢; : i < A1) C N such that each ¢; realizes
p: if (¢; : i < a) has been defined, then consider the set pU {x # ¢; : i < a}:
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this is an incomplete type over N with cardinality < A\ = |N|, and as N is
saturated, it must realize this type, say by ¢, € N. Thus |p(N)| = A1, and as

By the previous lemma, B satisfies the conditions of Lemma 3.4.7, so there
is a model M’ D B with §(M’,a) = 0(B,a). Of course, |[M'| > |B| = A1, and
additionally if ¢ € M’ is such that = po(c), then = 6(c,a), and thus ¢ € B. But
by assumption pq is realized < k times in M, so in fact ¢ € M by the definition
of B. This implies that M’ is a model of cardinality A; such that pg is realized
< K times in M.

Now, Ay > |M| was chosen arbitrarily in the above prove, so in particular
we can choose M’ Z M with [M'| = J(gir1y+ (x). Since po is a type over A with
|A| = |T|, we can add A into the language without increasing the size of the
language, so that py can be considered as a type over the empty set. Then by
Vaught’s Two Cardinal theorem for cardinals far apart (Theorem 2.6.2), there
is a model N’ of T with cardinality A where py is realized < |T| times. But by
Theorem 3.4.9 there is a saturated model of T of cardinality A\, and as pg is a
nonalgebraic type we have shown above that py must be realized A times. This
contradicts that T is A-categorical. O
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Appendix A

Ramsey-type Theorems

The following proof from [Ho 97] uses the compactness theorem to prove this
celebrated result of combinatorics:

Theorem A.0.1 (Ramsey’s Theorem). Suppose X is a linearly ordered set
of size Ng. Then for every 0 < k,n < w and f : [X]¥ — n, there is some
infinite Y C X such that f is constant on [Y]*.

Proof. Note that there is an natural bijections between [X]*, {A C X : |A| = k},
{BCCw:|B| =k} and [w]*. So WLOG suppose X = w.

We proceed by induction on k. For k = 1, the statement follows by the
pigeonhole principle. Then inductively, suppose for every n < w and g : [w]® —
n there is an infinite Y C w with g constant on [Y]*. For a given f : [w]**1 — n,
let L be the language with the following signature:

e For every i < w, there is a constant symbol i.
e There is a function symbol F with arity k& + 1.
e There is a binary relation symbol <.

We define a L-structure W with domain w by:

w

e Forevery i < w, iV =1

e For every increasing a € [w]**!, FW(a) = f(a). For a b € w*! that is
not strictly increasing, we let F"'(b) = 0.

e <W is simply the usual ordering on w.

By the Upward Lowenheim-Skolem theorem there is a proper elementary exten-
sion V' of W. Note that:

1. W }:V.’Eo,...,$n,1F(.’E0,...,l’n,1) <n
2. WEVnyz=yreLyrhyLa)V(e<yrhz£yhyLax)V(y<zAzx#
yANz £y)
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3. For every m <w, W |= 37"z (z < )

Thus V satisfies those formulas as well. Therefore if v € V\W then for every
we W, w <Y v. So let v be some fixed element in V\W.
For ¢ < w, we inductively choose m; € w such that

o If j <4, then m; < my
o Forjo < - <jy_a<i,ViEFmj,. ..,mj_,,m;)=F(mj,...,mj_,,0v)

Suppose m; has been chosen for j < i. Then for every jo < -+ < jr—2 < 1,
let 1(jo,.- -y jrk—2) = FV(jo,..-,jr_2,v) (note that FV (jo,...,jr_2,v) < n by
assumption). Define the formula ¢(x) to be

mi—1 <xTAN /\ F(mjo,...,mjkfz,x):l(mjo,...,mjkiz)
0<jo< - <jr—2<i

Note that ¢(x) is a formula in L. So as V |= ¢(v), V = Jzé(x) and therefore
W = ¢(m) for some m € w. If we let m; = m, then m; satisfies the above
conditions.

Let A = {m; : i < w}, and define g : [A]¥ — n by g(a) = f(a,b) where
(a,b) € [A]**1. The above conditions on choosing m; ensures that g is well-
defined. But as A is order-isomorphic to w, by the induction hypothesis there

is an infinite B C A with g constant on [B]".

Claim. f is constant on [B]*+1.

Let ¢,d € [B]**!, and let b € B be such that ¢;_1,d;_1 < b. Thus by
definition of A, f(¢) = f(€lx,b) = g(€lx) and f(d) = f(d|x,b) = g(d|z). But as
g is constant on [B]¥, g(¢|x) = g(d|x). Thus f is constant on [B]**! and the
theorem is proven.

O

The following extension, originally a result in combinatorics, similarly has a
model-theoretical proof (due to Simpson):

Theorem A.0.2 (Erdés-Rado Theorem). Let «a be an infinite cardinal, n <
w and suppose that X is a linearly ordered set with |X| > 3, (a). Then for any
[ X" — a, there is a Y C X with |Y| > « and such that f is constant
on [Y]"TL.

Remark. Recall that we define Jo(a) = o, Jg11(a) = 228(%) and for a limit 4,
(@) = U5 i)

Proof. The case is trivial for n = 0 by the pigeonhole principle. We then proceed
by induction: Suppose that the theorem holds for some n. As in the proof above,
we may assume that X = |X| (where | X| is the cardinal number of X as a Von
Neumann ordinal), so that & C X. Consider the signature with:

e For every i < o, a constant symbol i.

e A relation symbol R of arity n + 3.
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Given a f : [X]""2? — «, let M be a structure in this signature with domain
X by interpreting:

e For every i < a, iM =i.

e Forae X" ae RMiff al,10 € [X]""? and f(@|ni2) = anio-

Claim. There is a N 2 M with |[N| = 3,41 («) such that for every A C N with
|A] < 3, (), if p € S1(A) is realized in M then it is realized in N.

We will construct N by an elementary chain: let Ny = (3,,11(a)) sk so that
|No| = 3pi1(c). If N; is defined for some i < 3, («)™, then for every A C N;
with |[A| < 3,(c) and p € S1(A), if p is realized in M then choose a m, with
M E p(my). Define B; = {m, € M : A C N;,|A| < J,(a),p € S1(A)}, and
let Ni11 = (N;UB;)sk. Note that there are 3,41 (a)="(®) choices of A, and for
each A there are at most 2=7(®) 1-types over A, so

Bl < Dupa (@) 23 = (230 93:) =3, (a)

This guarantees that |N;y1| = J,41(a). For a limit § < J,(a)™, let N5 =
U,<s Ni. Then by construction, N 4+ is the desired elementary substructure.

Let ¢ € M\N. Let us define the sequence b = (b; : i < J,,()) inductively:
If b|; is defined, let b; € N be such that tp(b;/b|;) = tp(c/bl;) (b; is guaranteed
to exist by definition of N). Note that as ¢ ¢ N, every b; is distinct.

Define the function g : [b]"*! — « by the following: for any a € [b]"*!, let
a’ be such that Rang @/ = Rang aU{c} (i.e. a’is (@, c) but rearranged such that
a’ € [X]"*2. Then g(a) = f(a’). By the induction hypothesis, since [b| > 3,,(a),
there is a Y C Rang b such that |Y| > a and g is constant on [Y]"!, with say
g([Y]"+1) = {j} for some j < a. Thus for any (b;,,...,b;,.,) € [Y]""?, assum-
ing WLOG i < -+ < int1, (bl 1,5) € RM. But since tp(c/{biy, ..., bi,}) =
tp(bi,, . /{biy, - - -, i, }) by definition, (bs, ..., b;,,,,5) € RMie. f(big,...,bns1) =
j. This proves that f is constant on [Y]"2. O
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Appendix B

Historical Remarks

B.1 Chapter 1

Chapter 1 concerns mostly introductory model theory, which by now is well-
established and can be found in any textbook on model theory. The overall
approach and all the proofs are based on lectures given by Freitag at University
of California, Berkeley in Fall 2014, which are in turn loosely based on the
exposition given in [Ho 97].

B.1.1 Section 1.1

This section is mostly basic definitions, and the claims are all basic observations.
Chang attributes most of these definitions to [Ta 35].

B.1.2 Section 1.2

Again, most of these are basic observations, and Chang attributes most of them
to [Ta 35]. In particular, 1.2.13 to 1.2.15 are from [TV 57].

B.1.3 Section 1.3

The idea and basic properties of Skolemization were first given in [Sk 20], and
although the history is convoluted, the Downward Léwenheim-Skolem theorem
(1.3.6) is generally attributed independently to [L6 15] and [Sk 20]. However,
both papers only proved the case for a countable theory, and Chang attributes
both the statement and the proof of the general case to [TV 57].

B.1.4 Section 1.4

The compactness theorem (1.4.7) for countable languages was first given in
[Go 30] and the generalization to uncountable languages was given in [Ma 36].
However, their proofs are based on a proof-theoretical approach from Godel’s
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completeness theorem, which is not the model-theoretical approach we gave.
Our proof is based on [He 49], and this idea of building models using constants
(commonly known as Henkin constructions) is used in various forms through-
out the exposition. Finally, the Upward Lowenheim-Skolem theorem (1.4.10) is
commonly attributed to Tarski (neither Lowenheim nor Skolem actually pub-
lished the upward part of the theorem, and many account suggest that Skolem
thought the it was meaningless due to his philosophical denial of uncountable
sets), and the statement of the theorem as given here is again attributed to
[TV 57].

B.1.5 Section 1.5

The idea of types and saturated models goes back to Hausdorff, although model
theory was just beginning when he presented this idea and Hausdorfl did not
made any connection between his ideas and model theory. The given definitions
of saturation and universality, and the results 1.5.8-1.5.10 are all from [MV 62].
In particular, the proof for 1.5.8 is directly based on what was given in [Bu 96],
while the proofs for 1.5.9 and 1.5.10 are based on [Ho 97]

B.1.6 Section 1.6

The general idea of ultraproducts and the main theorem (1.6.8) are both from
[Lo 55]. The given proof is based on that given in [Ho 97].

B.2 Chapter 2

Globally, many claims and their proofs are based on their exposition in [Sh 90],
although they often arise from earlier work of Shelah.

B.2.1 Section 2.1

The idea of A-stability was first given in [Ro 64], the definition of stable the-
ories in [Sh 69], and the results 2.1.3-2.1.13 are all from [Sh 71], though the
proofs given are based on [Sh 90]. 2.1.14-2.1.16 are essentially due to [Sh 69a],
although the proofs given here were suggested by [HR 71] and Scanlon (by per-
sonal correspondence).

B.2.2 Section 2.2

The idea of A-prime models and A-isolated types are from [Sh 69a], which gen-
eralize prime models and isolated types introduced in [Mo 65]. Shelah actually
proved the main result 2.2.7 in [Sh 69a], but for that prove he used tools which
we did not introduce. Our approach of 2.2.5-2.2.8 was suggested in [HR 71].
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B.2.3 Section 2.3

The idea of an indiscernible sequence was first given in [EM 56], as is the claim
and proof of 2.3.2. The idea of connected and asymmetric was first given in
[Eh 57], and 2.3.6-2.3.8 was stated and proved in [Sh 71]. 2.3.9 was suggested
in [Ha 75], and 2.3.11 was given in [Sh 90]. 2.3.12 and 2.3.14 were stated and
proved in [HR 71].

B.2.4 Section 2.4

Definability and the ¢-2-rank were introduced in [Sh 71], based on the idea
of Morley rank from [Mo 65]. Practically every result in this section is from
[Sh 71], and their proofs follows the exposition in [Sh 90].

B.2.5 Section 2.5

Shelah first proved a more general version of the main result 2.5.9 in [Sh 69],
although the proof was set-theoretical and required an argument involving the
GCH and absoluteness. The approach here was suggested in [Ha 75], where
2.5.1-2.5.7 are stated and proved.

B.2.6 Section 2.6

As mentioned in the remark at the end of the section, the result that we proved
differs from [Va 65] in two ways:

1. ¥(z) is a single unary predicate in Vaught’s proof

2. Vaught proved the theorem for any x > x > |T|, with |M| = k and
%(M) = x

In [Mo 65a], an alternative proof was given where (1) was generalized to any
1-type of T', although Morley only proved the statement for the countable case.
It was stated as an exercise in [CK 77] that the proof for countable T' generalizes
to an uncountable language, although the author has had difficulty verifying this
claim. This approach using 2.6.1 is based on an answer given by Haykazyan on
mathoverflow.net (http://mathoverflow.net/questions/222504 /how-to-extend-morleys-
omitting-type-theorem-to-uncountable-languages). 2.6.1 itself was proved in
[TZ 12], where it was attributed to Shelah. The author suspects that this attri-
bution is due to Shelah having used a similar technique in [Sh 90] in the proof
of a theorem generalizing both Vaught’s result and a related result by Morley
on omitting types.

B.2.7 Section 2.7

The main results 2.7.11 and 2.7.12 were given in [EM 56]. The approach of the
entire section is based on [Ho 97].
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B.3 Chapter 3

The entirety of this chapter follows [Sh 74], although we go into more detail in
some proofs.

B.4 Appendix A

Ramsey’s theorem (A.0.1) was first given in [Ra 30], and the proof here follows
the proof from [Ho 97]. The Erdés-Rado theorem (A.0.2) was first given in
[ER 56], and the proof here follows that in [CK 77], although Chang and Keisler
attributes the proof to Simpson.
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